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Abstract

Multiwalled carbon nanotubes (MWCNTs) were incorporated into a poly(methyl methacrylate) (PMMA) solution to
develop a transparent and flexible composite conductive film. Monitoring the MWCNT-granule size in the PMMA solu-
tions as well as after the film casting, the self-aggregation of MWCNTs was thoroughly investigated to provide a highly-
dispersed polymeric conductor. In addition to the degree of acid treatment of MWCNTs, the dipole moment of solvent and
the random-coil length of polymer were considered to be the key factors for the MWCNTs to retain the highly-dispersed
state in the polymer matrix after solidification. Investigating several solvent systems, dimethylformamide was found to
have the best dispersing capability for the MWCNT/PMMA system to give a surface electrical conductivity up to
10�2 S/cm at ca. 3.0 wt% of MWCNT, which was considered to be well above what had been reported for such a low level
of MWCNT loading, with a light transmittance over 95%. Finally, the polymer-rich layer, which is usually formed on the
coating surface due to the surface tension and wetting characteristics of the MWCNT/PMMA mixture, was mechanically
peeled off to give an increase in electrical conductivity of nearly two orders of magnitude.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since carbon nanotubes were first reported in
1991 by Iijima [1], they have been intensively
.
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investigated due to their mechanical, chemical and
electrical properties [2–4]. Carbon nanotubes
(CNTs) are considered as functional additives in
polymeric composites systems. In particular, when
compared with other spherical-shaped conductive
filling materials such as carbon black and silver
particle, their relatively large length/diameter
aspect ratios help the composite systems show a
high electric conductivity at low concentrations
of the carbon nanotubes, due to their low percola-
tion threshold [5,6]. Although CNTs have excellent
properties in nature, their dispersion characteris-
tics specifically incorporated in various binding
systems still remain as a challenge to be required
for the optoelectronic device fabrication and
assembly processes.

Curran et al. reported the electrical conductivity
as about 10�4 S/cm at 35 wt% loading of single-
walled carbon nanotubes (SWCNT) in poly(m-phen-
ylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene)
[6]. It was reported that the poly(phenyleneethynyl-
ene) (PPE)-functionalized SWCNT was soluble in
organic solvents and the electrical conductivity
of PPE-SWCNT/polycarbonate composite system
reached 4.81 S/cm at 7 wt% of SWCNT loading
[7]. Recently, there was a report on the SWCNT/
PMMA composite system giving the electrical con-
ductivity of 10�6 S/cm at 2 wt% of SWCNT loading
[8]. For MWCNT/polyimide composite systems,
Ogasawara et al. reported 10�4–10�2 S/cm of electri-
cal conductivity with 3.3–14.3 wt% of MWCNT
loading [9], and Zhu et al. reported 10�10–10�5

S/cm at around 1–12 wt% of MWCNT loading [10].
The electrical conductivity of a water-soluble com-
posite system, MWCNT/PVA(poly vinyl alcohol),
was reported as 10�2 S/cm with 3 wt% of MWCNT
loading [11]. For transparent applications, the elec-
trical conductivity of the H2O2-treated MWCNT/
polycarbonate(PC) composite system was 10�1 S/
cm at 7 wt% loading of peroxide-treated MWCNT
[12]. The electric sheet resistivity of the MWCNT/
PMMA composite system reached 103 X/square at
1 wt% of MWCNT loading using UV-ozone treat-
ment for MWCNT [13].

Reviewing previously-reported results, CNT/
polymer composite systems show a wide range of
electrical conductivities in a wide range of CNT
loading, which makes it difficult to identify the
key factors of the electrical threshold. It is often
found that different researchers provide different
values of electrical conductivity and light transmit-
tance for the same material systems. Furthermore,
it should be pointed out that those reported values
are not always reproduced by different researchers.
Those discrepancies in electrical conductivities may
be due to the non-uniform spatial distribution of
carbon nanotubes in the states of liquid mixtures
or solidified forms. As well known, CNTs are
hardly dispersed and easily agglomerate to form
various-sized granules, which could influence the
electrical conductivity and transparency to a great
extent. The agglomerated CNTs usually require
additional amount of CNT loading to reach the
electrical percolation state and the CNT-agglomer-
ated spots could become a serious defect in vari-
ous optoelectronic applications.

The percolation threshold for the electrical con-
ductivity has been investigated to depend on the
aspect ratio [14], alignment [15], and dispersion
[16]. In particular, MWCNTs have an extremely
large surface area with the van der Waals attraction
and, thus, they easily self-aggregate in polymeric
solutions [17–19]. There have been many attempts
to obtain a homogeneous, fine, and stable disper-
sion of carbon nanotubes in polymeric composites
[20,21]. Several mechanical and chemical techniques
have been introduced, despite the lack of under-
standing of the dispersion and stability of nanotubes
in polymeric solutions [8]. The mechanical disper-
sion methods include a high shear mixing known
as melt blending, which is relatively easier than the
other methods, yet not efficient, because of the high
viscosity of the composites even at low concentra-
tions of the nanotubes [22]. In the case of chemical
techniques, the open-end functionalization method
is most widely used, which involves refluxing the
CNTs in nitric acid, whereupon the carboxylic
groups which are formed on the CNT surfaces are
converted into other functional groups via standard
condensation reactions [23,24]. Functionalization
techniques of the CNT sidewalls have been reported
to use such organic reagents as azomethine ylides,
carbenes, nitrenes, aryl radicals and diazonium to
disperse CNTs in various polymer systems [25–30].
However, the CNT dispersion is yet to be under-
stood in different solvents and different polymers
in relation with the functionalization of CNT
sidewalls.

Although CNTs look dispersed well in the solu-
tion state right after the physical mixing, they
often give CNT sediments or floating granules
after being placed still for a time being. Unless
there is a good compatibility among the solvent,
polymer and CNTs, we believe that the CNT
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granule size grows in the polymeric solution with
time to reach a critical granule size for sedimenta-
tion. In addition, although a well-dispersed CNT
mixture is used, the CNTs could easily agglomer-
ate to form CNT grains while being solidified by
the solvent evaporation in the drying process of
film casting.

In this study, we carefully investigated the
MWCNT dispersion in various PMMA polymer
solutions by measuring the dispersed granule size of
MWCNT using a dynamic light scattering technique,
which was correlated well with visual observation
and light transmittance of the solution mixtures.
The acid treatment conditions and different solvent
type were studied in relation with the electrical con-
ductivity, aggregated-MWCNT granule, and light
transmittance of coated thin films. The surface mor-
phology of MWCNT/PMMA coating was mechani-
cally modified by peeling off the polymer-rich layer
subsequently to give an enhanced electrical pathway
of MWCNTs.

2. Experimental

2.1. Multiwalled carbon nanotubes

The multiwalled CNTs synthesized by the ther-
mal chemical vapor deposition (CVD) method were
purchased from Iljin Nanotech Co., Korea. The
diameters, lengths of the carbon nanotubes and
number of multiwalled shells were measured by
TEM (JEM-3011 TEM, JEOL Tokyo, Japan) to
give about 10–20 nm in outer diameter, 1–10 lm in
length, and ca. 17 walls (Fig. 1). The impurity con-
tent estimated by thermo-gravimetric analysis was
approximately 5 wt% (TGA, DuPont, Ltd., TGA
2910, USA).
Fig. 1. SEM and TEM micr
The MWCNTs were heat treated in an oxygen-
flowing environment to remove amorphous carbon
impurities. The optimum heat treatment tempera-
ture was determined by using TGA to prevent the
thermal degradation of the carbon nanotubes. The
pre-treatment time, treatment temperature, ramping
and oxygen flow rate were 1 h, 663 K, 5 K/min and
40 standard cubic centimeters per minute (SCCM),
respectively.

After the heat treatment, an acid treatment was
used to remove metallic catalyst impurities. The
MWCNTs were sonicated for several hours in a
(3:1) mixture of concentrated sulfuric (98%) and
hydrochloric (100%) acid at a frequency of
20 kHz. The sonication time was 12, 18, and
24 h. Finally, the MWCNTs were subjected to cen-
trifugation at a speed of 12,000 rpm for 20 min and
then rinsed with water repeatedly using a PTFE fil-
ter with a pore size of 0.2 lm. The Raman spectra
were obtained using an FT-Raman spectrometer
(Model: FRA 106/S, Bruker Optics, Germany) to
check the effects of the acid treatment time on
the efficiency of functionalization.

2.2. Polymer matrix systems

5 wt% of polymethylmethacrylate (PMMA)
(Mw = 350,000 g/mol, 1.15 g/cm3, Sigma–Aldrich)
was dissolved in four different solvent systems:
chloroform, toluene, tetrahydrofuran (THF), and
dimethylformamide (DMF) with a mechanical stirrer.
The purified MWCNTs were dispersed in a 5 wt%
solution of PMMA for four different solvent sys-
tems and sonicated for several hours at a frequency
of 20 kHz. For comparison, in this study, a semi-
crystalline transparent polymer, PVDC copolymer
(poly(vinylidene chloride-co-acrylonitrile-co-methyl
ographs of MWCNTs.
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methacrylate)) (Mw = 90,000 g/mol, 1.68 g/cm3,
Sigma–Aldrich), was investigated using DMF as a
solvent (PVDC/DMF weight ratio: 0.05, MWCNTs/
PVDC weight ratio: 0.005).

2.3. MWCNT dispersion

The solution dispersion of the MWCNTs was
visually examined using optical microscopy (Olym-
pus Inc., Japan) and UV–Vis–NIR spectroscopy
(Model: Cary 50, Varian Inc., USA). Dynamic light
scattering (DLS, Model: DLS-7000, Otsuka Elec-
tronics, Japan) experiments were performed for
the MWCNT/PMMA/DMF mixture having a
MWCNT/PMMA weight ratio as 0.025 and a
PMMA/DMF weight ratio as 0.0006. The dilute
mixture was aged at ambient temperature for two
weeks to evaluate the stability of the dispersion
before the DLS experiments.

2.4. Electrical conductivity

The MWCNT/PMMA/DMF mixtures were
prepared for the measurement of electrical conduc-
tivity maintaining the PMMA/DMF weight ratio
at 0.05 varying the MWCNT contents with respect
to PMMA from 0 wt% to 3.0 wt% in increments
of 0.5 wt%. Thin composites films were cast on
the surface of the poly(ethylene terephthalate)
(PET) film as well as glass plate using a solvent
casting method. Prior to the solvent casting, the
PET film was treated with an oxygen plasma
(250 W and 150 mTorr, 30 s.) and the glass plate
was cleaned and coated with hexamethyldisilazane
(Model: AZ AD Promoter-K, AZ Electronics
Materials, Luxembourg) to enhance the adhesion
between the composite films and the substrates.
The electrical conductivity was monitored by a
4-point type probe (Model: Universal probe, Jan-
del Inc., USA) connected to a current/voltage
source-measure unit (Model: Keithley 236, Keith-
ley Instruments Inc., USA). The contact pressures
between the probe needle and the film surface
were carefully controlled by means of a tension
knob to prevent the surface from being damaged
by the needle. The contact pressure was approxi-
mate 15 g/cm2.

The MWCNT/PMMA composites films were
mechanically polished using micro-fiber pad and
alumina powder (diameter: 0.3 lm, Model:
XL16756, Excel technologies Inc., USA) to enhance
the electrical contact between the MWCNTs and
the probes of the 4-point probe instrument. The sur-
face morphology of the polished surface was inves-
tigated by scanning electron microscopy (Model
S-2400, Hitachi Inc., Japan).

3. Results and discussion

3.1. Effects of acid-treatment time

The Raman spectra of the carbon nanotubes are
shown in Fig. 2. The prominent D (at around
1290 cm�1) and G (at around 1590 cm�1) band
peaks clearly indicate the intrinsic characteristics
of the carbon nanotubes. The carbon nanotubes
exhibit a strong tangential mode band at ca.
1590 cm�1 and a weak band at ca. 1290 cm�1, which
is attributed to the sp-3 hybridized carbon in the
hexagonal framework of the nanotube walls [31].
As the acid treatment time increases from 12 to
24 h, the peak intensity increases in the region
around 3300 cm�1 (more exactly: 3370–
3470 cm�1), which corresponds to the O–H stretch-
ing in carboxylic groups on the MWCNT surface.
There is an apparent increase in the peak intensity
at 3300 cm�1 with the acid treatment time of
MWCNTs. As the acid treatment time increases,
the CNT length is decreased and, subsequently,
the probability of functionalization tends to
increase [23]. Accordingly, our results demonstrate
that the MWCNTs are shortened and their sidewalls
are substantially functionalized by the acid treat-
ment after 24 h.

3.2. Dispersion of MWCNT/polymer solution

mixtures

In this study, MWCNT dispersion was investi-
gated for four different types of solvent (chloro-
form, toluene, THF and DMF) and two polymer
systems (PMMA and PVDC). When a black and
uniform ink-type appearance is observed, the
MWCNTs can be regarded as being dispersed well
in the polymer solutions. On the other hand, if the
MWCNT dispersion is not good, some of
the MWCNTs are sedimented at the bottom of
the solution mixture and the color becomes lighter
black.

The MWCNT/polymer solution mixtures are
compared in Fig. 3a and b before and after sonica-
tion, respectively. Fig. 3c shows the aged mixtures
after 24 h of sonication treatment. As shown in
Fig. 3a, all the acid-treated MWCNTs are not dis-
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Fig. 2. Raman spectra of MWCNTs for various acid treatment conditions.
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persed in the organic solvents before the sonication
treatment to form granules at the bottom of the bot-
tles as the arrow indicated in figures. After sonica-
tion in Fig. 3b, the MWCNTs look as being
dispersed well in all the polymer solutions, although
there are a slight difference in color and uniformity
among samples. At a glance, the sonication process
seems to be an efficient way in dispersing MWCNTs
in organic solvents. However, after 24 h of aging
following the sonication process, the MWCNTs
begin to agglomerate and sediment as can be
observed in Fig. 3c for the samples in chloroform,
toluene, and THF. These three solvent systems
exhibit different colors and different amounts of



Fig. 3. Visual observation of MWCNT polymer mixtures (a) before sonication, (b) after sonication, and (c) aged for 24 h after sonication.
The samples indicated are 1: MWCNT/PMMA/chloroform, 2: MWCNT/PMMA/toluene, 3: MWCNT/PMMA/THF, 4: MWCNT/
PMMA/DMF and 5: MWCNT/PVDC/DMF.
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sedimentation, indicating different dispersing capa-
bility. Apparently, the DMF system shows no sedi-
mented MWCNT granules and maintains as a
homogeneous mixture after 24 h of aging. The order
of dispersion capability in the visual examination,
which is based on the color and amount of sedi-
mentation, is DMF > THF > chloroform > toluene.
The physical dispersion of sonication, which is most
commonly used in CNT dispersion, usually provides
a good-looking mixture for a short period of time,
but the long-term stability should be checked for
following downstream fabrication processing.

Further evaluation of the MWCNT dispersion
was performed using UV–Vis–NIR transmittance
and optical microscopy. The UV–Vis–NIR trans-
mittances of samples in Fig. 3c, which are aged
for 24 h after sonication, are compared in Fig. 4.
A well-dispersed mixture provides darker color in
visual observation, which should correspond to a
lower value in transmittance intensity. Low trans-
mittance is due to the diffusion of light by the
well-dispersed particles in the solution mixture, indi-
cating that MWCNTs are well-dispersed. The DMF
system, which was darkest in color in Fig. 3c, exhib-
its 89% of transmittance at 380 cm�1 of wavenum-
ber (Fig. 4), whereas the chloroform and toluene
systems show pale gray and about 95% of transmit-
tance. According to Fig. 4, the order of transmit-
tance intensity is toluene > chloroform > THF >
DMF, which apparently agrees with the order
of the dispersion capability examined in visual
observation.
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The optical microscopy images for the MWCNT/
polymer film are shown in Fig. 5 for the samples cor-
responding to those examined in Fig. 3b. The chloro-
form (Fig. 5a) and toluene (Fig. 5b) mixtures show
noticeable MWCNTs agglomerates in PMMA
mixture. The MWCNT agglomerate size in chloro-
form and toluene are relatively smaller than that in
THF (Fig. 5c). There are no agglomerates observed
in the MWCNT/PMMA/DMF mixture, indicating
Fig. 5. Optical micrographs of MWCNT polymer mixtures coated on
MWCNT/PMMA/toluene; (c) MWCNT/PMMA/THF; (d) MWCNT/
prepared at the same mixing ratios of MWCNTs/PMMA as 0.005, and
that DMF have the best dispersion ability among
the solvents, which agrees well with results in visual
observation and light transmittance. Although
DMF is the best solvent for PMMA, it is not the case
for the PVDC polymer system as seen in Fig. 5e. In
the MWCNT/PVDC/DMF system, MWCNTs look
well-dispersed in visual examination (Fig. 3) and
transmittance (Fig. 4), but a loosely-agglomerated
granules can be observed in Fig. 5e. Accordingly, it
glass substrate comparing (a) MWCNT/PMMA/chloroform; (b)
PMMA/DMF and (e) MWCNT/PVDC/DMF. All samples were

polymer/solvent as 0.05.
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should be mentioned that different polymer gives dif-
ferent dispersion for the same solvent to be used in
CNT mixtures.

DMF turns out to be the most effective solvent
system to disperse the MWCNTs in the PMMA
solution among four different types of solvents
investigated in this study. DMF and THF are clas-
sified as polar aprotic solvents, whereas toluene and
chloroform are classified as non-polar (lipophilic)
solvents, which may be represented by the dipole
moment. The dipole moment values of these four
solvents are 3.820 D for DMF, 1.750 D for THF,
1.040 D for chloroform and 0.375 D for toluene
[32]. Although detailed mechanism is not clear yet,
it may be reasonably speculated that the dipole–
dipole interaction among the solvent molecule, car-
boxylic groups in MWCNT, and polar groups in
PMMA chains. The order of the dipole moment val-
ues consists with the dispersion capability estimated
by visual observation and transmittance measure-
ment. Subsequently, we consider that the solvent
polarity is closely associated with the MWCNT dis-
persion in PMMA solution.

From the viewpoint of physical interaction of
polymer chains and MWCNTs, the MWCNT dis-
persion in polymers may be evaluated by comparing
the dimensions of the polymer chain and MWCNT
in the molecular level [8]. The average radius of
gyration of the isolated PMMA chains in a dilute
solution may be expressed as hS2i = a(Mw)b, where
hS2i is the mean-squared radius of gyration in the
unit of 0.01 nm2. Mw is the molecular weight of
PMMA, and the constants a and b for PMMA
are 0.0713 and 1.0098, respectively [8]. Using the
above equation, the average diameter of a random
coil may be estimated by 2hS2i1/2. For the PMMA
system with Mw = 350,000 g/mol in this work, the
average diameter of PMMA coil may be estimated
to be 34 nm. However, the molecular weight of
PVDC used in this study is 90,000 g/mol, which
gives the estimated average diameter of PVDC ran-
dom coil is 7.3 nm. Consequently, the average dia-
meter of PMMA coil is about 3.4 times larger
than that of the carbon nanotubes (ca. 10 nm),
whereas that of the PVDC random coil is even
shorter than the diameter of the carbon nanotubes.
Therefore, it may be reasonable to mention that the
PMMA coil is long enough to be capable of wrap-
ping up the carbon nanotubes effectively to prevent
the agglomerations of nanotubes bundles, which is
not the case with PVDC. This consideration agrees
with the observed dispersion of PMMA and PVDC
systems in color (Fig. 3), transmittance (Fig. 4) and
agglomerates (Fig. 5).

As a result, dispersion of MWCNTs in polymer
seems substantially influenced by polymer type,
molecular weights (or chain lengths) of polymer,
and the polarity of solvent. However, the precise
dispersion control and interaction mechanism is
far from being clearly understood and further study
is required for various polymer/solvent systems.

3.3. Dynamic light scattering (DLS) analysis

The degree of CNT dispersion has been mea-
sured by the dynamic light scattering (DLS) method
in ethanol [33] and DI water [34,35] to estimate the
length distribution of dispersed carbon nanotubes
[36,37]. DLS detects the intensity fluctuation of
the scattered light due to the Brownian motion of
the dispersed particles. The estimation of the size
of objects is made from the measured intensity,
I(s, t), to give the auto-correlation function, G2(s),
viz: G2(s) = [I(t) · I(t + s)]/[I(t)]2, where t is the
detecting time and the s is correlation time. The nor-
malized first-order auto-correlation function, g1(s)
is given by g1ðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2ðsÞ � 1

p
. Subsequently, the

function g1(s) is related to the diffusion coefficient
of the particles, viz: g1(s) = Bexp(�D(s)q2), where
q is the scattering vector (q = 4pn · sin (h/2)/k) and
D is diffusion constant. Here, n is the refractive
index, h is the scattering angle, and k is the wave-
length in a vacuum. Finally, the size of the dispersed
particles is calculated from the diffusion coefficient
through the Stokes–Einstein equation, R = kBT/
6pgD, where R is the particle radius, kB is the Boltz-
man constant, T is the absolute temperature, and g
is the solvent viscosity. In this way, the final size dis-
tributions of our MWCNT/PMMA/DMF mixtures
were obtained from the function G2(s) by the inverse
Laplace transformation [35]. Accordingly, the num-
ber of particles and the laser intensities are shown in
Fig. 6 for the MWCNT mixtures after 12, 18 and
24 h of acid-treatment.

In DLS measurement, the agglomerated
MWCNT bundles may well give a relatively larger
size than the well-dispersed nanotubes. Accordingly,
it is reasonable to suppose that the size distributions
in Fig. 6, which are represented in terms of the num-
ber and intensity of the particles, reflect the degree
of MWCNT dispersion. As seen in Fig. 6, the aver-
age diameter of the acid-treated MWCNTs
decreases with the acid treatment time to give
224.4, 84.8 and 55.6 nm for 12, 18, and 24 h of acid



Fig. 6. DLS size distribution of carbon nanotubes dispersed in PMMA/DMF solution (MWCNTs/PMMA weight ratio at 0.025 and
PMMA/DMF weight ratio at 0.0006) expressed as the number of particles and laser intensity for the acid treatment times of 12 h (a and b),
18 h (c and d) and 24 h (e and f).
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treatment, respectively. It clearly demonstrates that
the MWCNT dispersion is improved by the acid-
treatment time.

3.4. Dispersion and percolation of carbon nanotubes

in polymer matrix

Fig. 7a shows the electrical conductivity and
transparency of the MWCNT/PMMA composite
films cast from DMF in the glass substrate as a
function of MWCNT loading. The conductivities
of the MWCNT/PMMA films cast from chloro-
form, toluene and THF solutions (Fig. 5) were not
measurable because they were less than 10�16 S/
cm, which was the lowest limit of our instrument.
Those composite films cast from DMF containing
less than 1.0 wt% of MWCNTs were non-conduc-
tive (<ca. 10�16 S/cm). The electrical conductivity
at around 2.0 wt% of MWCNT loading is
3.84 · 10�4 S/cm, which increases up to 10�2 S/cm
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at 3.0 wt% of MWCNT loading, which lies among
the highest in such a low loading density of
MWCNTs [6,8]. We believe that the well-dispersed
MWCNT/PMMA solution desirably provides a
percolated state of MWCNTs at a low loading den-
sity in the PMMA matrix. Although CNT is an
effective conductive filler, the electrical conductivity
can be ensured by a good dispersion of CNTs in the
states of both liquid mixture and solidified compos-
ite. We believe that the high conductivity achieved
in our MWCNT/PMMA composite is ascribed to
good dispersion of the MWCNTs carefully con-
firmed in both solution mixture and cast film.

The SEM micrographs of the fractured surface of
MWCNT/PMMA composite films are shown in
Fig. 7b and c for the MWCNT loadings of 1.5
and 3.0 wt%, respectively. As can be seen, the
well-dispersed MWCNTs are pulled-out from the
fractured surface and the number of pulled-out
MWCNTs increases with the increased loading den-
sity. No agglomerated MWCNT bundles were
observed on the fractured surface, demonstrating
that the MWCNTs should be well dispersed in the
PMMA matrix.

3.5. Elimination of polymer-rich surface by

mechanical polishing

As represented in the schematic in Fig. 8, even
when the electrical percolation is made by the
well-dispersed carbon nanotubes inside the compos-
ite film, the probing electrodes may not touch the
MWCNTs at the surface due to the polymer-rich
layer formed on the free surface. As schematically
seen in Fig. 8a, the polymer-rich layer is usually
formed at the liquid–gas interface during the
solvent-casting process. When the liquid-phase
PMMA/MWCNT mixture is cast as a thin film on



Fig. 8. Schematic of MWCNT exposure on the surface caused by mechanical polishing to eliminate the polymer-rich region on the cast
film (a) before and (b) after polishing.

D.O. Kim et al. / Organic Electronics 9 (2008) 1–13 11
a substrate, the composite morphology near the sur-
face may well be different from that in the bulk
because of the surface tension and gravity force.
When the polymer solution and MWCNTs have
good wetting characteristics, namely having suitable
Not treated 1st
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Fig. 9. Electrical conductivity of MWCNT/PMMA composites as
micrographs of composites film comparing (b) before polishing, (c) aft
free surface energies, the MWCNTs on the free sur-
face may well be wet (or covered) with the polymer.
In addition, the density of the MWCNTs is usually
higher than that of the polymer solution and, thus,
the MWCNTs may sediment underneath the
2nd

ce polishing

(c)

(d)

D

a function of repeated mechanical polishing (a), and surface
er 1st polishing, and (d) after 2nd polishing.
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coating surface [38]. As a result, MWCNTs tend to
be covered with the polymer-rich layer on the sur-
face. Accordingly, the surface peel-off of the poly-
mer-rich layer could improve the surface
conductivity of the MWCNT composites. As sche-
matically shown in Fig. 8b, the electrical contact
between the probing electrodes and surface-exposed
MWCNTs may be substantially improved simply by
polishing the polymer-rich surface in a mechanical
way. This consideration is supported by Fig. 9,
which shows the electrical conductivity of the
MWCNT composites subjected to mechanical pol-
ishing. The conductivity is elevated from about
10�5 S/cm to 10�3 S/cm with a repeated mechanical
polishing for the MWCNT loading of 1.5 wt%. The
SEM micrographs in Fig. 9b–d, compare the
MWCNTs exposed on the surface before and after
the mechanical polishing. Before the mechanical
polishing, the MWCNTs appear to be covered with
PMMA on the surface (Fig. 9b). With mechanical
polishing, the number of MWCNTs exposed on
the surface apparently increases to give more oppor-
tunity for the probing elctrode to come into contact
with the MWCNTs at the surface. In our experi-
ments, the electrical conductivity was increased by
approximately two orders of magnitude simply by
eliminating the polymer-rich layer by mechanical
polishing, without increasing the MWCNT loading.

4. Conclusion

Investigating MWCNT dispersion in different
solvents and polymers, a polar aprotic solvent,
DMF, showed good dispersion characteristics for
the MWCNT/PMMA composites system. Increas-
ing the acid treatment time enhanced the dispersion
of the MWCNTs, because of the improved dipole
interaction with the polymer and solvent. By using
an adequate solution system and controlled func-
tionalization of the carbon nanotube sidewalls, a
noticeable improvement of the electrical conductiv-
ity was obtained up to 10�2 S/cm with 3.0 wt% of
MWCNT loading. Furthermore, the polymer-rich
layer on the coating surface was eliminated by
mechanical polishing to give an increment of electri-
cal conductivity approximately by the three orders
of magnitude.
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Abstract

A dramatic, �20-fold, reduction in the contact resistance of the bottom-contact poly(3,3000-didodecylquaterthiophene)
(PQT-12) thin-film transistors was achieved through a simple treatment of gold (Au) source and drain electrodes. The Au
electrode treatment involved simply immersing the Au electrodes into Piranha solution prior to the deposition of the
organic semiconductor. This treatment led to significant improvement of device performance. Channel length scaling anal-
ysis indicates that the contact resistance is reduced by about one order of magnitude, resulting in enhancement of estimated
field-effect mobility by about a factor of five. Transport characteristic analysis suggests that the improved efficiency of
charge carrier injection is probably due to increased dopant density of PQT-12 at the electrode/PQT-12 interface.
� 2007 Elsevier B.V. All rights reserved.

PACS: 73.40.Cg; 73.40.Sx; 73.61.Ph

Keywords: Poly(3,3000-didodecylquaterthiophene); Contact resistance; Thin-film transistors; Electrodes; Treatment; Interface
1. Introduction

Solution-processable organic thin-film transistors
(OTFTs) have attracted great interest due to their
potential application for large-area, flexible, and
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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ultralow-cost electronics [1–3]. In the operation of
OTFTs, charge transport strongly depends on two
interfaces: (i) interfaces between organic semicon-
ductors and dielectric and (ii) interfaces between
source and drain (S–D) electrodes and organic semi-
conductors. In the former interfaces, charge trans-
port takes place in the organic semiconductor
layer and in the latter interfaces, charge carriers
are injected into and extracted from the semicon-
ductors. To improve device performance, the mole-
cular ordering of organic semiconductors has been
.

mailto:mbechan@ntu.edu.sg
mailto:ecmli@ntu.edu.sg


Fig. 1. Schematic depiction of a bottom-contact poly(3,3000-
didodecylquaterthiophene) (PQT-12) thin-film transistor with
untreated Au or AuP S–D electrodes.
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manipulated at the interface between organic semi-
conductor and dielectric by substrate surface chem-
istry [4–7], resulting in improved charge transport in
the organic semiconductors. On the other hand, the
contact properties at the interfaces between the elec-
trodes and organic semiconductors have also been
tailored to improve the carrier injection efficiency
[8–10], giving rise to improved device performance.

The S–D electrodes need to be chemically stable
and energetically compatible with the organic semi-
conductors to form Ohmic contacts for efficient
charge injection. To achieve high performance
OTFTs, gold (Au) electrodes have usually been used
because of their high conductivity, excellent opera-
tional stability, and particularly their high work
function, which enables efficient hole injection from
Au into most p-type organic semiconductors, such
as pentacene and poly(3-hexylthiophene). Recently,
interfacial studies by photoemission spectroscopy
have shown that the contact formation between
organic semiconductor and Au could result in a sig-
nificant energy barrier (0.5–1.0 eV) for hole injection
[11–14]; such a barrier is associated with contact
resistance in the device operation [15–18]. The con-
tact resistance may affect the device performance.
The effect of the contact resistance depends on the
magnitude of the contact resistance relative to that
of the channel resistance, and usually is substantial
in OTFTs of short channel length [15]. The reduc-
tion of contact resistance in TFTs of poly(3,3000-dido-
decylquaterthiophene) (PQT-12), a novel high
performance polymeric semiconductor with strong
environmental stability, will be helpful to improve
the performance of devices made from it. This is
especially so since it has a high ionization potential
(5.2–5.3 eV) (0.1–0.2 eV higher than that of regioreg-
ular poly(3-hexylthiophene) – a common organic
semiconductor) [19,20]. No study on the contact
resistance of PQT-12 TFTs has been reported yet.

In this work, we report a dramatic reduction of
the contact resistance between the poly(3,3000-did-
odecylquarterthiophene) (PQT-12) and Au source–
drain (S–D) electrodes for bottom-contact OTFTs.
By simply dipping Au electrodes into Piranha solu-
tion (70% H2SO4 + 30% H2O2), the magnitude of
contact resistance in the operation of the OTFTs
was reduced �20-fold. The analysis of current trans-
port over the electrode/PQT-12 interfaces suggests
that the improved carrier injection efficiency is prob-
ably attributable to an increased dopant density of
PQT-12 at the electrode/PQT-12 interface by the
electrode treatment. Bottom-contact OTFTs with
Piranha-treated Au (AuP) electrodes show signifi-
cantly improved field-effect mobility over OTFTs
with untreated Au electrodes.

2. Experimental

A series of bottom-contact OTFTs (schematically
shown in Fig. 1) were fabricated on a heavily n-
doped silicon (Si) wafer, on which the S–D elec-
trodes were made of Au (�50 nm) with a titanium
adhesion layer (�1 nm). The electrodes were pat-
terned using the lift-off technique. The silicon wafer
was used as gate electrode. A thermally grown SiO2

layer of about 100 nm on the Si wafer served as the
gate dielectric. For OTFTs with untreated Au elec-
trodes, the electrodes were cleaned successively with
ultrasonication in acetone, methanol, and de-ionized
water. The wafer surface with patterned Au elec-
trodes was cleaned with oxygen plasma. For OTFTs
with AuP electrodes, Au electrodes were additionally
treated by immersing Au electrode-patterned wafer
into a Piranha solution for 15 min, rinsed with
de-ionized water, and dried with nitrogen. Subse-
quently, both untreated and treated electrode-
patterned wafers were immersed into 3 mM solution
of octyltrichlorosilane in hexane at room tempera-
ture for 15 min, rinsed with hexane and isopropanol,
and dried with nitrogen gas. Finally, PQT-12 semi-
conductor layers of about 60 nm were deposited on
both Au electrode patterns by spin-coating a disper-
sion of PQT-12 nanoparticles in dichlorobenzene.
The semiconductor layer was then dried, annealed
at 125 �C for 30 min, and cooled to room tempera-
ture overnight in vacuum. The OTFTs were charac-
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terized under ambient condition using an Agilent
4157B Semiconductor Parameter Analyzer System.
The atomic force microscopy (AFM) experiments
were conducted with a Nanoscope IIIa MultiMode
scanning probe microscope (Digital Instruments) in
tapping mode with a scan rate of 0.5 Hz.

3. Results and discussion

Fig. 2 shows the output characteristics of devices
with untreated Au and AuP S–D electrodes, respec-
tively. The device characteristics followed the
metal–oxide–semiconductor field-effect transistor
(MOSFET) gradual channel model. As shown in
Fig. 2a, the output characteristics of the device with
untreated Au electrodes showed a pronounced cur-
vature at low VDS, indicating the existence of con-
tact resistance arising from the energy barrier for
carrier injection. The corresponding device had a
mobility l of only about 0.01 cm2 V�1 s�1, together
with a current on/off ratio of about 104 and a
threshold voltage VT of about �2 V. The mobility
l was estimated using the relation in the saturated
regime given by

l ¼ 2L
WCi

o
ffiffiffiffiffiffiffi
IDS

p

oV GS

� �2

; ð1Þ

where IDS is the drain current, Ci is the capacitance
per unit area of the gate dielectric layer, and VGS is
the gate voltage. VT of the device was determined
from the relationship between the square root of
IDS at the saturated regime and VGS of the device
by extrapolating the measured data to IDS = 0. On
the other hand, the output characteristics of the de-
Fig. 2. Source–drain current IDS versus source–drain voltage VDS

as a function of gate voltage VGS for bottom-contact PQT-12
TFTs with (a) untreated Au and (b) AuP S–D electrodes. The
channel length and width are, respectively, 20 and 10,000 lm.
vice with AuP electrodes show no curvature at low
VDS but a linear current-voltage relationship at
VDS < VGS, with much (�6-fold) higher saturation
currents. The corresponding device exhibited an in-
creased mobility of about 0.05 cm2 V�1 s�1, with
current on/off ratio of about 105 and a threshold
voltage of about �3 V. The improved performance
of devices with AuP electrodes was generally obser-
vable in the experiments. When AuP electrodes on
wafer substrate were plasma-cleaned, the mobility
of the device was reduced to a value close to that
of device with untreated Au electrodes. The pro-
nounced curvature associated with the high contact
resistance at low VDS reappeared. These results indi-
cate that the device performance of bottom-contact
PQT-12 TFTs has been significantly improved by
simple treatment of Au S–D electrodes with Piranha
solution.

To understand the relationship between the
device performance of OTFTs and the contact resis-
tance, the dependence of device resistance on the
channel length was studied in the linear operation
regime (source–drain voltage� gate voltage),
where there should be the most pronounced contact
effect. At low drain voltage, device ‘‘on’’ resistance,
Ron, can be expressed as [21,22]

Ron ¼
oV DS

oIDS

����

V GS

V DS

¼ RCh þ RC

¼ L
W liCiðV GS � V TÞ

þ RC; ð2Þ

where RCh and RC are the channel resistance and the
contact resistance, respectively. Fig. 3 shows a plot
Fig. 3. Relationship between the ‘‘on’’ resistance and channel
length at �40 V gate voltage for bottom-contact PQT-12 TFTs
with untreated Au and AuP S–D electrodes.



Fig. 4. (a) Current versus the fourth root of applied voltage
(positive bias) characteristics of planar Au/PQT-12 and AuP/
PQT-12 diodes with a length of 1 lm and a width of 800 lm
fabricated on oxide Si wafer as the OTFFs at room temperature.
Solid lines are fitting lines for experimental data. The departures
of the data from the model at low V may reflect the terms that
were neglected in Eqs. (3) and (3a) to yield the log-linear
relationship. (b) DI–V characteristics of respective planar Au/
PQT-12 and AuP/PQT-12 diodes.
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of Ron as a function of channel length L at the gate
voltage of �40 V and the drain voltage of �2 V.
The experimental data are well expressed by Eq.
(2) in first order, with Ron linearly depending on L.
The contact resistance was determined by extrapo-
lating the relationship of Ron versus L to L = 0.
The contact resistance of the OTFTs with untreated
Au electrodes was about 0.6 MX. The RC/RCh ratio
is about 1.9 at channel length of 20 lm. In sharp
contrast, the devices with AuP electrodes have much
lower contact resistance of about 30 kX. The RC/RCh

ratio is only about 0.6 at channel length of 20 lm.
The channel length scaling analysis presented here
suggests that the simple treatment of Au S–D elec-
trodes by Piranha solution significantly decreases
the contact resistance for bottom-contact PQT-12
TFTs, resulting in improved device performance.

Typically, current transport over an energy bar-
rier at a metal/semiconductor interface is dominated
by thermionic emission over the barrier at room
temperature. The current transport characteristics
over the barrier can be expressed as [23,24]

J / exp � q/B

kT

� �
exp

qD/
kT

� �
; ð3Þ

where D/ ¼ q3N AðV þ V bi � kT=qÞ
8p2es

� �1=4

: ð3aÞ

T is the absolute temperature, q is the electron
charge, /B is barrier height, k is Boltzmann’s con-
stant, D/ is Schottky-barrier lowering due to the
combined effects of the image force and applied
electric fields, NA is the dopant density,V is the ap-
plied voltage, Vb is the built-in potential, and eS is
the semiconductor permittivity. According to Eqs.
(3) and (3a), the logarithm of the current density
should scale linearly with the fourth root of applied
voltage neglecting the term Vbi � kT/q, with a slope
depending on the dopant density.

Fig. 4a shows the current versus the fourth root
of applied voltage (positive bias) characteristics of
planar Au/PQT-12 and AuP/PQT-12 diodes at
room temperature. The electrical current under
positive bias can be attributed to hole injection cur-
rent from electrode contacts into PQT-12 semicon-
ductor. The diodes were fabricated by depositing
PQT-12 thin-films between coplanar electrode con-
tacts with a channel width of 800 lm and a channel
length of 1 lm on oxide Si wafer as the OTFTs.
Short channel length was used to study the charge
transport over the electrode/PQT-12 interfaces since
charge transport in diodes with short channel length
could be mainly interface-limited and provide infor-
mation about the charge transport over a Schottky-
barrier. As shown in Fig. 4a, the experimental data
above the lower range of applied voltage are well
described by Eqs. (3) and (3a). The injection current
over the AuP/PQT-12 interfacial barrier has a sig-
nificantly higher value. The slope of the fitting line
for AuP/PQT-12 is about 30% steeper than that
for Au/PQT-12, suggesting the dopant density of
PQT-12 at AuP/PQT-12 interface is higher than
that at Au/PQT-12 interface. This difference is evi-
dently due to the Piranha-treatment of Au surface,
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which probably results in a trace amount of sulfate
and bisulfate species adsorbed on the Au surface
[25]. Sulfate and bisulfate species may be acceptors
for the PQT-12 and increase the dopant density of
PQT-12 at the electrode/PQT-12 interface. Higher
dopant density at the electrode/semiconductor inter-
face can give rise to more lowering of the Schottky-
barrier for charge carrier emission under a bias,
resulting in improved charge injection efficiency in
the operation of bottom-contact PQT-12 TFTs.

Fig. 4b shows the DI–V characteristics of respec-
tive planar Au/PQT-12 and AuP/PQT-12 diodes.
DI = 2(Ip � In)/(Ip + In) is the relative current differ-
Fig. 5. (a) and (b) are, respectively, AFM topography and phase images
(c) and (d) are, respectively, AFM topography and phase images (1 lm
and (f) are, respectively, AFM topography images (1 lm · 1 lm) of Au
(b) and (d); 10 nm in (e) and (f).
ence between Ip and In, where Ip is hole current
injected from an electrodes contact into PQT-12
semiconductor under positive bias and In is electron
current injected from an electrode contact into
PQT-12 semiconductor. DI of AuP/PQT-12 inter-
face is slightly smaller than that of the Au/PQT-12
interface in Fig. 4b. Since Ip and In depend on the
respective hole injection barrier and electron injec-
tion barrier at the electrode/PQT-12 interfaces, the
results in Fig. 4b suggest that the AuP electrodes
could not give lower hole injection barrier height
than untreated Au electrodes. The improved hole
injection efficiency due to the Piranha-treatment,
(1 lm · 1 lm) of PQT-12 thin-film on Au surface after annealing;
· 1 lm) of PQT-12 thin-film on AuP surface after annealing; (e)

and AuP surfaces. Height scale (z): z = 20 nm in (a) and (c); 10� in
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shown in Fig. 4a, could not attributed to lowering
of hole injection barrier.

It has been shown that the film morphologies of
organic semiconductors bordering the bottom elec-
trodes are critically importance for the device per-
formance of OTFTs [1,8,26]. Improved molecular
ordering (crystalline) of organic semiconductors in
proximity of the bottom electrodes may improve
charge injection from electrodes into organic semi-
conductors and device performance of OTFTs.
AFM was used to investigate the morphologies of
PQT-12 thin-films on untreated Au and AuP sur-
faces. PQT-12 solution was found to easily spread
and showed very good wetting on Au and AuP sur-
faces, suggesting good wetting of PQT-12 on edges
of the bottom electrodes and electrode/PQT-12
interfaces for bottom-contact PQT-12 TFTs.
Fig. 5a and b shows the AFM topography and
phase images of PQT-12 film on untreated Au sur-
face and Fig. 5c and d shows the AFM topography
and phase images of PQT-12 film on AuP surface
after postdeposition annealing. After deposition
and postdeposition annealing, both PQT-12 films
on Au and AuP surface are featureless and show
amorphous or disorder morphological properties
(Fig. 5b and d), which is probably due to the inter-
action between the PQT-12 and electrode surface
[8,27]. No improved film morphology of PQT-12
on AuP surface is clearly observable and conclusive.

Fig. 5e and f shows the AFM topography images
of Au and AuP surfaces. AFM analysis shows that
untreated Au and AuP surfaces had surface rough-
ness values (root mean square average of height
deviations taken from the mean data plane (Rq))
of �0.85 nm and �0.96 nm, respectively, suggesting
that the Piranha-treatment of Au surfaces did not
significantly change the surface rough of electrode
surfaces. The AFM images show extensive gold
nano-domain on untreated Au and AuP surfaces.
The size of nano-domains on AuP surface is signif-
icantly larger than that on untreated Au surface,
suggesting that the interfacial area of AuP/PQT-12
contacts is smaller than that of Au/PQT-12 con-
tacts. In addition, the average surface area of single
nano-domain on AuP is evidently bigger than that
on untreated Au surface, suggesting local field-
effects around rough edges of AuP surface could
not account for the improved charge injection of
AuP electrodes. The AFM results suggest that film
morphologies of PQT-12 on electrode surfaces and
evolved surface morphologies of electrode due to
Piranha-treatment show no clear correlation with
the improved charge injection of bottom AuP elec-
trode contacts.

4. Conclusions

In summary, dramatic reduction of contact resis-
tance for bottom-contact PQT-12 thin-film transis-
tors was achieved by treating the Au electrodes
with Piranha solution prior to the organic semicon-
ductor deposition. The reduction of the contact
resistance is probably due to an increased dopant
density of PQT-12 at the electrode/PQT-12 inter-
face, which may resulted from the electrode treat-
ment by Piranha solution. The OTFTs with
Piranha-treated Au S–D electrodes showed signifi-
cantly enhanced field-effect mobility over the
OTFTs with untreated Au S–D electrodes.
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Abstract

We used ultraviolet photoemission spectroscopy (UPS) to study the hole injection barrier at the interface between pen-
tacene and a gold surface treated with 1-hexadecanethiol (HDT). Through these UPS in-situ experiments, we found that
the energy barrier between HDT-modified gold and pentacene was 0.74 eV. This energy barrier was 0.11 eV smaller than
that between bare gold and pentacene, despite the work function of HDT-modified gold being 1.08 eV lower than that of
bare gold. This result does not follow the typical trend, whereby decreasing the work function of a metal increases the
energy barrier. The observed behavior can be explained by two factors. First, the bare gold substrate exhibited a large
interface dipole, whereas the HDT-modified gold did not. And second, pentacene on the HDT-modified gold substrate
had a lower ionization energy than pentacene on bare gold. This finding can be explained in terms of the polarization
energy related to the more crystalline structure of pentacene on the HDT-modified gold substrate, which was established
by X-ray diffraction analysis. For comparison, we also measured the injection barrier between the amorphous organic
semiconductor, N,N 0-diphenyl-N,N 0bis(1-naphthyl-1,1 0-biphenyl-4,4 0-diamine (a-NPD)), and HDT-modified gold.
� 2007 Elsevier B.V. All rights reserved.

PACS: 73.20.-r; 61.05.cp; 79.60.-i
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1. Introduction

In organic devices such as organic field effect
transistors (OFETs) and organic light emitting
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.07.006

* Corresponding author. Tel.: +82 54 279 2269; fax: +82 54 279
8298.

E-mail address: cep@postech.ac.kr (C.E. Park).
diodes (OLEDs), the metal–organic semiconductor
interface plays a crucial role in determining the
device performance. The key parameter at this inter-
face is the injection barrier between the metal and
the organic semiconductor, which is determined by
the energy difference between the metal work func-
tion and the ionization energy of the organic mate-
rial [1,2]. The lower this barrier, the more efficient
.
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the injection of holes across the interface and hence
the better the device performance. Campbell et al.
demonstrated that the metal work function can be
controlled by covering the metal with a self-assem-
bled monolayer (SAM) that forms a highly ordered
two-dimensional layer with molecular dipoles ori-
ented in the desired direction [3–5]. Generally, mod-
ifying a metal by applying a perfluorinated thiolate
SAM, which exhibits a negative dipole oriented
away from the metal surface, increases the work
function, leading to a lower hole-injection barrier
from the metal to the organic semiconductor. By
contrast, modifying a metal with an alkyl thiolate
SAM lowers the work function, resulting in a higher
hole-injection barrier (Fig. 1) [3,4,6,7]. These effects
of SAMs have been demonstrated in studies using
ITO, gold, silver or copper as the metal, and
poly[2-methoxy,5-(2 0-ethyl-hexyloxy)-1,4-phenylene
vinylene] (MEH-PPV) [3,4, 8,9], poly(9,9-dioctylflu-
orene-co-bis-N,N 0-4-butylphenyl)-bis-N, N 0-4-butyl-
phenyl-1,4-phenylenediamine (PFB) [10] or N,N 0-
bis(3-methylphenyl)-N,N-diphenyl-1,1-biphenyl-4,40-
diamine (TPD) [11,12] as the organic semiconduc-
tor; all of these semiconductors are amorphous
materials. In addition, in the case of pentacene,
which is polycrystalline, researchers have reported
that modification of the source/drain electrodes of
pentacene OFETs with an alkyl thiol SAM
enhances the device performance [13,14]. However,
the origin of this beneficial effect is not clear,
because alkyl thiol SAMs lower the work function
of the metal, and a lower work function is known
to increase the hole-injection barrier, which would
be expected to degrade rather than improve the
Fig. 1. Schematic energy level diagram of metal/organic interfaces wit
fluorinated alkyl thiol/organic, and (c) metal modified with alkyl thiol/
device performance. The seemingly counterintuitive
effect of modifying the source/drain electrodes of
pentacene OFETs with alkyl thiols is supported by
the findings of Wan et al. in a study of N,N 0-diphe-
nyl-N,N 0bis(1-naphthyl-1,1 0-biphenyl-4, 4 0-diamine
(a-NPD)) on contaminated gold substrates. They
found that the contaminated gold substrate has a
lower work function, but that this leads to a lower
hole-injection barrier due to the smaller interface
dipole on the contaminated gold surface [15]. How-
ever, contrary to the findings of Wan et al., several
studies have found that the hole-injection barrier
between amorphous polymers or small molecules
and a metal is higher for a metal whose work func-
tion is lowered by SAM modification compared to
the bare metal. Thus, the result of Wan et al.,
although supportive, cannot fully explain the
improved performance of pentacene OFET devices
in which the source/drain electrode is modified with
an alkyl thiol SAM.

In the present study, we used photoemission
spectroscopy (PES) to study the injection barrier
at the interface between a pentacene layer and a
gold-coated surface treated with 1-hexadecanethiol
(HDT). HDT is known to form SAMs on gold sur-
faces and has a 2.3D dipole along the molecular axis
[6], leading to a lowering of the metal work function
when HDT molecules are adsorbed. Our findings
indicate that even though the presence of the
HDT SAM on the gold surface lowers the work
function by 1.07 ± 0.01 eV, the hole-injection bar-
rier is smaller for pentacene on HDT-modified gold
than for pentacene on the bare gold surface. We dis-
cuss how the injection barrier could be lowered at
h SAM modification. (a) metal/organic, (b) metal modified with
organic.



Fig. 2. UPS EDCs of (a) pentacene deposited on gold, and (b)
pentacene deposited on HDT-modified gold. The left side shows
the full spectra, and the right side shows a magnified view of the
region where the gold Fermi edge and the HOMO peak of
pentacene are observed.
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the interface between pentacene and a HDT-
modified gold substrate in terms of the interface
dipole and the crystallinity of the pentacene film.
For comparison with the behavior of crystalline
pentacene, we additionally measured the injection
barrier between the amorphous semiconductor,
a-NPD, and HDT-modified gold.

2. Experimental

As a substrate, we used a 200 nm thick gold-
coated wafer (INOSTEK, Korea), which was pre-
pared by gold-sputtering on SiO2 with adhesion
layer (30 nm thick Cr). We prepared two types of
substrates, bare and HDT-modified gold substrates.
For preparation of HDT-modified gold substrate,
gold-coated wafer was washed with acetone and
cleaned using an UV/ozone cleaner, GCS-1700
(AHTECH LTS, Korea) for 30 minutes. After
cleaning, this was immediately immersed in a 1 ·
10�3 M solution of HDT (Aldrich) in ethanol and
left for 3 days in a sealed jar. The substrate was then
rinsed with ethanol, sonicated in ethanol for 2 min
to thoroughly remove physically adsorbed mole-
cules, and dried with a N2 flow. After this proce-
dure, HDT-modified and bare gold substrates
were loaded into a UHV chamber (base pressure
�10�10 Torr) equipped with an electron analyzer
and thermal evaporator at the 4B1 beam line in
the Pohang Accelerator Laboratory (PAL). For
bare gold substrate, the same cleaning procedure
as the case for HDT-modification was carried out.
However, carbon and oxygen contaminants on bare
gold were detected from XPS spectra even after
both wet and UV/ozone cleaning. Therefore, argon
ion sputtering was carried out to completely remove
carbon and oxygen contamination on the bare gold
after sample loading in UHV chamber. The cleanli-
ness of the resulting surface was confirmed by veri-
fying that the C1s and O1s peaks were not present in
the XPS spectra of the bare gold substrate.

Pentacene (Aldrich) and a-NPD (Chung Wha Sa
Co., Korea) were deposited at a rate of 0.1 Å/s at
room temperature. When the thickness of the penta-
cene or a-NPD film reached 0.4, 1.6, 6.4 or 25.6 nm,
the sample was characterized in-situ using ultravio-
let photoemission spectroscopy (UPS), 21.2 eV (He
I, He discharge lamp was used) in normal emission
mode. In addition, a �7.0 eV bias was applied to
improve the transmission of low kinetic energy elec-
trons and to ensure the determination of the energy
of the low kinetic energy edge. For the XRD exper-
iments, a 20 nm thick pentacene film was deposited
on a gold or HDT-modified gold substrate at 0.1
Å/s, and the experiment was performed at the
10C1 beam line (wavelength �1.54 Å) of the PAL.

3. Results

Figs. 2a and b show the UPS (He I) energy distri-
bution curves (EDCs) for pentacene on the bare vac-



Fig. 3. UPS EDC of (a) a-NPD deposited on gold, and (b)
a-NPD deposited on HDT-modified gold. The left side shows the
full spectra and the right side shows a magnified view of the
region where the gold Fermi edge and the HOMO peak of
a-NPD are observed.
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uum-deposited gold substrate and on the HDT-
modified gold substrate, respectively. The cut-off at
the left-hand part of each EDC (Ecut

k ) corresponds
to electrons that have just enough energy to escape
from the solid, and thus gives information on the
position of the vacuum level. The maximum kinetic
energy (Emax

k ) at the right-hand part of each EDC
corresponds to electrons from the highest occupied
level and therefore gives information on the position
of the Fermi level (EF) for gold and the highest occu-
pied molecular orbital (HOMO) for pentacene. Emax

k

and Ecut
k were determined through linear extrapola-

tion of the UP spectra. The hole-injection barrier,
UB, the work function of the metal, Um, and the ion-
ization energy (I) were obtained using UB ¼
EmaxðmetalÞ

k � EmaxðorganicÞ
k ; Um ¼ hm� ðEmaxðmetalÞ

k �
EcutðmetalÞ

k Þ and I ¼ hm� ðEmaxðorganicÞ
k � EcutðorganicÞ

k Þ,
respectively [1,2]. Using this approach, the work
functions of bare gold and HDT-modified gold were
determined to be 5.09 ± 0.01 eV and 4.02 ± 0.02 eV,
respectively. Although we confirmed the absence of
contamination or impurities by examining XPS
spectra, the work function of the bare gold substrate
was slightly lower than the literature value [16],
probably due to surface roughness [17,18]. From
the UPS data, the hole-injection barrier was deter-
mined to be 0.85 eV for pentacene on bare gold
and 0.74 eV for pentacene on the HDT-modified
gold substrate. Hole-injection barrier (0.85 eV)
between pentacene and bare gold in this study seems
to be higher than that reported in some previous
literatures [19]. However, one can find that the
hole-injection barriers from the previous studies on
pentacene on bare gold substrate have shown
controversial values ranging from 0.5 to 1.0 eV
[20–24]. We think these differences could come from
the combination of many possible reasons such as
a preparation method of gold substrate (sputtering
or thermal evaporation), pentacene layer thickness,
and polymorphisms of pentacene film [19–25].

In addition, we did not observe a shift of the vac-
uum level on HDT-modified gold, but found that
the vacuum level shifted as much as 0.88 eV on bare
gold (Fig. 2). Furthermore, the I of pentacene on
HDT-modified gold was 4.74 eV, which was about
0.4 eV smaller than that of pentacene on bare gold.

Figs. 3a and b show the UPS (HeI) EDCs for
a-NPD on a bare vacuum-deposited gold substrate
and on a HDT-modified gold substrate, respec-
tively. From the UPS EDCs, the hole-injection bar-
riers for a-NPD on bare gold and HDT-modified
gold were determined to be 1.03 eV and 1.22 eV,
respectively. Also, in contrast to pentacene, the I

of a-NPD was almost the same on both substrates;
specifically, the Is were 5.23 ± 0.05 eV on bare gold
and 5.26 ± 0.03 eV on HDT-modified gold, which
are similar to the value of 5.3 eV reported previ-
ously [26]. Fig. 4 summarizes the UPS results for
pentacene and a-NPD on bare gold and HDT-mod-
ified gold substrates, and Fig. 5 shows the positions



Fig. 4. (a) Hole-injection barrier and vacuum level position of
pentacene on bare gold and HDT-modified gold, and (b) hole-
injection barrier and vacuum level position of a-NPD on bare
gold and HDT-modified gold.

Fig. 5. (a) Band diagram of the interface between pentacene and
gold, (b) band diagram of the interface between pentacene and
HDT-modified gold (6.4 nm thick pentacene layer), (c) band
diagram of the interface between a-NPD and gold, and (d) band
diagram of the interface between a-NPD and HDT-modified gold
(0.4 nm thick a-NPD layer).
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of the molecular levels obtained from the UPS
measurements.

4. Discussion

Here we have shown that bare gold and HDT-
modified gold substrates have work functions of
5.09 ± 0.01 and 4.02 ± 0.02 eV and injection barri-
ers at the interface between pentacene and the
substrate of 0.85 and 0.74 eV, respectively. The
observed effect, that HDT-modification decreases
both the work function and the injection barrier,
does not conform to the usual trend whereby
decreasing the work function of a metal leads to
an increase in the hole-injection barrier. The obser-
vation of a smaller injection barrier on HDT-modi-
fied gold despite this substrate having a lower work
function can be explained by two factors.

The first factor is the absence of the large vacuum
level shift that is typically observed during the early
stages of pentacene deposition on bare gold. The
shift in the vacuum level as a result of deposition
of an organic film derives from the interface dipole
between the metal and the adjoining film. When a
pentacene film is deposited on bare gold, the inter-
face dipole is 0.88 eV and the vacuum level is shifted
substantially. When, however, a pentacene film is
deposited on a HDT-modified gold substrate, there
is no dipole at the interface and hence the vacuum
level shift is negligible. Our finding that the interface
dipole is absent for pentacene on a HDT-modified
gold substrate is consistent with previous findings
for a-NPD on a contaminated gold surface, which
has a lower work function but leads to a lower
hole-injection barrier due to a smaller interface
dipole on the contaminated gold surface [15]. Gen-
erally, in the case of a nonreactive interface between
a metal and a semiconductor, the continuum of
metallic states in close proximity with the semicon-
ductor induces a density of gap states at the semi-
conductor interface. This density of states around
the charge neutrality level (CNL) and the difference



Fig. 6. Band diagram of the interface between pentacene and
HDT-modified gold. Black lines indicate the band diagram
generated from UPS data, and gray lines indicate the bands
predicted assuming that the ionization energy of pentacene on
HDT-modified gold is the same as that of pentacene on bare gold
(i.e., 5.14 eV).
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between the CNL and Fermi level determines the
interface dipole and charge injection barrier. Thus,
for the system considered here, if the Fermi level
of gold is below the CNL of pentacene, electron
transfer associated with the induced density of inter-
face states (IDIS) will occur from the pentacene to
the metal, leading to the formation of an interface
dipole, which manifests as a downward vacuum
level shift from the metal to the organic material
[27,28]. If the IDIS is high, the Fermi level at the
interface will be pinned at the CNL of pentacene,
leading to the generation of an interface dipole. In
contrast, a low IDIS would lead to behavior close
to the Schottky–Mott limit, which is known as vac-
uum level alignment [15,28].

A theoretical calculation by Vázquez et al.
showed that the IDIS is reduced from 1.5 · 1014 to
0.5 · 1014 eV�1cm�2 with the increase of distance
from 2.8 to 3.5 Å between gold and 3,4,9,10-peryl-
enetetracarboxylic dianhydride (PTCDA) [29,30].
This reduced IDIS give a rise to weakly-pinned
Fermi level around the CNL, and as a result, an
interface energetic becomes closer to vacuum level
alignment [15]. In the system considered here, the
HDT molecules form a layer on the gold surface
with a thickness of about 20 Å [31], and this layer
keeps the pentacene film apart from the gold sub-
strate. Given the finding of Vázquez et al., that
increasing the separation between gold and PTCDA
by just 0.7 Å reduces the IDIS by a factor of three,
we can assert that the 20 Å separation caused by the
HDT layer is sufficient to preclude local orbital
exchange and potential correlation, and thus leads
to a drastic reduction in the IDIS. Since the IDIS
determines the degree to which the system differs
from vacuum alignment [28], the lower IDIS for
pentacene on HDT-modified gold compared to pen-
tacene on bare gold will lead to a smaller vacuum
level shift, and thus to a lower hole-injection barrier.

Although the small vacuum level shift on the
HDT-modified gold will contribute to a lowering
of the hole-injection barrier, this effect is not suffi-
cient to fully account for the observed lowering of
the hole-injection barrier for pentacene on a HDT-
modified gold substrate. In Fig. 6, the black solid
line indicates the band diagram determined from
the UPS data, and the gray dotted line indicates
the HOMO level predicted based on the assumption
of constant ionization. If we simply assume that the
I of pentacene on HDT-modified gold is the same as
that of pentacene on bare gold, the hole-injection
barrier between pentacene and HDT-modified gold
would be 1.14 eV, which is greater than that
between pentacene and bare gold (Fig. 5). Thus,
under this assumption, the modified metal exhibits
a lowered work function and a larger hole-injection
barrier compared to the bare metal. This behavior
conforms to the usual trend observed for many sys-
tems. For example, this behavior is observed in the
UPS results obtained in the present work for
a-NPD on HDT-modified and bare gold substrates
(Figs. 5c and d). Similarly, a higher hole-injection
barrier between a SAM-treated metal with a low-
ered work function and an amorphous semiconduc-
tor has been observed in several studies [3,4,8,
10,12]. However, whereas amorphous semiconduc-
tors have the same I on both the modified and bare
substrates, the I of pentacene on a HDT-modified
gold substrate is 4.74 eV, compared to 5.14 eV on
bare gold, and hence the hole-injection barrier on
the HDT-modified gold substrate is smaller than
that on bare gold. That is, the smaller hole-injection
barrier on the HDT-modified gold cannot be
explained only by the smaller interface dipole on
the HDT-modified gold, but it is also result of the
polycrystalline nature of the pentacene film affecting
the I of the film. This effect on the I is one of the
major factors underlying the smaller hole-injection
barrier on the HDT-modified gold substrate com-
pared to the bare gold substrate, and is a feature
distinguishing pentacene from the amorphous
organic semiconductor, a-NPD.

The I of an organic compound in the solid phase
derives from both the intrinsic I of each molecule
and the polarization energy of surrounding mole-



Fig. 7. (a) Out-of-plane mode and (b) in-plane mode X-ray
diffraction patterns of pentacene on gold and HDT-modified gold
substrates.
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cules [32–34]. When ions are generated in a solid
organic semiconductor by photoemission, the sur-
rounding molecules rapidly form induced dipoles
and stabilize the ions; the energy associated with
this stabilization is the polarization energy. Because
of this polarization, the I of organic compounds
such as pentacene is smaller in the solid phase than
in the gas phase. The reduction in I due to polariza-
tion is observed as an energy shift of the spectral
bands in the UPS EDC [32–35]. The polarization
energy (P+) can be expressed crudely as P+ / aq4/3,
where a is the average molecular polarizability and
q is the molecular packing density in the solid [30].
Thus the polarization energy can be calculated as
the difference between the I of the solid phase and
that of the gas phase. Using a value of 6.58 eV for
the gas phase I of pentacene, determined from the
spectrum in the literature [36], we find that the
polarization energy for pentacene is 1.44 eV on bare
gold and 1.84 eV on HDT-modified gold (Figs. 5a
and b). Since P+ is proportional to q in the relation
above, differences in the P+ for pentacene layers on
different substrates arise from the crystallinity of
the deposited pentacene layer. This idea is sup-
ported by the previous result by Sato et al. that I

can be varied with the molecular packing density
(q) of pentacene films on gold substrates [33]. Sato
el al. have reported that I of pentacene deposited
on bare gold at room temperature showing less
molecular packing density is 5.15 eV, and I of pen-
tacene was reduced to 4.85 eV by increasing sub-
strate temperature (353 K), in turn, enhancing
molecular packing of pentacene film [33]. Our result
shows that I of pentacene film on HDT-modified
gold (4.74 eV) is smaller than that on bare gold
(5.14 eV). This result is closely related to the differ-
ence in the molecular packing density of pentacene
film on each substrate. However, in contrast to pen-
tacene, a-NPD has almost the same I on the HDT-
modified and bare gold substrates, and therefore has
similar polarization energies on these substrates.
This means that the a-NPD film has a similar
molecular packing density on both substrates, con-
sistent with its amorphous nature.

We additionally carried out XRD experiments on
20 nm thick pentacene films vacuum-deposited on
bare gold and HDT-modified gold substrates. Figs.
7a and b show the out-of-plane and in-plane XRD
patterns, respectively. The XRD data indicate that
the pentacene film on the HDT-modified gold sub-
strate is polycrystalline of pentacene molecules with
c axis perpendicular to the substrate as inferred
from (00k) peaks in the out-of-plane direction.
Only thin-film phase characterized by an interplanar
spacing of 15.43 Å was observed in this case [37].
Also, we found from in-plane XRD patterns that
pentacene molecules on the HDT-modified gold
are arranged with a herringbone geometry, and
the domains in the pentacene crystal, over which
structural order is maintained, are randomly ori-
ented about the a and b axis parallel to the surface.
By contrast, the pentacene film on the bare gold is
also polycrystalline, but the domains in the poly-
crystalline film on bare gold are randomly oriented
as indicated from in-plane and out-of-plane XRD
patterns: the pentacene molecules on the bare gold
did not show any ordered structure (00k) in the
out-of-plane direction, but did show some crystal-
line lying parallel to the surface in the in-plane pat-
tern, as inferred from (00k) peaks. From the XRD
patterns, we calculated the coherence length (the
distance over which order is maintained). The
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coherence length in the (110) direction was deter-
mined to be about 13 nm on the bare gold substrate
and 17 nm on the HDT-modified gold substrate, as
determined from the half width of each (110) peak
using Scherrer’s formula [37]. Given that the coher-
ence length is proportional to the size of the
domains, the present results indicate that larger
domains were present on the HDT-modified gold
substrate. The smaller domain size on the bare gold
substrate implies that the pentacene film on this sub-
strate will contain a greater number of defects such
as vacancies. A higher defect density indicates less
ordered packing, and thus a lower value of q for
pentacene on the bare gold. Since the pentacene film
on the HDT-modified gold substrate showed a more
ordered structure, the polarization energy of this
pentacene will be larger and hence the I will be
lower. This reasoning would explain our finding
from the UPS EDCs that the pentacene film on a
HDT-modified gold substrate had a smaller I than
the film on a bare gold substrate.

5. Conclusion

We have shown here that although the work
function of HDT-modified gold is 1.08 eV lower
than that of bare gold, the energy barrier between
pentacene and HDT-modified gold was 0.11 eV
lower than that between pentacene and bare gold.
This unusual behavior appears to be due to HDT
modification of gold causing a reduction in the
IDIS, which leads to a very small vacuum level shift
between pentacene and gold. However, our observa-
tion of a smaller injection barrier between pentacene
and HDT-modified gold cannot be explained only
by a reduction in the IDIS. We also established that
a pentacene film on a HDT-modified gold substrate
has a higher crystallinity than that on a bare gold
substrate. This enhanced crystallinity leads to a
smaller I, and thus to a lower injection barrier
between pentacene and HDT-modified gold com-
pared to bare gold. By contrast, the I of the amor-
phous organic semiconductor, a-NPD, is almost
the same on both substrates, resulting in a higher
hole-injection barrier on the HDT-modified gold
substrate. The smaller injection barrier between
pentacene and HDT-modified gold suggests that
the performance of pentacene OFETs could be
improved by HDT-modification of the gold surface
in the device. This effect would be consistent with
previous reports that SAM modification of the gold
surface in pentacene OFETs improves the device
performance even though it lowers the metal work
function [13,14].
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Abstract

A multilayer organic light-emitting device (OLED) has been fabricated with a thin (0.3 nm) lithium fluoride (LiF) layer
inserted inside an electron transport layer (ETL), aluminum tris(8-hydroxyquinoline) (Alq3). The LiF electron injection
layer (EIL) has not been used at an Al/Alq3 interface in the device on purpose to observe properties of LiF. The electron
injection-limited OLED with the LiF layer inside 50 nm Alq3 at a one forth, a half or a three forth position assures two
different enhancing properties of LiF. When the LiF layer is positioned closer to the Al cathode, the injection-limited
OLED shows enhanced injection by Al interdiffusion. The Al interdiffusion at least up to 12.5 nm inside Alq3 rules out
the possible insulating buffer model in a small molecule bottom-emission (BE) OLED with a thin, less than one nanometer,
electron injection layer (EIL). If the position is further away from the Al cathode, the Al diffusion reaches the LiF layer no
longer and the device shows the electroluminescence (EL) enhancement without an enhanced injection. The suggested
mechanism of LiF EL efficiency enhancer is that the thin LiF layer induces carrier trap sites and the trapped charges alters
the distribution of the field inside the OLED and, consequently, gives a better recombination of the device. By substituting
the Alq3 ETL region with copper phthalocyanine (CuPc), all of the electron injection from the cathode of Al/CuPc inter-
face, the induced recombination at the Alq3 emitting layer (EML) by the LiF EL efficiency enhancer, and the operating
voltage reduction from high conductive CuPc can be achieved. The enhanced property reaches 100 mA/cm2 of current den-
sity and 1000 cd/m2 of luminance at 5 V with its turn-on slightly larger than 2 V. The enhanced device is as good as our
previously reported non-injection limited LiF EIL device [Yeonjin Yi, Seong Jun Kang, Kwanghee Cho, Jong Mo Koo,
Kyul Han, Kyongjin Park, Myungkeun Noh, Chung Nam Whang, Kwangho Jeong, Appl. Phys. Lett. 86 (2005) 213502].
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(b) Configuration 1

(1)

LiF 0.3 nm

(a) Control Device (CD

Al
100.0 nm 70.0 nm50.0 nm50.0 nm

Al (100.0 nm) / Alq3 (50.0 nm) / NPB (50.0 nm) / ITO (70.0 nm)
Alq3 NPB ITO

100.0 nm 70.0 nm50.0 nmAlq350.0 nm
Al NPB ITO

(2) Al NPB ITO

(3) Al NPB ITO

Al(100.0nm)/Alq3(25.0nm)/LiF(0.3nm)/Alq3(25.0nm)/NPB(50.0nm)/ITO(70.0nm)

Al(100.0nm)/Alq3(37.5nm)/LiF(0.3nm)/Alq3(12.5nm)/NPB(50.0nm)/ITO(70.0nm)

(c) Configuration 2

(1)

LiF 0.3 nm
100.0 nm 70.0 nm50.0 nmCuPc/Alq350.0 nm

Al
Al(100.0nm)/CuPc(12.5nm)/LiF(0.3nm)/Alq3(37.5nm)/NPB(50.0nm)/ITO(70.0nm)

NPB ITO

(2) Al NPB ITO

(3) Al NPB ITO

Al(100.0nm)/CuPc(25.0nm)/LiF(0.3nm)/Alq3(25.0nm)/NPB(50.0nm)/ITO(70.0nm)

Al(100.0nm)/CuPc(37.5nm)/LiF(0.3nm)/Alq3(12.5nm)/NPB(50.0nm)/ITO(70.0nm)

Al(100.0nm)/Alq3(12.5nm)/LiF(0.3nm)/Alq3(37.5nm)/NPB(50.0nm)/ITO(70.0nm)

Fig. 1. The control device (CD) and two different configurations
of organic light-emitting devices in the experiment. (a) The first
configuration is characterized as thin (0.3 nm) LiF layers at one
forth, half or three forth position of Alq3 inside CD. (b) The
second configuration has a CuPc electron transport layer (ETL)
substitution of the first configuration.
1. Introduction

Since the report of Tang and VanSlyke [1] with
multilayer organic light-emitting devices (OLEDs),
tremendous efforts have been made to improve the
device performance. The Cambridge group [2]
reported polymer light-emitting devices (PLEDs)
and this had stimulated the synthesis research in
the polymer field. To increase the OLED perfor-
mances, carrier injection and transport mechanisms
for both small molecular organic materials and
polymers have been widely investigated. A modifi-
cation at the interface between an organic material
and an electrode increases the carrier injection into
the organic material from the electrode, and one
of the famous examples is the insertion of lithium
fluoride (LiF) at the interface of an aluminum (Al)
cathode and an organic electron transport layer
(ETL). The role of the LiF electron injection layer
(EIL) has long been in a dispute [3] since its
introduction [4,5]. Its injection mechanism models
are mainly categorized into two: one is the insulat-
ing buffer model [6] and the other is the interfacial
chemistry model [7,8]. The insulating buffer model
attributes LiF injection enhancement to its insulat-
ing property which takes more electric field when
biased and hence allows tunneling injection with less
barrier height. For the interfacial chemistry model,
chemical reactions at the interface of LiF and
Al layers or aluminum tris(8-hydroxyquinoline)
(Alq3), LiF and Al layers are the causes of the
enhancement. The subsequent observed phenomena
include the LiF dissociation [8], Alq3 anion forma-
tion with Li doping [9], the surface potential reduc-
tion with the interface dipole [10], the protection of
organic materials from the metal cathode [7], etc. A
recent study by Jin et al. showed that the electron
injection enhancement is only with an Al/LiF
(0.6 nm) cathode but not with a silver (Ag)/LiF
(0.6 nm) [11]. Another study by Wang et al., how-
ever, opposed the result and showed that a Ag/
LiF (3.0 nm) cathode can also increase the electron
injection by varying the LiF thicknesses [12]. The
significances of two studies are that they are each
supporting differently one of the two categorized
models.
2. Experiments

Here, we have conducted an experiment to classify
the role of LiF inside an OLED. Our control device
(CD) has the configuration of Al (100.0 nm)/Alq3

(50.0 nm)/alpha-N,N 0-bis(naphthalene-1-yl)-N,N 0-
bis(phenyl)benzidine (a-NPB) (50.0 nm)/indium tin
oxide (ITO) (70.0 nm), which does not have a LiF
EIL at the Al/Alq3 interface on purpose. The
0.3 nm thin LiF layer has been inserted inside an
Alq3 ETL. Inserting LiF at one forth, half or three
forth position inside Alq3 of CD gives our device
configurations of Al (100.0 nm)/Alq3 (12.5 nm)/
LiF (0.3 nm)/Alq3 (37.5 nm)/NPB (50.0 nm)/ITO
(70.0 nm), Al (100.0 nm)/Alq3 (25.0 nm)/LiF (0.3 nm)/
Alq3 (25.0 nm)/NPB (50.0 nm)/ITO (70.0 nm), and
Al (100.0 nm)/Alq3 (37.5 nm)/LiF (0.3 nm)/Alq3

(12.5 nm)/NPB (50.0 nm)/ITO (70.0 nm). Other
devices substituting the ETL part of Alq3 by copper
phthalocyanine (CuPc) has also been prepared. The
Fig. 1 depicts CD and each configuration of our
devices.
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In our experiment, the multi-structure OLED
was fabricated on a commercial ITO glass substrate.
Four Knudsen cells (K-cells) were used for thermal
evaporation in ultrahigh vacuum (UHV) chamber
kept below 10�7 Torr. Each cell contains a boron
nitride (BN) crucible, each filled with Alq3,
a-NPB, CuPc, and LiF. The deposition rate of
Alq3, NPB and CuPc was fixed at 0.1 nm/s and
for LiF at 0.02 nm/s. The Al cathode was deposited
from a titanium diboride (TiB2) boat by thermal
evaporation and its deposition rate was above
1 nm/s. Current density–luminance–voltage (C–L–
V) characteristics were measured with a Keithely
237 source measure unit and a photodiode cali-
brated by a PR650 spectrophotometer in a glove
box under nitrogen gas atmospheres. The emission
spectra of OLEDs were measured with an Ocean
Optics, Inc. PC2000 Spectrometer.

3. Results and discussions

The interfacial chemistry model, as in the 0.6 nm
Al/LiF cathode of Jin et al., does not require a com-
plete cover of a LiF EIL layer. However, LiF, when
deposited with thickness of several nanometers, is
definitely an insulator. The Fig. 2 shows the current
density of a LiF EIL OLED, Al/LiF (x nm)/Alq3

(50.0 nm)/NPB (50.0 nm)/ITO device at 10 V with
the LiF thickness variation, and the sharp increase
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Fig. 2. LiF thickness versus current density graph of Al/LiF (x
nm)/Alq3 (50.0 nm)/NPB (50.0 nm)/ITO devices at an applied
voltage of 10 V. An OLED with a LiF electron injection layer
(EIL) has an optimized thickness of a 0.3 nm LiF layer with its
maximum current density of 1600 mA/cm2. The LiF EIL shows
its injection enhancement with an incomplete cover of the 0.3 nm
LiF layer and for the complete cover of LiF with thicker LiF
layer, the insulating effect of LiF is dominant with both of the
decrease in the luminance (not shown) and the current density in
the device.
of the current density is within one nanometer.
The optimized thickness with the sharp increase in
electron injections lessens as the thickness of the
LiF EIL increases. In the model, the steep increase
owes to some chemical interactions such as, for
example, the Li dissociation. It is doubtful whether
the thickness of several tenth of a nanometer of LiF
can form a complete cover of a layer and the studies
supporting the model generally have the device con-
figurations of LiF thickness less than one nanometer
[7,8]. One more important condition of the LiF
interfacial chemistry model is the existence of the
Al cathode. The referenced devices all include Al
cathodes and as shown by Jin et al., the LiF injec-
tion enhancement occurs with Al cathodes but not
with Ag cathodes.

For the insulating buffer model, the complete
cover of the insulator layer has to be presumed
and the referenced results of the model have shown
thicknesses of several nanometers of their insulator
thicknesses. Kim et al. [6] have shown the device
with Al/PMMA (2 nm)/MEHPPV (90 nm)/ITO,
and Wang et al. [12] have shown the device with
Ag/LiF (3.0 nm)/Alq3/NPB/ITO. Even though the
latter case seems to rule out the condition of the
Al cathode existence in the interfacial chemistry
model, there exists the LiF thickness difference of
an order which makes the Ag/LiF (3.0 nm) cathode
enhancement a different one from the interfacial
chemistry model enhancement. For the Al/LiF
(0.3 nm) cathode, it is doubtful to have the complete
cover of a layer required as in the insulating buffer
model; furthermore, our experiment with varying
the 0.3 nm LiF layer inside organic materials makes
the insulating buffer model even more unrealistic in
the Al/LiF (0.3 nm) cathode.

From Fig. 3, the current density–luminance–volt-
age (C–L–V) characteristic curves of Configuration
1 show that both the electron injection and the lumi-
nance have been increased in Al (100.0 nm)/Alq3

(12.5 nm)/LiF (0.3 nm)/Alq3 (37.5 nm)/NPB
(50.0 nm)/ITO (70.0 nm) device (, plots) compared
to the control device (CD) of Al (100.0 nm)/Alq3

(50.0 nm)/NPB (50.0 nm)/ITO (70.0 nm) (h plots);
By inserting 0.3 nm LiF layer inside CD at the
12.5 nm position away from the Al cathode, the
current density has been increased to 370 mA/cm2

from 60 mA/cm2 at 10 V. Our devices follow the
bottom-emission (BE) structure OLED and the Al
cathode is the last layer being deposited. Yet, the
Al (100.0 nm)/Alq3 (25.0 nm)/LiF (0.3 nm)/Alq3

(25.0 nm)/NPB (50.0 nm)/ITO (70.0 nm) and Al
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Fig. 3. Current density–luminance–voltage (C–L–V) characteris-
tics of Configuration 1. The inset is the closer look in the current
density–voltage (C–V) relation in log–log scale near turn-on
voltage values. The device of , plots is clearly less injection-
limited than others and the enhancement is from the strong Al
interdiffusion ranging at least up to 12.5 nm into Alq3. A different
enhancement is observed in the devices of n and s plots in which
the recombination of electrons and holes is enhanced without the
electron injection enhancement.

(a) Al / Alq3 (25.0 nm) / LiF (0.3 nm) / Alq3 (25.0 nm) / …
(    plots from Fig. 2) 

Al, LiFand Alq3 mixed layer

(2)
100.0 nm

70.0 nm50.0 nmAlq350.0 nm

NPB ITOAl

(1) NPB ITO

After Al deposition

LiF layer ,

(2)
100.0 nm

70.0 nm50.0 nmAlq3 50.0 nm

NPB ITOAl

(1) NPB ITO

After Al deposition

(b) Al / Alq3 (12.5 nm) / LiF (0.3 nm) / Alq3 (37.5 nm) / …
(   plots from Fig. 2)

Fig. 4. The schematic picture of (a) a untouched LiF layer and
(b) an Al, LiF and Alq3 mixed layer after Al deposition in the
respective devices of n and , plots from Fig. 2. The strong Al
interdiffusion and the mixed layer formation in (b) is the reason
of the partial injection enhancement which is better than the CD
and less than the LiF EIL device.
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(100.0 nm)/Alq3 (37.5 nm)/LiF (0.3 nm)/Alq3

(12.5 nm)/NPB (50.0 nm)/ITO (70.0 nm) devices
(n and s plots of Fig. 3) do not show any such
enhancement. This Al has an implication to the
enhanced electron injection. It can be inferred that
the deposited Al diffuses inside the Alq3 region
reaching partially to 12.5 nm away from the cath-
ode, which has accounted to the electron injection
enhancement in the device. The fact that the Al dif-
fusion is partial can be confirmed when the electron
injection level is compared to the level of the injec-
tion in the LiF EIL device of Al (100.0 nm)/LiF
(0.3 nm)/Alq3 (50.0 nm)/NPB (50.0 nm)/ITO
(70.0 nm) device, a non-injection limited device
from our previous report [13], showed the current
density of 1670 mA/cm2 at 10 V and the value is
four times larger than the value of the device with
LiF at 12.5 nm position, 370 mA/cm2. So far, there
has not been a report on the depth of the Al diffu-
sion to Alq3 in a BE structure OLED. This data,
however, gives a glimpse of the Al diffusion range.
A study by Arndt et al. showed a Au morphology
on diindenoperylene thin films (DIP, C32H16) with
TEM [14]. The morphology of Al on Alq3 might
have a similar nucleation and short-circuiting of
Al on Alq3 by interdiffusion partially up to the dis-
tance of 12.5 nm (see Fig. 4). At the 25.0 nm range
away from the Al cathode, the Al diffusion is not
effective, and the devices with LiF layers each at
25.0 nm and 37.5 nm position away from the cath-
ode (n and s plots in Fig. 3) show no such
enhancement in electron injections.

The strong interdiffusion of Al into Alq3 layer
and incomplete cover of the LiF layer make the
insulating buffer model not proper when consider-
ing a small molecule BE OLED with a thin (less
than a nanometer) LiF EIL. Considering LiF layer
as an indicator of diffusion depth of Al when ther-
mally deposited onto Alq3, the Al partially interdif-
fuses to 12.5 nm as discussed above. For the LiF
EIL device of Al/LiF (0.3 nm)/Alq3/NPB/ITO, it
is best described as having Al interdiffuses into
LiF (0.3 nm) and partial Alq3 layers, and the inter-
facial chemistry is the source of an electron
injection.

The elimination of the insulating buffer layer
effect, however, has to be careful when considering
the insulator as thick as a few nanometers as in
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the cases of Kim et al.’s [6] and the Wang et al.’s [12]
reports. As pointed out in Fig. 2, in fact, as the LiF
thickness grows larger, the layer would have a com-
plete cover of a layer and LiF might show its insu-
lating effect dominantly. For the device with a
thicker insulator layer, we observe the field range
higher for the device to reach a certain current den-
sity. With the Kim et al.’s report, the field range is
rather high around 106 V/cm at 100 mA/cm2 cur-
rent density; yet, the range of field at 100 mA/cm2

in a device with a thin EIL lies below 105 V/cm
including our device for the same current density.
In Wang et al.’s report, the organic part thickness
of the device, which is typically around 100 nm, is
even thicker to be 150 nm thus the applied field is
again higher to have the same current density inside
the device. Hence, in a higher field with a thick insu-
lator layer, the tunneling with the insulating buffer
layer effect is most probable, and the elimination
of the insulating buffer model must be limited to a
BE OLED with an EIL as thin as a few tenth of a
nanometer.

On the other hand, the LiF insertion at different
positions shows a different enhancing property of
LiF. Seeing n and s plots of the Fig. 3, for the
devices having LiF layer at 25.0 nm and 37.5 nm
from the Al cathode, the current density injections
are not enhanced compared to CD (h plots) but
the luminance is increased for the device with LiF
at 25.0 nm (n plots). The luminance of the device
with LiF at 37.5 nm (s plots) is not higher than that
of CD. Yet, the luminance has been increased com-
pared to its current density level which can be
clearly seen when the electroluminescence (EL) effi-
ciency is drawn versus the current density as in
Fig. 5. In the figure, the LiF EIL device (� plots)
is a non-injection limited device with both the high
electron injection and the subsequent high electron
and hole recombination rate. By inserting LiF in
the hole dominant CD, the LiF EIL device is a
non-injection limited device with affluent electron
injections in its cathode and has the highest EL effi-
ciency [4,5]. For the device with LiF at 12.5 nm
position (, plots), due to the partial Al diffusion
and the partial interfacial chemistry, the electron
injection is partially enhanced and the EL efficiency
is higher than that of CD but lower than that of the
LiF EIL device. For those devices with LiF at
25.0 nm and 37.5 nm positions (n and s plots)
are enhanced in different manner; the electron injec-
tion is not enhanced but the recombination rate is
enhanced compared to CD.
To see the indiffusion pattern of the electron
injections and the corresponding EL efficiencies
with varying LiF insertion positions, an additional
experiment has been carried. OLEDs with LiF
respective insertions at every multiple of 3.1 nm step
position have been fabricated and their current den-
sities at the operation voltage of 8 V and maximum
EL efficiencies of respective devices are shown in
Fig. 6. Newly bought organic materials and ITO
substrates have given the CD with the current den-
sity of 230 mA/cm2 at 8 V and the EL efficiency of
0.84 cd/A (dashed lines in Fig. 6). The LiF EIL
device is the device with LiF at 0 nm position and
the LiF position is the distance of a LiF insertion
away from the Al cathode, as before. The Al inter-
diffusion is again confirmed to be at least over
12.5 nm range; the corresponding decreases of the
electron injections and the EL efficiency of the
devices with increased LiF position ends at the posi-
tion 12.5 nm. The dual enhancing properties, i.e.,
injection enhancing and EL efficiency enhancing
properties of LiF change smoothly from one
another under 12.5 nm and over 12.5 nm positions
and the device EL efficiencies do not reach the CD
level of 0.84 cd/A (dark dashed line in Fig. 6).

Reduction of the current density in the device
with LiF insertions inside Alq3 layer at 25.0 nm
and 37.5 nm positions, where Al does not diffuse,
hence the interfacial chemistry of LiF is definitely
not possible, explains the existence of trap sites by
the thin layers (see the reduction of current densities
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graphs (Al/Alq3 (x nm)/LiF (0.3 nm)/Alq3 (50.0–x nm)/NPB
(50.0 nm)/ITO devices). The indiffusion pattern of the electron
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cathode. The LiF has another enhancing property, an EL
efficiency enhancer, which has taken over the EL efficiency
increase of the devices from the current density injection
enhancement, which is ineffective beyond the distance 12.5 nm.
The maximum EL efficiency and current density levels of
CD (Al/Alq3 (50.0 nm)/NPB (50.0 nm)/ITO) is 0.84 cd/A and
230 mA/cm2 at an applied voltage of 8 V, respectively.
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of n and s plots of Fig. 3 compared to CD). Com-
paring the emission spectra of CD and the LiF at
25.0 nm position device (Fig. 7), a possible role of
a blocking layer by the thin layers can be eliminated.
If they were effective blocking layers, a different
recombination center, other than the NPB/Alq3

interface, would have been formed thus a different
emission spectrum would have been detected as an
evidence of different light extractions in the device.
The normalized emission spectra at an applied volt-
age of 7 V are identical as in Fig. 7. A suggested
explanation of the EL efficiency enhancement of
the devices is that trap charges provided by the
insertions indeed lessen the current injections of
the devices; yet, the existence of trap charges alters
the field distribution in the OLED and more recom-
bination is induced at the NPB/Alq3 interface.
Evidence [15,16] has been reported that the exis-
tence of charges can have a ‘‘field screening’’ effect
and we propose that the screening of the field by
trap charges has prevented the well-known exciton
quenching at the organic/cathode interface with
the increase of the applied field; more excitons are
confined at the NPB/Alq3 interface. Although the
exact mechanism of LiF EL efficiency enhancer is
not clear, the phenomenon has a following applica-
tion in the OLEDs.

A following device scheme with the use of LiF EL
efficiency enhancer was considered. We adopted
CuPc for an ETL and the device scheme is
illustrated in Configuration 2 of Fig. 1. A similar
device scheme was first introduced by Hung and
Mason with a structure of MgAg/CuPc (40 nm)/Al
(0.6 nm)/LiF (0.3 nm)/Alq3 (35 nm)/NPB
(120 nm)/ITO [17]. According to Hung and Mason,
the CuPc layer has the higher electron mobility than
the Alq3 layer and can well be substituted for an
ETL. The Al/LiF bilayer was inserted to make a bet-
ter alignment between CuPc and Alq3 LUMO levels
and without its presence an enhanced device prop-
erty was not acquired. The report suggested that
the barrier between CuPc and Alq3 LUMO limits
the device electroluminescence efficiency and non-
emissive recombination is formed in the CuPc
region. The 0.6 nm Al deposition onto 0.3 nm LiF
was adopted for the injection enhancement between
CuPc and Alq3. The overall enhancement of the
CuPc was recovered after the substitution of the
bilayer, preventing the exciton quenching inside
CuPc. The report added that the voltage reduction
in the OLED is the consequence of the substitution
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of CuPc. In our scheme, the 0.3 nm LiF single layer
has been adopted instead of the (0.6 nm) Al/(0.3 nm)
LiF bilayer. The LiF without the assistance of Al
inside an organic material, as discussed before, is
an insulator and provides trap charges only but their
existence can give better recombination through the
field variations. In our device, with the insertion of a
LiF single layer, the device property has been recov-
ered as in the report of Hung and Mason. We sug-
gest that the role of LiF is same as the EL
efficiency enhancer as in devices of Configuration 1
and the trapped carriers provided variations of fields
inside the OLED and more recombination is induced
inside Alq3 emitting layer (EML).

In Fig. 8, the C–L–V characteristics of Configura-
tion 2 are shown. The Al (100.0 nm)/CuPc
(25.0 nm)/LiF (0.3 nm)/Alq3 (25.0 nm)/NPB
(50.0 nm)/ITO (70.0 nm) and Al (100.0 nm)/CuPc
Al ONPB
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Fig. 8. Current density–luminance–voltage (C–L–V) characteris-
tics of Configuration 2. The inset is the closer look in the current
density–voltage (C–V) relation in log–log scale near turn-on
voltage values. The devices of s and n plots are benefited from
the copper phthalocyanine (CuPc) substitution and both current
densities and luminances are enhanced. For the devices, the turn-
on voltages are lower around 2 V; the voltage reduction is
achieved by CuPc substitutions. The device of , plots is affected
by the previously discussed Al interdiffusion in Configuration 1
which penetrates into CuPc up to 12.5 nm.
(37.5 nm)/LiF (0.3 nm)/Alq3 (12.5 nm)/NPB
(50.0 nm)/ITO (70.0 nm) devices (n and s plots of
Fig. 8) show both current density and luminance
enhancement compared to CD (h plots). The
devices show their turn-on voltages around at 2 V
and all other devices of configurations in Fig. 1 show
their turn-on around at 3 V (see the inset of Figs. 3
and 8, which is a closer look of the turn-on voltages
in log–log scale). The significance of the devices of
Configuration 2 is that the Al cathode is used not
in conjunction with a LiF EIL and they showed a
comparable enhanced device property to the LiF
EIL device. Due to their limited EML region of
Alq3 (12.5 nm and 25.0 nm), their C–L–V relations
can not be obtained properly above 6 V. From
Fig. 8, the current densities of the devices are around
100 mA/cm2 with their luminances above 1000
cd/m2 at 5 V, which is comparable to our LiF EIL
device. The high current densities should not be
misunderstood as the result of LiF EL efficiency
enhancer; they owe much to the voltage reduction
by the CuPc ETL from Hung and Mason.

To explain the voltage reduction stated by Hung
and Mason, a simple case of two dielectric materials,
material 1 and material 2, in series between parallel
plates is considered. To maintain a same current den-
sity, J, the current densities inside each material, J1

and J2 has to be equal to a value J (J1 = J2 = J). J
is the multiple of the conductivity of a dielectric
material, r and the applied electric field to it, E

(J = rE). The equation, r1E1 = r2E2 is hence equa-
ted (r1 and E1, for the material 1 and r2 and E2,
for the material 2) and this gives us a simple relation
that when two dielectric materials are put in series, a
dielectric material with relatively higher conductivity
will have lower electric field applied to it and vice
versa (for relative r1 " r2#, E1 # E2" and for
r1 # r2", E1 " E2#). CuPc has higher electron mobil-
ity than that of Alq3 according to Hung and Mason,
and hence the conductivity, r of CuPc is higher than
that of Alq3. From the r1E1 = r2E2 relation, the elec-
tric field in CuPc would be less than the electric field
in Alq3 and as in Fig. 9b, the CuPc ETL substituted
device for the same voltage, V can have higher cur-
rent density in its device compared to CD in
Fig. 9a which has a pristine Alq3. Since the slope of
Alq3 energy level corresponds to the E-field, the slope
in Fig. 9b is steeper than the slope of CD in Fig. 9a.
The device of with CuPc ETL has more current
density in Alq3 and will generate more light com-
pared to CD. By drawing CD differently, with the
same slope of Fig. 9b and c is drawn, which has the
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Fig. 9. Voltage reduction in an OLED with a copper phthalo-
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CuPc. The Al workfunction is �3.7 eV. The more conductive
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applied voltage V, the (b) device has more field in Alq3 than the
pristine Alq3 of CD in (a), meaning more current density in the
(b) device. The (c) device is CD with the same slope of an Alq3

energy level in (b). This gives an impression of how much voltage
reduction is achieved in the (b) device with the CuPc substitution
compared to the (c) device.
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same current flow as in Figure (b). The applied volt-
age V1 in the CD of Fig. 9c gives us an impression of
how much voltage reduction is achieved in the device
with the CuPc substitution and which gives the high
current density. It seems Al/CuPc electron injection
is not poor; otherwise, CuPc experiencing lesser field
would have not made enough electron injection from
the Al cathode into CuPc, for the electron injection
mechanisms such as Fowler–Nordheim tunneling
and Richardson–Schottky thermionic emissions are
field dependent in OLEDs.

A remark has to be made in explaining the Config-
uration 2. The device of Al (100.0 nm)/CuPc
(12.5 nm)/LiF (0.3 nm)/Alq3 (37.5 nm)/NPB
(50.0 nm)/ITO (70.0 nm) (, plots in Fig. 8) shows
the enhanced current density higher than CD but
the luminance is null in reading. This is in accord
with the strong Al interdiffusion, which is at least
12.5 nm for Al into Alq3 from Configuration 1, and
gives an approximately same Al diffusion range for
CuPc. The deposited Al forms a mixed layer of CuPc,
LiF and Al itself up to 12.5 nm, and the ill-defined
CuPc ETL, LiF, and Alq3 interfaces does not give
the expected voltage reduction as in other devices.
CuPc acting as an exciton quencher in the device is
also a good agreement from the previous report [18].

4. Conclusions

The dual enhancing properties of thin 0.3 nm LiF
layer inside a small molecule BE OLED has been
observed by varying the position of the LiF layer.
The last deposited Al cathode has strong interdiffu-
sion into organic materials of both Alq3 and CuPc
at least up to 12.5 nm. This strong interdiffusion
gives special weight to the interfacial chemistry
model of the LiF EIL than the insulator buffer
model. Yet, this seems limited to thin EILs less than
one nanometer and devices with thicker EIL can be
described by the insulating buffer model. When LiF
is inside organic materials and out of reach from Al,
LiF is an insulator and acts as an EL efficiency
enhancer. The LiF thin layer traps carriers and
reduces the overall current density inside an OLED
but the trapped carriers provided variations of fields
inside the OLED and hence give better recombina-
tion in the device. Using the CuPc ETL substitution
in conjunction with the LiF EL efficiency enhancer, a
better device property has been achieved. The device
enhancement is originated from the high Al/CuPc
cathode interface electron injection, the high con-
ductivity of CuPc, and the high recombination of
electrons and holes induced inside the Alq3 EML
by the LiF EL efficiency enhancer. The device prop-
erty is comparable to the device with a LiF EIL.
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Abstract

We report voltage-driven electrical bistability in an organic semiconductor, namely Ponceau SS. Conductance switching
to different levels or ‘‘multilevel switching’’ in devices based on thin-films is due to different density of high-conducting
molecules. In a monolayer of Ponceau SS, we have observed one low-conducting and two high-conducting states. This
is due to three configurable planes of the molecule exhibiting at least two stable high-conducting conformers. Apart from
establishing conductance switching to be a molecular phenomenon, the multilevel conductance in a monolayer shows that
a single molecule can exhibit multilevel memory application.
� 2007 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 82.37.Gk; 85.35.�p; 85.65.+h

Keywords: Conductance switching; Memory phenomenon; Multilevel memory; Molecular multilevel memory
1. Introduction

With the success of organic semiconductors in
thin-film transistors [1], light-emitting devices [2],
sensors [3] and photovoltaic solar cells [4], the mate-
rials are being considered for electronic memory ele-
ments [5–14]. Apart from acting as switching
elements in integrated-circuits, the conjugated
organics are expected to offer high-density memory
applications to meet the need of the future. During
the last few years, several classes of organic materi-
als exhibited such applications, which occurred due
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.07.008
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to electrical bistability. In general, a suitable voltage
changes the conformer of a molecule [5,15]. When
both the conformers are stable with a large differ-
ence in their conductivities, the molecules exhibit
electrical bistability. It is manifested as two current
values at a voltage, with the preceding voltage pulse
determining the conducting state. By controlling the
density of high-conducting molecules in a device,
multilevel conductivity has also been achieved in
organic memory devices [13,14].

In devices based on thin-films of organic materi-
als with electrode metals having low electronegativ-
ity, the bistability sometimes arises due to reversible
growth of metal filaments through redox reactions
[16]. When individual molecules (or a 2D molecular
layer) with noble metal electrodes exhibit electrical
.
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bistabilty, the phenomenon is explained in terms of
conformational change [5] and/or electroreduction
of the molecule [17]. The bistability in such cases
is hence a molecular phenomenon. With a suitable
material, such systems may yield multilevel conduc-
tivity for multibit memory storage. The chosen mol-
ecules will then have to possess several stable
conformers. In this article, we introduce such a mol-
ecule, which, due to its multiplaner structure, yields
multilevel conductivity with associated memory
phenomenon in the molecular scale.

2. Experimental

The molecule for the present work is Ponceau SS
(Acid red 150), which was purchased from Aldrich
Chemical Co. Molecular structure of the molecule
is shown in the inset of Fig. 1. Both monolayer
and spin-cast thin-films of the material were depos-
ited and characterized. Devices based on spun-cast
films of Ponceau SS were fabricated on indium tin
oxide (ITO) coated glass substrates (sheet resis-
tance = 12 X/h). Ponceau SS in methanol (2 mg/
ml) was spun at a speed of 1000 rpm resulting in a
film thickness of about 70 nm. The films were dried
in vacuum at 60 �C for 12 h. Aluminum (Al) was
thermally evaporated at a pressure of 1 · 10�6 Torr
to act as the top electrode. Area of a typical device
was 6 mm2.

The devices were placed in a shielded vacuum
chamber before current–voltage (I–V) characteris-
tics were recorded at room temperature with a
Keithley 486 picoammeter and Yokogawa 7651 dc
source. I–V characteristics were recorded at two
Fig. 1. I–V characteristics of a device based on spun-cast film of
Ponceau SS in three loops. Inset shows the molecular structure of
a Ponceau SS molecule.
sweep directions (from +VMax to �VMax and from
�VMax to +VMax) and also in voltage loops (from
0 to +VMax to �VMax to +VMax). Here VMax repre-
sents amplitude of voltage up to which bias was
swept. For read-only memory (ROM) and ran-
dom-access memory (RAM) applications, voltage
pulse of suitable amplitude and width were gener-
ated by fast switching transistors triggered by a PC.

To obtain a monolayer of Ponceau SS via elec-
trostatic assembly, layer-by-layer (LbL) films were
deposited with poly(allylamine hydrochloride)
(PAH) as a polycation. A deprotonated n-type
Si(1 11) substrate (resistivity = 3–10 mX cm) was
first dipped in the polycationic bath (pH 6.5) for
15 min followed by through rinsing in deionized
water baths. The Si substrate was then dipped in
the Ponceau SS bath (5 mM) for 15 min followed
by the same rinsing protocol in a separate set of
water baths. This resulted in a monolayer of Pon-
ceau SS due to electrostatic binding through its
SO�3 moieties. The dipping sequence was repeated
to obtain multilayer films (on quartz) to record elec-
tronic absorption spectra.

Before recording scanning tunneling microscope
(STM) images, the films were annealed in vacuum
at 100 �C. Pt/Ir tip of the STM was lowered till a
current of 0.5 nA was achieved at 0.5 V. The tip
position was then fixed to measure a set of I–V char-
acteristics. Bias was swept in both directions. In cer-
tain cases, a suitable voltage pulse was applied
before recording the I–V characteristics. Measure-
ments were carried at room temperature and in
ambient condition.

3. Results and discussion

3.1. Conductance switching

Fig. 1 shows a typical I–V plot for a spun-cast
film of Ponceau SS sandwiched between ITO and
Al electrodes. Ponceau SS exhibits electrical bista-
bility. The I–V characteristics depend on the voltage
sweep direction. The magnitude of device current at
a voltage is higher during the sweep from a positive
voltage as compared to that from a negative one. In
other words, a suitable positive bias induces a
higher conducting state. The higher state is retained
even when the bias is removed from the devices
terming the bistability as a memory-switching phe-
nomenon. The On/Off ratio, the ratio between cur-
rent values during the two voltage-sweeps, reaches
up to 3000. When the bias was applied in loops,



Fig. 2. I–V characteristics of a device based on spun-cast film of
Ponceau SS from different +VMaxs. For VMax = 2.7 V, current
value reached the limit of measuring instrument during the
voltage sweep. Inset shows current at 0.8 V as a function of VMax.
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the I–V characteristics retraced for both the con-
ducting states showing (high) reproducible nature
of the electrical bistability in Ponceau SS.

The degree of bistability, or the conductivity of
the high-state depends on the amplitude of VMax.
Plots for +VMax to 0 V for different VMax are shown
in Fig. 2. The inset of the plot summarizes the
results showing the dependence of device current
(at a voltage) as a function of VMax. The plot shows
the current (at 0.8 V) increases with VMax – the rate
of rise initially being low – giving rise to multilevel
conductivity. Such dependence in a thin-film device
may be due to switching of more number of mole-
cules by the application of higher voltage amplitude.
It may also arise if the molecule has more than one
high-conducting (stable) conformers.
Fig. 3. (a) Multilevel Read-Only Memory of a device based on spun-cas
2 s; duty cycle = 17 %); for (11), current values were divided by six for c
the same device. Current under ‘‘write-read-erase-read’’ voltage sequen
3.2. Multilevel memory

Multilevel memory has indeed been observed in
this system. To demonstrate multilevel read-only
memory (MROM), we applied different pump volt-
ages and probed the states by applying a small volt-
age. Fig. 3a shows the current under probe voltage
as a function of time after a suitable pump voltage
pulse was applied. Here, pump voltages were ±1.8,
±2.2 and ±2.6 V (width = 10 s). While the positive
voltages induced high-conducting states, the nega-
tive ones reinstated the low-state. The figure shows
that current under probe voltage for the high-state
depends on the magnitude of preceding pump pulse.
In probing the low-conducting state, the current
remained unaltered for the three cases. It further
shows that we could successfully reinstate the low-
conducting state every time, showing reproducibility
of conductance switching. Here, the low-state may
be referred to as (00), whereas the high-conducting
states pumped by +1.8, +2.2 and +2.6 V may be
termed as (01), (10) and (11), respectively, resem-
bling two-bit memory elements in a single device.

Fig. 3b shows that multilevel random-access
memory (MRAM) applications can also be
observed in these devices. We ‘‘write’’ the three
high-conducting states and ‘‘erase’’ them to the
low-state every time. After establishing one of the
four states, it is ‘‘read’’ by the application of a small
voltage. In effect, the device undergoes a ‘‘write-
read-erase-read’’ voltage pulse sequence with
‘‘write’’ pulse amplitude of +1.8, +2.2 and +2.6 V
(width = 10 s). While the ‘‘erase’’ pulse has a value
of –2.6 V (width 10 s), +0.8 V was applied as ‘‘read’’
voltage pulse. The results show that the current
t film of Ponceau SS. Current was read under +0.8 V pulse (width
omparison. (b) Multilevel Random-Access Memory application of
ce is presented.
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under the probe voltage for the low- and three high-
conducting states differed distinctively. The four
states, namely (00), (01), (10) and (11), can hence
be achieved and probed in a device for RAM appli-
cations between two-bits. The results further show
reversible nature of conductance switching to the
three high-conducting states.

3.3. Formation of a monolayer

Though the multilevel memory in devices based
on Ponceau SS may arise due to varied density of
high-conducting molecules, we investigated the pos-
sibility of more than two stable conformers in Pon-
ceau SS. In doing so, we chose a monolayer of
Ponceau SS on doped Si(1 11) wafers deposited via
electrostatic assembly, so that progressive switching
along the depth of the device does not occur. Topo-
graphic image of the bare wafer and monolayer of
Ponceau SS are presented in insets (a) and (b) of
Fig. 4, respectively. A clear difference between the
images is certainly due to deposition of Ponceau
SS during electrostatic adsorption via binding
through the two SO�3 groups.

To further confirm deposition of Ponceau SS
during LbL deposition, we recorded electronic
absorption spectra of the films on quartz substrate.
Since the value of absorbance for a monolayer was
low, we confirmed film formation by monitoring its
progress during multilayer deposition. Electronic
Fig. 4. Electronic absorption spectra of LbL films of Ponceau SS
for different number of layers. Insets show topographic STM
image of (a) a bare Si substrate and (b) a monolayer of Ponceau
SS on Si. The STM measurements were recorded in a constant
current mode (0.5 nA) at a 0.5 V bias. The displayed scan area is
85 nm · 85 nm in both the cases. Inset (c) shows absorbance at
515 nm as a function of number of layers.
absorption spectra of different number of layers of
LbL films are shown in Fig. 4. All the spectra show
a peak at 515 nm – the intensity of the band increas-
ing with number of layers deposited. The band at
515 nm is very close to that in Ponceau SS solution
(516 nm). Such a low shift further shows that Pon-
ceau SS did not form aggregates in LbL films. The
inset (c) of Fig. 4 shows the absorbance of the film
at 515 nm as a function of number of Ponceau SS
layers. A linear plot through the origin with a slope
of unity confirms that the Ponceau SS molecules
were adsorbed uniformly during deposition of every
layer via LbL assembly.

3.4. Multilevel memory in a monolayer

We characterized the 2D array of Ponceau SS by
STM tip. Here since Ponceau SS molecules are
attached to the substrate by electrostatic binding
via the two SO�3 groups, the two planes containing
benzene rings connected through N@N remains
freely configurable (to reach a local low-energy con-
figuration). To record I–V characteristics of the low-
and other possible different high-conducting states,
we first applied a suitable voltage pulse and then
scanned I–V characteristics in a small voltage range
in loops. VMax for the I–V characteristics ranged
from ±1.0 to ±1.5 V. In this experiment, while the
width of the pulse was kept the same (10 ms), the
amplitude of the pulse varied up to 8.5 V (Fig. 5).
The figure shows that the current in the forward
bias depends strongly on the preceding ‘‘write’’ volt-
age pulse. There was however little difference in the
reverse bias current. At any forward voltage, higher
current was observed when amplitude of the ‘‘write’’
pulse was higher. The increase in current was not
monotonic (in contrast to the case of the device
based on spun-cast film) with the amplitude of the
pulse. The I–V plots were clubbed or ‘‘bunched’’.
The results are summarized in inset (a) of Fig. 5
as a plot of current (at 0.8 V) as a function of ampli-
tude of the preceding voltage pulse. The current
shows three steps. By the application of a reverse
bias pulse, the low-conducting state was induced.
Depending on the amplitude of voltage pulse, two
distinctively different probe current was observed.
This shows that multiple conducting states in a
monolayer can be achieved due to different high-
conducting configurations of a single molecule. In
other words, one low- (00) and at least two high-
conducting states (two of 01, 10, 11) could be
observed in a single Ponceau SS molecule. Absence



Fig. 5. I–V characteristics with a STM tip of a monolayer of Ponceau SS. Voltage-sweeps were carried out after application of voltage
pulse of different amplitudes. For the off-state, pulse amplitude was up to 2.5 V. For the first and second on-states, the amplitude ranged
from 3.0 to 5.5 V and 6.0 to 8.5 V, respectively. Insets show (a) tunneling current at +0.8 V as a function of amplitude of preceding voltage
pulse (fixed width of 10 ms) and (b) tunneling current at +0.8 V as a function of width of preceding voltage pulse (amplitude being 5.0 and
7.0 V representing first and second on-states, respectively).
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of a monotonic increase in inset (a) of Fig. 5 shows
that even though the STM measurements involve a
number of molecules in parallel, different high-con-
ducting states did not arise due to switching of more
number of molecules in the 2D plane. We may add
that by application of a suitable negative voltage
pulse, the pristine low-conducting state can always
be reinstated showing reproducibility of switching
in a monolayer or a molecule of Ponceau SS. Con-
trol experiments on only bare Si wafer yielded much
higher current as compared to that with Ponceau SS
monolayer. The observation of electrical bistability
in a monolayer with STM tip further excludes the
possibility of metal filament formation upon diffu-
sion of metal cations.

To verify if the width of voltage pulse has any
role in inducing different high-conducting states,
we have carried out the following experiment. By
keeping the amplitude of voltage pulse the same,
we varied the width of the pulse that precedes the
I–V sweep. Inset (b) of Fig. 5 shows the current at
+0.8 V (from I–V sweep) as a function of pulse
width that ranged from 1 to 1000 ms. Measurements
were carried out for the two high-states by applying
5.0 and 7.0 V amplitude pulses, respectively. The fig-
ure shows that the current did not depend on the
width of the preceding pulse. In each of the two
high-conducting states, all the molecules must have
switched to a particular configuration by the appli-
cation of a pulse width of more than 5 ms. The high-
state induced by a 7.0 V pulse cannot be achieved by
applying a 5.0 V pulse of very long width. Similarly,
a very short pulse of 7.0 V cannot induce an equiv-
alent state induced by a 5.0 V pulse. From the insets
of Fig. 5, we conclude that the amplitude of voltage
pulse is the key factor in obtaining different con-
former or conducting state in a molecule.

4. Conclusions

In summary, we have shown that Ponceau SS
molecules exhibit multilevel memory-switching
property. When a monolayer of the molecule is
characterized by STM, the molecules exhibit one
low- and two high-conducting states. The three
states arise due to different conformers of the mole-
cules. Amplitude of voltage pulse determines the
conformer or corresponding high-state of the
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molecule. The width of the pulse has little or no
effect in the 1–1000 ms range. In thin-film based
devices, amplitude of voltage pulse determines the
density of high-conducting molecules and hence
the level of high-conducting states. Such devices
exhibit multilevel ROM and RAM phenomena.
Our results show that while in a spun-cast film
based device multilevel memory is a bulk property,
for a monolayer of Ponceau SS, it appears due to
different conformers of a single molecule itself.
The results open up a route to achieve multilevel
memory elements in the molecular scale.
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Abstract

We have developed a simple method to overcome the intrinsic defect of well-known poly[2-methoxy-5-(2 0-ethylhexoxy)–
p-phenylenevinylene] (MEH–PPV), i.e. rampant inter-chain interaction and imbalanced hole and electron fluxes, by blend-
ing with copolymer of polystyrene containing pendant aromatic 1,3,4-oxadiazole (PSOXD12). The addition of PSOXD12
reduces the inter-chain interaction and balances charge carrier transport simultaneously. Photoluminescence (PL), PL exci-
tation and electroluminescence (EL) spectra of the blends reveal that the inter-chain interactions, such as aggregation and
excimer/exciplex, are reduced markedly due to the presence of PSOXD12. Enhanced EL device performance has been
achieved (16,261 cd/m2, 4.79 cd/A) as a result of both reduced inter-chain interaction and balanced charge transport.
� 2007 Elsevier B.V. All rights reserved.

PACS: 79.60.Fr; 85.60.Jb; 83.80.Tc

Keywords: Light-emitting diodes; Blend; Inter-chain interaction
1. Introduction

Electroluminescence (EL) from small organic
molecules [1] and polymers [2] forms the basis for
their use in light-emitting diodes (OLEDs and
PLEDs). Polymeric EL materials have drawn great
attention in recent years because of their advantages
of good processability, simple fabrication by
solution processes, and good thermal stability.
However, some major hindrances, arising from the
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.08.001
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inter-chain interaction and charge imbalance
between hole and electron, still need to be over-
come. In general, the emission spectra of conjugated
polymers are usually broad and red-shifted com-
pared with single chain emission due to the forma-
tion of inter-chain emissive species, such as
aggregation and excimer/exciplex, which generally
reduce the efficiency and degrade the color purity
dramatically. Many methods have been developed
to overcome these defects, such as chemical struc-
ture modification [3], solvent selection [4], and poly-
mer blending. For example, Yang et al. achieved
enhanced devices performance by blending emitting
poly[2-methoxy-5-(2 0-ethylhexoxy)–p-phenylenevin-
.
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ylene] (MEH–PPV, Fig. 1) with an inert polystyrene
(PS), which had been attributed to the dilution effect
and reduced inter-chain interaction [5]. On the other
hand, electron-injection in most of conjugated EL
polymers is much more difficult than hole-injection,
resulting in imbalanced electron and hole injection
from negative and positive contacts, respectively,
and a shift of the recombination zone toward the
region near the interface of the polymer/cathode
[6]. In addition, in common conjugated EL poly-
mers, the electron mobility is much smaller than
hole mobility. To overcome this problem, it is neces-
sary to balance the injection/transport rates of
opposite charges and decrease the barriers of charge
injection from the opposite contacts [7]. Aromatic
1,3,4-oxadiazole-based compounds have been dem-
onstrated to facilitate electron-transport and injec-
tion due to their high electron affinity [8–10].

In this work, a simple method was developed to
reduce inter-chain interaction and improve charge
balance between hole and electron simultaneously.
Combination of aromatic 1,3,4-oxadiazole and inert
polystyrene leads to a vinyl copolymer PSOXD12
(Fig. 1) with pendant electron withdrawing chro-
mophores, which is efficient in enhancing electron-
transport/injection. In addition, the incorporation
of polystyrene segment in PSOXD12 have an
advantage of improving solubility of rigid aromatic
1,3,4-oxadiazole. Compared with small molecular
1,3,4-oxadiazole derivatives, such as 2-(4-biphe-
nyl)-5-(4-tert-butylphenyl)1,3,4-oxadiazole (PBD),
using polymer-attached 1,3,4-oxadiazole should be
effective in preventing recrystallization processes.
Therefore, simple blending of MEH–PPV with
PSOXD12 results in depressed inter-chain interac-
tion and reduced full width at half maximum
(FWHM) in PL and EL spectra when compared
with the neat MEH–PPV. Moreover, significantly
improved device performance (16261 cd/m2,
4.79 cd/A) has been achieved by using blend of
MEH–PPV and PSOXD12 (50/50) as emitting
layer. This finding offers simple method of improv-
ing device performance by using commercially avail-
able MEH–PPV without modifying its chemical
structure.

2. Experiment

The MEH–PPV and PSOXD12 were prepared
following a synthetic procedure described elsewhere
[11,12], and identified by 1H NMR, FT-IR, and ele-
mental analysis (EA). Their chemical structures are
shown in Fig. 1. The polymers were soluble in com-
mon organic solvents, such as toluene, chloroform,
and 1,1,2,2-tetrachloroethane. The glass transition
temperatures (Tg) of the polymers were measured
using a differential scanning calorimeter (DSC), Per-
kin–Elmer DSC-7, under nitrogen atmosphere at a
heating rate of 10 �C/min.

PL and PL excitation spectra of polymer films
were obtained using a Hitachi F-4500 fluorescence
spectrophotometer. Field emission scanning elec-
tron microscope (FE-SEM) image was recorded
on a JEOL JSM-6700F HR-FESEM at an acceler-
ation voltage of 5 kV. The EL device configuration
was ITO/PEDOT:PSS/polymer blends/Al. The
PLEDs were fabricated on pre-cleaned indium
tin oxide (ITO) substrates with a sheet resistance
of 14 X/h. The poly(3,4-ethylenedioxythioph-
ene):poly(styrene sulfonate) (PEDOT:PSS) was first
coated onto ITO glass as the hole-injection layer
and annealed at 150 �C for 0.5 h in a dust-free
atmosphere. A thin layer of the polymer blend
was spin-coated onto the PEDOT layer from its
solution in toluene (ultra resi-analyzed grade) to
obtain uniform and pinhole-free films. Finally, the
aluminum cathode was deposited onto the polymer
film via thermal evaporation under 10�5 Torr. The
film thickness of emissive layers were about 75–
100 nm as measured by an atomic force microscope
(AFM), Veeco/Digital Instrument Scanning Probe
Microscope (tapping mode) with Nanoscope IIIa
controller. For the measurements of device charac-
teristics, current density–voltage–luminance (J–V–
L) changes were measured using a power supply
(Keithley 2400) and a fluorescence spectrophotom-
eter (Ocean Optics usb2000), and the luminance
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was further corrected by SpectraScan PR650 spec-
trophotometer. The active area of the EL device,
defined by the overlap of the ITO and the cathode
electrodes, was 4 mm2.

3. Results and discussion

EL polymers with high glass transition tempera-
ture (Tg) are generally believed to prevent morphol-
ogy deformation and degradation when used as
emitting or electron-transport layers in PLEDs [3].
Accordingly, the relaxation of MEH–PPV chains
are also expected to be retarded by blending with
more-rigid PSOXD12, which possess much higher
Tg (135 �C) than MEH–PPV (75 �C).

Fig. 2 shows the PL spectra of neat MEH–PPV
films measured at 300 K and 77 K and its blend films
with PSOXD12 at 300 K. The inset shows the spec-
tral intensity at 630 nm, originated from the forma-
tion of inter-chain interaction, versus variable
blend ratios. The blend films were spin-coated on
the quartz substrate from toluene solution (10 mg/
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Fig. 2. PL spectra of films from neat MEH–PPV and blends of
MEH–PPV and PSOXD12 at different weight ratios. The inset
shows plot of the spectral intensity (at 630 nm) versus variable
blend ratios.

Table 1
PL and EL spectral data of the blend films (MEH–PPV and PSOXD1

MEH–PPV:PSOXD12 (weight ratio) kPL (nm) FWHMPL (nm)

100:0 581 66
95:5 581 56
90:10 580 56
80:20 580 52
50:50 575 45
100:0 (77 K) 598 29

a The intensity of PL or EL spectra at 630 nm.
b The intensity of PL spectrum at 650 nm.
mL). Table 1 summarizes PL and EL data of the
blend films. The spectrum of neat MEH–PPV film
at 300 K shows emission maximum at 581 nm with
a shoulder at approximately 630 nm. It has been
demonstrated that the shoulder located at ca.
630 nm is attributed to inter-chain interaction
[5,13]. With increasing content of PSOXD12, the
emission maximum remains almost the same (ca.
580 nm) between the weight ratios of MEH–PPV/
PSOXD12 = 100/0 and 80/20 and then blue-shifts
slightly (6 nm) at MEH–PPV/PSOXD12 = 50/50.
Moreover, the FWHM of the PL spectra reduces
from 66 nm (neat MEH–PPV) to 45 nm at MEH–
PPV/PSOXD12 = 50/50, indicating that higher
color purity can be obtained by simple blending of
MEH–PPV with PSOXD12. The most important
result is that the PL spectral intensity located at
630 nm decreases from 0.47 to 0.2 as the weight ratio
of PSOXD12 is increased from 0 to 50, suggesting
that the inter-chain interaction is reduced markedly
due to the dilution effect. Similar result has been
reported by Yang et al. [5] for MEH–PPV/PS blends.
The PL spectrum of MEH–PPV at 77 K was also
measured for the purpose of comparison [14]. The
emission peak shows 17 nm red-shift relative to that
at 300 K, which is due to the decrease of thermal dis-
order and results in extended conjugation. The spec-
tral intensity (0.17) at 650 nm (originate from inter-
chain interaction) is slightly lower than that of
MEH–PPV/PSOXD12 blend (50/50, 0.20) located
at 630 nm at 300 K. Fig. 3 shows the EL spectra of
neat MEH–PPV films and its blend films with PSO-
XD12, measured at a current density of 300 mA/
cm2, for the devices with a configuration of ITO/
PEDOT:PSS/MEH–PPV + PSOXD12/Al. The inset
shows plot of the spectral intensity at 630 nm versus
blend ratios. With the increase of PSOXD12 concen-
tration, the spectrum peak at ca. 590 nm blue-shift
(14 nm) gradually to 575 nm. The spectral intensity
of the shoulder at 630 nm depends on concentration
2)

PL Int.a (a.u.) kEL (nm) FWHMEL (nm) EL Int.a (a.u.)

0.47 589 81 0.79
0.41 587 76 0.67
0.41 587 75 0.68
0.35 583 70 0.56
0.20 575 60 0.40
0.17b – – –
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and decreases from 0.79 to 0.4 as the weight percent
of PSOXD12 is increased from 0 to 50. Moreover,
the spectral width (FWHM) is compressed obviously
at equivalent weight ratio (from 81 nm to 60 nm as
shown in Table 1), indicating that the inter-chain
interaction in MEH–PPV can be effectively sup-
pressed with high concentration of PSOXD12. Both
PL and EL spectra are originated exclusively from
radiation relaxation of excited MEH–PPV mole-
cules, because no emission of aromatic 1,3,4-
oxadiazole chromophores is detected, suggesting no
phase separation is formed in the blends. FE-SEM
was employed to further investigate the morphology
of the blend films to confirm the absence of phase
separation. Fig. 4 shows the FE-SEM micrograph
of the blend film with MEH–PPV/PSOXD12 =
50/50 and clearly the film exhibits homogeneous
phase. The PL and EL spectral blue-shift in MEH–
PPV/PSOXD12 blends is attributed to the confor-
Fig. 4. SEM micrograph of polymer blend from MEH–PPV and
PSOXD12 (w/w = 50/50).
mation change in MEH–PPV chain caused by the
presence of PSOXD12 [15]. In an attempt to eluci-
date the origin of main PL emission at 580 nm, the
PL excitation analysis of neat MEH–PPV films and
its blend films with PSOXD12 were monitored at
580 nm, and the excitation spectra are depicted in
Fig. 5. The excitation spectrum of neat MEH–PPV
film shows a peak at 530 nm with a shoulder located
at approximately 480 nm. With the increase of PSO-
XD12 concentration, the shoulder grows gradually
to form as a new peak at 20% of PSOXD12. The
new peak is even stronger than long-wavelength peak
at 530 nm when 50% PSOXD12 is incorporated. The
results also support the earlier argument that the
inter-chain interaction (aggregation) is reduced
markedly due to dilution effect.

Fig. 6 shows the energy level diagram of the neat
MEH–PPV and MEH–PPV/PSOXD12 blends. The
lowest unoccupied (LUMO) and highest occupied
molecular orbital (HOMO) levels of PSOXD12 are
�3.10 eV and �5.77 eV [12], respectively, which
are much lower than MEH–PPV (�2.7 eV and
�5.02 eV). This means that the hole is mainly
injected into MEH–PPV, while the electron is
injected into PSOXD12 under device operation.
The electron-injection barrier between cathode and
emitting layer reduces from 1.6 eV (neat MEH–
PPV) to 1.2 eV (MEH–PPV/PSOXD12 blends).
The blend (MEH–PPV/PSOXD12) may induce the
formation of type-II heterojunction due to reduced
HOMO and LUMO levels of PSOXD12, which
readily retard the formation of exciton. However,
in fully-conjugated polymers, such as MEH–PPV,
electron mobility is much slower than hole mobility,
leading to imbalance in carriers transport. The
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Fig. 6. Energy band diagram by blending of MEH–PPV and
PSOXD12.
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1,3,4-oxadiazole groups in PSOXD12 possess elec-
tron-transport and hole-blocking ability, which is
helpful to balance the transport of opposite charge
carriers and to reduce the consumption of hole in
the cathode. Therefore, the origins of enhanced
device efficiency are not only due to the dilution of
MEH–PPV by PSOXD12, but also to enhanced
electron-transport. Fig. 7 shows the plots of current
density and luminance versus bias for EL devices
using the MEH–PPV/PSOXD12 blends as emitting
layer. With the increase of PSOXD12 content in the
blend with MEH–PPV, the maximum luminance of
the EL devices increases gradually. However, the
turn-on voltage, which is defined as the voltage
required for the luminance of 1 cd/m2, shifts to
higher voltage from 2.5 V (neat MEH–PPV) to
4.0 V (MEH–PPV/PSOXD12 blends). This is prob-
ably due to the hole-blocking property of aromatic
1,3,4-oxadiazole groups, leading to a need of addi-
tional bias to overcome this barrier [16,17]. The
maximal current efficiency of the devices is
enhanced smoothly from 1.45 cd/A to 4.79 cd/A as
the weight ratio of PSOXD12 is increased from 0
to 50%. Fig. 8 shows the EL spectra of the device
from MEH–PPV/PSOXD12 blend (80/20) mea-
sured at different bias. The EL spectra are almost
the same under different operation voltage, reveal-
ing the stability of blend device.

In summary, as a result of both reduced inter-chain
interaction and balanced charge transport, enhanced
device performance has been achieved. Both lumi-
nance and current efficiency of the blend devices
increases gradually with weight percent of PSO-
XD12. The maximal current efficiency (4.79 cd/A)
and luminance (16261 cd/m2) of the EL device using
MEH–PPV/PSOXD12 blend (50/50) as emitting
layer are much higher than those of neat MEH–
PPV (1.45 cd/A, 5860 cd/m2) [12], respectively.
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4. Conclusions

In summary, we developed a simple method to
reduce inter-chain interaction and improve charge
balance between hole and electron simultaneously
by blending MEH–PPV with vinyl copolymer PSO-
XD12 containing pendant aromatic 1,3,4-oxadiaz-
ole. Both PL and EL emissions show sharper
spectra and higher color purity than those of neat
MEH–PPV, which has been attributed to reduced
inter-chain interaction with increasing concentra-
tion of PSOXD12. The FWHM of PL and EL
spectra are compressed considerably from 66 and
81 nm to 45 and 60 nm, respectively. PL excitation
analysis also supports the depression of the inter-
chain interaction (aggregation) with increasing con-
tent of PSOXD12. Besides, the addition of PSO-
XD12 also improves charge transport balance due
to its high electron affinity. As a result of both
reduced inter-chain interaction and balanced
charge transport, improved device performance
has been achieved.
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Abstract

Surface energy of indium tin oxide (ITO) surfaces treated by different plasmas, including argon (Ar–P), hydrogen (H2–
P), carbon tetrafluoride (CF4–P), and oxygen (O2–P), was measured and analyzed. The initial growth mode of hole trans-
port layers (HTLs) was investigated by atomic force microscope observation of thermally deposited 2 nm thick N,N 0-bis(1-
naphthyl)-N,N 0-diphenyl-1,1 0-biphenyl-4,4 0-diamine (NPB) on the plasma treated ITO surfaces. The results show that dif-
ferent plasma treatments of ITO influence the growth of HTLs in significantly different ways through the modification of
surface energy, especially the polar component. The O2–P and CF4–P were found to be most effective in enhancing surface
polarity through decontamination and increased dipoles, leading to more uniform and denser nucleation of NPB on the
treated ITO surfaces. It was further found that increased density of nucleation sites resulted in a decreased driving voltage
of OLEDs. Under the same fabricating conditions, a lowest driving voltage of 4.1 V was measured at a luminance of
200 cd/m2 for the samples treated in CF4–P, followed by the samples treated in O2–P (5.6 V), Ar–P (6.4 V), as-clean
(7.0 V) and H2–P (7.2 V) plasma, respectively. The mechanisms behind the improved performance were proposed and
discussed.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Indium tin oxide (ITO) is commonly used as an
anode in organic light emitting diodes (OLEDs)
due to its high conductivity, transparency in visible
wavelength range, wide energy band gap and
relatively high work function. OLED devices with
.
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as-deposited ITO, however, were found to have
many problems, such as shorting, unstable I–V

characteristics and indium penetration into organic
layers after device operation, causing degradation
in device performance [1]. To mitigate these prob-
lems, various surface treatment processes using
UV ozone [2,3], gas plasma [4–6], acids [7,8], hydro-
gen peroxide [9], and electrochemistry [10] have
been adopted to modify the ITO surface properties
such as work function, surface roughness, surface
energy, carrier concentration and mobility, and sur-
face sheet resistance. Among these methods, the oxi-
dative treatments (e.g., oxygen plasma and UV
ozone) were found to be most effective in improving
OLED device performance in terms of driving volt-
age, luminance efficiency, and stability [4,8,11,12].
The work function hypothesis is often used to
explain the mechanism behind, in particular to
explain the reduced device driving voltage [13–17].

Besides the work function, other surface proper-
ties were also found to play an important role in
influencing the device performance [5,18,19]. It was
reported that the increased surface energy would
provide a better adhesion of the polymer layer and
reduce the interfacial tension between polymer and
substrate [6]. This would lead to an improved charge
carrier injection through the interface, and thereby
the OLED performance due to the better electronic
contact between the two materials. Other experimen-
tal results [10,20] showed that the devices fabricated
on ITO substrates with similar work functions but
different surface morphologies (e.g., roughness)
exhibited markedly different performance. Chen
et al. recently reported their experimental results
using different hole injection layers (HILs) with dif-
ferent levels of high occupied molecular orbital
(HOMO), and concluded that the energy barrier dif-
ference between the ITO/HIL interface was not the
main factor in determining the hole injection effi-
ciency from the ITO anode to HIL [21]. Instead, they
proposed that the morphology of HIL and therefore
the contact of HIL/HTL would play a decisive role
in the device performance.

Another point to note is that the increased work
function due to plasma treatment decays over time
and returns to its original value within hours [22–
24]. The ultimate cause of this erratic increase of
work function is yet to be understood. Possible
explanations include the diffusion of high concen-
tration oxygen on ITO surface into the ITO bulk
[25] and/or adsorption of ambient carbon during
handling [26,27]. It is reasonable to deduce that if
the increase of ITO work function induced by oxy-
gen plasma treatment is the governing factor, the
improvements of OLED performance would be
diminished correspondingly with the decay of ITO
work function. However, there has been no such
report on device instability attributed to the oxygen
plasma treatment. In other words, no close correla-
tion has been found between the work function and
the device stability [11,28].

Therefore, more experimental work is needed to
understand the mechanisms behind the improved
device performance by surface treatments. This work
was aimed to study the effects of gas plasma treat-
ment on ITO surface and the correlated dependence
of device performance. Four different types of plas-
mas, namely, hydrogen (H2–P), argon (Ar–P), oxy-
gen (O2–P), and carbon tetrafluoride (CF4–P) were
used in this work. Ultra thin HTLs of N,N 0-bis(1-
naphthyl)-N,N 0-diphenyl-1,1 0-biphenyl-4,4 0-diamine
(NPB) were deposited on the ITO samples plasma
treated, respectively. The surface polarity of ITO,
morphology of NPB, and the performance of
OLEDs made thereof were characterized. The results
showed that ITO surface polarity controls the nucle-
ation and the initial growth of HTL. The morphol-
ogy of initially formed HTL on ITO surface is
closely influenced by the gas plasma used via the
change of surface energy, especially the polar com-
ponent. The samples with highly uniform HTLs on
ITO surfaces treated by O2–P and CF4–P were
observed to have the best improvements in OLED
performance. The results suggest that the perfor-
mance enhancement is the consequence of the high
quality interface between ITO surface and HTL.

2. Experiment

The ITO-coated glass (Präzisions Glas and Optik
GmbH) with an initial sheet resistance of 10 X/h
was used as the substrate for surface characteriza-
tions and also for device fabrication. After a routine
cleaning process, involving a sequence of sonication
in detergent solution, ethanol and de-ionized (DI)
water, the ITO glass samples were transferred into
a parallel plate type plasma system (MARCH PX-
1000) for plasma treatment at room temperature
using Ar, H2, CF4, and O2, respectively. In the
plasma chamber, two electrode plates were fixed
with a distance of 10 mm, and the samples were
placed on the bottom plate. The plasma treatment
was carried out for 3 min at an rf (13.56 MHz)
power of 600 W, where process pressure was main-



Table 1
Surface energies and polarities for different plasma treatments of
the ITOs

Sample Contact angle (�) cp
s

(mJ/m2)
cd

s

(mJ/m2)
cs ¼ cp

s þ cd
s

(mJ/m2)
vp ¼
cp

s =csWater Glycerol

As-clean 40.7 34.3 36.6 19.8 56.4 0.65
H2–P 42.6 34.8 34.1 21.2 55.3 0.62
Ar–P 23.0 21.3 50.2 17.1 67.3 0.75
O2–P 7.9 21.8 62.4 11.8 74.2 0.84
CF4–P 11.9 27.3 65.1 9.5 74.6 0.87

The total surface energy cs is the sum of the polar ðcp
s Þ and dis-

persion ðcd
s Þ components ðcs ¼ cp

s þ cd
s Þ and the polarity vp is the

ratio of the polar component to the total surface energy
ðvp ¼ cp

s =csÞ [6].
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tained at 30 Pa. The control ITO sample without
plasma treatment is referred to as-clean sample.
Surface energy values of treated and untreated
ITO surfaces, as a sum of dispersion and polar com-
ponents [29], were calculated using the geometric-
mean method [30] from contact angles measured
with water and glycerol. The contact angle is the
angle formed between a liquid droplet and a flat sur-
face when the liquid droplet is at rest and in thermal
equilibrium with the surface. A pipette was used to
deliver a constant volume of about 0.045 cm3 of pre-
filtered distilled water and glycerol on the ITO sur-
face. A traveling microscope with a miniature pro-
tractor eyepiece was used to determine the contact
angle. All contact angle measurements were per-
formed at 20 �C under 60% relative humidity. Five
samples for each treatment were prepared for the
contact angle measurements and the average values
from the five samples were used for calculation of
the surface energy. In order to understand the influ-
ence of ITO surface modifications by gas plasmas
on nucleation and initial growth of HTL thin films,
ultra thin NPB was deposited onto ITO substrates
pre-treated with different gas plasmas. Two nano-
meters thick NPB ultra thin films was deposited
on both treated and untreated ITO surfaces by ther-
mal evaporation under the same conditions as
described below. The surface morphology of the
ultra thin NPB films on ITO surfaces has been stud-
ied using a Digital Instruments Nanoscope IIIA
AFM. The images for the morphological studies
had a scan size of 2 · 2 lm2. Non-contact AFM
with tapping mode was used as the contact mode
is not appropriate due to its constant force applied
which is sufficient to physically distort the organic
films. All AFM results are shown in phase mode
to provide a clearer picture of the organic film
morphology. The OLED panels with a structural
configuration of ITO/NPB/Alq3/LiF/Al [Alq3 =
tris(8-hydroxyquinolato) aluminum] were subse-
quently deposited by the conventional thermal
evaporation technique. The process starts with the
evaporation of a 60 nm thick NPB as the hole trans-
port layer, followed by a 60 nm thick Alq3 as the
electron transport and light emissive layer, at a
deposition rate of 0.2 nm/s. After the deposition
of organic layers, a 0.6 nm thick LiF electron injec-
tion layer and a 150 nm thick Al layer were depos-
ited immediately as the cathode at rates of 0.03
and 0.3 nm/s, respectively. The Al cathodes were
deposited through a shadow mask to form devices
with active area of 0.09 cm2. The film thickness
was monitored by a quartz thickness monitor. To
ensure the valid comparison of the experimental
results, all the functional layers were deposited suc-
cessively on the differently treated samples at a pres-
sure of 1 · 10�4 Pa during one vacuum run. Basic
characterization of the OLED devices involved
measuring the device light output and current as a
function of the applied voltage (L–I–V). The voltage
was supplied by a computer driven Keithley 2400
source using a linear staircase of 0.2 V with a 0.2 s
delay between measurements, and the current was
measured by a Keithley 2000 multimeter. The lumi-
nous output from the light emission area of
0.09 cm2 was collected with a calibrated silicon pho-
todiode. In addition, the power efficiency (lm/W)
and EL efficiency (cd/A) were calculated using the
same system. All the L–I–V characteristics were car-
ried out in a dark box and ambient atmosphere at
room temperature.

3. Results and discussion

3.1. Influence on ITO surface energy

Table 1 summarizes the surface energies of ITO
samples treated with different plasmas in terms of
polar and dispersion components, total surface
energy, and polarity that is defined as the ratio of
the polar component to total surface energy [6].
The results show that, the total surface energy of
ITO was remarkably increased by Ar–P, O2–P and
CF4–P treatments in the order of CF4–P > O2–
P > Ar–P and slightly reduced by H2–P treatment,
compared to the as-clean ITO sample. It should
be noted that the Ar–P, O2–P and CF4–P increase
polar component, in the order of CF4–P > O2–P >
Ar–P, but decrease dispersion component. On the
contrary, H2–P renders the highest dispersion
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component and the lowest polar component in total
surface energy. CF4–P yields the maximum polarity
of 0.87 and hydrogen plasma, on the opposite, the
minimum polarity of 0.62, compared to 0.65 of
the as-clean ITO.

Our results show that plasma treatments change
ITO surface energy mainly through its polar compo-
nent. It is interesting to understand how the plasma
treatment changes the surface polarity. It is gener-
ally accepted that there are two origins of the polar
component in surface energy, the surface dipole and
the hydrogen bonding. The former is the predomi-
nating factor in influencing work function [31].
As-clean ITO surface is suspected to have various
chemical species [24,32], such as M, M–O–M, M–
OH, as well as CHx, where M denotes metallic
atoms (i.e., In and Sn in this study) and CHx the
organic contaminants. These species form various
dipoles and have different concentrations on ITO
surface, which collectively contribute to the polar
component in surface energy. M–O–M bond is
more hydrophobic [33] than its corresponding
metallic bond due to its symmetric structure and
thus low polarity.

In contrast, the dangling bond of M–O is extre-
mely polar, but their concentration may be negligi-
ble because of its high reactivity. Experimental
studies showed that M–O–M has tendency to be
incompletely hydrolyzed [34–36]. Therefore, OH
groups on ITO surface are considerable, which have
been estimated in the order of one OH group per
1 nm2 of ITO surface [37]. The polarity of M–OH
bond is believed to be in the same order of M, which
is supported by the fact that work function of ITO is
independent of dehydroxylation and rehydroxyla-
tion [31]. Besides dipoles, hydrogen bonds have con-
siderable contribution to the ITO surface energy
[38] due to the existence of M–O–M and M–OH
species as well as the usage of probe solvents (e.g.,
water and glycerol) during measurement of contact
angle. In addition, contamination of ITO surface
must be considered, which might also influence the
ITO surface energy [6,13,23]. The organic contami-
nants are insulating and have lower polarity due to
their more covalent bond features. A fractional cov-
erage of ITO surface with such hydrocarbon con-
taminants will decrease surface energy through
reducing the exposure of M–O–M and M–OH spe-
cies, and therefore the dipoles and hydrogen bonds.

For Ar plasma treatment, there should be no
chemical reaction due to the inert property of Ar.
However, the Ar ion bombardment has been proved
to be capable of removing hydrocarbon contami-
nants from ITO surface [4], and makes more polar
species exposed. Although Ar plasma also remove
OH group (i.e., dehydroxylation), the treated sam-
ple is easily rehydrolyzed in presence of water [31],
leading to zero net change in OH group once
exposed to humid air. Therefore, the increase in
polarity after Ar plasma can be attributed to the
decontamination effect instead of dehydroxylation
and rehydroxylation. An increase of 13.6 mJ/m2 or
�37.2%, in polar component after Ar plasma, as
shown in Table 1, indicates that the as-clean ITO
surface used in this study is heavily contaminated.
Once the majority of the contaminants are removed
by Ar plasma, the real ITO surface is exposed with
surface energy of about 50.2 mJ/m2 in polar compo-
nent. Thus the decontamination by Ar plasma is
effective to promote hole injection, which agrees
with the results from other research groups
[4,39,40], although it does not change work function
[4,5,10,38]. Theoretically, the value of ITO work
function should be enhanced with a contamination
layer due to its insulating property, and therefore,
the decontamination by Ar plasma seems to lower
the work function. However, more fresh surface
areas with more dipoles are exposed after removing
the contaminants, and therefore the positive effect
on work function can offset the loss due to the
decontamination. This may explain why Ar plasma
increases ITO surface polarity instead of work func-
tion. It should be pointed out that other factors
might be also considered to elucidate the contrary
results. For instance, the contamination layer may
not be uniform or continuous over ITO surface.
On the other hand, the measurement scales of
UPS and/or Kelvin probe, which are usually used
for determination of work function, are much smal-
ler than that of surface energy via contact angle.

When reductive H2 plasma is applied, the hydro-
gen ion bombardment may cause some clusters of
hydrocarbon contaminants to spread over the ITO
surface, leading to more surface areas contaminated
and therefore more hydrophobic ITO surface. Fur-
thermore, physical adsorption of a hydrogen atom
onto M–O–M surface may result in a negative
dipole as well. As shown in Table 1, however, minor
change of the surface polarity after H2 plasma (low-
ered by only 0.3) implies that a fraction of M–O–M
or M–OH may be reduced into M with higher sur-
face energy that partially compensate the negative
effect of the plasma treatment on polarity. This is
supported by the fact that dispersion component is



Table 2
Surface energies and polarities of the Si with 2 nm native oxide
and the ITOs after different plasma treatments

Silicon sample cp
s

(mJ/m2)
cd

s

(mJ/m2)
cs ¼ cp

s þ cd
s

(mJ/m2)
vp ¼ cp

s =cs

(mJ/m2)

S1-as-clean 50.2 17.1 67.3 0.75
S2-Ar plasma 54.0 18.1 72.1 0.75
S3-H2 plasma 53.3 14.5 67.8 0.79
S4-O2 plasma 55.9 17.0 72.9 0.77
S5-CF4 plasma 42.8 12.1 54.9 0.78

The total surface energy cs is the sum of the polar ðcp
s Þ and dis-

persion ðcd
s Þ components ðcs ¼ cp

s þ cd
s Þ and the polarity vp is the

ratio of the polar component to the total surface energy
ðvp ¼ cp

s =csÞ [6].
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raised after H2 plasma, by about 1.4 mJ/m2.
Because London dispersion force increases with
the size of surface atoms in question, more concen-
tration of larger metals such as In and Sn firmly
results in higher dispersion component in surface
energy and lower work function due to the relative
deficiency of oxygen atoms. Significant drop of
ITO work function by H2 plasma has been reported
by several research groups [8,12,41].

In contrast, hydrocarbon contaminants on ITO
surface will be effectively removed by O2–P [40],
which contribute to the high surface polarity for
the same reason as Ar plasma. More importantly,
O2 plasma converts the M–OH or M-OOH into
M–O� through –OH group oxidation chemistry
[31]. Because M–O� can be stabilized by ‘‘resonance’’
delocalization of unpaired spin density among lattice
oxygen, it would be expected to be stable even in
presence of water. By virtue of the electron defi-
ciency of the oxygen-based radical, this oxidation
increases the ITO surface dipole layer, leading to
higher polarity. Other hypotheses have also been
proposed to elucidate the increase in polarity by
O2–P, such as adsorption of oxygen anions [13,38]
and water absorption. However, hydroxylation or
dehydroxylation has been proved not to be a pri-
mary factor in determining the work function of
ITO, which is highly related to surface dipole [31].
Therefore, O2–P increases surface polarity possibly
through removing contaminants and producing
highly polar and stable M–O� species. Of course,
hydrogen bonding is also a considerable factor.

Compared to the instance of O2–P, CF4–P is a
more oxidative treatment and can definitely remove
hydrocarbon contaminants from ITO surface. Fur-
thermore, the released fluorine atoms or ions during
CF4–P treatment possibly produce M–F bond
[39,42], through oxidation of –OH groups or direct
substitution for O in M–O–M bond. The higher
negativity of F and asymmetric structure of M–F
bond provide ITO surface with more positive dipole
and stronger hydrogen bonding than M–O�, which
might be the reason for the highest surface polarity
of 0.87, as shown in Table 1. Moreover, as M–F is
not hydrolysable, CF4–P treated ITO surface should
be more stable than that of O2–P.

To further understand the influencing factors on
surface polarity, Si wafer samples with 2 nm native
oxide were also treated by the same plasmas as
described above and the surface energies are listed
in Table 2. It is surprisingly found that unlike ITO,
minor changes in surface polarity of SiO2 were
observed after various plasma treatments. As Si
has the similar negativity with In and Sn, i.e., 1.8
for Si vs. 1.7 for In and 1.8 for Sn, minor difference
in permanent dipole should exist between Si–O–Si
and In–O–In or Sn–O–Sn. The higher phenomenal
effects of ITO surface to plasma treatment suggest
that other factors also contribute to the formation
of dipole layer and/or the surface polarity. Besides
their crystal structures, the most considerable differ-
ence between SiO2 and ITO is that SiO2 is an insula-
tor but ITO a conductor with considerable free
electrons. The delocalized electrons in ITO take an
important role in stabilizing M–O� species. As a
result, the highly polar species may not exist on
SiO2 surface due to its deficiency of free electrons.
In addition, polycrystalline ITO contains more
defects than single crystal Si wafer, which may also
influence the responsive behavior of ITO to plasma
treatment.

In addition to the significant modification of the
polar component in ITO surface energy, plasma
treatment also alters dispersion component but in
a reversed trend, which has not been discussed in
previous literature. London dispersion force is pro-
portional to the polarizability of surface molecules
or atoms, and the larger the atom, the greater the
polarizability. With H2–P treatment the ITO surface
exposes more metallic atoms (In and/or Sn) with
greater polarizability, leading to strong dispersion
force. In contrast, CF4–P treatment offers ITO sur-
face rich of fluorine with small polarizability, lead-
ing to weak dispersion force. In evidence, changes
in dispersion component of surface energy suggest
that the composition of ITO surface may be altered
after plasma treatments.

As well-known, plasma treatments change not
only surface energy but also ITO work function
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based on dipole theory [6,13,14]. However, no direct
correlation between the surface energy and the work
function has been found for ITO surface and the
dominant factor controlling the hole injection is still
under dispute. For instance, Ar plasma increases
ITO surface polarity and hole injection, as shown
in this study, but does not change work function
as documented in literature. Moreover, oxidative
plasma treatments of ITO improve the devices sta-
bility, which could not be explained by the work
function hypothesis. These suggest that the hole
injection seems to be more closely correlated with
the ITO surface polarity that, as well-known, con-
trols the evolution of HTL film.

3.2. Influence on nucleation and growth of NPB films

As-deposited ITO film by DC magnetron sput-
tering features with a so called ‘‘grain–subgrain’’
surface morphology and polycrystalline structure,
as shown in Fig. 1a (height mode) or b (phase
mode). Each ‘‘grain’’ (200–600 nm in size) consists
of a cluster of 10–40 nm sized subgrains, which are
highly aligned in crystalline orientation. More dis-
cussions on their crystallinity features are reported
in Ref. [43].

Our results from AFM observation and analysis
show that plasma treatments do not significantly
change the ITO morphologies, being the same as
the previous report [44], with the rms surface rough-
ness value kept in the range of 3–4 nm. As the phase
mode AFM offers a clearer image of the material
phases with less topographic information, as seen
Fig. 1. AFM image of as-clean ITO thin film deposited by dc m
in Fig. 1, the phase mode was used in this work to
study the NPB nucleation and growth on ITO
surface.

Fig. 2 shows the phase AFM images of 2 nm
NPB thin film deposited on as-clean ITO surface
(a), and pre-treated ITO surfaces by Ar–P (b),
H2–P(c), CF4–P(d), and O2–P(e). It can be seen that
the surface coverage with 2 nm thick NPB highly
depends on the type of plasma treatment. The
CF4–P treated sample has the highest coverage, fol-
lowed by the O2–P, Ar–P, as-clean, and H2–P trea-
ted samples. For the as-clean, Ar–P and H2–P
treated ITO surfaces, island-like morphology is
observed, although there is slight difference in shape
and distribution. Basically, the islands discontinu-
ously distribute along grain boundaries, but the wet-
ting features of NPB on the three substrates are
clearly different, with wettability in an order of
Ar–P > as-clean > H2–P. On the contrary, CF4–P
and O2–P treatments of ITO led to more uniform
NPB thin film coverage without conglomeration,
and the NPB film seems to grow in two-dimensional
mode. In this case, NPB film covers not only the
grain boundaries but also the subgrain boundaries,
although subgrains are not fully covered. It is
observed that the CF4–P treatment led to a more
subgrain coverage by NPB film compared with
O2–P treatment. Considering the fact that deposi-
tion rate and substrate temperature strongly influ-
ence the surface morphology of organic films
[45,46], the NPB of a given thickness was deposited
onto the ITO samples in discussion in the same
agnetron sputtering: (a) height mode and (b) phase mode.



Fig. 2. AFM images (phase) of 2 nm thick NPB on ITO surfaces with different plasma treatments: (a) as-clean; (b) Ar–P; (c) H2–P; (d)
CF4–P; and (e) O2–P.
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batch and thus the morphological difference should
be caused mainly by the different plasma treatments.
Much of the surface structure observed in thin
films grown from the vapor phase may be attributed
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to the surface energy of substrate and film, as well as
the interfacial energy. In general, the higher surface
energy of substrate is beneficial to a smooth growth
of the film (i.e., layer growth mode) and a strong
bonding of the film to substrate, whereas island
growth mode is corresponding to a relatively low
surface energy of the substrate. In most thin film
deposition processes, nucleation of the product
phase occurs heterogeneously at some preferential
sites on the substrate, such as grain boundaries
[47], subgrain boundaries [48], dislocations [49], or
other surface defects [50–52], where the surface
energy is remarkably higher than the rest of the sur-
face. When the substrate is not uniform in surface
energy, the adsorbed molecules or particles are
locked or irreversibly trapped on to the surface
defects and grow into stable nuclei [51,53], because
the energy barrier for nucleation is significantly
lower at high surface energy areas. On the other
hand, the arrived species on the lower surface
energy sites tend to migrate towards active sites
and finally add onto the stable nuclei. In this case,
the bonding energy between two deposited atoms
is greater than the average bonding energy between
one deposited atom and substrate atom [54], result-
ing in thin film growth in island mode [55,56]. As a
result, the coverage of lower energy areas will
mainly rely on the lateral growth or spreading of
islands instead of dense nucleation. This is the case
when 2 nm NPB deposited onto the as-clean and
Ar–P and H2–P treated ITO surface, as shown in
Fig. 2a–c.

As DC sputtered polycrystalline ITO is charac-
terized with a nano-scaled grain–subgrain structure,
from micro-point of view, surface energy over ITO
surface should be accordingly varied from place to
place. Therefore, NPB film normally grows on
ITO surface in island growth mode, as previously
reported [41]. In addition, contamination also has
influence on size, shape, density, distribution, and
wetting condition of the NPB islands. For instance,
Ar plasma treatment provides more nucleation sites
and better wetting condition due to its decontami-
nation effect. It should be noted that although the
NPB coverage is increased up to 50%, the effect of
Ar plasma treatment on promoting nucleation sites
seems not to be as significant as expected. This sug-
gests that except for decontamination and/or sur-
face refreshment, Ar plasma does not significantly
change the ITO surface conditions in terms of
energy states and chemical composition. It is
believed that Ar plasma treatment of ITO can pro-
mote NPB nucleation, but the effect is limited. In
contrast, H2 plasma results in reduced nucleation
sites, poor wetting of NPB film, and thus lower cov-
erage (�20%), which might be caused by the lower
polarity induced by the reductive treatment.

The O2 and CF4 plasma treatments, on the con-
trary, significantly increased the ITO surface polar-
ity due to the effective removal of contaminants and
the formation of M–O� and M–F species and there-
fore high density of dipoles. As the oxidative reac-
tions are not selective but uniform over ITO
surface, the strong dipoles overwhelm the effect of
original defects along the grain and subgrain bound-
aries, leading to less fluctuation in surface energy
and fewer preferential nucleation sites over ITO
substrate. In other words, surface defects such as
grain boundaries are no longer preferential for
NPB nucleation. On the other hand, the high sur-
face polarity increases the diffusion energy barrier
of the arrived NPB molecules and decreases the
interfacial energy between ITO and NPB, which
makes the arrived molecules ‘‘frozen’’ or ‘‘locked’’
onto ITO surface. As a result, the strong adherence
of the nuclei to high energy surface creates high den-
sity of nucleation sites or small islands, as shown in
Fig. 2d and e. The islands coalesce and become a
continuous layer at the thinner nominal film thick-
ness [57], leading to film growth like in two-dimen-
sional mode [55].

3.3. Influence on device performance

Fig. 3a and b shows, respectively, the current–
voltage (I–V) and luminance–voltage (L–V)
characteristics of the devices with ITO substrates
pre-treated by different plasmas. In comparison with
the control sample (as-clean), both the I–V and L–V

curves shift to the lower voltage region for the
devices with ITO pre-treated by Ar–P, O2–P and
CF4–P, but to the higher voltage region for the device
with H2-plasma treated ITO. For instance, the oper-
ating voltages at luminance of 200 cd/m2 are 4.1, 5.6,
6.4, 7.0, and 7.2 V for the samples of CF4–P, O2–P,
Ar–P, as-clean, and H2–P, respectively.

Fig. 4a shows the current efficiency vs. current
density of the devices. Compared with the control
sample (as-clean), current efficiency is in principle
unchanged for Ar–P and H2–P treatments, but low-
ered by O2–P and CF4–P treatments. For instance,
at a given current density of �30 mA/cm2, current
efficiencies of devices with as-clean, Ar–P, H2–P,
O2–P, and CF4–P treated ITO substrates are 2.88,



Fig. 3. I–V (a) and L–V (b) characteristics of the devices made with ITO treated by different plasmas.

Fig. 4. Current efficiency (a) and power efficiency (b) vs. current density curves of devices made with ITO electrochemically treated at
different voltages.
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2.84, 2.80, 2.55 and 2.34 cd/A, respectively. It is
interesting to note that these results do not agree
with the earlier reported results in Ref. [5], where
EL efficiency is raised by O2–P and lowered by
H2–P [5].

In contrast to current efficiency, the power effi-
ciency shows totally different influence, as shown in
Fig. 4b, where the device with CF4–P treatment is
prominent over the measurable current density
range. At about 11 mA/cm2, maximum power effi-
ciencies are obtained for the devices with as-clean,
Ar–P, H2–P, and O2–P treated ITO substrates in an
order of O2–P (1.25 lm/W) > Ar–P (1.22 lm/w) >
as-clean (1.14 lm/W) > H2–P (1.09 lm/W). However,
the corresponding power efficiency for device with
CF4–P treatment is up to 1.67 lm/W which is �34%
higher than that of O2–P, although the value is not
the maximum point of power efficiency.
As the cathode for electron injection was the
same in all the devices and the samples were
fabricated in the same batch, the marked changes
in I–V and L–V characteristics, current efficiency
and power efficiency suggest that the device perfor-
mance was highly sensitive to the plasma pre-treat-
ments. In other words, hole injection across ITO/
NPB interface, which has been modified by the
plasma treatments, dominates the device perfor-
mance. In the present study, I–V curve shift can
be viewed as a direct indicator of the change of hole
injection efficiency. The results in Fig. 3b suggest
that O2 and CF4–P treatments promotes the hole
injection from ITO to HTL, while H2–P treatment
depressed the hole injection efficiency, which is con-
sistent with the previous findings that reducing
treatments increase the required drive voltage
whereas oxidative treatments decrease it. As for
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Ar–P, our results show that the treatment is moder-
ately helpful to enhance the hole injection, which is
similar to the results reported by Wu et al. [4],
although there were other reports showing the neg-
ligible or even negative effect [5,6].

The influence of plasma treatments on electrolu-
minescence efficiency is more complex, as the effi-
ciency depends on not only the hole injection from
anode but also the electron injection from cathode.
As well-known, besides the intrinsic quantum effi-
ciency of the light emitting materials, charge injec-
tion balancing exhibits a remarkable impact on
the external quantum efficiency. For an electron
injection limited device, excess hole injection will
contribute to the device current but not the elec-
tron–hole recombination, leading to a lower current
efficiency. It is known from the results shown in
Fig. 4a that the devices in this study are electron
injection limited. The considerable decrease of the
operating voltage by the O2–P and CF4–P treat-
ments of ITO indicates a remarkable improvement
of hole injection, as shown in Fig. 3. Therefore,
the excess hole injection should be responsible to
the lower current efficiencies due to the unbalanced
charge injection and/or the recombination zone
shift closer to the Al cathode [58]. For a hole injec-
tion limited device, the influence of plasma treat-
ments on efficiency may be concluded differently,
where the treatments raising hole injection should
enhance the current efficiency of OLED devices.
This may explain the controversial reports in litera-
tures on the dependence of efficiency upon the same
surface treatment.

Power efficiency is another important perfor-
mance indicator of OLED devices. It is clear that
with the same luminance, power efficiency depends
on not only the current density but also the driving
voltage. Lowered driving voltage can significantly
raise power efficiency, which causes the difference
between current and power efficiencies in this study.
For instance, compared with the control sample, the
operating voltage (at 200 cd/m2) after CF4–P treat-
ment is reduced by about 2.9 V. The considerable
drop of driving voltage overwhelms the negative
effect from the excess hole injection, leading to sig-
nificant increase of power efficiency from 1.14 to
1.67 lm/W, or �46%.

3.4. Discussion on hole injection efficiency

The performance of OLEDs is strongly influ-
enced by the properties of the interface between
the organic layers and electrodes [59]. A good elec-
trical contact between the two materials is expected
to enhance the charge carrier injection through the
interface [6,33,38]. It is believed that a good contact
is formed at the nucleation sites of NPB on ITO,
compared with the neighboring areas, in terms of
mechanical, electrical and electronic properties. At
such good contact spots (or active spot), the charge
(hole) injection barrier would be lower, giving rise
to a lower resistance to current flow. If this phenom-
enological model stands logical, then the density of
nucleation sites (thus the density of active hole injec-
tion spots) would significantly influence the hole
transportation properties at the interface, which will
determine the device performance specifications
such as driving voltage, current efficiency and device
reliability. A higher density of active spots would
result in a lower driving voltage, or vice versa. It
should be pointed that the actual situation is much
more complicated, as the electrical properties of the
active spots vary cross the surface due to the surface
inhomogeneity. The charge carriers may also be
injected at other areas around the said active spots.
However, the voltage required to activate such hole
injection would be higher due to the higher interface
barrier caused by poorer electrical contact.

This may explain the results shown in Figs. 3 and
4 based on the observations of NPB nucleation on
different ITO substrates as discussed in section 3.2.
For as-clean and H2 plasma treated ITO surfaces,
the preferential nucleation sites are mainly located
on the grain boundaries, leading to lower density
of active spots for carriers passing through at a
given voltage. Furthermore, the grain boundaries
are intrinsically amorphous in structure which has
higher barrier for charge injection [60]. As the nucle-
ation sites of NPB film on as-clean, H2, as well as Ar
plasma treated ITO surfaces are mainly located on
grain boundaries, the effectiveness of the active
spots along the grain boundaries on hole injection
would be discounted. The shadow effect existing in
evaporation deposition may be also a concern in
generating additional defects such as voids or weak
interface, particularly when the film growth is in
strong island growth mode as shown in Fig. 2a–c,
which will reduce the effective contact area [61]
between ITO and NPB leading to a low hole injec-
tion efficiency. It is speculated that hole injection
and thus current flow will highly localized on the
good contact areas or active spots, which may cause
problem in device reliability, such as dark spots,
particularly when operated at high driving voltage.
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In contrast, O2–P and CF4–P significantly ‘‘pas-
sivate’’ the ITO surface through removing the active
sites [44] on the grain boundaries. In other words,
the high surface polarities obtained by O2–P and
CF4–P can effectively suppress the preference of
grain boundaries for nucleation. As a result, denser
and more uniform nucleation sites exist across the
ITO surface, leading to more active spots for hole
injection at lower driving voltage. Furthermore,
the plasma treatment induced better wetting sur-
face, as shown in Fig. 2d and e, can effectively sup-
press the formation of voids and therefore increase
the actual contact areas. The increased good contact
areas or active spots will effectively mitigate the cur-
rent localization, leading to improved reliability.
4. Conclusions

Surface energy study of ITO as OLED electrode
demonstrated that different plasma treatments influ-
ence the polarity of ITO surface in a remarkably dif-
ferent way, which controls the nucleation and initial
growth of NPB and, as a result, determine the
device performance of OLED. The polarity value
is 0.87, 0.84, 0.75, 0.65, and 0.62 for CF4–P, O2–P,
Ar–P, as-clean, and H2–P, respectively. The AFM
studies of the surface morphology of ultrathin
NPB films demonstrate that the higher the ITO sur-
face polarity, the larger the NPB film coverage.
Under the same fabricating conditions, a lowest
driving voltage of 4.1 V was measured at a lumi-
nance of 200 cd/m2 for the samples treated in
CF4–P, followed by the samples treated in O2–P
(5.6 V), Ar (6.4 V), as-clean (7.0 V) and H2–
P(7.2 V), respectively. This suggests that there
should be high correlations between the ITO surface
polarity after plasma treatment, the NPB nucle-
ation, and the OLED performances.
Acknowledgement

Authors thank Ms. Liu Yuchan for assistance in
experiment.
References

[1] S.T. Lee, Z.Q. Gao, L.S. Hung, Appl. Phys. Lett. 75 (1999)
1404.

[2] S.A. Van Slyke, C.H. Chen, C.W. Tang, Appl. Phys. Lett. 69
(1996) 2160.

[3] L.S. Hung, C.W. Tang, M.G. Mason, Appl. Phys. Lett. 70
(1997) 152.
[4] C.C. Wu, C.I. Wu, J.C. Sturm, A. Kahn, Appl. Phys. Lett.
70 (1997) 1348.

[5] K. Furukawa, Y. Terasaka, H. Ueda, M. Mtsumura, Synth.
Met. 91 (1997) 99.

[6] J.S. Kim, R.H. Friend, F. Cacialli, J. Appl. Phys. 86 (1999)
2774.
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Abstract

We observed the polycrystallization process of a naphthyl-substituted diamine derivative (NPD) thin film on a self-
assembled monolayer (SAM)-modified indium–tin–oxide (ITO) substrate. Fluorine-substituted SAM suppressed the
growth of the polycrystalline region. After estimating the surface morphology of the polycrystalline region using AFM
measurement, correlation between the molecular migration rate on the substrate, the rearrangement rate at the growth
point, and the provision rate from the amorphous region clarified the polycrystallization growth mechanism for the
NPD thin film. The formation of a channel around the polycrystalline region and the molecular migration rate on the sub-
strate play important roles in polycrystalline region growth.
� 2007 Elsevier B.V. All rights reserved.

PACS: 68.35.bm; 68.55.am; 68.35.Ja

Keywords: Polycrystallization; Hole-transport material; Self-assembled monolayer; Surface migration rate
1. Introduction

Since the wide an rapid practical application of
organic light-emitting diodes (OLEDs) [1], expecta-
tions have been created for the possible realization
of organic electronic devices. Commercial OLEDs
and practical organic field-effect transistors (OFETs)
are often fabricated using a vacuum-deposition
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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method. To produce devices with high performance
and durability, it is important not only to optimize
the function-separated device, but also to retain that
structure. In general, although the initial film struc-
ture of vacuum-deposited organic thin films is
emphasized, the change of film structure over time
has been little reported [2]. Especially, in such heavy
(continuous and bright) uses as television and light-
ing sources, the temperature of emitting devices
increases to 80 �C due to Joule heating [3,4].
Through examination of the polycrystallization of
a naphthyl-substituted diamine derivative (NPD)
.
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Fig. 1. Dependence of contact angles on deposition time of a
SAM-coated ITO substrate.
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and its suppression by the organic alloy method [5–
9], we have become interested in the surface modifi-
cation of an indium–tin–oxide (ITO) substrate. For
example, Sato et al. reported on the relationship
between fabrication condition, polycrystallization,
and molecular packing for silole derivative [10].

A self-assembled monolayer (SAM) is an effective
material for use in organic electronic devices
because it can be fabricated easily, allowing control
of the surface electronic state of the substrates.
Gundlach et al. reported that a well-ordered naph-
thacene thin film and the enhancement of carrier
mobility for an OFET are obtainable by the vacuum
deposition of naphthacene on an octadecyltrichlo-
rosilane-formed SiO2 gate insulator [11]. Kobayashi
et al. showed that the carrier density of an OFET is
controllable by changing the type of SAM [12]. For
OLEDs, Campbell et al. reported that the carrier
injection from the metal to the organic layer is con-
trollable by forming an interfacial dipole layer
because of the introduction of a SAM between Ag
and poly[2-methoxy, 5-(2 0-ethylhexyloxy)-1,4-phe-
nylene vinylene] (MEH-PPV) [13]. Sano et al.
showed that degradation of the Alq3 layer can be
suppressed by the introduction of a SAM between
ITO and NPD. They explained that the decrease
in excess hole density by increasing the barrier
height of the hole injection to NPD improves the
carrier balance in Alq3 [14]. We investigated the
effects of SAM introduction on the NPD polycrys-
tallization process.

For this study, we vacuum-deposited NPD after
forming two kinds of SAM on an ITO substrate.
We then we investigated their polycrystallization
phenomena.

2. Experimental

We used N,N 0-di(1-naphthyl)-N,N 0-diphenyl-
1,1 0-diphenyl-1, 4 0-diamine) (NPD), and employed
a special ITO substrate with a roughness, Ra =
0.9 nm for OLEDs (Giomatic). The ITO substrates
were cleaned using UV-ozone treatment (5 min;
Nippon Laser and Electronics Lab.) after ultrasonic
washing in pure water, acetone, and 2-propanol. It
is very important to clean the substrate surface ade-
quately before SAM deposition. We used (hepta-
decafluoro-1,1,2,2-tetrahydrodecyl)triethoxysilane
(F-SAM) and n-decyltriethoxysilane (CH3-SAM) as
SAM materials. Two kinds of SAM were fabricated
as a gas-phase. Detailed fabrication procedure was
described in the reference [12] including Nishikawa
and Ogawa. As the other reference, we used cop-
per-phthalocyanine (CuPc)-deposited ITO sub-
strate. The organic thin films were prepared using
vacuum deposition of ca. 0.2 nm/s under 0.8–
1 · 10�3 Pa at room temperature.

We measured the contact angle of pure water
using an automatic contact angle meter (CA-VP,
Kyowa Interface Science Co., Ltd.). We stored the
specimens in an environmental chamber (LHL-
113; Espec Co.) in which the temperature and rela-
tive humidity were controlled in an air atmosphere.
After removing the specimens from the environmen-
tal chamber temporarily, we observed the NPD film
prepared on an ITO substrate using a polarizing
microscope (Opti Photo-2; Nikon Co.) equipped
with a polarizing unit. Conventional photographs
were also taken (Digital Sight, DS-L1; Nikon
Co.). In addition, atomic force microscopy (AFM)
images were obtained using a nanoscale hybrid
microscope (VN-8010; Keyence Co.).

3. Experimental results and discussions

Fig. 1 shows the dependence of contact angle on
the deposition time of a SAM-coated ITO substrate.
Both contact angles of F-SAM and CH3-SAM
increased rapidly with the absorption of SAM mol-
ecules on the ITO surface. The angles increased
gradually with deposition time and became satu-
rated after 120 min. Final contact angles of F-
SAM and CH3-SAM are estimated respectively as
110.4� and 102.5�. Table 1 shows both contact
angles along with those reported previously
[12,15]. Our values in this work almost match the



Table 1
Comparison of contact angles with those of other reports

Specimen This work Ref. [8] Ref. [11]

F-SAM 110.4� 108.8� 110�
CH3-SAM 102.5� 105.1� 100�
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Fig. 3. The radius of polycrystalline region vs. storage time of
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values reported in the other groups’ papers. There-
fore, a SAM can be formed on an ITO surface as
well as on an SiO2 surface. In addition, the layer
quality of the SAM on the ITO surface is regarded
to be equivalent to that on SiO2. For this study, we
used SAM-coated ITO substrates after keeping
them for 150 min in gas-phase SAM.

Fig. 2 shows polarizing microscopic photographs
of 50-nm-thick NPD films deposited on bare, CuPc-,
F-SAM-, and CH3-SAM-coated ITO substrates.
In fact, CuPc is often used as a hole-injection layer
for OLEDs. We have previously reported that the
polycrystallization process of NPD progresses
slowly when the NPD thin film is deposited on the
CuPc layer [4]. The introduction of an organic layer
between NPD and the ITO substrate can suppress
growth of the polycrystalline region. The polycrys-
talline regions appear after about one day.
Although the results are not shown, all NPD thin
films were in an amorphous state immediately after
fabrication because all polarizing microscopic
Fig. 2. Polarizing microscopic photographs of 50-nm-thick NPD films
substrates (639 · 853 lm).
images appeared as dark areas. However, it was
found that the NPD thin film deposited on F-
SAM is only slightly crystallized. The degree of sup-
pression of polycrystallization for CH3-SAM is
equal to that for CuPc. Fig. 3 shows the radius of
the polycrystalline region vs. storage time of the
NPD thin film on various substrates at temperatures
less than 40 �C at 70% RH. The polycrystalline
deposited on bare, CuPc-, F-SAM-, and CH3-SAM-coated ITO
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region growth rate is constant under a constant
storage condition. Fig. 4 shows the growth rate
and number of nuclei of the polycrystalline region
for an NPD thin film on various substrates. The
growth rate of NPD on ITO is ca. 42 lm/day. The
growth rates of both CuPc and CH3-SAM are ca.
32 lm/day; they are lower than that on ITO. For
the NPD thin film on F-SAM, the formation of
nuclei was observed, but the growth rate was impos-
sible to estimate. The density of nuclei of NPD thin
film’s nuclei on F-SAM, 0.55 mm�2, is equal to that
on ITO, 0.6 mm�2. On the other hand, those of both
CuPc and CH3-SAM are higher than that on ITO.
For that reason, the formation of nuclei is thought
to depend on the interface condition contacted on
NPD thin film.

Fig. 5 shows the contact angles of water for sub-
strates before the deposition of the NPD thin film.
Although the contact angle on the UV-ozone-
cleaned ITO is ca. 14� and the substrate is hydro-
philic, those on CuPc, CH3-SAM, and F-SAM,
which are hydrophobic, are ca. 81�, 103�, and
110�, respectively. The formation of nuclei is
thought not to correlate with substrate hydropho-
bicity. Measurements of the surface morphology
of all substrates and deposited NPD thin films using
AFM revealed no differences among the samples.

Next, we specifically address the morphology of
polycrystalline region after polycrystallization.
Fig. 6 shows AFM images of an edge of the poly-
crystalline region for NPD thin films deposited on
various substrates. The polycrystalline regions of
NPD molecules on three substrates other than F-
SAM are regarded as having similar morphologies.
However, the polycrystalline region of NPD mole-
cules on F-SAM shows a unique progression of
crystallization. The NPD crystal typically grows
and arborizes in the usual polycrystalline region,
but the NPD crystal on F-SAM was unbranched.
Consequently, the polycrystalline region does not
spread because of the decrease in the growing front;
also, it grows as a single fibril. Fig. 7 shows enlarged
AFM images of a single growing fibril of NPD thin
film deposited on F-SAM. This crystal fibril grows
ca. 3 lm after 1 day from the first observation, but
it grows only slightly at 2 days and thereafter. How-
ever, the channel between the crystal and an amor-
phous region debouches with time because the dark
area around the crystal becomes larger.

We have previously proposed a polycrystalliza-
tion model of NPD molecules in an NPD thin film
[8]. However, because it is difficult to clarify the gen-
eration of nuclei directly through observation, we
specifically examined the growth process of poly-
crystalline region in the present study. First, results
show that no underlayer has any interaction with
NPD molecules existing less than 50 nm distant
from the underlayer. The NPD molecules located
on the NPD layer surface are thought to behave
similarly in all specimens. Fig. 8 shows a conceptual
diagram of the polycrystalline region growth: panel



Fig. 6. AFM images of an edge of the polycrystalline region for NPD thin films deposited on various substrates: (a) bare ITO, (b) CuPc,
(c) F-SAM, and (d) CH3-SAM (20 · 20 lm).
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(a) shows the situation with a channel around the
fibril; panel (b) shows the situation without. Crystal
growth is thought to be controlled by three factors:
the provision rate from NPD amorphous region, vp,
the migration rate on the substrate, vS, and the rear-
rangement rate of the growing front, vR. Another
factor, the migration rate on the NPD layer, is
defined as vN. The roughness of deposited NPD
films is Ra = ca. 0.7 nm in all specimens. Therefore,
we infer that no deep pinhole penetrates into the
ITO substrate in any NPD layer. In the initial stage
of polycrystallization, a small polycrystalline region
is thought to exist on and/or contact the amorphous
region of the NPD. Fig. 8b shows that NPD mole-
cules will be provided to the growing front by
migration on the NPD layer surface if the growing
front contacts an amorphous region in both the
above cases. In this case, vR corresponds to vN.
When rearrangement of the molecule at the growing
front proceeds at a slower rate than the migration of
the NPD molecule, the growth rate is expected to be
controlled by vN and the growing front is predicted
to be in constant contact with the amorphous
region. If that were true, the polycrystallization pro-
cess of the NPD layer would be independent of the
lower material for ITO. In reality, the polycrystal-
line region growth rate for NPD affects the under-
layer material.

The NPD molecules near the growth front are
absorbed to the polycrystalline region when the
rearrangement of molecules at the growth front
occurs at a higher rate than that of the NPD mole-
cule migration. Consequently, the underlayer sur-
face appears and a channel is formed around the
growth front. At that time, the polycrystallization
process is affected by the migration rate on substrate



Fig. 7. Enlarged AFM images of a single growing fibril of NPD thin film deposited on F-SAM: (a) start day, (b) after 1 day, (c) after 2
days, and (d) after 3 days (5 · 5 lm).

Fig. 8. Conceptual diagram of polycrystalline region growth (a) with and (b) without a channel around the fibril: the provision rate from
the NPD amorphous region, vp; the migration rate on substrate, vS; the rearrangement rate of growing front, vR; and the migration rate on
NPD layer, vN.
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(underlayer), vS. Fig. 8a shows that the growth of
the polycrystalline region is controlled by both
rates: vp, and vS. Only the NPD polycrystallization
on F-SAM is thought to be suppressed when it is
assumed that the vS on F-SAM is much lower than
the vS on the others. This mechanism is supported
by the fact that the channel around a fibril becomes
larger over time.
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4. Conclusions

We observed the NPD thin film polycrystalliza-
tion process on two kinds of SAM. The introduc-
tion of a SAM between an ITO and NPD layer
suppressed NPD polycrystallization. The polycrys-
talline region for the NPD thin film on F-SAM grew
only slighty and the crystal fibril of the polycrystal-
line region on F-SAM was not branched. Because of
the decrease in the growth front, the polycrystalline
region did not spread. We discussed the rate balance
of the provision, migration, and rearrangement of
NPD molecules. The suppression of polycrystalliza-
tion on F-SAM was thought to be caused by the for-
mation of a channel around the polycrystalline
region and the low molecular migration rate on
the substrate.

Acknowledgements

This research was partially supported by the
Ministry of Education, Culture, Sports, Science
and Technology and a Grant-in-Aid for Scientific
Research (B), 2006, No. 18360146.

References

[1] C.W. Tang, S.A. VanSlyke, Appl. Phys. Lett. 51 (1987) 913–
915.

[2] E.-M. Han, L.-M. Do, N. Yamamoto, M. Fujihira, Thin
Solid Films 273 (1996) 202–208.
[3] H. Tsuji, A. Oda, J. Kido, T. Sugiyama, Y. Furukawa, Ext.
Abst. The 66th Autumn Meeting, 2005 The Japan Society of
Applied Physics, 7a-R-11 (in Japanese).

[4] H. Tsuji, A. Oda, J. Kido, T. Sugiyama, Y. Furukawa, in:
Polymer Processing Society, 22nd Annual Meeting, PPS22
(2006) SP7. 07.

[5] T. Kato, T. Mori, T. Mizutani, Thin Solid Films 393 (2001)
109–113.

[6] T. Mori, Y. Iwama, J. Photopolym. Sci. Technol. 18 (2005)
59–63.

[7] Y. Iwama, T. Mori, T. Mizutani, IEE J. Trans. FM 125
(2005) 699–704 (in Japanese);
Y. Iwama, T. Mori, T. Mizutani, Elect. Eng. Jpn. 156 (2006)
1–8.

[8] T. Mori, Y. Masumoto, J. Photopolym. Sci. Technol. 19
(2006) 209–214.

[9] T. Mori, S. Oda, N. Ooishi, Y. Masumoto, Jpn. J. Appl.
Phys. 46 (2007) 5954–5959.

[10] N. Sato, R.J. Murdey, in: The 3rd Workshop on Advanced
Spectroscopy of Organic Materials for Electronic Applica-
tions (ASOMEA III), Vadstena (Sweden) 2–5, 2005.

[11] D.J. Gundlach, J.A. Nichols, L. Zhou, T.N. Jackson, Appl.
Phys. Lett. 80 (2002) 2925–2927.

[12] S. Kobayashi, T. Nishikawa, T. Takenobu, S. Mori, T.
Shimoda, T. Mitani, S. Shimotani, N. Yoshimoto, S. Ogawa,
Y. Iwase, Nat. Mater. 3 (2004) 317–322.

[13] I.H. Campbell, S. Rubin, T.A. Zawodzinski, J.D. Kress,
R.L. Martin, D.L. Smith, N.N. Barashkov, J.P. Ferrais,
Phys. Rev. B 54 (1996) 14321–14324.

[14] J. Sano, Y. Kinoshita, H. Murata, Ext. Abst. 66th Autumn
Meeting, 2005, The Japan Society of Applied Physics, 8p-R-
9 (in Japanese).

[15] H. Sugimura, K. Ushiyama, A. Hozumi, O. Takai, Lang-
muir 16 (2000) 558–888.



Available online at www.sciencedirect.com
Organic Electronics 9 (2008) 70–76

www.elsevier.com/locate/orgel
Gate insulators and interface effects in organic
thin-film transistors

F.A. Yildirim a,*, R.R. Schliewe a, W. Bauhofer a, R.M. Meixner b, H. Goebel b,
W. Krautschneider c

a Institute of Optical and Electronic Materials, Hamburg, University of Technology, Eissendorfer Strasse 38, D-21073 Hamburg, Germany
b Department of Electronics, Helmut-Schmidt-University/University of Federal Armed Forces, Holstenhofweg 85,

D-22043 Hamburg, Germany
c Institute of Nanoelectronics, Hamburg University of Technology, Eissendorfer Strasse 38, D-21073 Hamburg, Germany

Received 15 May 2007; received in revised form 12 September 2007; accepted 13 September 2007
Available online 29 September 2007
Abstract

This paper presents a detailed characterization of different thermosetting polymers to be used as gate dielectrics in
organic thin-film transistors. Selected materials yield smooth films with good insulation properties and offer attractive pro-
cessing conditions. Bottom-gate transistors were prepared using these dielectrics and compared to hybrid transistors with
surface-treated SiO2 as the dielectric. Gate bias induced leakage and solvent effects were investigated by preparing metal/
insulator/semiconductor devices. Poly(3-hexylthiophene) (P3HT) transistors with organic dielectrics exhibited higher chan-
nel conductivity and lower mobility values with respect to P3HT-hybrid transistors and pentacene transistors. The impor-
tance of dielectric/semiconductor interface was discussed by comparing the performances of pentacene and P3HT
transistors produced on different dielectrics.
� 2007 Elsevier B.V. All rights reserved.
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In the last two decades, there has been great
amount of research on solution-processing of poly-
meric layers for organic thin-film transistors. In
addition to the efforts for the synthesis of soluble,
high mobility semiconductors, the research on mate-
rials and their processing for the gate dielectric has
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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increased explicitly, due to a better understanding
of the influence of gate dielectric on device opera-
tion [1–9]. It is desired that the dielectric should be
a good insulator and as thin as possible in order
to decrease the operating voltages. On the other
hand, it is reported many times that the interface
between dielectric and semiconductor is of great
importance [3,5,7]. Recently, there were also reports
on detailed investigation of the electrical character-
istics of solution-processed OTFTs, considering
.
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Fig. 1. Metal/insulator/metal (MIM), metal/insulator/semicon-
ductor (MIS) and bottom-gate transistor structures.
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both bulk and interface effects of gate dielectrics on
device performance [10–12].

In this work, four different thermosetting mate-
rials were examined for application in OTFTs:
Benzocyclobutene (BCB-Cyclotene, DOW Chemi-
cal), epoxy-based SU-8 photoresist (Microchem)
and Norland Optical Adhesive (NOA74), and
epoxy-based coating EL37A (Beck Electrical Insula-
tion). In addition to the fact that these materials
form smooth films by spin-coating, they also satisfy
most of the criteria mentioned above. The aim of this
research is not only to improve the performance of
transistors but also to discuss the factors that influ-
ence the device performance considering materials
aspects. Additionally, two of these organic materi-
als, SU-8 and EL37A, were introduced as dielectrics
to the field of organic electronics. BCB has already
been successfully used in organic transistors but it
suffers from very high curing temperature 250 �C
[13]. The other materials mentioned above were
selected for lower curing temperatures or UV-curing
properties, which is important for the simple and
cheap processing of transistors.

In the bottom-gate configuration the active semi-
conductor layer is deposited on the dielectric layer.
Therefore, properties of the dielectric/semiconduc-
tor interface are defined by the dielectric surface.
For that reason, it is important to test the surface
of the dielectrics for roughness variation due to sol-
vent exposure, with the solvents used for the semi-
conductor [5]. For the electrical characterization of
the dielectrics metal/insulator/metal (MIM) capaci-
tors were built. Dielectric properties and the effects
of solvents on these properties were examined. In
order to understand the gate bias induced leakage
and its effects on transistors, metal/insulator/semi-
conductor (MIS) capacitors were also prepared.
After these tests, bottom-gate OTFTs were pro-
duced with these dielectrics using two different semi-
conductors. Regioregular poly(3-hexylthiophene)
(rr-P3HT) (Merck Chemicals), which was deposited
from different solvents and pentacene (Aldrich),
which was evaporated were used for comparison.
In Fig. 1, schematic structures of MIM and MIS
capacitors, as well as an organic bottom-gate tran-
sistor can be seen. Finally, the results were com-
pared to hybrid transistors with surface-treated
SiO2 as the dielectric.

Production of the devices started with the evapo-
ration of chromium/gold (5 nm/35 nm) layers on
glass slides by electron beam evaporation. Dielectric
layers were all deposited in a clean-room atmo-
sphere by spin-coating. Viscosities of the solutions
and the spin parameters were adjusted to get films
of 1–2 lm thickness on glass substrates. Thinner
films lead to the problem of increased leakage cur-
rents, therefore they were not taken into consider-
ation. Process parameters of the resins are listed in
Table 1.

Surface roughnesses of the films were investi-
gated, before and after solvent exposure, with a
white-light interferometer, Zygo LOT New-View
100 (WIM), by using a 40· lens. This test was con-
ducted on all four dielectrics with four different sol-
vents, which are used to dissolve the semiconductor
P3HT. These solvents and their boiling points are as
follows: Xylene (140 �C), chloroform (61 �C), tolu-
ene (110 �C) and 1,2,4-trichlorobenzene (TCB)
(214 �C). After they were dropped on the dielectric
layers, the films were dried on a hot-plate at
140 �C for 2 h. The surfaces were then examined
once more for their roughness. Additionally, con-
tact angle values of the dielectric layers with water
and diiodomethane were measured and surface
energies were determined by the method defined
by Owens and Wendt [14] (Table 1).

Rms-roughness values of the dielectric films mea-
sured by WIM, before and after the exposure to sol-
vents, generally showed no considerable variation.
The films, even after prolonged exposure, withstand
the solvents showing small amounts of variation in
the roughness values. Only in the case of BCB layer
upon exposure to TCB, the rms-roughness increased
to 3 nm which can be considered as an exception for



Table 1
Processing conditions and measured properties of selected dielectric materials

Polymer UV
exposure

Curing
conditions

Dielectric
constant
(20 Hz/100 kHz)

Resistivity
(MIM) (X m)

RMS-roughness
(nm)

Contact
angle with
water (�)

Surface
energy
cs (mJ m�2)

BCB – 250 �C–60 min (vacuum) 3.3/3.0 3.2 · 1013 1 93 34.3
SU-8 1 min 150 �C–30 min 4.0/3.8 1.0 · 1012 1 80 41.5
NOA 74 30 min – 4.8/4.0 1.2 · 1012 1 60 43.1
EL37A – 160 �C–60 min 4.0/3.3 1.7 · 1013 1 96 32.1

Fig. 2. WIM pictures of BCB surface: before and after exposure
to TCB. Rms-roughness increased from 1 to 3 nm, whereas PV
roughness increased from 12 to 48 nm.
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those samples. Also the peak-to-valley (PV) rough-
ness increased from 12 nm to 48 nm. (Fig. 2) This
indicates a slight swelling of the dielectric film which
did not appear to be detrimental to insulating prop-
erties, during the measurements made on MIM-
devices. It might have affected the field effect mobil-
ity by causing a mixture at the dielectric/semicon-
ductor interface. However, in this study effect of
PV-roughness on mobility was not observed, there-
fore not discussed any further.

In order to form the MIM-capacitors a layer of
gold was thermally evaporated on the dielectric
films. In the MIM-configuration, leakage currents
passing through the films were measured at 80 V
over time. By using Ohm’s law and the general for-
mula for resistance, the specific volume resistivities
of the films were calculated (Table 1). Since the solu-
tion-processing conditions will apply during the
transistor production, effects of the used solvents
on the resistivity of the dielectric films were investi-
gated. Also by means of an LCR-Meter HP 4282A,
capacitance values were measured and dielectric
constant values of the films were determined. For
MIS-capacitors and transistors, semiconductor
P3HT was deposited by spin-coating from the sol-
vents mentioned before. Solutions of 0.3–0.6 wt%
were filtered (0.2 lm pore size PTFE) and coated
onto the dielectrics, followed by the annealing step.
The MIS-capacitors were then tested for leakage
currents to compare with MIM-devices.

Leakage current values of 10–50 pA were mea-
sured at 80 V from the MIM-capacitors of all 4
dielectrics, where the areas of capacitors were
approximately 1 mm2. After dropping the solvents
and drying the films, measured leakage currents
increased slightly, showing values between 17 and
75 pA. Therefore, the layers proved to be good insu-
lators even after the solvent exposure. However,
when the same leakage test was conducted in the
MIS-configuration, the observed currents increased
up to values from 1 nA to 10 nA. Although the insu-
lators were the same and solvents for the semicon-
ductor did not affect the dielectrics considerably,
the leakage current increased. The observation was
confirmed by depositing P3HT films from four dif-
ferent solvents on NOA74 and EL37A dielectrics,
so that the measurement was independent of solvent
effects (Fig. 3). It can be concluded that the current
through the dielectric increases when a semiconduc-
tor layer replaces an electrode. This phenomenon
was already reported in the work of Raja et al. It
was explained by the increased amount of charge
injection into the dielectric, due to the displacement
of dopant ions or impurities in the semiconductor
[15]. Dependence of leakage current on the doping
state of the semiconductor was also investigated in
MIS-devices. An extra annealing step was applied
under vacuum so that the unintentional doping level



Fig. 3. Leakage currents flowing at 80 V measured from Au/
dielectric/P3HT MIS-devices. P3HT was deposited from four
different solvents on two different dielectric materials. Currents
decreased with decreased doping level in all of the cases.

Fig. 4. Leakage currents flowing through the gate dielectric
during the measurement of output characteristics of a pentacene
transistor with BCB dielectric. Current decreases due to struc-
turing of semiconductor.
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of the P3HT layer was minimized [15]. In every case,
lower leakage currents were obtained in the de-
doped states, which also support the previous efforts
(Fig. 3). This effect explains the increased leakage in
the transistors. The current does not flow directly
from S/D electrodes into the dielectric, but from
semiconductor. Therefore, part of the semiconduc-
tor overlapping with the gate electrode should be
as small as possible.

Four different bottom-gate transistors were pre-
pared with four different dielectric layers, by using
a shadow mask for the source and drain electrodes.
Channels of length 25 lm and width of 1–2 mm
(Fig. 1) were formed. Hybrid transistors of same
channel sizes were prepared on Si-wafers where
the dielectric layer was a SiO2 (300 nm thick) layer
with a hexamethyldisilazane (HMDS) treatment.
For this treatment, Si-wafer was first laid into 25%
ammonia solution followed by the exposure to
HMDS vapour at 100 �C, where contact angle with
water increased from 50� to 85�. P3HT was used as
semiconductor layer and spin-coated from three dif-
ferent solvents; chloroform, xylene and TCB. They
were then annealed as stated above, for the capaci-
tors. Evaporated pentacene (Aldrich) was also used
as semiconductor, for comparison. The evaporation
of pentacene took place at around 2 · 10�5 mbar. In
order to decrease leakage-currents outside the chan-
nel area, the semiconductor around this area was
carefully removed by a scalpel. This simple structur-
ing of the semiconductor resulted in a considerable
reduction in gate current (Fig. 4).
Electrical characteristics of the transistors were
measured by Agilent 4156C Semiconductor Param-
eter Analyzer. Threshold voltages of the transistors
were determined by extrapolating the tangent to the
plot I1=2

D vs. VG to the VG-axis where VD was �80 V.
Saturation field-effect mobility values were calcu-
lated from the slope of the transfer curves
(VD = �80 V) by using the equation for transcon-
ductance gm. These conventional methods were used
in order to get a comparison between transistors. It
does not consider the differences in transistor char-
acteristics which may affect the evaluation [16]. In
Fig. 5 there is a comparison of a hybrid transistor
with another having NOA74 dielectric. A common
observation in almost all of the devices having
organic dielectric is that they exhibit higher off-cur-
rent values, ID (VG = 0 V), than their hybrid coun-
terparts, which indicates a high conductivity. It
was possible to turn the channel off by applying
positive voltages to the gate. It can also be observed
from the comparison of transfer characteristics in
Fig. 5 that the threshold voltage was shifted to posi-
tive values where NOA74 was the dielectric. Mobil-
ity was slightly higher in the hybrid transistor, most
probably due to the proper interface leading to a
better chain ordering in P3HT. Increased conductiv-
ity can be explained by the purity/doping state of
the films. Whereas mobility is generally related to
the quality of the dielectric/semiconductor interface
and the ordering of the semiconductor [7,11].
Almost all of the P3HT-transistors having an
organic dielectric suffered from unintentional dop-
ing at the interface. This might be due to the impu-
rities originating from the dielectric during the
solution-processing of the semiconductor.



Fig. 5. Comparison of electrical characteristics of a transistor with NOA gate dielectric, shown in the graphs (b) and (d), with a hybrid
transistor shown in parts (a) and (c). In the inset of part (c) a comparison of transfer curves for VD = �80 V is given. On/off current ratios
of 523.6 and 83.6 can be calculated from this plot for hybrid and NOA transistors, respectively.
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Solution-processed transistors generally exhib-
ited the highest mobility where the semiconductor
P3HT was deposited from the solvent TCB. This
is known to be due to the effect of high boiling point
of TCB. Slow evaporation of the solvent lets the
film more time to order during the drying stage
[17]. The values increased with increasing boiling
point of the solvent for almost every dielectric.
However, it can be observed by comparing the out-
put characteristics in Fig. 6 that in some cases the
conductivity values (VG = 0 V) were also higher
where the mobility was higher. A relationship
between mobility and conductivity was already dis-
cussed in previous studies [18,19]. The threshold
voltage values in Table 2 imply the doping state of
the transistors. Therefore, it can be said that transis-
tors showing a high mobility value together with a
low threshold voltage exhibit a proper dielectric/
semiconductor interface and a highly ordered
semiconductor.

In case of pentacene, measured field-effect mobil-
ity values were approximately two orders of magni-
tude higher than those with P3HT, as expected.
(Table 2) It was observed that the mobility values
of pentacene transistors decreased with increasing
surface energy of the dielectric; as discussed by
Yang et al. [20] NOA74-pentacene combination
probably suffers from a bad interface, exhibiting
improper transistor characteristics. NOA74 also
had the highest surface energy. However, a direct
dependence of mobility on dielectric surface energy
cannot be concluded here since the dielectrics not
only have different surface energies but also different
chemical groups. Additionally, when the output
characteristics of pentacene transistors with BCB
and EL37A dielectrics are compared, it can be seen
that the saturation behaviour of the drain-current
is better where the conductivity is lower. Threshold
voltage of BCB-pentacene combination was �21 V,
whereas that of EL37A combination was �2 V.
Therefore, the first one showed a better saturation
(Fig. 6). Transfer characteristics of transistors using
different semiconductors are presented in Fig. 7.
High mobility leads to higher currents (at high
VG) and low conductivity (at low VG) brings a high
on–off current ratio in case of pentacene. Both of
the P3HT semiconductors presented higher off-cur-
rents with this dielectric. Drain currents were higher
in case of TCB chosen as the solvent.

In conclusion, four organic dielectric materials
were investigated for usage in organic transistors.
Three of them offer lower temperature or UV-pro-



Fig. 6. Output characteristics of selected transistors with organic dielectrics and different semiconductors. Devices with pentacene
semiconductor exhibited higher mobility values and higher on/off current ratios.

Table 2
Dielectric capacitance values presented with threshold voltages and saturation field-effect mobility values of different transistors

Dielectric material Capacitance (nF/cm2) Vth/saturation field-effect mobility (cm2/V s)

P3HT-CHL P3HT-XYL P3HT-TCB Pentacene

SiO2 11.5 +5 V/3.2 · 10�4 +19 V/ 5.5 · 10�4 +8 V/1.3 · 10�3 �10 V/0.1
BCB 2.7 +32 V/5.6 · 10�5 – – �21 V /2.1 · 10�2

SU-8 2.7 +75 V/6.2 · 10�5 +59 V/ 9.5 · 10�5 +64 V/3.3 · 10�4 +16 V/1.2 · 10�2

NOA74 3.0 +30 V/5.7 · 10�4 +72 V/ 1.7 · 10�5 +24 V/6.1 · 10�4 +25 V/2.3 · 10�3

EL37A 2.7 +35 V/1.2 · 10�4 +67 V/2.2 · 10�4 +32 V/8.0 · 10�4 �2 V /2.3 · 10�2
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cessing conditions. It was observed that these three
thermosetting resins exhibit smooth films and good
insulation properties and therefore they are suit-
able for OTFTs. With this, it was also shown that
chemically resistant dielectric films do not necessar-
ily require very high processing temperatures.
Therefore, further research on such materials is
surely very interesting for organic electronics. All-
polymer transistors that use NOA74 as the dielec-
tric and P3HT layer as the semiconductor were
already produced successfully with laser ablation
[21].



Fig. 7. Comparison of transfer characteristics of transistors with
the following semiconductors: P3HT deposited from chloroform,
P3HT deposited from TCB, and evaporated pentacene. They
were using the same organic dielectric, EL37A. They exhibited
on/off current ratios of 32.5, 53.1 and 3.7 · 104, respectively.
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P3HT transistors with polymer dielectrics exhib-
ited higher conductivity values than both SiO2

hybrid transistors and all pentacene transistors
did. Pentacene generally yields a lower conductivity
with respect to P3HT. This is because of high purity
of pentacene films where vacuum evaporation
allows a clean film production. In case of hybrid
transistors, however, solution-processed semicon-
ductor/dielectric interface was playing the most
important role. The comparison of the organic
devices with hybrid transistors indicates that the
performance of P3HT transistors could be
improved by improving the interface. It was also
shown that the performance of the devices depends
significantly on solvent choice. Solvent used for the
semiconductor determines both the microstructure
of the semiconductor and the formed semiconduc-
tor/dielectric interface. Therefore, materials selec-
tion for a gate-dielectric in OTFTs should be
made for a selected semiconductor–solvent combi-
nation. Surface treatments or additional layers
could be applied to improve the device performance,
but this brings complexity to the production by add-
ing another step. Alternatively, as presented in this
work, a systematic materials selection and under-
standing interface issues also help improving the
transistor performance.
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Abstract

We have demonstrated bipyridyl substituted triazole derivatives (Bpy-TAZs) as an electron-transporting material for
organic light-emitting devices (OLEDs). Substitution of triazole with bipyridyl is a good way to improve electron-trans-
porting ability of triazoles with keeping good hole-blocking ability, which is a useful property of triazole derivatives. A
Bpy-TAZ has high electron mobility of above 10�4 cm2/V s. Moreover, by employing one of Bpy-TAZs as a hole-blocking
and electron-transporting material for phosphorescent OLEDs, lower operation voltage was achieved with keeping the
same external quantum efficiency of electroluminescence (almost 10%) as compared with the conventional hole-blocking
and electron-transporting bilayer consisting of bathocuproine and tris (8-hydroxyquinolinato) aluminum.
� 2007 Elsevier B.V. All rights reserved.

PACS: 72.80.Le; 73.61.Ph; 85.60.Jb

Keywords: Amorphous material; Hole blocking; Electron transporting; Triazole; Electroluminescent device; OLED; Phosphorescent
device; Mobility; Pyridine
1. Introduction

Organic light-emitting devices (OLEDs) have
been received much attention due to their potential
applications for thin flat television, mobile displays,
lightings, optical communication light sources, and
so on. OLEDs are generally composed of function-
ally divided organic multi-layers, e.g. hole trans-
porting (HT), emissive, and electron transporting
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.09.002

* Corresponding author. Tel.: +81 268 21 5498; fax: +81 268 21
5413.

E-mail address: musubu@shinshu-u.ac.jp (M. Ichikawa).
(ET) layers, and so on [1,2]. In the last decade, many
kinds of amorphous molecular semiconductor mate-
rials [3,4], working as HT materials [5–9] and ET
materials [10–15], have been proposed, and HT
molecular semiconducting materials have become
practical due to their high charge carrier mobility
and excellent operational durability. On the other
hand, there have been scarcely reports on ET
organic semiconducting amorphous materials with
high performance (high-speed transportation of
electrons, easy injection of electrons from the
cathode, and good operational durability) [13]. Tris
(8-hydroxyquinolinato) aluminum(III) (Alq), which
.
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Fig. 1. Chemical structures of Bpy-TAZs.
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is the historical material reported in the first
bright OLED by Tang et al. in 1987 [1], is still
conventionally used as an ET material regardless
of its slow electron mobility [17] because it exhibits
high operational durability. However, as a reflection
of the imbalanced performance between ET and HT
materials, electron-feeding from the cathode into an
emissive layer controls device characteristics. Con-
sequently, the development of efficient ET organic
amorphous semiconducting materials is a challenge
of high priority.

Efficient ET materials provide some advantages,
such as lowering the operating voltage and power
consumption. Moreover, if the ET materials have
wide band gaps, in other words, deeper highest occu-
pied molecular orbitals (HOMO), such ET materials
can also work as hole blocking (HB) materials. The
complete confinement of a hole in an emissive layer
by the HB layer raises the quantum efficiencies of
electroluminescence (EL). Recently, we have devel-
oped a new electron-transporting material family
with very high electron mobility: bipyridyl substi-
tuted oxadiazoles. The new ET materials show excel-
lent ET properties with electron mobility of above
10�3 cm2/V s and good thermal stability with high
glass transition temperature (Tg) of above 100 �C
[18,19]. As the result, using the new materials as elec-
tron-transporting materials leaded to lower opera-
tion voltage, lower power consumption, and longer
lifetime. Consequently, substitution of convention-
ally well-known electron-transporting molecular
skeletons with pyridine and/or bipyridyl will be a
valuable way to create new electron-transporting
material with high performance. Here we demon-
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strate another pyridyl substituted material family:
bipyridyl triazoles (Bpy-TAZs), which work as effi-
cient electron-transporting materials and also good
hole-blocking materials. In addition, the materials
can be utilized for phosphorescent OLEDs.

2. Experimental

2.1. Materials

Fig. 1 shows chemical structures of the newly
developed materials abbreviated as Bpy-TAZs.
These materials are synthesized from the corre-
sponding hydrazide intermediates by ring formation
reaction with an aryl amine as shown in Scheme 1.
For example, Bpy-TAZ-01 was synthesized from
Bpy2-Hyd with 4-tert-butylaniline in o-dichloroben-
zene. The reactions quantitatively proceeded. They
Cl

N N
OH

O

SOCl2

MeOH N N
OMe

O
25% K2CO3 aq.

NH

O N

N N

N
N N

N N

N

N

Br

N N

N
N N

N Ar

N

NH2

PCl3
o-Dichlorobenzene

Ar-B(OH)2
Pd(PPh3)4

1 M K2CO3 aq.
Tolene/EtOH

Bpy-TAZ-01

Bpy-TAZ-02, 03AZ-Br

-Hyd

2HCl

tes of Bpy-TAZs.



M. Ichikawa et al. / Organic Electronics 9 (2008) 77–84 79
were purified by silica gel column chromatography
to give white crystals, whose structures were con-
firmed by 1H NMR, 13C NMR, mass spectroscopy
and elemental analysis. Further purification was
carried out with temperature gradient sublimation
in a flow stream of pure argon gas before use. Note
that other OLED materials were from industrial
companies as sublimation grades, and then used
without further purification.

2.2. Synthesis

2.2.1. [2,2 0]Bipryridinyl-6-carboxylic acid hydrazide

(Bpy-Hyd)

[2,2 0]Bipryridinyl-6-carbonitrile (Bpy-CN) was
synthesized from 2,2 0-dipyridyl-N-oxide (10.0 g,
58.1 mmol), trimethylsilyl cyanide (8.70 mL,
69.7 mmol) and N,N-dimethylcarbamoyl chloride
(6.40 mL, 69.7 mmol) in absolute dichloromethane
(100 mL) for 5 days at room temperature by follow-
ing a previously reported reaction [18]. Note that all
reagents used in this study were commercially
available. Bpy-CN was converted to carboxylic acid
with conc. HCl in methanol, and then methyl-esterif-
icated with thionyl chloride in dewatered methanol.
Finally, Bpy-Hyd was synthesized from the methyl
ester (43.7 g, 204 mmol) with hydrazine (12.8 mL,
408 mmol) in methanol (400 mL). dH (270 MHz,
CDCl3): 9.12 (1H, s), 8.70 (1H, d, J 4.3 Hz), 8.58
(1H, d, J 7.8 Hz), 8.37 (1H, d, J 8.1 Hz), 8.09 (1H,
d, J 7.6 Hz) 7.96 (1H, t, 7.7 Hz), 7.84 (1H, t, J

6.9 Hz), 7.35 (1H, t, J 5.6 Hz), 4.16 (2H, d, J 4.3 Hz).

2.2.2. 3,5-Bis([2,2 0]Bipyridin-6-yl)-4-(4-tert-

butylphenyl)-[1,2,4]triazole (Bpy-TAZ-01)

First, [2,2 0]Bipyridinyl-6-carboxylic acid N 0-
([2,20]bipyridinyl-6-carbonyl)-hydrazide (Bpy2-Hyd)
was synthesized from Bpy-Hyd (3.70 g, 17.3 mmol)
with 4-methylene-oxetan-2-one (7.63 g, 90.8 mmol)
in chloroform (139 mL) at the reflux under N2. After
hexane-washing the precipitation obtained by
removing chloroform from the solution, Bpy2-Hyd
was obtained by a hydrolysis with 70-mL-water of
the precipitation (1.45 g) in diglyme (50 mL) at
120 �C under N2. Finally, Bpy-TAZ-01 was synthe-
sized from Bpy2-Hyd (1.18 g, 2.98 mmol) with
4-tert-butylaniline (2.81 mL, 17.9 mmol) in o-dichlo-
robenzene (30 mL) at 100 �C for 1 h under N2 adding
phosphorus trichloride (0.286 mL, 3.27 mmol).
White powder (0.91 g) of Bpy-TAZ-01 was obtained
by NH-silica-gel chromatography (chloroform:hex-
ane = 2:1). dH (270 MHz, CDCl3): 8.58 (2H, d, J
3.8 Hz), 8.40 (2H, dd, J 7.8, 1.1 Hz), 8.31 (2H, dd,
8.1, 1.1 Hz), 7.94 (2H, t, 7.8 Hz), 7.53(2H, dt, 7.6,
1.6 Hz), 7.46–7.43 (2H, m), 7.34–7.19 (8H, m), 1.27
(9H, s). dC (68 MHz, CDCl3): 155.08, 154.85,
154.04, 150.99, 148.59, 146.04, 137.53, 136.24,
134.75, 127.11, 125.49, 124.33, 123.49, 120.83,
120.73, 34.63, 31.43. MS (EI): m/z 509 (M+). Ele-
mental analysis calculated for C32H27N7: C, 75.42;
H, 5.34; N, 19.24. Found: C, 75.63; H, 5.44; N, 18.98.

2.2.3. [2,2 0]Bipryridinyl-6-carboxylic acid N 0-

(6-bromopyridine-2-carbonyl)hydrazide (BBH)
First, an intermediate product was synthesized

from N,N 0-carbonyldiimidazole (29.4 g, 181 mmol)
with 6-bromopicolinic acid (35.0 g, 173 mmol) in
dewatered acetonitrile (350 mL) for 30 min at
35 �C. After cooling the solution to room tempera-
ture, add 700 mL acetonitrile and Bpy-Hyd
(35.3 g, 165 mmol), and stir the mixture for 3 h at
40 �C. BHH white powder (53.2 g) was obtained
from the mixture after washing with water and
cooled acetonitrile. dH (270 MHz, CDCl3): 10.48
(1H, s), 10.23 (1H, s), 8.70 (1H, d, J 4.6 Hz), 8.64
(1H, dd, J 8.0, 1.2 Hz), 8.47 (1H, d, 7.8 Hz), 8.22
(1H, dd, J 7.6, 1.1 Hz), 8.17 (1H, dd, J 7.6,
1.1 Hz), 8.02 (1H, t, J 7.8 Hz), 7.87 (1H, dt, J 7.8,
1.8 Hz), 7.76 (1H, t, J 7.7 Hz), 7.68 (1H, dd, J 8.1,
1.1 Hz), 7.37 (1H, ddd, J 7.5, 4.7, 1.4 Hz).

2.2.4. 3-([2,2 0]Bipyridin-6-yl)-5-[6-(4-tert-

butylphenyl)prydin-2-yl]-4-phenyl-[1,2,4]triazole

(Bpy-TAZ-02)

BpyTAZ-Br was synthesized as a shared interme-
diate product for both Bpy-TAZ-02 and -03 from
BBH with aniline. Initially, aniline (41.2 mL,
452 mmol) and phosphorous trichloride (7.25 mL,
82.9 mmol) in absolute o-dichlorobenzine (500 mL)
was stirred under nitrogen stream for 1 h at
100 �C, and then BBH (30.0 g, 75.3 mmol) was
added to the mixture. After that, the mixture was
continuously stirred for 1.5 h at 140 �C. BpyTAZ-
Br was obtained from the mixture by conventional
procedures, and then, Bpy-TAZ-02 was synthesized
from BpyTAZ-Br (3.00 g, 6.59 mmol) with 4-tert-
butylphenylboronic acid (1.76 g, 9.88 mmol) in
degassed toluene/ethanol (80 mL:20 mL) under Ar
stream by Suzuki coupling with tetrakis(triphenyl-
phosphine)palladium (0) (0.381 g, 0.329 mmol) and
1-M-K2CO3-aquaous solution (22.5 g, 19.8 mmol)
for 3 h at 72 �C (reflax). After cooling the mixture,
precipitation was filtered, washed with water,
tolene, and methanol, and then, white powder of
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Bpy-TAZ-02 (2.70 g) was obtained by solving and
concentrating the precipitation with chloroform. dH

(270 MHz, CDCl3): 8.58 (1H, d, J 4.0 Hz), 8.37–
8.35 (2H, m), 8.24 (1H, d, J 7.8 Hz), 7.92 (1H, t, J
7.8 Hz), 7.84 (1H, t, 7.8 Hz), 7.68 (1H, d, J 8.1 Hz),
7.54–7.41 (6H, m), 7.31–7.19 (5H, m), 7.10 (1H, d, J

8.1 Hz), 1.33 (9H, s). dC (68 MHz, CDCl3): 155.85,
155.09, 154.83, 154.27, 152.17, 148.72, 146.53,
146.18, 138.23, 137.63, 137.33, 136.17, 135.19,
129.08, 127.97, 127.80, 126.37, 125.12, 124.13,
123.68, 122.37, 121.22, 120.84, 119.81, 113.65, 34.69,
31.32. MS (EI): m/z 508 (M+). Elemental analysis cal-
culated for C33H28N6: C, 77.93; H, 5.55; N, 16.52.
Found: C, 78.38; H, 5.68; N, 16.26.

2.2.5. 3-([2,2 0]Bipyridin-6-yl)-5-[6-(1-naphthyl)-

prydin-2- yl]-4-phenyl-[1,2,4]triazole (Bpy-TAZ-03)

Bpy-TAZ-03 was synthesized from BpyTAZ-Br
(3.00 g, 6.59 mmol) with naphthylene-1-boronic
acid (1.70 g, 6.59 mmol) in degassed toluene/ethanol
(80 mL:20 mL) under Ar stream by Suzuki coupling
with tetrakis(triphenylphosphine)palladium (0)
(0.381 g, 0.329 mmol) and 1-M-K2CO3-aquaous
solution (22.5 g, 19.8 mmol) for 2 h at 72 �C (reflax).
After cooling the mixture, precipitation was filtered,
washed with water, tolene, and methanol, and then,
white powder of Bpy-TAZ-03 (2.12 g) was obtained
by recrystallizing from a mixture of tolene and
methanol. dH (400 MHz, CDCl3): 8.55 (1H, d, J

4.0 Hz), 8.37 (2H, dd, J 7.9, 2.4 Hz), 8.23 (1H, d,
J 7.0 Hz), 7.90 (2H, t, J 7.8 Hz), 7.85 (2H, t, J

8.9 Hz), 7.81 (1H, d, J 8.6 Hz), 7.55 (1H, d, J

7.1 Hz), 7.48–7.42 (2H, m), 7.41–7.36 (2H, m),
7.34 (3H, dt, J 7.4, 7.1, 1.4 Hz), 7.27 (2H, d, J

7.0 Hz), 7.17 (1H, ddd, J 7.5, 4.8, 1.1 Hz), 6.99
(1H, d, J 8.0 Hz), 6.89 (1H, dd, J 7.1, 1.1 Hz). dC

(101 MHz, CDCl3): 158.33, 155.61, 155.38, 155.10,
154.33, 149.23, 147.46, 146.66, 138.21, 138.13,
137.83, 137.21, 136.64, 134.07, 131.08, 129.27,
129.18, 128.70, 128.66, 128.24, 126.87, 126.07,
125.71, 125.60, 125.37, 124.43, 124.14, 123.29,
121.65, 121.33. MS (EI): m/z 502 (M+). Elemen-
tal analysis calculated for C33H22N6: C, 78.87;
H, 4.41; N, 16.72. Found: C, 79.08; H, 4.52; N,
16.39.

2.3. Device fabrication and measurements

All OLEDs were fabricated on 150-nm-thick lay-
ers of indium-tin oxide (ITO) commercially pre-
coated onto glass substrates with a sheet resistance
of 14 X/sq. The solvent cleaned ITO surface was
treated by O2-plazma for 5 min just before loading
the substrates into a high-vacuum chamber (base
pressure below �6 · 10�4 Pa), where organic layers,
0.5-nm-thick LiF, and 200-nm-thick aluminum
cathode layers were deposited via thermal evapora-
tion. Deposition rates are, respectively, 0.6 Å/s for
organic materials, 0.1 Å/s for LiF, and 6 Å/s for
Al. The current density-applied voltage-luminance
characteristics of OLEDs were measured with a
commercial apparatus (Precise Gauge, EL1003)
with a Keithley 2400 source meter.

1H NMR spectra were recorded either on a JEOL
JNM-EX270 spectrometer (270 MHz) or a Bruker
AVANCE spectrometer (400 MHz). Elemental anal-
ysis was carried out with Yanaco MT-3 CHNcoder.
Thermal analysis was performed on Seiko Instru-
ments DSC-6200 at a heating rate of 10 �C/min for
differential scanning calorimetry (DSC) under nitro-
gen gas. Ultraviolet (UV) and visible absorption
spectra and fluorescence spectra were recorded with
a Shimadzu UV-3150 spectrophotometer and a JAS-
CO FP-750 spectrofluorometer, respectively. The
highest occupied molecular orbital (HOMO) energy
was determined with a Riken Keiki AC-3 photoelec-
tron emission spectrometer, where the HOMO
energy was defined as being equal to the ionization
potential measured by photoelectron emission spec-
troscopy. Optical band gaps were determined by a
spectral onset of each UV–vis absorption spectrum,
and then the lowest unoccupied molecular orbital
(LUMO) energies were obtained with the HOMO
energy and the optical band gap. The spectroscopic
measurements were carried out with thin-films pre-
pared by thermally evaporated on quartz substrates.

Electron mobility was measured by conventional
time-of-flight (TOF) technique. 500-ps-duration
optical pulse from a nitrogen gas laser
(k = 337 nm, Lasertechnik Berlin, MSG-800) was
used as an excitation light for TOF. Test samples
were prepared by thermal evaporation in vacuum
and encapsulated with a fresh desiccant under highly
inert atmosphere of N2 at the dew point of almost –
60 �C and O2 concentration of below 10 ppm. We
employed a 100-nm-thick fullerene C60 layer as a
charge generation layer for the optical excitation.

3. Results and discussion

3.1. Thermal and electronic properties

Fig. 2 shows DSC curves of Bpy-TAZ-03. An
endothermic peak due to melting was observed at
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Fig. 2. DSC curves of Bpy-TAZ-03 in first and second heating.
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211 �C in a first heating of Bpy-TAZ-03 powder. A
baseline shift due to the glass transition and an exo-
thermic peak at 162 �C due to crystallizing were
observed in a second heating. The DSC results con-
firm that Bpy-TAZ-03 can form a stable glassy state
with glass transition temperature (Tg) of 74 �C. This
Tg value is rather lower than that (94 �C) of NPB
(see Fig. 5) a practical HT material, but higher than
that (64 �C) of another generally used HT material
TPD (N,N 0-diphenyl-N,N 0-di(m-tolyl)benzidine).

UV–vis absorption and fluorescence spectra of a
neat thin film of Bpy-TAZ-03 are shown in Fig. 3.
The absorption maximum of the material is
304 nm and the material emits bright UV fluores-
cence. The band gap of 3.6 eV for Bpy-TAZ-03
from the absorption spectrum is very wide. This
wide band gap characteristics results from the weak
p-conjugations of triazole. LUMO level of Bpy-
TAZ-03 (2.7 eV) in neat solid is low enough to easily
accept electrons from a cathode metal. This nature
is caused by substitution of triazole with pyridine.
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Fig. 3. UV and visible absorption spectra of Bpy-TAZs thin-
films. The thicknesses of the films are, respectively, 130 nm for
Bpy-TZA-01, 90 nm for -02, and 90 nm for -03. PL spectrum of
the Bpy-TAZ-03 film was also shown in the figure (right axis).
In addition, HOMO level of Bpy-TAZ-03 (6.3 eV)
is sufficiently deep to suppress hole-leakage from
the emissive layer to the cathode via the Bpy-
TAZ-03 layer, and the hole confinement in the emis-
sive layer leads to high quantum efficiencies of EL.
Bpy-TAZ-03 can be utilized as efficient electron-
transporting and hole-blocking materials with
rather high thermal stability. In addition, the other
Bpy-TAZs also show similar absorption-spectro-
scopic characteristics as presented in the figure.
Note that optical interference by the sample thin-
film causes broad absorption around 500–600 nm.

The thermal and electronic properties of Bpy-
TAZs were summarized in Table 1. Only Bpy-
TAZ-03 has Tg, and evaporated thin-films of
Bpy-TAZ-03 have a thermal stability. On the other
hand, Bpy-TAZ-01 and 02 have no Tg. No Tg and
higher melting points (Tm) of Bpy-TAZ-01 and
Bpy-TAZ-02 indicate that they have higher crystal-
linity than Bpy-TAZ-03. However, high Tm of Bpy-
TAZ-01 means that Bpy-TAZs will have good ther-
mal stability; in other words, no decomposition
occurs in vacuum evaporation. As we can see from
the table, introduction of asymmetric diversities and
a naphthyl substituent gave a good amorphous
nature to the materials in common with other
amorphous organic semiconductors. Consequently,
we believe that it should be successful to obtain
another Bpy-TAZ with higher Tg for improving
thermal and long-time stabilities of its amorphous
state by carrying out some chemical modifications.

3.2. OLED properties

Fig. 4 shows current density–voltage (J�V) char-
acteristics of OLEDs with Bpy-TAZs as electron-
transporting materials. The figure also shows refer-
ence devices with no Bpy-TAZ. Structures of the
devices and used chemicals are shown in Fig. 5.
As shown in Fig. 4, Bpy-TAZs excepting for Bpy-
TAZ-01 show higher performance than the TAZ01
reference device: the conventional triazole com-
pound [20] The Bpy-TAZ-02 device showed compa-
rable J�V characteristics with the Alq reference
Table 1
Thermal and electronic properties of Bpy-TAZs

Bpy-
TAZ-

HOMO
(eV)

LUMO
(eV)

Band gap
(eV)

Tm

(�C)
Tg

(�C)

01 6.7 2.9 3.8 316 NA
02 6.3 2.7 3.6 268 NA
03 6.3 2.7 3.6 211 74
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device. Therefore, it is concluded that substitution
of triazole with pyridyl is a valuable way to enhance
the electron-transporting property of triazole deriv-
atives. Furthermore, the Bpy-TAZ-03 device shows
higher current efficiency (4.4 cd/A) than the Alq
device (3.9 cd/A). This higher efficiency indicates
strong hole-blocking nature of the compound. As
generally known, hole-blocking is a valuable prop-
erty of triazoles. Note Bpy-TAZ-01 briefly: the
Bpy-TAZ-01 device shows quite bad performance,
and we think that the reason must be instability of
the amorphous state of Bpy-TAZ-01, not intrinsic
inferior natures of electron injection and transport
of this molecule, because the Bpy-TAZ-01 layer
was completely hazed at the device fabrication, in
other words, easily re-crystallized.

As elucidated in the above paragraph, Bpy-
TAZs, especially Bpy-TAZ-03, exhibited good
performance as not only an electron-transporting
material but also a hole-blocking material. So we
try to utilize Bpy-TAZ-03 as a double function
(electron-transporting and hole-blocking) material.
As well known the recent high efficient phosphores-
cent OLEDs have both hole-blocking layer and
electron-transporting layer. In particular, the hole-
blocking layer is important to obtain high quantum
efficiency because hole-leakage seriously reduces the
efficiency. Moreover, it is more important to
consider the triplet energy dissipation from the
emissive layer to the hole-blocking layer for
attaining high quantum efficiency. At present there
is only few materials to be utilized as hole-blocking
materials for phosphorescent OLEDs, for example,
bathocuproine (BCP), bis (2-methyl-8-quinolinola-
to) (p-phenylphenolato) aluminum (BAlq), and
so on.

Fig. 6 shows J�V characteristics of phosphores-
cent OLEDs with Bpy-TAZ-03 as a hole-blocking
and electron-transporting material, showing
together a reference device, where structures of the
device and chemicals are shown in Fig. 7. As we
can see from Fig. 6, the phosphorescent OLED with
Bpy-TAZ-03 exhibited much lower operation volt-
age than that of the reference which had a conven-
tional double layer made up with BCP and Alq
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layers for hole-blocking and electron-transporting
functions [21] Since both devices shows high exter-
nal quantum efficiency of almost 10 % as shown in
the figure, Bpy-TAZ-03 is useful as a hole-blocking
and electron transporting materials for phosphores-
cent OLEDs.

3.3. Electron mobility

Finally, we would like to briefly discuss electron
mobility in Bpy-TAZ-03 thin-film. Fig. 8 shows
the transient electron photocurrent waveform
obtained by TOF measurement. We obtained the
transit time (tT) of 9.70 ls from the transient photo-
current, where tT was defined as the kink point of
the the transient photocurrent. Hence, electron
mobility (l) was determined to be 8.0 · 10�5 cm2/
V s at the electric field (E = V/D) of 680 kV/cm with
the following equation:

l ¼ Dd=ðtTV Þ; ð1Þ
where V, D, and d are, respectively, the applied volt-
age, the distance between the two electrodes, and
the thickness of Bpy-TAZ-03 layer. This mobility
is two-fold higher than that of Alq of 1.3 ·
10�6 cm2/V s at approximately same electric field
from the literature [22] This high mobility probably
caused the better current density–voltage curve of
the Bpy-TAZ-03 device than the Alq reference de-
vice. In addition, the waveform in Fig. 8 has the
well-defined plateau, implying that electron-trans-
portation in Bpy-TAZ-03 thin-film is non-disper-
sive. The degree of carrier transport dispersion can
be described by the tail broadening parameter W,
defined as [23]

W ¼ ðt1=2 � t0Þ=t1=2; ð2Þ

where t0 is the time of the kink and t1/2 is the time
when the transient photocurrent reaches half of its
plateau value. For the transient photocurrent, we
calculate W = 0.57, indicating a relatively-small
dispersion of the electron packet during transport
across the sample. As a summary, Fig. 9 shows
electron mobility vs. square root of applied electric
field for several materials including Bpy-TAZ-03.
As you can see from the figure, Bpy-TAZ-03 shows
almost 2-folder higher mobility than Alq for a wide
electric field range from 400 to 2000 kV/cm. The
mobility is over 10�4 cm2/V s above 720 kV/cm.
This high mobility is comparable to that of a repre-
sentative ET material with high electron mobility: a
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silole derivative, 2,5-bis(6 0-(2 0,200-bipyridyl))-1,1-di-
methyl-3,4-diphenylsilole (PyPySiPyPy)[22,24]

4. Conclusion

In conclusion, we have demonstrated bipyridyl
substituted triazole derivatives (Bpy-TAZs) as elec-
tron-transporting materials for OLEDs. Substitu-
tion of triazole with bipyridyl is a good way to
improve electron-transporting ability of triazoles
with keeping good hole-blocking ability, which is a
useful property of triazole derivatives. By employ-
ing Bpy-TAZ-03 as a hole-blocking and electron-
transporting material for phosphorescent OLEDs,
lower operation voltage was achieved with holding
the comparable high external quantum efficiency
to the OLED with the conventional BCP/Alq of
almost 10%. At present, the glass transition temper-
ature of Bpy-TAZ-03 is not high enough, but we
believe that another Bpy-TAZ with higher Tg

should be prepared keeping its high electron mobil-
ity by means of some chemical modifications. Now
further experiments are in progress.
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Abstract

The effect of exposing cyanine–fullerene C60 bilayer solar cells to ambient atmosphere is investigated. For exposure
times of a few hours and concomitant light soaking, the device performance experiences a drastic power efficiency increase
going from 0.14% to 1.2% measured at 30 mW/cm2 simulated solar irradiation. The 10-fold enhancement is attributed to
the photoinduced doping involving oxygen and water leading to the formation of reactive superoxide anions and mobile
holes in the cyanine layer. The influence of water and dry oxygen are investigated separately. While water deteriorates the
device performance, dry oxygen leads only to a partial increase of efficiency. Annealing does not ameliorate the perfor-
mance of doped devices. Although then the cyanine layer features more crystallinity, the considerable morphological
changes cause diffusional loss in charge carrier collection. Doping of not annealed devices brings a sizeable efficiency
enhancement that highlights the importance of charge carrier transport in cyanine dye based solar cells.
� 2007 Elsevier B.V. All rights reserved.

PACS: 72.80.Jc; 84.60.Jt; 78.40.Me; 73.61.Ph; 27.40.tw; 78.30.Jw; 73.50.Pz

Keywords: Organic optoelectronic devices; Photovoltaic cells; Solar cells; Cyanine dyes; Fullerene; C60; Doping; Oxygen; Annealing;
Charge transport; Superoxide anion; Conductivity
1. Introduction

Cyanine dyes were developed at the beginning of
the 20th century, mainly as sensitizers for silver
halide emulsions in the photographic process [1].
Above all, cyanines exhibit extraordinarily high
extinction coefficients and tunable absorption spec-
tra throughout the visible and near infrared domain.
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.09.008
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Because of their unique optical properties, they have
more recently been applied in non-linear optics [2–
4], in data storage devices [5], as fluorescent probes
in biomolecules [6] or as contrast agents in optical
imaging of tissue [7]. Redox properties of cyanine
dyes have also been extensively studied with respect
to their role as sensitizer or desensitizer for silver
halides [8]. The wide range of oxidation and reduc-
tion potentials allows cyanines to act as electron
donors as well as electron acceptors in photoin-
duced electron transfer processes.
.
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Combined advantages of optical and electronic
properties make cyanines an interesting material
class for solar cell applications. Numerous works
report on cyanines used in dye sensitized solar cells
[9–14]. Power efficiencies greater than 5% and cur-
rent densities exceeding 21 mA/cm2 at AM 1.5 sim-
ulated solar irradiation have been found. Despite
these promising results, photoinduced degradation
of related polymethine dyes due to titanium dioxide
catalysed decomposition reactions has been
reported [15,16] and might also be a concern for
cyanines. This degradation pathway can be avoided
in solid all-organic solar cell devices, which also
allow cost efficient fabrication processes. Only few
works report on organic solar cells using solid cya-
nine films as active material [17–19]. So far, these
devices have shown rather modest efficiencies which
could be related to inefficient charge transport.

Different approaches to increase charge transport
in organic solar cells have been proposed. Crystal-
linity can be induced by annealing and often leads
to enhanced charge transport [20–23]. Another
way to improve charge transport relies on enhanc-
ing the conductivity of the organic film. Based on
the pioneering work on semiconducting and metallic
polymers [24], electrical conductivity has been
induced by doping various optoelectronic materials
with oxidizing or reducing agents [25–27]. This
strategy has been used to fabricate organic p–i–n
junction [28] and Schottky barrier solar cells [29].
In some cases enhancing the bulk film conductivity
in organic photovoltaic cells proved to be beneficial
for device efficiency [30,31].

In this work we investigate the effect of exposing
cyanine dye–C60 bilayer devices to ambient atmo-
sphere under light irradiation. The drastic increase
of performance upon short exposure to air is explored
by separately looking at the influence of water and
oxygen. The impact of light irradiation during air
exposure on the device characteristics is analysed in
order to get insight into the reaction mechanism.
Finally the effect of annealing is discussed.

2. Experimental

2.1. Materials

Cyanine dye 1,1 0-diethyl-3,3,3 0,3 0-tetramethylcar-
bocyanine perchlorate (Cy-5) was synthesized in our
laboratory and recrystallized in ethanol before use.
Poly(3,4-ethylenedioxythiophene)–poly(styrenesul-
fonate) (PEDOT:PSS, Bayer), fullerene C60 (SES
Research, 99.95% purity) and tetrafluoropropanol
(TFP, Fluka) were used as received. The chemical
structures of the organic compounds used in this
work are shown in Fig. 1.

2.2. Cyclic voltammetry

Cyclic voltammetry measurements were recorded
on a PGStat 30 potentiostat (Autolab) using a three
cell electrode system with a glassy carbon working
electrode, a platinum counter electrode and an
Ag/AgCl (0.1 M tetrabutyl ammonium chloride in
acetonitrile) reference electrode. Redox potentials
of Cy-5 were measured in acetonitrile and refer-
enced to the ferrocene/ferrocenium couple. To
relate the electrochemical potentials to the corre-
sponding vacuum levels, the potential of 0.69 V vs
NHE was taken for ferrocene and the NHE value
of �4.48 eV vs vacuum was adopted from the liter-
ature [32]. Redox potentials of C60 referenced to fer-
rocene/ferrocenium were taken from the literature
[33]. Therefore the same relationship between the
electrochemical scale and the physical scale was
applied to obtain the vacuum reduction and oxida-
tion potentials. The highest occupied molecular
orbital energy level of PEDOT:PSS was adopted
from the literature [34]. Fig. 1 summarizes lowest
unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) energy levels
of the different materials used in this work.

2.3. Device fabrication and characterization

Solar cell devices were fabricated on patterned
indium-tin-oxide coated glasses (ITO, 140 nm,
20 X/square) that were cleaned in ethanol, acetone
and detergent ultrasonic baths. A 90 nm thick PED-
OT:PSS layer was deposited by spin-coating and
heated in vacuum at 150 �C for 10 min to get rid
of residual water. A 40 nm thick Cy-5 layer was then
spin-coated from a 5 mg/ml solution in TFP on top
of PEDOT:PSS, followed by vapour depositon of a
40 nm thick C60 layer under high vacuum. Finally a
70 nm thick aluminium cathode was vapour depos-
ited through a shadow mask, defining four separate
solar cell devices with an active device area of
0.031 cm2. The full device fabrication sequence lead-
ing to the ITO/PEDOT:PSS/Cy-5/C60/Al architec-
ture was carried out under inert atmosphere. To
study doping effects, devices were exposed to ambi-
ent atmosphere for several hours in the dark or
under room light irradiation of 5 mW cm�2. In
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order to investigate the effect of water separately,
samples were placed in a glass decicator under the
same irradiation conditions. A special measurement
cell was constructed to characterize devices that
were subjected to a flow of water saturated nitrogen.
Doping was also studied for annealed devices. In
this case the completed devices were heated in a vac-
uum oven at 100 �C for various durations.

Thicknesses of the organic films were measured
using an Ambios XP-1 profilometer, while morphol-
ogy analyses were carried out on an Nanosurf
Mobile S atomic force microscope in tapping
mode employing rectangular silicon cantilevers
(Mikromasch, Nanosensors). Optical absorption
spectra were measured with a Varian Cary 50
spectrophotometer.

Photovoltaic device performance was character-
ized under nitrogen atmosphere or in air using a
monochromator (Oriel 74000) with a xenon lamp
light source to obtain the incident photon-to-cur-
rent conversion efficiency (IPCE) according to
IPCE ¼ 1240� J SC � k�1 � P�1

in where JSC (mA/
cm2) is the short-circuit current-density, Pin (mW
cm�2) the incident light intensity at wavelength k
(nm). Current–voltage characteristics were recorded
using a Keithley 2400 source-measure unit. Simu-
lated solar spectra with irradiation intensities of
30 mW/cm2 or 47 mW/cm2 were obtained from
the same xenon discharge lamp using an AM1.5G
filter set (Oriel). Power efficiencies were calculated
as g ¼ FF� J SC � V OC � P�1

in , where FF ¼ V m�
J m � V �1

OC � J�1
SC is the fill factor, Vm (V) and Jm

(mA/cm2) are the current-density and voltage at
maximum power output, VOC (V) is the open-circuit
voltage.

2.4. Four probe measurements

Electrical conductivity measurements of thin Cy-
5 films were performed by a standard four-probe
method. The glass substrates comprised four fin-
ger-like gold electrodes separated by a channel dis-
tance of 10 lm. A current of 10 nA was applied at
the outer electrodes while the voltage was measured
at the inner electrodes.

3. Results and discussion

In order to investigate the effect of exposing
ITO/PEDOT:PSS/Cy-5/C60/Al devices to ambient
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Fig. 3. ICPE and absorbance (a) and current–voltage character-
istics (b) of ITO/PEDOT:PSS/Cy-5 (40 nm)/C60 (40 nm)/Al
devices right after fabrication (full squares) and after being
exposed to ambient atmosphere and white light irradiation for 3 h
(empty squares). Additionally a device using a 100 nm thick Cy-5
layer that was also exposed to air is shown in (a) (full triangles).
Devices were measured at an irradiation intensity of
30 mW cm�2.
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atmosphere, solar cells were first characterized in
nitrogen atmosphere without being exposed to the
ambient atmosphere at any time. Since the device
fabrication procedure excludes any contact with
air, it can be assumed that freshly prepared devices
only contain low amounts of residual water and
oxygen. Then they were exposed to air for several
hours and characterized in regular time intervals.
Fig. 2 shows the effect of air soaking on device per-
formance, by indicating the variation of short-cir-
cuit current and open-circuit voltage. A steep rise
in VOC can be observed within the first two hours
leading to an increase from 0.47 V to 0.60 V. At
longer exposure times VOC gradually saturates at
0.73 V. With some retardation, the short-circuit cur-
rent follows the rise of the open-circuit voltage,
reaches a maximum at 1.8 mA/cm2 and starts to
drop. At exposure times of a few days, the device
characteristics severely degrade and ultimately
drop-off below the initial value.

The maximum power efficiency is reached for
devices that were soaked in air and light for a dura-
tion of 3 h. The IPCE doubles with respect to the
initial value (Fig. 3a) and the current increases in
a spectacular way leading to a power efficiency of
1.2%. As can be inferred from Table 1 the fill factor
also rises from 0.19 to 0.27, indicating increased
charge carrier collection.

Different mechanisms may be invoked to explain
the rise in device performance. Oxygen could assist
charge generation in the cyanine layer and augment
photocurrent generation in the bulk. This hypothe-
sis can be discarded based on the Cy-5 thickness
dependence of the external quantum efficiency. At
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Table 1
Photovoltaic characteristics of ITO/PEDOT:PSS/Cy-5/C60/Al
devices measured just after fabrication (fresh) and soaked in
ambient atmosphere under white light irradiation of 5 mW cm�2

for the duration of 3 h (air)

VOC (V) JSC (mA/cm2) FF g (%)

Fresh 0.47 0.46 0.189 0.14
Air 0.73 1.83 0.274 1.2

The devices were measured at a white light irradiation intensity of
30 mW cm�2.
thicknesses above 50 nm, the IPCE does not follow
the absorption spectrum but shows a marked filter
effect with a minimum in the spectral region where
Cy-5 absorbs strongly and two maxima at the
absorption edges of the cyanine (see Fig. 3a). This
behaviour is similar to non-exposed devices that
were reported in a previous work [19]. At a thick-
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ness of 40 nm the filter effect is still apparent in the
IPCE maximum corresponding to the local mini-
mum in the absorption spectrum at 550 nm (see
Fig. 3a).

Doping by oxygen is therefore proposed as an
explanation for the tenfold increase in power effi-
ciency upon air exposure. By looking at the cur-
rent–voltage curve measured in the dark, a
marked increase in the forward current is observed
upon air soaking while the reverse current lowers
significantly (Fig. 4). This results in a rectification
ratio of 151 measured at ±1.5 V, which is a funda-
mental change as compared to the almost symmetri-
cal current–voltage curve obtained for freshly
prepared devices. According to the energy level dia-
gram in Fig. 1, electrons can easily be injected from
the Al cathode under forward bias and are blocked
at the C60–cyanine heterointerface, while holes
would face a significant injection barrier at the
PEDOT:PSS electrode. Therefore the current onset
is mainly determined by the injection of holes at
the anode. Under reverse bias, holes can hardly be
injected from the Al cathode into C60, and electrons
face a considerable injection barrier at the interface
between PEDOT:PSS and Cy-5. Similarly to the
forward bias situation, injection from the PED-
OT:PSS electrode again determines the current-
onset under reverse bias.

Rectification of the current–voltage characteris-
tics upon doping with oxygen has indeed been
observed in the literature and has been attributed
to Schottky barrier formation at the metal electrode
[35]. In the present work, p-type doping induced by
oxygen would give rise to a Schottky barrier at the
po
te

nt
ia

l e
ne

rg
y

HOMO

PEDOT Cy-5

LUMO

HOMO

X

X

X

X

X

X

-0.0002

-0.0001

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

0.0008

0.0009

C
ur

re
nt

 D
en

si
ty

 (
A

/c
m

2 )

Fig. 4. Schematic drawing of Schottky barrier formation at the PEDO
anionic species corresponding to the photochemically created oxygenate
as plus signs. Figure (b) shows the dark current for a freshly prepared ce
and white light (empty squares) for 3 h.
anode, favouring hole injection and inhibiting elec-
tron injection (Fig. 4a). Note that Cy-5 is a cationic
dye with a rather mobile perchlorate counter-anion
that can significantly augment charge carrier injec-
tion under forward bias due to ion accumulation
at the anode. By using fast current–voltage scans,
ion motion can be significantly reduced. The reverse
current, however, is only slightly affected by ion
motion and is therefore a better probe for the for-
mation of a Schottky barrier.

The question still remains regarding the doping
mechanism in Cy-5 based devices. To scrutinize
the reaction of the cyanine layer in ambient atmo-
sphere, the devices were submitted to air in the dark
for 0.5 h. Measured in the dark, the current-density
under reverse bias is not reduced to the same
amount as under illumination (Fig. 5). Moreover
the current is lowered both under forward and
reverse bias, if exposed to air for longer durations.
As will be shown below, the decreased current–den-
sity can be attributed to the effect of water only.
Therefore the mechanism of doping leading to recti-
fied current–voltage characteristics must be
photoinduced.

In a next step, devices were exposed to dry oxy-
gen under white light irradiation to analyse the
effect of oxygen only. In this case, the current–volt-
age characteristics in the dark show an intermediate
behaviour (Fig. 6a). The rectification ratio rises
from 1 to 30 after being placed in the decicator
and irradiated with 5 mW/cm2 light for 3 h. Solar
cell performance increases substantially but never
reaches the performances achieved by the simulta-
neous action of oxygen and water (Fig. 6b). It
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Voltage (V)

T:PSS interface induced by p-type doping with oxygen (a). The
d complex are labelled as X�, positive charge carriers are marked
ll (full squares) and a cell that was exposed to ambient atmosphere
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has to be noted that some water contamination
occurred during the transfer of the devices from
the glove box to the decicator which may already
favour the doping process. Nevertheless, light
irradiation occurred under dry atmosphere. The
experimental findings therefore emphasize the bene-
ficial effect of water in the doping process.

Water alone, however, has a detrimental effect on
all device characteristics. When the cell is exposed to
water saturated nitrogen, the current–voltage char-
acteristics measured in the dark gradually decreases
both under forward and reverse bias to reach
roughly a 10 times smaller current after being
immersed in the flow cell for 1 h. The photovoltaic
effect reached the noise level of our measurement
unit and could no longer be detected (see Fig. 6b).
It appears that water can not be the only factor
leading to doping. As was shown in the literature,
water is absorbed by the hygroscopic PEDOT:PSS
layer, thereby decreasing the conductivity of the lat-
ter and introducing a large serial resistance to the
device [36]. The same phenomenon is likely to occur
in the devices described here.

With a view to further improve device perfor-
mance, fresh ITO/PEDOT:PSS/Cy-5/C60/Al devices
were annealed in a vacuum oven at 100 �C for
30 min. Indeed, a clear rise in the JSC is observed
(Fig. 7a). It can be attributed to a higher mobility
due to increased crystallinity of the cyanine film
leading to higher charge carrier mobility. Surpris-
ingly, the open-circuit voltage drops by 100 mV
and the fill factor decreases from 0.19 to 0.17, which
is contrary to what can be expected from increased
charge carrier mobility. In order to find an explana-
tion for this behaviour the morphologies of the
devices were analyzed by atomic force microscopy
using tapping mode. To avoid peeling-off the cath-
ode thereby possibly destroying the top surface
layer, we analyzed the surface area of the organic
multilayer that was not covered by aluminium.
Non-annealed devices show a fine, granulated struc-
ture that homogeneously covers the entire surface
(Fig. 7c). In analogy to other bilayer devices using
a thin fullerene acceptor layer, this structure is
attributed to small C60 spheres on top of the cyanine
layer [37]. After annealing, the sphere like features
are no longer homogeneously distributed over the
surface. Instead, larger rectangular shapes appear
additionally to the small spheres, and in some cases
the former protrude to the top surface. These larger
crystallites are attributed to cyanine aggregates. Sim-
ilar morphological changes may occur in the film



Fig. 7. Current–voltage characteristics of ITO/PEDOT:PSS/Cy-5/C60/Al devices with (empty squares) and without (full squares) being
annealed in a vacuum oven at 100 �C for 30 min. Undoped (a) and doped (b) devices were measured at a simulated solar irradiation
intensity of 30 mW cm�2. Atomic force microscopy images show the morphology of above doped devices measured on top of the organic
layers that were not covered by aluminium for non-annealed (c) and annealed (d) devices.
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areas covered by aluminium, giving rise to cyanine
and C60 channels that are in direct contact with both
anode and cathode. Such a film morphology would
allow charge carrier diffusion to both electrodes,
which becomes particularly unfavourable for charge
carrier collection in the case of low drift fields, i.e.
when the applied voltage approaches the open-cir-
cuit voltage. As a consequence, lowered open-circuit
voltage and fill factor are expected, which may
explain the behaviour of annealed devices.

For doped devices the fill factor also decreases
upon annealing, from 0.27 to 0.16 for not-annealed
and annealed devices, respectively (Fig. 7b). Differ-
ently to undoped devices, the short-circuit current
is lower for annealed cells as compared to non-
annealed ones. However, JSC can be increased after
placing the devices under vacuum for 12 h. As can
be inferred from Fig. 8, the short-circuit current
rises up to a maximum and then decreases rapidly.
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This decrease is attributed to the uptake of water by
the hygroscopic PEDOT:PSS layer leading to a
higher series resistivity. The inhomogeneous, crys-
talline film morphology opens larger channels in
the thin film where water can penetrate more easily.
Pumping desorbs water from PEDOT:PSS and
restores the short-circuit current.

Above experimental findings demonstrate that
photoinduced doping occurs, when devices are
soaked in ambient atmosphere for several hours.
So far, the precise reaction mechanism has not been
addressed. Formation of a rectifying Schottky bar-
rier strongly indicates that doping occurs in the cya-
nine layer. Moreover, the higher fill factor suggests
that hole transport in the cyanine layer is increased.
The possibility that the reaction of air with C60

under illumination is responsible for the observed
efficiency rise can also be discarded since it has
recently been shown that this reaction leads to a
decrease of device performance [38]. Photochemical
reactions of cyanine dyes with oxygen have indeed
been reported in the literature, both in solution
and in thin solid films. Self-sensitized energy trans-
fer from the triplet excited state of a cyanine dye
to triplet oxygen O2ð3R�g Þ leading to reactive singlet
oxygen O2(1Dg) was found to be responsible for
photofading of the dye in solution. Evidence was
brought indirectly by using a spin trap [39] or by
detecting the ketonic reaction products using
NMR [40]. Self-sensitized photobleaching due to
triplet–triplet energy transfer has also been observed
in thin Cy-5 films by monitoring the singlet oxygen
emission in the near infrared [41].

Photochemical reaction involving the energy
transfer mechanism, however, can not account for
the doping process, i.e. the generation of free charge
carriers. Electron transfer from the photoexcited
state of the cyanine dye to triplet oxygen is also
energetically possible given that the redox potential
for the reduction of triplet oxygen is at �0.16 eV vs
NHE [42] as compared to the reduction potential of
�0.59 eV vs NHE for Cy-5. The photoinduced elec-
tron transfer process has indeed been observed for a
cyanine dye in solution by using spin trapping to
detect transient superoxide anion O�2 species [43].
In one of the works both the electron transfer pro-
cess and the energy transfer process from photoex-
cited cyanine to oxygen were observed [39]. Active
oxygen species have also been generated from
photoexcited fullerene C60 [44]. Interestingly, the
authors observed efficient generation of singlet oxy-
gen O2(1Dg) in nonpolar solvents such as benzene
and benzonitrile, while O�2 and subsequent forma-
tion of hydroxyl radicals were detected instead in
polar solvents such as water. Based on above discus-
sion, both energy and electron transfer reaction
mechanisms may be present in the photooxygenea-
tion of Cy-5 solid films. If water is coadsorbed
together with oxygen, the electron transfer path is
favored leading to increased production of positive
charge carriers and superoxide anions that further
react to yield anionic cyanine oxidation products.

To verify that free charge carriers are indeed gen-
erated during the photodoping process, the conduc-
tivity of Cy-5 films was directly measured by four
probe technique. Cyanine films were drop-cast on
glass substrates patterned with four finger-like gold
electrodes separated by a channel length of
10 microns. Fig. 9 presents the conductivity change
after exposure to ambient atmosphere in the dark as
well as under 5 mW/cm2 white light irradiation. In
both cases the conductivity was measured in
absence of light. Very clearly there is a strong
increase of the conductivity for the irradiated films,
while the films kept in the dark show a relatively
small variation. This corroborates our hypothesis
that photoinduced doping of the cyanine layer
occurs during exposure to ambient atmosphere
and simultaneous white light irradiation. The con-
ductivity rise in the four probe experiment is much
faster than the performance rise observed in solar
cells which can be attributed to the oxygen and
water barrier effect of the aluminum cathode of
the devices. After an exposure time to ambient
atmosphere and light of 10 min, the conductivity
of Cy-5 films starts to decrease. We have assigned
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this effect to the degradation of the cyanine film in
the vicinity of the gold electrodes. Bubble formation
could be observed which may come from hydrogen
gas evolution following electrochemical reduction of
water during the conductivity measurement.
4. Conclusions

We have demonstrated a tenfold increase in
power efficiency of cyanine based heterojunction
solar cells by doping the cyanine film in the presence
of oxygen, water and light. This raises the efficiency
of cyanine based thin film solar cells above the 1%
benchmark. The encouraging results highlight the
potential of cyanine dyes and the importance to
increase charge carrier transport in thin cyanine
films. Charge carrier doping is a possible way to
achieve high performance. Although promising,
the air doping method presents some drawbacks.
While water adsorption in PEDOT:PSS leads to
increased serial resistivity, photochemical reaction
with oxygen can also yield ketonic species acting
as charge trapping defects and lowering device effi-
ciency. Well defined chemical doping employing
carefully chosen oxidizing agents could therefore
even further improve cyanine based devices.
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Abstract

1.5 in. diagonal red, green, and blue monochrome passive-matrix (PM) polymer light-emitting diodes (PLED) flat panel
displays (FPDs) with format 96 · 64 were fabricated by spin-coating technology with device structure of ITO/PEDOT/
Emissive layer/Ba/Al. During spin-coating process, by rearranging the location and the direction of the panel with respect
to the center of the spinner, the piling of organic materials under the cathode separator was significantly reduced, resulting
in a more uniform light emission. The final display showed neither dead pixels nor dead lines. Current efficiencies of 1.37,
9.5 and 1.44 cd/A, and CIE color coordinates of (0.62,0.37), (0.37,0.60) and (0.15,0.13), for red, green, and blue mono-
chrome displays, respectively, have been achieved. Further, 1.5 in. full color PM PLED FPDs with format 96 · RGB · 64
was successfully fabricated by inkjet printing technology. The current efficiency was about 0.75 cd/A at full screen white
with color coordinates located at (0.34,0.35). A color gamut of 50% NTSC was obtained. For all the displays, the 5-point
uniformity was more than 80%.
� 2007 Elsevier B.V. All rights reserved.

PACS: 85.60.Jb; 85.60.Pg

Keywords: Polymer light-emitting diodes; Passive-matrix displays; Full color displays; Spin-coating; Inkjet
After only a little more than one decade’s research
and development, organic light-emitting diode
(OLED) technology has evolved from attractive to
practical for flat panel display industry. Offering
lightweight, thin panel thickness, wide view angle,
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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high self-electroluminescent efficiencies, and less
power consumption, OLED technology is being con-
sidered as the next generation flat panel display tech-
nology to replace liquid crystal. There are two
variations of the OLED technology. One is so called
‘‘small molecule’’ (SmOLED) technology, which was
first invented at Eastman Kodak Co. in the late 1980s
[1]. The other is ‘‘polymer’’ (PLED) based technology
[2,3]. Though FPDs based on both technologies have
.
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Table 1
Specifications of 1.5 in. PM PLED displays

Monochrome Full color

Display area 31.66 mm · 21.11 mm, 1.25 in. · 0.83 in.
(1.5 in. in diagonal)

Number of pixels 96 · 64 96 · 3 · 64
Pixel pitch 0.33 mm · 0.33 mm 0.33 mm · 0.33 mm
Panel resolution 77 dpi 77 dpi
Fill factor FF = 77% FF = 58%
Grey level 16 32 · 32 · 64 = 65536
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been demonstrated and commercialized, PLED
based displays are more promising for large size, high
definition, high resolution displays, due to their pro-
cessing advantages in device manufacture.

The main difference in process between SmOL-
EDs and PLEDs is that SmOLEDs are commonly
fabricated by vacuum deposition, whereas PLEDs
are made by solution processing which is a simpler
and cheaper process. To pattern fine structures for
full color displays, shadow mask is typically used
in SmOLED fabrication. The shadow mask process
becomes challenging for large size and high resolu-
tion display panels. In contrast, full color PLED
pixels can be patterned with one of printing tech-
niques such as inkjet printing [4,5], screen printing
[6,7], dye diffusion [6], laser induced thermal transfer
[8–10], or be patterned with the photolithographic
process [11,12]. The solution process is typically car-
ried out at low or room temperature, allowing a
device being made onto a flexible, organic substrate
[13]. Full color PLED displays made with inkjet
process have been demonstrated with excellent
image qualities [14,15].

For OLED devices, film qualities of organic lay-
ers are of extreme importance in order to achieve
high device performances. Obtaining uniform pin-
hole free films with optical quality is a challenging
task. In this paper, we modified the spin-coating pro-
cess by rearranging the position and direction of the
substrate with respect to the spinner center. After the
modification, the materials’ pileup along the cathode
separator was significantly reduced, leading to a
more uniform light emission and a larger fill factor
for 1.5 in. monochrome PLED display. For RGB
full color display, the red emission intensity was
increased by printing green materials onto red sub-
pixels after the red had been printed. With additional
green materials as energy transfer media, complete
energy transfer from blue to red was accomplished.
1.5 in. full color PLED FPDs were successfully fab-
ricated by using inkjet printing technology.

The monochrome displays have a format of
96 · 64 with pitch size of 0.33 mm · 0.33 mm, while
full color displays have a format of 96 · RGB · 64
with same pitch size as that of monochrome panel.
The specifications of both displays are summarized
in Table 1. All the panel substrates were made and
provided by Truly Semiconductors Ltd.

The red, green and blue polymer light-emitting
materials used in the experiments were polyfluorene
and its derivatives, which were synthesized in our
lab. The hole transport materials PEDOT (P4083)
was purchased from Bayer Corp. The glass sub-
strates provided by Truly Semiconductors Ltd. have
a 150 nm transparent indium–tin–oxide (ITO) layer
on top with 10 X/h sheet resistance. The ITO col-
umns were patterned through conventional photoli-
thography. To make a display, the substrate was
cleaned first by UV ozone for 15 min. After the depo-
sition of PEDOT layer by spin-coating, it was baked
at 90 �C for 2 h inside vacuum oven to remove the
residual water. The thickness of the PEDOT layer
was around 50 nm. Following PEDOT baking, the
emissive polymer layer was prepared by spin-casting
from solutions in p-xylene containing about 10 mg/
ml polymer by weight to make a monochrome dis-
play. No baking was performed after spin-coating
emissive layer. Cathode layer consisting of 4 nm bar-
rium (Ba) and 200 nm aluminum (Al) was deposited
on top of organic layers by vacuum evaporation at
pressure below 1 · 10�6 Torr. Before testing, the dis-
play panel was encapsulated by a thin glass cap with
desiccants inside.

To make a full color display, blue emissive layer
was spin-coated instead of printed following
PEDOT deposition. The common blue layer func-
tioned as a receiving layer to reduce the leaking
current [16]. The red and green polymer solutions
in 1,2-dichlorobenzene were printed into red and
green subpixels in a sequence on top of the blue
layer by inkjet printer JetLab II from MicroFab
Technologies, Inc. No annealing or nitrogen flow
was carried out to accelerate the film drying pro-
cess. The cathode layer and encapsulation layer
were formed through same processes as those
described in monochrome panel making. To drive
the panel, driver chips SSD1332T1R1 and
SSD1325T3R1 purchased from Solomon Systech
Ltd. were bonded to the color and monochrome
panels, respectively, and controlled by periphery
circuits designed in our lab.

To define the cathode rows, we used photoresist
to form cathode separators perpendicular to the



Fig. 1. Polymer pileup inside a single pixel.
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ITO columns. During the spin-coating process,
those separators would block the spreading of the
organic solutions, causing materials pileup under
the separators. Fig. 1 shows the polymer pileup
inside a single pixel. Due to materials pileup, only
partial area of a single pixel could emit lights during
operation, leading to higher operating voltage and
shorter lifetime.

The most commonly used location of the sub-
strate on the spinner is at the center of the spinner
shown in Fig. 3a, B. In addition to causing the
materials pileup inside each single pixel, this spin-
ning location also caused the degree of materials
Fig. 2. Microscopic photos of the polymer pileup (thicker area) marked
(b) near the center; (c) at the center.
pileup inside each pixel nonuniform across the
whole panel. The outskirt region of the panel has
more serious materials pileup than the center region
as illustrated in Fig. 2. In addition, in the panel’s
upper region, the materials accumulated at the bot-
tom side of the cathode separator, while in the
panel’s bottom region, the materials accumulated
at the upper side of the cathode separator. To over-
come such technical difficulties and make a more
uniform light-emitting display, we have changed
the position and the direction of the panel with
respect to the center of the spinner to find optimal
spin-coating conditions. Three different positions
have been tested, as shown in Fig. 3a.

The locations of the substrates on the spinner are
described as the following:

A: The middle of the first row (from the bond-
ing area) is at the center of the spinner and
the cathode separators are horizontal;

B: The substrate was at the center of the spin-
ner (the most commonly used position);

C: The middle of the substrate’s right side is at
the center of the spinner and the cathode
separators are vertical.

In spin mode A, since the centrifugal force on the
polymer solution was perpendicular to the cathode
separators, the blocking and piling of polymer by
by M at different regions of the panel: (a) farthest from the center;



Fig. 3. (a) Three spin modes: A, B, and C; (b) the characterizations of the non-uniformity of polymer film spin-coated by spin mode A, B,
and C, inside a single pixel.
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cathode separators were the most serious. Inside
one single pixel, the film became thicker along the
direction of the centrifugal force. The thicker film
area occupied about 64% of the whole pixel area,
translating to 40% light emission during operation.
The maximum thickness of the polymer is almost
two and half times the nominal thickness. In spin
mode B, the polymer solution blocking by the cath-
ode separators was reduced due to the reduction of
the centrifugal force (proportional to the square of
the radius). As a result, the thicker area percentage
was decreased to 43%, while the ratio of the maxi-
mum thickness to the nominal thickness is about
2.2. In spin mode C, since the centrifugal force on
the polymer solution is parallel to the separators,
the polymer blocking by the cathode separators
is the minimum. The 21% thicker area percentage,
and 180% maximum thickness to nominal thickness
are the smallest ratios achieved among the three
spin-coating modes. Highly efficient monochrome
PLED FPDs with high polymer film qualities were
fabricated by using spin-coating mode C. The
display showed neither dead pixels nor dead lines.
Current efficiencies of 1.37, 9.5 and 1.44 cd/A, and
CIE color coordinates of (0.62,0.37), (0.37, 0.60)
and (0.15,0.13), for red, green, and blue mono-
chrome displays, respectively, have been achieved.
Five-point uniformity test showed spin-coating
mode C gave the best light emission uniformity
across the whole display panel. The brightness uni-
formity of all the monochrome displays reached 80%.

Since the real emission area of each single pixel
was doubled by employing spin mode C compared
to that by spin mode A, the actual luminance from
each single pixel was reduced to half in order to
obtain a certain panel brightness. OLED lifetime
dependence on the luminance takes a power law in
which the exponent n is the acceleration coefficient
[17,18], as shown in the following equation. Our
experiments showed that n was 1.65 for PPV family
conjugated polymers [19]. As a result, the reduction
of the actual luminance by half will extend the panel
lifetime by a factor of 3.

Ln � s1=2 ¼ constant ð1Þ

To make full color PLED FPDs, the red and green
polymer solutions in 1,2-dichlorobenzene were inkj-
etted into red and green subpixels sequentially on
top of the common blue receiving layer. The energy
transfer from the blue polymer to the green and red
polymers will make the green and red subpixels emit



Fig. 4. The photographs of 1.5 in. full color and monochrome PM PLED FPDs.
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green and red lights, respectively. However, the
energy transfer from blue to red was incomplete,
causing the red subpixels emit mixed red and blue
lights. To accomplish full energy transfer in red sub-
pixels while keeping printing processes still simple,
first, we printed red polymer solutions into red
subpixels on top of blue. Second, we printed green
materials into both green and red subpixels. The
red subpixels now contained three kinds of materi-
als: spin-coated blue, printed red, and printed green.
With additional green materials as the energy
transfer media, the blue emission was totally
quenched and the red emission was significantly en-
hanced. The full color display panel’s luminous effi-
ciency was about 0.75 cd/A at full screen white with
color coordinates located at (0.34,0.35). Due to the
pure red emission, a color gamut of 50% NTSC was
obtained. The 5-point uniformity of the full color
display was 80% as same as that of those mono-
chrome displays. Photos of pictures displayed on
the color and monochrome PLED FPDs are shown
in Fig. 4.

1.5 in. diagonal red, green, and blue mono-
chrome PM PLED FPDs with format 96 · 64 were
fabricated by modified spin-coating technology. The
light emission uniformity and efficiency were signif-
icantly improved by rearranging the location and
direction of the substrate with respect to the center
of the spinner. Luminous efficiencies of 1.37, 9.5 and
1.44 cd/A for red, green, and blue monochrome dis-
plays, respectively, have been achieved. 1.5 in. full
color PM PLED FPDs with format 96 · RGB ·
64 was successfully fabricated by inkjet printing
technology. By printing green materials into the
red subpixels, complete energy transfer from blue
to red was accomplished through green. The lumi-
nous efficiency was about 0.75 cd/A at full screen
white with color coordinates located at (0.34, 0.35).
The color gamut was 50%NTSC. The five-point uni-
formity of all the displays was over 80%.
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Abstract

A series of highly efficient blue materials based on iminodibenzyl-substituted distyrylarylene (IDB-series) fluorescent dyes
using the concept of steric-compression have been designed and synthesized by means of a rigidized and over-sized ring. The
steric-compression effect can shorten the effective conjugation length (chromophore) of the molecule and the added phenyl
moiety in the core can alleviate the propensity for molecular aggregation. These materials also possess high glass transition
temperature over 100 �C. The blue IDB-Ph device achieved a maximum external quantum efficiency of 4.8% with a
Commission Internationale de l’Eclairage (CIEx,y) coordinate of (0.16,0.28). When applied in two-element white OLED
system, the IDB-Ph doped device achieved a luminance efficiency of 11.0 cd/A with a CIEx,y color coordinate of (0.29,0.36).
� 2007 Elsevier B.V. All rights reserved.

PACS: 78.55.Kz; 78.60.Fi; 85.60.Jb

Keywords: Iminodibenzyl; Distyrylarylenes; Fluorescent blue material; Organic electroluminescent device
1. Introduction

Recently, owing to their unique electrical and
optical properties, various functional devices using
organic materials have been developed in a variety
of applied fields [1]. Since the initial work by Tang
and Van Slyke [2], interest in organic light-emitting
diodes (OLEDs) has been steadily growing. In par-
ticular, OLEDs have been the subject of intensive
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.09.006
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investigation because of their successful commer-
cialization in various full-color displays [3,4]. Mate-
rials development continues to play a pivotal role in
this technology as OLED materials have to function
often not only as a charge transporter but also an
efficient light emitter. Morphology stability of vari-
ous layers is another issue that needs to be
addressed to assure sufficient long operational life-
time for the devices [5,6].

To date, white organic light-emitting devices
(WOLEDs) have drawn intensive studies due to
their potential applications in full-color display
.
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Scheme 1. Synthetic routes of IDB-series materials and structure
of DSA-Ph.
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fabrication with color filters [7], in backlight for
liquid crystal display as well as in solid-state ligh-
tings [8]. One of the best known methods to achieve
WOLEDs is the two-color system of sky blue and
yellow or orange emission, which has been widely
reported [9–11]. In this system, it has been shown
that performance of WOLEDs can be improved sig-
nificantly by adopting sky blue fluorescent materials
with high efficiency, optimized color, and long oper-
ational stability. To this end, there have been a
number of efficient blue fluorescent dyes developed
in the past several years [12–15], especially the
di(styryl)- amine-based blue dopant, DSA-Ph [16]
and BUBD-1 [17] which, upon doping in the
morphologically stable host material, 2-methyl-
9,10-di(2-naphthyl)anthracene (MADN), their
device performances achieved an EL efficiency of
9.7 cd/A with CIEx,y of (0.16, 0.32) and 13.2 cd/A
with CIEx,y of (0.16, 0.30) at 20 mA/cm2,
respectively.

In this paper, we disclose a newly designed series
blue dopants based on the 7-membered N-hetero-
cyclic core structure of iminodibenzyl-distyrylaryl-
ene (IDB). It has been reported that when general
aromatic amino-substituents (e.g. diphenyl amine)
of hole transport material are replaced with the imi-

nodibenzyl groups, the thermal properties can be
improved and the emission wavelength would be
blue-shifted [18,19]. Hence, we decided to introduce
the iminodibenzyl groups into the highly fluorescent
distyrylarylene structure. From ab initio density
functional theory (DFT) using B3LYP/6-31* level
of basis sets, we also found that the emission wave-
length could be shifted to slightly deeper blue with
increasing the number of phenyl moiety in the cen-
ter core. We expect these new blue materials will
be potentially useful in producing a deep blue emis-
sion with a properly matched host and a two-ele-
ment white OLED system as well.

2. Experimental

2.1. Synthesis

The synthetic routes of iminodibenzyl-substi-
tuted distyrylarylene derivatives (IDB-series) are
shown in Scheme 1. The intermediate 4-(iminodib-
enzyl)-benzoaldehyde was prepared by coupling
iminodibenzyl (IDB) and 4-bromobenzene with a
palladium-catalyzed aromatic amination reaction
[20]. After the reaction was completed, 9-phenyl-
iminodibenzyl was purified by column chroma-
tography and then mixed with phosphoryl chloride
in DMF at room temperature for 8 h under nitrogen
[21]. The mixture was quenched with sodium acetate
and water to precipitate the gray solid and purified
by recrystallization twice from ethanol to afford the
intermediate as colorless crystal.

On the other hand, a mixture of p-xylylene
dichloride and neat triethyl phosphite was heated
at 200 �C for 24 h under nitrogen. After cooling to
room temperature, the reaction mixture was puri-
fied by bulb to bulb distillation to afford tetraethyl
p-(xylylene)diphosphonate [22]. The tetraethyl
biphenyl-4,4 0-diylbis(methylene)diphosphonate was
synthesized from 4,4 0-bis(chloromethyl)-biphenyl
with same procedure. The tetraethyl triphenyl-
4,400-diybis(methylene)diphosphonate was synthe-
sized by adding aqueous K2CO3 (2.0 M, 20 mL) to
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a solution of diethyl-4-bromobenzyl phosphonate
(4.5 mmol) and 1,4-benzenediboronic acid (1.9
mmol) in toluene (60 mL) and ethanol (10 mL).
The mixture was degassed and tetrakis(triphenyl-
phosphine) palladium (3.9 mol%) was added in
one portion under an atmosphere of N2 and then
heated under reflux for 24 h [23]. After the solution
cooled, the solvent was evaporated under vacuum
and the product was extracted with ethyl acetate.
The organic solution was washed with water several
times and dried with anhydrous MgSO4, followed
by recrystallization from ethanol.

Finally, the IDB-series materials were readily
synthesized by Horner–Wadsworth–Emmons reac-
tion according to a known procedure [24]. To a
solution of 4-(iminodibenzyl)-benzoaldehyde (2.1
mmol) and the appropriate phosphonate (1 mmol)
in DMF cooled in an ice bath, sodium tert-butoxide
(1.5 mmol) was added and stirred at 25 �C for 20 h.
The mixture was then poured into water, and the
precipitated product was collected and washed with
methanol. The crude product was purified by chro-
matography to give pure IDB-series material as a
yellow solid. The final products were purified by
temperature gradient sublimation before using in
subsequent studies.

tetraethyl p-(xylylene)diphosphonate. 1H NMR
(300 MHz, CDCl3): d/ppm 1.19 (t, 12H), 3.08 (d,
4H), 3.99-4.03 (m, 8H), 7.23 (s, 4H).

tetraethyl biphenyl-4,4 0-diylbis(methylene)diphos-

phonate. 1H NMR (300 MHz, CDCl3): d/ppm 1.22
(t, 12 H), 3.14 (d, 4H), 4.00–4.04 (m, 8H), 7.35 (d,
4H), 7.51 (d, 4H).

tetraethyl biphenyl-4,400-diylbis(methylene)diphos-

phonate. 1H NMR (300 MHz, CDCl3): d/ppm 1.24
(t, 12H), 3.19 (d, 4H), 4.03–4.08 (m, 8H), 7.23–
7.64 (m, 12H).

IDB-Ph. 1H NMR (300 MHz, CDCl3): d/ppm
3.00 (s, 8H), 6.56 (d, 4H), 6.82–6.97 (m, 4H),
7.21–7.43 (m, 24H). FAB-MS: m/z = 668 (M+).
Anal. for C50H40N2: Calcd: C, 89.78; H, 6.03; N,
4.19. Found: C, 89.14; H, 5.83; N, 3.66.

IDB-biPh. 1H NMR (300 MHz, CDCl3): d/ppm
3.00 (s, 8H), 6.59 (d, 4H), 6.89–7.08 (m, 8H),
7.23–7.60 (m, 24H). FAB-MS: m/z = 744 (M+).
Anal. for C56H44N2: Calcd: C, 90.29; H, 5.95; N,
3.76. Found: C, 89.72; H, 5.82; N, 3.46.

IDB-triPh. 1H NMR (300 MHz, CDCl3): d/ppm
3.00 (s, 8H), 6.56(d, 4H), 6.87–7.06 (m, 8H), 7.20–
7.66 (m, 28H). FAB-MS: m/z = 820 (M+). Anal.
for C62H48N2: Calcd: C, 90.70; H, 5.89; N, 3.41.
Found: C, 89.91; H, 5.83; N, 2.95.
2.2. Characterization of material properties

All IDB-series materials were further purified via
train sublimation and fully characterized with satis-
factory spectroscopic data. UV–Vis and solution
photoluminescence spectra were recorded in toluene
by Hewlett Packard 8453 and Acton Research Spec-
tra Pro-150, respectively. Electrochemical properties
were studied by cyclic voltammetry using CHI
604 A. The energy gap can be calculated from the
edge of UV–Vis absorption peak. Melting points
(Tm), Glass transition temperatures (Tg) of the
respective compounds were measured by differential
scanning calorimetry (DSC) under nitrogen atmo-
sphere using a SEIKO SSC 5200 DSC Computer/
thermal analyzer.

2.3. Geometry optimization

The ground-state structures of IDB-series
materials were optimized by using ab initio density
functional theory (DFT) with the B3LYP (Becke
three-parameter Lee–Yang–Parr) [25,26] exchange
correlation function with 6-31G* basis sets, in
Gaussian 03 program [27].

2.4. Device fabrication

The structures of blue and white devices and
materials applied in this study are shown in Fig. 1.
In the device fabrication, CFx, N,N 0-bis-(1-
naphthyl)-N,N 0-diphenyl,1,1 0-biphenyl-4,4 0-diamine
(NPB), tris(8-quinolinolato)aluminium (Alq3), and
LiF were used as hole injection [28], hole transport,
electron transport and electron injection materials,
respectively. The emitting layer (EML) of blue-
doped devices is composed of blue IDB dopants
doped in the stable blue host material of MADN
with each optimized concentration. In two-element
WOLED device, the sky-blue light emission was
generated by doping 7% highly fluorescent IDB-Ph
into MADN while the yellow emission was derived
from the doping 4% 2,8-di(t-butyl)-5,11-di [4-(t-
butyl)phenyl]-6,12-diphenylnaphthacene (TBRb)
[29] in NPB to obtain a white emission.

After a routine cleaning procedure, the indium-
tin-oxide (ITO)-coated glass was loaded on the
grounded electrode of a parallel-plate plasma reac-
tor, pretreated by oxygen plasma, and then coated
with a polymerized fluorocarbon film. Devices were
fabricated under the base vacuum of about
10�6 torr in a thin-film evaporation coater following



Fig. 1. Structures of MADN, TBRb, blue and white devices.
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a published protocol [30]. In the evaporation of
EML, the fluorescent dopant was co-deposited with
host molecule at its optimal molar ratio. After the
thermal deposition of the organic layers and with-
out a vacuum break, the ultra thin layer of 1 nm
of LiF followed by 200 nm of Al was deposited
through a patterned shadow mask on top of the
organic layers using separately controlled sources
to complete the cathode. All devices were hermeti-
cally sealed prior to testing. The active area of the
EL device, defined by the overlap of the ITO and
the cathode electrodes, was 9 mm2. The current–
voltage–luminance characteristics of the devices
were measured with a diode array rapid scan system
using a Photo Research PR650 spectrophotometer
and a computer-controlled programmable dc
source. The device lifetime measurements were per-
formed in a glove box at a constant drive current
density of 20 mA/cm2.

3. Results and discussion

3.1. Luminescence in solution

The photo-physical, electrochemical and thermal
properties of DSA-Ph and IDB-series materials are
Table 1
The photo-physical, electrochemical and thermal properties of DSA-Ph

Material kabs,max (nm) kem,max (nm) HOMO (eV)

DSA-Ph 410 458 5.4
IDB-Ph 408 449 5.2
IDB-biPh 402 447 5.2
IDB-triPh 398 443 5.1
summarized in Table 1. Fig. 2 compares the absorp-
tion and photoluminescence (PL) spectra of DSA-
Ph and IDB-series materials in toluene. The features
of the lowest absorption band and fluorescence of
IDB-Ph are very similar to those of DSA-Ph, except
they are blue-shifted. The emission wavelength of
IDB-Ph is 449 nm which is blue-shifted around
9 nm with respect to that of DSA-Ph. From the con-
formational structures of DSA-Ph and IDB-Ph
optimized by the density functional theory method
using B3LYP/6-31* level of basis sets shown in
Fig. 3, we found that the orthogonality between
the distyrylarylene core and the phenyl group of
iminodibenzyl substituent is higher than that
between the core and phenyl group of diphenyl-
amine substituent in the ground state. We attributed
that the phenomenon is due to the rigid imino-
dibenzyl substituent which would increase the steric
strain and cause the iminodibenzyl moiety to twist
slightly out of the plane defined by the p–p
conjugation of the distyrylarylene core. For
example, the angle between the stilbene core and
the phenyl group of iminodibenzyl (66�) is higher
than that between the core and phenyl group of
diphenylamine (42�). As a result, the effect of
steric-compression would be the reason for the
, IDB-Ph, IDB-biPh and IDB-triPh

LUMO (eV) Band gap (eV) Tg (�C) Tm (�C)

2.7 2.7 89 172
2.4 2.75 119 325
2.4 2.75 131 335
2.3 2.8 137 344



Fig. 2. Normalized absorption, photoluminescence (PL) spectra of DSA-Ph and IDB-series materials.

Fig. 3. Conformational Structures of DSA-Ph and IDB-series materials [DFT with B3LYP/6-31G(d)].
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hypsochromic-shifted emission wavelength of IDB-
Ph as compared to DSA-Ph.

It was also found that IDB-biPh and IDB-triPh
(with emission kmax 447 nm and 443 nm, respec-
tively) have a slightly blue-shifted emission wave-
length with respect to IDB-Ph, which means the
optical spectra can be slightly shifted to shorter
wavelength with the increasing phenyl moiety in
the molecular core. This hypsochromic-shifted phe-
nomenon can also be rationalized from the confor-
mational structures of IDB-series materials shown
in Fig. 3, in which the added phenyl moiety appears
to enlarge the twist angle between two (styryl)imino-
dibenzyl chromophores and further decrease the p–
p conjugation. As a result, the effective conjugation
length (chromophore) of the molecule is slightly
shortened and causes the emission wavelength to
deeper blue region.

3.2. Luminescence in the solid state

In order to investigate the energy-transfer
between host material (MADN) and dopant (IDB-
series materials), we measured the solid-state emis-
sion spectra of various doping concentration of
IDB materials doped in MADN thin films (excited
with 400 nm, kex,max of MADN). As shown in
Fig. 4a, the IDB-Ph emission can be clearly
observed at 5% doping concentration and the emis-
sion of MADN around 430 nm essentially quenched
confirming that the Förster energy-transfer from
MADN to IDB-Ph is efficient. Moreover, when



Fig. 4. (a) Solid state emission spectra of IDB-Ph/MADN thin films. (b) Normalized solid state emission spectra of IDB-series/MADN
thin films.
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doping concentration is up to 7%, the IDB-Ph emis-
sion intensity would be decreased and the intensity
of long wavelength shoulder tends to grow with
increasing doping concentration and appears to be
even higher than that of the main peak. This
phenomenon is primarily due to the molecular
aggregation propensity of IDB-Ph with the flat
stilbene-based center core, especially at high doping
concentration.

The emission spectra of IDB-biPh/MADN and
IDB-triPh/MADN thin films reveal the same results
as there are also efficient Förster energy-transfer
between IDB-biPh/MADN and IDB-triPh/MADN,
respectively. Fig. 4b depicts the normalized solid-
state emission spectra of IDB-series materials/
MADN thin films. The solid-state emission spectra
were similar to those recorded in toluene solution
shown in Fig. 2. It is observed that the solid-state
emission spectra become broader and the intensity
of long wavelength shoulder become higher when
compared with the solution PL spectra. Interest-
ingly, the intensity of long wavelength shoulder
and the full width at half maximum (FWHM) of
solid-state emission spectra can be decreased with
the increasing phenyl moiety in the molecular core.
(The FWHM of solid-state emission of IDB-series



Table 2
Performance of IDB-series doped blue devices and two-element
WOLED devices at 20 mA/cm2

Blue
dopant

Voltage
(V)

Yied
(cd/A)

Pow. Eff.
(lm/W)

EQE
(%)

CIEx,y

Blue device

IDB-Ph 5.9 9.1 4.9 4.8 (0.16,0.28)
IDB-

biPh
5.9 6.3 3.3 3.7 (0.15,0.24)

IDB-
triPh

6.8 3.7 1.7 2.5 (0.13,0.20)

Two-element WOLEDs

IDB-Ph 6.5 11.0 5.3 4.8 (0.29,0.36)
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materials are 1.32 · 105 cm�1, 1.43 · 105 cm�1,
1.47 · 105 cm�1, respectively.) It was also found
that the optimal doping concentration of IDB-biPh
and IDB-triPh is 7% which is higher than that of
IDB-Ph. Based on these results, we conclude that
the introduction of added phenyl moiety can enlarge
the twist angle in the center core and thus can alle-
viate the propensity for molecular aggregation.
Therefore, the added phenyl moiety in the center
core can be expected to further improve the color
purity of blue-doped devices.

3.3. Electrochemical and thermal properties

The HOMO energy level of each material can be
obtained by cyclic voltammetry and the energy-gap
can be calculated from the edge of UV–Vis absorp-
tion peak. The measured HOMO energy levels of
IDB-series materials are about 5.1–5.2 eV and are
smaller than that of DSA-Ph (5.4 eV). This phe-
nomenon can be rationalized by the strong donor
characteristic of iminodibenzyl group, which has a
small ionization potential (Ip) [31] and oxidation
potential [32] and consequently causes the LUMO
energy level of IDB-series dopants are much
decreased to 2.3–2.4 eV.

We used differential scanning calorimetry (DSC)
to investigate the thermal properties of IDB-series
materials. The thermal characteristics of IDB-series
materials are also summarized in Table 1. The glass
transition temperature (Tg) of IDB-Ph, IDB-biPh
and IDB-triPh are found at 119 �C, 131 �C and
137 �C, respectively, which are all much higher than
that of DSA-Ph (89 �C). This result indicates that
the steric iminodibenzyl substituent and the added
phenyl moiety would not only affect the emission
wavelength but also improve the material thermal
stability. As a result, these IDB-series materials
can form amorphous thin films that are more stable
than that of DSA-Ph, and they are more promising
in terms of their thermal stability for application in
OLEDs.

3.4. Blue device performance

The EL efficiency of the undoped MADN is
1.5 cd/A at 20 mA/cm2 with a CIEx,y color coordi-
nate of (0.15,0.10). When doped with IDB-Ph,
IDB-biPh and IDB-triPh at their optimal doping
concentrations of 5%, 7% and 7%, the EL efficien-
cies are increased to 9.1, 6.3, and 3.7 cd/A with
CIEx,y color coordinate of (0.16,0.28), (0.15,0.24)
and (0.13,0.20), respectively. Their optimal doping
levels are consistent with those of their correspond-
ing solid-state thin film fluorescence yield. The over-
all EL performances of the new blue dopants doped
devices are summarized in Table 2. The device per-
formance indicates that the IDB-series materials are
useful in producing blue OLED devices with high
efficiency. The maximum external quantum effi-
ciency (EQE) of IDB-Ph doped device is close to
the theoretical limit of 4.8% and the half-decay life-
time (t1/2) is 700 h with an initial brightness of
1976 cd/m2 monitored in a dry box. Assuming the
scalable law of Coulombic degradation [29] for driv-
ing at L0 of 100 cd/m2, the half-decay lifetime (t1/2)
of the IDB-Ph doped device is projected to be over
13,000 h.

Fig. 5 shows the normalized EL spectra of these
blue-doped devices. The EL spectra peak and
FWHM of dopants IDB-Ph, IDB-biPh and IDB-
triPh are 461 nm, 460 nm, 456 nm and
1.39 · 105 cm�1, 1.47 · 105 cm�1, 1.67 · 105 cm�1,
respectively, that are in good agreement with their
corresponding solid-state emission spectra. Most
importantly, the intensity of long wavelength shoul-
der is indeed suppressed with the increasing number
of phenyl moiety at the molecular core which fur-
ther improves the CIE y value to deeper blue (from
0.28 to 0.20).

3.5. Two-element white OLED device performance

We also introduced the new sky-blue emitter,
IDB-Ph, into the white OLED structure incorporat-
ing a dual-layered emitting layer (EML) of blue and
yellow to compose the white emission additively.
Within the device structure, NPB doped with TBRb
was used as the yellow emission layer. The perfor-
mances of IDB-Ph doped WOLED are summarized



Fig. 5. Normalized EL spectra of IDB-series doped blue devices at 20 mA/cm2.
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in Table 2. The IDB-Ph doped WOLED can achieve
an EL efficiency of 11.0 cd/A and 5.3 lm/W with a
CIEx,y color coordinate of (0.29,0.36) which are
all better than the reported DSA-Ph doped
WOLED [11]. The inset of Fig. 6 shows the EL
spectra of IDB-Ph deoped WOLED, it covers a wild
range of visible region, clearly indicating the emis-
sions of IDB-Ph and TBRb with a dominant peak
at 464, 488, and 564 nm, respectively. It is evident
that there is no obvious EL color shift with
Fig. 6. Device operational stability of the IDB-Ph doped WOLED. I
various current densities.
increased driving currents from 20 mA/cm2 to
200 mA/cm2. Fig. 6 shows the operational lifetime
of the IDB-Ph doped WOLED under a constant
current density of 20 mA/m2 monitored in a dry
box. The t80 (the time for the luminance to drop
to 80% of initial luminance) and initial luminance
(L0) is 420 h with an initial brightness of 2198 cd/m2

monitored in a dry box. Assuming the scalable
law of Coulombic degradation [29] for driving at
L0 of 100 cd/m2, the half-decay lifetime (t1/2) of
nset: The normalized EL spectra of IDB-Ph doped WOLED at
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the IDB-Ph doped device is projected to be over
42,000 h.

These results indicate that the two-element
WOLED performance can really be significantly
enahnced both in device efficiency and CIEx,y color
coordinates by replacing DSA-Ph to IDB-Ph. The
improved result is due to the new blue emitter,
IDB-Ph, which emits deeper blue light with higher
efficiency and better thermal stability than that of
DSA-Ph. Therefore, when this new blue emitter
was used in a two-element WOLED system, it can
achieve a high EQE of 4.8% and generate a more
balanced white CIEx,y color coordinates.

4. Conclusions

By molecular engineering of the di(styryl)amine-
based structure, we have designed and synthesized
a series of highly efficient blue dopants based on
the iminodibenzyl-substituted distyrylarylene
(IDB-series) compounds. The steric-compression
effect can shorten the effective conjugation length
(chromophore) of the molecule and the added phe-
nyl moiety in the core can alleviate the propensity
for molecular aggregation. These materials also pos-
sess high glass transition temperature over 100 �C.
When doped in the stable blue host material,
MADN, the maximum external quantum efficiency
of IDB-Ph doped device is close to the theoretical
limit of 4.8% with a CIEx,y color coordinate of
(0.16, 0.28). When IDB-Ph was used in a two-ele-
ment WOLED system, the doped device achieved
a luminance efficiency of 11.0 cd/A at 20 mA/cm2

with a CIEx,y color coordinate of (0.29, 0.36). The
white device achieved a half-decay lifetime (t1/2) of
42,000 h at an initial brightness of 100 cd/m2.
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R.L. Johnson c, F. Schreiber b, N. Koch a,*

a Institut für Physik, Humboldt-Universität zu Berlin, Newtonstr. 15, D-12489 Berlin, Germany
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Abstract

The electronic structure at the interfaces of 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) and the metal sur-
faces Au(111), Ag(111) and Cu(111) was investigated using ultraviolet photoelectron spectroscopy (UPS). By combining
these results with recent X-ray standing wave data from PTCDA on the same substrates clear correlation between the elec-
tronic properties and the interface geometry is found. The charge transfer between the molecule and the metal increases
with decreasing average bonding distance along the sequence Au–Ag–Cu. Clear signatures of charge-transfer-induced
occupied molecular states were found for PTCDA on Ag(111) and Cu(111). As reported previously by Zou et al.
[Y. Zou et al., Surf. Sci. 600 (2006) 1240] a new hybrid state was found at the Fermi-level (EF) for PTCDA/Ag(111),
rendering the monolayer metallic. In contrast, the hybrid state for PTCDA/Cu(111) was observed well below EF, indicat-
ing even stronger charge transfer and thus a semiconducting chemisorbed molecular monolayer. The hybridisation of
molecular and Au electronic states could not be evidenced by UPS.
� 2007 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 73.20.�r; 68.43.�h

Keywords: Organic/metal interface; Photoelectron spectroscopy; Energy level alignment; Charge transfer; Bonding distance; Electronic
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1. Introduction

The energy level alignment at organic/metal
interfaces is a key issue for the performance of
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.10.004
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devices in the field of organic electronics [1,2]. Two
rather simple models are often employed to describe
limiting cases of the energy level alignment mecha-
nism: (i) the Schottky–Mott limit, where the ener-
gies of the molecular orbitals (MOs) are strictly
determined by the work function of the metal sub-
strate involving vacuum level alignment, and (ii)
Fermi-level pinning, where the energies of the
.
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MOs are pinned relative to the Fermi-level (EF) of
the metal by charge transfer between the substrate
and adsorbate [3,4]. However, these models do not
incorporate the complex processes determining the
energy level alignment at organic/metal interfaces,
where other mechanisms like the chemical interac-
tion between substrate and adsorbate [5,6], the elec-
tron push-back effect [1,7–9], interface dipoles
[1,10,11], or the adsorption-induced geometry of
the molecules [12–14] play important roles. Hence,
in order to obtain a deeper understanding of energy
level alignment mechanisms at organic/metal inter-
faces it is helpful to study the electronic interface
properties of a structurally well characterized
system.

An interesting model molecule in this context is
3,4,9,10-perylene tetracarboxylic dianhydride
[PTCDA, Fig. 1]. The electronic as well as the geo-
metric structure of PTCDA on different metal sub-
strates has been studied in detail [15–28]. It is
known that PTCDA can react strongly with metals
via electron transfer [15–18], resulting in anionic
molecular species. Despite the manifold possible
interactions at the interface, PTCDA multilayers
exhibit the same hole injection barrier (HIB) on a
variety of polycrystalline metal substrates, covering
a wide range of work functions (ca. 3.7–5.2 eV). For
PTCDA on Mg, In, Sn and Au, [19] as well as for
PTCDA on Au and Co, [20] the molecular levels
have been investigated by ultraviolet photoelectron
spectroscopy (UPS). For PTCDA on Au, Al and
Sn the HIBs have been determined from current–
voltage measurements in model devices [21]. Struc-
tural information for PTCDA adsorbed on single
crystalline substrates Au(111), Ag(111) and
Cu(111) has been obtained by means of low and
high energy electron diffraction, scanning tunneling
microscopy (STM) and X-ray diffraction
[22,23,27,29]. Recent X-ray standing wave (XSW)
studies have shown different adsorption geometries
for PTCDA on Au(11 1) [12], Ag(111) [12–14] and
Oα

Oβ

Oβ

Oβ

Oα

Oβ

Fig. 1. Chemical structure of PTCDA, the indices mark the
anhydride (Oa) and the carboxylic (Ob) oxygen.
Cu(111) [14]. In addition to different average bond-
ing distances of PTCDA on these metal surfaces,
significant deviations from the planar bulk-confor-
mation of the organic molecule were found. To
obtain deeper insight in bonding mechanisms at
organic/metal interfaces it is necessary to compare
these data with the interfacial electronic structure
of PTCDA on these three metal substrates. For
PTCDA/Ag(1 11) it is already known that hybrid-
isation of unoccupied and occupied molecular orbi-
tals with Ag 4d-bands occurs in the monolayer
[15,30], accompanied by electron transfer from the
metal to the molecule. This well characterized sys-
tem may act as a reference for PTCDA/Au(1 11),
where the bonding is expected to be weaker than
on Ag(111) [16,24,31] and for PTCDA/Cu(111)
[27,28], where a stronger chemical interaction is
expected [14,32]. We have performed UPS measure-
ments on PTCDA/metal interfaces with Au(1 11),
Ag(111), and Cu(111) substrates. These data reveal
a correlation between the adsorption geometry and
the interface electronic structure, leading to deeper
insight into this interesting model system. In addi-
tion, the electronic structure of multilayer PTCDA
has been measured on each substrate. Despite the
remarkable differences in adsorption geometry
and interfacial electronic structure for monolay-
ers, the multilayer electronic structure and energy
level alignment are virtually identical for all three
cases.

2. Experimental details

Photoemission experiments were performed at
the FLIPPER II end-station at HASYLAB (Ham-
burg, Germany) [33]. The interconnected sample
preparation chambers (base pressure 2 · 10�9 mbar)
and analysis chamber (base pressure 2 · 10�10

mbar) allowed sample transfer without breaking
the ultrahigh vacuum. The Au(1 11), Ag(1 11) and
Cu(111) single crystals were cleaned by repeated
Ar-ion sputtering and annealing cycles (up to
550 �C). PTCDA was evaporated using resistively
heated pinhole sources, at evaporation rates of
about 1 Å/min. The film mass thickness was moni-
tored with a quartz crystal microbalance. Hence,
the values for PTCDA coverages corresponds to
nominal film thicknesses. However, depending
on the specific growth mode a nominal coverage
of 2–3 Å corresponds to a monolayer on all three
substrates. Spectra were recorded with a double-
pass cylindrical mirror analyzer in off-normal
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emission and an acceptance angle of 24� with an
energy resolution of 200 meV and a photon energy
of 22 eV. The secondary electron cut-offs (SECO)
[for determination of the sample work function
(/) and the ionization energy] were measured with
the sample biased at �3.00 V. All preparation steps
and measurements were performed at room temper-
ature. The error of all given values of binding ener-
gies and SECO positions is estimated to ±0.05 eV.

3. Results

The thickness dependent evolution of the photo-
emission spectra for PTCDA on the three different
(111)-substrates is shown in Fig. 2.

The deposition of up to 2 Å PTCDA on Au(111)
resulted in the attenuation of the Au derived photo-
emission features and the growth of a shoulder cen-
tered at 1.80 eV binding energy (BE) on the low
Fig. 2. Thickness dependent UPS spectra of PTCDA on Au(111), Ag
about 3 Å corresponds to monolayer coverage. The first row displays i
spectra. H marks in each case the HOMO of multilayer PTCDA. The se
the Fermi-energy (EF) on an enlarged scale. H 0 marks the HOMO an
Ag(111), H00 and L00 the same for PTCDA/Cu(111). Dvac denotes th
multilayers of PTCDA.
binding energy side of the Au 5d-bands. In analogy
to earlier studies [31,34], we attribute this feature to
the HOMO (highest occupied molecular orbital) of
PTCDA. No indication for another molecular
adsorption-induced photoemission feature close to
EF was found. Increasing the coverage up to 48 Å
led to a continuous shift of this feature to 2.55 eV
BE. At this multilayer coverage, the spectrum fully
agrees with PTCDA spectra on polycrystalline Au
reported previously [20,34]. For 1 Å PTCDA/
Au(1 11) the sample work function decreased by
0.20 eV compared to pristine Au(1 11)
(/Au = 5.15 eV), and by further 0.25 eV at a cover-
age of up to 48 Å (i.e., �0.45 eV total vacuum level
shift).

For the Ag(111) substrate the deposition of 1 Å
PTCDA resulted in several new photoemission fea-
tures; a peak centered at 0.2 eV BE directly below
the Fermi-edge of the metal (L 0) and another peak
(111) and Cu(111). h denotes the layer thickness. A coverage of
n each case the secondary electron cut-off spectra and the survey
cond row shows the corresponding spectrum in the region close to
d L 0 the LUMO-derived interface states in the case of PTCDA/
e decrease in the vacuum level between the pristine metal and
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centered at 1.55 eV BE (H 0). Increasing the coverage
up to 2 Å led to enhanced intensity of both peaks.
However, for 4 Å PTCDA coverage the intensity
of the two peaks L 0 and H 0 decreased and a new
peak centered at 2.20 eV BE emerged. Increasing
the coverage up to the final value of 48 Å led to a
shift of this peak to 2.45 eV BE, while the two low
BE peaks vanished. / of pristine Ag(111) was
4.90 eV. For sub-monolayer coverage / decreased
by only 0.10 eV and stayed constant for higher
coverages.

The deposition of up to 2 Å PTCDA on Cu(111)
also resulted in two new photoemission features in
the region near to EF, i.e., a broad peak centered
at 0.80 eV BE (L00) and another peak centered at
1.70 eV BE (H00). At higher coverages the intensities
of these peaks decreased and at 48 Å PTCDA cov-
erage these peaks and the metal Fermi-edge were
no longer visible. However, similar to the case of
PTCDA/Ag(111) a new peak centered at 2.55 eV
BE emerged at multilayer coverage. / of clean
Cu(111) was 4.90 eV. The work function was
decreased by 0.15 eV for a coverage of 1 Å PTCDA
and stayed essentially constant for further PTCDA
deposition.

The work function at monolayer coverage was
4.75 eV on all three substrates, regardless of the
shape of the photoemission spectrum. The HOMO
positions of all multilayer samples were virtually
identical, with the peaks centered at 2.55 eV for
PTCDA/Au(111) and PTCDA/Cu(1 11), and at
2.45 eV BE for PTCDA/Ag(111). Consequently,
the PTCDA ionization energies (measured from
the HOMO-onset to the vacuum-level) were identi-
cal on all three substrates within the error bar of
±0.05 eV, namely 6.80 eV on Au(1 11), 6.85 eV on
Ag(111) and 6.75 eV on Cu(111).

4. Discussion

In the following we will discuss our photoemis-
sion results in the light of previous knowledge about
the properties of PTCDA/metal interfaces. We will
make particular relation to recently reported bond-
ing distance values, which will finally allow to arrive
at a comprehensive picture of PTCDA/metal inter-
face energetics.

It has been suggested that the interaction
between a conjugated organic molecule and a
Au(111) surface should be rather weak [16,24].
Consequently, no clear signature of molecule-metal
reaction-induced peaks within the energy gap region
of PTCDA was observed in the spectra of PTCDA/
Au(1 11), even at sub-monolayer coverage (Fig. 2).
The shift of the HOMO between monolayer and
multilayer of 0.75 eV towards higher binding ener-
gies seems unusually large for weakly interacting
conjugated organic molecules on metals. Usually,
the screening of the photo-hole by the metal charge
density results in shifts up to 0.40 eV between
mono- and multilayer coverage of molecules on
metals [35,36]. The position of the HOMO in the
monolayer (1.80 eV BE) is in good agreement with
scanning tunneling spectroscopy (STS) data, where
a HOMO position of 1.90 eV BE was measured
[24]. In contrast, another STS study found the
HOMO centered at 2.18 eV BE for monolayer
PTCDA/Au(1 11) and at 2.32 eV BE for 2–3 layers
PTCDA/Au(1 11) [31]. As an explanation for this
discrepancy, different tip–surface interactions and/
or tunneling distances were suggested [24]. A mono-
layer of PTCDA on Au(111) forms well ordered
domains with two distinct structures, but only mod-
ification is observed in the second and subsequent
layers [37,38]. A recent STS study of the unoccupied
states of PTCDA/Au(1 11) reported differences in
the position of the lowest unoccupied molecular
orbital (LUMO) of up to 0.35 eV depending on
the adsorption domain of PTCDA [39]. The authors
suggested hydrogen-bond-mediated intermolecular
interaction to be responsible for the different peak
positions. By analogy, differences of the same order
of magnitude should be possible for occupied states.
The area-averaged UPS spectra reveal both peaks,
but the peak at higher BE may be masked by the
dominant Au 5d emission. However, the differences
in the electronic structure of the two monolayer
adsorption domains, coupled with the polarization
effect of the photo-hole can explain the 0.75 eV shift
of the PTCDA HOMO between mono- and multi-
layer. UPS data of multilayer PTCDA on polycrys-
talline Au report the HOMO peak centered at
2.60 eV BE [34] or 2.35 eV BE [20], respectively.
Considering the structural differences between
Au(1 11) and polycrystalline Au, our value is in
good agreement with the literature.

The absence of clear molecule-derived photo-
emission features in the energy gap region may thus
be interpreted as indicative of physisorption of
PTCDA on Au(1 11). However, the small decrease
of / by only 0.45 eV induced by a monolayer of
PTCDA on Au(111) compared to the pristine sub-
strate may indicate a stronger interaction than only
physisorption. The electron push-back effect fre-
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quently leads to a larger decrease of / (in the range
of 1 eV) for molecules physisorbed on Au surfaces
[1,8]. Molecules chemisorbed on a metal via electron
transfer (from the metal to the molecule) induce an
additional contribution to the total interface dipole,
which can partially or totally cancel the push back
effect [6,40]. If the charge transfer for PTCDA/
Au(1 11) were very small, the experimental observa-
tion would merely be limited by the fact that the
newly induced density of states is simply too low
to be detected [41]. Moreover, detailed theoretical
work for PTCDA/Au(1 11) suggested significant
molecular level broadening and interface electron
density rearrangement induced by the metal prox-
imity [42], which could be regarded as another
way of describing a ‘‘soft’’ chemisorption process.

PTCDA on Ag(111) exhibits a strong chemical
interaction, accompanied by electron transfer from
Ag to PTCDA [15,16]. Following earlier reports,
the (sub-)monolayer peaks in the energy gap of
PTCDA are assigned to hybrid states of the Ag
4 d-bands and the LUMO (now partially filled L 0),
HOMO (now the H 0), and the HOMO-1 states of
neutral PTCDA [15,30]. At elevated temperatures
PTCDA/Ag(111) grows in the Stranski–Krastanov
mode, but at room temperature the growth becomes
more layer-by-layer like [43,44]. Consequently, these
interface states are no longer visible in the UPS sig-
nal for higher PTCDA coverages. The LUMO-
derived interface peak (L 0) is located directly at
the Fermi-level, thus a monolayer PTCDA on
Ag(1 11) is metallic [15]. The peak emerging at
2.20 eV BE at a coverage of 4 Å was assigned to
the HOMO of neutral molecules [15]. The shift of
the HOMO peak to 2.45 eV BE for 48 Å PTCDA
coverage can be attributed to different polarization
energies of PTCDA for the monolayer and multilay-
ers [31]. The decrease in / between the pristine
metal and monolayer PTCDA is much smaller than
for PTCDA/Au(1 11), also indicative of a stronger
chemical interaction between the substrate and the
adsorbate.

The observation of interface states for a mono-
layer of PTCDA on Cu(111) shows that strong
chemical interaction occurs at this interface. As
the behavior of the SECO is similar to PTCDA/
Ag(1 11), we conclude that significant electron
transfer from the metal to the molecule takes place
as well. Thus, peak L00 is assigned to the (partially)
filled LUMO and H00 from the HOMO of the neu-
tral PTCDA molecule. However, these interface
states of PTCDA on Cu(111) are centered at signif-
icantly higher binding energies than for PTCDA/
Ag(1 11). The energetic differences indicate that
the hybridization of the molecular levels and the
Cu 3d-bands is different from the case of PTCDA/
Ag(1 11). Because the peaks are shifted to higher
binding energies, stronger bonding of PTCDA to
Cu(1 11) is likely. For monolayer PTCDA on
Cu(1 11) the LUMO-derived interface state (L00) is
located clearly below the Fermi-level, i.e., a mono-
layer of PTCDA on Cu(111) is expected to be semi-
conducting, in contrast to the metallic molecular
layer on Ag(111). Since PTCDA on Cu(111) grows
in the Stranski-Krastanov mode [27], the interface
state photoemission is not completely attenuated
by overlayer material in the UPS spectra at multi-
layer coverages. The position of the HOMO of the
multilayer is consistent with UPS data for PTCDA
on polycrystalline Cu, where a HOMO position of
2.47 eV BE has been reported [20].

The electronic structure of PTCDA on the differ-
ent substrates exhibits remarkable differences, rang-
ing from ‘‘soft’’ chemisorption (on Au) to strong
hybridization of metal bands and molecular orbi-
tals, yielding metallic (on Ag) or semiconducting
monolayers (on Cu). It is now interesting to see
how these differences in the electronic structure are
reflected in the adsorption geometry and bonding
distance of PTCDA on the metal substrates (or, of
course, vice versa). In Fig. 3 the binding models of
PTCDA on Au(1 11), Ag(111) and Cu(111), are
summarized schematically. The PTCDA energy lev-
els in the interface region are compared to those in
PTCDA multilayers (Fig. 3a) and the binding posi-
tions dH of the carbon and oxygen atoms of
PTCDA adsorbed on the three noble metals
(Fig. 3b), using the results from X-ray standing
wave studies [12–14].

The comparably weak PTCDA/Au(1 11) interac-
tion is reflected in both the electronic structure and
the adsorption geometry. In the UPS spectra no
LUMO-derived features appeared at the PTCDA/
Au(1 11) interface. The XSW results report an aver-
age carbon bonding distance of PTCDA on
Au(1 11) (dH = 3.27 Å) [12] close to the molecular
stacking distance measured in PTCDA single crys-
tals (d(102) = 3.22 Å) [45], which also suggests a
rather weak interaction. For PTCDA on Ag(111)
a clear LUMO-derived peak (L 0) appeared in the
interface region directly at the Fermi-edge, which
leads to the metallic character of adsorbed PTCDA.
The interface electronic structure of PTCDA on
Ag(1 11) has already been discussed in detail
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three different substrates as measured in [12–14]. The position of the oxygen atoms in PTCDA/Au(111) was not measured with XSW,
however a merely planar adsorption geometry of PTCDA on Au(111) might be assumed [22,23].
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[15,30] and is presented here for completeness. The
adsorption geometry with an average carbon bond-
ing distance of dH = 2.86 Å [13,14] directly supports
the strong chemical interaction of PTCDA with
Ag(111). In addition, PTCDA on Ag(111) shows
a nonplanar adsorption geometry with the carbox-
ylic oxygens (Ob) bent towards and the anhydride
oxygens (Oa) bent away from the metal surface with
respect to the carbon plane. On the Cu(111) sub-
strate the higher binding energy of the LUMO-
derived peak (L00) compared to PTCDA/Ag(111)
nicely correlates with the even smaller bonding dis-
tance of PTCDA carbons (dH = 2.66 Å) [14]. In
addition, the PTCDA bending on Cu is also differ-
ent than on Ag, as all of the oxygen atoms are bent
away from the surface with respect to the PTCDA
carbon plane.

Making an overall comparison of UPS and XSW
results, a direct correlation between the adsorption
geometry and strength of chemical bonding can be
found. With increasing metal reactivity the chemical
interaction, as revealed by the interfacial electronic
structure, increases and the carbon bonding dis-
tance decreases accordingly. The distortion of the
PTCDA molecules in the case of the strongly inter-
acting systems PTCDA/Ag(1 11) and PTCDA/
Cu(111) is not yet fully understood [14]. However,
it can be speculated that the different molecular con-
formations (i.e., bending of the carboxylic oxygens)
are directly related to the amount of charge trans-
ferred to the molecule, evidenced by the metallic-
type monolayer PTCDA on Ag(111) and the semi-
conducting-type on Cu(111). This open question
may be the topic of further ab initio calculations.

In the following, we consider the properties of
the PTCDA multilayers on the three different sub-
strates. The PTCDA ionization energies were found
to be essentially the same on all three substrates.
Despite the obvious differences in the (sub-)mono-
layer spectra, the hole injection barriers of multi-
layer PTCDA on all three substrates are virtually
identical. Considering the work functions of
PTCDA monolayers on the three substrates this
finding is no longer surprising, since / for all three
monolayer PTCDA/metal systems is the same. Par-
ticularly for PTCDA on Ag(111) and Cu(11 1) the
chemisorbed monolayer must be regarded as a mod-
ified metal substrate for the multilayer growth. The
molecular levels of PTCDA in the multilayer are
thus aligned relative to the modified substrate / as
in other organic heterostructures [6,46]. Therefore
the observation of the nearly equal HIBs on all
three substrates irrespective of the initial clean metal
substrate work function cannot be interpreted in
terms of ‘‘classical’’ Fermi-level pinning in the
framework of organic/metal interfaces, where
besides a small charge transfer between the metal
and the adsorbate no chemical interaction occurs
and a small density of interface states is able to
pin the molecular orbitals [3,4]. Reactive PTCDA
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is possibly a special case, which is not compatible
with the existing energy level alignment models.
The three-layer model (metal–chemisorbed mono-
layer–multilayer) can explain our findings, but the
reason for the constant work functions of the
PTCDA/metal systems remains open. An alterna-
tive approach may be provided by the calculations
of charge neutrality levels (CNL) [42,47]. In the case
of PTCDA on Au(111), a CNL level is found
(2.45 ± 0.10) eV above the center of the PTCDA
HOMO level, the CNL again is located 0.02 eV
above EF [42]. This result is in good agreement with
our measured HOMO positions. Vázquez et al.
[42,47] stated that changes in the bonding distance
of PTCDA and distortions in the range of the exper-
imentally measured values on the different sub-
strates have no significant influence on the
position of the CNL. Therefore, also for PTCDA/
Ag(1 11) and PTCDA/Cu(1 11) the CNL theory
should be applicable. It should be interesting to
see in future work, whether this theory, which was
designed for chemically weakly interacting systems,
can successfully describe the physics at these
interfaces.
5. Conclusion

We have demonstrated chemisorption with differ-
ent interaction strength of PTCDA on the substrates
Au(1 11), Ag(11 1) and Cu(11 1) using photoemis-
sion. Our results confirm the results from recent
XSW studies and reveals the correlation between
the strength of the chemical interaction and the aver-
age bonding distance. Taking PTCDA on Ag(111)
as a reference we find that PTCDA binds more
strongly to Cu(111) and less strongly to Au(1 11).
For PTCDA on Au(111) no additional states are
observed in the energy gap and the bonding distance
is large. For PTCDA on Cu(111) the LUMO-
derived interface state is more tightly bound than
on Ag(111), the bonding distance is smaller, and
the PTCDA molecule is distorted. Multiple layers
of PTCDA on all three substrates have the same hole
injection barrier since the work function of PTCDA
monolayers is identical in all three cases.
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Abstract

Resistive switching in aluminum-polymer-based diodes has been investigated using small signal impedance measure-
ments. It is shown that switching is a two-step process. In the first step, the device remains highly resistive but the low
frequency capacitance increases by orders of magnitude. In the second step, resistive switching takes place. A tentative
model is presented that can account for the observed behavior. The impedance analysis shows that the device does not
behave homogenously over the entire electrode area and only a fraction of the device area gives rise to switching.
� 2007 Elsevier B.V. All rights reserved.

PACS: 73.40.Sx; 84.37.+q; 73.61.Ph; 85.65.+h

Keywords: Organic memory; Switching; Impedance spectroscopy; Oxide; Traps
1. Introduction

Electrically switchable solid state memories have
been demonstrated in diodes using a variety of
organic materials. The key feature of these memo-
ries is the ability to switch their resistance between
two or more stable states simply by applying voltage
pulses. Many devices exhibit sufficiently fast switch-
ing capability, low switching threshold voltages giv-
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.10.002
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ing ON/OFF current ratios up to 106 and long
retention times, thus opening interesting perspec-
tives for applications in the domain of resistance
random access memories (RRAMs).

Several memory architectures have been
reported. Bistable organic diodes made of a single
organic layer between two metal electrodes [1–17],
nanoparticles embedded into an organic matrix
[18–21], organic layers with granular metals [22–
25] and transistor type memories [26,27].

We also reported bistable resistance characteris-
tics in metal/polymer/metal diodes [28]. We showed
.
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Fig. 1. Schematic diagram showing: (a) the physical structure of
the memory device (top electrode is Ba, Al) and (b) the energy
levels of the structure.
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that the current is transported through filaments
and that the formation of a thin aluminum oxide
layer was crucial for the fabrication of reliable
switching devices. Multi-level stages can be obtained
depending on the number of filaments. Recently,
our findings were corroborated by Karthäuser and
co-workers [29] who elegantly showed that switch-
ing characteristics can be obtained simply by depos-
iting an aluminum film directly onto the substrate
and without the need for an organic layer. Previ-
ously, Oyamada et al. [12] had also concluded that
the aluminum electrode is responsible for electrical
switching. As long ago as 1990, Sato et al. [30] pro-
posed that the contact between the aluminum and
the semiconductor plays an essential role. This
inference was supported by the experimental fact
that no observable switching effect could be found
when other electrode metals such as nickel or gold
were employed instead of aluminum. Similar results
were reported by Beck et al. [31].

In practice, since the memory effect seems inti-
mately related to the presence of oxide, the switch-
ing in binary oxides and perovskite-type oxides is
clearly relevant. In these materials switching is
attributed to deep trapping processes. For instance,
trapped charges in nanometer-thin insulating layers
of Al2O3 were reported to exhibit a remarkable
resistance to annihilation by opposite polarity carri-
ers passing through the oxide [32]. Retention times
are estimated to be as long as 10 years [33].

Much knowledge about carrier trapping in inter-
facial oxide layers in a variety of devices has been
provided by small signal impedance spectroscopy.
It is thus surprising that detailed studies of the
impedance characteristics in switching devices have
not been conducted. The scarce reports [30,34,35]
do, however, show a behavior common to all mem-
ory device architectures: the switching is always
accompanied by an increase in the device capaci-
tance at low frequencies and explained as a trapping
process. Simon et al. [36] have been shown that the
trapped charge gives rise to inductive effects.
Another study interpreted the impedance data in
terms of different density of highly conducting mol-
ecules [37]. Here, we report a systematic and
detailed analysis of the impedance changes occur-
ring in the devices as they are formed and subse-
quently programmed into high conductance states.
We show that prior to resistive switching, the device
undergoes a dramatic increase in the capacitance. In
spite of this change, the device still behaves as an
insulator and no appreciable dc currents can be
measured. Switching to higher conducting levels
can then be triggered by a subsequent voltage pulse.

The frequency dependence of the admittance
reveals that the observed changes are located at
the aluminum/polymer interface. The initial capaci-
tance change is caused by a trap filling mechanism
occurring at the aluminium/polymer interface.
These traps were likely created in a previous pro-
cess, the so-called ‘‘forming’’, a term first used by
Simmons and Verderber [38] in 1967. Since then,
the term ‘‘forming’’ has been used by a number of
authors to describe a permanent change in the
oxide, induced by a once-only voltage or current
pulse in oxide-based memories [39–42]. Memory
switching can only be initiated after this forming
stage. The results described in this contribution
were on devices that had already been formed.

2. Experimental

The structure of the electrically-bistable device
studied here and the schematic flat-band diagram
are presented in Fig. 1. The polymer used as the
active layer was poly(spirofluorene) (PFO) for
which the electron affinity, v = 2.2 eV, ionization
potential, Ip = 5.1 eV and energy gap, Eg = 2.9 eV
[16]. The aluminium (Al) and barium (Ba) elec-
trodes have workfunctions /Al = 4.3 eV and
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/Ba = 2.7 eV, respectively. The methods used for
fabrication of these electron-only diodes were
described in Ref. [28]. The polymer thickness was
80 nm and both metal electrodes were 30 nm thick.
The top electrode is 5 nm Ba with 100 nm Al. Effec-
tive device areas were either 0.01 or 0.09 cm2. The
aluminum electrode was treated with UV/O3 plasma
treatment before polymer deposition. The current–
voltage (I–V) curves were obtained using a Keithley
487 picoammeter/voltage source and capacitance–
frequency and capacitance–voltage (C–V) curves
were obtained using a Fluke PM 6306 RLC meter.
In all the measurements, voltages are referenced
such that the Ba/Al electrode is held at local
ground, while the bias is applied to the Al electrode.

3. Results and discussion

3.1. Current–voltage characteristics

Fig. 2 shows typical current–voltage (I–V) char-
acteristics obtained for two programmed states.
The lower I–V curve corresponds to the ‘‘OFF
state’’ and the higher curve to what we designate
the ‘‘fully-ON state’’. In between, multilevel stages
can be observed, see Ref. [28]. The different conduc-
tive states can be programmed by application of a
voltage pulse, for example 3–5 V for 5 s. The process
is totally electrically reversible, as described previ-
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Fig. 2. Typical current density vs. voltage characteristics of an
Al/ polysprirofluorene/BaAl device. The lower curve corresponds
to the OFF state and the upper curve to a high ON state. The
switch between the states is done by an external voltage pulse.
ously [28]. In the OFF state, the I–V curves can
sometimes exhibit rectification properties as in
Fig. 2. Current–voltage characteristics correspond-
ing to the OFF state frequently show a shoulder
at low positive bias at about the built-in voltage
(see Fig. 2). This plateau/shoulder has often been
observed in polymeric light emitting diodes
(PLEDs) and will be discussed later when treating
the capacitance–voltage (C–V) characteristics.

3.2. Small signal impedance characteristics

The OFF state and the ON-state observed in the
I–V characteristics are associated with correspond-
ing changes in the impedance characteristics. How-
ever, the changes do not occur simultaneously,
capacitance changes precede changes in the cur-
rent–voltage characteristics.

The changes occurring in the frequency-depen-
dence of the admittance of devices in the OFF and
ON states is shown in Fig. 3a. When the devices
are OFF they behave as simple parallel plate capac-
itors with capacitance (C) and dielectric loss (G/x)
almost independent of frequency (f), where G is
the conductance and x = 2pf, is the angular fre-
quency. As no free carriers are able to follow the
modulation of the external voltage at high frequen-
cies, the material system behaves like a passive
dielectric medium.

If the devices are submitted to voltage ramps
(0.1 V/s) within a small range (e.g. ±5 V) a dramatic
increase in capacitance at low frequencies may be
induced. The rise in capacitance is accompanied
by the appearance of a relaxation process with a
cut-off frequency near 200 kHz, see Fig. 3a.

In this work, we chose to induce the capacitance
change by cycling a triangular voltage ramp from
0 V to 5 V to 0 V with a scan speed of 0.1 V/s until
the change was observed. We found this procedure
more reliable than applying a voltage pulse, which
can also induce the state. However, a voltage pulse
frequently also induces resistive changes. The sev-
eral device stages can also be observed when the
device is switching from full ON to OFF states.
However, we have not found a procedure to address
the different states in a controllable way.

The OFF state also shows evidence of a weak
relaxation frequency occurring near 1 MHz as
shown in Fig. 3a. The high frequency dispersion
here is likely to be caused by a small contact resis-
tance. Once the device is triggered to the high capac-
itive state the associated relaxation, which occurs at
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capacitance state. (b) The corresponding current voltage
characteristics.
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Fig. 4. Experimentally measured admittance (points) and theo-
retical fits (continuous lines) for two multi-level ON states using
the equivalent circuit in the inset. The fitting parameters are
shown in Table 1. The changes are purely resistive and only
located in the high capacitive layer of the sample; only ROX

changes.
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200 kHz, completely swamps the relaxation due to
contact effects.

Crucially, the increase in device capacitance does
not cause major changes in the current–voltage
characteristics as shown in Fig. 3b. While there is
some evidence for partial switching above about
±0.5 V, the device is still considered to be in a
low-conductance OFF state even though the cur-
rents are higher than in Fig. 2. This is further con-
firmed by the low-frequency (<1 kHz) behaviour
of the loss curves for both the OFF and high capac-
itance states. At low frequencies, the DC resistance,
RDC of the device contributes a component,
1/2pRDC, to the overall loss. As seen in Fig. 3a,
despite a major change in capacitance (from �20
to �120 nF/cm2) the loss curves simply merge
together as the frequency decreases with only a
slight increase to �3.6 nF/cm2 observed at
�300 Hz. Attributing this to the DC leakage
through the device we estimate RDC to be
�14.6 MX. The capacitance increase is thus a pro-
cess that occurs prior to the onset of significant
switching. Later, we will show that when the sam-
ples are programmed to high conductance states
this is always accompanied by an increase in the
low frequency loss (G/x).

Once the device is in the high capacitance state, it
can switch to higher conductive states (multi-level
states) by applying a voltage pulse (typically 5–
11 V for 5 s). Changes are now observed both in
the current–voltage characteristics and in the ac
conductance while the low-frequency capacitance
remains constant. This behavior is seen in Fig. 4
where the capacitance (C) and loss (G/x) for two
ON states are presented. The higher conductive
state yields a higher loss at low frequencies which
rises as 1/f as expected for a dc resistance. The
changes in the device are now purely resistive.
The dispersion centered on 200 kHz is typical of
the Maxwell–Wagner relaxation process [43]
observed in two-layer dielectric structures and can
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be modeled, therefore, by the double RC circuit in
the inset of Fig. 4. This circuit exhibits dispersion
in capacitance centered around a relaxation fre-
quency, fR, given by

fR ¼
1=RPOLY þ 1=ROX

2pðCPOLY þ COXÞ
; ð1Þ

which for ROX� RPOLY reduces to

fR ¼
1

2pRPOLYðCPOLY þ COXÞ
: ð2Þ

In this case it is seen that fR is sensitive to RPOLY

and will move to higher frequencies as RPOLY

decreases.
Without discussing, for the moment, the physical

origin of the components in the circuit, we use this
conceptual model to fit the experimental data in
Fig. 4. The fitting parameters are shown in Table
1, from which it can readily be seen that the changes
are purely resistive and only located in the high
capacitive layer of the sample; only a decrease in
ROX from 500 MX/cm2 to 70 MX/cm2 is required
to provide a good fit to the data. As can be seen,
the relaxation frequency of the main dispersion
(controlled essentially by RPOLY) is unaffected.

The electrical characteristics described up to now
are typical for devices in the ON state with current
densities in the order of 10 mA/cm2. However,
devices programmed to higher conductances, with
current densities in the order of 0.1–1.0 A/cm2 exhi-
bit a different low frequency impedance response as
shown in Fig. 5. The capacitance now increases rap-
idly with decreasing frequency. However, this
increase is accompanied by a reduction in the capac-
itance in the previously constant capacitance region
below the relaxation frequency. These effects are not
yet clearly understood; we assume that they are
Table 1
Parameter values used to fit the experimental capacitance (C) and
loss (G/x) curves shown in Fig. 4

Circuit elements COX

(nF/cm2)
ROX

(MX/cm2)
CPOLY

(nF/cm2)
RPOLY

(kX/cm2)

State ON (a) 110 500 18 56
State ON (b) 110 70 18 56
State OFF �18 >2000 18 �1000

Also given for comparison are the capacitance and resistance
corresponding to the OFF state as shown in Fig. 3a. In the OFF
state in Fig. 3a, however, since fR� 100 Hz, then RPOLY must be
�1000 kX and that C is dominated by CPOLY which is much less
than COX.
related to the high currents passing through the
device.

In summary, there are two major steps in the
switching behavior as observed in the device admit-
tance characteristics:

(a) Capacitive switching:

Capacitance switching is the first step. It has a
signature in the capacitance but goes unno-
ticed in the I–V characteristics. The frequency
response of the admittance shows that the
device undergoes a change from a pure, capac-
itor-like behavior to a double-layer structure
behavior following a significant reduction in
the polymer resistance.

(b) Resistive switching:
Once the capacitive state is induced, the device
can be programmed to a number of multi-level
ON-states using voltage pulses of increasing
magnitude. The changes in admittance are
now purely resistive. Simulations using the
equivalent circuit approach confirm that the
resistive changes occur only in the high capac-
itance layer of the device.
3.3. Capacitance–voltage characteristics

Switched devices also exhibit three different types
of C–V plots corresponding to the three different
states of the sample, i.e. the OFF state, the capacitive
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state and multi level ON-states. In the OFF state,
the device capacitance exhibited a voltage-indepen-
dent capacitance (not shown) confirming that, in
this state, the device behaves as a pure capacitor.
In the multi-level ON-states, the capacitance has a
maximum at zero bias which decreases for both
positive and negative applied bias. Such behavior
is seen in Fig. 6. The AC conductance–voltage plot
in the inset shows that the device exhibits a high
conductance which depends symmetrically on
applied voltage. The decrease in capacitance with
increasing bias in the ON state is likely to be caused
by the collapse of the oxide resistance shunting the
capacitance as the bias increases.

Often when the device has suffered a capacitive
switching but is still in the OFF state, the C–V plot
can also show anomalous behavior, see Fig. 7. Here,
the capacitance decreases at �1 V but then increases
sharply for increasing positive voltage above 2 V.
When this bias dependence is observed the corre-
sponding I–V characteristics exhibit a shoulder or
a knee as observed in Fig. 2. The dip in the C–V plot
and the shoulder in the I–V curve both occur at a
similar voltage (between 1 and 2 V) suggesting that
they are correlated. Such behavior is only observed
when the device rectifies as the conductance curve in
the inset of Fig. 7 (recorded simultaneously with the
C–V plot) clearly shows.

Inductive dips in C–V plots have often been
reported in the literature of inorganic based devices
-1 -0.5 0 0.5 1 1.5 2 2.5 3

50

60

70

80

90

100

110

Applied voltage (V)

C
ap

ac
ita

nc
e 

pe
r 

ar
ea

 (
nF

/c
m

2 )

-2 -1 0 1 2
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Applied voltage (V)

C
on

du
ct

an
ce

 (
μS

/c
m

2 )

Fig. 6. Capacitance–voltage curve recorded when the sample is in
the ON state. The conductance vs. voltage plot is represented in
the inset showing that the device has a high and symmetrical
conductance–voltage characteristic. The measurements were
recorded at a frequency of 100 Hz.
and recently for polymeric light emitting diodes,
where even negative capacitances have been
reported [44–48]. In PLEDs, the observation of neg-
ative differential capacitance has been attributed to
space-charge limited transport [49,50], but in a sim-
ilar way, it can also be explained by inductive effects
due to minority carriers. The underlying physics has
been well described by Misawa for pn junctions [51]
and by Green and Shewchun for Schottky barriers
[52] and MIS tunneling diodes [53]. When the cur-
rent is minority-carrier dominated and the fre-
quency is high, the current cannot follow the
voltage instantaneously; the current starts lagging
behind the voltage and a shift of the phase of the
current relative to the voltage occurs. If the phase
shift is large, this effect can even imitate negative
capacitance. It must be noted that this is not a true
capacitance in the sense that the device can store
charge, but is rather an as-measured capacitance
caused by a phase shift of the ac current. The impor-
tant aspect of this behavior is that it is expected to
occur when a thin insulating interfacial layer or a
dipole layer exists between the electrode and the
semiconductor.

Since there are no depletion layers in the device,
the increase of capacitance after the dip deserves
some comment. In forward bias, above the dip in
the C–V plot, both the majority and minority carri-
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ers contribute to the total device current. But the
minority carriers are still a significant fraction of
the total current. This minority carrier density will
give rise to a diffusion capacitance. This contribu-
tion to the device capacitance increases with the
applied bias in a similar way to the diffusion capac-
itance increase in a pn junction after the collapse of
the depletion layer [54,55].

3.4. Phenomenological model

3.4.1. Capacitive switching
In this section, we propose a tentative model to

explain the admittance data. Supported by the
results discussed earlier, we assume that there is a
thin oxide layer at the aluminum electrode. In the
OFF state, the resistances of both the oxide and
the polymer are high so that the AC equivalent cir-
cuit of the device reduces to two ideal capacitors in
series and may be represented by the band diagram
in Fig. 8a. As expected, the device capacitance dis-
plays a nearly flat frequency response. The weak dis-
persion appearing near 1 MHz in Fig. 3a we
attribute to a resistance arising from the contacts
and interconnecting tracks and cables in series with
the geometric capacitance.

Under bias stress, either from the direct applica-
tion of a pre-set voltage or from voltage cycling, the
oxide layer undergoes an irreversible migration of
Fig. 8. Energy-band diagram (not to scale) and the respective equival
higher conductive state. (a) Equilibrium band diagram, the AC equivale
positive bias is applied electrons injected from the Ba electrode drift thr
RPOLY becomes sufficiently low to shunt CPOLY giving rise to the large i
the frequency dispersion. (c) Higher voltages lead to increased electrical
the current limiting layer controlling the low-frequency loss in Figs. 3a
atomic species, a process known in the literature as
‘‘forming’’. We suggest that this forming process cre-
ates hole traps in the oxide or at the polymer/oxide
interface. As long as the traps are unfilled, the barrier
for conduction through the oxide is high and the
device remains in the low conductance OFF state.

When positive bias is applied to this electron only
device, electrons injected from the Ba electrode drift
through the polymer and accumulate at the poly-
mer/oxide interface (Fig. 8b). Several consequences
now follow: (i) the field across the oxide increases,
thus encouraging hole (minority carrier) injection
from the aluminum electrode into the oxide where
most become trapped while the remainder are
injected into the polymer, (ii) the presence of extrin-
sic charge carriers, both electrons and holes, in the
polymer reduces its resistance and (iii) hole trapping
in the oxide encourages further accumulation of
electrons at the interface, creating a dipole layer of
increasing polarization.

As the concentration of extrinsic carriers in the
polymer increases, RPOLY becomes sufficiently low
to shunt CPOLY giving rise to the large increase in
low-frequency capacitance (capacitance switching)
and the frequency dispersion seen in Fig. 3a.

3.4.2. Non-uniform switching

Assuming that the changes described above
occur uniformly over the diode area and that
ent circuit model as the device switches from an OFF state to a
nt circuit of the device reduces to two ideal capacitors. (b) When

ough the polymer and accumulate at the polymer/oxide interface.
ncrease in low-frequency capacitance (capacitance switching) and
stress across the oxide reducing the oxide resistance ROX, which is
and 5 following capacitive switching.



Fig. 9. Equivalent circuit for a film composed of two areas of
different polymer conductivity. In this case, only that fraction of
the device area with a low polymer resistance (Region 1) gives rise
to the Maxwell–Wagner dispersion seen in Figs. 3a and 5, the rest
of the device area, (�83%) remaining in the high resistance state
(Region 2).
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RPOLY� ROX, then the low frequency capacitance
should increase to >600 nF/cm2, consistent with
an oxide layer <10 nm thick. However, the mea-
sured low-frequency capacitance at �110 nF/cm2

is much lower.
From the I–V plots in Fig. 3b we note that capac-

itance switching is accompanied by a small but sig-
nificant increase in DC current through the device,
suggesting that ROX decreases as well as RPOLY.
Such a decrease may be anticipated as the trapped
hole and accumulated electron concentrations both
increase. Fields in the oxide become highly non-lin-
ear, modifying the band diagram as shown in
Fig. 8c so that interface conditions are conducive
for electron tunneling from the polymer into the
oxide, thus reducing ROX. Therefore, we must now
consider the full expression for the low-frequency
capacitance of the device, i.e.

C ¼ CPOLY þ b2COX

ð1þ b2Þ
ð3Þ

where b = ROX/RPOLY. Thus, if CPOLY = 18 nF/
cm2 and COX = 600 nF/cm2, to yield a measured
low-frequency capacitance of 110 nF/cm2 then
b = 0.43. Inserting this value into Eq. (1) requires
that ROX = 890 X and RPOLY = 2 kX to give a
relaxation frequency fR = 200 kHz in Figs. 3a and
5. Ascribing these values to the DC resistance of
the device yields a DC current density of 35 mA/
cm2 at 1 V, which is significantly higher than ob-
served after capacitive switching. We may conclude,
therefore, that the device does not behave homoge-
nously over the entire electrode area.

The admittance data can be explained however
when we assume a patchy conductance in the poly-
mer film. The corresponding equivalent circuit for a
film composed of two areas of different polymer
conductivity is now given in Fig. 9. In this case, only
that fraction of the device area with a low polymer
resistance (Region 1) gives rise to the Maxwell–
Wagner dispersion seen in Figs. 3a and 4, the rest
of the device area (�83%) remaining in the high
resistance state. Applying Eqs. (2) and (3) we now
conclude that for the conductive region, RPOLY1 =
770 X which is close to the value required to fit
the plots in Fig. 4 (see Table 1). This model requires
that the condition ROX1� RPOLY1 still applies in
this region of the device so that the oxide layer limits
the current through the device. Noting the values of
ROX in Table 1, the DC currents expected at 1 V are
�20 lA/cm2 and 140 lA/cm2 for the two switched
states and consistent, therefore, with the range of
currents observed experimentally between the fully
OFF and fully ON states (Fig. 2).

A further possibility is that the oxide layer is not
uniform. To explain the capacitance data in Figs. 3a
and 4 we must now assume that over �83% of the
device area (Region 2), the oxide capacitance is
shunted by an oxide resistance that is much smaller
than that of the corresponding area of polymer.
Applying Eq. (2) to this fraction of the device and
(i) replacing RPOLY with ROX2 and (ii) noting that
the relaxation time of this part of the device must
lie well below the measurement range, i.e.
fR� 100 Hz if the oxide in this region is not to con-
tribute to the measured capacitance, then we may
deduce that ROX2� 30 MX. Since RPOLY2� ROX2

the expected DC current densities at an applied volt-
age of 1 V from this part of the device will be much
less than 3 lA/cm2 and closer to that expected for
the fully OFF state suggesting that the premise on
which this model is founded is likely to be unsound.

Of the models proposed above, that based on a
non-uniform polymer conductivity is the most plau-
sible. However, the microscopic origin is as yet
unknown.

Clearly, further work is necessary to clarify fully
the nature of capacitive switching. Nevertheless, the
general principles have been established. The device
is described by a two layer model. The resistive
switching reported by other workers is now seen
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to be preceded by capacitive switching in which the
conductance of one of the layers, probably that of
the polymer, must increase substantially to explain
the Maxwell–Wagner dispersion. The increased
electric field now appearing across the oxide due
to electron accumulation enhances minority carrier
(hole) injection from the Al electrode, which is the
likely cause of the dip in the C–V plots and the
shoulder in the forward I–V characteristic observed
in some devices after capacitive switching. Higher
voltages lead to increased electrical stress across
the oxide, further reducing the oxide resistance,
which we surmise is the current limiting layer con-
trolling the low-frequency loss in Figs. 3a and 4 fol-
lowing capacitive switching.

If, indeed, the conductance of the polymer is not
homogeneous, the additional rise in capacitance and
accompanying increase in loss in the fully ON state
in Fig. 5 may simply reflect increased contributions
from previously non-conducting regions of the
device.

4. Conclusions

Summarizing, this admittance study shows that
switching is a two-stage process. Initially, hole injec-
tion must be switched on at the aluminum electrode,
we assume that this occurs as a result of electron trap-
ping near the aluminum electrode. Hole injection will
fill states in the aluminum oxide creating a dipole
layer at the oxide/polymer interface. The high field
across the oxide increases, thus encouraging injection
of extrinsic charges into the polymer. The polymer
resistance decreases substantially shunting the poly-
mer capacitance and giving rise to a Maxwell–Wag-
ner dispersion. We have termed this first step
capacitive switching. Higher external applied volt-
ages lead to increased electrical stress across the oxide
reducing the oxide resistance and causing resistive
switching.

The admittance data analysis also shows that the
device does not behave homogenously over the
entire electrode area, only a relatively small fraction
of the device area (20%) gives rise to switching, the
rest of device area remains in a high resistance state.
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Abstract

A model of the equilibrium 2D hopping mobility in a disordered organic semiconductor is formulated for arbitrary
charge carrier densities and arbitrary temperatures. The calculated dependence of the 2D mobility upon inverse temper-
ature is compared with experimental data obtained on 2D carrier transport in poly(3-hexylthiophene) thin film field-effect
transistors.
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1. Introduction

Because of the important role of organic poly-
mers as inexpensive and promising materials for
micro-electronic devices such as light-emitting
diodes (OLEDs), photovoltaic and thin-film devices,
thin-film transistors, etc. [1], charge carrier trans-
port in those materials has been investigated over
the last decades by many authors [2–6]. It is well
known that in disordered organic materials conduc-
tion occurs by way of charge carrier hopping within
a positionally random and energetically disordered
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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system of localized states [3]. While the general prin-
ciples of such hopping transport have been well
known and accepted for years, many important
aspects of the process such as, for instance, the influ-
ence of large carrier concentrations on the charge
carrier mobility or the role of (deep) traps, have
only been examined analytically more recently [7–9].

Upon doping with acceptor-type or donor-type
atoms or molecules, the density of free carriers can
be significantly increased in organic polymers
and its conductivity can be varied and controlled
over a very wide range. High carrier density can be
achieved by (electro)chemical doping of the polymer
[10] or by accumulation of carriers in a sufficiently
strong gate field of a metal–insulator–semiconductor
structure (field-effect doping [11]). This property of
organic polymers is used in field-effect transistors
(FETs). Despite of the number of recently developed
.

mailto:zhenia.emelianova@fys.kuleuven.be
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models describing hopping transport of charge carri-
ers in highly doped systems [6,7,9,10], the mecha-
nism of charge carrier transport in organic FETs
where a thin film of conjugated molecules acts as a
semiconducting layer, remains of a high interest
[12–14]. It was recently experimentally proven that
in thin-film FETs the first layers next to dielectric
interface dominate the charge transport [13]. As in
thin-film transistors the charge carrier mobility is
usually one or two orders of magnitude smaller than
in organic single crystals [13], and decreasing upon
decreasing the temperature, one can try to apply a
model for hopping in a two-dimensional (2D) system
of localized sites to describe conductivity in those
layers rather than the conventional three-dimen-
sional (3D) hopping model. In the present paper
we formulate an analytic model of a weak-field
charge carrier mobility in a 2D hopping system with
positional and energetic disorder. The effect of a high
carrier concentration on the equilibrium weak-field
2D carrier hopping is examined. An analytical for-
mula to calculate the 2D field-effect hopping mobil-
ity, dependent upon temperature, charge carrier
concentration and the features of the density of
localized states (DOS) in organic material is derived.
The temperature and carrier concentration depen-
dencies of the 2D mobility are calculated for a
Gaussian DOS distribution. The results were com-
pared with those obtained for the 3D mobility in a
hopping system with the identical material para-
meters. The theoretical results are used to fit experi-
mental data obtained on 2D carrier transport in
poly(3-hexylthiophene) (P3HT) thin-film field-effect
transistors [12].

2. Theory

Most hopping models are based on the Miller-
Abrahams [15] expression for the rate m (r,Es,Et)
of carrier jumps, over the distance r between an ini-
tially occupied starting state of the energy Es to a
vacant target site of the energy Et. This expression
can be written as

mðr;Es;EtÞ ¼ m0 exp½�uðr;Es;EtÞ�;

uðr;Es;EtÞ ¼ 2cr þ gðEt � EsÞ
kT

; ð1Þ

where u is the hopping parameter, m0 the attempt to
jump frequency, c the inverse localization radius, T

the temperature, k the Boltzmann constant, and g
the unity step function. In a 2D hopping system car-
rier jumps from a fixed starting site to a target site
can be characterized by the hopping parameter u de-
fined by Eq. (1). In a positionally random system of
localized states, the average number of target sites
for a starting site of energy Es, n(Es,u), whose hop-
ping parameters are not larger than u can be calcu-
lated in 2D as

nðEs; uÞ ¼ 2p
Z u=2c

0

drr
Z EsþkT ðu�2crÞ

�1
dEtgðEtÞ

¼ p
u
2c

� �2
"Z Es

�1
dEtgðEtÞ

þ
Z EsþkTu

Es

dEtgðEtÞ 1� Et � Es

kTu

� �� �2
#

;

ð2Þ

where g(E) is density-of-states (DOS) distribution
function that describes the number of states per
unit surface per unit energy. Its dimension is
cm�2 eV�1.

The first term in the right-hand side of Eq. (2)
gives the number of target states that are deeper
than the starting site and the second one describes
the number of shallower states. Using the formalism
that was developed in [6] for estimating the hopping
parameter as huiðEsÞ ¼

R1
0

du exp½�nðEs; uÞ�, one
can estimate the average squared jump distance,
hr2i(Es), as

hr2iðEsÞ ¼
1

2

hui
2c

� �2
"Z Es

�1
dEtgðEtÞ

þ
Z EsþkT hui

Es

dEtgðEtÞ 1� Et � Es

kT hui

� �� �4
#

�
"Z Es

�1
dEtgðEtÞ þ

Z EsþkT hui

Es

dEtgðEtÞ

� 1� Et � Es

kT hui

� �� �2
#�1

: ð3Þ

The equilibrium 2D hopping mobility l can be then
evaluated by averaging the hopping rates over Es

and using the Einstein relation relating the mobility
to the diffusion coefficient as was done for a 3D
hopping system in [6]:

l ¼ em0

kT

Z 1

�1
dEs exp �huiðEsÞ½ �hr2iðEsÞf ðEsÞ; ð4Þ

where the functions n(Es,u) and hr2i(Es) are calcu-
lated using Eqs. (2) and (3) and f(Es) is the normal-
ized energy distribution function of localized carrier
in a 2D hopping system. The choice of the form of
the function f(Es) depends upon the carrier density
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in the hopping system and will be described below in
the text.

The 2D hopping carrier mobility can be also cal-
culated by means of the effective transport energy
concept [16]. This concept is based on the fact that
all the carriers localized in a deep tail of the DOS
function will eventually have to jump to one of
the shallower states whose energy is close to some
universal value which is traditionally referred to as
the transport energy, Etr. A very interesting feature
of this model is that, for a sufficiently steep decaying
DOS, the value of Etr is independent of the energy
of the initially occupied state Es.

Under thermal equilibrium conditions practically
all carriers occupy relatively deep hopping sites.
Therefore, the nearest vacant target hopping site
for most carriers will have a higher energy and hop-
ping is controlled by energetically upward carrier
jumps that allow to neglect the first term in the
right-hand side of Eq. (2). Carrying out the replace-
ment e = Es + kTu and taking into account that the
upward carrier jump from a starting site is possible
if there is at least one hopping neighbour, i.e.
n(Es,Etr) = 1, leads to the following transcendental
equation for the energy e:
Z e

Es

dEtgðEtÞ½e� Et�2 ¼
1

p
ð2ckT Þ2: ð5Þ

If at Es and lower energies the DOS distribution de-
creases with energy faster than jEj�3, the lower
bound of the integration does not affect the result
of the integration appreciably and the major contri-
bution to the integral comes from sites with energy
around e. Physically this means that target sites for
thermally assisted upward carrier jumps are located
around the transport energy e = Etr, independent of
the energy of starting sites. Therefore from Eq. (5)
one can obtain the expression for the transport
energy in a 2D hopping system in transcendental
form
Z Etr

�1
dEtgðEtÞ½Etr � Et�2 ¼

1

p
ð2ckT Þ2: ð6Þ

In analogy to the calculations made by Arkhipov
et al. [6] the average squared jump distance of a car-
rier to a site at the effective transport level in a 2D
hopping system can be approximated by

hr2i ¼
Z Etr

�1
dEgðEÞ

� ��1

: ð7Þ

Averaging rates of carrier jumps to the effective
transport level and using the Einstein relation yields
the following expression for the equilibrium 2D
hopping carrier mobility

l ¼ em0

kT

Z Etr

�1
dEf ðEÞ

� exp �Etr � E
kT

� � Z Etr

�1
dEgðEÞ

� ��1

; ð8Þ

where f(E) represents the normalized energy distri-
bution of localised carriers.

In practice, the 2D hopping mobility was experi-
mentally observed in organic thin-film FETs where
the charge carrier density is very high. Recently
reported values of mobility in thin-film FET are
up to a few times 10�1 cm2 V�1 s�1 [12,13]. The typ-
ical surface carrier density accumulated under the
gate insulator is of the order of 1011 –1012 cm�2.
Since the carrier density is comparable with the den-
sity of localized states, the hopping sites in the deep
tail of the DOS distribution can be fully filled by
charged carriers. Such filling affects the energy dis-
tribution of both localized carriers and vacant hop-
ping sites. Therefore, the field and temperature
dependencies of the hopping mobility must be very
sensitive to the density of charge carriers. In the case
of high carrier density the thermal equilibrium
energy distribution of localized carriers is given by
a product of the Fermi–Dirac function and the
DOS distribution as

f ðEÞ ¼ gðEÞ
1þ exp½ðE � EFÞ=kT �

�
Z 1

�1
dE

gðEÞ
1þ exp½ðE � EFÞ=kT �

� ��1

; ð9Þ

where the Fermi energy EF is determined by the to-
tal charge carrier density p via following transcen-
dental equation

p ¼
Z 1

�1
dE

gðEÞ
1þ exp½ðE � EFÞ=kT � : ð10Þ

It is worth to note that in case of rather high density
of charge carriers the classical Einstein relation used
to derive the Eqs. (4) and (8) should be replaced by
its generalized form [17]

l ¼ D
e

kTp

Z 1

�1
dEgðEÞ

� exp ðE � EFÞ=kT½ �
1þ exp ðE � EF=kT Þ½ �ð Þ2

: ð11Þ

Even for a comparatively high doping level or
strong injection one still may neglect the effect of
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filling if it occurs only in a very deep tail of the DOS
far below EF. In that case 2D hopping mobility de-
pend upon charge carrier concentration p as

l ¼ em0

kTp2

Z 1

�1
dEgðEÞ exp ðE � EFÞ=kT½ �

1þ exp E � EF=kTð Þ½ �ð Þ2

�
Z Etr

�1
dE

gðEÞ
1þ exp E�EF

kT

� �

� exp �Etr � E
kT

� � Z Etr

�1
dEgðEÞ

� ��1

: ð12Þ

When one has to take into account the effect of fill-
ing of localized states, one should use the density of
vacant hopping sites gv(E) = g(E) � pf(E) rather
than the DOS function g(E) in Eq. (6). In this case
of high carrier concentration the transport energy
in 2D hopping system will be dependent upon
charge carrier concentration and can be obtained
from:
Z Etr

�1
dE

gðEÞ
1þ exp �ðE�EFÞ=kT½ � ½Etr�E�2 ¼ 1

p
ð2ckT Þ2:

ð13Þ
It should be mentioned that one can use the Eqs.
(12) and (13) to calculate the 2D hopping mobility
if the effective transport energy, calculated from
Eq. (13) is well above the position of EF [6]. If
Etr � EF � kT one should use Eqs. (2)–(4), and
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DOS distribution of localized states parametric in charge carrier conce
taken as N 3D

t ¼ ½N 2D
t �

3=2 while the other system parameters are identica
(11) to calculate the 2D hopping mobility where
the DOS function g(E) is replaced by function
gv(E) and the carrier distribution function is given
by Eq. (9).

3. Results and discussion

The transport energy in a 2D disordered hopping
system was calculated from Eq. (6) with the Gauss-
ian DOS distribution

gðEÞ ¼ N 2D
tffiffiffiffiffiffi

2p
p

r
exp � E2

2r2

� �
; ð14Þ

where N 2D
t is the total density of 2D hopping sites

and r is the standard deviation of the hopping sites
distribution. The temperature dependence of Etr for
a 2D and a 3D systems, parametric in the charge
carrier concentration, is shown in Fig. 1. The tem-
perature dependence of the 3D transport energy
was calculated from Eqs. (4)–(6) in [18] for a DOS
distribution described by Eq. (14) with for both
systems the same value of r = 0.1 eV, and with a
3D total density of intrinsic sites equal to
N 3D

t ¼ ½N 2D
t �

3=2 were used. The inverse localization
radius was taken c = 3.5 nm�1 for both hopping
systems. In the 2D hopping system the energy of
most probable jump lies higher than that in the
3D system because the number of neighbours with
200 250 300
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the same hopping parameter is effectively less in 2D
than in 3D. In other words, the rate of upward
jumps to a neighbouring hopping site with a mini-
mum possible value of the hopping parameter u is
higher in the 3D system than in the 2D hopping sys-
tem. This fact is illustrated in Fig. 2 where the 2D
and 3D mobilities are plotted vs. the inverse temper-
ature. The temperature dependence of the mobility
is stronger in the 2D hopping system and the value
of the 2D mobility is always less than in 3D because,
even at a higher position of Etr, the density of hop-
ping sites near the transport energy is still signifi-
cantly less in a 2D system. Furthermore in a 2D
system the rate of the upward jumps decreases faster
with decreasing temperature than in a 3D system.
This result is in accordance with Monte-Carlo sim-
ulations [3] where the constant c in the expression
l � exp[�(cr/kT)2], describing the temperature
dependence of the hopping mobility, increases from
about 0.67 to 1 when the dimensionality decreases
from 3 to 1. For high values of the charge carrier
concentration corresponding to p ¼ 0:01N 2D;3D

t the
trap-filling effect leads to a conductivity controlled
by carrier hopping from the Fermi level and the
mobility reveals an Arrhenius-like behaviour, even
around room temperature, as illustrated by the in-
sert in Fig. 2. In the case of a diluted system the con-
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ductivity is due to jumps of carriers localized above
the Fermi level and obeys the log(l) � 1/T2 law.

The theoretical results were used to fit experimen-
tal data on two-dimensional charge transport in a
thin-film of the conjugated polymer poly(3-hexylthi-
ophene) P3HT [12]. Self organization in P3HT
results in a lamellar structure with two-dimensional
sheets formed by interchain stacking of the conju-
gated chains. Depending on processing conditions
the lamellae can adopt two different orientation –
parallel and normal to the substrate [12,19]. Exper-
imental data on the field-effect mobility in P3HT
samples with different regioregularity vs. inverse
temperature are shown in Fig. 3. One should note
that the 2D mobility in a system with a Gaussian
DOS distribution Eq. (14) decreases monotonically
with decreasing temperature (see Fig. 2) and never
saturates at low temperatures even if the effect of
filling of localized states is taken into account. The
saturation behavior of the experimental curves at
low temperature hardly could be described assum-
ing only a singe Gaussian DOS. At low temperature
the conductivity behavior can be interpreted by a
jumps to the transport level from a rather narrow
disorder-induced localized states that occur below
the high-mobility electronic states [12]. To take into
account these deeper states we used two-Gaussian
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DOS distribution that incorporates both intrinsic
DOS and the deeper localized states to fit experi-
mental data (see the insert in Fig. 3):

gðEÞ ¼ N 2D
tffiffiffiffiffiffi

2p
p

r
exp � E2

2r2

� �

þ Ndffiffiffiffiffiffi
2p
p

r1

exp �ðE � EdÞ2

2r2
1

" #

; ð15Þ

where Nd is the total density of disorder-induced
localized states, Ed is the energy of their maximum
and r1 is the Gaussian variation of deep-sites. The
numerical values of the fitting parameters are men-
tioned on the captions to Fig. 3. The experimental
values of the mobility strongly depend upon the le-
vel of regioregularity of the sample. According to
Sirringhaus [12] a high level of regioregularity of
the sample (up to 91%) would correspond to a
mainly parallel orientation of the microcrystalline
domain while a normal orientation would be a fea-
ture of low regioregularity. For a mostly parallel
orientation of ordered domains the direction of
p–p stacking is parallel to substrate and coincident
with the carrier transport direction. The carrier
transport occurs either along the chains (where the
coupling is strong) or in the stacking direction
(where the transfer distance is very short). That cor-
responds to the rather large value of the apparent
localization radius (small c) as obtained from the
curve fitting (see Fig. 3).For lower values of regio-
regularity the inter-chain interaction effect is weaker
in the direction of carrier transport what corre-
sponds to a smaller value of the localization radius
(or a larger 2D-c) In this case even excursion of the
carriers in the direction of the p–p-stacking, perpen-
dicular to the transport plane can not be excluded
giving the transport some 3D-character. As the
developed model considers (to avoid a too large
number of parameters) the transfer distances isotro-
pic, the stronger interactions in the case of 2D trans-
port in considered P3HT system [12] are accounted
for by a smaller apparent inverse localization radius
c in the 2D system.

It should be noted that according to existing
literature [6,7,9] and to limit the number of para-
meters no distinction is made between the centre-
to-centre distance of the hopping sites and the
edge-to-edge jump distance. It is actually the latter
which is relevant for the weakening of the wavefunc-
tion overlap. Although this has a limited influence
on the calculations above, it will influence the com-
bination of the values m0 and c necessary to obtain
realistic values of the 2D mobilities or to fit the
experimental values of the mobilities and their
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temperature dependence. The recovered values of c
are quite small to what is found in literature.
Already for electron transfer assisted by r-bonds
values between 6.8 and 10.9 nm�1 are found for c
[20–23]. This discrepancy in inverse localisation
radius values is to some extent due to the strong
correlation that exists in the Miller-Abrahams
model for the rate of carrier jump between c and
the fixed parameter m0. For m0 we used a value of
1 · 1013 s�1 [6,7,9,24] which was accepted elsewhere
for the development of models for charge transport
and charge generation in conjugated polymers.

4. Conclusion

The present paper derives analytical expressions
for calculation of the 2D hopping mobility and its
dependence on temperature, charge carrier concen-
tration and DOS distribution. The formalism is
applicable to an arbitrary DOS distribution and to
arbitrarily high charge carrier densities. If the
energy of the most probable carrier jump is not well
above the Fermi level for a hopping system with
high charge carrier concentration, i.e. when Etr �
EF � kT, one should use Eqs. (2)–(4), and (11)
instead of Eqs. (12) and (13) to calculate the 2D
hopping mobility.
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Abstract

We report on a blue fluorescent [4,4 0-bis(9-ethyl-3-carbazovinylene)-1-1 0-bisphenyl] organic light-emitting diode with a
sequentially doped device architecture introduced recently. The emission layer consists of a few repeating cells, similar to a
multiple quantum well structure, which are made of sequentially evaporated host and guest layers. An external quantum
efficiency as high as 2.8% photons/electron was obtained, comparable with that fabricated using the conventional doping
method. Without degrading the efficiency, devices with varied emission spectra (peak wavelength shifted from 472 to
488 nm) were produced by simply varying the guest layer thickness. The spectrum shift is due to changes in local order
or aggregate state, or both.
� 2007 Elsevier B.V. All rights reserved.

PACS: 32.50.+d; 33.50.-j; 71.35.-y

Keywords: Organic light-emitting diode; Tunable spectrum; Doping; Aggregation
1. Introduction

Doping has generally being used in organic light-
emitting diodes (OLED) to increase the external
quantum efficiency (EQE) for phosphorescent [1]
and fluorescent [2] devices and is performed by co-
evaporating the host and guest material at the same
time; doping enables isolation of the emitting mole-
cules to reduce the aggregation effect in solid state
[3]. One problem with conventional doping is that
precise control of the evaporation rates of both host
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.10.006

* Corresponding author. Tel.: +65 6790 5369; fax: +65 6793
3318.

E-mail address: exwsun@ntu.edu.sg (X.W. Sun).
and guest materials are crucial to ensure optimal
performance. Uniform deposition rates of organic
materials are difficult to achieve because the organic
materials are typically thermal insulators. In a con-
ventional evaporation boat, only the fraction of
organic material in contact with the resistively
heated boat is heated, creating pockets in the source
that occasionally collapse under gravity, resulting in
rapid changes in deposition rate [4]. Therefore, it is
not an easy task considering batch-to-batch manu-
facturing [5]. Recently, we have reported red fluo-
rescent OLED fabricated by sequential doping,
which relies on thickness rather than rate control,
where host and guest materials are sequentially
deposited as cells [6]. The emission layer (EML)
.

mailto:exwsun@ntu.edu.sg


Y. Divayana, X.W. Sun / Organic Electronics 9 (2008) 136–142 137
consists of a few repeating cells, similar to a multiple
quantum well structure.

Here, we report on a blue OLED with sequen-
tial doping. Besides achieving a high efficiency
close to the conventional doping method, devices
with different emission spectra can be realized
without altering the efficiency by simply varying
the thickness of the guest layer. This capability is
unique to sequential doping as both the thicknesses
of guest and host layers can be controlled sepa-
rately. In contrast, the conventional doping only
allows one parameter, the doping concentration,
to be varied. It is also the purpose of this paper
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The inset of Fig. 1a shows the architecture of the
blue fluorescent OLED fabricated using sequential
doping. In co-evaporation, guests are randomly dis-
persed in the matrix of host molecules. By keeping
the doping concentration low (�0.1–5%), almost
all guest molecules are isolated from each other,
preventing the formation of aggregate states. By
doing so, a device with high EQE (2.8% photons/
electron) can be realized. In sequential doping, a
similar isolation effect can be achieved by separating
the guest molecules with host layers. However, as
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guests are deposited as a thin layer, aggregation
effects are unavoidable but can be minimized [6].

2. Experimental

Here, we employed N,N 0-di(naphth-2-yl)-N,N 0-
diphenyl-benzidine (NPB) as the hole transporting
layer, 4,4 0-bis(N-carbazolyl)biphenyl (CBP) as
the host, 4,4 0-bis(9-ethyl-3-carbazovinylene)-1-1 0-
bisphenyl (BCzVBi) as the guest, and 2,9-dimethyl-
4,7-diphenylphenanthroline (BCP) as the hole block-
ing layer and tris-(8-hydroxyquinoline) aluminum
(Alq3) as the electron transporting layer.

The routine cleaning procedure, including ultra-
sonication in acetone, ethanol, and rinsing in de-
ionized water, was firstly carried out to clean ITO
glass (50 X/square). Before deposition, the ITO
was treated by oxygen plasma at 10 Pa for
2.5 min. The ITO substrates were then transferred
to the main chamber under high vacuum for devices
fabrication. The main chamber is equipped with 10
sources, each of which is heated by a tantalum hea-
ter. The opening and closing of shutters controls the
deposition sequences. The deposition rate and
thickness are measured by a crystal sensor quartz
oscillator combined with a frequency meter. In
order to obtain large-area uniformity and abrupt
interface, the chamber is equipped with three sets
of shutters, i.e. besides the shutters for each crucible,
there are also a big shutter between the crucibles
and substrates and a small shutter under each sub-
strate. The thickness/rate crystal sensor is installed
in the center of the substrate holders, which features
planetary rotation, and the rotation rate can be
adjusted. Evaporation of organic materials and met-
als was carried out in a high vacuum condition of
about 2 · 10�4 Pa at deposition rate of 0.5–4 Å/s.
Electroluminescence spectra of the fabricated
devices were measured with a PR650 Spectra Scan
spectrometer. We assumed the emission pattern
was Lambertian, and calculated the EQE from the
luminance, current density and EL spectrum [7].
All measurements were carried out at room temper-
ature under ambient atmosphere without any
encapsulation.

3. Results and discussion

For the first step of optimization, we varied the
thickness of the host layer while fixing the guest
layer thickness. We fabricated devices with a struc-
ture of NPB/[BCzVBi (0.5 nm)/CBP (x nm)] (6
cells)/BCzVBi (0.5 nm)/BCP/Alq3, where x was var-
ied from 3, 5, 7, 10–15 nm. Fig. 1a shows the current
density and luminance versus voltage curves for
devices with various values of x. As expected, the
current density drops with the increase of the CBP
thickness, as thicker structure leads to a higher
operating voltage. The luminance also follows the
trend of the current density.

The emission spectra for various devices at a cur-
rent density of 5 mA/cm2 are shown in Fig. 1b. The
inset of Fig. 1b shows the external quantum effi-
ciency (EQE) of the respective devices in Fig. 1a. A
maximum EQE of 2.8% photons/electron was
obtained for a device with 7 nm of CBP layer. The
EQE is comparable to that of OLED fabricated by
the conventional doping method using the same
materials [8]. Current and power efficiency reaches
4.5 cd/A and 2.3 lm/W, respectively, at a current
density of 100 lA/cm2 for the optimized device.
Devices with CBP thickness larger than 7 nm,
besides having a lower efficiency, also emit an addi-
tional peak at 420 nm, as shown in Fig. 1b. This indi-
cates that the efficiency loss is originated from an
incomplete energy transfer from the host to the guest
molecules, which led to the host emission [9]. In con-
trast, the device with thin layers of CBP which shows
a similar lower EQE, show no sign of host emission.
This suggests that the exciton quenching occurred
via an escalating interaction among guest layers
which may introduce another non-radiative recom-
bination pathway [6]. Interaction between the active
BCzVBi layers can be activated by dipole–dipole
coupling (Förster process) type interaction, due to
its long range capability [10]. However unlike the
known Förster process which involves the electronic
state of the excited donor and ground acceptor, the
process occurring here is between the excited donors
and the vibrational mode of the acceptor [6]. This is
because the known Förster process would not result
in efficiency loss, while the later introduces a new
non-radiative decay channel [6]. As the thickness of
the CBP is reduced, the active layers of BCzVBi
become closer to one another resulting in the
increase of the non-radiative energy transfer rate
between the active layers.

In addition to the variation of the host thickness,
we also varied the thickness of the guest layer. It is
found that a variation of guest thickness is able to
shift the emission spectrum without degrading the
device EQE. We fabricated devices with a structure
of NPB/[BCzVBi (y nm)/CBP (7 nm)] (6 cells)/
BCzVBi (y nm)/BCP/Alq3, where y was varied from
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0.1, 0.5, 1, 1.5–2 nm. Fig. 2a shows the current den-
sity and luminance versus voltage curves for devices
for various values of y. The operating voltage
slightly shifts toward higher values with the increase
of BCzVBi thickness, which illustrates that the guest
material alters the current transportation. The lumi-
nance curves on the other hand do not show much
change, except for a BCzVBi thickness of 2 nm.
Maximum luminance for device with 2 nm and
0.1 nm of BCzVBi is 8165 cd/m2 and 3697 cd/m2,
respectively. Current and power efficiency reaches
5.3 cd/A and 2.5 lm/W, respectively, at a current
density of 100 lA/cm2 for a device with 2 nm of
BCzVBi layer. This seemingly indicates that the
device with thicker guest layer emits light more effi-
ciently. However, as we will see later, the increase in
luminance is accompanied by a shift in the emission
peak. The shift of the emission spectrum to longer
wavelengths resulted in the seemingly better device
performance. In Table 1, we summarized the perfor-
mances of the device with various thicknesses of
BCzVBi. Table 1 also tabulates the equivalent guest
concentration by conventional doping which pro-
duces a similar emission spectrum with that fabri-
cated by the sequential doping method. Details of
the calculation are explained later in the paper.



Table 1
Summary of performances for devices with various BCzVBi thicknesses

Thickness
of
BCzVBi
(nm)

EQE (%) @
J = 100 lA/
cm2

Current
efficiency
(cd/A) @
J = 100 lA/
cm2

Power
efficiency
(lm/W) @
J = 100 lA/
cm2

Operating
voltage @
J = 100 lA/
cm2

CIE
(x,y)

Fraction
of aggregate
(f)

Peak of
emission
spectrum
(nm)

Corresponding
conventional
doping
concentration (%)

0.1 1.4 1.9 1 5.9 0.15,0.17 0 472 0.005–0.01 (monomer)
0.5 2.6 4.5 2.3 6.2 0.15,0.24 0.4 478 0.625–1.25
1.0 2.5 4.7 2.3 6.3 0.16,0.29 0.7 482 5–10
2.0 2.5 5.3 2.5 6.8 0.18,0.34 1 488 40–80
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Fig. 2b plots the emission spectrum for devices in
Fig. 2a. The emission peak shifts from 472 to
488 nm for thicknesses of BCzVBi of 0.1–2 nm,
respectively. In term of Commission Internationale
de l 0Eclairage (CIE) coordinate, it shifts from deep
blue (x,y) = (0.15,0.17) to slightly greenish blue
(x,y) = (0.18,0.34). As the photopic response is
higher at a green wavelength [11], a device that emit
slightly greener would have higher luminance value
compared to that of pure blue. This explains why
the device with thick BCzVBi appears to have a
higher luminous efficiency. In the inset of Fig. 3,
we plotted the EQE for all devices in Fig. 2. Except
for the device with 0.1 nm of BCzVBi, the EQE
shows almost the same value irrespective of the
guest thickness with a maximum EQE of 2.8% pho-
tons/electron. This indicates that the aggregate state
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Fig. 3. EQE for devices with various thicknesses of BCzVBi with six ce
peak and fraction of aggregation (f) versus BCzVBi thickness.
does not alter the EQE. The device with 0.1 nm of
BCzVBi exhibits lower EQE because of the inade-
quate number of guest molecules available for emis-
sion. From the emission spectrum, it can be seen
clearly that the device with 0.1 nm BCzVBi has an
additional peak at 420 nm, which shows an incom-
plete host–guest energy transfer.

The shift in emission spectrum is obviously
related to the aggregation of the BCzVBi molecules.
Molecule aggregation may shift the emission wave-
length by a few different mechanisms, the solid state
solvation effect [12], increase in local order [13], and
increase in electronic aggregate state (dimer or exci-
mer) [3]. Here, we discuss the likeliness of each
mechanism to explain the observed spectrum shift.

The solid state solvation effect occurs due to an
increase in the local electric field (permittivity) of
10 100
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the thin film, which results in a wavelength shift [12].
Provided that the host and guest molecules have dif-
ferent dipole moments, a variation of the concentra-
tion of either molecule would change the local
electric field, hence the permittivity. In other words,
an emission shift is expected if either the host or the
guest layer thickness changes, i.e. an increase in
thickness of the guest layers has a similar effect,
though weaker, with reduction of host thickness.
However, for our case, a spectrum shift is only
observed for devices with a variation of the guest
layer. A variation of the host thickness only changes
the EQE of the device, but does not change in emis-
sion spectrum. Hence, the solid state solvation effect
can be eliminated from the rationale behind the
spectrum shift.

An alternative explanation of the emission shift is
the increase in local order due to thicker structure of
the active molecules. In the literature, an increase in
local order resulted in a logarithmic shift in the emis-
sion spectrum with the size of the order-domain [13].
Order-domain is defined as the average area of
molecular aggregate where molecules are correlated
by the dipole–dipole interaction. For our case the
thickness of the guest layer corresponds linearly to
the dimension of the order-domain. In the inset of
Fig. 3, we plotted the peak energy (emission spec-
trum) as a function of guest layer thickness. A loga-
rithmic shift is clearly observed. This signifies that
the shift in the emission spectrum is due to an
increase in the local order of the active molecules.
Based on this model, we can calculate the corre-
sponding guest concentration for a device fabricated
by conventional doping which produces a similar
emission spectrum to that fabricated by sequential
doping. As mentioned above, the shift in emission
spectrum is caused by the increase in the order-
domain. In conventional doping, the size of the
order-domain (R) is related with the doping concen-
tration (g) by R3 / g [13]. Assuming that the emis-
sion of the device with 1 nm of BCzVBi (with peak
emission at 482 nm) corresponds to the conventional
doping concentration of 5–10% [14–16], we can
extrapolate the corresponding guest doping concen-
tration by conventional doping for devices with other
thicknesses of BCzVBi proportionally (Table 1). The
emission from the device with a BCzVBi layer of
0.1 nm can be considered as monomer emission due
to its low corresponding guest concentration of
0.005–0.01% for conventional doping.

Another way to understand the shift in the emis-
sion spectrum is the following: we divide the emis-
sion spectrum into two separate entities, one of
which is pure monomer emission (gMonomer(k)),
and the other emission of a purely aggregate elec-
tronic state (gAggregate(k)) (such as dimers or
excimers),

gðkÞ ¼ ð1� f ÞgMonomerðkÞ þ fgAggregateðkÞ ð1Þ

where f is the fraction of the aggregate emission. As
the thickness of the guest layer increases, an increase
in the fraction (f) of aggregate emission is expected.
The fitting of emission spectrum as combination of
monomer and aggregation [17] is shown as square in
Fig. 2b, where a good fit is achieved. In the inset of
Fig. 3, we also plotted the fraction of aggregate (f)
as a function of guest thickness. The fraction of
aggregate emission increases and eventually satu-
rates with the increase of the guest layer thickness.
This is reasonable, as at a certain guest thickness,
the emission spectrum should not shift any more.

Both models, the local order and electronic
aggregate, are able to fit well with the data obtained
in the experiment. This coincidence may occur only
if the dipole–dipole coupling is weak and the aggre-
gate peak only slightly red-shifts compared to that
of the monomer. The exact origin of the emission
shifts, however, remains inconclusive; it can be
either the local order or electronic aggregate, or
both.

In the picture of local order, the drop in efficiency
with an increase in order-domain is usually dis-
cussed in terms of material impurity [13]. For our
case, the absence of efficiency loss for thick guest
layers that is accompanied by an emission shift indi-
cates that the purity of the BCzVBi is very high. Our
discussion on electronic aggregate state indicates
that the dimer or excimer of the BCzVBi molecule
has a high photo-yield relatively to the monomer [3].

It is worth mentioning that the device structure
has the potential for further optimization, such as
the usage of LiF/Al or CsF/Al cathodes and the
reduction in the number of cells [6] in order to fur-
ther reduce the operating voltage and the complex-
ity of the device.

4. Conclusion

In conclusion, we have fabricated a blue OLED
with the sequential doping method. A device with
EQE of 2.8% photons/electron is reported, similar
to that achieved by the conventional doping
method. A variation of guest thickness is shown to
shift the emission spectrum without sacrificing the
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EQE. The mechanism which governs the emission
shift is concluded to be due to either the local order
or electronic aggregate, or both, but not the solid
state solvation effect.
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Abstract

We report on the preparation of large area coverage of well-oriented films of dithiophene-tetrathiafulvalene (DT-TTF)
from solution by using the zone casting technique. The X-ray analysis shows that the molecules are highly ordered in the
films with the stacking direction parallel to the substrate. We further demonstrate that it is possible to prepare organic
field-effect transistors (OFETs) employing these films. The devices reveal a remarkable OFET mobility with a maximum
value of 0.17 cm2/V s. The fact that the films are prepared from solution makes these devices eminently suitable for low-
cost electronics.
� 2007 Elsevier B.V. All rights reserved.

PACS: Semiconductor devices; Materials sciences

Keywords: Organic field-effect transistors; Thin film; Tetrathiafulvalene; X-ray diffraction
Great interest in organic devices has emerged
recently due to their potential in applications in
modern microelectronics [1,2]. The performance of
the best organic field-effect transistors (OFETs) is
of the same order as that of amorphous silicon.
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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The highest OFET mobilities have been found for
single-crystalline materials [3–8]. However, crystals
are not suitable for fabricating large-scale thin films
and, in order to effectively exploit organic semicon-
ductors as active components in electronic devices,
it is crucial to develop new easy methods to prepare
films of these organic molecules. Most of the devices
exhibiting high OFET performance are currently
prepared by evaporation of the organic layer, which
is a relatively expensive process [9,10]. To promote,
therefore, the development and utility of organic
semiconductors, there is a clear need to find
.
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materials that can be solution-processed and, simul-
taneously, achieve a high OFET mobility [11–14].
Hence, considerable effort is currently being devoted
to synthesising soluble precursors or derivatives of
the organic semiconductor materials (e.g. oligothi-
ophene, acenes) [15–19]. Recently, we reported that
crystals of the organic material dithiophene-tetra-
thiafulvalene (DT-TTF, Fig. 1) have a very high
field-effect charge carrier mobility of up to
1.4 cm2/V s [3,4]. These crystals were formed by a
simple drop casting method, making this material
interesting to investigate for possible applications
in low-cost electronics. Here, we report on the prep-
aration of large area coverage of well-ordered films
of DT-TTF by zone casting and further demon-
strate that it is possible to prepare OFETs employ-
ing these films.

The conductivity in ordered organic materials is
typically anisotropic as it strongly depends on the
electronic coupling between the neighboring mole-
cules in the different crystallographic directions.
For this reason, in the preparation of organic films
for electronic devices, it is essential to grow them
with directed order. The zone casting technique,
developed in 1981 in Łódź, was specially designed
for the preparation of oriented, anisotropic layers
of soluble molecular materials on substrates that
Fig. 1. (a) Molecular structure of dithiophene-tetrathiafulvalene
(DT-TTF). (b) Crystal structure of DT-TTF viewed along the
c-axis.
are not pre-oriented [20,21]. This technique consists
of the deposition of a material from solution on a
moving substrate. The solution is continuously sup-
plied to the evaporation zone by a flat nozzle, the
solvent evaporates from the meniscus zone, and
the solute is deposited on the moving substrate.
The solution supply rate, substrate velocity, initial
solute concentration, solvent evaporation rate, and
crystallization rate must be optimized to obtain
well-ordered films. This technique was used for
the preparation of oriented networks of nanowires
of tetrathiotetracene-tetracyanoquinodimethane
embedded in amorphous [22] or semicrystalline
[23] polymeric matrices. Aligned films of discotic
hexabenzocoronenes and a TTF bearing long alky
chains were also obtained by this method [24,25]
and, furthermore, such films could be used for fab-
ricating OFETs [25–27]. However, this technique
has never been applied to the preparation of films
based on classical low-molecular-weight organic
semiconductors which are not liquid crystal materi-
als nor have long pendant chains that promote the
film ordering.

The high OFET performance and solubility of
DT-TTF prompted us to study the preparation of
oriented films of this small molecule. Zone casting
films of DT-TTF were prepared from toluene solu-
tions at concentration of 1.2 mg/ml on a silicon
wafer with a 200 nm thick layer of oxide. The sub-
strates were cleaned for one minute in nitric acid
and rinsed in de-ionized water, acetone and isopro-
panol. The film was deposited using a specially con-
structed zone-casting apparatus, equipped with
controlled linear stage and independently-controlled
solution and substrate heaters. The solution and the
substrate temperature was 60 �C. The fabrication
was performed in ambient atmosphere and the sub-
strate velocity was 30 lm/s. Fig. 2 shows an optical
micrograph (taken in reflected light) of a zone cast
DT-TTF film. It consists of parallel ribbons grow-
ing on the substrate along the casting direction.
We were aiming at obtaining single-crystalline
plates of DT-TTF on Si/SiO2. However, DT-TTF
readily crystallizes and as soon as the evaporation
from the meniscus starts, many nucleation centers
appear at the contact line resulting in growth of
arrays of ribbon like crystals parallel to the casting
direction. Between the needles the underlying sub-
strate was observed, nevertheless, the coverage of
the substrate is high. Closer inspection using AFM
revealed that the crystalline ribbons are ca. 300 nm
thick (Fig. 3).



Fig. 2. Optical micrograph (reflected light) of DT-TTF films
prepared by zone casting on a Si/SiO2 substrate. The black arrow
indicates the casting direction. White arrows indicate some of the
places on the substrate not covered by the organic layer.

Fig. 3. AFM image of defected crystalline ribbons of DT-TTF
zone cast on silicon wafer. A crack perpendicular to the ribbon
going through the whole thickness is seen in the center of the
image. A narrower crack in the neighboring ribbon below is
indicated by the black arrow. The profile, shown at the bottom,
scanned along the dotted white line reveals the thickness of the
crystalline ribbons is about 300 nm.
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Although the idea of the zone casting seems very
simple it is rather difficult to optimize the conditions
allowing the formation of layers with the desired
morphology. The wetting instabilities at the solu-
tion-substrate interface (dewetting, stick-slip
motion, fingering instabilities, etc.) that appear
within a certain range of casting conditions lead to
the formation of various morphological structures
[28]. Commonly observed instability in the zone
casting process is the stick-slip motion of the
three-phase contact line on the moving substrate
(pinning–depinning process) during the solvent
evaporation. Instead of compact continuous layers,
stripes of the solute perpendicular to the casting
direction are formed. Under some conditions the
stick-slip motion and the periodic solidification (or
crystallization) along the meniscus edge occur
simultaneously leading to complicated patterns.
The examples of such layers obtained from DT-
TTF solutions are shown in Fig. 4. The electrical
properties of such layers were not investigated.

In order to study the orientation of the molecules
in the zone cast films, powder X-ray experiments
were performed. DT-TTF molecules crystallize
forming uniform stacks along the b axis with an
interplanar distance of 3.56 Å (Fig. 1b) [29]. In addi-
tion, the long axis of the crystals was determined to
be the crystallographic b axis, that is, the stacking
direction, which corresponds also to the conducting
channel of the previously fabricated DT-TTF single
crystal OFETs [3]. To develop DT-TTF films that
work as OFETs, it will be essential that the molec-
ular arrangement in the films is similar to that in
the crystalline form. The X-ray powder diffraction
patterns of the films indicate the presence of only
(00 l) reflections, which points to the fact that the
molecules are highly ordered with the crystallo-
graphic c*-axis perpendicular to the substrate. This
means that, similar to the high mobility DT-TTF
single crystal OFETs, the stacking direction is paral-
lel to the substrate, which is encouraging for the
preparation of electronic devices.

OFETs were prepared on the zone cast films by
evaporating gold electrodes on the films through a
shadow mask (top-contact configuration). Devices
with a channel length and width of 80 lm and
2 mm, respectively, were prepared. The study of
the electrical characteristics of the device was per-
formed in air by using the evaporated gold elec-
trodes as source and drain contacts and the silicon
substrate as a gate. Fig. 5 shows the collected mobil-
ity values, calculated in the linear regime, of various
zone cast films. Due to the fact that the films were
not completely homogenous along the conducting
channels, we found that there was a scattering in
the charge carrier mobilities obtained. The average



Fig. 4. Optical micrographs (crossed polarizers) of microcrystal-
line patterns of crystalline DT-TTF zone cast on glass from
1.2 mg/ml solution in toluene at a temperature of 65 �C, at
different casting rates: (a) 6 lm/s; (b) 10 lm/s and (c) 16 lm/s.
White arrow indicates the casting direction.

Fig. 5. Mobility values obtained for the zone cast films
investigated.

Fig. 6. (a) ISD versus VSD at VG (from top to bottom) �40, �35,
�30, �25, 20, �15, �10, �5 and �0 V. This device exhibited a
mobility of 0.17 cm2/V s. (b) For the same device as in Fig. 6a,
ISD versus VG at VSD = �40 V.
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mobility observed was 0.05 cm2/V s. The highest
OFET mobility found was 0.17 cm2/V s, which is
one order of magnitude lower than the maximum
mobility obtained for a single crystal DT-TTF but
of the same order as some of the measured DT-
TTF single crystals OFETs (Fig. 6) [3,4]. In
addition, we note that the intrinsic mobility of this
material could be higher since it is well-known that
contact resistances between organic semiconductors
and metals can strongly influence the transport
properties of electronic devices [30]. Fig. 6a shows
the source–drain current (ISD) versus the applied
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source–drain voltage (VSD) across the two elec-
trodes for different gate voltages (VG). As expected
for a p-type material [1–4], as a more negative VG

is applied, more holes are induced in the semicon-
ductor and the conductivity increases. The transfer
characteristics (ISD versus VG at fixed VSD = �40 V)
for this device are shown in Fig. 6b. The threshold
voltage of this device is �0.6 V. That is, it is neces-
sary to apply a gate voltage lower than �0.6 V to
induce conductivity in the film. The devices exhib-
ited high OFF current, probably due to the doping
of the film with oxygen. We believe that this effect
would be reduced if the films showed fewer defects.
These results are very promising since the fact that
the films are deposited from solution makes these
devices eminently suitable for low-cost integrated
circuit technology.

The fabrication of OFETs with a bottom-contact
configuration was also attempted by performing the
zone casting experiments on a Si/SiO2 substrate
with prefabricated electrodes. Unfortunately, the
film formation was interrupted near the gold edges
and, thus, no measurements could be performed.
We believe that this was caused by the substrate
inhomogeneity due to the presence of the protrud-
ing electrodes.

In summary, we successfully demonstrated that it
is possible to prepare ordered films of DT-TTF
from solution by zone casting. We also show for
the first time the application of the zone casting
technique for preparing films of low-molecular
weight semiconductors. Although future work will
be devoted to improve the film formation, the
results obtained so far allow us to conclude that
DT-TTF is a highly promising material for applica-
tions due to its facile processability and OFET
performance.
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Abstract

Conductive atomic force microscopy (C-AFM) measurements have been performed on the MDMO-PPV/PCBM sys-
tem which is potentially interesting for applications as active layer in polymer solar cells (PSCs). It is demonstrated that
C-AFM analysis performed in air for ambient conditions provides only inadequate information about the local electrical
properties. The main reason is that the samples chemically degrade when in contact with air. Moreover, we speculate that
also the adsorbed water layer interferes with reliable nanoscale electrical measurements. In contrast, when performed in
inert atmosphere C-AFM analysis offers consistent results of e.g. the I–V characteristics with lateral resolution better than
50 nm, and is able to detect local heterogeneities of these I–V characteristics at the sample surface.
� 2007 Elsevier B.V. All rights reserved.

PACS: 07.79.Lh; 68.37.Ps; 73.61.�r

Keywords: Conductive atomic force microscopy; Polymer solar cell; Morphology; Photoactive layer; Inert atmosphere
1. Introduction

In general, performance measurements of poly-
mer solar cells (PSCs) are carried out on opera-
tional devices having at least the size of square
millimetres to centimetres. On the other hand,
the characteristic length scale determining the
functional behaviour of the bulk heterojunction
photoactive layer is in the order of 10 nm (exciton
diffusion length) to about 100–200 nm (layer
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.10.003
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thickness) [1–3]. The morphological requirement
for the photoactive layer in a high-performance
PSC is nanoscale phase separation, which provides
large interface area for exciton dissociation and,
at the same time, continuous pathways for free
charge carrier transport to the appropriate elec-
trodes. Further, it is well-known that the local
organisation dominantly controls the functional
behaviour of devices. Thus, it is necessary to
obtain property data of nanostructures with nano-
metre resolution to be able to establish structure-
property relations that link length scales from
local nanostructures to macroscopic devices.
.
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Fig. 1. Energy level diagram for the materials used in present
work (energy levels according to Ref. [15]).
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In this respect, a very useful analytical tool is con-
ductive atomic force microscopy (C-AFM) [4,5].
Because AFM uses the interaction force between
probe and sample surface as feedback signal, both
topography and conductivity of the sample can be
mapped independently. Theoretically, the resolution
of C-AFM is as small as the tip-sample contact area,
which can be in the few nanometre range. C-AFM is
widely used for the characterization of electrical
properties of organic semiconductors. For example,
single crystals of sexithiophene have been studied
[6], where the I–V characteristics of the samples were
measured. Several electrical parameters such as grain
resistivity and tip-sample barrier height were deter-
mined from these data. In another study, the hole
transport in thin films of MEH-PPV was investigated
and the spatial current distribution and I–V charac-
teristics of the samples were discussed [7]. Recently,
the distribution of electrical characteristics of poly-
mer blends was studied by C-AFM [8–11].

It is well-known that the performance of most
PSC as well as of organic electronic systems in gen-
eral, drops dramatically after short-time exposure to
air, especially when illuminated by light [12]. While
some groups have already taken care to perform
their C-AFM measurements in a dry nitrogen atmo-
spheres thereby achieving good correlation with
device properties [8], it is more common to perform
C-AFM in air under ambient conditions. It is the
purpose of our study to clearly demonstrate that
the local electrical properties of nanostructures in
the photoactive layer of PSCs changes when C-
AFM measurements are performed at ambient con-
ditions; and as consequence the obtained results are
not comparable with data gained from device char-
acterisation. At the same time, we would like to
point out that C-AFM measurements performed
in the inert atmosphere of a glove box provide more
reliable information on electrical properties of
organic nanostructures and allow establishing struc-
ture-property relations of functional polymer sys-
tems at the nanometre length scale.

2. Experimental

2.1. Materials

For the present study, 1-(3-methoxycarbonyl)pro-
pyl-1-phenyl-[6,6]-methanofullerene (PCBM) [13]
was synthesized in the University of Groningen, the
Netherlands, and poly[2-methoxy-5-(3 0,7 0-dimethy-
loctyloxy)-1,4-phenylenevinylene] (MDMO-PPV)
[14] was obtained from Philips Research Eindhoven,
the Netherlands. The molecular weight of the
MDMO-PPV was 570 kg/mol as determined by
GPC using polystyrene standards. Poly(ethylenedi-
oxythiophene)-poly(styrenesulfonate)(PEDOT:PSS)
was purchased from Bayer AG, Germany. The
energy level diagram for materials used in this work
is presented in Fig. 1.

2.2. Specimen preparation

The samples studied consist of a glass substrate
with an ITO layer (kindly provided by Philips
Research, the Netherlands), a spin-coated PED-
OT:PSS layer (Baytron-P, Bayer) and a spin-coated
photoactive layer. The latter is based on a 1:4 blend
by weight (MDMO-PPV/PCBM) initially dissolved
in toluene. The spin coating conditions were opti-
mized such that the thicknesses of the photoactive
layers were below 100 nm. These samples represent
working photovoltaic devices, except for the missing
metal back electrode. All sample preparation steps
were performed in a glove box (Unilab, MBRAUN,
Germany). We are aware that applying toluene as
solvent forces large scale phase separation between
MDMO-PPV and PCBM, which provides photoac-
tive samples better suited for C-AFM investigations
but not for optimum performance in PSCs.

2.3. Characterization

For AFM measurements Solver P47H and NTe-
gra-Aura were used (both NT-MDT, Russia). The
cantilevers used were CSC12 (Micromash, Estonia)
coated with an additional Au-layer for conductivity
measurements. A typical force constant of the can-
tilevers was about 0.65 N/m, and the radius was
below 50 nm. C-AFM experiments were performed
with AFM installed in a glove box, which had a
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nitrogen atmosphere with oxygen and water levels
below 1 ppm; only few experiments were carried
out at ambient conditions. The ITO layer was
grounded during all C-AFM measurements per-
formed in the glove box. The C-AFM measure-
ments for ambient conditions in air were
performed with grounded tip.

3. Results and discussion

MDMO-PPV/PCBM is one of the systems best
studied for applications as photoactive layer in
high-efficient PSCs; efficiencies of about 2.5% have
been reported for optimized preparation conditions
[16]. Further, it has been demonstrated that the per-
formance of devices having these compounds as
blend in their photoactive layers decreases immedi-
ately when exposed to air [17]. For this reason, we
have chosen the blend MDMO-PPV/PCBM as a
model system for our C-AFM experiments.
Fig. 2. C-AFM image series acquired at ambient conditions in air of a
(a) topography image, and current distribution images of the same area
bias at the tip of +10 V. The very slight contrast (c) is caused by som
measurements.
Fig. 2 shows a series of C-AFM images obtained
at ambient conditions in air of a thin PCBM/
MDMO-PPV film spin-coated from toluene solu-
tion. For such preparation conditions PCBM and
MDMO-PPV phase segregate, and PCBM forms
large nanocrystalline domains embedded in the
MDMO-PPV matrix [15,18]. All images were
acquired with a tip coated with a gold layer. The
topography image (Fig. 2a) shows that the PCBM
domains (bright areas) have maximum diameters
of about 500 nm. Phase segregation is responsible
for the high roughness of the film: the PCBM
domains stick out of the film plane few tens of
nanometres.

Figs. 2b and c represent the current distribution
image for bias voltages at the tip of �2.3 V
(Fig. 2b) and +10 V (Fig. 2c), respectively, mea-
sured at the same sample area as the topography
image. For negative bias at the tip good contrast
is obtained between the electron donor (p-type
thin PCBM/MDMO-PPV film spin-coated from toluene solution:
for (b) a negative bias at the tip of �2.3 V, and (c) for a positive

e superposition with topography information during the current
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semi-conductor) and the electron acceptor (n-type
semi-conductor) materials in the sample. From the
corresponding energy level diagram (Fig. 1) it fol-
lows that the difference between the HOMO level
of MDMO-PPV and the Fermi levels of both elec-
trodes (ITO/PEDOT:PSS and Au-tip) is rather
small so that we expect ohmic contacts for hole
injection and strong energy barriers for electrons
[6,19]. Therefore a hole only current through the
MDMO-PPV is expected for both polarities of volt-
Fig. 3. (a) Topography of a PCBM/MDMO-PPV thin film sample obta
and water free atmosphere of a glove box showing the current distribu
+10.0 V, (c) for a negative bias at the tip of �5 V, and (d) for a negativ
film spin-coated on glass/ITO/PEDOT:PSS.
age in a ITO/PEDOT:PSS/MDMO-PPV/Au-tip
structure. On the other hand, we can conclude that
areas of low current level correspond to the electron
acceptor materials, i.e. PCBM (Fig. 2b). This inter-
pretation is in accordance with the above-men-
tioned topographical observations (Fig. 2a). For
positive bias at the tip, however, no differences
between the two phases can be obtained, and the
measured overall current level is below the noise
level of our experimental setup.
ined in contact mode; (b)–(d) C-AFM images acquired in the inert
tion of the same sample area for (b) a positive bias at the tip of
e bias at the tip of �10 V, (e) I–V curve obtained on pure PCBM
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Since the materials under investigation are sensi-
tive to oxygen and at ambient conditions the
always-present water layer on top of the sample sur-
face interferes with nanometre scale electrical mea-
surements, which has been reported recently for the
case of surface potential measurements [20], we have
performed additional C-AFM experiments on the
same MDMO-PPV/PCBM system but in inert atmo-
sphere. For this purpose, we have assembled the C-
AFM setup in a glove box filled with nitrogen atmo-
sphere and an oxygen and water level below 1 ppm.

Fig. 3 presents C-AFM measurements of a
MDMO-PPV/PCBM sample for such an experi-
mental setup with lateral resolution better than
50 nm. For negative bias at the tip of �5 V similar
features are observed as discussed for Fig. 2b
(Fig. 3c): the dark areas represent PCBM domains
with low current embedded in the MDMO-PPV
matrix showing higher current. Contrary to mea-
surements performed in air, also for the positive
bias value at the tip of +10 V good contrast between
the phases is observed (Fig. 3b). Beside some little
drift of the area probed during the two successive
C-AFM measurements with positive and negative
bias, PCBM domains can be recognised as dark
areas embedded in the bright MDMO-PPV matrix
in Fig. 3b and c. Around the PCBM domains
ring-like structures are seen having higher current
(Fig. 3b–d and Fig. 2b), which might be caused by
more efficient charge collection at the domain inter-
face [11]. Probably, an existing mixed-phase of
PCBM and MDMO-PPV at the interface may
enhance charge mobility, as reported for blends of
polythiophene with polyethylene or polystyrene
[21]. For negative bias at tip of �10 V the contrast
of the current image is inversed: the current through
the PCBM-rich phase is higher than the current
through the matrix (Fig. 3d). Such contrast changes
can be explained by analysing corresponding I–V

measurements performed on a pure PCBM film:
current above the noise level is detected only at high
negative bias on tip (Fig. 3e).

4. Conclusions

C-AFM is a reliable analysis technique providing
local information of electrical properties of func-
tional polymer systems, when applied in inert atmo-
sphere. In air most samples chemically degrade, and
the present molecular water layer interferes with
adequate measurements. Applying C-AFM on the
functional blend MDMO-PPV/PCBM reliable cur-
rent contrast images of the PCBM domains embed-
ded in the MDMO-PPV matrix are acquired with
lateral resolution better than 50 nm. Details of the
interface between the two components are visualised
and discussed. Currently, investigations of various
photoactive layer systems are in progress applying
higher lateral resolution in the order of 10–20 nm
to identify features having similar length scale as
the exciton diffusion length.
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Abstract

Solution processable blue fluorescent dendrimers based on cyclic phosphazene (CP) cores incorporating amino-pyrene
moieties have been prepared and used as emissive layers in organic light emitting diodes (OLEDs). These dendrimers have
high glass transition temperatures, are monodisperse, have high purity via common chromatographic techniques, and form
defect-free amorphous films via spin/dip coating. The solution processable blue light emitting OLEDs reach current effi-
ciencies of 3.9 cd/A at brightness levels near 1000 cd/m2. Depending on the molecular bridge used to attach the fluorescent
dendron to the inorganic core, the emission wavelength changes from 470 to 545 nm, corresponding to blue and green light
respectively. Via dilution experiments we show that this shift in emission wavelength is likely associated with molecular
stacking of the amino-pyrene units.
� 2007 Elsevier B.V. All rights reserved.

PACS: 85.60.Jb

Keywords: Dendrimer; OLED; Blue fluorescence
1. Introduction

The field of organic and polymeric light emitting
diodes (OLEDs) has progressed quickly since the
initial reports by Tang and VanSlyke [1] and Friend
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.10.005
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and coworkers [2] in 1987 and 1990, respectively [3].
Despite OLED displays having reached the com-
mercialization level, there is still a need for materials
development with regard to efficiency, colour purity
and stability. This is true for multi-layered OLED’s
prepared via vacuum evaporation and even more so
for architectures prepared using solution processing.
The latter technique offers a more economically
viable production route, thus it is of great interest
for the more widespread application of OLED
.
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technology. One of these opportunities is in the area
of active OLED materials related to charge trans-
port and emission. For these active materials, both
small molecules and polymers are currently the pre-
ferred candidates. Small molecules are advanta-
geous as they can be highly purified and vacuum
deposited in multi-layer stacks, both important for
device lifetime and efficiency. However, vacuum
deposition techniques generally require expensive
equipment, imposes a limitation to achievable dis-
play size, and complicates the production of full col-
our displays at high volume using traditional
masking technologies. Polymers are generally of
lower purity than small molecules but can access full
colour and larger display sizes at much lower costs
using solution-based deposition techniques such as
spray coating, ink jet and screen printing [4,5].

On the other hand dendrimers and oligomers,
lying in the molecular weight range between 1000–
10,000 g/mol, combine the properties of both small
molecules and polymers for application in OLEDs.
For example, dendrimers can be purified to a high
degree using chromatographic techniques, are solu-
ble in common solvents, and allow synthetic versa-
tility for tuning charge transport [6–15] and
emissive [16–23] properties. The attachment of con-
jugated, charge transporting or light emitting moie-
ties to dendritic structures decreases the possibility
of aggregate and/or eximer formation that can
reduce device efficiency [24]. Finally dendrimers of
different emission colours can be physically blended
with one another without phase separation for pos-
sible application in white lighting.

Cyclic phosphazenes (CP) are an interesting class
of materials with a planar non-delocalized cyclic
ring consisting of alternating N and P atoms. The
inorganic phosphazenes have been well studied in
both the cyclic and linear forms by several groups
due to their diverse properties including excellent
hydrolytic stability, thermal stability, flame retar-
dant properties, and liquid crystalline behaviour to
name a few [25–30]. The CP core serves many
advantageous purposes towards useful materials
for solution processable OLED materials. First,
the chemistry to prepare functionalized CP cores is
very straightforward. Second, the functionalized
CP cores are very stable and do not breakdown even
under very aggressive chemical conditions. Third,
the functional groups are projecting in 3 dimensions
thus producing a rigid spherical core from which to
attach the dendrons of interest. These rigid spheres
have been shown to promote amorphous properties
that are known to be important for OLED devices
[31].

In extension of our previous work, we report here
four types of amino-pyrene containing CP dendri-
mers and their use as the light emitting layer in sim-
ple solution processable OLEDs. We show that
depending on the dendritic molecular architecture
it is possible to prevent aggregation of the fluores-
cent amino-pyrene groups in the solid film and opti-
mize blue electroluminescence.

2. Results and discussion

The synthetic scheme used for the preparation of
a series of dendrimers is shown in Fig. 1.

2.1. Synthesis and characterisation

As outlined in Fig. 1, the synthesis of the CP den-
drimers begins from the commercially available
hexachlorocyclic triphosphazene (1) [31]. In the first
step (1) was reacted with 4-bromophenol or 4-
bromo-40-hydroxy biphenyl to obtain the corre-
sponding hexasubstitued 4-bromophenoxy CP (2)
or 4-bromo-biphenyloxy CP (3) in good yields
(>90%) as reported in our earlier work. Compounds
(2) and (3) were then reacted under Buchwald–Har-
twig amination conditions with the selected second-
ary arylamines in the presence of Pd[P(tBu)3] and
NaOtBu to yield the desired CP dendrimers (4a–b)
and (5a–b) in good yields (>80%). The correspond-
ing N-aryl-N-pyrene-amines were prepared from the
reaction of aniline or p-tolylamine with 1-bromopy-
rene also using the Buchwald–Hartwig amination
procedure. Formation of the desired CP dendrimers
was determined by NMR (1H, 13C, 31P), GPC and
MALDI-TOF mass spectroscopy (see supporting
information). All the dendrimers synthesized in this
study were soluble in common organic solvents
facilitating their characterization and solution pro-
cessability for subsequent device fabrication.

The photophysical properties of the dendrimers
were characterized using UV/vis and fluorescence
spectroscopy and the results are presented in
Table 1.

In general, the photoluminescence spectra
obtained from thin films are slightly red shifted
with respect to the spectra obtained in solution.
This is most likely due to a change in the dielectric
constant of the medium going from a solution to a
solid thin film. In the case of a pure film of 5a,
however, the shift is more pronounced indicating
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Table 1
Photophysical and thermal properties of CP dendrimers

Molecular weight kem (nm)a kem,film (nm) PLQEb T g
c (�C) T d

d (�C)

4a 2441.6 470 481e 0.80 173 436
5a 2898.2 476 484e, 519f 0.67 191 459
4b 2525.8 479 484e 0.83 168 490
5b 2982.4 484 489e 0.68 183 483

a Measured in CH2Cl2.
b Photoluminescent quantum efficiency, measured in CH2Cl2 using quinine sulfate as standard.
c Tg and Tm were obtained from DSC measurements.
d Td was obtained from TGA and reported as temperature at 5% weight loss using 10 �C/min ramp cycle.
e 5% in polystyrene.
f Pure film.
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the occurrence of an additional effect. Such a large
shift is indicative of the formation of aggregates,
which should diminish at decreasing concentration.
Indeed the spectra of thin polystyrene films doped
with 1, 5 and 20 wt.% of 5a shows the peak of the
emission spectrum at 478, 489 and 505 nm, respec-
tively. The PL spectrum of a pure film of dendri-
mer 5a has a maximum at 519 nm. This clearly
shows that with increasing concentration the for-
mation of aggregates increases which results in a
red shift of the emission spectrum (see Fig. SI-2).
The same concentration dependent photolumines-
cence experiments were performed for dendrimers
4a and 4b, where only a very slight (<10 nm) red
shift was observed going from 1% to 20% (Figs.
SI-1 and SI-3). This shows that a slight modifica-
tion of the dendritic architecture can prevent the
formation of aggregates and hence assures that
the emission is originating from isolated amino-
pyrene dendrons.
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The thermal properties of the CP dendrimers
were evaluated using TGA and DSC. The thermal
properties of the compounds depended strongly on
the pendent group although all decomposition tem-
peratures in nitrogen were in excess of 425 �C. Inter-
estingly all the dendrimers in the present study
showed only Tg’s with no observable Tm’s, which
confirms the amorphous nature of these materials.
The biphenyl series (5) have slightly higher Tg’s than
the phenyl series (4), which is due to the presence of
the rigid biphenyl ring that links the CP core to the
amine.

Cyclic voltammetric studies were carried out to
understand the electro-chemical properties of the
synthesized compounds. A reversible oxidation of
the triarylamine was shown in cyclic voltammetry
for all compounds. As was shown previously, the
electro-chemical properties are very similar to their
small molecule analogues demonstrating that the
CP core does not influence this property [31]. The
electro-chemical data together with the UV band
edge were used to obtain the highest occupied
molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels respec-
tively (Table 2).

2.2. OLED device characterization

Simple OLEDs were fabricated utilizing the den-
drimers as light emitting layers (50 nm) by spin-
coating a toluene solution containing the dendrimer
on an indium tin oxide (ITO) coated patterned sub-
strate. Previously, a 100 nm thick PEDOT:PSS
(obtained from HC-Starck) was deposited to
enhance the hole injection and the device stability
[32]. The organic layers were covered by a thin
(5 nm) layer of barium protected by a 80 nm layer
of silver that serves as the cathode and were depos-
ited via thermal vacuum deposition. These simple
bi-layer devices did not result in efficient electrolu-
Table 2
Electro-chemical properties of the CP dendrimers

Compound UV/vis absorption band edge (nm) Eoxonset [V]a

4a 438 0.84
5a 444 0.83
4b 449 0.79
5b 459 0.78

a Measured in CH2Cl2.
b Calculated from CV data.
c Calculated from CV data and UV/vis absorption spectra band edg
d Calculated from UV/vis absorption spectra band edge.
minescence. This is indicative of a hole dominated
device in which the recombination occurs in close
vicinity of the cathode, resulting in a large quench-
ing of the excitons and hence a poor light emission.
Such a hole dominated device is expected as the bar-
rier for hole injection is negligible (difference
between the HOMO of the dendrimers to the work
function of the PEDOT is less than 0.1 eV) and due
to the high concentration of arylamine groups in the
dendrimer structures. The latter groups are well
known hole transporting molecules and hence it is
expected that the hole mobility is dominant in these
dendrimer systems [33]. To verify this, the hole
mobility was estimated from the current density ver-
sus voltage curves using the space-charge limited
transport model on hole-only devices, in which gold
was used as the cathode [34,35]. For the dendrimer 4

series, mobilities ranging from 0.2 to 6 � 10�5 cm2/
V s were found which is not especially high, how-
ever, larger than the normally observed electron
mobilities. In comparison, the mobility of dendri-
mer 5a was significantly lower, in the range of
1 � 10�8 cm2/V s. The observed decrease in mobil-
ity for dendrimer 5a is indicative of the occurrence
of charge trapping in these films possibly originating
from aggregate formation of the amino-pyrene
units. These observations explain therefore the low
efficiencies observed for the simple OLED devices
structure. Hence, to separate the recombination
zone from the cathode and to prevent the loss of
holes by recombination at the cathode a 20 nm layer
of 1,3,5-tris(2-N-phenylbenzimidazolyl) benzene
(TPBI) electron transport layer was thermally evap-
orated [36].

The three layer OLED devices based on the den-
drimers, 4a, 4b and 5b all show similar perfor-
mances. The turn-on voltages for light emission is
around 2.5 V which is low considering the built-in
potential for these devices of approximately
2.4 eV. This low turn-on voltage confirms the earlier
HOMO [eV]b LUMO [eV]c HOMO-LUMO Gap [eV]d

�5.24 �2.41 2.83
�5.23 �2.44 2.79
�5.19 �2.43 2.76
�5.18 �2.48 2.70

e.



Table 3
Performance of ITO/PEDOT:PSS/emitting layer/TPBI/Ba/Ag OLED devices at a driving voltage of 8 V

Emitting layer Current density
(A/m2)

Luminance
(cd/m2)

External quantum
efficiency (%)

Current
efficiency (cd/A)

Power efficiency
(lm/W)

kmax(nm) Colour
coordinate (x, y)

4a 1910 3615 0.72 1.89 0.74 485 0.207, 0.324
4aa 245 954 1.40 3.90 1.50 486 0.207, 0.324

5a 17.7 12.9 0.23 0.72 0.28 548 0.349, 0.557
4b 358 728 0.69 2.00 0.79 493 0.246, 0.500
5b 5390 1107 0.09 0.21 0.08 570 0.407, 0.478

a OLED with an emitting layer thickness of 80 nm.
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assumption that the barrier for hole injection is low.
Additionally, as light emission can only occur when
both holes and electrons have been injected it
implies that the injection of electrons is also almost
barrier free. The maximum light emission is
achieved for dendrimer 4a, in which luminance lev-
els of 3600 (8 V) and 11,000 cd/m2 (12 V) are
reached. The efficiency associated with this high
brightness device is 1.89 cd/A. In a device using a
slightly thicker dendrimer layer (80 versus 50 nm)
the total brightness is less, however in this device
the current efficiency reaches 3.9 cd/A, which is high
for a singlet emitting blue emitter [37]. Furthermore,
the device exhibits only a small decline over a quite
large voltage range, indicating that the hole and
electron recombination remains efficient even at
higher voltages. This data shows that these dendri-
mers hold promise as efficient emitters for solution
processable OLEDs Table 3.

The OLED device using dendrimer 5a, however,
shows a strikingly different behaviour, the turn-on
voltage is higher by almost one volt and the current
density and luminance values are orders of magni-
tude lower than for the devices using the other den-
drimers. The lower current density is indicative of a
significant level of traps and the lower light output
can be a direct result from this low current density.
However, to be able to discuss this unusual result it
is necessary to analyse the electroluminescent spec-
tra of the four devices.

The light emission of the 4a and 4b dendrimer
containing OLEDs is blue whereas the emission col-
our of the OLED based on the 5a and 5b dendri-
mers is green. The emission maximum of the
dendrimer 5a containing OLED lies at 545 nm,
which is substantially red shifted with respect to
the emission spectra of the dendrimer obtained in
solution (427 nm), but rather close to the emission
observed after photoexcitation of a pure film of 5a

(520 nm). This corroborates the assumption made
earlier that the emission originates from aggregates
and not from isolated amino-pyrene dendrons. Such
aggregates generally show red shifted emission due
to the stabilization of the HOMO and LUMO lev-
els. The change in emission can be due to the forma-
tion of dimers and/or excited state dimers
(excimers). In view of the large change in current
density for dendrimer 5a based OLEDs, it seems
likely that the dimer is formed in the ground state
and acts as a hole trapping site. This is in agreement
with the low hole mobility observed from the hole-
only devices. The formation of aggregates is
strongly dependent on the exact molecular architec-
ture and on the average distance between the groups
responsible for the aggregation in the thin film.
Therefore to verify if blue emission can be obtained
from dendrimers 5a and 5b, we prepared OLEDs
using the large bandgap polymer poly(N-vinylcar-
bazole) (PVK) [38] in combination with 2-(4-biphe-
nyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD)
(to improve the electron transporting properties)
to which small amounts (5% and 25% by weight)
of the selected dendrimer were added as the emitting
species. As a comparative experiment the dendri-
mers 4a and 4b were also used in the PVK:PBD host
based OLEDs Fig. 1.

The emission spectra obtained from the different
OLED architectures is depicted in Fig. 2. The emis-
sion of the PVK:PBD OLED device containing
5 wt.% of dendrimer 5a has an emission maximum
at 471 nm, blue shifted with as much as 77 nm com-
pared with the emission obtained from the OLED
employing dendrimer 5a as the single component
emitting layer. Additionally, this coincides with
the emission spectrum obtained after photoexcita-
tion of a polystyrene film containing 5 wt.% of the
dendrimer 5a. The CIE colour coordinates for this
emission spectrum are: x = 0.157, y = 0.209 which
corresponds to a deep blue colour. Upon increasing
the percentage of dendrimer 5a in the PVK:PBD
blend the emission maximum shifts towards the
red and coincides with that obtained for the OLED
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reader is referred to the web version of this article.)
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with a 100% dendrimer emitting layer. These results
show that upon decreasing the dendrimer concen-
tration, the interaction of the amino-pyrene emit-
ting units is reduced and hence the emission is
originating from the amino-pyrene dendron. How-
ever, upon increasing the concentration aggregates
seem to be forming that cause a red shift in the emis-
sion spectrum and act as trapping sites, reducing the
current density of the device. The device efficiency
when using PVK:PBD as hosts were lower than
for the devices based on the pure dendrimer emit-
ting layers. Proper selection of the host matrix
would likely increase the efficiencies to much higher
levels.
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Fig. 2. Electro-luminance spectra obtained from two types of OLEDs,
up triangles), 5a (red, circles), 4b (green, down triangles), 5b (cyan, squar
layer (right), 4a �5 wt.% blue diamonds, 5a �5 wt.% magenta squares
�5 wt.% cyan down triangles. The device architecture is: ITO/PEDOT
The emission spectrum of the OLED using a
100% dendrimer 4a as the emitting layer is rather
broad due to a contribution of a lower energy emis-
sion band around 534 nm. This lower energy emis-
sion contribution seems not associated with the
generation of aggregates as the same emission spec-
trum is observed for a device in which the 4a dendri-
mer is dispersed in a PVK:PBD matrix. The resulting
CIE colour coordinates are: x = 0.229, y = 0.392
which is a greenish-blue colour. This puts the
observed higher device efficacies in perspective as
the emission is not completely in the blue but has a
considerable component in the green part of the vis-
ible spectrum where the sensitivity of the human eye
is higher, thus resulting in a higher candela value. To
have a colour independent value of the device effi-
ciency, the external quantum efficiency was deter-
mined as 1.4 photons/electrons. Although this
value is somewhat lower than the best singlet emit-
ting systems, we are confident higher efficiencies
can be obtained after further optimization of the
hybrid dendrimers and devices architectures. A com-
ment is in order concerning the anomalous perfor-
mance of dendrimer 5b, which has a very broad
electroluminescent spectrum, however a comparable
current density and luminance versus the voltage
curve. The broad emission spectrum is like in the
5a case probably due to the formation of aggregates,
which disappear when the dendrimer is diluted in a
PVK:PBD matrix. Nevertheless, the aggregates
apparently are not operating as trapping sites as
the current density is rather high. At this time, the
difference from the very small structural modifica-
tions on the dendrimer structure have on the device
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performance is not fully understood and is the topic
of further analysis. It has recently been found that
local nano-phase crystallization can occur in solid
films of small (in general) amorphous molecules,
which can also in our case be the origin of such dras-
tic differences in device performances [39,40].

3. Experimental

3.1. Materials and methods

All materials used for the synthesis of the CP
dendrimers were commercial products (Aldrich,
Fluka, TCI, Strem, Acros, Avocado) and were used
as received. Dry toluene (Aldrich) was used for all
the amination reactions. All the reactions were car-
ried out using Schlenk techniques in an argon
atmosphere.

3.2. Instruments

1H and 13C NMR data were recorded on a Bru-
ker DPX 400 MHz spectrometer with chemical
shifts referenced to CDCl3. MALDI-TOF was per-
formed on a Bruker Autoflex MALDI Tandem
TOF/TOF mass spectrometer. Dithranol or trans-
2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]
malononitrile (DCTB) were used as the matrix and
silver trifluoromethanesulfonate (AgTFA) as the
ion source when necessary. Differential scanning
calorimetry (DSC) was carried out under nitrogen
on a Thermal Analysis DSC 2920 module (scanning
rate of 10 �C min�1. Thermal gravimetric analysis
(TGA) was carried out using a Thermal Analysis
TGA 2050 module (heating rate of 10 �C min�1).
All GPC analyses were performed on a Waters Alli-
ance 2690 system equipped with photodiode array
(Waters 996) and evaporative light scattering detec-
tors (Waters 2420) and THF as solvent. The system
was calibrated using polystyrene standards. Cyclic
voltammetry experiments were performed using an
Autolab potentiostat (model PGSTAT30) by Echo-
chimie. All CV measurements were recorded in
dicholoromethane with 0.1 M tetrabutylammonium
hexafluorophosphate as supporting electrolyte (scan
rate of 50 mV/s). The experiments were carried at
room temperature with a conventional three elec-
trode configuration consisting of a platinum wire
working electrode, a gold counter electrode and a
Ag/AgCl in 3 M KCl reference electrode. The mea-
sured potentials were converted to versus SCE (sat-
urated calomel electrode) and the corresponding
ionization (IP) and electron affinity (EA) values
were derived from the onset redox potentials, based
on �4.4 eV as the SCE energy level relative to vac-
uum (EA = Eredonset + 4.4 eV, IP = Eoxonset +
4.4 eV). UV–vis spectra were recorded on a Shima-
dzu model 2501-PC UV–VIS spectrometer and pho-
toluminescence (PL) spectra were measured on a
Perkin-Elmer spetrofluorometer. The solution spec-
tra were measured from dichloromethane solutions
and the thin film spectra were recorded from thin
film obtained by spin-coating dichloromethane solu-
tions on quartz glass plates.

3.3. Device preparation

PEDOT:PSS was purchased from HC-Starck,
TPBI was obtained from Sensient GmbH, poly(N-
vinylcarbazole) (PVK), 2-(-4-biphenyl)-5-(4-tert-
butylphenyl)-1,3,4-oxadiazole (PBD) and solvents
used were obtained from Aldrich. The pre-patterned
ITO glass plates were extensively cleaned, using
chemical and UV–Ozone methods, just before the
deposition of the organic layers. The thickness of
the films was determined using an Ambios XP1 pro-
filometer, resulting in a 100 nm and an 70 nm thick
PEDOT:PSS and PVK:PBD:dendrimer film, respec-
tively. TPBI was thermally evaporated to a layer
thickness of 20 nm using temperature controlled
sources and an evacuation chamber integrated in
an inert atmosphere glovebox (<0.1 ppm O2 and
H2O). In a separate evaporation chamber integrated
in the same inert atmosphere glovebox the barium
and silver metals were evaporated. The base pres-
sure for both evaporators is <1 � 10�6 mbar. Cur-
rent density and luminance versus voltage were
measured using a Keithley 2400 source meter and
a photodiode coupled to a Keithley 6485 pico-amp-
meter using a Minolta LS100 to calibrate the photo-
current. External quantum efficiencies (EQE) were
determined using an integrated sphere coupled to
an UDT instruments S370 Optometer. An Avantes
luminance spectrometer was used to measure the
EL spectrum. Devices were characterized in inert
atmosphere.

4. Conclusion

In conclusion, efficient fluorescent temperature
stable hybrid dendrimers were developed and used
to prepare solution processable OLEDs. Depending
on the exact nature of the dendrimer used, the
device emitted blue or green light. The emission of
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green light was associated with the formation of
ground state aggregates, as the green emitting
OLED showed orders of magnitude lower current
densities. When the dendrimer was dispersed in
small concentrations into a hole and electron trans-
porting matrix, deep blue emission was observed.
Maximum device efficiencies of 1.4% and 3.9 cd/A
were obtained for greenish-blue light emitting
OLEDs. These results show the potential of this
new type of dendritic emitting structures for solu-
tion processed and hybrid (solution and thermally
evaporated) OLED devices.
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Abstract

We report on the fabrication of polymer light-emitting diodes (PLEDs) and light-emitting electrochemical cells (LECs)
in planar surface cell geometry (anode as well as the cathode are made of gold; interelectrode spacing: 1 lm) by means of
inkjet printing. The active material for PLEDs is an aqueous poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) dispersion, and for LECs blends thereof with poly(ethylene oxide) (two different molecular weights:
100,000 g/mol (PEO-100,000) and 30,000 g/mol (PEO-30,000)) and lithium-triflate, building the solid state electrolyte.
The surface PLEDs reveal very poor device performance with extremely high current and light emission onset voltages.
However, adding the solid state electrolyte to the luminescent material, leading to the device type of an LEC, distinctly
improves the performance obtaining onset voltages slightly above 3 V and remarkable enhanced light output. Due to
the exchange of the high molecular weighted PEO-100,000 by the PEO-30,000, which leads to an elimination of the unde-
sired bead-on-a-string effect during the inkjet printing process, the reproducibility of the device fabrication can be conspic-
uously improved. Additionally, the location of the light emission zone of a surface LEC can be easily determined, since one
has a direct view between the electrodes. For such a device the light generation occurs near the cathode.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the middle of the 20th century it was demon-
strated that a new material class – organic semicon-
ductors– can be used to achieve electroluminescence
(EL) [1]. Especially organic conjugated polymers
reveal the paramount advantage of excellent process-
ability, since these materials are soluble in common
.

mailto:e.list@tugraz.at


G. Mauthner et al. / Organic Electronics 9 (2008) 164–170 165
organic solvents due to functionalization with side-
chains. For this reason polymer solutions can be eas-
ily processed by spin- or drop-casting, screen-print-
ing [2–4], inkjet printing [5–8], etc. In particular the
inkjet printing process used as material deposition
technique reveals a number of advantages. Three
major benefits are: (1) Precise material deposition
on the substrate at well defined positions which
means that selective structuring of devices is possible.
Thus this technique is appropriate for the deposition
of different polymers in a controlled pattern on a sub-
strate, which is necessary, e.g., for the fabrication of
full-color displays. (2) Low material consumption
and less material wastage can be achieved compared
to standard methods like spin-casting, which is con-
nected with the reduction of device costs. (3) Further-
more, the fabrication of large-area devices is
facilitated.

Yet the fabrication of polymer light-emitting
devices (polymer light-emitting diodes [9] (PLEDs)
and polymer light-emitting electrochemical cells
[10,11] (LECs)) by using inkjet printing as deposi-
tion method of polymer-based solutions involves
several challenges to solve like the bead-on-a-string
effect [12] induced by high molecular linear polymer
chains during the droplet formation of the ink at the
printhead nozzles or the coffee-stain effect [13],
which appears at the drying process of the droplet
on the substrate. On the other hand, inkjet printing
provides the possibility of utilizing substrates with
alternative electrode geometries like the surface cell
structure [14–20] for fabrication of cheap lighting
applications beyond the display market.

In contrast to conventional PLEDs, LECs
require additionally to the conjugated polymer a
solid state electrolyte for their operation. Due to
the electrolyte the working principle differs strongly
from that of PLEDs, which operate due to charge
carrier tunneling and/or thermionic injection [21].
Since the ionic species of the solid state electrolyte
migrate under the influence of an applied electric
field towards the corresponding electrodes, the
LECs working principle is based on electrochemical
doping of the conjugated polymer at the electrodes
(electrochemical p-doping close to the anode and
electrochemical n-doping close to the cathode) and
the formation of a pin-junction type structure [11].
i represents the intrinsic region between the doped
zones, where the exciton formation and light emis-
sion zone is located [22].

The presented results show that the problematic
inkjet printing related issue the bead-on-a-string
effect induced by the interaction of long linear poly-
mer chains can be eliminated by utilizing a disper-
sion of the polymer (the diameter of the polymer
colloids used in this study is in the range of
100 nm), or, if available, to use a soluble polymer
with a low molecular weight. Another benefit can
be exploit when utilizing the dispersion approach,
namely that water, which is environmental friendly,
can be used as dispersing agent for polymers which
generally are only soluble in common organic sol-
vents (simplifies the handling during device prepara-
tion) [23]. It is demonstrated that on the one hand
inkjet printing is a powerful technique for the depo-
sition of the pristine aqueous poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV)
dispersion and blends thereof used in this study,
and on the other hand that when fabricating light-
emitting devices in surface cell geometry (interelec-
trode spacing resulting in device thickness of
1 lm) by inkjet printing only the device type of
the LEC reveals characteristics of good quality.
2. Experimental

Water-based solutions of a poly(ethylene oxide)
with a molecular mass of 30,000 g/mol (PEO-
30,000), a poly(ethylene oxide) with a molecular
mass of 100,000 g/mol (PEO-100,000), and lith-
ium-triflate (LiTf) were fabricated for blending
with the aqueous dispersion of semiconducting
MEH-PPV (molecular weight: Mn 70,000–100,000)
colloids (c-MEH-PPV). The diameter of the MEH-
PPV colloids is in the range of 100 nm. The interdig-
ital electrodes of the utilized planar surface cell
structures consist of gold and have an interelectrode
spacing of 1 lm. The surface PLEDs were fabri-
cated by inkjet printing of the pure MEH-PPV dis-
persion with a final concentration of 11 mg/ml. For
the preparation of the polymer dispersion, a
2.5 wt.% polymer solution in chloroform were
added to an aqueous sodium dodecyl sulfate
(SDS) (100 mg SDS/10 g of water) solution. After
stirring 1 h for pre-emulsification, the miniemulsion
was prepared by sonicating the mixture for 2 min
(Branson Sonifier W450, 90% amplitude, ½ in.
tip). The samples were left under stirring for
30 min at 62 �C to evaporate the chloroform from
the liquid droplets in order to obtain an aqueous
dispersion. To eliminate the excess of surfactant
and concentrate the samples, they were ultrafiltered
in centrifuge tubes (Amicon Ultra-4 centrifugal
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filter, 10,000 molecular weight cut-off). Surface
LECs (SLECs) were prepared by inkjet printing of
the blends c-MEH-PPV/PEO-35,000/LiTf and
c-MEH-PPV/PEO-100,000/LiTf (weight ratio
20:10:4 in each case). The concentration of
c-MEH-PPV in the blend solutions was 7 mg/ml.
The substrate temperature at the printing process
was 50 �C for both device types. The surface light-
emitting devices investigated in the study were
fabricated by a single-nozzle inkjet printer using
the jetting device Microfab [24] MJ-AT-01 with an
orifice of 50 lm. After the device fabrication the
active layers were dried in argon atmosphere and
subsequently in vacuum at elevated temperature.
All devices were operated and characterized under
argon atmosphere at room temperature. EL spectra
were taken with a CCD-spectrometer (Oriel 77400).
Current/voltage characteristics (I(V)) were recorded
with a Keithly source measure unit and for the
luminance/voltage characteristics (L(V)) an inte-
grating sphere in combination with a photodiode
was used. The I(V) and L(V) characteristics were
recorded with a scan speed of 0.2 V per 300 ms.

3. Results and discussion

In Fig. 1a, an image of an interdigital surface
electrode structure, which is utilized in the following
studies, is shown. The anode as well as the cathode
1 mm

3 mm  

Inkjet-printed lines; 
active layer  Au electrodes  

Substrate 

1 µm

Fig. 1. (a) Interdigital surface electrode structure recorded with
an optical microscope. Interelectrode spacing: 1 lm (b) Schematic
of the surface cell electrode structure covered with inkjet printed
lines forming the active layer of the light-emitting device. (c)
Electroluminescence of an inkjet printed c-MEH-PPV SLEC.
is made of gold; the interelectrode gap has the form
of a meander and is 1 lm wide. Fig. 1b depicts a
schematic of the surface cell electrode structure cov-
ered with inkjet printed lines forming the active
layer of the light-emitting device in surface cell
geometry.

First surface PLEDs were fabricated by inkjet
printing from an aqueous MEH-PPV dispersion.
Fig. 2a displays the droplet formation of the pristine
dispersion of MEH-PPV nanospheres printed by the
single-nozzle printer. The dispersion is well jettable
and the droplets are formed within the first 50 ls
after leaving the nozzle. Such a beneficial behavior
is in contrast to a conventional MEH-PPV (Mn:
70,000–100,000) solution having an identical poly-
mer concentration like the dispersion, since this
solution suffers by the bead-on-a-string effect [13]
at the inkjet printing process (figure is not shown
here).

In Fig. 3a, a typical I(V) and L(V) characteristic
of an inkjet printed c-MEH-PPV surface PLED is
depicted. The current and light emission onsets were
found at approximately 55 V. Obviously, the cur-
rent and the luminance reveal an extremely low
ascent when further increasing the bias, which is a
Fig. 2. Drop formation of: (a) the MEH-PPV dispersion at 0, 20,
50, 200 ls and of the blend systems, (b) c-MEH-PPV/PEO-
100,000/LiTf and (c) c-MEH-PPV/PEO-35,000/LiTf at 0, 20, 50,
100, and 200 ls after leaving the printer nozzle.
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Fig. 3. (Squares) I(V) and (triangles) L(V) characteristics of
surface cell light-emitting devices fabricated by inkjet printing: (a)
c-MEH-PPV surface PLED, (b) c-MEH-PPV/PEO-100,000/LiTf
surface LEC, and (c) c-MEH-PPV/PEO-35,000/LiTf surface
LEC. The insets show the EL spectra of the corresponding
devices.

Cathode               Anode 

LUMO

HOMO

ΔEh

ΔEe Eg

electrochemical 
p-doping

EL 25 µm interelectrode gap

Cathode Anode

V

Fig. 4. (a) Image of the light emission of a SLEC fabricated by
inkjet printing. Interelectrode spacing: 25 lm. Bias voltage: 70 V.
Schematic electron energy diagrams of: (b) an unbiased SLEC
(V = 0 V) and (c) an SLEC at a bias of V = Eg/e, consisting of a
gold anode and a gold cathode, which results in the asymmetric
barrier heights for electron injection DEe and hole injection DEh.
Large circles: cations and anions; small circles: positive polarons.
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result of the intrinsic behavior of this device type
under these operation conditions. At a drive voltage
of 100 V the current and the luminance reach 8 mA
and 12 cd/m2, respectively. The obtained EL inten-
sity is unexpected low when considering the high
current through the device. This feature indicates
that the main part of the current stems from holes,
since the energetic injection barrier generated by the
highest occupied molecular orbital (HOMO) of the
MEH-PPV and the Fermi level of the gold anode
is rather low, which is in contrast to the electron
injection barrier created by the lowest unoccupied
molecular orbital (LUMO) of the polymer and the
Fermi level of the gold cathode (see Fig. 4b) [25].
Consequently, a highly unbalanced charge carrier
injection occurs, leading to a low rate of singlet exci-
ton formation and recombination, respectively.
Conventional PLEDs produced from the polymer
MEH-PPV in sandwich structure (ITO/MEH-
PPV/Ca/Al) turn on at voltages around 3 V [26].
However, in these instances the electrode spacing
is sub-100 nm, but what is of even greater impor-
tance is the fact that by using calcium as cathode
(work-function �2.9 eV) the electron injection is
strongly improved, which leads to a more balanced
electron and hole injection. The consequence for
devices with interelectrode spacing of 1 lm is that
the emission onset voltage should be at least 10
times larger (E = V/d; E: electrical field, V: bias
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voltage, d: device thickness), when applying the
same electrode materials (indium tin oxide (ITO)
and calcium (Ca)), in order to generate the identical
electric field in the active layer. However in the case
of the interdigital electrodes the anode as well as the
cathode were made of gold (work-function �5.1 eV,
which is in the range of the commonly used hole
injecting electrode ITO), which means that the elec-
tron injection is extremely problematic, and the EL
onset voltage ought to be further strongly increased.
The extreme case would be that the electron injec-
tion is totally hindered by the large injection barrier
resulting in a sole hole current, which means that no
EL can be generated. An auxiliary reason why the
device operates at the stated voltages could be resid-
ual ionic impurities provided by a surfactant of the
dispersion, which is needed for its stabilization,
leading to a slight electrochemical doping of the
polymer near the electrodes and an enhanced charge
carrier injection. The inset of Fig. 3a shows the EL
spectrum of the surface PLED. The shape of the
spectrum is typical for MEH-PPV and the EL peak
maximum is found at 606 nm.

The results presented before indicate that for
light generation from a surface cell light-emitting
device with large interelectrode gaps at acceptable
low bias voltages the PLED exhibits the wrong fun-
damental working principle. An alternative device
type is the LEC, which possesses the paramount
advantage of an enhanced and more balanced
charge carrier injection due to electrochemical
doping of the polymer at the electrodes. The active
layers of the surface LECs were produced by ink-
jet printing of the MEH-PPV dispersion blended
with PEO-100,000 and the alkali metal salt LiTf in
the weight ratio of c-MEH-PPV:PEO-100,000:LiTf =
20:10:4 (PEO-100,000 and LiTf build the solid state
electrolyte).

In Fig. 2b, the droplet formation of the aqueous
c-MEH-PPV/PEO-100,000/LiTf ink at the printer
nozzle is shown. Obviously, this mixture is not as
well jettable as the pure dispersion shown in
Fig. 2a. Within the first 100 ls the droplet forms a
long thread as a result of the bead-on-a-string effect,
which is induced by the interaction of the long flex-
ible linear PEO-100,000 chains. After 200 ls the
droplet detaches the nozzle, however, small satellite
droplets are generated from the liquid tail. Never-
theless, the inkjet printing process remained ‘stable’
during the entire device fabrication, meaning that
the formation of the satellite droplets does not alter
with time. In Fig. 3b, the I(V) and L(V) character-
istics of a SLEC fabricated by inkjet printing of the
c-MEH-PPV/PEO-100,000/LiTf ink are shown. The
current and the light emission onset are found at
3.2 V, which is relatively close to the optical band-
gap of the MEH-PPV. Further increasing of the
driving voltage leads to a steep increase of the cur-
rent and the luminance, which is typical for LECs.
At a bias of 12 V the luminance reaches its maxi-
mum of approximately 100 cd/m2, correlated with
a current through the device of 3.3 mA. The inset
of Fig. 3b depicts the normalized EL spectrum of
the SLEC. The EL peak maximum is located at
602 nm. The hypsochromic shift of 4 nm in compar-
ison to the surface PLED0s EL peak maximum can
be attributed to smaller self-absorption due to a dis-
tinctly lower amount of c-MEH-PPV in the active
layer.

When comparing the performance of the two
device types investigated, it can be found that the
onset voltages for both the current and the light
emission can be distinctly reduced; from 55 V for
the PLED to around 3 V in the case of the LEC.
Additionally the EL intensity emitted from the
SLEC is unequally larger. These facts emphasize
the necessity of the electrochemical doping process
and the related efficient charge carrier injection, thus
the usage of the LEC for such surface cell lighting
applications.

To improve not only the inkjet printing process
but also the reproducibility and the performance of
the devices, a closer look concerning the utilized ink
has to be done. Since the droplets of the aqueous c-
MEH-PPV/PEO-100,000/LiTf solution generate
during the inkjet printing process the bead-on-a-
string structure (see Fig. 2b), whereas the pure
MEH-PPV dispersion is well jettable (see Fig. 2a), it
is evident that the jetting problem arises from the
PEO-100,000 chains. A reasonable strategy to avoid
this effect is to make a change from the high molecular
weighted PEO-100,000 to the lower molecular
weighted PEO-35,000, leading to the novel ink of c-
MEH-PPV, PEO-35,000, and LiTf. Fig. 2c displays
the droplet formation of the aqueous c-MEH-PPV/
PEO-35,000/LiTf (weight ratio 20:10:4) blend solu-
tion at the nozzle of the inkjet printer after different
times of ejection. The solid content of the mixture is
identical with that of the former solution. Obviously
the PEO exchange results in a well jettable ink and the
droplet formation is similar to that of the pure MEH-
PPV dispersion.

In Fig. 3c, the I(V) and L(V) characteristics of a
c-MEH-PPV/PEO-35,000/LiTf SLEC fabricated by
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inkjet printing are illustrated. The current onset is
found at a bias of 3.1 V and the light emission starts
slightly later at 3.4 V. Further increasing of the driv-
ing voltage leads to a strong increase of the current
and the luminance and at a bias of 12 V the current
and the luminance are about 2.9 mA and 125 cd/m2.
The inset of Fig. 3c depicts the normalized EL spec-
trum of the SLEC. The EL peak maximum is
located at a wavelength of 603 nm, which matches
almost exactly with that of the SLEC investigated
before indicating a similar thickness of the active
layers. In Fig. 1c, an image of such a SLEC under
operation is shown. The inhomogeneous EL emis-
sion is a composition of various reasons: deviations
in the active layer thickness due to the coffee-stain
effect, phase-separation between the hydrophobic
c-MEH-PPV and the hydrophilic polymer electro-
lyte, and small differences in the interelectrode spac-
ing of the device.

Basically, the two types of surface LECs (contain-
ing PEO-100,000 and PEO-35,000) reveal compara-
ble device performances. However, in the latter case
a larger luminance was obtained at a bias of 12 V,
which can be attributed to morphological differences
of the active layer induced by the different PEO chains
length. Additionally to the slightly improved perfor-
mance, the indispensable advantage of an advanced
device fabrication process due to the elimination of
the bead-on-a-string effect has to be highlighted.
Without this feature no defined and reproducible per-
formance of the surface LECs can be achieved.

The device type of the surface LEC can be excel-
lently used for investigations concerning the light
emission zone, since one has a direct view between
the electrodes. Fig. 4a shows an image of a surface
LEC with an anode/cathode spacing of 25 lm from
the ink c-MEH-PPV/PEO-35,000/LiTf SLEC fabri-
cated by inkjet printing under operation (applied
bias: 70 V; the high bias needed for the device opera-
tion is a result of the PEO/LiTf nature, which tends to
be crystalline at room temperature [27]). Obviously
the light generation occurs near the cathode. This fea-
ture is a result of the utilized high work-function
metal gold for both electrodes, consequently the ener-
getic injection barrier for holes DEh is significantly
lower than that for electrons DEe (see the correspond-
ing electron energy diagram for an unbiased SLEC
(V = 0 V) in Fig. 4b) and no internal built-in voltage
can be generated. Since the number of ions required
for compensating the hole injection barrier is signifi-
cantly smaller than that to compensate the barrier for
electrons, and in order to preserve the electro-neutral-
ity in the bulk, also electrochemical p-type doping of
the polymer at the anode towards the center of the
device takes place (see Fig. 4c). This effect causes a
shift of the light emission zone from the center of
the device (holds only for SLECs with equal energy
barrier heights for electron and hole injection, and
the assumption of identical electron and hole mobil-
ity in the conjugated polymer) to the cathode side.
Such a behavior has been also observed for other
types of SLECs [17].

4. Conclusion

In summary, we have pointed out some key
issues of the fabrication of light-emitting devices in
surface cell geometry by means of inkjet printing,
concerning an applicable ink and the appropriate
device type. The superior advantages of the aqueous
MEH-PPV dispersion has to be emphasized, which
are the environmental friendliness and the absence
of the bead-on-a-string effect typical for high molec-
ular weight conjugated polymers during the printing
process. Surface PLEDs fabricated from c-MEH-
PPV by inkjet printing reveal very poor device per-
formance with extremely high current and light
emission onset voltages (50–60 V). However, surface
LECs show distinctly improved performance with
onset voltages for the current as well as for the lumi-
nance slightly above 3 V and remarkable enhanced
light output. These facts inevitably lead to the neces-
sity of the usage of the LEC principle, i.e., the elec-
trochemical doping process, for such surface cell
lighting applications.
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Abstract

Two novel iridium complexes both containing carbazole-functionalized b-diketonate, Ir(ppy)2(CBDK) [bis(2-phenylpy-
ridinato-N,C2)iridium(1-(carbazol-9-yl)-5,5-dimethylhexane-2,4-diketonate)], Ir(dfppy)2(CBDK) [bis(2-(2,4-difluorophe-
nyl)pyridinato-N,C2)iridium(1-(carbazol-9-yl)-5,5-dimethylhexane-2,4-diketonate)] and two reported complexes,
Ir(ppy)2(acac) (acac = acetylacetonate), Ir(dfppy)2(acac) were synthesized and characterized. The electrophosphorescent
properties of non-doped device using the four complexes as emitter, respectively, with a configuration of ITO/N,N 0-diphe-
nyl-N,N 0-bis(1-naphthyl)-1,1 0-diphenyl-4,4 0-diamine (NPB) (20 nm)/iridium complex (20 nm)/2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline (BCP) (5 nm)/tris(8-hydroxyquinoline)aluminum (AlQ) (45 nm)/Mg0.9Ag0.1 (200 nm)/Ag (80 nm)
were examined. In addition, a most simplest device, ITO/Ir(ppy)2(CBDK) (80 nm)/Mg0.9Ag0.1 (200 nm)/Ag (80 nm),
and two double-layer devices with configurations of ITO/NPB (30 nm)/Ir(ppy)2(CBDK) (30 nm)/Mg0.9Ag0.1 (200 nm)/
Ag (80 nm) and ITO/Ir(ppy)2(CBDK) (30 nm)/AlQ (30 nm)/Mg0.9Ag0.1 (200 nm)/Ag (80 nm) were also fabricated and
examined. The results show that the non-doped four-layer device for Ir(ppy)2(CBDK) achieves maximum lumen efficiency
of 4.54 lm/W and which is far higher than that of Ir(ppy)2(acac), 0.53 lm/W, the device for Ir(dfppy)2(CBDK) achieves
maximum lumen efficiency of 0.51 lm/W and which is also far higher than that of Ir(dfppy)2(acac), 0.06 lm/W. The results
of simple devices involved Ir(ppy)2(CBDK) show that the designed complex not only has a good hole transporting ability,
but also has a good electron transporting ability. The improved performance of Ir(ppy)2(CBDK) and Ir(dfppy)2(CBDK)
can be attributed to that the bulky carbazole-functionalized b-diketonate was introduced, therefore the carrier transporting
property was improved and the triplet–triplet annihilation was reduced.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Organic light-emitting diodes (OLEDs) have
attracted great attention in the past decades because
of their potential advantages in low-power emissive,
flexible, cost competitive, flat panel displays.
Recently, the photophysics of phosphorescent mate-
rials has been the subject of extensive studies because
both singlet and triplet excited states participated to
the emission leading to the internal quantum effi-
ciency potentially as high as 100% [1–4]. Among the
phosphorescent emitters such as iridium, platinum,
ruthenium, and osmium complexes, the best perform-
ing phosphorescent materials have been shown to be
those based on iridium complexes. Up to now, high
brightness and efficiency were achieved by using a
host:dopant systems to improve energy transfer and
avoid triplet–triplet annihilation [5–15]. In contrast,
high-performance phosphorescent OLEDs fabri-
cated by a much simplified, non-doped method are
rare and their typical performances both in brightness
and efficiency are far from satisfactory [16–19].

In pursuit of highly electroluminescent efficiency
iridium complexes, many different classes of homo-
leptic (Ir(C^N)3) and heteroleptic (Ir(C^N)2(LX))
iridium complexes have been developed, where
C^N is a monoanionic cyclometalating ligand (e.g.,
2-phenylpyridine, 2,4-difluorophenylpyridine) and
LX is an ancillary ligand (e.g., acetylacetonate, pico-
linate). It has been well demonstrated that structural
changes in the skeleton as well as the substituent
groups of the cyclometalating ligand afford signifi-
cant color tuning and efficiency improving of elec-
trophosphorescence. Therefore, many studies have
been enthusiastically investigated on the design and
synthesis of novel cyclometalating ligands [20–29].

In our previous work, we have changed the ancil-
lary ligand from acetylacetonate (acac) to a carba-
zole-functionalized b-diketonate and designed a
red phosphorescent emission iridium complex,
Ir(DBQ)2(CBDK) [bis-(dibenzo[f,h]quinoxalinato-
N,C2)iridium(1-(carbazol-9-yl)-5,5-dimethylhexane-
2,4-diketonate)]. The performance of non-doped
device based on this complex showed that improved
hole transporting property which benefits exciton
transportation could lead to highly efficient non-
doped OLEDs, and consequently the device fabrica-
tion will be simplified and the danger of the phase
separation, which potentially exist in the long-play-
ing device operation, will be avoided [30–33].

Encouraged by the fact that the functionalized
b-diketonate can play such an important role to irid-
ium complex and with an effort to design high
efficiency non-doped green and blue OLEDs, herein
two complexes both containing carbazole-function-
alized b-diketonate, Ir(ppy)2(CBDK) [bis(2-phen-
ylpyridinato-N,C2)iridium(1-(carbazol-9-yl)-5,5-dim-
ethylhexane-2,4-diketonate)] and Ir(dfppy)2(CBDK)
[bis(2-(2,4-difluorophenyl)pyridinato-N,C2)iridium(1-
(carbazol-9-yl)-5,5-dimethylhexane-2,4-diketonate)]
were synthesized. For comparison, two reported
complexes, Ir(ppy)2(acac) and Ir(dfppy)2(acac) were
also synthesized and the related devices were
fabricated under the same conditions. Data show
that the lumen efficiency of the device using Ir-
(ppy)2(CBDK) (or Ir(dfppy)2(CBDK)) as emitter is
far higher than that of Ir(ppy)2(acac) (or Ir(dfp-
py)2(acac)). In addition, a most simplest device and
two double-layer devices involved Ir(ppy)2-
(CBDK) were also fabricated and data show that
the designed iridium complex both have good hole
transporting ability and electron transporting ability.
2. Experimental

2.1. General information

1H NMR spectra were recorded on an ARX-400
NMR spectrometer, chemical shift data for each sig-
nal were reported in ppm units with tetramethylsilane
(TMS) as internal reference, where d (TMS) = 0. Ele-
mental analyses were performed on a VARIO EL
instrument. The UV–vis absorption spectra were
measured with Shimadzu UV-3100 spectrometer.
The photoluminescence (PL) spectra and phospho-
rescence decay lifetimes were recorded on an Edin-
burgh Analytical Instruments FLS920 spectrometer
after removing the oxygen in the solution by vacuum
technique (3 or 4 freeze–pump–thaw cycles).
2.2. Materials

The synthetic procedure of HCBDK has been
reported in a previous paper [30], Ir(ppy)2(acac)
and Ir(dfppy)2(acac) were synthesized according to
the literature [7]. Tris(8-hydroxyquinolinolinola-
to)aluminium (AlQ) was prepared by published
methods. Both N,N 0-diphenyl-N,N 0-bis(1-naph-
thyl)-1,1 0-diphenyl-4,4 0-diamine (NPB) and 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)
were purchased from Aldrich. NPB, BCP and AlQ
were all subjected to gradient sublimation prior to
use.
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2.3. Gd(CBDK)3 Æ 2EtOH

To a round-bottomed flask (50 mL), HCBDK
(0.307 g, 1.00 mmol) and NaOH (0.040 g,
1.00 mmol) were mixed in 10 mL ethanol and
refluxed for 15 min, then it was added dropwise to
10 mL ethanol solution of GdCl3 Æ 6H2O (0.124 g,
0.33 mmol) under stirring. The mixture was refluxed
for 2 h and then poured into water. The crude prod-
uct was collected by filtration and purified by recrys-
tallization in dichloromethane–petroleum ether.
Yield: 86%. Anal. Found (calcd.) for C64H72-
GdN3O8: C, 65.73 (65.78); H, 6.29 (6.21); N, 3.59
(3.60).

2.4. C^N2Ir(l-Cl)2IrC^N2 dimer complexes

Cyclometalated IrIII-l-chloro-bridged dimers
were synthesized according to the Nonoyama route,
by refluxing IrCl3 Æ 3H2O with 2–2.5 equiv. of cyclo-
metalating ligand in a 3:1 mixture of 2-ethoxyetha-
nol and water [34].

2.5. Ir(C^N)2(LX) complexes

Synthesis of Ir(C^N)2(LX) involved the following
steps: cyclometalated IrIII-l-chloro-bridged dimer
complex (0.5 mmol), HLX (1.1 mmol) and sodium
carbonate (5.0 mmol) were refluxed in 15 mL of 2-
ethoxyethanol in an N2 atmosphere for 10 h. After
cooling to room temperature, the mixture was
poured into water. The rude product which was col-
lected by filtration was then chromatographed on a
silica column to obtain the pure Ir(C^N)2(LX).

2.6. Ir(ppy)2(CBDK)

Yield: 72%. 1H NMR (400 MHz, CDCl3): d/ppm
8.39–8.41 (d, 1H); 8.25–8.27 (d, 1H); 8.05–8.07
(d, 2H); 7.85–7.87 (d, 1H); 7.76–7.78 (d, 1H);
7.73–7.74 (t, 1H); 7.66–7.68 (t, 1H); 7.58–7.60
(d, 1H); 7.49–7.51 (d, 1H); 7.32–7.36 (t, 2H); 7.19–
7.22 (t, 4H); 6.65–6.99 (m, 6H); 6.37–6.39 (d, 1H);
6.25–6.27 (d, 1H); 5.02 (s, 1H); 4.68–4.73 (d, 1H);
4.53–4.57 (d, 1H); 0.55 (s, 9H). Anal. Found (calcd.)
for C42H36IrN3O2: C, 62.49 (62.51); H, 4.41 (4.50);
N, 5.28 (5.21).

2.7. Ir(dfppy)2(CBDK)

Yield: 81%. 1H NMR (400 MHz, CDCl3): d/ppm
8.14–8.19 (t, 4H); 8.04–8.06 (d, 2H); 7.69–7.76 (m,
2H); 7.30–7.34 (t, 2H); 7.16–7.22 (q, 4H); 6.97–
7.01 (t, 1H); 6.86–6.90 (t, 1H); 6.28–6.37 (m, 2H);
5.63–5.69 (t, 2H); 5.17 (s, 1H); 4.58–4.73 (q, 2H);
0.63 (s, 9H). Anal. Found (calcd.) for
C42H32F4IrN3O2: C, 57.30 (57.39); H, 3.52 (3.67);
N, 4.72 (4.78).
2.8. Cyclic voltammetry and the estimation of

HOMO and LUMO energy levels

Electrochemical measurements were recorded on
a computer-controlled EG&G Potentiostat/Galva-
nostat model 283 at room temperature under atmo-
sphere. Cyclic voltammetry (CV) measurements
were carried out in a HPLC grade CH2Cl2 solution
containing Bu4NPF6 (0.1 M) as supporting electro-
lyte with a platinum button working electrode, a
platinum wire counter electrode, and an Ag/AgCl
reference electrode. The concentration of the com-
pounds used in the experiments was 1 · 10�3 M.
The scan rate was 50 mV s�1. The reference elec-
trode was calibrated to be 0.456 V versus the stan-
dard hydrogen electrode with a ferrocene standard
solution. The highest occupied molecular orbital
(HOMO)/lowest unoccupied molecular orbital
(LUMO) levels were calculated by assuming the
energy level of ferrocene/ferrocenium to be
�4.8 eV [35].
2.9. OLED fabrication and measurements

The devices were fabricated by sequentially
depositing organic layers in one run under high
vacuum (<8 · 10�5 Pa) thermal evaporation onto
a precleaned indium-tin oxide (ITO) glass substrate
with a sheet resistance of 7 X/sq. A shadow mask
with a rectangle (3 · 3 mm) openings was used to
define the cathode of a 200 nm thick layer of
Mg0.9Ag0.1 alloy, with an 80 nm thick Ag cap.
The thickness of the deposited layer and the evap-
oration speed of the individual materials were
monitored in vacuum with a quartz crystal moni-
tor. All electric testing and optical measurements
were performed under ambient conditions. The
electroluminescence (EL) spectra and luminance
were measured with a Spectra Scan PR650 at
atmosphere. The current–voltage (I–V) and
luminance–voltage (L–V) characteristics were mea-
sured with a computer controlled Keithley 2400
Sourcemeter.
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3. Results and discussion

3.1. X-ray crystal structure

Single crystal of Ir(dfppy)2(CBDK) was prepared
by slow evaporation of a mixed chloroform and
ethanol solution. The Ir(dfppy)2(CBDK), which
consists of two cyclometallated 2,4-difluorophenyl-
pyridine fragments and one carbazole-functional-
ized b-diketonate ligand has a distorted octahedral
geometry around the iridium atom, as depicted in
Fig. 1. There are several weak interactions in the
crystal of Ir(dfppy)2(CBDK). First of all, the phen-
ylpyridine ligand is nearly parallel to the carbazole
ring of the same molecule. It is clearly shown by
the rather short p–p interaction of 3.78 Å (Fig. 1).
The second kind of interaction attributed to hydro-
gen bonding can be easily seen in the intermolecular
packing diagram of Ir(dfppy)2(CBDK) (Fig. 2).
Although those interactions are weak, they are
notable because they possibly play a role in the radi-
ationless quenching of the phosphorescent emission
[17].

3.2. Phosphorescence spectra of

Gd(CBDK)3 Æ 2EtOH

The complex Gd(CBDK)3 Æ 2EtOH was synthe-
sized for the determination of phosphorescence
spectra owing to enhanced phosphorescence–fluo-
rescence ratios and thus to study the triplet level
Fig. 1. ORTEP diagram of Ir(dfppy)2(CBDK), the hydrogen
atoms are omitted for clarity.
of CBDK. As shown in Fig. 3, the spectrum of
Gd(CBDK)3 Æ 2EtOH at 77 K include two parts,
the band shorter than 400 nm can be assigned to
the fluorescence emission which are similar to the
emission detected at room temperature, while the
emission longer than 400 nm that appears only at
low temperature can be assigned to the phosphores-
cence emission. Since the phosphorescence emission
band was representing the fall from the phosphores-
cent state to a number of vibrational states of the
ground state, the band at 412 nm, which is corre-
sponding to the blue side of the phosphorescence
spectra can be assigned to be the 0! 0 transition.
Thus the triplet level for CBDK was deduced to
be 24,200 cm�1 (3.00 eV), which is a little lower than
that of acac anion, 25,300 cm�1 (3.14 eV) [36], but
higher than the triplet energy level of Ir(dfppy)2

[37] and Ir(ppy)2 [7] fragments. The data mentioned
above predicate that introducing CBDK to these
two fragments would no influence on their phospho-
rescence spectra [7].

3.3. UV–vis absorptions and photoluminescent

properties of iridium complexes

The UV–vis absorption and photoluminescence
of Ir(ppy)2(CBDK) compared with Ir(ppy)2(acac)
that recorded in dichloromethane at room tempera-
ture are shown in Fig. 4a, and these of Ir(dfp-
py)2(CBDK) compared with Ir(dfppy)2(acac) are
shown in Fig. 4b. The photoluminescence spectra
comparisons of the four iridium complexes in solid
state are presented in Fig. 5.

The UV–vis absorption spectra of Ir(ppy)2-
(CBDK) and Ir(dfppy)2(CBDK) are different to
these of Ir(ppy)2(acac) and Ir(dfppy)2(acac) mainly
in the absorptions attributing to the different
b-diketonate ligand (see Fig. 4a and b). The absorp-
tions at 343, 329, 293, 283 and 237 nm for Ir(ppy)2-
(CBDK) and Ir(dfppy)2(CBDK) appear to be
CBDK ligand-based transitions that resemble to
the absorptions of the free CBDK. While the
absorptions attribute to the cyclometalated ligand
and MLCT transitions for Ir(ppy)2(acac) and
Ir(dfppy)2(acac) complexes still can be found in
absorption spectra of Ir(ppy)2(CBDK) and Ir(dfp-
py)2(CBDK), respectively. It can be seen from the
photoluminescence spectra that Ir(ppy)2(CBDK)
and Ir(dfppy)2(CBDK) have the similar emission
to Ir(ppy)2(acac) and Ir(dfppy)2(acac), respectively.
The Ir(ppy)2(CBDK) and Ir(dfppy)2(CBDK) have
maximum emission bands at 521 and 487 nm with



Fig. 2. Portion of the crystal-packing diagram of Ir(dfppy)2(CBDK) showing the non-bonding interactions.

Fig. 3. Emission spectra of Gd(CBDK)3 in ethanol (1 · 10�5 mol/L) at 298 and 77 K.
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decay lifetimes of 0.9 and 1.0 ls, respectively, which
are similar to that of corresponding Ir(ppy)2(acac)
and Ir(dfppy)2(acac), maximum emission bands at
519 and 483 nm with decay lifetimes of 1.1 and
1.3 ls. Citing the quantum yield of 0.34 [38] and
0.62 [37] for complexes Ir(ppy)2(acac) and Ir(dfp-
py)2(acac) as standard materials, respectively, the
phosphorescence quantum yields for Ir(p-
py)2(CBDK) and Ir(dfppy)2(CBDK) were measured
to be 0.19 and 0.20, respectively. The relatively low
phosphorescence quantum yield for Ir(p-
py)2(CBDK) may attribute to the introduction of
CBDK, which have a lower triplet energy level than
acac anion, while the low quantum yield for Ir(dfp-
py)2(CBDK) may also attribute to the intra-/inter-
molecular interaction.

The solid state photoluminescence spectra of
Ir(ppy)2(CBDK) and Ir(dfppy)2(CBDK) are similar
to these of Ir(ppy)2(acac) and Ir(dfppy)2(acac),
respectively. The maximum emission bands for



Fig. 4. The UV–vis absorption spectra and photoluminescence spectra of (a) Ir(ppy)2(CBDK) compared with Ir(ppy)2(acac), (b)
Ir(dfppy)2(CBDK) compared with Ir(dfppy)2(acac) in CH2Cl2 (1 · 10�5 mol/L).
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Ir(ppy)2(CBDK) and Ir(ppy)2(acac) in solid state
are both centered at 542 nm, which are 21 and
23 nm red-shifted comparing with their maximum
emission bands in CH2Cl2 solution, respectively.
The maximum emission bands for Ir(dfp-
py)2(CBDK) and Ir(dfppy)2(acac) in solid state are
centered at 522 and 514 nm, respectively, which
are 35 and 31 nm red-shifted comparing to the cor-
responding spectra in solution. These spectra data
are well agree with what we predicted, that appro-
priately modification of the b-diketonate while
remaining of the structure of the cyclometalating
ligand has only a little influence on the photolumi-
nescence spectra of the iridium complexes.

3.4. Electrochemical properties

The highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO)
energy level of material is one of the most important
factors when they are used in OLEDs. Herein, the
HOMO and LUMO energy levels of those iridium
complexes were estimated according to the
electrochemical performance and UV–vis absorp-



Fig. 5. The photoluminescence spectra of Ir(ppy)2(CBDK) and Ir(dfppy)2(CBDK) compared with Ir(ppy)2(acac) and Ir(dfppy)2(acac) in
solid state, respectively.
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tion spectra. The cyclic voltammograms of Ir(p-
py)2(CBDK), Ir(ppy)2(acac), Ir(dfppy)2(CBDK)
and Ir(dfppy)2(acac) are shown in Fig. 6. The elec-
trochemical data and energy levels are summarized
in Table 1.

As shown in Fig. 6 and Table 1, the oxidation
potentials for Ir(ppy)2(CBDK) and Ir(ppy)2(acac)
were observed to be 0.71 and 0.63 V and thus the
HOMO energy levels of the two complexes were
estimated to be 5.03 and 4.95 eV, respectively. Esti-
Fig. 6. Cyclic voltammograms of Ir(ppy)2(CBDK) and Ir(dfppy)2(CBDK
solution containing 0.1 M Bu4NPF6 at a scan rate of 50 mV/s.
mated from the UV–vis absorption spectra, they
nearly have the same band gap of 2.25 eV, thus
the LUMO energy levels are 2.78 and 2.70 eV for
Ir(ppy)2(CBDK) and Ir(ppy)2(acac), respectively,
from which we can see that the HOMO and LUMO
energy levels of Ir(ppy)2(CBDK) and Ir(ppy)2(acac)
are similar. However, when examined Ir(dfp-
py)2(CBDK) and Ir(dfppy)2(acac), the oxidation
potentials were observed to be 1.02 and 0.34 eV,
and thus the HOMO energy levels of the two
) compared with Ir(ppy)2(acac) and Ir(dfppy)2(acac) in a CH2Cl2



Table 1
Electrochemical potentials and energy levels of the iridium
complexes

Iridium complex Eoxa

(V)
Eg

b

(eV)
HOMOc

(eV)
LUMOd

(eV)

Ir(ppy)2(CBDK) 0.71 2.25 5.03 2.78
Ir(ppy)2(acac) 0.63 2.25 4.95 2.70
Ir(dfppy)2(CBDK) 1.02 2.39 5.34 2.95
Ir(dfppy)2(acac) 0.34 2.39 4.66 2.27

a Oxidation potentials measured by cyclic voltammetry with
ferrocene as the standard.

b Band gap estimated from the UV–vis absorption spectra.
c Calculated from the oxidation potentials.
d Deduced from the HOMO and Eg.
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complexes were estimated to be 5.34 and 4.36 eV,
respectively. Although they have the same band
gap of 2.39 eV, the LUMO energy levels for Ir(dfp-
py)2(CBDK) and Ir(dfppy)2(acac) were deduced to
be 2.95 and 2.27 eV, respectively. As investigated
above, the triplet energy of CBDK that deduced
to be 3.00 eV is more close to the triplet MLCT
energy of Ir(dfppy)2 (2.64 eV) than that of Ir(ppy)2

(2.47 eV) fragment, there may have a different distri-
bution of the HOMO over the Ir(dfppy)2(CBDK)
which lead to such a difference in HOMO and
LUMO energy. All the data deduced above indicate
Fig. 7. Chemical structures of the materials use
that the energy level of Ir(ppy)2(CBDK) and Ir(dfp-
py)2(CBDK) are matching to fabricate devices.

3.5. Electroluminescent properties

In order to understand the electroluminescent
(EL) properties of these iridium complexes, four
non-doped four-layer devices I–IV using Ir(ppy)2

(CBDK), Ir(ppy)2(acac), Ir(dfppy)2(CBDK) and
Ir(dfppy)2(acac), respectively, as emitter were fabri-
cated with the same configuration of ITO/ NPB
(20 nm)/iridium complex (20 nm)/BCP (5 nm)/AlQ
(45 nm)/Mg0.9Ag0.1 (200 nm)/Ag (80 nm), in which
NPB was used as the hole transporting material,
BCP and AlQ were used as hole blocking layer
and electron transporting layer, respectively. The
chemical structures of the materials and the struc-
ture of the EL devices are shown in Fig. 7.

When Ir(ppy)2(CBDK) or Ir(ppy)2(acac) was
used, respectively, as emitting layer, both devices I
and II emit green light with emission peaking
around 525 nm under different driving voltages.
The CIE chromaticity coordinates are the same of
x = 0.36, y = 0.60 for device I at 8 V and device II
at 17 V. There are no characteristic emission peaks
from NPB or AlQ, indicating that the emission orig-
inates predominantly from the iridium complex.
d and the configuration of the EL devices.
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And the fact that they have similar EL spectra
(Fig. 8a and b, insert) shows that appropriately
modification of the b-diketonate has only a little
influence on the EL spectrum of the iridium
complex. However, their electroluminescence per-
formances are quite different. Device I has a lower
turn-on voltage (4 V, 2.95 cd/m2) compared with
device II (8 V, 0.62 cd/m2), the relatively low
turn-on voltage is originate from improved hole
transporting ability, which benefitting for exciton
recombination. Device I exhibits the highest bright-
ness of 9121 cd/m2 at 14 V, the highest power
efficiency and current efficiency are 4.54 lm/W
(4 V, 2.95 cd/m2, 0.051 mA/cm2), 6.34 cd/A (5 V,
10.66 cd/m2, 0.168 mA/cm2), respectively, while
Fig. 8. Current density–luminance–voltage curves, EL spectra of devic
Ir(ppy)2(acac) was used as emitter).
device II displays the highest brightness of
4569 cd/m2 at 19 V, the highest power efficiency
and current efficiency are 0.53 lm/W (12 V,
97.2 cd/m2, 4.8 mA/cm2), 2.01 cd/A (12 V), respec-
tively. In addition, when the brightness of the device
I increased to 998.9 cd/m2 (17.56 mA/cm2), it still
has a power efficiency of 1.98 lm/W (current effi-
ciency of 5.68 cd/A). While the current density
increased to 170.5 mA/cm2 (5570 cd/m2), the device
still has a power efficiency of 0.86 lm/W (current
efficiency of 3.27 cd/A). Even at the highest bright-
ness, the current efficiency of 1.67 cd/A is kept.

When Ir(dfppy)2(CBDK) or Ir(dfppy)2(acac) was
used as emitting layer, respectively, both devices III
and IV emit blue-green light with an emission
e I (a – Ir(ppy)2(CBDK) was used as emitter) and device II (b –
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peaking around 510 nm under different driving volt-
age. The CIE chromaticity coordinates are the same
of x = 0.29, y = 0.50 for device III at 12 V and
device IV at 17 V. Similar to the performance of
devices I and II, only the emission originates from
the iridium complex was observed and nearly the
same EL spectra (Fig. 9c and d, insert) were
detected when examined devices III and IV. In addi-
tion, the electroluminescence performance of
deviced III and IV are also quite different. Device
III has a lower turn-on voltage (6 V, 1.04 cd/m2)
compared with device IV (11 V, 0.82 cd/m2). Device
Fig. 9. Current density–luminance–voltage curves, EL spectra of device
Ir(dfppy)2(acac) was used as emitter).
III exhibits the highest brightness of 1416 cd/m2 at
15 V, the highest power efficiency and current effi-
ciency are 0.51 lm/W (6 V, 1.04 cd/m2, 0.106 mA/
cm2), 1.35 cd/A (7 V, 5.17 cd/m2, 0.38 mA/cm2),
respectively, while device IV displays the highest
brightness of 515 cd/m2 at 19 V, the highest power
efficiency and current efficiency are as low as
0.06 lm/W (14 V, 8.1 cd/m2, 2.8 mA/cm2) and
0.28 cd/A (14 V), respectively. The two sets data
compared above show that the device performance
can be greatly improved when the ancillary ligand
acac was replaced by CBDK.
III (c – Ir(dfppy)2(CBDK) was used as emitter) and device IV (d –



Fig. 10. EL spectra of devices V–VII.
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Among the four iridium complexes, Ir(ppy)2-
(CBDK) has been demonstrated with the best
performance, and thus the electroluminescent
performance of Ir(ppy)2(CBDK) was further studied.
Two double-layer devices, ITO/Ir(ppy)2(CBDK)
(30 nm)/AlQ (30 nm)/Mg0.9Ag0.1 (200 nm)/Ag
(80 nm) (device V), ITO/NPB (30 nm)/Ir(ppy)2-
(CBDK) (30 nm)/Mg0.9Ag0.1 (200 nm)/Ag (80 nm)
(device VI) and a most simplest device VII, ITO/Ir-
(ppy)2(CBDK) (80 nm)/Mg0.9Ag0.1 (200 nm)/Ag
(80 nm) were fabricated. Data show device V emits
green light from AlQ, which indicate that Ir(ppy)2-
(CBDK) has a good hole transporting ability. Device
VI exhibits two emission bands at 430 and 528 nm,
originate from NPB and the iridium complex, respec-
tively, indicate that the excitons were combined at the
interface of the two layers, which shows that
Ir(ppy)2(CBDK) also has a good electron transport-
ing ability. Device VII has a turn-on voltage (5 V,
1.15 cd/m2) and a highest brightness of 179 cd/m2

at 9 V. The device emits green light with an emission
peaking around 525 nm from Ir(ppy)2(CBDK) with-
out any hole or electron layer, supporting the effect of
CBDK from another view again. The EL spectra of
devices V–VII are shown in Fig. 10.

4. Conclusions

This study reports the synthesis, photophysical
and electrochemistry properties of two novel irid-
ium complexes both containing carbazole-function-
alized b-diketonate, discusses their application in
non-doped OLEDs. Data show that devices based
on the modified iridium complexes have remarkably
improvement of electroluminescent performance,
which can be attributed mainly to an improved hole
transporting property that benefits the exciton
transport.
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Abstract

We present studies of current density and photometric efficiency using three well known, commercially available poly-
phenylenevinylene and polyfluorene based light-emitting polymers (LEPs) with different interlayers. The thin, spin-coated
interlayers of poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)-diphenylamine) (TFB) and poly[9,9-dioctyl-fluorene-co-(bis-
N,N 0-(3-carboxyphenyl)-bis-N,N 0-phenylbenzidine)] (BFA) are placed between the poly(3,4-ethylenedioxythiophene)/poly-
styrenesulphonic acid (PEDOT:PSS) anode and the LEP. It is found that despite having very similar HOMO levels
(±0.1 eV) to the LEPs, the interlayers alter both the hole injection efficiency and the photometric efficiency of PLED
devices. The increase or decrease of these depends on the particular interlayer-LEP combination involved, but there is
a strong, general correlation between poorer hole injection resulting in a higher photometric efficiency. We attribute the
variation in hole injection to the altered morphology and contact area at the anode interfaces, with the possible involve-
ment of mobility-dependant space-charge effects or charge trapping. The dominant process in improving the photometric
efficiency must be better electron-hole current balance, and/or the shift of the recombination zone to a more favourable
position with less exciton quenching. The interlayers do not act as electron blocking layers, but hole injection enhancement
by electron injection does seem to occur. These results show that interlayers can both increase and decrease device perfor-
mance, depending on the interlayer-LEP combination involved.
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1. Introduction

Solution-processable organic electronic devices,
such as polymer light-emitting diodes (PLEDs),
organic solar cells and transistors hold great
promise of becoming a commercial success due
to their ease of processing, low material cost, flex-
ibility and a number of other advantages over
their inorganic-based counterparts. Understanding
of interfaces between different layers within a
device is of vital importance for further improve-
ments in device performance and operational
lifetime.

PLEDs normally employ a layer of poly(3,4-
ethylenedioxythiophene)/polystyrenesulphonic acid
(PEDOT:PSS) that is used to planarize the underly-
ing indium-tin-oxide (ITO) surface, as well as to
enhance hole injection into the active light-emitting
polymer (LEP) layer. While the PEDOT:PSS layer
does indeed enhance hole injection into most LEPs
[1], it still does not provide a fully ohmic contact
to a number of LEPs [2–5], implying that further
enhancement of hole injection is possible. Enhance-
ment of hole injection could potentially lead to
higher efficiencies and lower operating voltages. In
addition, proximity of the PEDOT:PSS layer to
the recombination zone within the LEP can result
in additional quenching of excitons thus leading to
the reduction in device efficiency.

One of the recent approaches to tackle the above
problems was to use an additional thin layer (a so
called interlayer) of a solution-processable hole con-
ducting polymer between the PEDOT:PSS and the
LEP layer [6–9]. Bernius et al. used a relatively thick
(80 nm) poly[9,9-dioctyl-fluorene-co-(bis-N,N 0-(3-
carboxyphenyl)-bis-N,N 0-phenylbenzidine)] (BFA)
layer to improve the device efficiency of a higher
ionization potential (5.8 eV) green-emitting fluorine
copolymer PLED by enhancing hole injection and
transport [9]. Morgado et al. used a 35 nm thick
layer of poly(p-phenylene vinylene) (PPV) to
improve PLED performance of a green-emitting
fluorine based polymer blend, attributing this
improvement primarily to electron blocking by the
PPV layer [10]. However, PPV has the disadvantage
of needing an additional thermal conversion
step. Kim et al. used a relatively thin (10 nm)
poly-(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)-
diphenyl- amine) (TFB) interlayer with the same
green-emitting blend and other polymers and
observed a dramatic enhancement of PLED effi-
ciency, which was attributed mainly to reduction
of exciton quenching due to the presence of the
interlayer [7]. Choulis et al. used a thin (10 nm)
TFB interfacial layer to dramatically enhance hole
injection into the blue-emitting polymer poly(9,9-
dioctyl-fluorene) (PFO), which was attributed to a
favorable position of the interlayer HOMO level
between that of PEDOT:PSS and the LEP [6].
The same TFB interlayer was also used to enhance
the performance of electrophosphorescent solution-
processed LEDs, again due to better hole injection
[11]. More recently, Lee et al. used thicker (25 nm)
PFB and PVK layers to improve blue-emitting
PLEDs, attributing this to either improved hole
injection and relating it to the mobility of the inter-
layer or electron blocking by the interlayer [12].
These reports indicate that such an interlayer,
when spin-coated onto the PEDOT:PSS and
annealed, remains insoluble and thus is preserved
when a subsequent LEP layer is spin-coated on
top of it [6,7,9,11,12].

It should however be noted that in nearly all of
these reports the interlayer HOMO level lies
between the HOMO levels of PEDOT:PSS and
the LEP, so that enhancement of hole injection
due to a reduced energy barrier would be expected
in these systems [6,7,9–11]. However, when the
HOMO levels of PEDOT:PSS, interlayer and
LEP are close to each other, the effect of the inter-
layer on hole injection becomes more complicated
as interfacial morphology and transport will tend
to dominate over any injection barriers [12]. The
purpose of our study is to investigate the effect of
two different thin interlayers (10 nm) with similar
HOMO levels on hole injection and device perfor-
mance of PLEDs. We use three different LEPs of
different chemical structure and with HOMO levels
close to those of the interlayer. We show that the
presence of an interlayer between PEDOT:PSS
and LEP can either enhance or reduce hole injec-
tion, depending on the interlayer-LEP combina-
tion, and can vary the PLED efficiency. This
implies the importance of interfacial morphology
and interfacial transport for hole injection into
PLEDs.

2. Experimental details

The LEPs under study in this work are Sumi-
tomo’s LUMATIONTM 1300 Green and LUMA-
TIONTM Blue and Merck OLED Gmbh’s
SuperYellow. The interlayers are TFB and
BFA, provided by the Dow Chemical Company.



Fig. 1. Current–voltage (IV) characteristics of (a) the hole-only
and (b) the dual carrier Blue devices with different interlayers.
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The HOMO levels of these interlayers are 5.33 eV
and 5.28 eV, respectively, [9]. The HOMO levels
of the Green LEP, the Blue LEP and SuperYel-
low are 5.4 eV [4], 5.2 eV [13] and 5.3 eV [14],
respectively. These are within 0.1 eV of each of
the LEPs used, suggesting that any benefit/loss
derived from the interlayer is not due to the rel-
ative energy levels. Modeling indicates that below
0.3–0.4 eV charge injection into organic semicon-
ductor diodes is no longer limited by injection
barriers, and we are well within this regime
[15,16].

The devices consist of the organic layers sand-
wiched between two electrodes. The anode consists
of a layer of indium tin oxide (ITO) on a glass sub-
strate. The ITO is oxygen plasma treated for 15 min
to increase its workfunction. This layer is coated
with a 60 nm layer of the hole-transporting PED-
OT:PSS (Baytron P – CH8000 – H.C.Starck
GmbH), giving the anode a workfunction of around
5.1 eV [17]. The TFB interlayers were prepared from
0.5% by weight toluene solutions, the BFA from
0.5% cyclohexanone solution. The solutions were
spin-coated onto the PEDOT:PSS anode at
1200 rpm for 30 s. This yielded a layer of �10 nm
in thickness. The layer was then baked at 200 �C
for 30 min. To ensure the TFB interlayer was not
mixing with the LEP a subsequent washing step
was introduced for a selection of devices, washing
the layer in toluene at 1000 rpm for 30 s. This step
made no difference to any of the devices, suggesting
the interlayers were insoluble with subsequent lay-
ers. The LEPs were spun from toluene solutions
yielding layers of 75 nm thickness. The devices were
then transferred into a thermal evaporator, where
the cathode was evaporated at a pressure of less
than 10�6 mbar. To study the effects of the interlay-
ers on hole current we fabricated hole-only devices –
devices fabricated with a blocking contact as a
cathode to ensure no injection of electrons into the
LUMO of the LEP. For the hole-only devices we
used Au as a cathode. The dual carrier devices
had cathodes consisting of 5 nm of barium capped
by 200 nm of aluminum. All devices were made
entirely in a nitrogen glove box (O2 < 0.1 ppm.
H2O < 1 ppm), and were encapsulated with a glass
coverlid and getter (desiccant) prior to being
removed from the glove box environment.
Current–voltage–luminance (IVL) measurements
were carried out using a computer controlled Keith-
ley 237 source-measure unit, and a calibrated
photodiode.
3. Results and discussion

3.1. Interlayer effects on current–voltage

characteristics

Fig. 1 shows the hole-only (a) and dual carrier (b)
JV characteristics of the LUMATIONTM Blue LEP
with and without interlayers. Clearly the interlayers
effect the hole currents, as shown in Fig. 1a. The
TFB interlayer enhances the hole current across
most of the studied voltage range. In contrast, the
BFA interlayer results in an enhanced hole current
only at low voltages, while the current is reduced
at higher voltages.

The HOMO levels of the interlayers are lower
than the LUMATIONTM Blue LEP. The energy bar-
riers to hole injection from TFB and BFA are �0.13
and �0.08 eV, respectively. They are therefore not
expected to have any significant effect on the hole
currents. If anything, a slight reduction in hole
injection might be expected due to the barriers
between PEDOT:PSS and TFB and BFA of 0.18
and 0.23 eV, respectively. This is compared to a
PEDOT:PSS/LUMATIONTM Blue LEP barrier of
0.1 eV. However, in this case both TFB and BFA



Fig. 2. Current–voltage (IV) characteristics of (a) the hole-only
and (b) the dual carrier SuperYellow (SY) devices with different
interlayers.
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would have a reduced hole current compared to the
pure LUMATIONTM Blue LEP. This is not observed
in Fig. 1a. As expected, the injection barriers are not
controlling the hole current.

The TFB device is about one order of magnitude
higher in current than the BFA device. This is unli-
kely to reflect any difference in the PEDOT:PSS/
interlayer energy barrier as it is only 0.05 eV.

Fig. 1b demonstrates the effect of interlayers on
currents in dual carrier devices, which, unlike
hole-only devices, contain electron-injecting elec-
trodes. Qualitatively, currents at low voltages are
affected in the same way as in the hole-only devices,
where both interlayers show enhancement in cur-
rent, although in this case BFA is above TFB. How-
ever, this changes at higher voltages and currents for
all three devices become practically the same, in
sharp contrast to what is observed for the hole-only
devices (see Fig. 1a) where TFB enhances the hole-
only current by about ·2 and BFA reduces the
hole-only current by about ·4 at a voltage of 8 V.

In dual carrier devices the total current is given
by the addition of electron, hole and recombination
currents at any given point, and this will involve
interactions between the local carrier densities, elec-
tric field and recombination rate [16,18–21]. Hence,
it cannot be taken as a simple addition of electron
and hole currents. If one or both contacts are
ohmic, the presence of carriers of opposite sign will
greatly increase any space-charge limited currents
[16,21–23]. Also, electron trapping at the PED-
OT:PSS interface has also been shown to improve
hole injection in some PLEDs [3,24].

Measurements of PLEDs of the LUMATIONTM

Blue LEP with no interlayer have a recombination
zone close to the anode, suggesting that they are
dominated by the injection and transport of elec-
trons at higher voltages [25]. However, non-opti-
mized electron injecting contacts for the Blue LEP
are used in this work, so the electron currents will
be lower. The dual carrier currents in Fig. 1b at
8 V are one order of magnitude greater than even
the TFB hole-only device in Fig. 1a. This suggests
that the electron currents are larger than the hole
currents. However, this increase is also likely to be
because the injection of electrons boosts the injec-
tion and density of holes. Certainly at lower volt-
ages the total current is strongly affected by the
presence of the interlayers, while currents at higher
voltages are relatively unaffected. It also implies that
the interlayers cannot act as strong electron block-
ing layers at the anode.
Fig. 2 shows JV measurement results for hole-
only (a) and dual carrier (b) SuperYellow (SY)
devices with and without interlayers.

Hole-only currents, presented in Fig. 2a, are
adversely affected by both interlayers for all voltages
studied, with the BFA interlayer resulting in the
strongest reduction of the hole current. At 8 V the
hole current is reduced by a factor of 2 for TFB,
and a factor of 10 for BFA compared to the device
with no interlayer. Given the HOMO levels, the
energy barriers to hole injection into the SY LEP
from PEDOT:PSS, TFB and BFA are 0.2, �0.03
and 0.02 eV, respectively. Similar to the Blue LEP,
the HOMO level of SY is well aligned with the
HOMO levels of the interlayers. The barrier to
injection from PEDOT:PSS is the largest, and yet
this gives the largest current. This shows very clearly
that the variations in hole injection cannot be attrib-
uted to changes in the injection barriers.

It should be pointed out that in this case the LEP
and the interlayers are chemically different, since the
SY polymer is a poly(phenylenevinylene)-based
copolymer while the interlayers are polyfluorene-
based. Such differences may result in poor intermix-



Fig. 3. Current–voltage (IV) characteristics of (a) the hole-only
and (b) the dual carrier Green devices with different interlayers.
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ing at the interface, both for TFB and BFA, and
thus in a reduced hole injection efficiency. We have
shown that non-uniform hole injection from PED-
OT:PSS into the Green LEP below results in a
reduced hole current [4]. If the physical contact
between the interlayer and the LEP is poor it may
also result in non-uniform injection, again leading
to a reduced hole current. This is consistent with
the similar shapes of the JV curves with and without
interlayers, suggesting a change in the injecting area
but not in the injection mechanism.

Dual injection currents in SY, shown in Fig. 2b,
reveal very similar behavior to that of the Blue LEP.
Indeed, the differences in current density at low volt-
ages are the same as those for the corresponding
hole-only devices, while at higher voltages the cur-
rents become practically identical. This behavior is
consistent with earlier results that the current in
dual carrier SY PLEDs are dominated by the hole
current at low voltages, but that at higher voltages
the electron current component either dominates
and/or greatly increases the hole current [26,27].
This is strongly supported by the fact that all the
dual carrier currents at 8 V in Fig. 1b are one order
of magnitude larger than the largest hole-only cur-
rent at 8 V in Fig. 1a, which is for the non-interlayer
device. It also implies that the interlayers cannot act
as strong electron blocking layers at the anode in
this LEP, despite the lower LUMO level (of order
0.3–0.4 eV) compared to BFA and TFB.

Fig. 3 shows the JV characteristics for (a) hole-
only and (b) dual carrier Green LEP devices. From
Fig. 3a we see that the effect of the BFA interlayer is
to reduce the hole current across the whole studied
voltage range, while the TFB interlayer reduces hole
current at low voltages (up to 4 V) and enhances
hole current at higher voltages. Given the HOMO
levels the energy barriers to hole injection into the
Green LEP from PEDOT:PSS, TFB and BFA are
0.3, 0.07 and 0.12 eV respectively. Therefore, as in
the cases of the Blue LEP and SY, these are not
expected to limit hole injection. Indeed, the hole
current for the BFA device is about a factor of four
times lower than the non-interlayer device, while the
injection barrier is 0.18 eV larger.

Unlike with the other LEPs, both BFA and TFB
are expected to act as shallow hole traps in the
Green LEP with an energy depth of about 0.1 eV.
This could explain why hole injection is actually
reduced at low voltages in the interlayer devices.
Any such traps would be confined to a narrow inter-
facial region at the interlayer/LEP boundary. At
low voltages the traps will be empty, and thus will
reduce the injected current. As the voltage is
increased the traps will be gradually filled and thus
the injection efficiency will be increased. However,
this would mean that any additional intermixing
at the boundary due to the solubility of TFB would
not affect the trap density compared to BFA.

Dual carrier currents in the Green LEP devices
are much less affected by the presence of the inter-
layers, as shown in Fig. 3b. Again, similarly to the
previous cases, there is practically no difference
between the devices with and without interlayers
at higher voltages, while some small differences are
still observed in the low voltage range. Previous
measurements of single-carrier diodes of this Green
LEP have shown that the electron-only current is an
order of magnitude higher than the hole-only cur-
rent [4]. The observed relative insensitivity of the
dual injection current for the Green LEP devices
to the presence of the interlayers, along with its
magnitude, is consistent with the characteristics
being dominated by the electron current. However,
the effect of electrons in the device may again
increase the hole currents. The results additionally
imply that the interlayers cannot act as strong elec-
tron blocking layers at the anode.
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Finally, inspection of all of the results in Figs. 1a,
2a and 3a show that the hole-only currents for all
the devices with TFB interlayers are always higher
than those with BFA interlayers. Between 4 and
8 V this is by about an order of magnitude and is
irrespective of the LEP involved. This suggests that
hole injection from PEDOT:PSS into TFB is better
than into BFA. This must be due to either better
physical contact, less or more interfacial intermix-
ing, less charge trapping, a higher hole mobility,
or some combination of these factors.

3.2. Interlayer effects on PLED efficiencies

Fig. 4 shows photometric efficiency versus current
density measurements taken from the same dual car-
rier Blue devices used in Fig. 1. The overall efficien-
cies are relatively low due to the BaAl cathode not
being optimal for this material, and can be further
improved by using a cathode with higher electron
injection efficiency. However, if device efficiency
can be improved by injecting more electrons, the
dual carrier device currents in Fig. 1b must involve
a substantial contribution from holes. Indeed, the
carrier balance in the recombination zone cannot
be optimal, but must involve too many holes.

In Fig. 4, the efficiency of the BFA device is high-
est, followed by the non-interlayer device and then
the TFB device. This immediately indicates that a
decrease in exciton quenching due to the interlayer
cannot be the dominant effect, as otherwise the
BFA device would have a similarly high efficiency
as the TFB device. Instead, the efficiencies appear
Fig. 4. Photometric efficiency of Blue PLEDs with different
interlayers as a function of current density.
to follow the inverse behaviour of the hole currents
over the same bias range (between about 5.5 V and
8 V). This strongly suggests that decreasing the hole
current increases the efficiency. This is consistent
with the above observation about the efficiency of
these devices: there being too many holes and too
few electrons in the recombination zone. Hence,
the hole currents in the dual carrier devices must
be strongly increased by the presence of electrons
in the device, whether by better injection due to elec-
tron trapping at the anode, cancellation of bulk
space-charge limitations in the injected carrier den-
sities, or removal of carriers by recombination.
However, the differences in efficiency (of order ·2
between TFB and BFA) are not as great as the dif-
ferences in hole current (of order ·7) at the same
bias range. Hence, the differences between hole-
injecting electrodes will be diminished in the dual
carrier devices.

Fig. 5 shows photometric efficiencies of SY dual
injection devices as a function of current density.
The BFA device is the highest, then the TFB device
and then the non-interlayer device. Again this fol-
lows the inverse behaviour of the hole currents over
the same bias range. A decrease in hole injection
increases the efficiency. This can be understood in
exactly the same way as the Blue LEP devices.
The differences in efficiency (of order ·1.25 between
BFA and the non-interlayer device) are not as great
as the differences in hole current (of order ·10) at
the same bias range. Therefore, the differences
between different hole-injecting electrodes will be
diminished in the dual carrier devices.
Fig. 5. Photometric efficiency of SuperYellow dual injection
devices with different interlayers as a function of current density.
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Fig. 6 shows the results of efficiency measure-
ment for the Green LEP dual carrier devices. The
situation is more complex. The interlayer devices
follow the same trends shown for the Blue and
SY devices. The BFA device is higher than the
TFB device, the efficiency again following
the inverse behaviour of the hole currents over the
same bias range. A decrease in hole injection again
seems to increase the efficiency. However, the effi-
ciency of the non-interlayer device decreases with
increasing current density, being initially higher
than both interlayer devices, falling below the
BFA device at about 100 mA/cm2, and then
decreasing to the TFB value at about 400 mA/
cm2. As the non-interlayer devices hole injection
at higher biases in Fig. 1a lies between that of
TFB and BFA, over most of the measured range
in Fig. 6 it does still follow the trend of a reduced
hole current equating with better efficiency. How-
ever, the interlayers must change the process of hole
injection at the anode for the Green LEP. The var-
iation of hole injection with applied bias, how it is
effected by injected electrons, the position of the
recombination zone, and variations in exciton
quenching levels with position will then determine
the differences in the shape and magnitude of the
efficiency-current density characteristics in Fig. 6.
Again, the differences in efficiency (of order ·1.25
between BFA and the TFB device) are not as great
as the differences in hole current (of order ·8) at the
same bias range. The differences between different
hole-injecting electrodes are again diminished in
the dual carrier devices.
Fig. 6. Photometric efficiency of Green dual injection devices
with different interlayers as a function of current density.
Therefore, for all three types of LEP with the two
different polymer interlayers a lower hole injection
efficiency can be equated with a higher photometric
efficiency. The large dual carrier currents compared
to the hole-only currents therefore support the
model of hole injection enhancement due to the
presence of electrons. Device efficiencies, which are
expected to be strongly affected by changes in hole
injection efficiency, are however much less affected.
The reduction in exciton quenching at the PED-
OT:PSS/LEP interface due to the interlayer is more
difficult to identify.
4. Conclusions

We have shown how hole injection into PLEDs
can be varied by using hole conducting interlayers
even when the interlayer HOMO level is within
0.1 eV of the LEP. Depending on the interlayer
and LEP combination, hole injection can be either
enhanced or reduced. This must depend on the level
of physical contact, chain intermixing and hole trap-
ping at the interlayer interfaces, and any mobility
dependant space-charge effects. This result shows
that interfacial morphology and charge transport,
apart from energetic alignment, can alter charge
injection. The device photometric efficiency has an
inverse relationship with the hole injection effi-
ciency, indicating that a reduction in hole injection
improves carrier balance in these devices. The size
of the dual carrier currents however indicate that
hole injection enhancement must occur due to the
presence of electrons in the bulk and/or trapped at
the anode. In dual carrier devices such enhancement
effects must also reduce the differences in hole injec-
tion efficiency compared to the single carrier
devices. Electron blocking does not seem to play a
role, and any changes due to the interlayers reduc-
ing exciton quenching at the PEDOT:PSS interface
are difficult to identify. However, the interlayers can
improve PLED photometric efficiency by up to
25%, and if they do not have a negative effect on
device lifetime they will have a strong future in this
technology.
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Abstract

We report on the realization of fully flexible and transparent n-type and ambipolar all-organic OFETs. A double layer,
pentacene-C60 heterojunction, was used as the semiconductor layer. The contacts were made with poly(ethylenedioxythio-
phene)/poly(styrenesulfonate) (PEDOT:PSS) and patterned by means of Soft Lithography MicroContact Printing (lCP).
Interestingly, as demonstrated by atomic force microscopy and X-ray diffraction investigations, growing C60 on a pre-
deposited pentacene buffer layer leads to a clear improvement in the morphology and crystallinity of the deposited film
allowing to obtain n-type conduction despite the very high electron injection barrier at the interface between PEDOT:PSS
and C60. As a result, it was possible to realize n-type and ambipolar all-organic OFETs by optimizing the thicknesses of the
pentacene buffer layer. All devices, measured in air, worked in accumulation mode with mobilities up to 1 � 10�2 cm2/V s
and 3.5 � 10�4 cm2/V s for p-type and n-type regimes, respectively. This is particularly interesting because it demonstrates,
also for n-type and ambipolar transistors, the possibility of avoiding problems normally associated to metal contacts: the
lack of mechanical robustness, flexibility, and the unfeasibility of realizing contacts with low cost techniques like printing or
soft lithography. These results confirm the importance of the substrate properties for the ordered growth of organic semi-
conductors, which determines the transport properties of organic materials.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past few years, organic field effect tran-
sistors (OFETs) have attracted considerable atten-
tion since they offer the opportunity to produce
low cost large-area devices on plastic substrates,
opening an entirely new market segment. Many
applications have already been reported, such as
.
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organic flexible displays, smart tags, and sensors [1–
3]. One characteristic of almost all-organic semicon-
ductors is that, even in their undoped state, often
only unipolar transport, i.e. either holes (in most
cases) [4,5] or electrons [6–8], can be realized. In sev-
eral cases, the work function of metals employed for
contact fabrication dictated the polarity of charge
transport [9]. The simultaneous transport of both
types of carriers, however, could lead to a simplifi-
cation in the design of complementary logic circuits,
allowing at the same time to reduce power dissipa-
tion and to increase noise margins. As a conse-
quence, a lot of efforts have been made towards
the fabrication and optimization of ambipolar
OFETs. Recently, solution-processed ambipolar
OTFTs and organic inverters using interpenetrating
blends [10–12] or small-bandgap polymer [10] have
been reported. As for organic small molecules,
OTFTs based on a heterostructure, first reported
by Dodabalapur et al. [13], have exhibited ambipo-
lar transport characteristics [14–17] showing high
mobility (both in the p- and n-type regime) and very
good stability under ambient conditions [11,18–23].
However, most ambipolar OFETs are still assem-
bled on silicon substrates, just few examples of
devices realized on plastic exist, and all of them were
realized using metal contact as source and drain
electrodes. In an industrial perspective, using con-
ductive polymers instead of metals would be highly
required, since they offer the possibility to be depos-
ited and patterned with very low cost techniques
suitable for mass production as ink jet printing
and/or soft lithography [24,25]. Nevertheless,
obtaining efficient ambipolar transport using con-
ductive polymer contacts is a non-trivial challenge,
in particular because of the very high electron injec-
tion barriers usually present at interfaces between
them and the most common n-type organic semi-
conductors. As a result, all previous attempts to
achieve ambipolar charge injection and transport
with conductive polymer contacts in organic transis-
tors failed.

In principle, most organic semiconductors may
allow both kinds of charge carriers transport [26–
29]. Therefore, the realization of either n- or p-type
conduction in OFETs is expected to depend mainly
on the metal employed as source and drain elec-
trodes enabling the injection of the desired type of
charge carrier into the semiconductor layer. The
efficiency of charge injection strongly depends on
the interplay of metal electrode work functions with
the ionization energy as well as electron affinity of
the respective organic compounds [30], i.e., the ener-
getic position of the transport levels derived from
the lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO).
Recently, Takenobu et al. [9] showed that the choice
of an appropriate pair of high and low work func-
tion metals as source and drain electrodes can lead
to an improvement and balance of carrier injection
into the channel. However, the impact of electrode
work function is still under debate, as reports exist
on efficient n-type OFETs despite high electron
injection barriers [31,32] employing gold electrodes,
while it was also difficult to obtain n-type conduc-
tion even in devices with low work function elec-
trodes [1].

In some cases, electron trapping at the interface
between the gate dielectric and the organic semicon-
ductor is regarded as cause for the lack of n-type
conduction. Chua et al. [29] have suggested that,
in SiO2 based devices, electron conduction is inhi-
bited by a high concentration of hydroxyl groups
acting as electron traps at the interface. Another
important issue was discussed by Itaka et al. [33],
who demonstrated that controlling the wetting of
a substrate by a molecular overlayer can improve
the crystalline quality of organic semiconductor
films, which in turn is favorable for efficient charge
transport. They showed that depositing a thin
pentacene layer (1 or 2 monolayers) prior to the
deposition of a C60 layer leads to an increase of
the n-type mobility if compared to a single C60
layer device.

In the present paper, we report on the realization
of fully flexible and transparent, all-organic n-type
and ambipolar OFETs on a plastic substrate using
conducting polymer contacts. It will be shown that
modifying the interface between gate dielectric and
the organic semiconductor by means of organic pla-
nar heterojunctions, leads to an improvement of the
crystallinity of the deposited active layer which, in
turn, allows to overcome the very high electron
injection barrier between the conductive polymer
and the active layer, leading to obtain n-type and
ambipolar charge transport.

2. Experimental

A poly(ethyleneterephtalate) (PET) sheet with
1.6 lm thickness, (Mylar�, Du Pont), adapted to a
plastic frame, was used as gate insulator and as
mechanical support for the whole device. This poly-
mer is characterized by a dielectric constant similar



Fig. 1. Schematic of the ambipolar device structure. In the inset a
picture of the transparent film assembled on a circular frame with
the final device assembled on it, demonstrating the transparency
of the resulting structure.
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to that of SiO2 (ke � 3.0), high resistivity (surface
resistivity 1016 X�2) and low permeability to oxygen,
hydrogen, water and CO2. Moreover, it can be used
as a flexible mechanical support for the realization
of completely flexible electronic devices. Conducting
poly(ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS; Baytron P CPP 105D, H.C. Stark
GmbH) was used as electrode material. Gate elec-
trodes were made by spin coating, while source
and drain contacts were patterned by means of soft
lithography (MicroContact printing, lCP). A
poly(dimethylsiloxane) (PDMS) stamp, reproducing
the pattern of source and drain electrodes, was used
to transfer the PEDOT:PSS pattern onto the sub-
strate in order to obtain the final structure. In our
case, electrodes with W = 5 mm and L = 75 lm
(where W and L are the channel width and length,
respectively) were used. However, electrode dimen-
sions can be easily lowered, due to the high resolu-
tion achievable with PDMS, which is able to
reproduce features on the order of 100 nm [34].
All details about the printing procedure by means
of lCP can be found in Ref. [25]. All devices were
realized in ‘‘top contact” configuration by printing
the source and drain electrodes after the organic
semiconductor deposition, since this structure
already allowed to obtain unipolar p-type OFETs
with mobilities up to 0.1 cm2/V s and Ion/Ioff ratios
around 105 [35]. As n-type material we employed
C60. Where indicated, we used pentacene (C22H14)
as a buffer layer prior to C60 film deposition. Penta-
cene and C60 were evaporated from resistively
heated Al2O3 crucibles in a custom-built vacuum
chamber (base pressure 5 � 10�8 mbar). The film
thickness and the deposition rate (0.5 nm/min in
all cases) were monitored by a quartz crystal micro-
balance placed next to the sample. The structure of
our fully flexible and transparent device is depicted
in Fig. 1.

Drain-source current (Ids) measurements were
carried out at room temperature in air. An Agilent
HP 4155 Semiconductor Parameter Analyzer, pro-
vided with gold tips for contacting the electrodes,
was used to control the gate voltage (Vgs) and the
drain-source voltage (Vds) and to measure the
drain-source current (Ids) (the source being the com-
mon ground).

X-ray diffraction measurements were performed
at the beamline W1.1 at the synchrotron radiation
source HASYLAB (Hamburg, Germany) using a
wavelength of 0.11808 nm. In order to achieve a flat
substrate surface, Mylar� foil was fixed on quartz
coupons (area 1 cm2) using double-sided adhesive
tape. The vacuum-deposition process was identical
to the case of OFET preparation described above.

Scanning force microscopy (SFM) measurements
were performed in Tapping ModeTM with a Nano-
scope III device (Veeco Instruments).

3. Results and discussion

At first, all-organic top contact OFETs were fab-
ricated by employing a single C60 layer as semicon-
ductor. However, no n-type behavior was obtained
in such configurations. One possible reason for this
could be the rather large electron injection barrier at
the PEDOT:PSS/C60 interface. In fact, the hole
injection barrier at the PEDOT:PSS/C60 interface
was reported to be 1.0 eV under ultrahigh-vacuum
conditions [36], which yields an electron injection
barrier at this interface of 1.5 eV, considering the
electronic gap of C60 as 2.5 eV [37]. Note that in
our case the C60 layer was exposed to air prior to
PEDOT:PSS printing, and therefore the reported
value for the electron injection barrier is to be con-
sidered only as an estimation. In addition, a poor
structural and morphological quality of the C60
layer on bare Mylar� could also be invoked as a
cause for device failure. In fact, the high surface
roughness of Mylar� (measured root mean square
roughness = 1.2 nm), can cause a high concentra-
tion of structural defects (i.e., charge traps) within
the active layer, thus inhibiting electron transport
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through the channel. Moreover, it is known from
literature that electron trapping can be pronounced
when using a polar gate dielectric as PET [29], thus
inhibiting electron transport. All these assumptions
prompted us to modify the interface between the
gate dielectric and the organic layer by using a buf-
fer film, in the present case a thin pentacene film.
Interestingly, the electrical characteristics of devices
using a pentacene buffer layer of 3 nm nominal
thickness showed clear n-type device behavior, as
can be seen in Fig. 2. Despite the possibly high elec-
tron injection barrier (see above) we found evidence
for a field effect, and the electron mobility (obtained
from the transfer characteristics in the saturation
regime) was ca. 4 � 10�5 cm2/V s. This indicates
that the presence of a pentacene buffer layer
improves the structural quality of the C60 film,
and consequently reduces charge trapping within
the channel. Also, electron trapping at the interface
with the polar insulator surface could be partially
avoided. This clearly demonstrates that the struc-
tural quality of the active layer and charge trapping
at the insulator/organic semiconductor interface are
likely more important parameters than the elec-
trode/organic injection barrier height for achieving
n-type charge transport.

Note that despite the presence of the 3 nm penta-
cene layer, no p-type conduction was observed.
Since pentacene exhibits pronounced island growth
on rough substrates such as Mylar�, we expect no
closed layer over the entire gate dielectric surface
to be formed at this low nominal thickness. There-
fore, the absence of a continuous percolation path
Fig. 2. Typical output (a) and transfer (b) characteristics of top contact
layer. The device works as a unipolar n-type FET.
is most probably the reason for the lack of hole con-
duction in the channel.

We circumvented this problem by fabricating
devices with pentacene buffer layers of nominally
10 nm thickness. As can be clearly seen from the
output characteristics, recorded both in the p-type
and n-type regime (Fig. 3), this strategy led to ambi-
polar device behavior. Note that in addition to the
emergence of hole transport across the channel for
a continuous pentacene layer also a clear increase
of the electron mobility could be obtained. All
devices were assembled in top contact configura-
tion, i.e., source and drain are printed on the C60
layer. Consequently, the electronic structure of the
metal/semiconductor interface does not change.
The improvement of the n-type transport should
be thus attributed to the fact that C60 grows more
uniformly and crystalline if the pentacene buffer
layer covers the whole insulator surface, as will be
shown by means of X-ray diffraction (XRD) and
scanning force microscopy (SFM). Moreover, it is
worth to underline that the presence of a continuous
buffer layer allows, in this case, to eliminate electron
trapping at the interface with the polar gate
dielectric.

Despite the high electron injection barrier and
the fact that all devices were measured in air, we
obtained hole mobilities up to 1 � 10�2 cm2/V s,
and electron mobilities up to 3.5 � 10�4 cm2/V s.
Only few examples of n-type or ambipolar devices
stable in air can be found in the literature
[11,22,23], while the majority of them have been
obtained only in controlled atmosphere [17–21].
FETs realized with a 3 nm pentacene buffer layer and a 30 nm C60



Fig. 3. Electrical characteristics of a top contact all-organic ambipolar FET realized with a 10 nm pentacene buffer layer and a 30 nm C60
layer. (a) Output characteristics of the device working in p-type mode and (b) output characteristic of the device working in n-type mode.
A clear improvement in the recorded drain current (at the same Vg � Vt values) can be noticed if compared to Fig. 2a.

Fig. 4. Specular X-ray diffraction scans on the Mylar�/tape/
quartz substrate as reference (a), a film of 20 nm pentacene (b), a
layer of 60 nm C60 (c) and a film of 60 nm C60 on 10 nm
pentacene (d). Pre-coverage of the substrate with pentacene leads
to crystalline growth of C60. TP(hkl) denotes reflections of
planes (hkl) originating from the pentacene thin film phase (see
text). The star marks a substrate contribution.
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However, from the analysis of the output character-
istics reported in Fig. 3, one notices a parasitic con-
tact resistance effect (detectable for low source/drain
voltages), in the n-type regime (presumably due to
the high electron injection barrier at the PED-
OT:PSS/C60 interface) and in the p-type regime
(probably due to the presence of a resistive path
for the injected holes through the C60 layer before
reaching the channel).

Interestingly, despite the increase in the electron
mobility, a threshold voltage shift towards higher
positive values (DVT = +25 V) was also detected
when using a thicker pentacene buffer layer. It is
noteworthy that passing from 3 nm to 10 nm of
pentacene buffer layer, the interface between the n-
type semiconductor and the gate dielectric dramati-
cally changes. In the first case we have a very com-
plex interface, where C60 is interfaced both with
pentacene islands and with the gate dielectric
(Mylar�). In the latter, we have a complete interface
between C60 and pentacene. A complex interface
morphology could strongly influence the threshold
voltage of the final devices, as reported by Opitz
et al. [38]. Moreover, Kang et al. [39] reported an
upward band bending (inducing a depletion of elec-
trons at the interface) on both sides of the penta-
cene/C60 interface. Tentatively, this phenomenon
could be the reason for the observed threshold volt-
age shift in the n-type regime.

In order to go deeper inside the observed electri-
cal behaviors, we performed specular X-ray diffrac-
tion scans on both 60 nm thick C60 films deposited
directly on Mylar� (Fig. 4c) as well as on Mylar�
pre-covered with a layer of nominally 10 nm penta-
cene (Fig. 4d). A 20 nm thick pentacene film was
firstly investigated (Fig. 4b). For the pure pentacene
film, the peak at a momentum transfer (qz) value of
0.4085 Å�1 (lattice spacing d = 1.538 nm) and its
weak second order peak at 0.813 Å�1 can be
assigned to reflections of the (001) and (00 2) net
planes of a well known pentacene polymorph that
is usually referred to as pentacene thin film phase

[1,40,41]. The 60 nm thick film of C60 deposited
directly on Mylar� does not show any Bragg peaks,
in contrast to the film of equal nominal thickness
deposited on a 10 nm thick pentacene pre-coating.
We find a peak at qz = 0.7720 Å�1 (lattice spacing



Fig. 5. Scanning force microscopy (SFM) micrographs of 1 � 1 lm2 showing: 20 nm pentacene on bare Mylar� (a); 60 nm C60 on bare
Mylar� (b); 60 nm C60 on 10 nm pentacene on Mylar� (c). The pre-coverage of the substrate with pentacene leads to an increase in the
average grain size. The color range represents 0–20 nm in (a) and (c), and 0–10 nm in (b).
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d = 0.814 nm) that can be assigned to the (111)
reflection of cubic C60 polymorphs [42,43] as well
as to the (002) reflection of hexagonally grown
C60 [43]. This result is in agreement with previous
findings for C60 vacuum-deposition on sapphire,
where crystalline growth of C60 took place exclu-
sively after pre-coverage of the substrate with a
monolayer of pentacene [33]. However, a film of
30 nm C60 on 3 nm pentacene, which corresponds
to nominally two monolayers of upright standing
pentacene, did not exhibit any indication of crystal-
line C60 growth in X-ray diffraction (not shown).
We attribute this to the pronounced island growth
of pentacene on Mylar� due to the high surface
roughness of the substrate. The nominally 20 nm
thick film of pentacene (Fig. 4 curve b) exhibits an
out-of-plane crystalline coherence length of
30 ± 5 nm as estimated from the (001) reflection
using the Scherrer formula [44]. Therefore, the
3 nm pentacene film can be regarded as far from
being closed, leaving large substrate areas uncov-
ered for the subsequent C60 growth and thus
increasing its amorphous proportion, which is detri-
mental for device performance.

Further interesting conclusions can be drawn
from the analysis of SFM micrographs reported in
Fig. 5. The C60 morphology on bare Mylar�

(Fig. 5b) is characterized by a granular appearance
with a grain density of �3000 lm�2 and grain diam-
eters <30 nm. From Fig. 5c we can clearly notice
that with a pentacene buffer layer, the nucleation
of C60 grains on top of the underlying pentacene
islands leads to a reduction of the grain density by
a factor of about 3 and to a significant increase in
the C60 average grain size. Together with our find-
ing of crystalline C60 growth from XRD, this
explains the increase of the electron mobility we
observed in the OFETs characteristics.
4. Conclusions

In summary, we fabricated fully flexible and
transparent all-organic n-type and ambipolar
OFETs on plastic substrates by employing a double
layer architecture comprising pentacene and C60 as
active layers. We confirmed the importance of the
substrate quality for controlling transport proper-
ties and even the type of charge carrier transport
in organic semiconductor thin films. It was shown
that the use of a pentacene buffer layer on the dielec-
tric polymer leads to n-type conduction of the
device due to the improvement of the order in the
C60 layer. Moreover, an increase of the pentacene
layer thickness leads to ambipolar device behavior,
and also increases the electron mobility in C60 by
one order on magnitude.
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Abstract

We studied organic thin film transistors based on poly-(3-hexylthiophene) having as gate dielectric Al2O3, which was
prepared by atomic layer deposition (ALD) technique, that provides films with very good electrical properties, roughness
below 1 nm and compatibility with virtually any type of substrate, including polymeric ones. High-k gate oxides such as
Al2O3 are advantageous since they enable a reduction of operating voltages, but when used in conjunction with organic
semiconductors, they induce worse transport properties if compared to low-k dielectrics. To address this issue, we focused
on the interface between the gate dielectric and the active material and we explored the effects of functionalizing the Al2O3

surface by means of self-assembled monolayers (SAM). We studied and compared a set of SAMs differing in the ligand
groups and in the chain lengths. We show that the most important parameter is the SAM chain length, the longer
SAM being more effective in giving better charge carrier mobility. The microscopical origins of this finding are analyzed
exploiting and comparing the dependence of the mobility on the gate voltage in the transistors based on the variously func-
tionalized Al2O3. With n-octadecyltrichlorosilane (OTS) the mobility reaches the value of 10�2 cm2/V s, comparable to the
mobility on transistors with properly functionalized SiO2 gate dielectric.
� 2007 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 85.30.Tv; 85.30.Dc; 81.16.Dn; 77.84.Bw

Keywords: Organic electronics; High-k dielectrics; Organic thin film transistor
1. Introduction

Organic semiconductors are considered as a
replacement for amorphous silicon in thin film tran-
sistor (TFT) applications, since they show compara-
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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ble electrical properties and potential advantages
for their processability and compatibility with plas-
tic substrates. While a lot of work has been devoted
to the study and improvement of the semiconductor
materials and of their deposition procedure, the role
of the dielectric and of the semiconductor/dielectric
interface in the determination of the performances
of the OTFT [1–3] has been realized only recently.
Considering that the channel in organic TFT is
.
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Fig. 1. Schematic cross-section of the devices used in this study:
Al2O3 based device (a) and SiO2 based device (b).
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limited to the first one or two monolayers [4], it is
not surprising that the dipole moment [1], the tem-
plating effect [5] and the charged mobile impurities
[6] of the dielectric strongly affect the charge trans-
port process in the semiconductor channel.

Among the dielectric materials, aluminium oxide
(Al2O3) appears to be promising due to its high
dielectric constant (between 7.5 and 9.5), its robust-
ness and its possibility to be prepared on different
type of substrates with easy processing conditions.
The Al2O3 as gate dielectric for organic semiconduc-
tors has been investigated in a number of papers in
conjunction with pentacene [7,8] as well as regioreg-
ular poly-(3-hexylthiophene) (RR-P3HT) [4,9,33].

In contrast to SiO2, where it has been demon-
strated that the mobility depends mainly on the
structural order of the polymer at the interface
[10–12], for the Al2O3 there are indications that
other factors might affect the mobility in the transis-
tor. In particular the higher polarity of the Al2O3

surface might cause an increase in the disorder in
the localized states of the semiconductor, thus
affecting the mobility [1]. Such an effect appears to
have detrimental effects more on polymeric semi-
conductors than on crystalline molecular ones,
because hopping between localized states is the
dominant transport mechanism in the former.

The use of self-assembled monolayers (SAMs) on
the Al2O3 surface contributes to a considerable
improvement of the transistor mobility in both
p-type [11] and n-type [2] transistors. Nevertheless,
in the case of polymeric semiconductors, and of
RR-P3HT in particular, used in conjunction with
high-k oxides, all reports refer to mobilities below
10�2 cm2/V s, even when SAMs are used to improve
the semiconductor/insulator interface. In particular,
for devices based on Al2O3 as gate insulator, the
highest mobility ever reported is 5 � 10�3 cm2/V s
[9].

In order to elucidate the mechanism for mobility
reduction using Al2O3 as a dielectric, we present the
result of a systematic study of the influence of the
SAMs on the mobility in OTFT based on RR-
P3HT. We selected two groups of SAMs, alkyl-
silanes and alkyl phosphonic acids, which differ
for their binding group, and in each group we tested
molecules of different chain lengths, going from a
single methyl group up to a octadecyl chain.

To correlate SAM structural order with the
OTFT mobility we carried out a structural charac-
terisation of the SAM and the electrical character-
isation of the OTFTs.
2. Experimental details

The Al2O3 based devices (see Fig. 1a) were fabri-
cated on a substrate of Si covered with a 100 nm
thick thermally grown SiO2. The gate electrode
was realized using standard photolithography with
three metal layers deposited in the same evaporation
run: Ti/Au/Ti with an overall thickness of 60 nm
(see Fig. 2); the titanium interlayers are necessary
to achieve a good adhesion between the gold film
and the oxides. The Al2O3 thin films, used as gate
insulators, were grown by atomic layer deposition
in a flow type reactor (F-120 ASM-microchemistry
Finland). The precursors were TMA (trimethyl alu-
minium) and H2O and they were injected into the
growth chamber by N2. The growth temperature
was 125 �C and the final film thickness of about
50 nm. The oxide film grown with ALD is totally
amorphous and uniform (see Fig. 2), with a surface
roughness of 0.5 nm (Fig. 3); it has good insulating
properties with a measured dielectric constant of
about 7. Gold source and drain electrodes were
defined by standard photolithography; channel
lengths varied from 3 to 18 lm. Before the deposi-
tion of the semiconducting layer, Al2O3 was func-
tionalized with different SAMs (Fig. 4): bis
(2-ethylhexyl) phosphate (97%) (BEHP), n-octyl-
phosphonic acid (98%) (NOPA), n-octadecylphos-
phonic acid (93%) (OPA), n-octyltrichlorosilane
(98%) (NOTS), n-octadecyltrichlorosilane (mixture
of isomers, 95%) (OTS), all obtained from Alfa
Aesar; dimethyldichlorosilane (99.9%) (DDS) was
purchased from Aldrich. All these materials and
the solvents 2-propanol (semiconductor grade),
chloroform (HPLC grade), acetone (semiconductor
grade) (Aldrich) were used without any further puri-
fication. Toluene (HPLC grade, Aldrich) was dis-
tilled over metal sodium before use. Dielectrics
have been carefully cleaned with acetone and 2-pro-
panol, dried with nitrogen flow and baked on hot
plate at 120 �C for 2 min. Just before the introduc-
tion in the solutions, the substrates were treated



Fig. 2. TEM cross-section of Al2O3 (50 nm) on a Ti (15 nm)/Au
(30 nm)/Ti (15 nm) stack. The atomic layer deposition technique
offers highly uniform and conformal Al2O3 layers. Al2O3 was
employed as gate insulator and Ti/Au/Ti stack as gate electrode
in Al2O3 based TFTs.

Fig. 3. XRR profile and simulation of Al2O3 film grown by ALD
on SiO2 at 125 �C. The calculated thickness is 52 nm, the
roughness is 0.5 nm and the density is 3.2 g cm�3.

OPA

NOPA

BEHP

PHOSPHONIC ACIDS SILANES

OTS

NOTS

DDS

Fig. 4. Chemical structure of the molecules used to obtain SAMs
on Al2O3 and SiO2 substrates. These molecules were chosen so
that the dependence of TFTs performances could be studied
depending on chain length and binding group.
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by an oxygen plasma (10 W, 1 mbar, 5 min). Recipes
were specific for each SAM: for BEHP, NOPA and
OPA the substrates were dipped in the appropriate
dilute solution for 1 h (NOPA and OPA 5 mM in
2-propanol, BEHP 2 mM in toluene), rinsed for
5 min with the same solvents of solutions and then
put on hot plate at 150 �C for 10 min; for DDS the
substrates were dipped in the solutions (1:10 in
chloroform) for 15 min, rinsed for 5 min in fresh
chloroform and dried on the hot plate at 120 �C
for 2 min; for OTS and NOTS the substrates were
put into a chamber under a nitrogen atmosphere in
which a fresh prepared solution (2 mM in anhydrous
toluene) was introduced. The substrates were then
taken out after 1 h, rinsed for 5 min with toluene
and chloroform and baked on hot plate at 150 �C
for 10 min. All functionalized substrates were finally
placed in dry box until use. The functionalized
Al2O3-based OTFTs were compared with a bench-
mark TFT having a 130 nm thick DDS-functional-
ized SiO2 dielectric, a low resistivity Si-p+ gate and
a pattern of Ti/Pt about 40 nm thick for the source
and drain contacts (Fig. 1b). RR-P3HT (Aldrich)
was fractionated and purified by a sequence of
organic solvent extraction (MW = 52483D,
MN = 23961D and D = 2.19). RR-P3HT films were
spin-coated from a 0.5 wt% solution in toluene onto
flat and FET substrates in order to achieve a thick-
ness of about 30 nm. X-ray reflectivity data were
collected using laboratory X-ray source equipped
with a monochromatic Cu Ka. The degree of cover-
age of the surface and the uniformity of SAMs were
studied by atomic force microscopy (AFM) in ‘‘non-
contact” mode using a platinum covered silicon tip
under ambient condition. Electrical measurements
have been performed in vacuum at 10�5 mbar after
about 24 h of permanence in vacuum using a Keith-
ley 4200 Modular DC Source/Monitor.

3. Results and discussion

3.1. Morphological and structural characterisation of

SAMs

The morphological characterisation of all the
SAM considered in this study were obtained by
AFM. To measure the thickness of SAM films, we
try to exploit non-uniformities in the film coverage
and to measure the step-height there, but in many



Table 1
Thickness t and rms roughness r of the oxide/SAM systems
considered in this study

Substrate SAM t (nm) r (nm)

Literature Experimental Experimental

Al2O3 NOTS 1.05 [28] – 0.2
OTS 2.5 [29] 1.1 0.4
BEHP – 0.8 0.3
NOPA 1.0 [8] 1.0 0.2
OPA 2.1 [30] 2.0 0.7

SiO2 DDS – 0.4 0.2

Data of the third column are obtained from literature, while data
in the last two columns were obtained from AFM measurements,
the thicknesses being estimated from the depth of the pinholes
present in SAM.
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cases, especially with long chain SAMs, the very
high surface homogeneity made this a difficult task.
SAM thickness is reported in Table 1. Fig. 5 shows
Fig. 5. AFM pictures showing the surface morphology of SAMs on A
(c) BEHP on Al2O3; (d) DDS on SiO2. Information about the topogra
the AFM pictures of a selected set of different SAMs
on Al2O3 and on SiO2.

It was not possible to extract meaningful thick-
ness measurements from the short chain silane-
based SAMs, namely DDS and NOTS, due to
the film homogeneity. As to the short chain phos-
phonic-based SAM, BEHP, which has branched
chains, has a certain tendency to agglomerate as
shown by the presence of particles (Fig. 5c),
whereas NOPA, which has non-branched chain,
is very smooth and homogeneous (not shown for
brevity). In both OPA and OTS-functionalized sur-
faces, no uncovered areas were found beside the
rare pinholes, in some (but not all) of the AFM
scanned areas. The typical size for such pinholes
is of few nanometers. The OTS SAM is very
smooth and homogeneous (root mean square
(rms) roughness r is 0.4 nm) with a low density
of particles, that we attributed to OTS aggregates,
as shown in Fig. 5a (phase images, not shown,
l2O3 and SiO2 surfaces. (a) OTS on Al2O3; (b) OPA on Al2O3;
phy of SAMs are reported in Table 1.
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indicate that the interaction of the AFM tip with
the aggregates is the same as the rest of the sur-
face, thus suggesting chemical similarity). The mea-
sured OTS film thickness (1.1 nm), is lower than
the data reported in the literature (2.5 nm). This
can be attributed to the fact that the steps used
to measure the SAM thickness, are not between
ordered SAM and uncovered surface, but rather
between SAM domains with a different degree of
order, where alkyl chains are either standing per-
pendicular to the surface or laying flat on it, as
observed earlier [13]. The OPA SAM, shown in
Fig. 5b, has a rms roughness of 0.7 nm slightly
higher than OTS. It has a higher density of aggre-
gates, which are typically structures with a thick-
ness ranging from 2 to 4 nm and with lateral
dimension going from 5 to 20 nm. Nevertheless
such structures are affecting only marginally the
overall rms roughness.

Finally, DDS self-assembled layers on SiO2

(Fig. 5d) are very homogeneous and smooth.

3.2. Structural characterisation of P3HT films

Fig. 6 shows X-ray Bragg–Brentano profiles of
the P3HT films deposited on the differently func-
tionalized Al2O3 surfaces. The profiles were fitted
using the matrix method formalism for the reflectiv-
ity part [14], while the diffraction peaks were fitted
using gaussian curves. All P3HT films are about
35 nm thick with a roughness of 1–2 nm. The films
0.2 0.3
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Fig. 6. XRD spectra of the RR-P3HT thin films on functionalized Al2

annealing, is also shown for comparison. The solid lines represent fits to
The different data are offset by a factor 100 for clarity.
deposited on bare and short chain SAMs (BEHP,
NOPA, DDS, NOTS) coated surfaces do not show
any diffraction peak, suggesting that the film is
either amorphous or, at least, grains aligned with
the h10 0i plane parallel to the surface are below
the detection limit of our apparatus (only NOPA
shown for brevity in Fig. 6).

On the other hand, the profiles of the P3HT films
deposited on OTS and OPA show a broad diffrac-
tion peak that can be related to the h1 00i reflection
of the P3HT. The appearance of the h100i diffrac-
tion peak in the out-of-plane direction is therefore
specific of films spun cast on long chain SAMs.
The long chain SAMs are forming a well ordered
structure on the oxide surface with the alkyl chains
aligned (almost) vertically on the oxide surface.
Such organization is promoting in turn the organi-
zation of the hexyl chains of the P3HT on the oxide
surface, favoring the formation of P3HT crystals
aligned in the h100i direction in the out-of-plane
direction. Eventually the short chain SAMs (and
even less the branched ones), where the olefinic
chains can not arrange in a well ordered manner
[15], are not effective in inducing crystalline order
in the P3HT layer. Such an effect has been observed
previously on SiO2 surfaces [18], where significant
differences in the polymer organization, between
HMDS and OTS-functionalized surfaces were
observed.

From the position of the maxima, located at
0.34 (Å�1) and 0.36 (Å�1) for P3HT films on OPA
0.4 0.5 0.6

(A-1)

OTS

OPA

Bare

Bare annealed

NOPA

O3 surfaces. A highly crystalline film on bare Al2O3, obtained by
the reflectivity/diffraction data based on refined structural models.



a

b

Fig. 7. Transfer characteristic curve of Al2O3 based TFT
(L = 12 lm, W = 1.6 mm) functionalized with OPA (a) and with
OTS (b), measured at V D ¼ �15 V. In the inset the output
characteristics are shown, measured for V G ranging from 0 V to
�15 V.
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and OTS respectively, interplanar distances of 18 Å
and 17.6 Å can be deduced. These values are typical
for P3HT films of high molecular weight
(MW = 52 kD in our case) [12,18], but higher than
those observed for highly crystallized films. In fact,
by annealing at 240 �C (i.e. at P3HT melting point)
in nitrogen atmosphere and then cooling down
slowly, we obtained highly crystallised films display-
ing an intense and sharp peak at 0.38 (Å�1), as seen
in Fig. 6, which corresponds to an interplanar dis-
tance of 16.5 Å [17] (film deposited on bare Al2O3).

Comparing the interplanar distances for P3HT
on OTS and OPA with the crystallised sample, a
better organization in the former can be hypothe-
sized. Indeed as seen in Fig. 5a and b, the lower sur-
face roughness and aggregates density observed in
OTS might be more effective in promoting order
in the P3HT film.

3.3. Electrical characterisation

The transistors using the different SAMs have
been electrically characterised by measuring their
transfer and their output characteristic curves in
the saturation regime. As an example, measure-
ments of devices functionalized with OPA and
OTS are given in Fig. 7. For all kind of SAM we
observed output characteristic curves with a well
defined saturation region and more than quadratic
transfer characteristic curves. This can be explained
assuming a gate voltage (V G) dependent mobility,
which reflects the increase of the mobility on the
accumulated carrier density (Q0) usually found in
organic semiconductors. This dependence can be
modelled as a power law [19,20]:

l ¼ k � ðV G � V TÞc ¼ k0Q0c ð1Þ
Using this expression the drain current in the satu-
ration region can be written as

ID ¼
1

cþ 2
kCOX

W
L
ðV G � V TÞcþ2 ð2Þ

We have fitted our experimental transfer character-
istic curves according to Eq. (2) and the extracted
relevant parameters are summarised in Table 2.
For each SAM-functionalized TFT, the parameters
extracted from various devices have been averaged
out and the standard deviation is also reported.
For the mobility (calculated at V G ¼ �15 V) the
best values have been also reported. The Ion=Ioff ra-
tio is always very high, ranging between 104 and 105

and there are no differences between functionalized
and bare samples, except for the OTS sample in
which the RR-P3HT underwent a light non-inten-
tional doping [34].

Fig. 8 summarises the average mobility. With
respect to the bare Al2O3, the use of BEHP, DDS
and NOTS does not improve the mobility, which
is around few 10�4 cm2/V s, and NOPA gives only
a slight improvement (less than a factor 2). A size-
able boost is achieved with long chain SAMs:
OPA, which reaches a mobility of 10�3 cm2/V s,
and OTS, which reaches 0.83 � 10�2 cm2/V s. This
is in agreement with results reported in Section
3.1, where it was shown that only with OPA and
OTS a certain degree of crystallinity is displayed
in the RR-P3HT. The value obtained on OTS is
the highest ever reported for Al2O3 based TFTs
and it is very close to the one measured on our
DDS-functionalized SiO2 based devices (about



Table 2
Summary of the electrical properties of Al2O3 based transistors with modified surface dielectrics

Sample Best mobility (cm2/V s) Average mobility (cm2/V s) V th (V) Ion=Ioff at V G ¼ �15 V

Bare Al2O3 4:1� 10�4 ð3:0� 1:15Þ � 10�4 �3:6� 1:14 ð7� 3Þ � 104

Al2O3 þ BEHP 3:4� 10�4 ð2:6� 0:3Þ � 10�4 �5:7� 0:6 ð1:0� 0:5Þ � 105

Al2O3 þNOPA 6:9� 10�4 ð5:1� 0:5Þ � 10�4 �3:4� 0:3 ð8� 3Þ � 104

Al2O3 þOPA 2:0� 10�3 ð1:2� 0:2Þ � 10�3 �2:1� 0:5 ð1:1� 0:1Þ � 105

Al2O3 þDDS 3:7� 10�4 ð2:6� 0:3Þ � 10�4 �4:4� 0:5 ð1:0� 0:3Þ � 105

Al2O3 þNOTS 2:3� 10�4 ð2:0� 0:1Þ � 10�4 �2:9� 0:3 ð1:0� 0:3Þ � 105

Al2O3 þOTS 9:2� 10�3 ð8:3� 0:4Þ � 10�3 þ5:6� 0:2 54� 7
SiO2 þDDS 1:2� 10�2 ð8:8� 0:7Þ � 10�3 �1:8� 0:4 ð8� 2Þ � 103

Mobilities extracted at VG = �15 V.
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Fig. 8. Mobility values extracted at V G ¼ �15 V in the satura-
tion region from transistors using bare and functionalized Al2O3
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10�2 cm2/V s, also shown in Fig. 8), and in general
is close to the mobility reported in the literature
for high MW RR-P3HT spin cast on SiO2. This
demonstrates that by means of a proper functional-
ization, high mobilities can be obtained with Al2O3.

To measure the hysteresis in the transfer charac-
teristics curves, a hysteresis factor (HF) has been
defined as the area of the hysteresis normalised to
the area of the forward voltage scan. Hysteresis is
considerably reduced by SAM, as can be appreci-
ated in the summary plot of Fig. 9, particularly in
the case of long chain SAMs. Bare Al2O3 devices
have an HF of 0.28, which is reduced to 0.1 in
OPA-functionalized devices, while hysteresis
becomes practically negligible in OTS-functional-
ized devices with an HF value comprised between
4� 10�2 and 2:5� 10�4.

The origin of hysteresis in organic TFTs has not
been clarified yet [21]. It has been reported, in car-
bon nanotubes based transistor, that it is related
to the presence of water on the insulator surface,
which introduces traps with very long release time
[22]. In our case the relatively large HF in the bare
Al2O3 is in agreement with the polar and hygro-
scopic character of this insulator. The introduction
of SAMs gives to the surface a less polar character,
diminishes its water content and hence the hystere-
sis. The HF dependence upon chain length can be
explained by considering that functionalization
leaves some surface hydroxyl groups un-reacted:
since longer chain SAMs are more dense and com-
pact, they have a lower density of residual OH
groups, as it has been recently shown by FT-IR
studies [23].

4. Mobility: analysis of the dependence on the charge

density

In order to better understand the large difference
between the mobility in RR-P3HT on bare and
functionalized Al2O3, we exploit the power law
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dependence of the mobility on the accumulated
charge density. In fact, from the parameters k0 and
c of Eq. (2), relevant information on the electronic
structure of the active material can be extracted.
To this extent, we re-extracted the mobility in the
linear regime of operation of TFTs, where the longi-
tudinal electric field is moderate (V DS ¼ �1 V;V G ¼
�10 V), to minimise the dependence of k0 and c on
the electric field [24,25] which could obscure the
extraction of the intrinsic electronic structure of
the active material [26]. The mobilities as function
of the charge density are plotted in Fig. 10.

4.1. Broadness of the density of states

The parameter c, which is the slope of l versus Q0

on a double logarithmic plot, depends on the energy
spreading of the density of states (DOS): in the
framework of the theory developed by Vissenberg
and Matters [20], the DOS is modelled as an expo-
nential function gð�Þ ¼ N t

kT 0
expð �kT 0

Þ and c is related
to the DOS characteristic temperature T 0 by the fol-
lowing relation: c ¼ 2ðT 0

T � 1Þ. We take kT 0 as an
index of the DOS broadness. Therefore from c we
can estimate the DOS broadness, and this indicates
the degree of energetic disorder in the semiconduc-
tor: in fact if the DOS is broader, a larger energetic
disorder is present.

The values of DOS broadness kT 0 for RR-P3HT
deposited on the various SAMs are shown in
Fig. 11. If we consider separately silane and phos-
phonic-based SAMs, we observe that a trend is pres-
ent for the two groups: the DOS broadness
diminishes going from bare to functionalized Al2O3,
and further diminishes on the longer chain SAMs.
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bare Al2O3, functionalized Al2O3 and on DDS–SiO2. The
reported curves are an average of the mobility extracted from
various devices in the linear regime.
Indeed, OPA and OTS, whose structural data indi-
cates partial crystallinity, are characterised by the
least broad density of states. Apart from structural
reasons, another mechanism could explain the
observed trend in kT 0: being an high-k oxide, Al2O3

is expected to have a high density of surface disor-
dered permanent dipoles. These are the sources of a
disordered electric potential landscape which inter-
acts with RR-P3HT enhancing the broadness of its
density of states [1]. This effect is less intense the larger
is the distance between the RR-P3HT and the Al2O3

surface, which explains the observed trend.

4.2. Effective wavefunction overlap

As to k0, it is shown in the Appendix how to
extract from it an interval of possible values for
the effective wavefunction overlap a�1, which deter-
mines the ease of the hopping process between adja-
cent sites.

The possible intervals for the effective wavefunc-
tion overlap a�1 for the various SAMs are reported
in Fig. 12. It can be seen that bare Al2O3 and the
various SAMs have approximately the same range
of values, with the remarkable exception of OTS
which has a larger a�1. The fact that the bare sub-
strate and short chain SAMs are similar, is in good
agreement with the structural characterisation given
in Section 3.1. As to long chain SAMs, the result for
RR-P3HT on OTS is in agreement with its XRR
spectrum, which shows a lower interplanar distance
in the out-of-plane direction, which points to a more
close-packed arrangement for the polymer chains
and hence supports a larger effective wavefunction
overlap. On the other hand, the poor result of
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OPA can be surprising if compared to its promising
structural characteristics. We conclude that crystals
which are present in RR-P3HT on OPA as revealed
by XRR analyses, are immersed in an amorphous
RR-P3HT matrix which dominates the transport
properties. The consequent limited degree of con-
nectivity between crystals could be traced back to
the higher density of aggregates and surface rough-
ness of OPA SAM. Indeed, it has been recently
shown that mobility in polymers can be highly sen-
sitive to the surface microroughness [35,36].

4.3. SAM effect on the mobilities

Using results for kT 0 and a�1, we can give a more
detailed explanation of the SAM effects on RR-
P3HT mobilities. Short chain SAMs do not give
any improvement with respect to bare Al2O3,
because they have both a disordered DOS and a
poor effective wavefunction overlap (NOTS is less
disordered than other short chain SAMs but has a
very low effective wavefunction overlap). OTS is
the best one because it combines both a low ener-
getic disorder and a good effective wavefunction
overlap, whereas OPA gives a certain improvement
with respect to the bare Al2O3 thanks to its limited
DOS broadness, whereas it has a a�1 which is not
different from bare Al2O3.

4.4. Comparison between OTS–Al2O3 and DDS–

SiO2

Finally, we compare our best result on Al2O3,
functionalized with OTS SAM, to our benchmark
reference SiO2 functionalized with DDS. In Fig. 8
OTS–Al2O3 and DDS–SiO2 were shown to yield
similar mobilities, but this occurs when they are
compared at the same applied gate voltage: taking
into account the larger dielectric constant of Al2O3

and its smaller thickness, at the same applied gate
voltage the charge density on Al2O3 is about four
times larger than on SiO2. When compared at the
same accumulated charge density Q0, as in Fig. 10,
the former has a lower mobility than the latter.
Looking at Fig. 11, it can be seen that OTS–
Al2O3 and DDS–SiO2 have the same degree of
energetic disorder: if disordered surface dipoles
are present on the surface of Al2O3, their effect
becomes negligible when the active channel is
moved away from the interface with a long chain
SAM such as OTS. On the other hand, from
Fig. 12 it can be seen that OTS–Al2O3 has an
effective wavefunction overlap a�1 which is smaller
than DDS–SiO2. This difference is the origin for
the observed mobility difference, and highlights
the specificity of Al2O3 which, even after a long
chain functionalization, still yields performances
which are inferior to a short chain functionalized
SiO2.

5. Conclusions

We performed a systematic study of the effect of
SAM on the electrical properties of transistors using
ALD Al2O3 as gate dielectric and RR-P3HT as
semiconductor. SAMs differing in the polar head
group and alkyl chain length were investigated.
We showed that the length of the SAM is the most
important parameter in improving transistor perfor-
mance, and that longer SAMs, most notably OTS,
give better results. From a detailed study of the
dependence of the mobility on the accumulated
charge density, the improvement induced by OTS
could be traced back to a reduction of the broadness
of the density of states in conjunction with an
improvement of the effective wavefunction overlap
with respect to the bare Al2O3. With respect to func-
tionalized SiO2, OTS-functionalized Al2O3 equals
functionalized SiO2 in terms of broadness of the
density of states, but still suffers from a lower effec-
tive wavefunction overlap. Nevertheless, exploiting
the high dielectric constant of Al2O3 and developing
transistors with a sufficiently thin dielectric, a mobil-
ity of 0.8 � 10�2 cm2/V s could be measured, a
result which is comparable to that of SiO2 based
transistors.
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Appendix

In Eq. (1), the parameter k0 can be rewritten as

k0 ¼ r0ða�1Þ
3
2cþ3f ðcÞ ðA:1Þ

where f ðcÞ is a known function which depends only
on c, a�1 is the effective wavefunction overlap, and
r0 is the so-called conductivity prefactor [20].
According to Ref. [27], the parameter r0 can be esti-
mated as

r0 ¼
e2

kT
N

1
3
tm ðA:2Þ

where m is the attempt to escape frequency and N t is
the total density of states per unit volume. Substitut-
ing Eq. (A.2) in Eq. (A.1), we find

k0 ¼ e2

kT
f ðcÞ

� �
N

1
3
tmða�1Þ

3
2cþ3 ðA:3Þ

There are three unknowns in k0, namely a;N t and m,
whereas the term between square brackets is known.
Indeed, N t is reported in the literature to be in the
range 1026–1027 m�3, and since it appears in Eq.
(A.3) raised to one third, the dependence of k0 on
this parameter is weak [27]. On the other hand, m
is reported to be in the range 1012–1014 Hz, thus
having a larger impact on k0. Therefore we solve
Eq. (A.3) for a�1 and we plot this quantity as a
function of m. Restricting to the ranges where a�1

and m are physically significant, that is 1012 Hz <
m < 1014 Hz and a�1 below a few Å, we can estimate
an interval of possible values for a�1.

Results are shown in Fig. 12 for N t ¼ 1026 m�3 (no
significant differences occur by taking N t ¼ 1027 m�3).
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Abstract

The influence of contact effects on the performance of pentacene thin film transistors with printed electrodes was inves-
tigated. The electrodes of the transistor were realized by a combination of microcontact printing and selective dewetting/
wetting. Printing of silane based self-assembled monolayers on glass or silicon substrates allows for the modulation of the
surface energy, so that polymers or resists can be selectively deposited in the hydrophilic regions of the substrate, whereas
the hydrophobic regions stay uncoated. A poly methyl methacrylate (PMMA) resist was selectively deposited in the hydro-
philic regions. The resists structures were used as a template to pattern electrodes of pentacene thin film transistors by a
lift-off process. The transistors exhibit charge carrier mobilities of 0.2 cm2/V s, low threshold voltages, and high on/off
ratios of 106. The pentacene transistors with printed drain and source electrodes were compared to devices patterned
by optical lithography. In particular the influence of the drain and source contacts on the charge carrier mobility of the
devices will be discussed. A simple model will be presented which takes the influence of contact effects into account when
describing the electrical behavior of the transistors.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Organic and polymeric electronics has attracted
much attention in recent years. Due to low process-
ing temperatures the materials can be fabricated on
low cost substrates like glass or flexible foils. The
prospect of flexible, unbreakable, extremely low-
weight electronics at relatively low cost has stimu-
lated a lot of research and development on organic
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.10.012
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thin film transistors (oTFTs) [1–3], flexible displays
media [4], and organic sensor arrays [5,6]. Besides
the new materials alternative patterning methods
have been developed, which are compatible with
organic materials and large area electronics. The
most notable methods are microcontact printing
(lCP) [7] and nanoimprint lithography (NIL) [8].
Both techniques offer novel and inexpensive routes
in patterning microstructures over large areas. In
the case of microcontact printing a self-assembled
monolayer (SAM) is printed onto a substrate to pat-
tern semiconductors or metals, or to modify surfaces
.
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[9–12]. Furthermore, self-assembled monolayers can
be used as template to selectively grow films of
organic small molecules [13,14].

In this study microcontact printing was com-
bined with selective dewetting/wetting to realize
electrodes of organic thin film transistors. In the
first step the substrate is functionalized by a printed
silane based self-assembled monolayer (SAM). The
functionalized substrate facilitates the selective
deposition of polymers or resists on the surface.
The resists structures are comparable to conven-
tional resist structures patterned by optical lithogra-
phy. The resist structures allow for the patterning of
metallic or semiconducting micro and nanostruc-
tures over large areas by a lift-off or an etching pro-
cess. In our study metal electrodes were patterned
by using a lift-off process. The process was applied
to realize electrodes of organic thin film transistors.
The fabrication of the pentacene thin film transistor
will be described in Section 2. The electrical proper-
ties of the pentacene thin film transistors will be pre-
sented in Section 3. Furthermore, the transistor will
be compared to organic transistors realized by opti-
cal lithography. In particular the influence of the
drain and source contacts on the charge carrier
mobility of the organic transistors will be discussed.
A simple model will be presented which allows for
determining the contact resistance of organic tran-
sistors. The microcontact printing approach will
be compared with optical lithography in terms of
its applicability in organic electronics (Section 4).
Finally the results will be summarized in Section 5.

2. Microcontact printing and selective wetting

Microcontact printing is a versatile additive
printing process in which self- assembled monolay-
ers are selectively transferred to rigid or flexible sub-
strates. The lCP process is carried out by an
elastomeric and flexible stamp. The stamp is fabri-
cated by replica casting of a polydimethylsiloxane
(PDMS) prepolymer against a master, which exhib-
its a relief structure on its surface. The master can be
prepared by optical or electron beam lithography
depending on the required feature size. After casting
the elastomer against the master the stamp is cured
before being separated from the master. A detailed
description of the fabrication process of the master
and the elastomeric stamp is given in Ref. [7]. After-
wards the stamp is coated by a solution, which
contains the self-assembled molecules. Finally, the
stamp is brought in conformal contact with the
substrate. The molecules in solution are transferred
to the substrate, where they form a self-assembled
monolayer.

The most prominent self-assembled monolayers
are thiol based self-assembled monolayers, which
can be printed on noble metals (see Fig. 1a). Self-
assembled monolayers like eicosanethiol and hexa-
decanethiol act as etch mask, which facilitates the
direct patterning of metals by a wet chemical etch-
ing process [10–12]. However, patterning of metal
films by thiol SAMs is restricted to materials like sil-
ver, gold and copper. Such materials might be com-
patible with organic electronics but they are not
compatible with silicon large area electronics. Typi-
cal metals used in silicon large area electronics are
aluminum, chromium or tungsten. Therefore, the
use of thiol self-assembled monolayers is not appli-
cable to silicon large area electronics.

Alternatively we developed an approach in which
printed silane based SAMs are combined with the
selective deposition of polymers or resists. The
approach facilitates a universal route in patterning
a variety of materials on substrates like glass or oxi-
dized silicon wafers. Once the resist is selectively
deposited over the substrate, different materials
can be patterned by a lift-off or an etching process
(see Fig. 1b). In this study the approach was used
to realize drain and source electrodes of pentacene
thin film transistors.

We used the silane based self-assembled mono-
layer octadecyltrichlorosilane (OTS) for our experi-
ments. OTS can be printed on glass or silicon
wafers. The OTS molecules modulate the surface
energies, so that polymers or resists can be selec-
tively deposited on the surface. The schematic pro-
cess flow is shown in Fig. 1b. Before printing the
SAMs on the substrate, the silicon wafers or glass
substrates were cleaned by H2O2 and H2SO4. The
cleaning procedure results in the formation of an –
OH terminated surfaces. Such –OH terminated
surfaces are hydrophilic. A solution of OTS
(CH3(CH2)17SiCl3) in hexane was used as ‘‘ink”

for the printing process. The solution was spin
coated on an elastomeric PDMS stamp. The stamp
is used to transfer the OTS molecules on the silicon
surface. In the printed regions the OTS molecules
form Si–O–Si bonds to the substrates. The OTS
covered regions turn hydrophobic, while the unex-
posed regions stay hydrophilic. Water contact angle
measurements showed complete wetting in the
hydrophilic regions, whereas the hydrophobic
regions exhibit contact angles of 90–113� [15].
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Fig. 1. Patterning of noble metals like silver, gold or copper by microcontact printing of thiol based self-assembled monolayers (SAMs)
and subsequent wet etching (left). Patterning of metal or semiconducting films by a lift-off process (right). The resist structures were
prepared by microcontact printing of silane based self-assembled monolayers and selective dewetting/wetting.
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After prepatterning the substrate by the SAMs the
sample was dip coated or spin coated by a diluted
resist like (polymethyl methacrylate, PMMA). The
resist selectively wets the hydrophilic regions of the
substrate, whereas the hydrophobic regions stay
uncoated. Subsequently, the OTS SAMs were
removed by a UV exposure. In the following the resist
pattern was used to lift-off different metal films like
chromium and gold. The patterned gold films are
later on used as drain and source electrodes in organic
thin film transistors. An optical micrograph of the
realized metal structures is shown in Fig. 2. The
micrographs show silicon substrates before (Fig. 2a)
and after patterning the gold film (Fig. 2b). The dark
areas in Fig. 2a correspond to the regions covered by
the resist (PMMA), whereas the bright regions are
uncoated (silicon substrate). The patterned metal
electrodes after carrying out the lift-off process are
shown in Fig. 2b. In this particular case a thin gold
film (20 nm) was patterned by the lift-off process.
To improve the adhesion of the film on the substrate
a 3 nm thick titanium film was evaporated prior to the
gold film. The patterned metal film can be used as
electrodes, interconnects or micro coils. The combi-
nation of microcontact printing and selective dewett-
ing can be used as universal approach to pattern
metals and semiconducting films. A resolution of
�2 lm was achieved for thin metal films (<50 nm).
The resolution of the process depends mainly on the
resist profile on the substrate. The formation of the
resist profile on the substrate again depends on sev-
eral factors including the surface energies of the sub-
strate, the viscosity of the resist, the dipping or
spinning procedure of the resist [16,17].

Besides PMMA other materials like PEDOT:
PSS (poly(3,4-ethylenedioxythiophene)-polystyrene-
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Fig. 3. A schematic cross-section of a pentacene thin film
transistor. The source and drain electrodes were patterned by
microcontact printing and selective dewetting/wetting.

Fig. 2. Optical micrograph of a poly methyl methacrylate
(PMMA) pattern on an oxidized silicon substrate (a), and a
patterned gold film on an oxidized silicon substrate (b). The resist
structures were prepared by microcontact printing of silane based
self-assembled monolayers (e.g. octadecyl-trichlorosilane) and
selective dewetting/wetting. The gold patterns were realized by a
lift-off process.
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sulfonate) or prepolymer polyurethane were pat-
terned by selective dewetting [15]. The patterned
conductive polymer PEDOT PSS can be used
directly as drain and source electrodes of the penta-
cene thin film transistor. However, the achieved res-
olution of the process was only in the range of
30 lm. Small features down to 1 lm were patterned
by using other resist materials like (prepolymer
polyurethane). The resolution of the process was
determined by the resolution of the stamp used for
microcontact printing. Submicrometer structures
can be fabricated by using electron beam lithogra-
phy in preparing the master. However, lifting-off
metal films by such resist patterns was not possible.
The spherical resist profile on the substrate does not
allow for lifting-off very small structures. Alterna-
tively the process can be used to pattern the under-
lying film by a dry or a wet chemical etching
process.
3. Organic thin film transistors

3.1. Device fabrication

The schematic cross-section of a pentacene thin
film transistors is shown in Fig. 3. The bottom drain
and source electrodes of the organic thin film tran-
sistors were realized by the combination of micro-
contact printing and selective wetting, which was
described in Section 2. Gold electrodes with a thick-
ness of 20 nm were used to form the drain and
source electrodes of the transistor. Organic TFTs
with a channel length of 20–140 lm, and a channel
width of 4000 lm were realized. In order to evaluate
the printing process a highly doped silicon wafer
was used as substrate and gate electrode. The gate
dielectric of the transistor was formed by a 100 nm
thick thermal oxide layer. Before depositing the
organic semiconductor the oxide surface and the
gold electrodes were treated by hexamethyldisilaz-
ane (HMDS) and 2-mercapto-5-nitrobenzimidazole
(MNB) SAMs, respectively. Treating the silicon
dielectric by HMDS leads to an increase of the
charge carrier mobility of the transistors by a factor
of 2–3 [18]. Treating the gold electrodes by MNB
leads to an improved charge injection, so that the
drain and source contact resistance is reduced by
20–50% [19]. The pentacene molecules (Fig. 3a)
were deposited by organic molecular beam deposi-
tion (OMBD). A further description of the deposi-
tion conditions is given in Ref. [20].

3.2. Transistor characteristics

The transfer curves of a pentacene TFT with
printed drain and source electrodes is shown in



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-10 -8 -6 -4 -2 0

Optical Lithography
Printed electrodes

Linear region of
operation

Gate voltage [V]

C
ha

rg
e 

ca
rr

ie
r 

m
ob

ili
ty

 [c
m

2 /V
s]

Fig. 5. Charge carrier mobility in the linear region of operation
for pentacene transistors with drain and source electrodes
prepared by printing and optical lithography.
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Fig. 4. The transfer curves were measured for drain–
source voltages of �1 V and �10 V. The transistor
exhibits an on/off ratio – defined as the ratio of
the drain–source current in the on-state
(VGS = VDS = �10 V) and the off-state (VGS < 5 V)
– of approximately six orders of magnitude. A
threshold voltage of 0.2 V was determined by
extending the tangent to the drain current in the lin-
ear region and extracting the gate voltage at the
intersection with the gate voltage axis. The drain–
source current of the thin film transistor in the linear
region is described by

IDS ¼
W
L

CG � leff � V DS � V GS � V T �
V DS

2

� �
; ð1Þ

where W and L are the width and the length of the
channel. CG is the gate capacitance per unit area,
and VGS, VDS and VT are the gate–source, drain–
source and threshold voltages, respectively. The
transistor operates in the linear region if
VDS < VGS�VT. Based on Eq. (1) the effective
charge carrier mobility of the transistors in the lin-
ear region can be determined by

leff ¼
1

V DSCG

� L
W
� oIDS

oV GS

: ð2Þ

The effective charge carrier mobility of the device as
a function of the gate–source voltage is shown in
Fig. 5 for a transistor with printed drain and source
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Fig. 4. Transfer curves of a pentacene thin film transistor with
printed drain and source contacts fabricated by microcontact
printing and selective dewetting.
electrodes. The channel length was 40 lm. The
charge carrier mobility reaches a maximum of
0.20 cm2/V s for a gate–source voltage of �3.5 V.
Additional the effective mobility is plotted for a
pentacene TFT with drain and source electrodes
patterned by optical lithography. The transistor
with drain and source electrodes patterned by opti-
cal lithography is considered as a standard or refer-
ence structure. The effective mobility of the
transistor with standard electrodes is 2–3 times
higher than the effective mobility of the transistor
with printed electrodes. Furthermore, the effective
mobility of the transistor with standard electrodes
is constant for gate–source voltages more negative
than �5 V. If the transistor behaves like an ideal
transistor, which can be described by Eq. (1), the
effective charge carrier mobility should be indepen-
dent of the gate voltage and the device geometry.
Such behavior can be observed for the transistor
with drain and source electrodes patterned by opti-
cal lithography. The device mobility is independent
of the gate–source voltage, so that the derived de-
vice mobility is constant in the linear region of oper-
ation. This is not the case for the transistor with
printed drain and source electrodes.

The device charge carrier mobility of the transis-
tor with printed electrodes drops with decreasing
gate–source voltages. The drop of the device charge
carrier mobility gate–source voltages can be caused
by traps in the pentacene film [21,22], scattering of
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charges at the semiconductor dielectric interface or
the influence of contacts effects on the device perfor-
mance [23,24]. As pentacene TFTs fabricated on dif-
ferent dielectrics exhibit the same behavior
scattering processes at the dielectric play a minor
role in describing the electronic transport of poly-
crystalline pentacene thin film transistors. Measure-
ments of transistors with different channel lengths
reveal that the extracted device charge carrier
mobility strongly depends on the channel length
[23–25]. The charge carrier mobility is significantly
reduced for transistors with short channel lengths.
The experimental results reveal that the drain and
source contact have a distinct influence on the
device performance. Therefore, it can be expected
that the drop of the charge carrier mobility in
Fig. 5 as function of the gate–source voltage is
caused by the influence of the drain and source
contacts.

3.3. Contact effects

In the following the influence of the contacts on
the device mobility of the oTFTs is described. It is
assumed that the contact effects can be described
by an ohmic contact resistance. Even though the
real contact behavior might be non-ohmic, a certain
degree of inaccuracy might be accepted since the
assumption of an ohmic contact behavior allows
for providing an analytical relationship between
the charge carrier mobility and the contact effects.
In order to account for the influence of the contact
on the drain–source current in the linear region the
drain–source voltage, VDS, in Eq. (1) is replaced by
VDS � IDSRC, where Rc corresponds to the sum of
the drain and source contact resistances. Thus, the
drain–source current can be described by

IDS ¼
W
L

CGl0ðV DS � IDSRCÞ

� V GS � V T �
V DS

2
þ IDSRC

2

� �
: ð3Þ

Eq. (3) can be simplified by assuming that VGS � VT

is significantly larger than VDS/2 � IDSRC/2, so that
the drain–source current can be expressed by

IDS�
W

LþW l0CGRCðV GS�V TÞ
loCGV DSðV GS�V TÞ:

ð4Þ

Subsequently an expression for the effective mobil-
ity, leff, of the transistors as a function of the chan-
nel length and the contact resistance can be defined
by [23]:

leff ¼ l0

L
Lþ W l0CGRCðV GS � V TÞ

: ð5Þ

In the following the transfer curve of the transistor
with printed drain and source electrodes was fitted
by Eq. (1) and (4) to determine the intrinsic charge
carrier mobility, the threshold voltage and the con-
tact resistance of the pentacene thin film transistor.
The drain–source current was fitted for gate–source
voltages more negative than �2 V. For gate–source
voltages less negative than �2 V the transistor oper-
ates in the saturation region (VGS P VDS + VT). A
good agreement between the experimental data
and the fit was achieved if the influence of the con-
tacts was taken into account (Eq. (4)). Eq. (1) does
not allow for the description of the drain–source
current in the linear region of operation. Taking
the contact resistance into account a charge carrier
mobility of l0 = 0.3 cm2/V s, a threshold voltage
of VT = �1 V and a contact resistance of 12 kX cm
was determined for a transistor with a channel
length of 40 lm.

A summary of the different device parameters is
given in Table 1 and 2. Table 1 provides the device
parameters directly extracted from the experimental
data. Table 2 states the device parameters by fitting
the experimental data with and without contact
effects.

Eq. (5) was used to describe the drop of the
charge carrier mobility as a function of the gate–
source voltage in Fig. 6b. The drop of the charge
carrier mobility can be described by using the
parameters stated in Table 2. The same procedure
was applied to transistors with electrodes patterned
by optical lithography. In this case a threshold volt-
age of ��1.5 V and a charge carrier mobility of
�0.5 cm2/V s were determined. The contact resis-
tance of the device was reduced by a factor of 20–
30 leading to contact resistances of 0.6 kX cm. The
extracted parameters are again listed in Table 2.

In the saturation region the transfer curve of the
transistors is described by

IDS ¼
W
2L

CG � leff � ðV GS � V TÞ2: ð6Þ

Eq. (6) is valid for VDS P VGS�VT. The transistor
in Fig. 4 exhibits a maximum saturation mobility
of 0.18 cm2/V s and threshold voltage of 0.3 V.
The charge carrier mobility in the saturation region
of the transistor can be calculated according to



Table 2
Transistor parameters determined by fitting the experimental data using the classical transistor model and an extended transistor model,
which takes the influence of drain and source contacts into account. The parameters are given for the transistors with printed drain and
source electrodes (left) and transistors with electrodes patterned by optical lithography (right)

Transistor model /transistor model including contacts

Linear region

Parameter [Dim.] Charge carrier mobility [cm2/V s] Threshold voltage [V] Contact resistance [kX cm]
Standard 0.15/045 0.1/�0.5 –
With contacts 0.30/0.52 �1.0/�0.55 12/0.6

Saturation region

Parameter [Dim.] Charge carrier mobility [cm2/V s] Threshold voltage [V] Contact resistance [kX cm]
Standard 0.11/0.50 1.3/�0.8 –
With contacts 0.30/0.55 �0.3/�0.9 11.2/0.4

Table 1
Extracted device parameters of pentacene thin film transistors with printed drain and source electrodes (left) and electrodes patterned by
optical lithography (right)

Experiment

Linear region

Parameter [Dim.] Charge carrier mobility [cm2/V s] Threshold voltage [V]
Measurement 0.20/0.45 �0.8/�1.0

Saturation region

Parameters Charge carrier mobility [cm2/V s] Threshold voltage [V]
Measurement 0.18/0.50 0.2/�1.3
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leff ¼
1

CG

� 2L
W
� o

ffiffiffiffiffiffiffi
IDS

p

oV GS

� �2

: ð7Þ

The device mobility in the saturation region as a func-
tion of the gate–source voltage is plotted in Fig. 7b.
Again a distinct drop of the charge carrier mobility
is observed with decreasing gate–source voltages.

In order to derive an expression for the drain–
source current in the saturation region taking the
contact effects into account, the drain–source volt-
age, VDS, in Eq. (3) was substituted by VGS � VT

Thus, the following expression for the drain–source
current in the saturation region can be derived.

IDS ¼
W
2L

CGl0½ðV GS � V TÞ2 � I2
DSR2

C�: ð8Þ

In order to derive an analytical expression for the
charge carrier mobility in the saturation region the
drain–source current in Eq. (8) can be substituted
by Eq. (4) for VDS = VGS � VT, which will lead to
the following approximation of the drain–source
current in the saturation region:

IDS �
W
2L

CGl0

2

4ðV GS � V TÞ2

� l0WCGRCðV GS � V TÞ2

Lþ WRCCGl0ðV GS � V TÞ

 !2
3

5: ð9Þ
Based on Eq. (9) the following expression for the
effective charge carrier in the saturation region can
be derived:

leff ¼ l0 1� W l0CGRCðV GS � V TÞ
Lþ WRCCGl0ðV GS � V TÞ

� �2
" #

ð10Þ

The fit of the transfer curve in the saturation region
is shown in Fig. 7a. According to Eq. (9) a charge
carrier mobility of 0.3 cm2/V s, a threshold voltage
of �0.3 V, and a contact resistance of 11.2 kX cm
were extracted. Again a good agreement between
the experimental data and the fit was achieved if
the influence of the contacts was taken into account.
The extracted parameters for the charge carrier
mobility and the contact resistance in the linear
and the saturation region are almost identical
(Table 2).

To study the origin of the high contact resistance
of the transistors with printed electrodes atomic
force microscope (AFM) measurements of the elec-
trodes were taken. Fig. 8 shows atomic force micro-
scope images of pentacene films at the edge between
the channel and the contact region. Fig. 8a exhibits
the image of a pentacene film prepared on a photo
lithographically patterned drain and source elec-
trode. Fig. 8b shows a pentacene film prepared on
top of a drain and source electrode patterned by
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Fig. 6. Measured and simulated drain–source current (a) and
charge carrier mobility (b) of a pentacene thin film transistor with
printed drain and source contacts in the linear region of
operation.
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Fig. 7. Measured and simulated drain–source current (a) and
charge carrier mobility (b) of a pentacene thin film transistor with
printed drain and source contacts in the saturation region of
operation.
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microcontact printing and selective wetting. The
thickness of the pentacene film (10–15 nm) and the
drain and source electrodes (20 nm) is identical for
both samples. The AFM images in Fig. 8 show
the typical morphology of polycrystalline pentacene
films. The pentacene crystals exhibit a dendritic
structure with average crystal diameters of 1 lm in
the channel region. The channel region was treated
by HMDS prior to the deposition of the pentacene
film. The drain and source electrodes were treated
by a MNB self-assembled monolayer before bring-
ing down the pentacene molecules. The SAM treat-
ment leads to the formation of a highly ordered
pentacene film on top of the gold electrodes. The
pentacene crystals exhibit an average diameter of
300 nm. A comparison of the AFM images reveals
that the formation of the pentacene film at the edge
of the electrode is different for the two samples. A
clustering of pentacene molecules can be observed
for the sample with printed electrodes (Fig. 8b).
The clustering might be caused by the formation
of a burr-like structure at the edge of the printed
electrode. A schematic cross-section of the sample
is shown in Fig. 8c and d to illustrate the influence
of the burr-like structure on the formation of the
pentacene film. The selective wetting process leads
to the formation of an arc-like resist pattern on
the substrate. The arc-like structure prevents a com-
plete lift-off of the deposited metal in the channel
region. The high contact resistance of the transistor
is caused by the poor injection of holes in the penta-
cene film due to poor step coverage of the pentacene
film at the edge of the transistor. The pentacene film
is very thin, so that the pentacene molecules just
form a contact with the titanium rather that the
gold film.
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Fig. 8. Atomic force microscope (AFM) image of polycrystalline pentacene films prepared on a silicon dioxide dielectric treated with a
hexamethyldisilazane (HMDS) self-assembled monolayer (SAM) and a gold drain/source electrode treated by 2-mercapto-5-nitrobenz-
imidazole (MNB) SAMs, respectively. The drain/source electrodes were patterned by optical lithography (a) and microcontact printing in
combination with selective dewetting/wetting (b) Cross- section of a pentacene thin film transistor with drain/source electrodes patterned
by optical lithography (c) and microcontact printing in combination with selective dewetting/wetting (d).
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4. Discussion

Microcontact printing is a very versatile printing
technology, which opens up new opportunities in
micro and nanofabrication of electronic and pho-
tonics devices on large areas. In this study micro-
contact printing was combined with selective
dewetting/wetting to pattern polymers or resists.
Subsequently the resist structures were used to pat-
tern electrodes of organic transistors by a lift-off
process. The selective dewetting/wetting process
allows for the patterning of submicrometer struc-
tures. However, the resists profile on the surface
forms an arc-like structure (see Fig. 1b), which lim-
its the resolution of the subsequent lift-off process,
so that submicrometer structures cannot be fabri-
cated. In this study metal electrodes were realized
for organic thin film transistors. The electrical per-
formances of the organic transistors is comparable
to the electrical performance of oTFTs prepared
by optical lithography, even thought the devices
exhibit an increased contact resistance, which leads
to a reduction of the extracted device charge carrier
mobility. The contact resistance is increased due to
the formation of a burr-like structure at the edge
of the electrodes, which limits the injection of
charges in the channel of the transistor. The influ-
ence of the contacts on the charge carrier mobility
in the linear and the saturation region was described
by a simple model, which accounts for the influence
of the drain and source contacts.

The influence of the contact effects on the device
operation is not only limited to electrodes prepared
by a printed approach. In general, it is well known
that the performance of organic transistors is limited
by the injection of charges in the channel via metal
electrodes [2]. Different models have been proposed
to describe contact effects in organic thin film tran-
sistors ranging from simple ohmic contacts [24], to
gate–source voltage dependent contact resistances
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[23,26–28] to anti- parallel connected Schottky
diodes [23]. Recent results show that the contacts
between pentacene and noble metals like gold, silver
and platinum can be described by Schottky barriers
or Schottky diodes [30]. However, different barrier
heights and different dipole moments were deter-
mined by different authors [30,31]. The barrier
height and the dipole moment are influenced by
the contact geometry (top versus bottom drain and
source contacts), potential SAM treatments of the
electrodes and environmental conditions [25,29]. In
particular moisture has a distinguished influence
on the injection of charges [22]. Therefore, the simple
model presented in this manuscript provides only an
estimate of the contact resistance. The contact resis-
tance is the only free parameter in this model. Other
models typically require several fitting parameters.
Furthermore, the presented model allows for describ-
ing the gate voltage depended charge carrier mobil-
ity, which confirms the assumption of an ohmic
contact resistance. Nevertheless, further investiga-
tions are needed to identify and describe the charge
injection in the pentacene films. Scanning probe
[32,33] and four probe measurements [34] should
provide insights in the charge injection mechanism
and the contact behavior.

First results in which microcontact printing in
combination with selective wetting was used to pat-
tern front electrodes of silicon large area electronic
devices like thin film solar cells or thin film detectors
exhibit promising results. Therefore, the presented
approach facilitates a universal route in patterning
a variety of materials on substrates like glass or sil-
icon wafers.

5. Summary

In summary, microcontact printing is a promis-
ing technology for large area electronic and pho-
tonic applications. In this study the combination
of microcontact printing and selective wetting was
applied to realize metallic microstructures. The
approach is based on the selective wetting of resists
on hydrophilic and hydrophobic prepatterned sub-
strates. Polymers and resists can be selectively
deposited in the hydrophilic regions, while the
hydrophobic regions remain uncovered. In this
study the selectively patterned resist structures were
used to pattern different metal structures like elec-
trodes, interconnects and micro coils by a lift-off
process. Printed drain and source electrodes were
used to fabricate pentacene thin film transistors.
The transistors exhibit charge carrier mobilities of
0.2 cm2/V s and on/off ratios of 106. The electrical
performances of the organic transistors is compara-
ble to the electrical performance of oTFTs prepared
by optical lithography, even thought the devices
exhibit an increased contact resistance, which leads
to a reduction of the charge carrier mobility. The
contact resistance is increased due to the formation
of a burr-like structure at the edge of the electrodes,
which limits the injection of charges in the channel
of the transistor. The electrical characteristic of
the transistors was described by a simple transistor
model, which takes the influence of the contacts into
account.
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Abstract

Time-of-flight mobility measurements on a first generation, bis(fluorene)-cored dendrimer are reported. A charge gener-
ation layer was used enabling measurements to be performed on spin-coated films, comparable to those used in devices such
as organic light-emitting diodes. The results are compared with spin-coated polyfluorene films. The temperature and electric
field dependence of the mobility of the dendrimer was studied and found to be in excellent agreement with the Gaussian
disorder model, with an energetic disorder parameter, r, of 74 meV and a positional disorder parameter, R, of 2.6.
� 2007 Elsevier B.V. All rights reserved.

PACS: 72.80.Le; 73.50.Pz; 85.60.Jb; 73.50.Dn
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1. Introduction

There is considerable current interest in the
physics of organic semiconductors and the appli-
cation of these materials in devices such as
light-emitting diodes [1–5], solar cells [6–8] and
field-effect transistors [9,10]. For all these applica-
tions, charge transport plays a very important role
in device operation and a detailed understanding
of it at the materials level is needed. Materials
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.11.002
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for organic light-emitting diodes can be divided
into three main classes: small molecules [1,11–13],
conjugated polymers [2,12–15] and light-emitting
dendrimers [4,16–19]. Small molecules are gener-
ally deposited by evaporation, whereas conjugated
polymers and dendrimers are normally processed
from solution. Charge transport in small molecules
and conjugated polymers has been extensively
studied [20–24], but much less is known about it
in light-emitting dendrimers [5,25–27]. In this
paper we report a detailed study of charge trans-
port in a blue fluorescent light-emitting dendrimer,
and compare the results with a closely related con-
jugated polymer.
.
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Fig. 1. Absorption spectra of the first generation bis(fluorene)-
cored dendrimer (G1F) thin film (dotted line) and a Lumogen
Red thin film (solid line).
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Light-emitting dendrimers consist of a core, con-
jugated dendrons, and surface groups. The dendri-
mer studied in the present work (G1F) is shown in
the inset of Fig. 2, and consists of a bis(fluorene) core,
meta-linked biphenyl dendrons, and 2-ethylhexyloxy
surface groups. It has been successfully used to make
deep-blue OLEDs with reasonable efficiency [28].
The core chromophore is closely related to the widely
studied polymer poly[(9,9-dioctylfluoren-2,7-diyl)
(PFO), and we make a direct comparison of the
charge transport in the two materials in this paper.

Time-of-flight mobility measurements, in which a
sample is photoexcited and the transit time of the
charge carriers across the film is measured, provide
a powerful way of studying charge transport [29–
31]. They are most commonly made on films a few
microns thick to ensure that the excitation light is
absorbed in a layer that is thin compared with the
total thickness of the film [23,24]. However, such
films are much thicker than those used in OLEDs,
and are prepared by techniques such as blade-coat-
ing, dip-coating or solution-casting, instead of the
spin-coating commonly used to make OLEDs. This
is a concern as the properties of organic semicon-
ductors, and in particular film morphology, can be
very sensitive to the preparation method used [32–
34]. Differences in morphology mean that thin films
of PFO have dispersive charge transport, whilst
thicker films show non-dispersive behaviour [35].
Accordingly in the present study we have used a
charge generation layer in order to be able to work
with much thinner films that can be prepared by
spin-coating [36], and are therefore comparable to
films used in OLEDs. The same spin-coating solvent
(chloroform) was used for the dendrimer and for
PFO to make the results directly comparable. The
charge generation layer gives a well-defined region
of charge generation, which is needed for time-of-
flight measurements. Working with thinner films
also means that transit times are much faster, and
so in order to obtain good time-resolution and good
sensitivity, we built a transimpedance amplifier
based around a Texas Instruments OPA 655 chip.

Non-dispersive charge transport has been
reported in PFO and in a brief study on the bis
(fluorene) dendrimer. However, a detailed under-
standing of charge transport requires temperature-
dependent measurements in order to determine,
for example, positional and energetic disorder
parameters. We report such a study here and show
that the results can be interpreted in terms of Bäss-
ler’s Gaussian disorder model [37].
2. Experiment

Charge-generation-layer time-of-flight [36,38,39]
(CGL-TOF) measurements were performed on
300 nm thick G1F films spin-coated onto cleaned
ITO substrates (sheet resistance 20 X/h) from a
45 mg/ml chloroform solution. Subsequently
10 nm of a perylene dye derivative (Lumogen Red)
charge generation layer was evaporated onto the
device. The device was completed by deposition of
100 nm of aluminium to give an active pixel area
of approximately 5.6 mm2. A similar procedure
was used for the preparation of PFO films, which
were also spin-coated from 45 mg/ml chloroform
solution. The PFO was from H.W. Sands, and
had a number average molecular weight of 86,000
with a polydispersity of 5.8. The excitation wave-
length of 580 nm was chosen to pass through the
film under study and to be absorbed by the perylene
dye (see Fig. 1). Charge carriers were generated
within the perylene layer by excitation (0.5 lJ) from
a 500 ps pulse of a dye laser at a wavelength of
580 nm. The highest occupied molecular orbital of
the Lumogen Red was estimated from cyclic vol-
tammetry measurements to be 6.2 eV from the vac-
uum level, enabling hole injection into the fluorene
layer. The packet of charge carriers was then swept
through the device under an applied field, and the
transit time (ttr) measured using a digital storage
oscilloscope. The aluminium electrode was biased
positively and the photocurrent signal detected from
the ITO. The applied bias led to the electrons photo-
generated in the perylene dye layer being removed
from the device at the aluminium electrode and
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holes being injected into the dendrimer from the
perylene dye and consequently swept across the
device to be collected at the ITO electrode. Thus
the measured photocurrent transients are hole
currents.

Hole mobilities, l, were deduced from the transit
times ttr via the relation l = d2/(Vttr), where d is the
film thickness and V is the applied voltage. The sam-
ple was mounted in a vacuum cryostat at controlled
temperature. The signal to noise ratio is the limiting
factor for obtaining data at low temperatures and
low applied electric fields. We were able to perform
measurements at very low fields and temperatures
using a custom-made transimpendance amplifier.
The RC time constant of the measurement circuit
was always selected to be 620 ttr. The total charge
injected into the film was kept around 2–3% CV in
all cases, where C is the capacitance of the device
and V is the applied voltage.

Since either variation of solvent or casting tech-
nique [24] can affect charge transport in conjugated
polymer films, we spin-coated PFO of thickness
�1.2 lm from a chloroform solution onto ITO
coated glass substrates. Semitransparent aluminium
electrodes of 30 nm thickness were then deposited
by thermal evaporation (at 10�6 mbar) through a
shadow mask onto PFO film yielding sandwich
structures with an active area, defined by the elec-
trode overlap, of �5.6 mm2. Optical excitation of
the carrier packet was achieved by illumination
through the Al electrode using a 20 lJ short dura-
tion (500 ps) light pulse from a N2 laser (337 nm).

3. Results

Fig. 2 shows a typical room temperature hole
current transient on a linear scale for the first gener-
ation bis(fluorene)-cored dendrimer (G1F). The plot
shows an initial current spike followed by a clear
constant-current plateau. This corresponds to non-
dispersive hole transport with a time-independent
drift velocity. The subsequent drop in the current
is caused by the holes reaching the ITO electrode,
where they are discharged.

Carrier transit times, ttr, were evaluated at each
of a range of different bias fields from the intersec-
tion point of the asymptotes to plateau and to the
long tail. Fig. 3 shows the field dependent mobility
at temperatures from 195 to 335 K at intervals of
20 K. At the lower fields, the mobility decreases as
the field increases, reaching a minimum at
E � 105 V/cm. At higher fields (E P 105 V/cm),
the mobility increases weakly with increasing field,
and is consistent with the Poole–Frenkel relation
(Eq. (1)):

ln½lðEÞ=lE¼0� ¼ SE1=2 ð1Þ
where S is the slope and l(E=0) is the zero-field
mobility.

The zero-field mobilities obtained for various
temperatures from Fig. 3 are plotted against 1/T2

in Fig. 4. A linear relationship is observed for
ln(l) against 1/T2 as expected in the Gaussian disor-
der model (GDM)[37] (Eq. (2))

lðE¼0Þ ¼ l0 expð�ðT 0=T Þ2Þ ð2Þ

where l0 is the mobility at infinite temperature and
T0 is a characteristic temperature of the material
investigated. T0 is obtained from the slope of
Fig. 4 and is 579 K.
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The two central parameters of the disorder for-
malism are r, the energy width of the hopping site
manifold, and R, the positional disorder due to a
distribution of intersite distances. The width of the
Gaussian density of states is related to T0 by
T0 = 2r/3k, where k is the Boltzmann constant
and this gives a value of r = 74 ± 4 meV.

The deviation from the straight line in the plot of
ln(l) against 1/T2 between 215 K and 195 K (see
Fig. 4) is attributed to the onset of the non-disper-
sive to dispersive transition (ND–D). This can be
clearly seen in the shape of the photocurrent tran-
sients as a function of temperature (see Fig. 5). As
temperature is decreased, the photocurrent plateau
becomes less distinct and disappears below 215 K.
The width of the tail also increases upon decreas-
ing the temperature. The temperature dependence
of the mobility is expected to change at the non-dis-
persive to dispersive transition temperature Tc

according to Eq. (3)

ðr=kT Þ2 ¼ 44:8þ 6:7 log L ð3Þ
where L is the thickness of the sample in centimetres
[31,37]. With a thickness of 300 nm and
r = 74 meV, the onset of the ND–D transition for
G1F should occur at 228 K according to Eq. (3),
which is similar to that observed experimentally.

In the Gaussian disorder model, the influence of
the positional disorder parameter, R on the electric
field dependence of the mobility is given by

l / expfCbr2=ðkT Þ2 � R2cE1=2g ð4Þ
where C is a constant. The value of R was deter-
mined by plotting the slope S (determined using
Eq. (1)) in the higher field regime (>105 V/cm) for
various temperatures against r̂2, where r̂2 ¼
ðr=kT Þ2. The result is shown in Fig. 6 for the tem-
perature range 195–315 K, and by fitting to the
linear region of this plot [37], we extract R from
the intercept. This analysis yielded a positional
disorder parameter of 2.6 for the G1F films.
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In order to compare charge transport in fluorene
based polymers and dendrimers, room temperature
hole mobility measurements of PFO were also per-
formed, with the results plotted in Fig. 7. It is clear
that both materials show a weak field dependence at
room temperature. PFO hole mobilities are in the
range of 1–2 � 10�4 cm2/V s for an applied electric
field ranging from 8.7 � 104 to 4.3 � 105 V/cm, in
good agreement with those previously reported
[23]. The G1F hole mobility values were in the range
of 4–5 � 10�5 cm2/V s for applied electric fields
ranging from 1–3 � 105 V/cm.

4. Discussion

TOF measurements were used to characterize
both the magnitude of the mobility and the nature
of charge transport. We first consider the nature
of charge transport in G1F. The form of the current
transient for G1F signifies that hole transport is
highly non-dispersive in this dendrimer, as previ-
ously reported for room temperature measurements,
[5] but in contrast to other dendrimers [25,26]. The
study of a very thin sample, of order of a few hun-
dred nanometers thickness, using a CGL-TOF
demands a measurement circuit with fast response
and sufficient sensitivity because of the short transit
time. By using a transimpedance amplifier we were
able to get a very good signal to noise ratio even
at very low electric field. This allowed us to perform
TOF measurements on thinner samples, at lower
electric field, and to detect a photocurrent transient
characterized by a clearer plateau compared to pre-
vious results on G1F [5]. A well defined plateau is a
clear manifestation of the average velocity of charge
carriers within the sample and not of the fastest
ones. As a consequence mobility values determined
in this work, are more representative of the average
carrier properties.

We next consider the field and temperature
dependence of the mobility. The weak electric-field
dependence of the mobility (see Fig. 3) is an indica-
tion that positional disorder is large in the G1F
films. In the presence of larger positional disorder,
charge carriers can then detour around the next
energetically favourable charge-transporting site
by diffusion, and may travel against the direction
of the applied field more easily [37], thus making
the mobility smaller. As a result, the dependence
of mobility on applied field becomes less prominent
as the positional disorder increases. Furthermore, as
temperature increases, the slope of the field-depen-
dent mobility decreases for materials with large
positional disorder. At vanishing energetic disorder
(r/kT ? 0), i.e. increasing temperature, charge
transport is approaching a hopping system with iso-
energetic sites in which the field does not affect inter-
site jump rate. This is because the thermal voltage
ðkT

q Þ reduces the average barrier height for jumps
to higher energy sites in the field direction. In this
case the mobility will approach the l / E�1 law
expected for a pure hopping system in which back-
ward transitions are excluded. This behavior is
observed in the G1F devices, where Fig. 3 shows
that the slope S gradually decreases as the tempera-
ture increases. Furthermore the change in slope at
higher temperature (335 K) in the high field regime
(E > 105 V/cm) is due to the decrease of the ener-
getic disorder parameter ðr̂Þ. This simply reflects
the saturation of the drift velocity with field [37].

The temperature transition from non-dispersive
to dispersive (that is, there is no longer a plateau
in the photocurrent transients) charge transport
behaviour, means that below the changing tempera-
ture (see Fig. 5), the carriers will cross the sample
before relaxing to their mean energy. In contrast
to previous results on a fac-tris(2-phenylpyr-
idyl)iridium(III) cored dendrimer with three of the
same dendrons as attached to G1F [27], G1F exhib-
its a non-dispersive transport mechanism even at
low temperatures. Furthermore the enhanced dis-
persion of the TOF transient at lower temperature
results from a broad distribution of hopping rates.

The transition temperature, Tc = 215 K, can be
seen more clearly by plotting the mobility at zero
field versus 1/T2 (Fig. 4). The deviation from the
straight line in the plot of ln(l) against 1/T2 is
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attributed to the onset of the non-dispersive to dis-
persive transition [37]. It is noteworthy how this
value is strikingly close to the value of 228 K pre-
dicted by the Gaussian disorder model (Eq. (3)).

We now turn to the energetic disorder parameter.
The r value is consistent with a well ordered conju-
gated material, leading to a value of r̂ ¼ 2:9 at
295 K, in agreement with Bässler’s Monte Carlo
simulations [37,39], where photocurrent transients
reveal a plateau of variable temporal length (that
is, a non-dispersive transient) for r̂ 6 3:5.

We finally consider how the field dependent
mobility of the G1F dendrimer compares with
PFO. The dendrimer does not have the extended
conjugation of PFO, but its mobility (4.6 � 10�5

cm2/V s at a field of 2.1 � 105 V/cm) is close to that
of the PFO (1.5 � 10�4 cm2/V s also measured at
2.1 � 105 V/cm) and higher than the value measured
for other conjugated polymers (e.g. MEH-PPV [40],
mobility 3.9 � 10�6 cm2/V s at a field of 2.1 �
105 V/cm).

The same weak field dependence of both materi-
als investigated, suggests that in G1F the charge
transport mechanism is similar to PFO and it
involves the same kind of transporting sites (that
is, the fluorene units). In the study of the fac-
tris(2-phenylpyridyl)iridium(III) cored dendrimer
with phenylene based dendrons [27] it was shown
that charge transport was by hopping between the
dendrimer cores, with the phenylene dendrons just
acting as spacers, and hence charge transport
through the film of G1F is expected to be by hop-
ping between the chromophore containing the
bis(fluorene) core in G1F.

5. Conclusions

The mobility of G1F is approaching that of PFO,
showing that extensive conjugation is not needed for
solution-processed materials to achieve mobilities
suitable for OLED applications. We have shown
that CGL-TOF using a suitable transimpedance
amplifier is a powerful tool for the study of charge
transport in spin-coated films. We have found that
GDM, which has been widely applied to a variety
of polymers and doped polymers to understand
how material properties affect transport, gives a per-
fect description of dendrimer charge transport. G1F
is a ‘‘text book” example of the main features of a
hopping system with Gaussian DOS. This is demon-
strated by the ln(l) / E1/2 behaviour within a lim-
ited field interval (E > 105 V/cm), the slope
parameter (S) changing sign below a certain value
of r̂, that is, above a certain temperature, and finally
a non-dispersive charge transport behaviour for an
energetic disorder parameter r̂ 6 3:5.
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Abstract

Photophysical and electrochemical properties of 7,16-dihydroheptacenes (1–3) were investigated in detail. Although
their HOMO–LUMO gaps are higher than 3 eV, the organic light-emitting diodes containing 1 as the emitting dopant
showed green electroluminescence (kmax � 515 and 550 nm) even at a concentration of the dopant as low as 1%. The green
electroluminescence of 1 appears to be originating from an electromeric state (an intermolecular ion pair). The maximum
brightness of 190 cd/m2 was observed at a current density of 34 mA/cm2 at operating voltage of 19 V for the device con-
taining 1% 1, and overall performance of the devices decreased with an increase in the doping concentration of 1.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Development of new fluorescent materials has
become an active area of research because of their
potential use in the electroluminescent displays
[1–4]. Anthracene is one of the earliest reported
luminescent materials and emits violet both in the
solid state and in solution. Anthracene derivatives
have been used successfully as blue emitters in com-
mercial organic light-emitting diodes (OLEDs) [5].
7,16-Dihydroheptacenes are a new class of light-
emitting materials that have the anthracene chro-
mophore. We recently designed, synthesized, and
studied several 7,16-dihydroheptacenes including
.
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R1

R3

R2

R4

1. R1, R2, R3, R4 = phenyl 
2. R1, R4 = phenyl; 
    R2, R3 = p-tert-butylphenyl 
3. R1, R2, R3, R4 = p-tert-butylphenyl

Chart 1. Structures of 7,16-dihydroheptacene derivatives (1–3).
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[7,16-dihydro-6,8,15,17-tetraphenylheptacene (1), 7,
16-dihydro-6,15-bis-(p-tert-butylphenyl)-8,17-diph-
enylheptacene (2), and 7,16-dihydro-6,8,15,17-tetra-
kis-(p-tert-butylphenyl)heptacene (3)] (Chart 1) [6].

Compounds 1–3 show blue emission (kem = 420–
428 nm) in dilute solution and in a poly(methylmeth-
acrylate), [PMMA], matrix [6]. Their radiative (k0

R �
6� 8 � 107 s�1) and nonradiative (k0

NR � 3� 3:6 �
108 s�1) rate constants of deactivation from the sin-
glet surface were found to be similar to those of
anthracene (k0

R�2� 108 s�1 and k0
NR� 6 � 108 s�1).

These compounds also showed high stability and
retained colour purity after aging under ambient con-
dition and annealing at 110 �C for more than 24 h [6].

In this article, we report the electrochemical char-
acteristics of 1–3 and the performance of 1 in OLED
devices. The device containing 1 as active emitting
layer shows green emission (510 and 550 nm) with
a maximum external quantum efficiency of 0.26%.
The characteristics of these devices are unusual in
that the emission does not come from the molecular
units even at a dopant concentration as low as 1%
or from the excimer [7] or exciplex formation [8].
It rather comes from the electromer. This prompted
us to investigate and understand the nature of light-
emitting species involved in photoluminescence (PL)
and electroluminescence (EL) processes of this class
of material. Detailed transient spectroscopic studies
of 1–3 are also discussed.

2. Experimental

2.1. Fabrication and characterization of OLEDs

The OLED devices were fabricated on ITO-coated
glass substrates with a nominal sheet resistance of
20 X/sq which had been ultrasonicated in acetone,
methanol, and 2-propanol, dried in a stream of nitro-
gen, and then plasma-etched for 60 s. Poly(3,4-ethyl-
enedioxythiophene) (PEDOT):PSS Al4083 (12 ±
2 nm) was deposited by spin-casting (spin rate:
6000 rpm, 30 s; and then thermal curing for 10 min
at 190 �C). The emissive layer (102 ± 3 nm) consisted
of the host PVK:PBD (1:1) matrix (poly(N-vinylcar-
bazole), 2-tert-butylphenyl-5-biphenyl-1,3,4-oxadi-
azole; 12 mg/mL) and dopant 1 at different concen-
trations (device 1 – 1%, device 2 – 5%, device 3 –
10%, and device 4 – 0%). This layer was also formed
by spin-casting (spin rate: 1000 rpm; acceleration:
3000 rpm/s; 60 s). Subsequently, layers of LiF
(�1 nm), aluminum (�30 nm), and silver
(�150 nm) were deposited thermally. The vacuum
system had an operating pressure of about 10�6 Torr.

Current–voltage and light output characteristics
of the devices were measured in forward bias.
Device emission was measured using a silicon pho-
todetector at a fixed distance from the sample. The
response of the detector had been calibrated in this
setup where the total power emitted in the forward
direction was measured with a NIST traceable inte-
grating sphere. In this case, the external quantum
efficiency represents the ratio of the photons mea-
sured in the forward direction and the total charge
injected in the device. All device measurements
were done in a nitrogen glove box.

2.2. Electrochemical measurements and estimation of
HOMO and LUMO energies

Cyclic voltammetry measurements were carried
out with an Electrochemical Workstation using a
three-electrode cell assembly (platinum working
electrode) at room temperature. The dichlorometh-
ane solutions of the samples containing 0.1 M of
the recrystallized supporting electrolyte tetrabutyl-
ammonium hexafluorophosphate were used. All
potentials are referred against Ag/AgNO3 as the ref-
erence electrode, which was calibrated against the
ferrocene/ferrocenium (Fc/Fc+) redox system. The
Fc couple potential was determined to be +0.161
vs. Ag/Ag+. The energy level of the Fc/Fc+ redox
system is estimated to be 4.8 eV below the vacuum
level, determined from �4.6 eV for the standard
electrode potential (E) of normal hydrogen elec-
trode (NHE) on the zero vacuum level scale and a
value of 0.2 V for Fc vs. NHE.

2.3. Ultra-fast spectrometry

The system for the ultra-fast transient absorption
spectrometric experiments consisted of a Ti:sapphire



Fig. 1. Normalized emission spectra of compound 1 (a) red: PL
spectra in dichloromethane, 5.5 � 10�4 M; (b) blue: PL spectra in
dichloromethane, 5.5 � 10�3 M; and (c) green: EL spectra of (5%
of 1 doped in 1:1 PVK:PBD). (For interpretation of the
references to colour in this figure legend, the reader is referred
to the web version of this article.)
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laser (Spectra-Physics, Hurricane), the output of
which was typically 1 mJ/pulse (fwhm <100 fs) at a
repetition rate of 1 kHz. The Hurricane output was
800 nm. An optical parametric amplifier (OPA-
800 C, Spectra-Physics) was used to obtain the
340 nm excitation wavelength. A total of 85% of
the fundamental laser output was used to generate
the required excitation wavelength whereas 8%
of the output was used for white light generation. A
3 mm thick sapphire plate (Crystal Systems, Inc.,
HEML UX grade) was used for continuum
generation.

Prior to generating the probe continuum, the
amplified fundamental was passed to a delay line
(Newport) that provided an experimental time win-
dow of 1.4 ns. The energy of the probe pulses was
<0.5 lJ at the sample. The pump beam was typically
arranged to be 5 lJ/pulse with spot size of 1–2 mm
diameter at the sample. The angle between pump
and probe beam was 5–7�. The sample cell had an
optical path of 2 mm. Both beams were coupled into
400 lm fiberoptic cables after the sample cell and
thereafter input into a CCD spectrograph (Ocean
Optics, S2000 UV–vis) for time resolved spectral
information (425–800 nm). Typically, 5000 excita-
tion pulses were averaged to obtain the transient
spectrum at a particular delay time. The CCD spec-
trograph, the delay line, and the shutters were driven
by a computer-controlled system.

In-house LabView (National Instruments) soft-
ware allowed automatic spectral acquisition over a
series of delay line settings. Kinetic traces at appro-
priate wavelengths were assembled from the accu-
mulated spectral data. Sample solutions were
prepared to have a absorption of 0.8–1.0 at the exci-
tation wavelength in the 2 mm cell and were used
without deaeration. All measurements were carried
out at room temperature, 22 ± 2 �C.

2.4. Geometry optimization

The Gaussian 03 program package [24] was used
for DFT calculations to optimize the geometries
and calculate the HOMO and LUMO of 1.

3. Results and discussion

3.1. Photoluminescence

Two anthracene moieties are attached to one
another via two methylene bridges in the molecules
of 1–3. The spectroscopic properties of 1–3 are com-
parable with those of anthracene, indicating that
absorption and emission are due to the anthracene
moieties [6]. Dilute solutions of these compounds
showed blue emission (kem = 420 � 428 nm) in com-
mon organic solvents. They also showed blue emis-
sion in the PMMA matrix with the quantum
efficiency of fluorescence (UF) ranging 0.37–0.44.

Photoluminescence of 1–3 were observed to be
concentration dependent. For example, additional
peaks centered at 480 and 510 nm become predom-
inant in the fluorescence spectra of 1 (Fig. 1) at
higher concentration (1.1 � 10�3 M or higher in
dichloromethane), while these peaks were absent
in the fluorescence spectra recorded at lower con-
centration (5.5 � 10�4 M solution; kem = 402 and
424 nm). Since no change in absorption was found
in these concentration ranges, the red shift of about
80–85 nm in the emission spectra can be considered
due to an excimer [9]. The latter is formed by the
interaction of an excited molecule with an unexcited
counterpart [10]. Moreover, self quenching occurs in
these compounds and emission becomes very weak
at very high concentration (>1.0 � 10�2 M) (see
Supporting information).

The crystal structure indicates that the molecule
of 1 is V-shaped with an angle of 131.51� between
the two anthracene arms (Fig. 2). Crystal molecular
packing shows that the adjacent planar anthracene
moieties of two molecules are parallel and are clo-
sely spaced. The possibility of such a close proxim-



Fig. 2. X-ray crystal structure of 1: a view showing molecular
packing and p–p interaction between two anthracene moieties
(distance = 4.277 Å).
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ity between two molecules seems to be the reason
for the excimer formation at higher concentration.
The distance between the two parallel anthracene
moieties was found to be about 4.277 Å.

3.2. Electrochemical properties

The cyclic voltammetry (CV) graphs of 1–3

(graphs provided in Supporting information) were
obtained with a positive scan from 0 to 1.7 V and
negative scan from 0 to �2.0 V with the compounds
in 0.1 M tetrabutyl ammonium hexafluorophos-
phate in anhydrous dichloromethane. The CV mea-
surements revealed three oxidation potentials (E1/2)
of 1 at +1.07 V, +1.25 V, and +1.54 V without any
Table 1
Electrochemical properties and HOMO–LUMO energy gaps (EH-L) of

Compound E1/2(ox1)
a (V) E1/2(ox2)

a (V)

1 +1.07, +1.25 +1.54
2 +1.04, +1.22 +1.50
3 +1.04, +1.24 +1.53

a Determined from cyclic voltammetry (solvent-dichloromethane).
b Estimated from the onset of the absorption spectra.
c Calculated using density functional theory (DFT) method [B3LYP/

Fig. 3. (a) HOMO and (b) LUMO of the geometry
reduction potential. The E1/2 of 2 and 3 are similar
to that of 1 (Table 1). It is well known that anthra-
cene (+1.16 and +1.50 V) and 9,10-diphenylanthra-
cene (+1.22 and +1.60 V) show two reversible
monoelectronic oxidation potentials [11,12]. The
first oxidation (�1.20 V) is due to the generation of
a radical cation, which undergoes second monoelec-
tronic oxidation to form a dication at higher poten-
tials (�1.50 V). Similar formation of monocation
and dication seems responsible for the oxidation
potentials of 1–3. The observation of three distinc-
tive oxidation potentials in the case of 1–3 may be
due to the two spatially separated anthracene rings,
which are not electrochemically equivalent.

The HOMO energy levels of 1–3 were estimated
from the CV measurements and by comparison of
their oxidation potentials with that of ferrocene
(4.8 eV below the vacuum level) [13]. LUMO levels
were estimated from the onset of the absorption
spectra [14]. The HOMO–LUMO energy gaps
(EH-L) of 1–3 were found to be in the range of
3.01–3.06 eV (Table 1). We optimized the structure
of 1 using density functional theory (DFT) method
[B3LYP/6-31G(d)]. The HOMO of 1 appears to be
localized on the anthracene moieties, while the
LUMO is more distributed in the molecule and
1–3

HOMOa (eV) LUMOb (eV) EH-L (eV)

�5.87 �2.81 3.06 (3.43)c

�5.84 �2.80 3.04
�5.84 �2.83 3.01

6-31G(d)].

optimized structure of 1 [B3LYP/6-31G(d)].
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has a significant contribution from the central meth-
ylene bridge (Fig. 3). A similar diffused LUMO was
also calculated for fused pyrazines that are structur-
ally similar to dihydroheptacenes [15]. The DFT cal-
culated EH-L value for 1 (3.43 eV) is close to the
electrochemically estimated value (3.06 eV).

3.3. Electroluminescence and device characteristics

OLED devices consisting ITO/PEDOT:PSS
(�12 nm)/emissive layer (�102 nm)/LiF (�1 nm)/
Al (30 nm)/Ag (�150 nm) layers were constructed.
A 1:1 mixture of poly(N-vinylcarbazole), (PVK, a
hole-transporting material) and 2-tert-butylphenyl-
5-biphenyl-1,3,4-oxadiazole (PBD, an electron-
transporting material) was used as the host material,
while different concentrations of 1 were used as
emissive dopants. Devices 1, 2, 3, and 4 contained
1%, 5%, 10%, and 0% of 1, respectively. The EL
spectrum of the device 2 is shown in Fig. 1.

The device 4 (undoped) exhibited very weak blue
emission (peak centered at 440 nm) originating from
the host materials (Fig. 4) [16]. The device 1 showed
intense peaks centered at 515 nm and 550 nm, with
smaller peaks centered at 404 and 424 nm. The lat-
ter peaks are residual molecular emission from 1

and emission from the host materials. The intensity
of those lower wavelength peaks gradually dimin-
ishes as the weight percent of the dopant increased
from 1% to 10%. Interestingly, the higher wave-
length peaks (515 and 550 nm) are not due to the
excimer of 1, because they are considerably red
shifted than the emission of the excimer (480 and
510 nm). This shift may be explained on the basis
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Fig. 4. EL spectra of the devices with the structure of ITO/
PEDOT:PSS/PVK:PBD, 1/LiF/Al/Ag: (device 1, 2, 3, and 4
containing 1%, 5%, 10%, 0% of 1, respectively).
of the formation of electromer of 1, which was
observed in all devices (device 1–3), irrespective of
the amount of the dopant used [17]. An electromer
represents an intermolecular electron-hole entity,
which can be represented as Emitter+/Emitter�.

While excimer formation is facilitated by the
short inter-ion distance and efficient p orbital over-
lap, electromer formation is believed to depend on
the inter-ion separation and steric hindrance present
in the molecule [19,20]. It has been suggested that
large molecules with small chromophoric units facil-
itate formation of efficient electromers, as the
charge separation on localized excited states
becomes the major pathways for electromeric emis-
sion [18,20]. Nevertheless, anthracene is also known
to exhibit electromeric emission at 540 nm [18].
Electromer emission was observed when 20% of
anthracene was doped in neutral polycarbonate bin-
der. It is interesting to note that electromeric emis-
sion was observed even from the device that
contained only 1% of 1.

At higher doping concentration (device 3 con-
taining 10% of 1), the electromeric emission became
very weak. This may be due to the high concentra-
tion quenching, where the emitted light can be
absorbed by neighboring molecules or the excitons
are de-excited via energy transfer mechanisms. In
the case of 1, a dopant concentration of 1–5%
seemed to give the optimal result.

The current–voltage (I–V) and voltage–lumines-
cence (V–L) curves for devices 1–4 are shown in
Figs. 5 and 6, respectively. The maximum brightness
of 190 cd/m2 was observed at a current density of
34 mA/cm2 at operating voltage of 19 V for device
1. The external quantum efficiency was found to
be maximum for device 2 (0.26%), while that was
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Fig. 5. Current density–voltage (I–V) curves for devices 1, 2, 3,
and 4.
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Table 2
Vibrational relaxation time (s1) and lifetimes of the S1 state (s2)
of 1–3 recorded in dichloromethane

Compound s1 (ps) s2 (ps)

1 21 ± 03 257 ± 17
2 9 ± 1 229 ± 10
3 16 ± 1 330 ± 18
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lower for device 1 (0.22%) and 3 (0.19%). The oper-
ating voltage was also higher for device 3, while that
was lower for device 1. This indicates that overall
device performance decreased with an increase in
the doping concentration of 1.

3.4. Transient spectroscopy

We also performed transient spectroscopic stud-
ies to understand the photophysical behavior of 1–
3. The Sn S1 absorption spectra obtained by
ultra-fast pump-probe experiments (instrument
response function �150 fs) of 1 are presented in
Fig. 7. Excitation of a degassed solution of 1
Fig. 7. Transient absorption spectra obtained from ultra-fast
pump-probe experiments of 1 in dichloromethane (1 � 10�4 M),
recorded 0.20 ps (blue), 0.90 ps (green), 4.15 ps (red), and 129 ps
(black) after the laser pulse (excitation at 340 nm). Inset: decay
profile monitored at 570 nm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web
version of this article.)
(1 � 10�4 M in dichloromethane) at 340 nm pro-
duced a broad transient absorption in the 500–
650 nm region, which is assigned to the S1 state of
1 because of its similarity with the reported S1

absorption of anthracene [21]. Similar spectra were
recorded in the case of 2 and 3 in dichloromethane.

The time profile monitored at 570 nm for 1

showed bi-exponential decay. Similar bi-exponential
decays were observed in the case of 2 and 3 moni-
tored at 580 nm. These lifetimes (s1 and s2) are sum-
marized in Table 2. The shorter decay times (s1) can
be assigned to the reorganization of the aromatic
ring systems or vibrational relaxation on the S1 sur-
face. Longer lifetimes calculated to be in the range
of 0.23–0.33 ns can be assigned as the lifetimes of
the S1 state of 1–3. There are no differences among
1–3 in terms of the absorption and the lifetimes of
their S1 states.

It is also noted that about 40% of the S1 mole-
cules of 1 do not come back to the S1 state after they
are excited to a certain Sn level as indicated by decay
profile not coming back to the zero level (see the
decay profile provided in the inset of Fig. 7). This
may suggest that about 40% of the excited S1 state
decomposes. Although the experiments were per-
formed under argon, a small amount of diffused
oxygen may be reacting with the excited S1 state
causing its decomposition. It is also known that a
T2 state is isoenergetic to the S1 state in the case
of anthracene and similar other polyaromatic
hydrocarbons [22,23]. Thus, it may also be possible
that a fraction of the excited S1 molecules intersys-
tem cross into the T2 state, thus finding an alternate
channel to relax than to come to the S1 state.

4. Conclusions

7,16-Dihydroheptacenes containing the phenyl
and tert-butylphenyl groups at the 6,8,15, and 17
positions were studied as emitting materials for
OLEDs. Their dilute solutions showed blue emission
(kmax � 420 nm) while at higher concentration they
showed excimer emission (kmax � 480 and 510 nm).
Interestingly, the OLED devices containing 1 showed
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green emission (kmax � 515 and 550 nm) that is even
further red shifted than the emission of excimer. This
indicates that an inter-ion pair, electromer, is respon-
sible for the electroluminescence. Moreover, the
electromer of 1 was observed to form at higher
inter-ion separation distance than 10 Å, which is con-
sidered to be optimal distance. Pump-probe experi-
ments of 1–3 revealed that the S1 state shows a
broad absorption (�500–650 nm) in dichlorometh-
ane with a lifetime of �0.23–0.33 ns.
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Bässler, M. Porsch, J. Daub, Adv. Mater. 7 (1995) 551.

[14] K.R.J. Thomas, J.T. Lin, Y.-T. Tao, C.-W. Ko, J. Am.
Chem. Soc. 123 (2001) 9404.

[15] T. Kobayashi, S. Kobayashi, Eur. J. Org. Chem. (2002)
2066.

[16] B. Luszczynska, E. Dobruchowska, I. Glowacki, J. Ulanski,
F. Jaiser, X. Yang, D. Neher, A. Danel, J. Appl. Phys. 99
(2006) 024505.

[17] J. Kalinowski, G. Giro, M. Cocchi, V. Fattori, P. Di Marco,
Appl. Phys. Lett. 76 (2000) 2352.

[18] J. Kalinowski, G. Giro, M. Cocchi, V. Fattori, R. Zamboni,
Chem. Phys. 277 (2002) 387.

[19] G. Giro, M. Cocchi, V. Fattori, G. Gardret, G. Ruani, M.
Murgia, M. Cavallini, F. Biscarini, R. Zamboni, T. Loon-
tjens, J. Thies, D.A. Leigh, A.F. Morales, R.F. Mahrt,
Synth. Metals 122 (2001) 27.

[20] G. Giro, M. Cocchi, V. Fattori, G. Gardret, G. Ruani, M.
Cavallini, F. Biscarini, R. Zamboni, T. Loontjens, J. Thies,
D.A. Leigh, A.F. Morales, R.F. Mahrt, Synth. Metals 122
(2001) 63.

[21] J. Sepiol, J. Lumin. 36 (1986) 115.
[22] N.J. Turro, Modern Molecular Photochemistry, University

Science Books, Sausalito, CA, 1991.
[23] B.K. Shah, D.C. Neckers, J. Shi, E.W. Forsythe, D. Morton,

Chem. Mater. 18 (2006) 603.
[24] Gaussian 03, see Supporting information.

http://dx.doi.org/10.1016/j.orgel.2007.10.013


Available online at www.sciencedirect.com
Organic Electronics 9 (2008) 234–240

www.elsevier.com/locate/orgel
5,6,11,12-Tetrachlorotetracene, a tetracene derivative
with p-stacking structure: The synthesis, crystal

structure and transistor properties

Xialiou Chi a,*, Dawen Li b, Huaqiang Zhang c, Yongsheng Chen c,*,
Vanessa Garcia a, Celina Garcia a, Theo Siegrist b

a Department of Chemistry, Texas A&M University – Kingsville, Kingsville, TX 78363, USA
b Bell Laboratories, Alcatel–Lucent Technologies, 600 Mountain Avenue, Murray Hill, NJ, 07974, USA

c Key Laboratory for Functional Polymer Materials and Center for Nanoscale Science & Technology, Institute of Polymer Chemistry,

College of Chemistry, Nankai University, Tianjin 300071, China

Received 14 August 2007; received in revised form 8 November 2007; accepted 15 November 2007
Available online 26 December 2007
Abstract

An important parameter for applications of organic semiconductor in devices is their charge-carrier mobility. It has
been predicted theoretically that forming face-to-face p-stacks at the molecular level may increase the charge-carrier mobil-
ity due to enhanced electronic couplings. To achieve different molecular arrangements, we recently synthesized and crys-
tallized a tetracene derivative, 5,6,11,12-tetrachlorotetracene. The X-ray crystal structure shows that the molecules form
slip p-stacks in contrast to herringbone type tetracene. Comparison of electrostatic potential maps of tetrachlorotetracene
and the parent tetracene molecule shows that the slip-stack packing structure is favored in terms of electrostatic forces due
to the substituents in tetrachlorotetracene crystals. Single crystal field-effect transistors based on tetrachlorotetracene crys-
tals show p-type behavior with a field-effect mobility of 1.7 cm2/V s, which is among the best values reported for organic
field-effect transistors. These results, together with several recent findings, may serve as guidance in search of new organic
semiconductors with high performance.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

One of the key physical parameters for successful
use of organic semiconductor devices is the charge-
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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carrier mobility, i.e. the efficiency of charge trans-
port. The effective mobility of a transistor device
can be improved by optimizing a number of factors
including the purity and structural quality of the
active organic layer, the quality of the dielectric
layer, the interfaces between the different layers,
and in the case of thin-film devices, film morphol-
ogy, etc. [1,2].
.
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An alternative way to increase the intrinsic charge-
carrier mobility is to design new molecular materials
with high intrinsic mobility, and the recent develop-
ment of organic single crystal field-effect transistors
(FETs) provides a convenient method for measuring
the mobilities in organic materials [3]. Theoretically,
high mobility can be achieved through strong inter-
molecular electronic coupling [4–8], and for planar
carbon-based organic molecules, the intermolecular
electronic coupling may be maximized in a face-to-
face stack of the p-electron systems (p-stack) [4,6].
For instance, rubrene (I) may be considered such a
molecule with a crystal structure showing a slip-stack
arrangement [9]. Within each stack, the rubrene
molecules are displaced along the long axis of the tet-
racene backbone, while there is virtually no displace-
ment along the short axis (perpendicular to the long
axis), resulting in an overlap of approximately 60%
of the tetracene backbone (p-electron systems) with
adjacent molecules. In comparison, unsubstituted
tetracene or pentacene adopt herringbone-type pack-
ing arrangements [10] with an edge-to-face pattern,
and thus the p–p overlap is not maximized. Single
crystal rubrene field-effect transistors revealed aniso-
tropic charge-carrier mobilities, with the highest
reported value of approximately 20 cm2/V s in the
stacking direction [11], consistent with quantum
chemical calculations of the anisotropic transfer inte-
grals [9]. Despite the recent progress on new materials
with p-stack patterns [12–16], experimental evidence
that such structures can have higher mobilities than
herringbone-packed solids is still scant [6]. One of
the problems is the lack of suitable molecules for
the study. It is therefore necessary to synthesize novel
molecules that form p-stack arrangements and to
study their electronic transport properties. The
results may then serve as guidance in search of high
performance organic semiconductors.

Cl

Cl

Cl

Cl

I II 

We recently synthesized and crystallized a tetra-
cene derivative, 5,6,11,12-tetrachlorotetracene (II).
The synthetic procedure was established 30 years
ago [17], but the crystal structure and the transport
properties were never reported. In this paper, we
describe the crystal structure and FET properties
based on this material. In particular, we show that
the molecule crystallizes in a slip-stack pattern with
a high mobility along the stacking direction, and we
further performed quantum mechanical calculations
to investigate the origin of the slip-stack arrange-
ments of this tetracene derivative.

2. Experimental section

The synthesis of II followed a previously published
procedure [17] with the synthetic Scheme 1 shown
below. Refluxing a mixture of 6,11-dihydroxy-5,12-
naphthacenedione (Aldrich) and PCl5 in POCl3
affords hexachloro intermediate in 53% yield, which
is then refluxed with NaI in DMF giving molecule
II in 73.4% yield. The crude product can be recrystal-
lized from acetic acid to give red transparent needles.

Single crystals for both X-ray and electronic
transport measurements were subsequently grown
by horizontal physical vapor phase transport in a
stream of high purity argon using a modified appa-
ratus previously described by Laudise et al. [18].
Here, two glass tubes of different diameters were
used, with the outer tube wrapped with two rope-
heaters defining source zone and crystal growth
zone, respectively. A glass tube of smaller diameter
served as the sample container. The source temper-
ature was held at 215 �C, and the argon flow rate
was 19 ml/min. Typical needle-like crystals showed
dimensions of 1–8 mm in length, 0.1–0.5 mm in
width, and 0.05–0.1 mm in thickness.

The crystals were analyzed using an Oxford-Dif-
fraction Xcalibur2 CCD X-ray diffractometer, using
graphite monochromated MoKa radiation. CCDC
634428 contains the supplementary crystallographic
data for this paper [19].

The charge transport properties were measured
using field-effect transistors fabricated on single
crystals [3]. The needle-like habit of the crystals
allowed measuring the charge transport along the
a-axis, and therefore, along the p-stacks. We used
graphite ink to paint source and drain electrodes
while a Parylene-N film served as gate dielectric
[20–23]. The gate material was again graphite ink.
Parylene-N was deposited on top of the crystal in
a home-made reactor, and its thickness was deter-
mined with a profilometer. The channel capacitance
was then calculated from the measured thickness
and the tabulated dielectric constant of Parylene
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Scheme 1. Synthesis of tetrachlorotetracene (II).
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N (e = 2.65). Typical FET dimensions of the chan-
nel lengths (l) and widths (w) were 0.5 mm
0.3 mm, respectively. The FET characteristics were
measured using a probe station and a HP 4155A
semiconductor parameter analyzer.

Quantum chemical calculations were carried out
using the Spartan 04 program. All calculations were
performed using B3LYP hybrid density functional
theory at the 6-31 + G* level, including the geome-
try optimization, the HOMO energy level and the
electrostatic potential (ESP) maps.

3. Results and discussion

3.1. X-Ray crystal structure

Tetrachlorotetracene crystallizes in a monoclinic
unit cell with space group symmetry P21/n. Fig. 1a
and b show the molecular structure of a single mole-
cule in different orientation while the molecular
packing is shown in Fig. 2. The four benzene rings
of the tetracene backbone are not quite coplanar
but adopt a ‘‘Z” shape (Fig. 1b). The two pairs of
Fig. 1. X-ray crystal structure of tetrachlorotetracene (a) view
perpendicular to the molecular plane (b) side view of tetrachlo-
rotetracene showing non-planarity of the molecule.
chlorine atoms point in the opposite directions: one
pair attaching to the same benzene ring (left to the
center) points upwards while the other pair of the
neighboring benzene ring (right to the center) points
downwards. The dihedral angle of the carbon–chlo-
rine bonds in each side of the molecule is about 33o.
The molecules form isolated stacks along the a-axis,
with an inter-planar distance of 3.58 Å (Fig. 3),
slightly larger than the sum of the van der Waals
radii. Fig. 3 is a projection diagram depicting the
overlap between two neighboring molecules within
a stack. There are slight shifts along both the long
and short molecular axes (of the tetracene back-
bone), with a displacement of 0.6 Å and 1 Å along
short and long molecular axis, respectively; the latter
is much shorter than the value found in rubrene
(6.1 Å). These shifts make it possible for eight pairs
of carbon atoms to be superimposed between two
neighboring molecules (Fig. 3). The stacks are iso-
lated, with no p–p interaction between them, and
the closest carbon–carbon distance is found to be
3.83 Å. Thus, the crystal structure indicates that this
molecule forms a one-dimensional crystal with
strongest interaction along the a-axis, consistent
with the needle-like habit of the red crystals.

3.2. Computational studies

The calculated bond lengths and bond angles are
all in good agreement with the single crystal struc-
ture data, with the largest difference in bond lengths
being 0.014 Å (�1%). The predicted structure repro-
duces the ‘‘Z” shape (Fig. 4) and the orientation of
the two pairs of chlorine atoms. The dihedral angle
of the carbon–chlorine bonds on each side of the
molecule is 35o compared to 33o found in the crystal
structure (Fig. 1b). Thus, the observed crystal/
molecular structure matches well with the calculated
structure of the tetrachlorotetracene molecule in the
gas phase. The solid-state packing has therefore lit-
tle effect on the molecular conformation (structure)
in the crystal.



3.58 Å 

Fig. 2. The stacking pattern of tetrachlorotetracene along a axis.

Fig. 3. Projection diagram of two neighboring molecules within a
stack. Black thick lines are used to identify the molecule on the
top while thin lines are used for the molecule below it.

Fig. 4. Calculated structure of tetrachlorotetracene.
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The calculated HOMO energy level of tetrachlo-
rotetracene is 0.52 eV lower than that of the parent
tetracene molecule, indicating that the addition of
chlorine atoms to the parent tetracene should
increase the stability of the system towards oxida-
tion. This is consistent with our observation that a
solution of tetracene loses its orange color rapidly,
while tetrachlorotetracene can be recrystallized
from several organic solvents without protection.
Both enhanced solubility and stability found in this
material are important parameters for large-area
applications where inexpensive fabrication methods
such as solution processing are desired.

A simple model proposed by Hunter and Sanders
[24] suggests that an aromatic system can be pic-
tured as a positively charged r-framework sand-
wiched between two negatively charged p-electron
clouds, and that the net favorable p–p interactions
between molecules are actually the result of p-r
attractions that overcome p–p repulsions. There-
fore, the electrostatic force rather than the p–p over-
lap controls the geometry of molecules in a crystals
[24]. Electrostatic interactions can be qualitatively
predicted by drawing electrostatic potential (ESP)
maps, which were recently used to explain the slip-
stack arrangements observed in several fluorinated
thiophene and selenophene-based polymers [25].
Such ESP maps combine electrostatic potential
and electron density surfaces, and thus convey
which regions of a molecule are electron rich (indi-
cated in red) and which are electron poor (indicated
in blue), as shown in Fig. 5 for both tetracene and
tetrachlorotetracene.

In the parent tetracene molecule (Fig. 5a), the p
electrons have the highest probability to be found
above (and below) the four aromatic rings (red),
while the edge of the molecule (where the hydrogen
atoms are located) is electron-deficient (blue). One
can imagine that stacking of tetracene molecules is
energetically unfavorable due to the repulsive force
of the p-electrons, but would otherwise provide an
efficient overlap. Therefore, polyacenes, including
tetracene and pentacene, adopt a herringbone struc-
ture instead of face-to-face stacks. In contrast, for
tetrachlorotetracene (Fig. 5b), the electron density
on the surface of the tetracene backbone is signifi-
cantly reduced and the electron rich regions only
exist at the two ends (red) of the ring system. This
redistribution of the p electrons may favor a slip-
stack arrangement so that the electron rich region
is paired with the electron poor region, while main-
taining optimal space filling. Also notice that the
locations of carbon atoms bear the highest electron
densities while the centers of the benzene rings are
electron-deficient (Fig. 5b). This may explain the
slip-stack overlap geometry illustrated in Fig. 3,
where the centers of the benzene rings of one



Fig. 5. ESP surface plots for (a) tetracene (b) and
tetrachlorotetracene.
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molecule are almost superimposed on the carbon
atoms of the other molecule, thus optimizing the
electrostatic forces between the stacked molecules.
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Fig. 6. Output characteristics of a typical tetrachlor
3.3. Single crystal field-effect transistor

Typical output and transfer characteristics of sin-
gle crystal FET transistors at room temperature are
shown in Figs. 6 and 7, respectively. The negative gate
bias required indicates that holes are the charge-car-
riers (p-type semiconductor). At low drain–source
voltage Vds, the drain current exhibits a nonlinear
dependence on Vds, suggesting non-Ohmic contact
behavior. At higher voltages, however, saturation is
observed as Vds becomes comparable to Vgs, indicat-
ing that the contact resistance does not dominate the
transconductance in this region. From the transfer
characteristics in Fig. 7 we extracted an on/off current
ratio of �104, a field-effect mobility of 1.7 cm2/V s,
and a threshold voltage of Vt��12 V. The fairly large
threshold voltage indicates a large trap density, which
could be a significant factor in reducing the FET-
mobility. Therefore, the intrinsic p-type mobility in
tetrachlorotetracene single crystal is likely to be
higher than 1.7 cm2/V s. Occasionally, a field-effect
mobility as high as 5 cm2/V s was observed, but was
not clearly reproducible.

A number of techniques have been used to mea-
sure the charge-carrier mobility in organic single
crystals [3], and in some cases different results for
the same material have been reported [26]. Further-
more, the chemical purity and quality of the crystal
also affect the observed mobility [27]. However,
0 -20 -10 0

ds(V)

otetracene single crystal field-effect transistor.
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Fig. 7. Transfer characteristics of a typical tetrachlorotetracene single crystal field-effect transistor.
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among three types of tetracene derivatives we have
measured using the same technique, (parent) tetra-
cene, tetrachlorotetracene (title compound) and tet-
raphenyltetracene (rubrene), both rubrene and the
tetrachlorotetracene crystals showed significantly
higher mobility than parent tetracene crystal [28].
Note that both tetrachlorotetracene and rubrene
adopt slip-stack pattern whereas in parent tetracene
crystal there is little p–p overlap between parallel
molecules. Furthermore, the tetrachlorotetracene
used in this study was purified only once before
crystallization from the gas phase. Therefore, our
results provide further evidence that p-stacking
allows efficient charge-carrier transport along a
stack and that molecules crystallizing in stack pat-
terns promise high charge-carrier mobility, consis-
tent with a recent report [14]. Although we have
not yet performed thin-film transistor measurement
on the title compound, the present results already
give important information in designing new
organic semiconductors with high charge-carrier
mobility. Furthermore, the results indicate that for
thin-film transistors, high mobility can be achieved
when the molecules stack at the gate–semiconductor
interface along the channel direction.

4. Conclusion

The tetracene derivative, 5,6,11,12-tetrachloro-
tetracene, crystallizes in isolated slip-stacks with
enhanced p–p overlap within the stacks, but little
interactions between them. ESP surface maps show
that the slip-stack arrangement is favored by the
modification of electrostatic potential surface of
the tetracene backbone due to the chlorine atoms
compared to the parent tetracene molecule (herring-
bone). A hole mobility in single crystal FETs as high
as 1.7 cm2/V s was achieved along the stack direc-
tion. Our next step is to test and optimize thin-film
transistor of the title compound, and to synthesize
other molecules with stacking patterns to move
towards the high mobility limit in organic
semiconductors.
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Abstract

The four fluorene-based trimers with various aromatic and alkyl substituents (T1–T4) are synthesized and charac-
terized. These oligomers show the similar electronic absorption and emission characteristics (e.g., absorption peak at
351 nm, and highly efficient deep blue emission at 394 nm in solution), indicating that the major electronic properties
of the core chromophore are essentially independent of the substituents. However, the condensed state structures and
thermal properties of four trimers are found to be different from each other, from crystalline (full alkyl (T1) or full
aromatic (T2) substituted trimers) to amorphous (mixed aromatic and alkyl (T4) substituted trimers). The effect of
different condensed state structures on electroluminescence device properties is presented: The blue light-emitting
devices with accordant structure of ITO/PEDOT:PSS/TCTA (40 nm)/trimers (40 nm)/BCP (10 nm)/Alq3 (20 nm)/
LiF/Al exhibit different EL efficiency (2.9% of T2, 1.8% of T3 and 2.7% of T4). Using amorphous T4, the white
light-emitting device of ITO/TCTA (40 nm)/rubrene (0.1 nm)/T4 (8 nm)/Alq3(52 nm)/LiF/Al is fabricated with high
efficiency (6.15 cd A�1), high brightness (9500 cd m�2) and good white light CIE coordinates (0.32, 0.37).
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Organic conjugated materials have attracted con-
siderable attention due to potential applications
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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toward photonic and optoelectronic displays [1].
Many features of the materials, such as photolumi-
nescence efficiency, thermo- and electrochemical-
stability are relative to their device applications.
In this content, the condensed state structures of
the materials are also key points for the feasibility
of their applications especially in electroluminescent
(EL) devices [2], because the change of surface
.
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structure (crystalline formation or ambulatory
interface) of organic film due to Joule heating dur-
ing device operation is an important cause of the
degradation of EL devices [3]. Therefore, it is obvi-
ous that developing organic materials with high
thermal and condensed state stability is the funda-
mental task for practical applications [4]. Most of
the organic conjugated materials with low molecu-
lar weights generally tend to crystallize readily,
which limit their applications for EL devices due
to the present of grain boundaries and resultant
bad surface [5]. In the meanwhile, Shirota et al.
[6] have demonstrated that a few of organic molec-
ular materials could exhibit amorphous properties
similarly with polymers, so called amorphous mate-
rials or molecular glasses, which means low molec-
ular-weight organic compounds readily form stable
amorphous glasses above room temperature. Such
amorphous molecular materials may form uniform
amorphous films without generation of structure
defects by different techniques, exhibiting great
potential in optoelectronic devices. Considerable
effort has been made to develop the functional
molecular glass materials with highly thermal and
amorphous stability in the solid state, including
dendritic macromolecules [7], starburst materials
[8], tetrahedral-shaped molecules [9] and spiro-
linked compounds [10]. Salbeck et al. [11] firstly
used spiro-linked to modify steric demand of mate-
rials with desired electronic or optical properties to
change their condensed state structures and thermal
properties without altering major electronic proper-
ties of the core chromophore. Recently, Wong and
Wu et al. [12] reported a series of optoelectronic
materials constructed by spirobifluorene building
blocks, which exhibited high EL efficiency and
Chart 1. The molecular structu
extraordinary ambipolar carrier transport proper-
ties. Furthermore, fluorene-based oligomers with
well-defined structure have been widely employed
because they may function as model-compounds
for poly-2,7-(9,90-dialkyl)fluorenes (PFs) [13] and
as active materials in organic light-emitting devices
[14]. In addition, the facile process of functionali-
zing the C-9 position of the fluorene moieties pro-
vides the opportunity to improve the physical
properties of resulting fluorene derivatives. Aiming
at improving the condensed state structures of fluo-
rene oligomers, a series of fluorene-based trimers
with different substitutes at C-9 position of fluorene
moieties are synthesized (Chart 1). Herein we
report the structures of four trimers and intriguing
changes of their condensed state from crystalline
to glass, and their potential applications in opto-
electronic devices.

2. Results and discussion

2.1. Preparation and characterization

The detailed synthesis of four trimers, T1–T4, are
depicted in Scheme 1, where the spiro-linked diphe-
nyl and hexyl groups are substituted at the C-9 posi-
tion of fluorene moieties, respectively. Introduction
of rigid spiro-linked diphenyl groups is expected to
not only serve as an effective insulating spacer block-
ing interaction between the chain’s backbones, but
also improves the thermal stability. The hexyl
groups may increase flexibility and solubility of com-
pounds. The synthetic route is based on a Suzuki Pd-
catalyzed coupling reaction between boronic ester
and bromide of fluorene. Here, synthesis of com-
pounds 1 and 2 are not described redundantly,
res of the trimers T1–T4.



Scheme 1. The synthetic routes of the trimers T1–T4.
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because their preparation is following the reported
literatures [10,12]. Treatment of 1a and 1b with
excess amount of n-BuLi and subsequent reaction
with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-diox-
abrorolane can afford diboronic ester 3a and 3b,
respectively. Finally, Suzuki coupling reaction
between diboronic ester 3a or 3b and monobromide
2a or 2b in the Na2CO3 and toluene can obtain rele-
vant fluorene trimers T1–T4 with acceptable yields
of 50–72%. All trimers are verified by 1H and 13C
NMR spectroscopy, MALDI-TOF mass spectrome-
try, as well as elemental analysis. The 1H NMR spec-
tra of T3 and T4 in aromatic range are shown in
Fig. 1, while characterization of other T1 and T2 is
in agreement with previous literatures [12,15]. Here,
Fig. 1. The 1H NMR spectrum of T3 and T4 in CD
the aromatic peaks of all cases can be clearly
assigned and they confirm the purity of each trimers.
Additional definitive evidence for the trimers molec-
ular structures is obtained from MALDI-TOF mass
spectrometry. The deviation between the calculated
and experimentally measured value is no more than
one tenth mass unit. For example, the molecular for-
mula of T4 is C75H62. The calculated molecular
weight is 962.5 and we obtained the value 962.6, as
shown in Fig. 2. The other three trimers all showed
the correct molecular weight consistent with calcu-
lated value.

2.2. Photophysical properties

Fig. 3 illustrates the absorption and emission
spectra of T1–T4 in dilute THF solution and in film
on a quartz substrate, and the more detailed data is
summarized in Table 1. These four kinds of trimers
show the very similar photophysical properties. The
absorption spectrum of four trimers in both THF
solution and films show maxima absorption peaks
at 351 nm, which is attributed to p–p* transition
of the central backbone chromophore. The absorp-
tion of high-energy band at 310 nm is caused by the
absorption of the peripheral fluorene units in com-
pounds T2–T4, and the peak intensity at 310 nm is
gradually enhanced with increasing of number of
peripheral fluorene unit in trimers. All trimers in
solution exhibit very strong deep blue fluorescence
Cl3 in aromatic range at room temperature.



Fig. 2. The MALDI-TOF mass spectrum and corresponding to the ‘‘molecular ion” of T4.

Fig. 3. The normalized UV/Vis and PL spectra of T1–T4 in
solution (a) and in films (b). All the films (�100 nm) are
fabricated by spin-coated method.
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with kmax at 394 nm and shoulder peaks at 414 nm
and 435 nm as excitation under 350 nm light, which
features the typical characteristics of the conjugated
fluorene derivatives [16]. By using quinine sulphate
in 1 M sulphuric acid as standard, the trimers in
the solution show higher measured quantum yield
(about 90%), besides T1 (70%) due to strong inter-
action between hexyl side-chains of fluorene. From
Fig. 3b, the emission of trimers in films shows a
slight red shift (kmax at 422–433 nm) compared to
that in solution, however, the whole spectrum still
locate at deep blue region. The red-shift between
solution and solid-state in PL spectra commonly is
assigned to self-absorption effect or aggregation
effect. However, in our molecular structure, the rigid
spiro-linked diphenyl groups serve as an effective
insulating spacer blocking interaction between the
backbones. To demonstrate our molecular design,
we gain single crystal structure of T3. As indicated
in Fig. 4, the backbone’s phenyl rings in two adja-
cent molecules have less overlapped area, and the
closest distance between the phenyl ring planes is
3.95 Å. Hence p–p interaction between chromoph-
ores difficultly occurs. Another, the relative peak
intensity of PL spectra in solid-state is changed
compared with PL spectra in solution (see
Fig. 3b). The peak at 394 nm and first shoulder peak
414 nm are obviously weakened and second shoul-
der peak at 435 nm is enhanced, indicating emission
from high-energy band is absorbed by itself. As a
whole, the optical properties of all trimers have only
slight difference, indicating that the electronic
structures of fluorene oligomers are essentially
independent of the substituents.

The material stability is the most problem in flu-
orene-based derivatives, because it nearly associated
with lifetime and color purity in light-emitting
diodes. To investigate the difference of stability
between the trimers with different substituents, their
photostability in the films is tested. Fig. 5 illustrates
the emission spectra of the pristine films and the
subsequent photodegradation under air for two rep-
resentative trimers with all aromatic and all alkyl
side chains. For the trimer (T1) with all alkyl sub-



Table 1
Summary of physical properties of four trimers

Trimer Tg
a

(�C)
Tm

b

(�C)
Td

c

(�C)
k1,max,abs

d

(nm)
k2,max,abs

e

(nm)
k1,maxPL

d

(nm)
k2,maxPL

e

(nm)
QPL

f in
solution (%)

QPL
g in

films (%)
HOMO/
LUMOh (eV)

T1 25 105 357 351 351 394 422 70 65 �5.57/�2.10
T2 nai 440 460 351 351 394 428 93 85 �5.67/�2.30
T3 80 169 368 351 351 394 433 86 78 �5.64/�2.30
T4 132 naj 387 351 351 394 424 85 82 �5.63/�2.23

a Glass phase transition temperature by DSC.
b Melting temperature by DSC.
c Decomposition temperature by TGA.
d In dilute THF solutions (�1.0 � 10�4 M/L).
e In films (�100 nm) by spin-coated method.
f Using quinine sulphate in 1 M sulphuric acid as standard.
g Measurement in calibrate integrating sphere.
h Highest occupied molecular orbital and lowest unoccupied molecular orbital by CV.
i No Tg detectable, only exhibit a distinct Tm.
j No Tm detectable, only show a clear Tg.

Fig. 4. The illustration of the molecular stacking of T3.

Fig. 5. The normalized emission spectra of a pristine film and the
subsequent photodegradation under air for the trimers with
different side chain units. All the films are excited with UV light
of 360 nm wavelength.
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stituents, the low-energy emission bands around
510 nm are emerging after degradation and the
intensity increase with the increase of the degrada-
tion time. When alkyl substitution is replaced by
the aromatic substitution (T2), the low-energy
emission bands cannot be observed in the given deg-
radation period. According to recent reports by List
and Scherf [17] the green emission at 510 nm gener-
ally is due to the formation of ketonic defects in
PFs and LPPP (lader-type poly(p-phenylene)) back-
bone. Above, the result combined with our other
studies [18] reveal that the aromatic structures can
effectively restrain the effect of photodegradation
due to alkyl oxidation, hence improve material
stability.
2.3. Condensed state structures and thermal

properties

The powder X-ray diffraction analysis exhibits
condensed state structures of the trimers in the solid
state. As shown in the Fig. 6, the four trimers show
very different condensed state features. The crystal-
line capacity is gradually weakened from T1 to T4.
In this content, the XRD patterns of T2 and T3

show significant crystalline peaks as well as an
amorphous halo, suggesting that the T2 and T3

are semicrystalline compounds [19]. In particular,
the relatively broad and random scatter peaks for
T4 are shown, demonstrating the non-crystalline
amorphous nature ofT4 in solid state. This is likely



Fig. 6. Comparison of X-ray powder diffraction patterns for four trimers. All samples were tested under the same condition and all
intensities were scaled relative to the largest peak in pattern T1 (each pattern was at its original intensity).

Fig. 7. DSC scans of T1, T3 and T4 with the first and second
heating at rate of 10 �C/min. All trimers almost are not found
thermodynamic change as cooling.
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due to the mixed aromatic and alkyl substitutes,
which disturb the crystallization.

The condensed state structures of these trimers in
solid state are validated in advance by differential
scanning calorimetry (DSC) analysis (Fig. 7). All
samples of trimers are obtained by precipitation
from organic solvent without further thermodynam-
ically disposal. When sample T1 is heated, a sharp
endothermic peak is observed at 105 �C due to melt-
ing of sample, corresponding to the melting temper-
ature (Tm). This indicates T1 have strong crystalline
nature. And then isotropic liquid is quickly cooled
down on standing in liquid nitrogen, an amorphous
glass is spontaneously formed via supercooled
liquid. When amorphous glass sample is heated
again, a glass phase transition (Tg) is observed at
25 �C. The DSC curve of T3 exhibits a glass phase
transition (Tg) at 80 �C as well as a sharp endother-
mic peak (Tm) at 169 �C as heating in the first cycle.
Such characteristic feature in DSC measurement
indicates that the T3 exists as both crystalline and
amorphous nature ca. semicrystalline feature, which
is in agreement with XRD analysis of T3. When the
sample is heated again, only glass phase transition
(Tg) is observed at 80 �C, which means a glass is
formed when rapidly cooling down. It should be
noted that endothermic melting peak of T1 and
T3 disappeared in the second and further reheating
cycles, which indicate that a stable amorphous
phase can be formed by the fast cooling. However,
the Tg of compound T1 and T3 is not enough high
for practical application. In contrast, the DSC anal-
ysis for T4 shows only a glass phase transition (Tg)
at 132 �C without other phase transitions even at
first heating cycle, and very stable thermo-behaviors
are found during the repeated heating and cooling.
This indicates that the T4 is a more stable amor-
phous material in nature, as we known, which is sel-



Fig. 8. The crystalline solid of T2 (left, acicular crystal) and
amorphous solid of T4 (right, glass) under an ultraviolet lamp
(365 nm).

Fig. 9. Band diagram of ITO/PEDOT:PSS/TCTA/trimers/BCP/
Alq3/LiF/Al.

Fig. 10. EL efficiency–voltage characteristics of devices using T2,
T3 and T4. Insert is The EL spectra of T4.
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dom among reported low molecular-weight organic
compounds. After such kind of up and down scans
in DSC experiments, T4 is found to change from
powder-like solid to transparent glass-like solid as
shown in Fig. 8. In DSC experiments for highly
crystalline compound T2, we did not obtain an
intact DSC curve because of its high Tm up to
440 �C which is very close to its decomposition tem-
perature Td of 460 �C. Fig. 8 show a needle-like
crystal of T2 obtained from solvent evaporation
for comparison with amorphous glass of compound
T4. Although compound T2 has high fluorescence
efficiency and high thermo-stability, which may ben-
efit to high-performance EL device, its intense crys-
tallization tendency may result in the film with a
quite rough surface.

2.4. Electroluminescent properties

A series of EL devices based on these trimers are
fabricated [20], except T1, which is not suitable for
OLEDs applications since its low Tg (25 �C). Con-
sidering the large energy gap (�3.4 eV) of these
trimers, it is difficult to find appropriate carrier-
transport materials, because energy levels matching
for injecting one type of carriers and appropriate
carrier-transport properties or energy levels for
blocking the opposite type of carriers must be pos-
sess. Previously, the compound 4,40,400-tri(N-carbaz-
olyl)triphenylamine (TCTA) is found to be suitable
hole-transporting material for oligofluorene based
device because of its relatively high hole mobility
and large energy gap (3.3 eV) [12]. Thus the EL
devices of T2, T3 and T4 are fabricated by utilizing
them as an emissive layers in a standard device
structure ITO/PEDOT:PSS/TCTA (40 nm)/trimers
(40 nm)/BCP (10 nm)/Alq3 (20 nm)/LiF (0.5 nm)/
Al (150 nm), where the conducting polymer polyeth-
ylene dioxythiophene/polystyrene sulphonate
(PEDOT:PSS) is used as the hole-injection layer,
TCTA as a hole-transporting layer, BCP (2,9-
dimethyl-4,7-diaphenyl-1,10-phenanthroline) as an
exciton-blocking layer, and Alq3 (aluminum tris(8-
hydroxyquinolate)) as a electron transporting layer
(Fig. 9). These devices all exhibit similar EL emis-
sion, and the representative EL spectra of T4 is
shown in inset of Fig. 10. The peaks of the EL spec-
tra of these devices are at 408 nm and 428 nm,
showing deep blue color using non-doping struc-
tures with the CIE coordinates of (0.16, 0.07),
(0.17, 0.09) and (0.16, 0.07), respectively, which
are close to blue standards (0.14, 0.08) of the
National Television Standards Committee (NTSC).
Furthermore, their EL spectra are stable with
increasing voltage during operation and the long
wavelength emission is not observed in our devices.



248 S. Tang et al. / Organic Electronics 9 (2008) 241–252
This phenomenon can be attributed to the non-pla-
nar molecular structure of the spirobifluorene,
because it can effectively restrain photodegradation
due to alkyl oxidation, hence reduce green emission
and improve color purity [18].In fact, the EL spectra
of trimers show some blue-shift compared to their
PL spectra, which is attributed to the thin films with
30 nm in devices can effectively restrain a strong
self-absorption phenomenon arising a great spectral
red-shift, compared with the thick films with
�100 nm in PL measurement. In addition to the
deep blue emission, EL efficiencies of these devices
are rather high (Fig. 10). The maximum values for
T2, T3 and T4 are 1.77, 1.27 and 1.52 cd A�1 at
8 V, corresponding to external quantum efficiencies
of 2.9%, 1.8% and 2.7%, respectively (detailed data
for EL performance are shown in Table 2). The
devices using T2, T3 and T4 exhibit a maximum
luminance of 805, 380 and 772 cd m�2, respectively
(Fig. 11). In particular, the device using T4 as emis-
sion layer shows a considerable brightness at lower
voltage as compared with T2 and T3. For example,
at 10 V, the brightness is 710 cd m�2 for T4, and
Table 2
Performances of devices having structures ITO/PEDOT:PSS/
TCTA/trimers/BCP/Alq3/LiF/Al

Trimer Max
efficiency
(cd/A)

gext
a

(%)
Max
brightness
(cd/m2)

Brightness
@ 10 V
(cd/m2)

CIE @
10 V
(x,y)

T2 1.77 2.9 805 100 0.16, 0.07
T3 1.27 1.8 380 99 0.17, 0.09
T4 1.52 2.7 772 711 0.16, 0.07

a External quantum efficiency in device.

Fig. 11. Luminance–voltage characteristics of devices using T2,
T3 and T4.
about 100 cd m�2 for T2 and T3, presumably due
to amorphous feature of T4. It is obvious that the
devices using T2 and T4 exhibit higher device per-
formance because of highly thermal and condensed
state stable emitter. In view of the fact that such EL
performances are obtained from neat blue emissive
layers, these EL efficiencies are fairly high for deep
blue OLEDs.

Considering their high EL efficiency and color
saturation, these trimers can be excellent candidates
for white light emitting devices with simple struc-
ture. After optimizing device structure, the devices
composing of ITO/PEDOT:PSS/TCTA (40 nm)/
rubrene (0.1 nm)/trimers (8 nm)/Alq3 (52 nm)/LiF
(0.5 nm)/Al (150 nm) are fabricated, where 5,6,11,
12-tetraphenylnaphthacene (rubrene) is used as yel-
low light emitter, which composes with trimers’ blue
emission to make white light emitting. These devices
using T2, T3 and T4 exhibit a maximum EL effi-
ciency of 7.07 cd A�1, 5.25 cd A�1 and 6.15 cd A�1,
respectively. The maximum luminance for T2, T3

and T4 are 12,350 cd m�2, 7363 cd m�2 and
9500 cd m�2, respectively (detailed data for EL per-
formance are shown in Table 3). However, it is key
Table 3
Performances of white emission devices having structures ITO/
PEDOT:PSS/TCTA/rubrene/trimers/Alq3/LiF/Al

Trimer Max efficiency
(cd/A)

Max brightness
(cd/m2)

CIE @ 15 V
(x,y)

T2 7.07 12,350 0.41, 0.46
T3 5.25 7363 0.40, 0.45
T4 6.15 9500 0.32, 0.37

Fig. 12. Luminance–voltage and EL efficiency–voltage charac-
teristics of white LEDs.
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that the only device using T4 shows white emission
with CIE coordinates of (0.32, 0.37) as compared
with CIE coordinates of (0.41, 0.46) and (0.40,
0.45) for T2 and T3, respectively. The luminance–
voltage and EL efficiency–voltage characteristics of
T4 based white device are shown in Fig. 12. Among
these trimers, only T4 exhibits good performance
both for blue and white LEDs, indicating that mate-
rial with stable amorphous feature and high Tg is
the desirable molecular design for OLEDs applica-
tions. However, we believe that the most important
influence of condensed state structure on OLED is
stability and lifetime of devices, and the correspond-
ing works is in present.

3. Conclusions

In summary, we have synthesized a series of flu-
orene-based trimers with different substituents,
which exhibit strong deep blue emission both in
solid state and EL devices. These trimers with the
same backbone and different substituents 9-C of
fluorene exhibit very different condensed state struc-
tures from a crystalline to amorphous glass, provid-
ing a new instance of molecular structure impacting
on its condensed state structure. The present results
also demonstrate that the devices using highly ther-
mal and condensed state stable emitter exhibit
higher device performance.

4. Experimental

4.1. General information and materials

Commercial grade reagents were used without
further purification unless otherwise stated. Tetra-
hydrofuran (THF) and diethyl ether were dried
and purified by fractional distillation over sodium/
benzophenone. Column chromatography was per-
formed using silica gel (200–300 mesh). The 1H
and 13C NMR spectra were recorded on AVANCZ
500 spectrometers at 298 K by utilizing deuterated
chloroform (CDCl3) as solvent and tetramethylsil-
ane (TMS) as standard. All the compounds were
characterized by Flash EA 1112, CHNS–O elemen-
tal analysis instrument. The mass spectra were
recorded using an APPLIED BIOSYSTEMS
QSTAR instrument and a Krotos MALDI-TOF
mass system. Thermogravimetric analysis (TGA)
was conducted on a Perkin–Elmer Thermal Analy-
sis system under a heating rate of 20 �C/min and a
nitrogen flow rate of 80 ml/min. The differential
scanning calorimeter (DSC) analysis was deter-
mined using a NETZSCH (DSC-204) instrument
at 10 �C/min under nitrogen flushing. The powder
X-ray diffraction was detected with a Rigaku X-
ray diffractometer (D/max r A, using CuKa radia-
tion of wavelength 1.542 Å). UV–Vis absorption
spectra were recorded on UV-3100 spectrophotom-
eter. Fluorescence measurements were carried out
with RF-5301PC. Quantum yield was determined
in THF solution and was calculated by comparing
emission with that of the standard solution of qui-
nine sulphate in 1 M sulphuric acid (U = 0.545) at
room temperature. Cyclic voltammetry (CV) were
performed with a BAS 100 W Bioanalytical Sys-
tems, using a glass carbon disk (U = 3 mm) as work-
ing electrode, platinum wire as auxiliary electrode,
with porous ceramic wick, Ag/Ag+ as reference elec-
trode, standardized for the redox couple ferricini-
um/ferrocene. Cyclic voltammetric studies were
carried out containing 0.1 M [n-NBu4][BF4] dried
in an oil pump vacuum at 80 �C as supporting elec-
trolyte. The procedure was performed at room tem-
perature and nitrogen atmosphere was maintained
over the solution during measurements.

4.2. Synthesis

4.2.1. 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9,90-dihexanelyfluorene (3a)

To a solution of 1a (8 g, 10 mmol) in THF
(120 ml) at �78 �C was added 13.75 ml (22 mmol)
n-butyllithium. The mixture was stirred at �78 �C,
warmed to room temperature for 15 min, and then
cooled again to �78 �C for 15 min, 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxabrorolane (7.9 ml,
35 mmol) was added rapidly to the solution, and
the resulting mixture was warmed to room temper-
ature and stirred for 24 h. Some water was poured
into the solution and then organic layer was
extracted with diethyl ether several times. The
organic phase was dried over anhydrous magnesium
sulphate. After filtration the solution was removed
by rotary evaporation, the residue was purified by
column chromatography (silica gel, hexane) to give
a white solid (yield 65%). 1H NMR (500 MHz,
CDCl3): d 7.81–7.79 (d, 2H, Ar-H), d 7.74–7.73 (d,
2H, Ar-H), d 7.71 (s, 2H, Ar-H), d 2.01–1.99 (m,
4H, CH2), d 1.39 (s, 24H, CH3), d1.08–0.98 (m,
12H, Ar-H), d 0.75–0.73 (m, 6H, CH3), d 0.55–
0.54 (m, 4H, CH2). MS (m/z) 586.5. Anal. Calcd
for C37H56B2O4: C, 75.78; H, 9.62. Found: C,
75.50; H, 9.86.
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4.2.2. 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-9,90-spirofluorene (3b)

The procedure was followed to prepare 3a from
1a (0.711g, 1.5 mmol) to afford a white solid (yield
55%). 1H NMR (500 MHz, CDCl3): d 7.88–7.83
(m, 6H, Ar-H), d 7.37–7.34 (t, 2H, Ar-H), d 7.13
(s, 2H, Ar-H), d 7.10–7.07 (t, 2H, Ar-H), d 6.70-
6.68 (d, 2H, Ar-H), d 1.22 (s, 24H, CH3). MS
(m/z) 567.6. Anal. Calcd for C37H38 B2O4: C, 78.2;
H, 6.74. Found: C, 77.66; H, 6.80.

General procedure for the preparation of T1, T2,
T3 and T4 is based on the Suzuki coupling reaction
between diborolan-compound 3a or 3b with corre-
sponding bromo-compounds 2a or 2b. Toluene
and a 2.0 M/L aqueous solution of Na2CO3 (tolu-
ene/water at a 3:2 ratio) were added to the mixture
of the (1:1 equiv) and Pd(PPh3)4 (1% mol). The
reaction mixture was stirred at 90 �C for 2 days
under a nitrogen atmosphere. The resulting solution
was added some water and then was extracted with
chloroform several times. The organic phase was
dried over anhydrous magnesium sulphate. After fil-
tration and solvent evaporation, the liquid was puri-
fied by column chromatography on silica gel.

T1: The title compound was prepared from 3a

(484 mg, 0.82 mmol) and 2a (677 mg, 1.64 mmol)
and purified with column chromatography using
petroleum ether/CH2Cl2 as the eluent to afford a
white solid (yield 52%). 1H NMR (500 MHz,
CDCl3): d 7.82–7.80 (d, 2H, Ar-H), d 7.79–7.78 (d,
2H, Ar-H), d 7.75–7.73 (d, 2H, Ar-H), d7.67–7.66
(m, 4H, Ar-H), d 7.64 (s, 2H, Ar-H), d 7.62 (s,
2H, Ar-H), d 7.38–7.30 (m, 6H, Ar-H), d 2.08–
2.01 (m, 12H, CH2), d 1.15–1.07 (m, 36H, CH2), d
0.78–0.76 (m, 30H, CH2CH3). 13C NMR
(500 MHz, CDCl3): d 151.8, 151.5, 151.0, 140.8,
140.6, 140.3, 140.0, 127.0, 126.8, 126.1, 126.0,
122.9, 121.5, 121.4, 119.9, 119.8, 119.7, 55.3, 40.4,
31.5, 29.7, 23.8, 22.5, 14.0. Anal. Calcd for
C75H98: C, 90.12; H, 9.88. Found: C, 89.16; H,
9.80. MALDI-TOF-MS (M+) 998.7 (100%).

T2: The title compound was prepared from 3b

(170.4 mg, 0.3 mmol), and 2b (237.2 mg, 0.6 mmol)
and purified with column chromatography using
petroleum ether/CH2Cl2 as the eluent to afford a
white solid (yield 67%). 1H NMR (500 MHz,
CDCl3): d 7.83–7.81 (d, 6H, Ar-H), d 7.78–7.76 (d,
2H, Ar-H), d 7.72–7.70 (d, 2H, Ar-H), d 7.68–7.66
(d, 2H, Ar-H), d 7.35–7.30 (m, 12H, Ar-H), d
7.08–7.03 (m, 8H, Ar-H), d 6.82 (s, 2H, Ar-H), d
6.77 (s, 2H, Ar-H), d 6.70–6.69 (m, 6H, Ar-H), d
6.65–6.63 (d, 2H, Ar-H). 13C NMR (500 MHz,
CDCl3): d 149.6, 149.3, 149.1, 148.7, 148.6, 141.8,
141.2, 141.0, 140.9, 140.8, 140.5, 128.0, 127.9,
127.8, 127.8, 127.7, 127.7, 127.6, 127.1, 124.2,
124.1, 123.9, 122.6, 122.5, 120.0, 119.9, 66.1. Anal.
Calcd for C75H44: C, 95.31; H, 4.69. Found: C,
94.01; H, 5.37. MALDI-TOF-MS (M+) 944.5
(100%).

T3: The title compound was prepared from 3b

(94 mg, 0.165 mmol) and 2a (150 mg, 0.364 mmol)
and purified with column chromatography using
petroleum ether/CH2Cl2 as the eluent to afford a
white solid (yield 72%). 1H NMR (500 MHz, CDCl3):
d 7.97–7.95 (d, 2H, Ar-H), d 7.91–7.90 (d, 2H, Ar-H),
d 7.70–7.69 (d, 2H, Ar-H), d 7.65–7.64 (d, 2H, Ar-H),
d 7.60–7.59 (d, 2H, Ar-H), d 7.43–7.41 (m, 4H, Ar-H),
d 7.35–7.33 (d, 2H, Ar-H), d 7.31–7.28 (t, 6H, Ar-H),
d 7.19–7.16 (t, 2H, Ar-H), d 7.00 (s, 2H, Ar-H), d
6.90–6.89 (d, 2H, Ar-H), d 1.95–1.92 (m, 8H, CH2),
d 1.09–0.99 (m, 24H, CH2), d 0.74–0.72 (m, 12H,
CH3), d 0.61–0.58 (m, 8H, CH2). 13C NMR
(500 MHz, CDCl3): d 151.3, 150.0, 149.9, 148.8,
141.9, 141.5, 140.7, 140.6, 140.3, 139.8, 127.9, 127.8,
127.2, 126.9, 126.7, 126.0, 124.3, 122.8, 122.5, 121.2,
120.2, 120.1, 119.6, 55.1, 40.3, 31.3, 29.6, 22.7, 22.5,
14.0. Anal. Calcd for C75H80: C, 91.78; H, 8.22.
Found: C, 91.62; H, 8.24. MALDI-TOF-MS (M+)
980.5 (100%).

T4: The title compound was prepared from 3a
(175.8 mg, 0.3 mmol) and 2b (248.7 mg, 0.63 mmol)
and purified with column chromatography using
petroleum ether/CH2Cl2 as the eluent to afford a
white solid (yield 50%). 1H NMR (500 MHz,
CDCl3): d 7.92–7.90 (d, 2H, Ar-H), d 7.87–7.85 (d,
6H, Ar-H), d 7.66–7.63 (d, 2H, Ar-H), d 7.54–7.53
(d, 2H, Ar-H), 7.40–7.35 (m, 8H, Ar-H), d 7.32–
7.30 (d, 2H, Ar-H), d 7.14–7.08 (m, 6H, Ar-H),
7.00 (s, 2H, Ar-H), d 6.81–6.80 (d, 4H, Ar-H), d
6.71–6.69 (d, 2H, Ar-H), d 1.91–1.88 (m, 4H,
CH2), d 1.03–0.93 (m, 12H, CH2), d 0.70–0.67 (m,
6H, CH3), d 0.56 (m, 4H, CH2). 13C NMR
(500 MHz, CDCl3): d 151.6, 149.4, 149.3, 148.8,
141.9, 141.5, 141.4, 141.0, 139.9, 139.8, 127.8,
127.7, 127.1, 126.1, 124.2, 124.0, 122.6, 121.3,
120.2, 120.0, 119.7, 66.1, 55.2, 40.2, 31.3, 29.5,
23.6, 22.4, 13.9. Anal. Calcd for C75H62: C, 93.51;
H, 6.49. Found: C, 93.54; H, 6.48. MALDI-TOF-
MS (M+) 962.1 (100%).

4.3. OLED device fabrication

OLEDs based on the trimers were fabricated
and investigated. Indium tin oxide (ITO)-coated
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glasses with a sheet resistance of about 100 X/h
were used as the substrates and carefully cleaned
before the deposition of organic materials. Organic
layers were deposited by high-vacuum (<10�6 Torr)
thermal evaporation. A LiF buffer layer and a 150-
nm-thick Al cathode were vapour-deposited at a
background pressure of 10�6 Torr onto the organic
films subsequently. The layer thickness and the
deposition rate of organic and inorganic materials
were monitored in situ by an oscillating quartz
thickness monitor. Electroluminescent (EL) spectra
and 1931 CIE coordinates of the devices were mea-
sured by a PR650 spectroscan spectrometer. The
luminance–current density–voltage characteristics
were recorded simultaneously with the measure-
ment of the EL spectra by combing the spectrome-
ter with a Keithley model 2400 programmable
voltage–current source. All the measurements were
carried out at room temperature under ambient
conditions.
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Abstract

The extraction of the light produced by an organic light emitting diode has been made possible by the use of transparent
conductive materials which should have well defined electronic and optical properties. All the requirements are satisfied by
indium tin oxide which has rapidly become the most common conductive substrate used for the growth of organic light
emitting sources. Atomic force microscope, conventional X-ray photoemission spectroscopy and scanning photoemission
spectromicroscopy have been used to investigate the morphology and the chemical properties of commercial thin indium
tin oxide films after several treatments commonly used prior to the organic layer growth for smoothing/cleaning/pattern-
ing the surface. Unambiguous smoothing effects of the potassium hydroxide-based solutions have not been observed while
Si contaminations of the surfaces have been found after the application of different patterning procedures.
� 2007 Published by Elsevier B.V.

PACS: 79.60.�I; 85.60.Jb; 68.37.�d; 68.37.Ps

Keywords: X-ray photoelectron spectra in surface analysis; Light-emitting diodes; Surfaces microscopy; Degradation process; Atomic
force microscope; Indium tin oxide
1. Introduction

Indium tin oxide (ITO) films are transparent con-
ductors that have been deeply investigated in the
last decade because of their applications in the
design of optoelectronic devices. ITO films combine
1566-1199/$ - see front matter � 2007 Published by Elsevier B.V.

doi:10.1016/j.orgel.2007.12.002

* Corresponding author. Tel.: +39 0403758025; fax: +39
0403758565.

E-mail address: luca.gregoratti@elettra.trieste.it (L. Gregor-
atti).
many technological properties such as high trans-
parency for visible light, good electrical conductivity
and excellent substrate adherence. Most of the
organic light emitting diodes (OLED) use ITO as
anode layer for the injection of the current into
the hole transport organic layers. The typical thick-
ness of the OLED organic multilayer stack is of
about 100 nm; this makes them susceptible of
failures caused by possible ITO-substrate-device
imperfections. Commercial available ITO substrates
are characterised by the presence on the surface of

mailto:luca.gregoratti@elettra.trieste.it
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hillocks which can have heights comparable with
the organic layer thickness; it has been shown that
such spikes can compromise the functionality of
the devices [1]. Therefore, there is a large demand
for smoothed ITO surfaces to improve life expec-
tancy of electroluminescent devices. Another critical
parameter for optoelectronic devices is the current
injection efficiency; it is strongly linked to the work
function of the electrode which in turn is extremely
sensitive to the morphology and chemical state of
the anodic surface [2–5].

Thin films of ITO can be prepared by various
techniques including thermal evaporation deposi-
tion [6], direct current and radio frequency magne-
tron sputtering [7,8], electron beam evaporation
[9], spray pyrolysis [10], chemical vapour deposition
[11], dip-coating technique [12] and pulsed laser
deposition [13]. In addition a large variety of prep-
aration and post-deposition treatments have been
reported in literature, the most investigated ones
being: mechanical cleaning [14], wet cleaning
[2,14–20], dry cleaning, such as oxygen or argon
plasma treatment [14,16,19–22] and UV–ozone irra-
diation [23]. Detailed characterizations have demon-
strated that both the surface roughness and the
presence of spikes along the film strictly depend
from the growth methods and surface treatments
[7,13–18,20–23]. Despite the efforts to determine
the chemical and physical properties of the ITO sur-
faces after the treatments, there is no general agree-
ment on the ideal procedure to produce the best
ITO film for OLED devices. It should be mentioned
that in order to smooth the ITO surface other
approaches have been proposed which, to a large
extend, circumvent the problem. For example in
Ref. [24] the deposition of a thin polymeric layer
decreases the initial roughness of the ITO surface.
Such a method is very effective for the ITO surface
smoothing and for the substantial improvement of
the device lifetime stability. However the most com-
monly used polymer film, namely poly(3,4-ethylene-
dioxythiophene)–poly(styrenesulfonate) (PEDOT–
PSS), used both as buffer and as hole transport
layer, is highly hydrophilic. This film property
requires a very careful device encapsulation in order
to avoid the device damage due the moisture pene-
tration through the polymer film.

Etching with potassium hydroxide (KOH)-based
solutions is among wet treatments the most com-
mon post-deposition treatment used to: (i) remove
the carbon contamination [5], (ii) modify the ITO
work function [5] and (iii) reduce the surface rough-
ness [1,25] without any evident chemical modifica-
tion of the surface [5]. If the KOH efficiency in the
removal of C contamination is well established, con-
troversy results can be found on its property to
reduce the surface roughness. For ITO samples
grown by sputtering [1] it has been shown that a
long etching time (24 h) reduces occasional spikes
even higher than 50 nm without compromising the
sheet resistance and film thickness, while in the case
of ITO film prepared by sol gel spin coating a very
short KOH etching time (above 40 s) seems to
increase the surface roughness [25].

In the fabrication of OLED KOH and hydrochlo-
ric acid (HCl) are also used as etching liquids in the
photolithographic patterning processes of transpar-
ent electrodes [26]. The most diffused process con-
sists of five steps: (i) resist spin coating, (ii) optical
photolithography with UV light, (iii) KOH solution
developing, (iv) HCl etching and (v) acetone removal
of photoresist. Another diffused patterning process
is the HCl etching of ITO surface patterned with var-
nish. The influence of the etching rate on the result-
ing morphology of the borders of the etched regions
and the evaluation of the resulting electro-optical
properties of the ITO substrates have been widely
investigated in the last decade [25–29], although very
few information are available on the chemical com-
position of the ITO film after the patterning process.
Since the ITO surface structure and its chemical
composition are of crucial importance for the OLED
growth and performance, adequate spectroscopic
and microscopic characterization of the surface after
patterning treatments are needed.

Here we present a systematic study of the chem-
ical composition and topography of ITO commer-
cial films exposed to KOH etching for different
times and after the different steps of the patterning
process. Chemical composition has been investi-
gated at two different spatial scales: with conven-
tional X-ray photoemission spectroscopy (XPS)
averaging the probed area over few square millime-
tres and with synchrotron based Scanning Photo-
electron Spectro-microscopy (SPEM) capable of
150 nm lateral resolution in order to detect chemical
changes at microscopic level. The topography has
been investigated by using the atomic force micro-
scope (AFM) at a spatial resolution of 1 nm.

2. Experimental

ITO commercial coated glasses, from UNAXIS
corporation, have been selected for this investigation.
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The nominal thickness and sheet resistance of the ITO
films were 160 nm and 30 X/sq�1, respectively.

Different ITO surface samples treatments were
performed and analysed. In order to study the
effects of KOH in the smoothing of pristine ITO
surfaces, three samples have been etched for 8, 16
and 24 h, respectively in a saturated KOH–isopro-
panol solution and then rinsed with de-ionised
(DI) water and blow-dried in N2. The effects of
KOH and HCl etching on ITO surface in the pat-
terning processes have been analysed by preparing
four different samples (Sample A–D) following steps
reported in Table 1.

XPS measurements were performed using a VG
Escalab MKII apparatus provided with a Mg Ka
source (1254 eV) and with a 150� spherical electron
energy analyser. The photon beam radiate a circular
area of about 5 mm diameter at an angle of 60� out
of the surface normal while photoelectrons are col-
lected 20� out of it with a total energy resolution
of about 1.2 eV. With the Mg Ka source the prob-
ing depth did not exceed 10 nm. SPEM investiga-
tion was carried out at the experimental station of
the ESCA microscopy beamline at the ELETTRA
Synchrotron Light Source facility [30]. In SPEM
the X-ray beam is focused into a small spot of
150 nm diameter by means of zone plates. Photo-
electrons are detected and energy filtered by a
hemispherical electron analyzer equipped with a
48-channel detector. SPEM measurements can be
performed in two complementary operation modes:
imaging and microspot photoelectron spectroscopy
(l-XPS) [31]. In the imaging mode, the sample is
scanned with respect to the focused beam simulta-
neously collecting photoelectrons within an energy
window, usually corresponding to the elemental
core level of interest. In the l-XPS mode conven-
Table 1
Steps followed for the ITO surface preparation of samples A, B, C and

Step Sample A

1 Spin coating deposition of photoresista on ITO surface

2 Surface coverage with mask and exposure to UV radiation
3 Developing of photoresist with KOH solution (1%) for

2 min and then rinse in DI water
4 Etching with acid solutionc for 3 min
5 Rinsing in DI water and removal of resist with acetone

a AZ4562 from CLARIANT.
b Toluensulfonamido fenolformaldeide.
c Composition of acid solution: 6% acetic acid, 31% chloridric acid a
tional spectra of the energy distribution curve are
measured from micro-spot selected from the images,
providing detailed information about the local
chemical composition. The geometrical setup of
the SPEM (normal incidence of the photon beam
on the sample and take-off angle of 30�) enhances
the surface sensitivity, e.g. the probing depth in
the present study, where a photon energy of
650 eV was used, did not exceed 2 nm.

All the AFM images were made by a commercial
NT-MDT Solver Pro microscope at the ELETTRA
Nanostructure Laboratory. The instrument is fur-
nished with a 50 � 50 � 5 lm closed loop scanner.
The topographic images were done in contact mode
using silicon rectangular cantilever (MikroMasch,
spring costant: 0.6–1.0 N/ma) at a resolution of
256 � 256 pixels. A laser is focused on the back of
the cantilever and deflected to a four-segment pho-
tosensitive detector, which can monitor the vertical
deflection and the twisting of the cantilever as the
tip scans across the surface. The height resolution
during scanning was about 0.06 Å.

3. Results

The morphology of a pristine ITO surface at the
nanometric scale has been analysed by means of
AFM. In (Fig. 1a) a representative 3D reconstruc-
tion of an AFM picture of 16 � 16 lm2 area of pris-
tine ITO is shown together with a 1 � 1 lm2 area
2D map (Fig. 1b). The surface is characterised by
a grainy structure where the grain size ranges from
few tens to few hundreds of nanometers with occa-
sional spikes of maximum height of 20 nm with
respect to the average value; the measured average
roughness (Ra) is 2.64 nm. A 64 � 64 lm2 In 3d core
level map of a pristine ITO surface is shown in
D

Sample B Sample C Sample D

Same as
sample A

Surface coverage with
commercial varnishb

Same as
sample C

None None None
Same as
sample A

None None

None Etching with acid solutionc None
None Removal of varnish with

acetone
Same as
sample C

nd 63% water.



Fig. 1. AFM image of a (a) 16 lm � 16 lm and (b)1 lm � 1 lm area on pristine ITO surface.
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Fig. 2a. The In content is not homogenous; major
darker spots of a diameter of about 0.5 lm are ran-
domly distributed while weaker variations in the
contrast are present over all the surface. The local
XPS l-spectra at most representative regions are
shown in Fig. 2b. The l-spectra collected on a dark
spot (indicated as point 1 in Fig. 1a) is compared to
that acquired on the flatter background region
(point 2) showing the presence of a higher C concen-
tration while in the surrounding region In is domi-
Fig. 2. (a) In 3d map of pristine ITO surface; (b) XPS l-spec
nant. It must be remarked that the enhanced
surface sensitivity of the spectro-microscopy mea-
surements amplifies the signal from the surface con-
taminations of the unclean ITO surface. The other
peaks visible in the spectra are the main photoemis-
sion and Auger lines of In, Sn and O. A detailed
analysis of the pristine ITO In 3d core level has been
already reported in Ref. [32].

In Fig. 3a and b the 3D and 2D images, respec-
tively of a 16 � 16 lm2 and 1 � 1 lm2 area of a pris-
tra collected at point 1 and 2 indicated in the map (a).



Fig. 3. AFM maps of a (a) 16 � 16 lm and (b) 1 � 1 lm area on a ITO sample etched on KOH–isopropanol saturated solution for 24 h.
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tine ITO sample exposed for 24 h in a saturated
KOH + isopropanol solution are shown. The dura-
tion of the etching is the same used in Ref. [1] for
ITO samples grown by sputtering. The topography
of the surface looks very similar to that of the pris-
tine sample shown in Fig. 1: occasional spikes of the
order of 20 nm with respect to the average are still
present and the average roughness (Ra = 3.5 nm) is
Fig. 4. (a) In 3d map of KOH etched ITO surface; (b) XPS l-s
of the same order of magnitude of the pristine sam-
ple. The variation of the chemical composition of
the ITO sample after KOH etching with respect to
the pristine one has been determined by both later-
ally resolved and conventional XPS measurements.

The In 3d core level map of the etched ITO sur-
face is shown in Fig. 4a. The In distribution is sim-
ilar to that of the pristine surface; major darker
pectra collected at point 1 and 2 indicated in the map (a).
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spots are randomly distributed while weaker varia-
tions in the contrast are present over the entire sur-
face. The local XPS l-spectra at most representative
regions are shown in Fig. 4b. The l-spectra col-
lected on a dark spot (indicated as point 1 in the
Fig. 4a) is compared to that acquired on the flatter
background region (point 2) showing the presence
in the dark spot of a higher C concentration, while
in the uniform region In is dominant. The small
peak close to the C 1s at �300 eV of BE can be
attributed either to a local charge induced on some
part of the defected region or to a K contamination
of the defect. Due to our limited spatial resolution it
was not possible to investigate more in detail such
defective particles. The C content on the flatter
background region is lower than that detected on
the pristine sample. The most relevant difference
between the treated and the pristine sample is the
appearance of the Si signal after the etching.

The same pristine and etched samples have been
measured also with a conventional XPS system
characterised by a larger detected area and a deeper
probing depth with respect to l-XPS. The survey
spectra collected on the two surfaces are shown in
Fig. 5. Due to the deeper probing depth of the con-
ventional XPS, the C contribution, mainly coming
from surface ad-layers, is negligible while the Si con-
tamination, visible at a closer inspection of the In 4s
region of spectrum b, is shown in the inset.
-500 -400 -300

Binding en

O 1s

Sn 3d

In 3d

C 1s

a) Pristine ITO

b) ITO after 24 KOH

Fig. 5. XPS spectra acquired on (a) a pristine ITO and on (b) an ITO sa
In the inset the same spectra are shown in a shorter energy range.
The concentration of Si with respect to In on the
etched surfaces, roughly estimated by taking into
account the Si 2p and In 4d core level intensity nor-
malized by the corresponding core level cross sec-
tion [33] and geometrical factors, is about 15%. A
similar intensity of Si has been also measured in
the ITO films exposed for 8 and 16 h to the KOH
etching. A closer analysis of the In 3d and O 1s core
level, not shown here, has not revealed any variation
in their lineshape in the presence of Si.

A systematic study of the appearance of Si on the
ITO surfaces has been performed by analysing four
different samples prepared in different ways as
described in Table 1. The photoemission spectra
acquired by conventional XPS are shown in
(Fig. 6) For samples A, B, and C a Si signal with
an intensity close to that measured for the ITO sam-
ple etched by KOH for 24 h (see inset of (Fig. 5))
has been detected. In sample D, no Si contribution
is observed. From the comparison of the prepara-
tion procedures reported in (Table 1) it can be
immediately noticed that samples where some Si
was detected have been protected with resist (sample
A and B) or varnish (sample C) before their expo-
sure to KOH or HCl. In order to probe the homo-
geneity of such protective layers before the chemical
etching an AFM investigation on such films has
been performed. Resist is homogenously distributed
over the ITO surface with occasional spikes of few
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Fig. 6. XPS spectra of pristine ITO sample and of ITO surface
surfaces prepared following A, B, C and D procedure described in
Table 1.
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nanometers height, while the varnish layer is charac-
terized by the presence of randomly distributed
holes of about 300 nm diameter width; the depth
of such holes is higher than 60–70 nm which was
the limited depth range of the AFM during the
scanning.

4. Discussion

The commercial pristine ITO films here studied
are characterised by a grainy structure with a grain
size ranging from few to several tens of nanometer.
The photoemission maps, despite their lower spatial
resolution if compared with AFM measurements,
clearly show a chemical heterogeneity of the surface;
two distinct features can be identified from the pho-
toemission maps: few sub-micrometric well defined
C-rich spots and a smooth variation of the In con-
tent over the probed area visible also in the corre-
sponding O map not shown here. The presence of
the C-rich spots in the ITO film surface can be
attributed to contaminations of the raw materials
used for the fabrication of the ITO or induced dur-
ing the growing phase. A large sampling of the ITO
surface has provided an indication of the density of
the larger C-rich spots which is one spot every
�20 � 20 lm2. The variations of the In concentra-
tion over the surface are limited to few percent of
the average value and could arise from a different
stoichiometry of the ITO or to different atomic ter-
minations of the grains.

The KOH etching of our pristine ITO samples
did not produce a significant change in the surface
roughness and in the height and density of the
spikes. A systematic comparison of these results
with similar experiments published elsewhere is
not possible. In Ref. [1], for instance, the authors
report on a strong decrease of the number of spikes
after a similar etching treatment, but the initial
height of such spikes was much higher (up to
100 nm) than in our case. Also, authors of Ref.
[18] mention an unchanged surface and an average
roughness very close to our values after a 5 min long
chemical etching but the acidic solution used for the
treatment had different composition.

XPS measurements indicate that the chemical
state of In, O and Sn atoms remain the same after
KOH exposure, as shown in Ref. [5] by Auger mea-
surements as well. The appearance of Si in the pho-
toemission spectra of the active ITO area after
KOH and/or HCl treatments was never reported
in the literature. The different Si/In ratio measured
with the two photoemission probes indicates a sur-
face nature of this contamination confirmed by the
total disappearance of any Si trace after a light
Ar+ sputtering of the ITO surface etched for 24 h
in KOH. The laterally resolved photoemission maps
and l-XPS spectra show a homogenous distribution
of the Si contamination over the surface. On the
other hand the limited spatial resolution of the
SPEM is overcame by AFM mapping which even
at the nanometric scale did not reveal the presence
of any foreign particles suggesting the presence of
Si as distributed atoms.

As shown by the photoemission spectra of
(Fig. 6) Si is detected whenever KOH or HCl is used
in contact with the sample. No signal is, in fact, vis-
ible on sample D where the varnish cap was simply
removed by acetone. It has been shown that once
HCl reaches the ITO layer it starts to erode prefer-
entially the amorphous ITO grain boundaries
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[34,35]; in our case such erosion did not produce any
significant change in the morphology of the ITO
film as shown in the AFM maps.

Three different possible mechanisms could give
rise to the appearance of Si in the photoemission
spectra: (i) the complete erosion of ITO film, (ii)
the diffusion of Si into the ITO matrix and (iii) the
erosion of bottom glass surface by KOH and/or
HCl solution with the subsequent dispersion of Si
contaminant in the liquid and its deposition on
the ITO surface. Simple considerations on case (i)
suggest that if a strong erosion process occurs, it will
decrease the film thickness in such a way that differ-
ent AFM morphology will be detected; moreover it
is likely to expect modifications to the chemical state
of O, Sn and In surface atoms; additionally the Si
signal should increase linearly with the KOH expo-
sure time. On the other hand a KOH induced Si dif-
fusion into the ITO matrix, case (ii), is an unlike
event even if it could not be unambiguously proved
by XPS and AFM analysis since it is a process that
will not necessarily modify the pristine ITO mor-
phology, thickness and surface chemical state of
In, Sn or O. A Si diffusion through the ITO matrix
mediated by the etching solutions should in princi-
ple produce a gradient of the Si content through
the entire film thickness. In this case a light sputter-
ing should not eliminate completely the Si from the
surface as was in our case. The hypothesis (iii) seems
to be the most appropriate for the interpretation of
the different experimental results obtained. The
commercial bottom glass here used most probably
has not been optimized against chemical etching
and ITO surface contamination occurs during its
exposure to KOH and/or HCl solution containing
glass derived contaminants such as Si. As here sys-
tematically shown this occurs not only when ITO
is treated with KOH with long time exposure, but
also when the ITO surface is exposed to KOH due
to the patterning procedure.

5. Conclusions

The morphological and chemical characteriza-
tion of commercial ITO substrates has been per-
formed in order to evaluate any modification
induced by some classical smoothing/cleaning and
patterning procedures. No significant morphologi-
cal modifications have been observed after several
KOH-based solutions baths. A surface heteroge-
neous chemical composition has been observed at
a submicron scale lateral resolution together with
randomly distributed micron-sized C-rich islands
on the pristine samples and after the baths. On the
other hand commonly used patterning procedures
have produced a Si contamination of the ITO sur-
face. Despite its relevant concentration on the sur-
face we have demonstrated that Si contaminates
only the surface of the ITO; this excludes any bulk
diffusion process moving the Si from the glassy sub-
strate onto the ITO surface. Since the thickness of
the ITO is not significantly changed, as demon-
strated also by the unchanged electrical film resis-
tance, keeping the glass underneath fully masked
to the photoemission signal we have attributed the
contamination to a partial and selected erosion of
the glassy substrate due to the acid and basic solu-
tions used for the smoothing/patterning of the sur-
face which disperses silicon molecules in the
solutions wetting the ITO surface. The presence of
Si on the surface of ITO can modify the work func-
tion compromising the operation of the optoelec-
tronic device. Even if at our lateral resolution,
which is greater than the average ITO grain size,
the Si contamination appears uniform it can not
be excluded it is more heterogeneously distributed
at a smaller scale.
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Abstract

We demonstrate that the electrical properties of n-channel thin film transistors can be enhanced by inserting a nanoscale
interfacial layer, namely, cesium carbonate (Cs2CO3), between organic semiconductor and source/drain electrodes. Devices
with the Cs2CO3/Al electrode showed a reduction of contact resistance, not only with respect to Al, but also compared to
Ca. The improvement is attributed to the reduction in the energy barrier of electron injection and the prevention of unfa-
vorable chemical interaction between the organic layer and the metal electrode. High field-effect mobility of 0.045 cm2/V s
and on/off current ratios of 106 were obtained in the [6,6]-phenyl C60 butyric acid methyl ester-based organic thin film
transistors using the Cs2CO3/Al electrodes at a gate bias of 40 V.
� 2007 Elsevier B.V. All rights reserved.

PACS: 73.40.Cg

Keywords: n-Type; Organic thin film transistors; Nanoscale interface modification
In recent years, there has been a worldwide inter-
est in developing organic thin film transistors
(OTFTs) due to their potential application in display
drivers, radio frequency identification tags, and
smart cards [1–3]. Great progress has been achieved
so far in p-type OTFTs, whose electronic properties
have already reached the level of hydrogenated
amorphous silicon (a-Si:H). For example, field effect
mobilities greater than 1 cm2/V s and high on/off
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current ratio (>106) have been obtained in penta-
cene-TFTs [4]. However, the development of n-type
OTFTs with comparable performance remains a key
issue in terms of meeting the requirements for prac-
tical applications. Although a large number of stud-
ies have focused on improving the intrinsic electrical
properties of n-type materials [5,6] and their applica-
tions, [7,8] devices still exhibit limited life span. This
could be attributed to the instability of single com-
ponent p-electron materials, which can easily
undergo surface oxidation/deoxidation and chemi-
cal interaction with metal electrodes. Moreover,
low work function metals, used to reduce energy bar-
riers and promote electron injection [9,10], are diffi-
.
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Fig. 1. (a) Typical transfer characteristics of the OTFT with
Cs2CO3/Al electrodes at a constant drain voltage of 40 V. Inset:
schematic structure of a top-contact OTFT. (b) Source/drain
current–voltage characteristics of the OTFT with Cs2CO3/Al
electrodes. Inset: source/drain current–voltage characteristics of
the OTFT with Au electrode.
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cult to process because of their susceptibility to
atmospheric moisture and oxygen. These factors
henceforth indicate that the property of organic–
metal electrode interface play an important role in
obtaining high performance n-type OTFTs; how-
ever, engineering of the interface has not received
much attention in n-type OTFTs [11].

An alternative approach for replacing the reac-
tive metal as an electrode is to insert a thin layer
of alkali metal halides [12] and carboxylates [13],
in various attempts at improving the charge injec-
tion from an Al cathode to an emitting layer for
organic light emitting diodes (OLED). Similarly,
the source/drain (S/D) contacts in the OTFTs have
significant influence on device operation. For exam-
ple, their contribution to the contact resistance arise
from mismatching work functions, and/or interac-
tion between the metal electrodes and the organic
semiconductor [14,15]. Recently, it has been
reported that Cs2CO3 is one of the best electron
injection materials among a wide range of metal
electrodes, and can be used as an electron injection
layer for OLED by thermal and solution deposition
[13,16]. In this letter, we present the conclusion that
the performance of the [6,6]-phenyl C60 butyric acid
methyl ester (PCBM)-based n-type OTFTs with an
bi-layer S/D electrodes is greatly improved over
the bare Al, and calcium electrodes. The perfor-
mance enhancement of our devices is achieved by
using a nanoscale interfacial modification layer
made of Cs2CO3. The presence of a Cs2CO3 layer
at the organic/Al interface significantly reduces the
contact barrier and provides protection against dif-
fusion and chemical interaction between organic
layer and metal electrodes.

The devices were fabricated on ITO-coated glass
substrates (10–20 X/sq sheet resistance). ITO-coated
glass substrate was used as the gate electrode. After
routine solvent cleaning, the substrates were treated
with UV-ozone for 15 min. The cleaned ITO sub-
strates were then covered with 750-nm-thick poly-
mer dielectric insulator, prepared by spin-coating a
solution of poly-4-vinylphenol (11 wt%) and
poly(melamineco-formaldehyde) (4 wt%) in propyl-
ene glycol monomethyl ether acetate (PGMEA).
The substrate was then prebaked at 100 �C for
5 min, followed by baking at 200 �C for 20 min, to
cross-link the polymer. The thickness of the PVP
films was 680 nm. The resulting capacitance per unit
area of the film, Ci, was 5.47 nF/cm2. The semicon-
ductor layer, consisting of a 50-nm-thick layer of
PCBM (purchased from Solenne B.V.), was spun
over the cross-linked PVP from a 1 wt% ratio chlo-
roform solution in a nitrogen environment inside a
glove box. Prior to S/D electrode deposition, the
device was thermally annealed on a hot plate at
70 �C for a period of 20 min. Finally, Cs2CO3

(Sigma–Aldrich, 99% purity) was deposited by a
Knudsen cell (k-cell), a molecular beam epitaxy sin-
gle-filament effusion cell from Veeco/Applied Epi,
and Al was thermally evaporated onto the PCBM
film through a shadow mask to form the S/D elec-
trodes. The thicknesses of Cs2CO3 and Al films were
1 nm and 80 nm, respectively. A schematic cross-
section of our top-contact OTFTs is presented in
the inset of Fig. 1a with a channel length of
170 lm and width of 2 mm. For comparison, Ca,
Al, and Au were investigated as alternative to the
Cs2CO3/Al as S/D contacts. All thermal evapora-
tions were done under a pressure of less than
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6 � 10�6 torr and the film thickness was monitored
with a quartz oscillator. The electrical measure-
ments of the devices were performed in a nitrogen
environment inside a glove box using a Keithley
4200 semiconductor parameter analyzer and HP
4980A Precision LCR meter.

Typical transfer and output curve characteristics
of the PCBM OTFTs, with Cs2CO3/Al S/D elec-
trodes, are shown in Fig. 1a and b, respectively.
The device exhibited typical n-channel characteris-
tics with good linear/saturation behavior, without
any apparent negative drain current resulting from
gate leakage at VDS = 0 V and significant low gate
leakage (<4 � 10�9 A) even at VG = 40 V. Strong
field-effect modulation of the channel conductance
was observed, with on/off current ratios (Ion/Ioff)
as high as 106 (measured between gate voltage,
VG = �10–40). The field-effect mobility (l) and
threshold voltage (VT) were extracted from the mea-
sured transfer curve by comparing it with the stan-
dard transistor’s current–voltage equation in the
saturation regime: IDS,sat = (WCi/2L)l(VG � VT)
[2,17] where IDS,sat is the saturated drain current.
The l and the VT of the OTFT were found to be
4.45 � 10�2 cm2/V s and �2.3 V, respectively.

It has been proposed that PCBM has much lower
electron affinity compared to C60 [18]. In addition,
the energy level of lowest occupied molecular orbital
(LUMO) for PCBM is 3.7 eV [19]. Therefore, the
electron injection current can be limited by the selec-
tion of electrode materials. As shown in the ideal-
ized transfer characteristics for different materials
for the S/D electrodes, Fig. 2, the slope for
Cs2CO3/Al devices results in higher l and lower
VT, not only with respect to Al (U = 4.1 eV), but
also compared to Ca (U = 2.8 eV). The device with
Fig. 2. Idealized ISD–VG (solid) and (ISD)1/2–VG (open) plots for
different materials as the source/drain contacts at VD=40 V.
Cs2CO3/Al (triangles); Ca/Al (circle); Al (square).
Ca and Al electrodes had similar Ion/Ioff compared
to the device with Cs2CO3/Al electrode, while the
decreased slope of the transfer characteristics corre-
sponded to the decrease in field-effect mobilities.
For further demonstrated the electron current is
contact-limited. We have fabricated the devices with
Au (U = 5.0 eV) as S/D electrodes. The output
curve characteristic for the PCBM OTFTs with
Au is shown in the inset of Fig. 1b. Due to the large
energy level mismatch between Au work function
and LUMO level of PCBM, the injection of elec-
trons from Au to PCBM is a difficult process. The
mobility for the PCBM OTFTs with Au was deter-
mined from the transfer curve characteristics (satu-
ration region) to be 0.0081, which is smaller by
quintuple of magnitude than that of the PCBM
OTFTs with Cs2CO3/Al as electrodes. Thus, the
increase of the field effect mobilities with decreasing
work-function suggests that the contact effect lowers
the extrinsic field-effect mobility than the intrinsic
value. The summary of parameters for the devices
made in this study is given in Table 1.

Although the work-function of Ca is lower than
the LUMO level of PCBM, with no energy barrier,
and with a thin layer Cs2CO3 between PCBM and
electrode, mobility is more than doubled compared
to that obtained with the Ca electrodes. It was
reported that the lowering of the vacuum level of
organic semiconductors was observed with a thin
layer of Cs2CO3 by an ultraviolet photoelectron spec-
trometer [20,21]. The energy offset between the Fermi
level of the electrode and the LUMO of semiconduc-
tors at interface is greatly reduced. Therefore, the
improvement of the device performance is attributed
to Cs2CO3 lowering the barrier for electron injection
from Al to the LUMO level of PCBM. Moreover,
earlier studies on Cs2CO3 indicated that Cs2CO3

decomposes into cesium oxide during thermal evapo-
ration [22]. With a metal oxide as a buffer layer, it will
consume most of the interface of metal and leave the
Table 1
Summary of the performance of the PCBM OTFTs with different
source/drain electrodes materials

S/D
electrode

l (cm2/
V�1 s)

Vt

(V)
S (V/
decade)

On/off
ratio

Au 0.0081 4.87 1.81 103

Al 0.0120 3.15 1.80 106

Ca/Al 0.0227 0.74 1.45 106

Cs2CO3/Al 0.0445 �2.30 1.39 106

The values are an average of ten different devices with practical
standard deviation.
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organic semiconductor intact [23]; therefore, Cs2O
could serve as a protective agent for PCBM against
metal-induced degradation and a better interface
(absence of reactive Ca), hence further minimizing
contact resistance. Fig. 3 shows the contact resistance
(RC), obtained according to the method in Ref. [24],
(extracted at |VSD| = 4 V and in linear regime) as a
function of the VG with different materials as S/D
electrodes. The RC of Ca electrode decreased from
8 � 108 to 3 � 108 X as VG varied from 10 to 40 V.
In contrast, the RC of Cs2CO3/Al electrode was insen-
sitive with VG, and is decreased more than twofold
compared to the Ca electrode. The change of poten-
tial drop at the organic–metal electrode interface
due to the variation of RC will change the distribution
of the electric field in the vertical direction, which
influences the VT (the higher the contact resistance,
the larger the VT) [25]. Hence the decrease of RC

due to the introduction of the Cs2CO3 in our OTFTs
will lead to the reduction of VT, as can be seen in
Table 1. This result demonstrates that the introduc-
tion of the Cs2CO3 in our OTFTs played an impor-
tant role in the enhancement of the device
performance.

Recently, Li et al. reported that Cs2CO3 is
decomposed to metallic Cs during thermal evapora-
tion, as measured with the quartz crystal microbal-
ance [26]. However, contrary to the observation of
Li et al., we found that the 230-nm-thick Cs2CO3

film has a capacitance of about 6.9 nF/cm2 at
1 kHz with good insulator properties. In addition,
the pressure in the vacuum chamber had increased
rapidly as the k-cell temperature raised above
690 �C which we believe was due to the formation
of Cs2O and CO2 [23,27]. Since Cs2CO3 layer was
Fig. 3. Contact resistance vs. gate voltage for different materials
as the source/drain contacts.
deposited by thermal evaporation, the small amount
of metallic Cs might also be introduced into the film
during thermal evaporation. However, the propor-
tion of the Cs within the composite film is quite
low, and Cs would absorb the residual oxygen in
vacuum to form Cs2O; the electrical conductivity
of the composite film is still in the insulating region.
Hence, as-deposited Cs2CO3 film is a dielectric with
good insulating properties. With the presence of a
thin Cs2CO3 layer, the energy barrier for electrons
from Al to PCBM could be greatly lowered by the
larger potential drop, resulting in increasing the
injection of electrons via tunneling. As the Cs2CO3

becomes thicker, it leads to slowing down of tunnel-
ing probability. As can be seen in Fig. 4, the transfer
characteristics of the devices are dependent on the
thickness of Cs2CO3 layer. The device with 1 nm
thick Cs2CO3 exhibits the highest mobility. With
the further incremental thickness of Cs2CO3 layer,
mobility has gradually decreased.

In conclusion, we have demonstrated that the
performance of PCBM-based n-channel OTFTs
can be improved by inserting a thin Cs2CO3 film
between the PCBM and S/D electrode. The current
and the field-effect mobility were significantly
improved, when compared to Ca as S/D electrodes.
The improvement in device performance is due to
improved electron injection at the interface, result-
ing from the narrowed and lowered tunneling bar-
rier by the insertion of the Cs2CO3 layer. In
addition, it also serves as a protective agent against
unfavorable chemical reaction between the organic
layer and the metal electrode. Further improvement
of the device performance can be achieved by opti-
mizing fabrication conditions.
Fig. 4. (ISD)1/2–VG plots of OTFTs with a variety of Cs2CO3

thickness. Thicknesses of the Cs2CO3 layers are indicated.
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Abstract

The influence of methyl substitution on three-position of metal (II) bis(2-(hydroxyphenyl)benzothiazolate) on thermal
stability, photophysical, electronic structure, and electrochemical properties was investigated. Experimental results show
that methylated complexes were more thermally stable and had 10–20 nm red shift in emission wavelength. Quantum
chemistry calculation indicated that the methyl substitution affects mostly the highest occupied molecular orbitals charge
distribution. In addition, the introduction of electro-donating methyl group can produce a decrease in the energy of the
lowest unoccupied molecular orbitals.
� 2007 Published by Elsevier B.V.
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1. Introduction

Since Tang and Vanslyke’s demonstration of the
electroluminescence of organic molecules [1], organic
1566-1199/$ - see front matter � 2007 Published by Elsevier B.V.

doi:10.1016/j.orgel.2007.10.009
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electroluminescent devices (OLEDs) have been the
subject of increasing interest due to their potential
impact on lighting industry and back lighting appli-
cation [2,3]. In order to optimize the device structure
and explore the marketable OLEDs, researchers are
synthesizing high-performance emitting materials
with desirable properties. So far, many new materials
with RGB (red, green, blue) emission have been
developed to meet this requirement [4–6]. How-
ever, in contrast to green-light-emitting materials,

mailto:xubs@public.ty.sx.cn
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blue-light-emitting materials still need to be further
improved in performance [7]. Due to their high
energy levels, excellent blue-light-emitting materials
can not only realize blue-light emission, but also
facilitate white and other color emission by adding
another dopant emitter [8]. It is thus important to
develop high-performance blue-light-emitting mate-
rials with good stability and high fluorescence
efficiency.

The complex with 2-(2-hydroxyphenyl)benzo-
thiazolate (BTZ) ligand is a kind of small molecular
emitter, and can provide obvious practical advanta-
ges, such as easy purification, high thermal stability,
easy sublimation, and good formation of film. It is
well known that Zn(BTZ)2 is one of the best white
electroluminescent material used in fabricating
OLEDs [9–11] and Be(BTZ)2 is an excellent blue-
emitting material, with emission peak at 440 nm [12].

Both the semiconductive and emissive properties
of the BTZ complexes are largely defined by the
HOMO/LUMO levels and their lowest p ? p* elec-
tron transitions. Previous physical and theoretical
studies provided an insight into the distribution of
the HOMO/LUMO densities in BTZ ligand [11].
According to the results of density functional theory
(DFT) calculation performed on Zn(BTZ)2, the
HOMO orbital was located almost on phenoxide
side, correspondingly the LUMO density was found
at benzothiazolate and phenoxide rings. It seems
logical that substitution with appropriate functional
group at phenoxide ring wound result in changes in
the HOMO levels.

The previous studies on the modification of
tris(8-quinolinolate)aluminum (Alq3) indicated that
introduction of electron-donating groups (EDGs)
to phenoxide ring can cause a decreased HOMO
level [13]. However, it should be noted that the ther-
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Fig. 1. Metal (M = Zn, Be) bis(2-(2-hydroxyphenyl)benzothiazo-
late) chelates used in this study.
mal stability of substituted chelates are not desirable
due to steric hindrance. In this paper, how the
methyl group introduced into C-3 position of phen-
oxide ring affects the electronic nature of BTZ com-
plexes was described. (The structures of complexes
in this paper are illustrated in Fig. 1.)

2. Experimental

All reactants and solvents were obtained commer-
cially and were used without further purification.
Zn(BTZ)2 and Be(BTZ)2 were prepared in our labo-
ratory. All materials were purified by high-vacuum
gradient-temperature sublimation before analysis.
C, H, and N microanalysis were carried out with an
Elemental Vario EL Elemental analyzer. 1H NMR
data were recorded with Switzerland Bruker
DR � 300 NMR spectrometers. FT-IR spectra were
determined with a Nicolet 7199B spectrometer.

Thermal analysis was conducted using STA
409PC thermogravimeter. Pure polycrystalline sam-
ples were placed in an aluminum pan and heated at
a heating rate of 10 �C/min in dry argon gas at a
flow rate of 30 ml/min. All the calculations were
performed using the density functional theory
(DFT) [14] with the Dmol3 program. The geometry
optimization was carried out on the DND basis set
for all atoms and GGA level.

2.1. Synthesis of ligands

BTZ was synthesized on the basis of literature
method. 1H NMR (300 MHz, CDCl3): d 12.5(1H,
S), 8.02(1H, d), 7.9(1H, d), 7.7(2H, m), 7.5(1H, d),
7.45(1H, d), 7.14(1H, m), 6.99(1H, d). The similar
procedure was used to prepare MeBTZ and the as-
synthesized product was recrystallized from ethanol
in a yield of about 75%. 1H NMR (300 MHz, CDCl3):
d 1.768(1H, s), 1.955–1.975(2H, s), 6.803–6.800(2H,
s), 7.037–7.156(2H, m), 7.279–7.331(2H, m); Anal.
calcd for C14H11SNO: C, 69.68; H, 4.59; N, 5.80;
found: C, 70.76; H, 5.365; N, 5.307; FT-IR (KBr)
cm�1: 3054, 2915, 2855, 2350, 1618, 1506, 1438,
1242, 1085, 761, 628.

2.2. Synthesis of complexes

BeSO4�4H2O (1.2 mmol) was dissolved in 20 ml of
deionized water in a flask. MeBTZ (2.4 mmol) was
dissolved in 40 ml of ethanol in another flask. The
BeSO4�4H2O solution was slowly poured into the
MeBTZ solution while stirring. Be(MeBTZ)2 was
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precipitated after the mixed solution was adjusted to
pH 9–10 using triethylamine at room temperature. 1H
NMR (300 MHz, CDCl3) d 2.459(6H, s), 6.928–
6.978(4H, m), 7.304–7.590(4H, m), 7.859–7.886(4H,
d), 7.952–7.979(2H, d); MALDI-TOF m/z: [MH+]
calcd for C28H20BeS2N2O2, 489.11; found, 489.1;
Anal. calcd for C28H20BeS2N2O2: C, 68.69; H, 4.12;
N, 5.72; found: C, 68.77, H, 4.17; N, 5.71; FT-IR
(KBr) cm�1: 3042, 2914, 1670, 1618, 1506, 1438,
1242, 1085, 761, 628.

The same procedure was employed to obtain
Be(BTZ)2 and its single crystal was grown by vacuum
sublimation. The colorless single crystal was collected
with typical size of 0.20 � 0.20 � 0.10 mm. The
crystal data for Be(BTZ)2 are monoclinic, a =
24.522(3) Å, b = 12.0546(14) Å, c = 14.7981 (17) Å,
b = 93.476(2)� and space group C2/c. Crystallo-
graphic data have been deposited with the Cambridge
Crystallographic Data Centre as supplementary
publication No. CCDC-620423.

Zn(MeBTZ)2 was synthesized from the reaction
between MeBTZ and Zn(CH3COO)2 � 2H2O in etha-
nol solution. The mixed solution was heated in reflux
and stirred for 2 h. The yellow powder of
Zn(MeBTZ)2 was filtered. 1H NMR (300 MHz,
DMSO) d 1.902(6H, s), 6.488(4H, d), 7.137(2H, s),
7.408–7.527(4H, m), 8.062(2H, d), 8.273(2H, d);
MALDI-TOF m/z: [MH+] calcd. for C28H20

ZnS2N2O2, 544.03; found: 545.3; Anal. calcd for
C28H20ZnS2N2O2: C, 61.59; H, 3.69; N, 5.13; found:
C, 61.40; H, 3.70; N, 5.12; FT-IR (KBr) cm�1: 3043,
2926, 1653, 1458, 1412, 1225, 1088, 669, 482.

Zn(BTZ)2 was synthesized by the reaction
between BTZ and Zn(CH3COO)2 � 2H2O.

3. Results and discussion

Zn(BTZ)2 and Be(BTZ)2 were found to be rea-
sonably stable upon exposure to air and exhibit high
thermal stability. Their melting temperatures (Tm)
and endothermic transiting points are shown in
Table 1. A single endothermic transition was
Table 1
Thermal analysis data for four metal chelates (Tel onset: the onset
of endothermic transition; Tm: melting temperature; Td: decom-
position temperature)

Metal
chelate
(�C)

Zn(BTZ)2 Zn(MeBTZ)2 Be(BTZ)2 Be(MeBTZ)2

Tel onset 280 277 217 290
Tm 287 284 224 296
Td 453 505 455 483
observed at 280 �C with only 1% weight loss prior
to decomposition at 453 �C for Zn(BTZ)2. The
onset temperature of endothermic transition (Tel)
appeared at 217 �C for Be(BTZ)2 with Tm of
224 �C and decomposition point (Td) of 455 �C.

The TG, DTG, and DSC curves of the C-3
methyl-substituted complexes are illustrated in
Fig. 2. All complexes in our study exhibited similar
thermal behavior, that is, only one endothermic
transition occured prior to decomposition. Com-
pared with Zn(BTZ)2, the decomposition point of
Zn(MeBTZ)2 increased to 505 �C. However, the
endothermic transition onset point decreased to
277 �C. For the beryllium chelates, the melting tem-
perature of Be(MeBTZ)2 was located at 296 �C and
endothermic transition occurred at 290 �C. The C-3
methyl-substituted derivatives had higher Tel and
Tm than corresponding matrix (in Table 1), suggest-
ing that methylation of the BTZ ligand increased
intermolecular interactions.

Table 3 summarizes the photophysical data of all
metal chelates. Absorption and emission spectra are
illustrated in Fig. 3. The absorption bands are
located at blue and ultraviolet region of 229–
450 nm. The 250–260 nm bands, which are s0 ? s1

transition, are attributed to the local p ? p* transi-
tion of the deprotonated ligands [12]. The broad
bands of 330–375 nm, which correspond to the tran-
sition of HOMO � 1 to LUMO, can be assigned to
a phenoxido-to-thiazolyl p ? p* transition. The
maximal absorption bands, which are associated
with the transition from the corresponding HOMO
to LUMO, are mainly caused by the charge transi-
tion from metal to ligand. The observed red-shifted
bands of methyl-substituted complexes indicate that
the methyl group introduced into the phenoxide has
a significant effect on electronic transition energies.
The emission spectra of C-3 methyl-substituted
derivatives in solution with a concentration of
1 � 10�5 mol/L and in powder at room temperature
have distinct redshift. For instance, the maximum
emission wavelength, kmax, of Be(MeBTZ)2 powder
is red-shifted from 465 to 475 nm. This result can be
explained by the electronic and steric effects resulted
from the methyl substitution. In addition, the emis-
sion spectra of powder and solution are similar with
the slight red-shift for powder. The shift is probably
due to the difference in dielectric constant of the
environment [15].

As for the methyl-substituted complexes, excited
state is formed by the transition from methyl group
to phenoxide ring. Because their electron cloud was
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parallel to the orbits of aromatic rings, the conjugate
system was amplified and the degree of rigidity was
increased. When a methyl group is attached to the
electron-rich phenoxide ring it causes redshift in
absorption and emission, and better thermal
stability.

The interpretation of observed spectral features
is greatly assisted by molecular orbital energies, fur-
nished detailed description of orbitals, including
spatial characteristics, nodal patterns, and individ-
ual atom contributions. With the assistance of
quantum chemical calculations, the electronic struc-
tures of the complexes are obtained and presented in
Table 2, involving HOMO, HOMO � 1, LUMO,
and LUMO + 1. The methyl group has only contri-
bution to HOMO and HOMO � 1. In addition, the
contributions of Be2+ ions for all orbitals in beryl-
lium complexes are vacancy. On the other hand, dif-
ferent results are observed for HOMO, HOMO � 1
and LUMO of zinc complexes, which are also local-
ized on Zn2+. Therefore, the 380 nm shouder band
on the absorption spectra of zinc complexes can
be assigned to the ligand-to-metal-charge-transfer
(LMCT) transitions.

The optical transition responsible for photolumi-
nescence in metal (2-(2-hydroxyphenyl)benzothiazo-
late) is centered on the organic ligand. This transition
is attributed to a p ? p* charge transfer from the
electron-rich phenoxide ring (HOMO) to the electron
deficient benzothiazolate ring (LUMO). To investi-
gate the electronic effects caused by the addition of
methyl group, the energy of HOMO and LUMO
(EHOMO, ELUMO) were calculated by DFT. The val-
ues are list in Table 3. As can be seen, the methyl-
substituted complexes show lower EHOMO and
ELUMO. This can be ascribed to the great electron-
donating ability of methyl group. Therefore, the
observed red-shifted absorption and emission spectra
of the methylated complexes can be probably attrib-
uted to steric factor with a contribution from the
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Molecular orbital amplitude plots of four materials
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strong electron-donating effect of the methyl group.
As expected, the lower energy gap (Eg) bands were
obtained by Eg = EHOMO�ELUMO [16].

4. Conclusions

In summary, a detailed study of the effect on
thermal stability, photophysical properties, elec-
tronic structure, and electrochemical properties of
methylation of bis(2-(2-hydroxyphenyl)benzothiaz-
olate) chelates was presented. As revealed by TG
and DSC analysis, the methylated complexes exhib-
ited good thermal stabilities. The red-shifted
absorption and emission spectra were attributed to
the steric factor from the electron-donating methyl
group. Calculation of the location and distribution



Table 3
Photophysical and electrochemical data for four materials (Em: emission; FWHM: full wave at half maximum; CIE: the commission
internationalde de L’Eclairage; EHOMO: energy of HOMO; ELUMO: energy of LUMO; Eg: energy gap)

Metal chelates Absorption Em (kmax) FWHM CIE EHOMO ELUMO Eg

(nm) Solution Powder (nm) X Y (eV) (eV) (eV)

Zn(BTZ)2 251,313,382,416 466 478 53.4 0.1846 0.3875 �5.051 �2.731 2.32
Zn(MeBTZ)2 262,323,372,431 473 507 62.9 0.2379 0.5914 �4.958 �2.678 2.28
Be(BTZ)2 266,349,416 444 465 46.5 0.1663 0.2473 �5.076 �2.778 2.29
Be(MeBTZ)2 277,350,420 456 475 60.4 0.1551 0.2796 �4.975 �2.717 2.25

272 X. Bingshe et al. / Organic Electronics 9 (2008) 267–272
of the orbitals showed that the methyl group has
contribution to HOMO and HOMO � 1. Mean-
while, for the electrochemical properties, the methyl
derivatives exhibited lower oxidation and reduction
potentials, and optical band gaps decrease
correspondingly.
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Abstract

The authors demonstrate a fluorescent white organic light-emitting device (WOLED) with double emissive layers. The
yellow and blue dyes, 5,6,11,12-tetraphenylnaphthacene and N-(4-((E)-2-(6-((E)-4-(diphenylamino)styryl)naphthalen-
2-yl)vinyl)phenyl)-N-phenylbenzenamine, are doping into the same conductive host material, N,N0-dicarbazolyl-4-40-
biphenyl). The maximum luminance and power efficiency of the WOLED are 14.6 cd/A and 9.5 lm/W at 0.01 mA/cm2,
with the maximum brightness of 20100 cd/m2 at 17.8 V. The Commission International de L’Éclairage coordinates change
slightly from (0.27, 0.37) to (0.28, 0.36), as the applied voltage increases from 6 V to 16 V. The high efficiencies can be
attributed to the balance between holes and electrons.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

White organic light-emitting devices (WOLEDs)
have attracted a great deal of attention of the appli-
cation potential as full color displays, backlight
units for liquid crystal display, and general illumi-
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.12.004
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nant lighting sources. To achieve highly efficient
WOLEDs, various approaches have been tried, such
as configuring the multiple-emissive-layer structures
[1], inserting the hole-injecting layer [1,2], adding the
exciton-blocking layer [3], using high electron
mobility [4], adopting double host [5] and so on.
Generally, WOLEDs are classified into phosphores-
cent and fluorescent devices by materials used. The
maximum luminance and power efficiency of phos-
phorescent WOLEDs have reached 38.2 cd/A [6]
and 33.2 lm/W [7], as compared to 12.8 cd/A [2]
and 9 lm/W [8] for small-molecular fluorescent
.
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WOLEDs. Recently, Lai et al. [4] reported a type of
fluorescent WOLEDs of double emissive layer with
maximum power efficiency of 8.7 lm/W. By doping
40-bis[N-(1-naphthyl)-N-phenyl-amino]biphenyl (NPB)
or 4,7-diphenyl-1,10-phenanthroline (BPhen) into
the blue emissive layer, they realized efficiency
enhancement and voltage reduction. However, this
method complicated the fabrication of WOLEDs,
because it is technological difficult to accurately
control the concentration through the different
evaporation rates especially for the multiple dyes.
To reduce the complicated of fabrication, the con-
ventional devices with only single host could be con-
sidered. But the maximum luminance and power
efficiency of WOLEDs with conventional double
emissive layers reported are only 12.8 cd/A [2] and
9 lm/W [8].

In this letter, we demonstrate a structure of indium
tin oxide (ITO)/NPB/N,N0-dicarbazolyl-4-40-biphe-
nyl (CBP): 5,6,11,12-tetraphenylnaphthacene (Rub-
rene)/CBP: N-(4-((E)-2-(6-((E)-4-(diphenylamino)
styryl)naphthalen-2-yl)vinyl)phenyl)-N-phenylben-
zenamine (N-BDAVBi)/bis(2-methyl-8-quinolinola-
to)(para-phenylphenolato)aluminium(III) (BAlq)/
LiF/Al, where ITO with a sheet resistance of 20 X/
h is used as anode and NPB is used as 50-nm-thick
Fig. 1. Chemical structures of the employed organic
hole-transporting layer while BAlq is used as 30-
nm-thick exciton-blocking and electron-transport
layer. The yellow and blue dye, Rubrene and
N-BDAVBi (purchased from Rubipy Scientific Inc.),
is doped in the host material, CBP, and LiF(0.8 nm)/
Al(120 nm) is used as cathode. The energy level
diagram and the chemical structure of the material
adopted in this device are shown in Fig. 1. This
WOLED exhibits the maximum luminance and
power efficiency of 14.6 cd/A and 9.5 lm/W,
respectively.

2. Experimental

Our ITO glasses are cleaned in an ultrasonic bath
by the following sequence: in de-ionized water, ace-
tone and isopropyl alcohol. Thereafter, precleaned
ITO is dry in an oven. Organic layers are deposited
onto a precleaned ITO glass substrate by thermal
evaporation in BOC Edwards Auto 500 thermal
evaporation coating system at 3 � 10�4 Pa, fol-
lowed by a LiF buffer layer, and an Al cathode in
the same vacuum run. Deposition rates and thick-
ness of the layers are monitored by an oscillating
quartz monitor. The evaporating rates are kept at
1–2 Å/s for organic layers and LiF layer and 5 Å/s
s and the corresponding energy level diagram.
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Fig. 2. (a) EL Spectra of the devices with the ITO/NPB/CBP:
Rubrene (x wt%)/CBP: N-BDAVBi (2 wt%)/BAlq/LiF/Al struc-
ture, where x = 1 wt%, 2 wt%, 5 wt% and (b) CIEx,y coordinates
of the devices with the ITO/NPB/CBP: Rubrene (20 nm)/CBP:
N-BDAVBi (y nm)/BAlq/LiF/Al structure, where y = 10, 15, 20.
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for Al cathode without breaking vacuum, respec-
tively. Electroluminescent (EL) spectra and
Commission Internationale De L’Éclairage (CIE)
coordinates of these devices are measured by a
PR650 spectra scan spectrometer. The luminance-
current, density-voltage characteristics are recorded
simultaneously with the measurement of EL spectra
by combining the PR650 spectra scan spectrometer
with a Keithley model 2400 programmable voltage–
current source. Absorption and photoluminescence
(PL) spectra of the organic materials are measured
with JASCO V-570 and FluoroMax-P spectrometer.
The energy levels of the materials are determined by
Ecochemie lAutolab III electrochemical station
through cyclic voltammogram measurements and
the absorption spectra of the solid films. All the
measurements are carried out at room temperature
in air without encapsulation.

3. Results and discussion

In general, the EL spectra and the CIE coordi-
nates of the white light-emitting device are strongly
influenced by the concentration of the dyes as well
as the thickness of each emissive layer. First, we
consider the most suitable concentration for the dif-
ferent dyes. As shown in Fig. 2, the normalized EL
spectra of the devices shows two main emission
peaks at 476 nm and 564 nm originating from N-
BDAVBi and Rubrene, respectively. With the con-
centration of Rubrene increased, the yellow emis-
sion is enhanced. As a result, the CIE coordinates
of the device at 1000 cd/m2 changed from (0.23,
0.38) at 1 wt% Rubrene to (0.24, 0.33) at 2 wt%
Rubrene and to (0.29, 0.37) at 5 wt% Rubrene
(white device). In a word, the CIE coordinates of
the device depend on the concentration of the Rub-
rene. However, it seems that the efficiency of 5 wt%
Rubrene is a little higher than the device with only
2 wt% Rubrene doped in tris(8-hydroxyquinoline)
aluminum (Alq3) [2]. It should be mentioned that
a strong dependence of luminance efficiency on the
Rubrene concentration is observed. For instance,
the maximum luminance efficiency changed from
7.1 cd/A at 1.3 mA/cm2 to 7.8 cd/A at 58.6 mA/
cm2 and 14.6 cd/A at 0.01 mA/cm2, as the concen-
tration of Rubrene is increased from 1 wt% to
2 wt% and 5 wt%. This may be attributed to the
incomplete Förster energy transfer from CBP to
Rubrene because of the little overlap between the
photoluminescence (PL) spectrum of the CBP [9]
and the absorption spectrum of the Rubrene [10].
In another hand, the optimal doping concentration
for the blue fluorescent dye, N-BDAVBi, is 2 wt%,
which is determined from a single emissive layer
device (ITO/NPB/CBP: N-BDAVBi (30 nm)/
BALq/LiF/Al), whose maximum luminance effi-
ciency is 8 cd/A. In this blue device, large densities
of holes (p) and electrons (n) pile up at both NPB/
CBP and CBP/BALq interfaces, thus resulting in
the higher exciton formation probability (�n � p)
as compared with that at just one interface. The
detailed experiments about these characteristics of
N-BDAVBi will be published in another paper. As
for the WOLEDs, the blue emission is mainly orig-
inated by the excitons at the CBP/BALq interface,
as well the recombination zone of the yellow dye
is around the NPB/CBP interface. When the Rub-
rene concentration is very light (1 wt% or 2 wt%),
the number of the excitons formed at the NPB/
CBP interface is limited and the device shows pre-
dominate blue emission (Fig. 2), thus resulting in
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the lower efficiency compared with the blue device.
By increasing the Rubrene concentration, the num-
ber of the excitons contributed to the yellow emis-
sion increases, corresponding to an improvement
of overall efficiencies of the WOLEDs. Based on
these results, we fixed the concentrations of blue
and yellow fluorescent dyes for 2 wt% and 5 wt%,
respectively.

Next, we consider the variant of CIE coordinates
with the thickness of the blue emissive layer. To
control the whole thickness of the device, we fix
the thickness of yellow emissive layer for 20 nm.
Fig. 2b presents the graph of the variation of CIE
coordinates for various thicknesses of the blue emis-
sive layer with the applied voltages increasing from
6 V to 16 V. It can be seen that the thicker the blue
emissive layer, the weaker the yellow emission orig-
inated from Rubrene. As a result, both CIEx and
CIEy decrease gradually. These can be understood
as following. Some holes injected from anode will
be trapped by N-BDAVBi but mostly accumulate
at the interface between CBP and BAlq because of
the hole-blocking property of BAlq. When the
thickness of blue emissive layer increases, the num-
ber of the electrons reaching the yellow emissive
layer will reduce in contrast to the increasing elec-
trons staying at the blue emissive layer, because of
the preferred hole-transporting property of CBP.
In sequence, the exciton formation probability in
the blue emissive layer will increase accordingly.
As a consequence, the blue emission will enhance
with the yellow emission reducing, corresponding
to both CIEx and CIEy decreasing.

When the thickness of blue emissive layer is kept
at 15 nm, the CIE coordinates of the devices change
slightly from (0.27, 0.37) to (0.28, 0.36). It means
that the device has achieved a good balance between
hole and electron currents arriving at the recombi-
nation zone. In contrast, when the thickness of the
blue emissive layer varies, the CIE coordinates
depend significantly on the voltage. This can be
ascribed to the shift of the recombination zone,
resulting from the difference between the mobility
of hole and electron carriers [11]. In conclusion,
the optimized thickness of the yellow and blue emis-
sive layer is 20 nm and 15 nm, respectively.

From Fig. 3, we can see the turn-on voltage of
the WOLED is 4.4 V (for 1 cd/m2) and the maxi-
mum brightness is 20100 cd/m2 at 17.8 V. Fig. 4
depicts the maximum luminance and power effi-
ciency of the device is 14.6 cd/A and 9.5 lm/W at
0.01 mA/cm2. The high-efficiency is attributed to
the balance of hole and electron currents, as well
as an effective confinement of carriers within the
emitting layers.

The high-efficiency can be further explained in
terms of the alignments of the energies of organic
materials used in the device (as shown in Fig. 1).
Here, it is worthy to pay attention to what the
Matsushin [12] has pointed out – when the highest
occupied molecular orbital (HOMO) level of a guest
molecule was aligned to that of the hole-transport-
ing material, N,N0-diphenyl-N,N0-bis(3-methylphenyl)-
[1,10-biphenyl]-4,40-diamine (TPD), a device reached
the highest hole injection efficiency and current den-
sity due to the largest overlap area of density-of-
states distributions of the hole-transporting and
guest molecules [12]. Fortunately, NPB is a deriva-
tive of TPD. Although there is 0.5 eV energy barrier
between the of NPB at 5.4 eV and CBP at 5.9 eV, we
can also expect the highest hole injection efficiency
from NPB to Rubrene (5.4 eV). Due to the very
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high hole mobility of over 0.1 cm2/V S of Rubrene
[13], enough holes will inject to the following dye,
N-BDAVBi. In sequence, the holes are effectively
confined in the emissive layer because of the hole-
blocking property of BAlq, leading to the exitons
confined in the recombine zone with the high-effi-
ciency shown. But when the current density
increases gradually, the efficiency decreases accord-
ingly. This is due to singlet-heat annihilation and
singlet–singlet annihilation [14], which generated
Joule heat and caused singlet–singlet exciton
collisions.

To verify the hole-blocking property of BAlq,
following devices have been designed. According
to the conventional approach, the improvement of
electron injection should lead to an increased effi-
ciency. As a consequence, considering the relative
low LUMO level of Alq3 (3.0 eV [15]), we expect
device A (ITO/NPB/CBP: Rubrene/CBP: N-
BDAVBi/BAlq (10 nm)/Alq3 (30 nm)/LiF/Al) to
enhance the injection of electrons into the emissive
layers by means of electron cascading. However,
the maximum luminance and power efficiency of
device A are only 7.7 cd/A at 3.3 mA/cm2 and
2.7 lm/W at 0.64 mA/cm2. A probable explanation
for the decreased efficiencies is that the 10-nm thick-
ness of BAlq is not thick enough to efficiently con-
fine the holes and some holes transport to the
subsequent layer, thus resulting in the low efficien-
cies. In order to investigate this, we fabricate device
B with the structure of ITO/NPB/CBP: Rubrene/
CBP: N-BDAVBi/BAlq: CBP/LiF/Al. Due to the
high hole and electron mobility of CBP of
2 � 10�3 and 3 � 10�4 cm2/V S at the applied field
of 0.5 MV/cm [16], CBP doping into BAlq is
expected to increase the holes-transporting to the
BALq: CBP layer. Indeed, as the concentration of
CBP doping in BAlq changes from 1 wt% to
5 wt% and to 8 wt%, the corresponding maximum
luminance efficiency reduces from 12.5 cd/A at
0.12 mA/cm2 to 8.6 cd/A at 0.37 mA/cm2 and to
7.7 cd/A at 0.71 mA/cm2. Therefore, we can con-
firm that the low efficiencies of device A are attrib-
uted to some holes-transporting to subsequent
layer, leading to the cathode quenching caused by
non-radiative energy transfer as well as the outcou-
pling problems [17]. As for our WOLEDs, it seems
that the holes are effectively confined in the emissive
layers by the 30-nm-thick BALq. As a result, the
electrons will predominately recombine with
the holes in the emissive layers and subsequently
the balance of hole and electron currents is
improved, corresponding to the high-efficiency of
14.6 cd/A.
4. Conclusions

In summary, we have demonstrated a high-effi-
ciency WOLED by doping yellow and blue fluores-
cent dyes in CBP, separately. Comparing the
performances of different concentration of the yel-
low dye and the various thicknesses of the blue
emissive layer, we have obtained the optimized
structure of ITO/NPB (50 nm)/CBP: Rubrene
(5 wt%, 20 nm)/CBP: N-BDAVBi (2 wt%, 15 nm)/
BAlq (30 nm)/LiF/Al. The maximum luminance
and power efficiencies of the WOLEDs are
14.6 cd/A and 9.5 lm/W at 0.01 mA/cm2, with the
maximum brightness of 20100 cd/m2 at 17.8 V.
The quite stable white emission in CIE coordinates
slightly varies from (0.27, 0.37) to (0.28, 0.36) as
the applied voltage increases from 6 V to 16 V.
The high efficiencies are ascribed to the balance of
holes and electrons, as well as an effective confine-
ment of carriers within the emitting layers.
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Abstract

A highly efficient deep blue polymer light-emitting diode based on poly(9,9-dioctylfluorene) is demonstrated. The per-
formance is found to increase significantly with the molecular weight. Two different molecular weights are compared, one
is 71,000 and the other is 365,000. The electroluminescent efficiency and color stability are improved by slightly doping
hole traps into the emission layer and bilayer structure. The maximum efficiency is 3.8 cd/A with the corresponding exter-
nal quantum efficiency of 3.7% at deep blue with Commission Internationale de L’Eclairage (CIE) coordinate at (0.15,
0.09). Stable blue emission is maintained up to 6600 cd/m2 without growth of green shoulder in emission spectrum.
� 2007 Elsevier B.V. All rights reserved.

Keywords: Polymer light-emitting diodes; Blocking layer; Molecular weight; Deep blue; Stability
Conjugated polymer light-emitting diodes (PLED)
have generated a great deal of interest due to their
easy solution process, potentially high emission effi-
ciency and many optoelectronic applications. There-
fore, they are viewed as the material for light-weight
large-area flat panel display of the new generation.
One promising way for display application is using
the white PLED combined with color filters. For this
purpose highly efficient blue PLED is critical to
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.11.003
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achieve white PLED through energy transfer by
using the blue emitters as the host and red/green
emitter as the dopants [1,2]. Deep blue PLED is more
essential than the sky blue one in making white light.
However the deep blue material still remains a chal-
lenge due to their large band gap and difficulty in
charge balance. Up to now, the highest reported effi-
ciency for deep blue PLED is about 3 cd/A by the
Covion company with unavailable chemical struc-
ture [3]. The most well-known and commonly used
materials for deep blue PLED are polyfluorene
(PF) and its derivatives due to their high photolumi-
nescence quantum efficiency [4–7]. However, they
.
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Fig. 1. Schematic electronic energy profile for the (A) type I
(PFO: 1 wt% TFB) device structure (B) type II (TFB/ PFO)
device structure. The numbers are in eV.
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still suffer from low electroluminescence (EL) effi-
ciency due to the poor charge balance caused by
the difficulty in electron injection and transport. In
addition, the color is unstable due to the formation
of excimer in its liquid crystalline phase and ketone
defect in the presence of oxygen [8,9]. Among all
the PF derivative poly(9,9-dioctylfluorene) (PFO) is
archetypical and the easies to synthesize. It would
greatly reduce the barriers to make high-perfor-
mance blue PLED using simply PFO. The optical
and morphological properties of PFO have been
shown to depend sensitively on the molecular weight
[10]. In general the higher molecular weight implies
better stability and purity of the material. The low
molecular weight polymers are also known to have
poor color stability due to easier chain motions
under device operation. Removal of the low molecu-
lar weight components is known to improve the per-
formance [11]. So far the efficiency remains far lower
than the Covion material even with molecular weight
control. In this work we employ a high molecular
weight PFO with MW up to 365,000 to demonstrate
a deep blue PLED with efficiency as high as 3.8 cd/A
with corresponding external quantum efficiency
3.7%, which is even better than the Covion blue
PLED. Color stability is also improved relative to
the low molecular weight counterpart. High molecu-
lar weight is found to enhance the electron current
resulting in a better charge balance. Moreover, the
efficiency is significantly enhanced by the doping of
hole traps [12]. Instead of using a cross-linking poly-
mer [13], a soluble hole-transport layer (HTL) is
added by buffer liquid method [14] to increase the
efficiency.

In this letter, three types of device are fabricated,
including the doped host–guest emission layer
(EML) in single layer structure (type I), HTL/
EML bilayer device (type II), and HTL/host–guest
EML bilayer device (type III). Fig. 1A shows the
schematic energy profile for type I devices and
Fig. 1B for type II. Low molecular weight PFO
(MW = 71,000) and high molecular weight HMW-
PFO (MW = 365,000) purchased from American
Dye Source (ADS) are chosen as light-emitting
polymers without any further purification.
Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,40-(N-(4-
sec-butylphenyl))diphenylamine)] (TFB, MW =
197,000, purchased from ADS) are chosen as dop-
ant for type I devices and HTL for the bilayer
devices (type II and type III). Single layer PLEDs
based on PFO and HMW-PFO without any TFB
are made as standard devices. All PLED devices
are fabricated on glass substrates with poly-
(3,4-ethylenedioxythiophene):poly-(styrenesulfonate)
(PEDOT:PSS) layer on a patterned ITO layer. For
type I devices 1 wt% of TFB is blended into PFO
and HMW-PFO individually as the dopant. The
film is formed by spin-coating and baking at 120
�C in vacuum (10�3 torr) for 40 min to remove the
solvent. For type II and type III devices TFB dis-
solved in toluene is spin-coated to make a 30 nm
thin film then baked at 180 �C in vacuum for
40 min. PFO and HMW-PFO are also dissolved in
toluene and spin-coated to make bilayer devices
(type II and III) by a liquid buffer layer to prevent
the dissolution problem [14]. For the bilayer struc-
ture, PFO layer is baked in vacuum at 120 �C for
1 h to remove the residual 1,2-propylene glycol
liquid buffer and organic solvent. Except for the
PEDOT:PSS layer all the fabrication processes are
carried out in the glove box to reduce oxygen
adsorption of PFO. CsF (2 nm)/Al (100 nm) are
deposited as cathode by thermal evaporation [15].
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Finally all devices are packaged in the glove box.
The film thickness is measured by Kosaka ET4000
Surface Profiler. The EL efficiency is measured by
photo research PR650 spectrophotometer inte-
grated with Keithley 2400 multimeter. The PL effi-
ciency is measured by an integrating sphere
system. Ionization potential (IP) is measured by cyc-
lic voltammetry and electron affinity (EA) is calcu-
lated by IP plus band gap determined by the
ultraviolet absorption spectrum. Below we present
the low molecular weight results first and the high
molecular weight results latter.

Fig. 2 shows the results of PFO-based devices.
The maximum efficiency of type I (PFO: 1 wt%
TFB) device are 2.3 cd/A with the corresponding
EQE of 1.99%, which is three times higher than that
of the standard PFO device (EQE = 0.63%) without
TFB doping. This indicates that TFB plays the role
of hole trap in the host–guest EML and the effective
hole mobility is reduced. The efficiency is enhanced
due to the better carrier balance. The maximum effi-
Fig. 2. The performances of PFO devices: standard PFO device
(solid square), type I (PFO: 1 wt% TFB) device (open square),
type II (TFB/PFO) device (solid circle) and type III (TFB/PFO:
1 wt% TFB) device (open circle). (A) The current efficiency. Insets
are the EL spectra. (B) The luminance. Inset is the current
density.
ciency of type II device (TFB/PFO) is 1.64 cd/A
with the corresponding EQE of 1.29%, which is also
two times higher compared to the standard one. As
seen in Fig. 1B, at the interface between TFB and
PFO there is a hole barrier from the TFB side and
electron barrier from the PFO side. The recombina-
tion zone is hence expected to concentrate in the
PFO region near the interface, unlike the case of sin-
gle layer PFO where the recombination zone is
expected to be near the cathode due to the low elec-
tron mobility. The cathode quenching effect in the
bilayer structure is therefore less severe than the sin-
gle layer case, thus explaining the improved effi-
ciency in type II even without any doping. The
type III device (TFB/PFO: 1 wt% TFB) combines
the functions of type I and type II devices. The max-
imum efficiency of type III is 1.5 cd/A with the cor-
responding EQE of 1.18%. The efficiency of type III
does not get better than type I or type II device.
Compared with device I, the HTL in device III
may cause too much hole injection and destroy
the balance already established by TFB doping.
Compared with device II, the holes in device III
may be less confined at the interface due to the easy
injection from HTL into the TFB dopants to cause
more cathode quenching.

Now we turn to the case of high molecular weight
PFO with MW equal to 356,000. The basic physical
picture and the relative efficiencies of the device
types are the same as the low molecular weight
PFO. However the absolute values of the perfor-
mance parameters are greatly enhanced by the
increasing molecular weight. The results of HMW-
PFO devices are shown in Fig. 3. The maximum effi-
ciency of type I device (HMW-PFO: 1 wt% TFB) is
2.8 cd/A for thickness of 100 nm with the corre-
sponding EQE of 2.04%. When the thickness is
reduced to 60 nm, the maximum efficiency is
enhanced to the remarkable value of 3.8 cd/A with
the corresponding EQE of 3.7% and power effi-
ciency of 2.6 l m/W. The emission color is deep blue
with Commission Internationale de L’Eclairage
(CIE) coordinate = (0.15, 0.09). It is well-known
that the main limiting factor for the blue polymer
LED is the electron transport. Because of the small
electron affinity electrons in PFO are highly suscep-
tible to the impurities, with either chemical or struc-
tural nature, which commonly causes electron trap
states inside the energy gap. High molecular weight
polymers usually implies low impurity level after the
synthesis. In addition, in the high molecular weight
polymer there are much less chain ends which



Fig. 3. The performances of HMW-PFO devices: standard
HMW-PFO device (solid triangle), type I (HMW-PFO: 1 wt%
TFB) device of thickness 100 nm (open triangle), type I (HMW-
PFO: 1 wt% TFB) device of thickness 60 nm (solid star), type II
(TFB/PFO) device (solid rhombus) and type III (TFB/PFO:
1 wt% TFB) device (open rhombus). (A) The current efficiency.
Insets are the EL spectra. (B) The luminance. Inset is the current
density.
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themselves are considered as some kind of traps
[10]. Moreover, the chain entanglement and thermal
as well mechanical stability are improved by the lar-
ger molecular weight and may result in less struc-
tural defects like aggregation formation. It is quite
Table 1
Performance of PLEDs in this work

Label Max. current efficiency
(cd/A)

PFO 1.0 (at 5.5 V)
PFO: 1 wt% TFB 2.3 (6 V)
TFB/PFO 1.6 (5 V)
TFB/PFO: 1 wt% TFB 1.5 (6.5 V)
HMW-PFO 0.8 (5 V)
HMW-PFO: 1 wt% TFB (100 nm) 2.8 (6 V)
HMW-PFO: 1 wt% TFB (60 nm) 3.8 (4.5 V)
TFB/HMW-PFO 2.1 (5 V)
TFB/HMW-PFO: 1 wt% TFB 1.4 (5 V)

The Max. luminance is defined as the highest luminance before the gro
intriguing that the reduction of the thickness has
such a dramatic effect on the efficiency. Apparently
the high electric field helps the electron injection and
mobility, especially for the high molecular PFO with
less traps, therefore in the thin samples the charge
balance and enhance the efficiency are improved
despite of the concurrent negative effect of more
cathode quenching. The maximum efficiency of type
II (TFB/HMW-PFO) device is 2.1 cd/A with corre-
sponding EQE of 1.8% which are slightly higher
than the low molecular weight counterpart. The
maximum efficiency of type III (TFB/HMW-PFO:
1 wt% TFB) is 1.4 cd/A with corresponding EQE
of 1.1% roughly the same as the low molecular
weight counterpart. The luminance at a given volt-
age for HMW-PFO is however always much higher
than low molecular weight PFO, supporting the
assumption of higher electron current.

In addition to efficiency, another equally critical
issue for blue PLED is the color stability at higher
voltage. As discussed above polyfluorene is known
to have the tendency to show pronounced green
emission at the shoulder of the spectrum due to
either aggregate or ketone defects. As a result it is
commonly observed that the emission spectrum
suddenly changes from blue to green beyond some
critical voltage. The maximal luminance below
which there is no spectral shift can be taken as a
measure for the color stability. As shown in Table
1, in general HMW-PFO shows a much higher max-
imal luminance compared with PFO. In particular,
type I device with 100 nm thickness sustains stable
deep blue emission up to almost 7000 cd/m2. Such
brightness is more than enough for most of the dis-
play and lighting applications. Note also that the
color stability of the three types are all enhanced rel-
ative to the standard single layer sample. We suspect
Max. EQE
(%)

Max. power efficiency
(l m/W)

Max. luminance
(cd/m2)

0.63 0.6 (5 V) 2967 (at 8.5 V)
1.99 1.3 (5 V) 3788 (10 V)
1.29 1.1 (4.5 V) 3205(10 V)
1.18 0.8 (5 V) 2435 (10 V)
0.62 0.5 (5 V) 3554 (8.5 V)
2.04 1.5 (5 V) 6604 (10 V)
3.7 2.6 (4.5 V) 4235 (7 V)
1.8 1.4 (4 V) 5388 (10 V)
1.1 1.0 (4 V) 3773 (10 V)

wth of green peak in emission spectrum.
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that with either TFB blending or bilayer structure
the recombination zone of the device is moved away
from the cathode where a higher concentration of
oxygen or other defects are present and the poly-
mers are less stable under electroluminescence.

The mechanisms for the efficiency improvement
are clarified by further experiments. Fig. 4A gives
the direct evidence that TFB plays the role of hole
trap by measuring the hole currents of hole-only
devices with and without blending TFB. The hole
current is reduced about one order of magnitude
with a light TFB doping of 1 wt%. In addition, elec-
tron-only devices for PFO and HMW-PFO are
compared. The results are shown in Fig. 4B. The
effective work function of CsF/Al is 2.6 eV [16]. It
there forms a Ohmic contact with PFO whose elec-
tron affinity is 2.8 eV, and the current is bulk-limited
instead of injection limited. In the inset we calculate
the electron mobility by using space-charge-limited
current (SCLC) voltage–current relation J SCLC ¼
9
8
ele

ðV�V biÞ2
L3 . J is the current density, e is the permit-

tivity of the polymer, le is the electron mobility, V is
driving voltage, V bi is the built-in voltage, and L is
Fig. 4. (A) Hole-only currents of PFO (solid circle) and PFO:
1 wt% TFB (open circle) devices. (B) Electron-only currents of
HMW-PFO (solid square) and PFO (open square) devices. Inset
is calculated electron mobility.
the polymer thickness. Both the current and the
electron mobility of HMW-PFO is higher than that
of PFO. This might be due to the greater chain
length of HMW-PFO for longer intrachain trans-
port and the reduced impurities which act as elec-
tron traps as discussed above. Finally we compare
the photoluminescence (PL) quantum efficiency.
The PL efficiency is 40% for PFO and 50% for
HMW-PFO. More surprisingly the PL efficiency is
enhanced to 75% by slightly doping TFB into
HMW-PFO, which might be attributed to the
decrease of the aggregation formation in polyfluo-
rene [17].

In conclusion, the PLED performance for PFO
with high molecular weight up to 360 K is superior
to the ordinary low molecular weight PFO. The
high molecular weight implies a higher electron
mobility and better color stability at high lumi-
nance. By blending a hole-transport polymer TFB
into PFO as the hole trap to enhance the charge bal-
ance, the efficiency reaches as high as 3.8 cd/A
(3.7%) in the deep blue for high molecular weight
PFO. Maximal stable blue emission is also doubled
by the molecular weight control. The originally
unpromising PFO now reaches a even better perfor-
mance than the Covion blue polymers with closed
chemical structures.
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Abstract

The triazine compound 4,40-bis-[2-(4,6-diphenyl-1,3,5-triazinyl)]-1,10-biphenyl (BTB) was developed for use as an elec-
tron transport material in organic light emitting devices (OLEDs). The material demonstrates an electron mobility of
�7.2 � 10�4 cm2 V�1 s�1 at a field of 8.00 � 105 V cm�1, which is 10-fold greater than that of the widely used material
tris(8-hydroxyquinoline) aluminum (AlQ3). OLEDs with a BTB electron transport layer showed a �1.7–2.5 V lower driv-
ing voltage and a significantly increased efficiency, compared to those with AlQ3. These results suggest that BTB has a
strong potential for use as an OLED electron transport layer material.
� 2007 Elsevier B.V. All rights reserved.

PACS: 72.80.Le; 78.60.Fi; 73.50.�h; 73.61.�r

Keywords: Organic device; Charge transport; Electron mobility; Triazine; OLED
1. Introduction

Tris(8-hydroxyquinoline) aluminum (AlQ3) is the
electron transport material (ETM) used in the vast
majority of small-molecule based organic light
emitting devices (OLEDs). This has been the case
since Tang and VanSlyke first reported a bi-layer
OLED employing AlQ3 and a diamine hole trans-
port material (HTM), over twenty-five years ago
[1]. Although subsequent advancements in OLED
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.11.004
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technology included the development of better per-
forming HTMs that gradually replaced the earlier
ones [2–6], AlQ3 continues to be widely used. It
has remained despite the increasing realization that
alternative ETMs with higher electron mobility are
necessary for reducing OLED driving voltage and
increasing efficiency. The situation arose, perhaps,
from the difficulty to develop materials that can
surpass AlQ3 in electron mobility yet still show
adequate electrochemical stability – especially in
anionic states formed during electron transport pro-
cesses – and the ability to form a good contact with
the cathode metal. Numerous materials, including
.
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Fig. 1. Molecular structure of BTB electron transport material.

Fig. 2. Structural diagram of the devices used to measure the
bulk electron mobility of BTB and AlQ3 by the photoinduced
electroluminescence method. Where, Ag is the silver cathode,
CGL is the charge generator layer, and ITO is the indium tin-
oxide anode.
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various oxidiazoles, triazoles, and triazines
[7–9], have been tested, and more recently, some
materials with higher electron mobility, such as
bathophenanthroline (BPhen) [10], have shown
promise. Nevertheless, AlQ3 still remains by far
the most commonly used OLED ETM. Alternate
approaches to reduce the device driving voltage
have also been pursued. Among these approaches,
doping the electron transport layer (ETL) with an
n-type dopant has been particularly successful
[11,12]. However, the approach requires co-deposi-
tion of the ETM and dopant; therefore, it lacks
the inherent simplicity of using a single material.
In addition, there has been speculation that such
dopants may play a role in limiting the stability of
these devices.

In this article, we present results from a study of
the novel ETM 4,40-bis-[2-(4,6-diphenyl-1,3,5-triazi-
nyl)]-1,10-biphenyl (BTB) for which the molecular
structure is depicted in Fig. 1 [13]. The material is
found to demonstrate an electron mobility of
�7.2 � 10�4 cm2 V�1 s�1 at a field of 8.00 � 105 V
cm�1, which is an order of magnitude higher than
that of AlQ3. Replacing AlQ3 with BTB as the
ETL material in green emitting OLEDs leads to a
significant decrease in the device turn-on voltage.
At a brightness of 100 cd m�2 the driving voltage
of a device with a BTB ETL was 3.25 V, �1.70 V
lower than its counterpart with an AlQ3 ETL. At
this brightness, the power conversion efficiency of
the two devices was 10.18 and 4.60 lm W�1,
respectively.

2. Experimental

2.1. Synthesis of BTB

4,4-Biphenyldicarbonyl chloride (11.52 g, 41.28
mmol), 1,2-dichlorobenzene (80 mL), thionyl chlo-
ride (2.0 mL), and aluminum chloride (11.56 g,
86.69 mmol) were placed in a 500 mL round-bottom
flask. While stirring, benzonitrile (17.28 mL, 169.25
mmol) was added slowly, and the resulting reaction
mixture was heated under argon to 150 �C for
30 min. The temperature of the reaction was
reduced to 120 �C then ammonium chloride
(9.05 g, 169.25 mmol) was added. The reaction mix-
ture was then stirred at 170 �C for an additional
20 h. The reaction was then cooled to room temper-
ature after which it was poured into 400 mL of
methanol and stirred for 30 min. The precipitates
were collected by filtration, washed with methanol,
and then dried. The crude product was then purified
twice by sublimation to produce the desired
material as a white solid (yield: 46%). Melting point
(m.p.): 362 �C. 1H NMR (300 MHz, CDCl3–
CF3COOD) d [ppm]: 7.76 (t, J = 7.8 Hz), 7.92
(t, J = 7.8 Hz), 8.10 (d, J = 8.6 Hz), 8.63 (d, J =
8.4 Hz), 8.84 (d, J = 8.6 Hz). 13C NMR (300 MHz,
CDCl3–CF3COOD) d [ppm]: 129.1, 129.3, 130.3,
130.4, 130.9, 131.9, 137.8, 147.8, 169.1, 169.4. IR
(KBr): 1129.1, 129.3, 130.3, 130.4, 130.9, 131.9,
137.8, 147.8, 169.1, 169.4. IR (KBr) [cm�1]: 1588,
1564, 1525, 1445, 1368, 842, 827, 765, 690, 645.

2.2. Fabrication of devices

Devices for mobility; current density, voltage,
luminance (J–V–L); and stability measurements
were prepared in a manner similar to that described
by Tang and VanSlyke in which successive layers of
material were vapor deposited on to an ITO pat-
terned, UV light cleaned glass substrate [1]. The
structures of the devices used in each measurement
are shown in Figs. 2–4, and similar parameters



Fig. 3. Structural diagram of the organic light emitting devices
used for the current density, voltage, luminance measurements.

Fig. 4. Structural diagram of the organic light emitting devices
used for the stability (luminance vs. time) measurements.
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(e.g. evaporation rates) were used in the preparation
of each.

Devices for the mobility measurements (Fig. 2)
were prepared in the following manner. First,
10 nm of hole transporting NPB was deposited at a
rate of 0.1 nm s�1, followed by a 5 nm emissive
electroluminescent layer consisting of AlQ3 and
C545T coumarin dye, co-deposited at 0.35 and
0.003 nm s�1, respectively (where, NPB is N,N0-di-
(naphthalene-1-yl)-N,N0-diphenyl-benzidine and
C545T is 10-(2-benzothiazolyl)-2,3,6,7-tetrahydro-
1,1,7,7-tetramethyl 1-1H,5H,11H-(1)-benzopyro-
pyrano(6,7,8-i,j)quinolizin-11-one). The C545T
containing layer was included due to its widely
know effect of improving recombination efficiency,
which thus increases measurement signal strength.
Next, a 200 nm layer of either BTB or AlQ3 was
deposited at either 0.2 nm s�1 or 0.35 nm s�1, respec-
tively. It is in these electron transporting layers that
mobility was measured. Following the BTB or
AlQ3 a 5 nm layer of CuPC charge generator was
deposited at 0.15 nm s�1 (where, CuPC is copper
phthalocyanine). Next, 10 nm layers of NPB and
AlQ3 were deposited successively, at 0.12 nm s�1

and 0.35 nm s�1. This last layer of NPB served as
an electron blocking layer [14], and the final layer
of AlQ3 served the sole purpose of improving adhe-
sion of the cathode [14,15]. Finally, a Ag cathode
of 90 nm was deposited at 0.1 nm s�1.

Similarly, OLEDs for the J–V–L measurements
(Fig. 3) were prepared by depositing 60 nm of
NPB followed by a 15 nm emissive layer of co-
deposited AlQ3 and C545T, and then a 45 nm layer
of either BTB or AlQ3. Finally, a two layer cathode
consisting of a 120 nm layer of co-deposited Mg and
Ag (at a 10:1 ratio) followed by a 90 nm capping
layer of Ag was deposited.

The OLEDs for the stability measurements
(Fig. 4) were prepared by first depositing 15 nm of
CuPC followed by 20 nm of NPB. Next, an 80 nm
emissive layer consisting of rubrene, NPB, and
AlQ3 was co-deposited at 0.004, 0.498, and 0.498
nm s�1, respectively (where, rubrene is 5,6,11,12-tet-
raphenylnaphthacene). Then a 10 nm layer of AlQ3

was deposited followed by a 10 nm layer of either
AlQ3 or BTB, which formed the ETL. Finally, a
two layer cathode consisting of a 120 nm layer of
co-deposited Mg:Ag (10:1) followed by a 90 nm
capping layer of Ag was deposited.

Lastly, it should be noted that microscopic exam-
ination of all the devices showed the films to be
smooth and featureless, suggesting an amorphous
morphology.

3. Results and discussion

3.1. Electron mobility

In this study, we used the recently reported photo-
induced electroluminescence (EL) mobility measure-
ment technique [14]. The method is based on
measuring optically induced electroluminescence
transients and allows testing the charge transport
properties in sub-micron thin films that more closely
resemble those used in an OLED. In these devices
(Fig. 2) the thin film (�200 nm) of the material to
be tested is placed between a charge generating layer
(CGL) and an emissive electroluminescent layer.
The three organic layers are sandwiched between
an indium tin-oxide anode and a blocking cathode
(the device structure further included interface thin
layers at the two contacts as outlined in the
experimental section). The charge carrier mobility
is calculated from the average transient time that
carriers – photogenerated in the CGL by a laser
pulse – take to reach the emissive layer while in an
externally applied electric field. The results of the
measurements are shown in Fig. 5. As can be seen,



Fig. 6. Luminance and current density as a function of voltage,
for organic light emitting devices containing either BTB or AlQ3

electron transport layers.

Table 1
Numerical summary and analysis of the current density, voltage,
luminance measurement results shown in Fig. 6. Where, ETL is
the electron transport layer material, J is current density, L is
luminance, V is voltage, gEL is electroluminescence efficiency, and
gP is power conversion efficiency

ETL J

(mA cm�2)
L

(cd m�2)
V

(V)
gEL

(cd A�1)
gP

(lm W�1)

BTB 0.95 100 3.25 10.53 10.18
AlQ3 1.38 100 4.95 7.25 4.60
BTB 10.30 1000 4.05 9.71 7.53
AlQ3 12.15 1000 6.30 8.23 4.10
BTB 25.00 2300 4.51 9.20 6.41
AlQ3 25.00 2040 6.86 8.16 4.74

Fig. 5. Mobility as a function of field for 200 nm thin films of
BTB and AlQ3 electron transport material. Each point represents
the average mobility, determined from 3 individual devices.
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BTB exhibits an order of magnitude higher electron
mobility (le) than AlQ3 across the entire range of
applied fields (E). As expected, both materials exhib-
ited Poole–Frenkel behavior (logle / E1/2), which is
typical of charge transport in amorphous organic
systems at moderate fields [16]. In absolute terms,
BTB has approximately a factor of 10 stronger field
dependency than AlQ3.

3.2. Brightness and efficiency

To investigate the effect that using BTB instead
of AlQ3 has on OLED performance, we tested
OLEDs with ETLs of either of these materials. In
these devices (Fig. 3) NPB served as a hole transport
layer, 0.6% C545T-doped AlQ3 served as the
emissive layer, and ITO and Mg:Ag served as the
anode and cathode, respectively. Under forward
bias the BTB devices gave bright and uniform green
electroluminescence that was essentially identical to
that of the AlQ3 devices (CIE(x,y) coordinates were
(0.317, 0.638) and (0.311, 0.631) for the BTB and
AlQ3 ETL OLEDs, respectively). Fig. 6 shows the
results of J–V–L measurements performed on these
devices. A numerical summary and analysis of the
results is shown in Table 1. As can be seen in
Fig. 6, for a given luminance the OLED devices
containing a BTB ETL have a �1.70–2.50 V lower
driving voltage compared to their AlQ3 counter-
parts. The lower driving voltage has the effect of
increasing the device efficiency, which is noted in
Table 1 by the calculated values for electrolumines-
cence efficiency (gEL) and power conversion effi-
ciency (gP). For example, at a brightness of
100 cd m�2 the driving voltage of a device with a
BTB ETL was 3.25 V, which is �1.70 V lower than
its counterpart with an AlQ3 ETL. At this bright-
ness the power conversion efficiency of the two
devices was 10.18 and 4.60 lm W�1, respectively.
Conversely, at a fixed current density the luminance
for the BTB OLEDs was greater than that of those
containing AlQ3 (luminance values at 25 mA cm�2

are shown in Table 1). The observation can be
attributed to the improved electron/hole balance
and the subsequent increase in electron/hole recom-
bination efficiency that in part results from the use
of a higher electron mobility material. However,
for a more complete picture, the electron injection
energy barrier from the Mg:Ag cathode into the
BTB ETL must be considered, as well. Earlier
experiments (data not shown here) showed that
the inclusion of a very thin (10 nm) BTB injection



Fig. 7. Luminance as a function of time, for organic light
emitting devices containing either BTB or AlQ3 electron trans-
port layers.
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layer at the Mg:Ag cathode of a bilayer NPB
(60 nm)/AlQ3 (75 nm) based OLED lead to a
decrease in driving voltage from 7.7 to 7.4 V, despite
the added thickness of the additional layer. This
observation suggests that the lowest unoccupied
molecular orbital (LUMO) of BTB is somewhere
between 3.0 eV (LUMO of AlQ3) [17] and 3.7 eV
(work function of Mg:Ag) [18]. Further, photolumi-
nescence measurements (data not shown here) show
BTB to have a bandgap (Eg) of �3.1 eV. It follows
that the BTB highest occupied molecular orbital
(HOMO) energy level will be between 6.1 and
6.8 eV (from LUMO + Eg). Given that electron
injection from the Mg:Ag cathode into BTB
requires less voltage, the superior OLED J–V–L

characteristics can be attributed to both the higher
mobility and greater injection efficiency of BTB as
compared to AlQ3.

Finally, it should be noted that the BTB devices
show an interesting trend of diminishing improve-
ment in efficiency over the AlQ3 devices with
increasing current density. The reasons behind this
behavior are still unclear; however, the correlation
of this effect with BTB layer thickness (data not
shown here) may suggest that it is due to a difference
in the space charge limited conduction behavior
between BTB and AlQ3.

3.3. Stability

To investigate the stability of BTB as an ETL, we
tested the material in a mixed emissive layer OLED
[3,19]. The mixed emissive layer structure was cho-
sen due to its known improved stability over the
simplified device structure used for the J–V–L mea-
surements. Hence, the use of a mixed emissive layer
structure is more suitable when comparing perfor-
mance over an extended period of time. In these
mixed emissive layer devices (Fig. 4) CuPC served
as a buffer layer [3], NPB served as a hole transport
layer, a 0.4% rubrene-doped 50:50 mix of NPB and
AlQ3 served as the emissive layer [19], and ITO and
Mg:Ag served as the anode and cathode, respec-
tively. The layers of either AlQ3 or BTB adjacent
to the cathode served as the ETLs, where AlQ3

was used as a reference. To avoid possible complex-
ation between NPB and BTB at the emissive/BTB
contact, a thin interfacial layer of AlQ3 (10 nm
thick) was introduced on top of the emissive layer.
For ease of comparison, this additional layer was
also included in the AlQ3 ETL device. The stability
of the OLEDs was assessed by measuring their lumi-
nance as a function of time at a fixed average cur-
rent density of 31.25 mA cm�2 at 100 �C. The
higher temperature was used to further accelerate
the test where, according to our previous report
the half-life at room temperature is typically nine
times that at 100 �C for a device of this architecture
driven at 31.25 mA cm�2 [20]. The results, shown in
Fig. 7, revealed that both devices have comparable
long-term stability. Thus, replacing the AlQ3 ETL
with one of BTB has almost no effect on overall sta-
bility. Microscopic examination of the OLEDs after
the test, again, showed the films to be smooth and
featureless, suggesting no change in the amorphous
morphology. The high stability of these devices can
partially be attributed to the high morphological
stability of BTB, which, based on our differential
scanning calorimetry measurements, has a glass
transition temperature of 137 �C.

4. Conclusions

In summary, the bulk mobility of physically
vapor deposited (PVD) thin-films of BTB and
AlQ3 were measured by the photoinduced EL
method [14]. As well, a comparison of the J–V–L

characteristics of OLEDs prepared with either a
BTB or AlQ3 ETL was made. It was found that
the mobility of the BTB films was one order of mag-
nitude larger than that of AlQ3, for example mobil-
ity values of 7.2 � 10�4 and 4.9 � 10�5 cm2 V�1 s�1

at a field of 8.00 � 105 V cm�1 for BTB and AlQ3,
respectively. Due to its higher electron mobility,
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using BTB to replace AlQ3 as an ETL in OLEDs
results in a significant decrease in device driving
voltage and, as a consequence, enhances device effi-
ciency. The results here suggest that BTB indeed has
a strong potential as an ETL in OLEDs, especially
for applications where low power consumption is
important. Although the exact reasons behind the
high electron mobility of BTB are still uncertain,
the difference in mobility may be due to the poten-
tially flatter molecular structure of BTB relative to
AlQ3 [21]. A flatter structure would allow for
increased molecular stacking, and as a result a lar-
ger degree of inter-molecular p–p orbital overlap-
ping; thus, decreasing the inter-molecular hopping
distance for charge carriers.

Acknowledgements

The authors gratefully acknowledge the assis-
tance of Dr. Nan-Xing Hu and Jennifer Coggan.

References

[1] C.W. Tang, S.A. VanSlyke, Appl. Phys. Lett. 51 (1987) 913.
[2] Y. Shirota, Y. Kuwabara, H. Inada, Appl. Phys. Lett. 65

(1994) 807.
[3] S.A. VanSlyke, C.H. Chen, C.W. Tang, Appl. Phys. Lett. 69

(1996) 2160.
[4] S. Tokito, H. Tanaka, K. Noda, A. Okada, Y. Taga, IEEE

Trans. Electron. Dev. 44 (1997) 1239.
[5] S. Okutsu, T. Onikubo, M. Tamano, T. Enokida, IEEE
Trans. Electron. Dev. 44 (1997) 1302.

[6] D.F. O’Brien, P.E. Burrows, S.R. Forrest, B.E. Koene, D.E.
Loy, M.E. Thompson, Adv. Mater. 10 (1998) 1108.

[7] M. Thelakkat, H.-W. Schmidt, Polym. Adv. Technol. 9
(1998) 429.

[8] T. Ishi-i, K. Yaguma, T. Thiemann, M. Yashima, K. Ueno,
S. Mataka, Chem. Lett. 33 (2004) 1244.

[9] T. Yamamoto, S. Watanabe, H. Fukumoto, M. Sato, T.
Tanaka, Macromol. Rapid Commun. 27 (2006) 317.

[10] S. Naka, H. Okada, H. Onnagawa, T. Tsutsui, Appl. Phys.
Lett. 76 (2000) 197.

[11] M. Pfeiffer, S.R. Forrest, K. Leo, M.E. Thompson, Adv.
Mater. 14 (2002) 1633.

[12] G. He, M. Pfeiffer, K. Leo, M. Hofmann, J. Brinstock, R.
Pudzich, J. Salbeck, Appl. Phys. Lett. 85 (2004) 3911.

[13] N.-X. Hu, S. Xie, Z.D. Popovic, B. Ong, A.-M. Hor, US
Patent 5 942 340, 1999.

[14] R.A. Klenkler, G. Xu, H. Aziz, Z.D. Popovic, Appl. Phys.
Lett. 88 (2006) 101.

[15] H. Aziz, Z.D. Popovic, N.-X. Hu, A.-M. Hor, G. Xu,
Science 283 (1999) 1900.

[16] D.M. Pai, B.E. Springett, Rev. Mod. Phys. 65 (1993)
163.

[17] D. Kolosov, V. Adamovich, P. Djurovich, M.E. Thompson,
C. Adachi, J. Am. Chem. Soc. 124 (2002) 9945.

[18] B.J. Chen, X.W. Sun, K.S. Wong, X. Hu, Opt. Exp. 13
(2005) 26.

[19] Z.D. Popovic, H. Aziz, C.P. Tripp, N.-X. Hu, A.-M. Hor, G.
Xu, Proc. SPIE 3476 (1998) 68.

[20] H. Aziz, Z.D. Popovic, N.-X. Hu, Appl. Phys. Lett. 81
(2002) 370.

[21] A. Ranganathan, B.C. Heisen, I. Dix, F. Meyer, Chem.
Commun. (2007) 3637.



Available online at www.sciencedirect.com
Organic Electronics 9 (2008) 291–295

www.elsevier.com/locate/orgel
Small polymeric nano-dot enhanced pure-white
organic light-emitting diode

Jwo-Huei Jou a,*, Mao-Feng Hsu a, Wei-Ben Wang a, Chi-Ping Liu a,
Zhao-Chin Wong a, Jing-Jong Shyue b, Chung-Che Chiang c

a Department of Materials Science and Engineering, National Tsing Hua University, Hsin-Chu 300, Taiwan, ROC
b Research Center for Applied Sciences, Academia Sinica, Taipei 115, Taiwan, ROC

c Department of Applied Chemistry, National Chi Nan University, Nantou Hsien 545, Taiwan, ROC

Received 15 September 2007; received in revised form 18 November 2007; accepted 25 November 2007
Available online 3 December 2007
Abstract

Marked efficiency improvement of a spin-coated phosphorescent pure-white organic light-emitting diode was obtained
by incorporating a novel small polymeric nano-dot (PND) in the hole-transporting layer. The resultant device efficiency
strongly depended on the concentration and size of the PND used. The resultant power efficiency at 100 cd/m2, for exam-
ple, was increased from 6.8 to 23.7 lm/W, an increase of 350%, as 14 wt% PND of 8 nm in size was employed. The
improvement may be attributed to a better carrier-injection balance resulted from hole trapping on the PND.
� 2007 Elsevier B.V. All rights reserved.

Keywords: OLED; Efficiency; Nano dot
1. Introduction

Organic light-emitting diodes (OLEDs), particu-
larly white OLEDs, are increasingly attracting inter-
est because of their potential as flat-panel displays
and for liquid crystal display backlighting and area
illumination [1–4]. These applications require highly
efficient white OLEDs. Numerous approaches have
been reported to improve the efficiency, such as the
use of electroluminescence (EL) efficient phosphores-
cent and/or fluorescent materials [4], coupled with
appropriate device architectures. Efficient devices
typically possess thin device thickness, low carrier-
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.11.005
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injection barrier, effective carrier/exciton confine-
ment, highly efficient host-to-guest energy transfer
and balanced carrier injection [4–14]. Recently, the
incorporation of quantum- or nano-dot in the emis-
sive or another layer has been found to be effective
for some OLED devices [13–18]. However, the mech-
anism of this improvement is not yet clear. A homo-
geneous distribution of the embedded nano-dots
may also be crucial, which restrains the use of a dry
process for their incorporation. In order to obtain
high efficiency, OLED devices must frequently be
kept relatively thin, which would consequently limit
the use of large nano-dots.

In this letter, we present a pure-white OLED with
marked efficiency improvement obtained by incor-
porating small polymeric nano-dot (PND) in
.
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hole-transporting layer (HTL), poly(ethylenedioxy-
thiophene): poly(styrene sulfonic acid) (PEDOT:
PSS). The effects of the size and concentration of
the PND on the EL characteristics of the resultant
devices were examined. The resultant power effi-
ciency at 100 cd/m2, for example, was increased
from 6.8 to 23.7 lm/W, an increase of 350%, when
14 wt% PND of 8 nm in size was employed.

2. Experimental

Fig. 1 shows the schematic energy-level diagram
of the white OLEDs studied. The device comprises
a 1250 Å anode layer of indium tin oxide (ITO), a
350 Å HTL of PEDOT:PSS doped with PND, a
400 Å white emissive layer, a 360 Å electron-trans-
porting layer (ETL) of 2,20,200-(1,3,5-benzenetriyl)-
tris(1-phenyl-1-H-benzimidazole) (TPBi), a 7 Å
electron-injection layer of lithium fluoride (LiF)
and a 1500 Å cathode layer of aluminum (Al). The
white emissive layer was composed of a molecular
host of 4,40-bis(carbazol-9-yl) biphenyl (CBP) doped
with 0.3 wt% red dye of bis[2-(20-benzothienyl)-
Fig. 1. Schematic energy-level diagram of the white OLEDs.
Also shown are the molecular structure and TEM image of the
studied PND.
pyridinato-N,C30] (acetyl-acetonate) iridium (III)
[Btp2Ir(acac)], 0.08 wt% green dye of tris(2-phenyl-
pyridine) iridium (III) [Ir(ppy)3] and 14 wt% blue
dye of bis(3,5-difluoro-2-(2-pyridyl)-phenyl-(2-carb-
oxypyridyl)) iridium (III) (FIrpic).
Fig. 2. Doping concentration effects of the 8 nm PND on the
power efficiency, current density and luminance of the white
OLEDs.



Table 1
The effects of size and concentration of PND and thickness of ETL on the EL characteristics of the white OLEDs

Concentration
of PND (wt%)

Size of
PND (nm)

Thickness of
ETL (nm)

Power efficiency (lm/W)b CIE 1931 chromatic coordinates (x,y)

At 100 cd/m2 Max. At 100 cd/m2 At 1000 cd/m2

0.0 – 36 4.3 ± 0.2 4.9 ± 0.2 (0.333,0.356) (0.315,0.355)
0.7 8 36 7.6 ± 0.3 8.1 ± 0.3 (0.333,0.356) (0.316,0.356)
7.0 8 36 8.9 ± 0.3 10.3 ± 0.3 (0.332,0.356) (0.316,0.355)

14.0 8 36 17.6 ± 0.3 19.2 ± 0.3 (0.332,0.356) (0.316,0.356)
70.0 8 36 6.2 ± 0.2 6.5 ± 0.3 (0.333,0.357) (0.315,0.356)

0.0 – 32 6.8 ± 0.2 6.8 ± 0.3 (0.324,0.357) (0.310,0.353)
10.5 8 32 18.8 ± 0.3 19.3 ± 0.3 (0.324,0.358) (0.310,0.353)
14.0 8 32 23.7 ± 0.3 24.3 ± 0.3 (0.323,0.357) (0.310,0.352)
17.5 8 32 19.9 ± 0.3 21.0 ± 0.3 (0.323,0.357) (0.313,0.355)
21.0 8 32 17.3 ± 0.3 18.2 ± 0.3 (0.323,0.357) (0.310,0.356)

7.0 8a 36 8.9 ± 0.3 10.2 ± 0.3 (0.331,0.358) (0.314,0.356)
7.0 15a 36 7.7 ± 0.3 8.7 ± 0.3 (0.332,0.357) (0.315,0.356)
7.0 30a 36 6.9 ± 0.2 7.5 ± 0.3 (0.331,0.358) (0.314,0.355)

a These devices were fabricated from two different batches.
b Power efficiency was calculated as an average of the data taken from four separated emissive areas on the same glass substrate.

Fig. 3. Doping concentration effects of the 8 nm PND on the
current density of the devices. The hole-injection layers of
PEDOT:PSS doped with x wt% PND were sandwiched by
high-work-function electrode pairs, ITO and gold, and the low-
work-function electrode pairs, calcium. Insets: schematic energy-
level diagrams of the devices.
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The PNDs were prepared by hydrolysis and con-
densation of sodium metasilicate [19]. To examine
the size effect, PNDs with sizes of 8, 15 and 30 nm
were synthesized. Fig. 1 also shows a schematic
illustration of the molecular structure and transmis-
sion electron microscopic (TEM) image of one of
the synthesized PNDs. The resultant PNDs also
exhibited negative charge as determined by the
value of their zeta potential measured with a Nano
ZS ZEN-3600.

The luminance and CIE chromatic coordinates
of the resulted OLEDs were measured by using
Minolta CS-100 luminance-meter. A Keithley 2400
electrometer was used to measure the current–volt-
age (I–V) characteristics. All the devices were char-
acterized without encapsulation and all the
measurements were carried out in the ambient con-
dition. The emission area of all the resultant devices
was 25 mm2 and only the luminance in the forward
direction was measured.

3. Result and discussion

Fig. 2 shows the power efficiency of the white
OLEDs with and without the incorporation of the
8 nm PND. The power efficiency increased as the
doping concentration of PND first increased. With-
out the incorporation of PND, the power efficiency
at 100 cd/m2, for example, was 4.3 lm/W. The power
efficiency became 7.6 lm/W as 0.7 wt% PND was
added. It was further increased to 17.6 lm/W as
14.0 wt% PND was incorporated. By increasing the
PND concentration to 70.0 wt%, the power effi-
ciency dropped to 6.2 lm/W. By fixing the PND con-
centration at 14 wt%, a highest power efficiency
23.7 lm/W was obtained by changing the thickness
of the ETL from 36 to 32 nm. Relatively high sam-
ple-to-sample reproducibility on the power efficiency
data was obtained as shown in Table 1.

Fig. 2 also shows the effects of PND concentra-
tion on the current density and luminance of the
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white OLEDs. The current density continuously
decreased as the PND concentration increased, indi-
cating that the PND had effectively reduced the
injection of hole carrier. The incorporation of tita-
nium oxide nano-dot in a separated layer of a green
OLED was found to enhance the injection of hole
caused by tunneling effect as revealed by the marked
increase of current density and decrease of turn-on
voltage [11–13]. However, in the present work the
turn-on voltage herein did not change much with
the change of PND concentration, revealing the
absence of tunneling effect. The size of the PND,
8 nm, was much smaller than the 35 nm thickness
of the PEDOT:PSS HTL, so that the PND was pre-
sumably well embedded within the HTL. The turn-
on voltage described herein was defined as the volt-
age at which the luminance is equal to or greater
than 10 cd/m2. The resultant luminance, especially
at voltage between 4 and 6 V, did not decrease,
but increased obviously until the PND concentra-
tion was above 14.0 wt%. This indicates that higher
carrier-recombination efficiency was resulted from
the addition of nano-dot to the device, since its cor-
responding current density was comparatively lower
than that of its counterpart without nano-dot
incorporation.

The reason why the incorporation of PND in the
HTL of PEDOT:PSS reduced the injection of hole,
but not electron, can be revealed by the difference in
I–V characteristics of the devices consisting only of
a HTL of PEDOT:PSS sandwiched by high- and
low-work-function electrode pairs, as shown in
Fig. 3. As also shown in the figure, the device with
the low-work-function electrode pair, calcium, pos-
sesses relatively low injection barrier to electron
(0.5 eV) but relatively high injection barrier to hole
Table 2
Doping concentration effects of the 8 nm PND on the EL characteri
emissive layer/second emissive layer/TPBi/LiF/Al

Device First emissive layer Second emissive layer Concentr

I FIrpic (blue) Btp2Ir(acac) (red) 0.0
0.7
7.0
70.0

II Btp2Ir(acac) (red) FIrpic (blue) 0.0
0.7
7.0
70.0

a The voltage is defined as the resultant value obtained at luminance
b The voltage is defined as the resultant value obtained at lumina.
(2.3 eV). Thus any measured current density should
be mainly attributed to electron transport. Regard-
less of the addition amount, the addition of PND
had little effect on the current density of the device
with a calcium electrode pair, indicating that the
PND had no effect on the injection of electron.

The device with the high-work-function electrode
pair, ITO and gold, possesses relatively low injection
barrier to hole (�0.1 eV) but relatively high injection
barrier to electron (2.8 eV), so that any measured cur-
rent density should be mainly attributed to hole trans-
port. Actually, the current density of the device with
the high-work-function electrode pair of ITO and
gold markedly decreased as the concentration of
PND increased, proving that the PND could effec-
tively reduce the injection of hole into the HTL.
The reason why the PND could reduce hole injection
may be attributed to its negative charge character on
surface, whose zeta potential was �5.8 mV as deter-
mined at 8 wt% in a THF suspension.

The size effect of PND on the EL characteristics is
shown in Table 1. By fixing the PND concentration
at 7.0 wt%, for example, the power efficiency at
100 cd/m2 increased from 6.9 to 8.8 lm/W as the size
of PND decreased from 30 to 8 nm. It is plausible
that the smaller PND may have exhibited higher sur-
face charge density, enabling the trapping of more
holes and leading to a more balanced carrier injec-
tion. However, further investigation is needed to
clarify the real cause. Regardless of their size, the
incorporation of PND showed little effect on the
resultant chromaticity of the white device at 100 or
1000 cd/m2. The chromaticity coordinates at
100 cd/m2, for examples, were nearly the same,
(0.331,0.358), (0.332,0.357) and (0.331, 0.358), for
the devices incorporated with 8, 15 and 30 nm PNDs.
stics of the OLEDs of ITO/PEDOT:PSS with x wt% PND/first

ation of PND (wt%) CIE 1931 chromatic coordinates (x,y)

At 5.5 Va At 7.5 Vb

(0.481,0.327) (0.459,0.327)
(0.477,0.322) (0.457,0.320)
(0.475,0.321) (0.456,0.320)
(0.474,0.320) (0.454,0.319)

At 7.5 Va At 10.5 Vb

(0.267,0.311) (0.283,0.312)
(0.268,0.310) (0.285,0.312)
(0.269,0.311) (0.285,0.317)
(0.271,0.313) (0.288,0.317)

P100 cd/m2.
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Although the incorporation of PND showed little
effect on the chromaticity of the white device, the
recombination zone was actually shifted toward the
anode as PND was added. The recombination zone
shift can be evidenced by investigating the effect of
adding PND on the chromaticity of the OLED
devices with two separated emissive layers, one blue
and one red. As shown in Table 2, systematic chro-
matic variation was stronger as the content of PND
was increased. The chromaticity coordinates at
100 cd/m2, for example, were (0.481,0.327), (0.477,
0.322), (0.475,0.321) and (0.474,0.320) for Device I
with 0, 0.7, 7.0 and 70 wt% incorporated PND,
respectively. The blue shift confirmed that the recom-
bination zone would shift toward the blue emissive
layer, which was closer to the anode, as PND was
incorporated. Similarly, Device II showed red shift
as PND was incorporated. In Device II, the red emis-
sion layer was closer to the anode. The red shift in
Device II also confirmed the recombination zone to
be shifted toward the anode as PND was added.

4. Conclusion

In conclusion, a novel small PND was synthesized
and added in the hole-transporting layer, PED-
OT:PSS, to markedly improve the efficiency of a
phosphorescent pure-white organic light-emitting
diode. The device efficiency was strongly dependent
on the concentration and size of the PND. The resul-
tant power efficiency at 100 cd/m2, for example, was
increased from 6.8 to 23.7 lm/W, an increase of
350%, as 14 wt% PND of 8 nm in size was employed.
This improvement may be attributed to a better car-
rier-injection balance resulted from hole trapping on
the added PND, which exhibited negative charge on
surface and hence facilitated hole trapping in the
hole-transporting layer.
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Abstract

A new polythiophene derivative, poly-2,3-bis(4-tert-butylphenyl)-5,8-bis(4-hexylthiophen-2-yl)quinoxaline (PHTQ) was
synthesized by both chemical and electrochemical polymerization and its electrochemical properties were reported. The
monomer was electrochemically polymerized in the presence of tetrabutylammonium hexafluorophosphate (TBAPF6)
as the supporting electrolyte in dichloromethane–acetonitrile (5:95, v:v). Nuclear magnetic resonance (1H NMR) and
Fourier transform infrared (FTIR) were utilized for the characterization of the monomer and the soluble polymer. The
polymer was further characterized by gel permeation chromatography (GPC). Spectroelectrochemistry and switching
ability of the polymer were investigated by UV–vis spectrophotometer and cyclic voltammetry. The polymer revealed
three distinctive colors upon doping which indicated that the polymer is multichromic. tert-Butyl group on the pendant
phenyl rings and hexyl groups on thiophene eased the solution processability of the electrochromic polymer. The electro-
chemical and spectral properties of the chemically synthesized polymer were investigated via spray coating on ITO glass
slides.
� 2007 Elsevier B.V. All rights reserved.

PACS: 65.40.Gk; 82.45.Aa; 78.20.Jq; 82.35.Cd

Keywords: Processable conducting polymers; Multichromism; Electrochemical polymerization
1. Introduction

A reversible optical change in a material caused
by an applied voltage, for both organic and inor-
ganic species is broadly defined as electrochromism
[1]. Generation of absorption bands at different
regions of the visible and NIR regions upon switch-
ing between redox states causes this phenomenon.
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.11.006
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Electrochromism is one of the most popular appli-
cation of conjugated polymers together with appli-
cations like light-emitting diodes (LEDs) [2], solar
cells (SCs) [3] and sensors [4]. Although many con-
jugated polymers revealed electrochromism, for
realization of commercial device applications urgent
need for processable polymers have arisen. There
are vast amount of methods to develop soluble con-
ducting polymers but most common and effective
ones were shown to be synthesis of soluble precur-
sors that forms conductive coating upon heating
[5] and introduction of long alkyl side chains [6] in
.

mailto:toppare@metu.edu.tr


F. Ozyurt et al. / Organic Electronics 9 (2008) 296–302 297
the polymer backbone. Although introduction of
alkyl side chains enhance the ease of processing it
also modify the electronic properties of the resulting
polymers [7]. Many key properties like oxidation
potential of the monomer and the polymer [8], sta-
bility of the oxidized state [9] and band gap [10]
can be changed upon introducing strong electron-
donating alkoxy side chains.

When soluble, processable EC polymers were
shown to be potentially useful materials [11–14],
electropolymerization has always been the most
powerful method for investigation of potential elec-
trochromism in conducting polymers. Structural
modification of the monomer repeat unit is used
to tune the band gap and achieve multicolor electro-
chromic polymers through homopolymerization.
Polyaniline has multiple colored forms depending
on the oxidation state of the polymer film which
include leucoemeraldine (bright yellow), emeraldine
(green), and pernigraniline (dark blue) [15–
17]. Attaching EDOT (3,4-ethylenedioxythiophene)
moieties through the 3- and 6-positions of carbazole
also results in a polymer that exhibits three-colored
multichromism [18]. The multichromism revealed
by these kind of systems occurs due to a conjugation
break along the polymer which results in the forma-
Scheme 1. Synthetic route
tion of radical cation and dication oxidized states.
Multicolored electrochromism observed in a homo-
polymer is a promising property since these type of
materials can be utilized as active layers in many
device applications especially in the information
systems.

In this study, we present the synthesis and char-
acterization of a monomer, 2,3-bis(4-tert-butyl-
phenyl)-5,8-bis(4-hexylthiophen-2-yl) quinoxaline
(HTQ) which was polymerized to give a solution
processable, three-colored multichromic polymer.
Electrochemical homopolymerization of HTQ was
achieved using TBAPF6 as the supporting electro-
lyte from a 10�2 M monomer solution in a mixture
of dichloromethane (DCM) and acetonitrile (ACN)
(5:95, v:v). Chemical polymerization of PHTQ was
achieved using iron (III) chloride as the oxidant.
The band gap (Eg) was calculated as 1.75 eV. The
polymer was obtained as a red–purple powder and
can be easily dissolved in common organic solvents.
The good solubility can be partially attributed to the
two hexyl side chains attached to thiophene units.
The CV and FTIR studies were done to characterize
the resulting polymer. Sequentially, we studied the
optoelectrochemistry and measured the L, a, and b

values of the homopolymer coated on ITO.
for monomer HTQ.



Fig. 2. Scan rate dependence of PHTQ film in TBAPF6/ACN
(a) 100, (b) 150, (c) 200, (d) 250, (e) 300 mV/s.
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2. Results and discussion

2.1. Monomer synthesis

2,1,3-Benzothiadiazole was brominated to com-
pletion in a mixture of HBr/Br2 mixture (yield:
95%) and reduced by excess amount of NaBH4 to
give 3,6-dibromo-1,2-phenylenediamine as pale yel-
low solid. Condensation reaction of 3,6-dibromo-
1,2-phenylenediamine and 1,2-bis(4-tert-butyl-
phenyl)ethane-1,2-dione was performed in ethanol
to afford 2,3-bis(4-tert-butylphenyl)-5,8-dibromo-
quinoxaline in very high yields. The organotin com-
pound was synthesized by lithiation of an equal
molar of 3-hexylthiophene which followed by addi-
tion of tributyltin chloride in the corresponding
mixture. The Stille coupling reaction of 2,3-bis(4-
tert-butylphenyl)-5,8-dibromoquinoxaline with trib-
utyl(4-hexylthiophen-2-yl)stannane was achieved in
anhydrous THF in the presence of catalytic amount
of Pd(PPh3)2Cl2 (Scheme 1).

The reaction proceeded quite nicely to yield the
title compound HTQ in high yields and purity.

2.2. Electropolymerization

To directly synthesize and investigate potential
electrochromic characteristics of the polymer film,
electrochemical polymerization was carried out.
For electrochemical synthesis of PHTQ, 0.1 M tet-
rabutylammonium hexafluorophosphate (TBAPF6)
was used as the supporting electrolyte in dichloro-
methane (DCM): acetonitrile (ACN) (5/95, v/v) sol-
vent mixture. The irreversible oxidation of HTQ
Fig. 1. Repeated potential scan electropolymerization of HTQ at
100 mV/s in 0.1 M TBAPF6/DCM/ACN on ITO electrode.
was observed clearly on the first cycle at 1.3 V ver-
sus Ag wire pseudo reference electrolyte. Fig. 1
shows the repeated cyclic voltammogram of HTQ
on ITO at 100 mV/s. Polymer redox couple reveal
the formation of an electroactive polymer film
(PHTQ) with an oxidation potential of 1.1 V and
a reduction potential of 0.76 V. Current response
versus scan rate graph (Fig. 2) showed a linear rela-
tion which proves that the PHTQ film was electro-
active and well adhered to the ITO electrode.
Additionally, linear relation between anodic peak
potentials and scan rate indicates that electrochem-
ical processes are not diffusion limited and are
reversible [19].

2.3. Chemical polymerization

A typical oxidative polymerization of HTQ was
achieved using iron(III) chloride in a mixture of
nitromethane and chloroform [20].

After the addition of FeCl3 the solution turned
into a dark green solution immediately. The solution
was stirred for 4 h at room temperature and washed
with methanol and dedoped with a hydrazine solu-
tion to yield a saturated red color polymer with high
solubility in common organic solvents. A saturated
chloroform solution was prepared and the polymer
was spray-coated on ITO glass for electrochemical
characterization. The polymer revealed similar cyclic
voltammogram as seen in Fig. 3. The oxidation and
reduction potentials were found to be almost the
same with those given for the film synthesized elec-
trochemically. The scan rate dependence of the
chemically synthesized polymer (cPHTQ) was also



Fig. 3. Cyclic voltammogram of chemically produced PHTQ that
spray-coated on ITO glass at 100 mV/s in 0.1 M TBAPF6/DCM/
ACN.
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investigated. The linear relation between the anodic
peak potentials and scan rate showed that the elec-
trochemical processes are not diffusion limited and
reversible for cPHTQ (Fig. 4). GPC measurements
reveal that the heterogeneity index of the chemically
polymerized polymer was higher compared to that
of the electrochemically synthesized one. This is
due to the rather more controlled polymerization
on the surface of metal electrode in electrochemical
polymerization.

2.4. Spectroelectrochemistry

To investigate the optical changes upon doping,
spectroelectrochemistry studies were performed.
PHTQ was coated on ITO glass slides and spectral
Fig. 4. Scan rate dependence of cPHTQ film in TBAPF6/ACN
(a) 100, (b) 150, (c) 200, (d) 250, (e) 300 mV/s.
changes were investigated by UV–vis-NIR spec-
trometer in a monomer-free 0.1 M TBAPF6 solu-
tion via incrementally increasing applied potential
between 0.4 V and 1.2 V. As illustrated in Fig. 5,
the donor–acceptor type polymer, PHTQ reveals
two distinct absorption bands centered at 345 nm
and 538 nm. At the reduced state, polymer has a
red–purple color (Y: 144, x: 0.407, y: 0.319) and
upon successive oxidation, intensities of both
absorption bands gradually decrease leaving a resid-
ual tail centered at 350 nm. Additionally a low
intensity absorption centered between 430 nm and
600 nm and an absorption at around 800 nm (due
the formation of polaronic band) are formed. All
these absorptions in the visible region resulted in a
green color in the oxidized state (Y: 255 x: 0.314
y: 0.373). Upon further oxidation the absorptions
at 345 and 538 nm depletes totally and the absorp-
tion at 800 nm increases to greater extend resulted
in a dark gray color (Y: 243, x: 0.304 y: 0.349).

The electronic band gaps of the polymer were
calculated as 1.75 eV and 2.46 eV for the two tran-
sitions observed at 345 nm and 538 nm (Fig. 5)
The increase in absorption centered at 800 nm cor-
responds to the formation of polaronic bands.

Spectroelectrochemistry of the chemically syn-
thesized polymer was also investigated. A very sim-
ilar spectrum was obtained for the chemically
synthesized polymer at different applied potentials.
The maximum absorption wavelength for both
bands was found to be almost the same with the
ones synthesized electrochemically. Colorimetry
studies were performed to determine the Y, y, x
Fig. 5. Spectroelectrochemistry of PHTQ film on an ITO coated
glass slide in monomer-free, 0.1 M TBAPF6/ACN electrolyte-
solvent couple at applied potentials (V): (a) 0.4, (b) 0.6, (c) 0.8,
(d) 0.9, (e) 1.0, (f) 1.05 (g) 1.1, (h) 1.125, (i) 1.15 (j) 1.175 (k) 1.2.



Fig. 6. Spectroelectrochemistry of cPHTQ film on an ITO coated
glass slide in monomer-free, 0.1 M TBAPF6/ACN electrolyte-
solvent couple at applied potentials (V): (a) �0.5, (b) 0.85, (c) 0.9,
(d) 0.95, (e) 1.0, (f) 1.05 (g) 1.1, (h) 1.15, (i) 1.2.

Fig. 7. Electrochromic switching, optical absorbance change
monitored at 345 and 538 nm and 2000 nm for PHTQ in 0.1 M
TBAPF6/ACN.
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coordinates of the colors. As seen in Figs. 5 and 6
both polymers revealed very similar colors (see
Table 1).

2.5. Kinetic study

The capability of a polymer to switch rapidly and
demonstrating a remarkable color change are essen-
tial properties for an electrochromic polymer. Elec-
trochromic switching is proven to be one of the
most efficient and easiest ways to observe these
properties.

The % transmittance (T%) at different wave-
lengths including the kmax of the polymer was mea-
sured using a UV–vis-NIR spectrophotometer when
the applied potential was switched between 0.4 V
and 1.2 V with a period of 5 s. The optical contrast
for PHTQ was measured as the difference between
T% in the neutral and oxidized states and calculated
as 10% and 25% at 345 and 538 nm, respectively
(Fig. 7).

Polymer switches between its reduced and oxi-
dized states in less than 2 s at both absorption max-
ima (345 and 538 nm). PHTQ has an excellent
optical contrast of 46% in the NIR region which
Table 1
Colorimetry studies of PHTQ

Potential (V) Color Y x y

0.4 Red–purple 144 0.407 0.319
1.0 Green 255 0.314 0373
1.2 Dark gray 243 0.304 0.349
makes this polymer a good candidate for NIR elec-
trochromic device applications.

3. Conclusion

2,3-Bis(4-tert-butylphenyl)-5,8-bis(4-hexylthio-
phen-2-yl)quinoxaline (HTQ) was synthesized via
Stille coupling reaction. PHTQ was synthesized by
means of both electrochemical and chemical poly-
merization methods and electrochromic properties
of both polymers were investigated in detail. PHTQ
showed satisfactory optical contrasts in the visible
region with three distinctive colors upon doping.
The polymer showed an excellent optical contrast
of nearly 50% in the NIR region which makes this
solution processable polymer a remarkable choice
for NIR device applications. The switching times
of the polymer both in the visible and NIR regions
were shown to be less than 2 s. Multichromic solu-
ble polymer, PHTQ, also stands for an excellent
choice for many electrochromic device applications.
In addition, deep red fluorescence in the dedoped
state makes this polymer a promising candidate as
an active layer in plastic solar cells.
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4. Experimental section

4.1. Materials

All chemicals were purchased from Aldrich except
for THF which was purchased from Across. 4,7-Dib-
romobenzo[1,2,5]thiadiazole [21], 3,6-dibromo-1,2
phenylenediamine [22], 1,2-bis(4-tert-butylphenyl)-
2-hydroxyethanone [23], 1,2- bis(tert-butylphenyl)
ethane-1,2-dione [23], tributyl(4-hexylthiophen-2-
yl)stannane [24] were synthesized according to litera-
ture procedure.
4.2. Monomer synthesis

4.2.1. 2,3-Bis(4-tert-butylphenyl)-5,8-

dibromoquinoxaline:

A solution of 3,6-dibromo-1,2-phenylenediamine
(1.0 g, 3.8 mmol) and 1,2-bis(4-tert-butylphenyl)eth-
ane-1,2-dione (1.223 g, 3.8 mmol) in EtOH (40 ml)
was refluxed overnight by with a catalytic amount
of paratoluenesulfonic acid (PTSA). The mixture
was cooled to 0 �C. The precipitate was isolated
by filtration and washed several times with EtOH
to afford the desired compound. (1.5 g, 72%). 1H
NMR (400 MHz, CDCl3): d: 1.22 (s, 18 H), 7.27
(d, 4 H, J = 8.26 Hz), 7.54 (d, 4 H, J = 8.30 Hz),
7.72 (s, 2 H). 13CNMR (100 MHz, CDCl3): d:
31.30, 34.81, 123.65, 125.31, 129.98, 132.76,
135.25, 139.21, 152.90, 154.10, MS: m/e 552 (M+).
4.2.2. 2,3-Bis(4-tert-butylphenyl)-5,8-bis

(4-hexylthiophen-2-yl)quinoxaline:

2,3-Bis(4-tert-butylphenyl)-5,8-dibromoquinoxa-
line (400 mg, 0.8 mmol) and tributyl(4-hexylthio-
phen-2-yl)stannane (1832 mg, 4 mmol) were
dissolved in dry THF (100 ml), the solution was
purged with argon for 30 min and PdCl2(PPh3)2

(120 mg, 0.171 mmol) was added at room tempera-
ture under argon atmosphere. The mixture was stir-
red at 100 �C under argon atmosphere for 15 h,
cooled and concentrated on the rotary evaporator.
The residue was subjected to column chromatogra-
phy to afford an orange solid (320 mg, 55%).

1H NMR (400 MHz, CDCl3): d: 0.83 (t, 6H), 1.27
(m, 30H), 1.64 (m, 4H), 2.60 (t, 4H, J = 7.3 Hz),
7.02 (s, 2 H), 7.30(d, 4H, J = 8 Hz), 7.65(d, 4H,
J = 8 Hz), 7.66 (s, 2H), 7.96(s, 2H), MS: m/e 727
(M+).

13C NMR (400 MHz, CDCl3): d: 13.11, 21.65,
28.12, 29.62, 30.28, 30.80, 33.73, 122.51, 124.07,
125.65, 127.07, 129.13, 130.14, 134.97, 136.12,
137.65, 141.81, 150.40, 151.11.
4.3. Polymer synthesis

Oxidative polymerization of HTQ was achieved
by FeCl3 in a 50 ml mixture of nitromethane and
chloroform (90/10, v/v) containing 10�2 M mono-
mer. The monomer to oxidizing agent ratio was
1:4. The mixture was stirred for 4 h at room temper-
ature. The solution immediately turned to dark
green which is the color of the electrochemically
produced film in the oxidized state. The polymer
was washed with methanol several times, dissolved
in a mixture of THF and 50% aqueous solution of
hydrazine and stirred overnight at room tempera-
ture for complete dedoping. A deep red solution
was obtained. THF was evaporated under reduced
pressure. Chloroform was added to residue and
the organic phase was extracted several times with
water. Combined organic phases were evaporated
and the residue was washed with acetone several
times to remove unreacted monomer. The polymer
was then dried under vacuum to give the title com-
pound in high yields (90–95%).

1H NMR (400 MHz, CDCl3): d: 0.77, 1.25, 1.66,
2.73, 7.18, 7.30, 7.68, 7.89, 8.09.

GPC (cPHTQ), Mn = 26,951, Mw = 56,892,
HI = 2.11.

(PHTQ), Mn = 22,458, Mw = 38, 403, HI = 1.71.
IR (drift) v: 555, 837, 1072, 1153, 1280, 1350,

1473, 1539, 1631, 2877, 2966 cm�1.
4.4. Equipments

A Voltalab potentiostat was used for all electro-
chemical studies. Electropolymerization was per-
formed in a three-electrode cell consisting of a
indium tin oxide doped glass slide (ITO) as the
working electrode, platinum wire as the counter
electrode, and Ag wire as the reference electrode.
1H and 13C NMR spectra were recorded in CDCl3
on Bruker Spectrospin Avance DPX-400 Spectrom-
eter. Chemical shifts were given in ppm downfield
from tetramethylsilane. Varian Cary 5000 UV–vis
spectrophotometer was used to perform the spectro-
electrochemical studies of the polymer. Colorimetry
measurements were done via Minolta CS-100 Spec-
trophotometer. FT-IR spectra were obtained using
a Varian 5000 FT-IR spectrometer. Number aver-
age molecular weight was determined by gel perme-
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ation chromatography (GPC) using a Polymer Lab-
oratories GPC 220.
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Abstract

An organic electronic ion pump, including poly(3,4-ethylenedioxythiophene) as the active material has been used to
electronically control the transport of protons between two electrolytes and to change the pH of the target solution from
7 to 3 in a few minutes. The number of transported protons equals the time-integrated current between the two addressing
electrodes. If no voltage is applied the leakage due to diffusion is not detectable, which indicates an overall proton delivery
on/off ratio exceeding 1000. Locally, the pH drop can be even larger and the relationship between the proton delivery rate
of the pump and proton diffusion in the electrolyte forms pH gradients. If the device is instead addressed with short pulses,
local pH oscillations are created. The transport of protons presented here can be extended to other small sized ions, which
in combination with the biocompatibility of the delivery surface make the device promising for cell communication studies
and lab-on-a-chip applications.
� 2007 Elsevier B.V. All rights reserved.

PACS: 81; 82.35Cd; 82.45�h; 87

Keywords: Electronic ion pump; Conjugated polymer; pH; Ion oscillations
1. Introduction

In biology, intra- and intercellular communication
depend to a large extent on spatially as well as tempo-
rally regulated ion fluxes and gradients [1,2]. Such
ionic signals often have an oscillatory character, thus
creating specificity for diverse cellular mechanisms.
This is exemplified by neurotransmitter exocytosis,
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.11.011
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which is triggered within microseconds and, at the
other end of the scale, cell proliferation and fertiliza-
tion with periodicities of several hours [3].

Living organisms are critically dependent on the
physiological proton concentration. The intracellu-
lar pH levels of the cytosol and different organelles
are crucial for the function of most macromolecules
in our body and membrane gradients, created by
proton pumps [4], are necessary for the cellular
metabolism via the respiratory chain. The pH is
typically close to 7 [5,6] but can vary depending
on specific functions of intracellular compartments.
.
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In e.g. the phagosomes of immune cells, the pH can
be as low as 5.5 to create a lethal environment for
pathogenic microorganisms [7,8]. Also, as studied
by e.g. Wolf and coworkers [6,9], the pH in the
extracellular microenvironment is an important reg-
ulator of many cellular functions and interactions
and can decrease to five close to tumor cells. The
most acidic extracellular environment in the body
is the stomach, where the very high proton concen-
tration (pH 2) helps in the digestion of food [10].

Apart from actuating cellular responses, induced
gradients and fluctuations in pH have many other
potential applications regarding e.g. peptide organi-
zation [11], interfacial properties [12] and isoelectric
separation [13].

Similarly to biological systems, electrochemical
organic electronic devices utilize ions as information
carriers [14,15]. Conjugated polymer–polyelectro-
lyte systems, which can work as both ionic conduc-
tors and electron-to-ion transducers are therefore
well-suited materials for electronic control of bio-
logical systems. In addition, the inherent biocom-
patibility [16,17] of many such polymers in
combination with the ease (ultimately low cost) of
manufacturing on flexible and transparent sub-
strates, make them promising candidates for
single-use bioelectronic applications. Conjugated
polymer electrodes have therefore been explored
extensively in the delivery devices to offer electronic
control of the release of charged species [18–21].
Particular interest has been devoted to electrically
trigger the delivery of bio-relevant ions to regulate
various physiological mechanisms and overall sig-
naling in biological systems. These electrodes typi-
cally operate according to the principle that the
charged (bio-)molecule is to a varying extent impris-
oned inside the polymer bulk, as predicted by the
oxidation state of the conjugated polymer [21–23].
When the electrode is electrochemically switched,
its volume, water content and charging character
changes, and the coupling to the source molecule
is altered. So, in one oxidation state the molecule
can more freely diffuse out from the polymer and
induce desired effects in the adjacent biological sys-
tem. However, such electrodes typically suffer from
a number of limitations. First, the spontaneous ion
exchange in between the electrode and the target
fluid is high independently of the oxidation state
of the polymer. This reduces the on/off ratio. Also,
the electrodes can in general store a rather low over-
all concentration of the charged source species. This
limits these electrodes to applications, in which the
source species has strong therapeutic effect already
at very low concentrations. Third, there is little cor-
relation between the electronic signal (current or
voltage) applied to the electrode and the amount
of ions emitted out from the polymer surface, which
makes it difficult to deliver an exact dose. The ulti-
mate drug delivery electrode must fulfill several req-
uisites, the most important ones are: perfect match
between the addressing signal and the release rate
over time and the possibility to entirely shut off
the release of charged species during desired
moments [19]. With such characteristics, the elec-
tronic delivery device can produce oscillations of
the source species at high enough concentrations
matching the signaling levels of biology.

We have in earlier work [24] developed an
organic electronic ion pump to, as a first step, gain
electronic control of ion homeostasis of individual
neuronal cells. Here, we utilize the organic elec-
tronic ion pump to create electronically controlled
pH gradients and local oscillations on single plastic
chips, without the need for mechanical valves and
pumps that create convection at the point of deliv-
ery. The ion pump includes a delivery electrode that
can be regenerated via electrophoretic transport of
protons from an acidic source. In this configuration,
we obtain improved delivery rates as well as on/off
ratios as compared to prior work.

2. The ion pump

The basis of the organic electronic ion pump is a
plastic foil covered with a 200 nm thin film of the
conjugated polymer poly(3,4-ethylenedioxythio-
phene) (PEDOT) doped with polystyrene sulfonate
(PSS). This polymer–polyelectrolyte system is a very
common material for use in electrochemical devices
since it is stable in the oxidized state and has a rel-
atively high ionic and electronic conductivity
[25,26]. Examples of such devices made from PED-
OT:PSS or similar materials include displays and
smart windows [27–29], transistors and logic circuits
[30], surface wettability switches [31,32] and sensors
[33,34], all of which could potentially be integrated
on the same plastic sheet.

In the case of the ion pump used here, the film of
PEDOT:PSS was patterned into four electrodes,
labelled A–D, as shown in Fig. 1a. The region
between electrode B and C has been chemically
over-oxidized and is therefore ionically but no
longer electronically conducting [35]. On top of
the polymer film, a hydrophobic layer of SU-8



Fig. 1. Sketch of the ion pump. (a) With the layers separated. The pink region between B and C is electronically but not ionically
insulating. (b) The assembled device with applied potentials and a pH paper above C to study changes in pH.
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was added, with openings for the two electrolytes
that cover the A–B and C–D electrodes, respec-
tively. In this configuration, the AB electrolyte is
the source electrolyte that contains the ions to be
transported, here protons from a 1 M HCl solution
with pH 0. The CD electrolyte is the target for the
ions that move through the polymer film between
B and C when a potential is applied. In the experi-
ments presented here, the CD electrolyte was a
0.1 M KCl solution with pH 5 or 0.1 M CaCl2 with
pH 7 (both in equilibrium with air).

When a potential is applied between two PED-
OT:PSS electrodes in an electrochemical cell with
ions (cations are denoted M+ below) available, the
electrodes are oxidized (positively biased) and
reduced (negatively biased) according to the follow-
ing half-reaction (reduction left to right, oxidation
right to left):

PEDOTþPSS� þMþ þ e� ! PEDOT0 þMþPSS�

As long as the electrochemical reaction occurs, an
electric field, in which ions will move, exists between
the electrodes. The potential between B and C (typ-
ically between 2 and 10 V) creates such an electric
field that electrophoretically drives ions between
the electrolytes (separated by the SU-8 barrier),
through the polymer–polyelectrolyte film. If cations
are relatively mobile in the PEDOT:PSS film, which
is saturated with water prior to the experiment, they
will migrate to the CD electrolyte when the poten-
tial is applied. The same process also occurs to some
extent for mobile anions, such as OH� (highly basic
solution in AB), if the potentials are reversed. As
soon as the ions reach the CD electrolyte edge, ver-
tical diffusion through the 200 nm film release them
into the liquid, at a line at the boundary between the
left side of the CD electrolyte and the C electrode.

The over-oxidized channel between electrodes B
and C constitutes the path for ions to move between
the electrolytes. One or several miniaturized elec-
trodes and channels can be created to increase the
spatial resolution of the device (we have in prior
work delivered K+ to single cells on a 50 lm line)
but in the experiments presented here, only one
broad (4 mm) channel was used. However, in order
to enlarge the capacity of the ion pump, electrodes
A and D are utilized to regenerate electrodes B
and C, respectively. By constantly keeping B and
C in a moderately oxidized state with VAB and
VCD, a continuous high rate of ion transport can
be maintained. Consequently, since A and D deter-
mine the capacity of the device, they can be made
larger and thicker than B and C, without compro-
mising the spatial resolution of the device. The oper-
ational lifetime of the devices is explored in greater
detail in Ref. [24].

Experiments with K+ and Ca2+ have shown that
the ion pump can be used to create very high (tenths
of mM) local ionic concentrations when potentials
are applied and have no detectable leakage at all
before it is switched on (on/off is >300 for K+)
[24]. Also, since every electron that passes between
B and C corresponds to one transported ionic
charge, QBC (integrated IBC) is an accurate measure
of the number of cations that have been delivered to
the CD electrolyte.

As a very simple approach to macroscopically
detect the delivery and diffusion of protons in the
CD electrolyte, a pH indicator paper was placed
in the electrolyte drop, on top of the C electrode
before running the device, as shown in Fig. 1b.
3. Materials and methods

3.1. Device manufacturing

The substrate, PEDOT:PSS coated by AGFA-
Gevaert on a polyethylene terephthalate (PET)
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substrate, commercially available as OrgaconTM

EL-300, was cleaned with acetone and de-ionized
water and dried in an oven at 110 �C before process-
ing. The layer of PEDOT:PSS was patterned by
etching the regions not covered with Shipley 1818
photoresist with a O2/CF4 plasma. The photoresist
was then removed. In the second processing step
the conducting polymer marked pink in Fig. 1 was
chemically over-oxidised. A patterned opening of
the photoresist (Shipley 1818) was exposed to a
1% NaOCl aqueous solution for 10 s and then
rinsed in water. The NaOCl over-oxidised the
PEDOT in the exposed region and thus rendered
the film electronically (but not ionically) non-con-
ducting. The photoresist was removed and the top
layer of SU-8 (SU-8 2010, MicroChem) was pat-
terned using standard photolithography.

3.2. Device operation

The VBC and VCD potentials were applied with a
Keithley 2602 source meter and controlled through
a Labview program, which also measured the cur-
rent. The VAB potential was applied with an exter-
nal power supply and that current was not
measured. The reservoir (AB) and target electrolytes
(CD) were deposited (150 ll) with micropipettes.
The AB electrolyte was HCl with pH 0 and CD
was KCl with pH 5 or CaCl2 with pH 7. Spatially
resolved proton transport was studied with ordinary
pH paper (Merck) placed in the CD electrolyte
above the C electrode. The impermeable backside
of the paper was peeled of before use. Judging from
the color change of the PEDOT:PSS underneath
and the current levels when potentials are applied,
the presence of the paper does not seem to interfere
with the electrochemical switch of the C electrode.
The part of the pH paper used for spatially resolved
measurements was yellow at pH 5 and dark red at
pH 2. Pictures of the paper were acquired with a
Scalar USB camera. When the average pH of the
entire CD electrolyte was analyzed, 100 ll liquid
was withdrawn and placed on a stripe of pH paper.

3.3. Image analysis

Images of the pH paper were analyzed in a sim-
ple Matlab program. The levels of the green chan-
nel changed the most when the pH paper switched
color and was therefore used to evaluate pH. Only
the direction along the C electrode (from the B–C
channel towards the C contact, left to right in
Fig. 1b) was analyzed, i.e. each value is the mean
of all intensities along a column of pixels. The
intensity of the green channel was very approxi-
mately calibrated to pH values with solutions of
known pH. Reference points that did not change
pH were used to correct the images from fluctua-
tions in surrounding light and effects from the color
change of the underlying PEDOT:PSS upon oxida-
tion and reduction. The pH in the liquid was
assumed to be uniform immediately (t = 0) after
deposition onto the device.

4. Results and discussion

When the potentials shown in Fig. 1b are applied
(VAB = VCD = 1 V and VBC = 10 V), protons from
the AB electrolyte are delivered through the B–C
channel and released into the CD electrolyte. Dur-
ing 10 min, the pH of KCl in CD drops from 5 to 3
or if CaCl2 is used in CD, from 7 to about 3, i.e. a
large part of the physiologically interesting pH
range is covered. This alteration in pH is of course
only a rough estimate of the exact number of trans-
ported protons but the concentration of free pro-
tons has increased with approximately 1 mM in
both cases. That corresponds to 150 nmol of trans-
ported ions (electrolyte volume is 150 ll). The inte-
grated B–C current was �15 mC, i.e. 155 nmol of
electrons (15 mC divided by the charge of one elec-
tron and Avogadro’s number), which means that
the efficiency of the device is close to 100%. This
is also what we see when e.g. K+ is transported
and the concentrations are measured more accu-
rately, e.g. with atomic absorption spectroscopy.
Results from extensive studies on the relationship
between the addressing voltage and the amount of
delivered cations were recently published [24]. If
no potentials are applied, no change in pH is
detected. Thus, the on/off of the device is at least
1000 (probably higher locally) when pumping
protons.

Maybe more interesting than the pH of the entire
electrolyte is to study what happens locally, close to
the line where ions (protons) are released. Fig. 2a
shows the pH distribution along the C electrode
(each point is the average of all pixels in a column)
at different times when the potentials (VAB =
VCD = 1 V and VBC = 5 V) are constantly applied.
Fig. 2b shows examples of what the pH paper look
like at different time points when the potentials are
applied (on these particular photos, the imperme-
able backside of the paper was not removed). It is



Fig. 2. pH gradient along electrode C. (a) Change in pH at constantly applied potentials (VAB = VCD = 1 V, VBC = 5 V). (b) Examples of
photographs of pH paper (in this case with white backside to improve contrast) at different time scales with the same potentials as above
applied.
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evident from Fig. 2 that the delivery of new ions is
faster than the diffusion process that balances the
pH in the entire CD electrolyte. The pH close to
the line of release constantly decreases as more
and more protons are transported. At the same
time, the proton concentration is evened out by dif-
fusion and the pH gradient stretches along 5 mm of
the 7 mm wide C electrode, already after 4 min.

The faster the protons (or other ions) are sup-
plied, the steeper the gradient, which means that it
is possible to tune the shape of the gradient by bal-
ancing the transport rate (by adjusting voltages and
times) with the diffusion rate in the receiving
electrolyte.

As mentioned in the introduction, many biologi-
cal signals are oscillatory with specific frequencies.
Therefore, we tested to drive the ion pump with
short pulsed signals to create local oscillations.
The column of pixels closest (�0.5 mm into the elec-
trolyte) to the release line was analyzed during each
run and the results of 15 s pulses with VBC = 10 V
and 10 s pulses with VBC = 5 V are presented in
Fig. 3a and b, respectively.
Protons drift from the AB reservoir to the CD
target electrolyte through the channel, which in part
consists of over-oxidised PEDOT:PSS. The channel
is hydrated and proton transport is expected to
occur primarily in the PSS (polyelectrolyte) phase.
We assume the following: the addressing potential
difference (VBC = 10 V) all drops linearly along the
2 mm long channel, protons are the only charge
carriers transported through the channel and the
measured IBC current only reflects proton migra-
tion. Then, we find that the proton conductivity
(1)

rproton ¼ ðIBC=AchannelÞ=ðE=1channelÞ ð1Þ
has a value of at least 0.125 S/cm. Achannel (2 �
10�6 cm2) and lchannel (0.2 cm) are the channel area
and length, respectively and we assume (see
Fig. 3a) that the current through the channel is at
least 50 lA.

The experiment in Fig. 3 shows that it is possible
to create ion concentration oscillations by matching
the pulses with ion diffusion in the electrolyte. The
period time of the oscillations created here is about
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Fig. 3. Short pulses can be used to create oscillations in the CD electrolyte close to the release line. VAB = VCD = 1 V during the pulses,
otherwise 0 V. (a) 15 s pulses with VBC = 10 V. (b) 10 s pulses with VBC = 5 V.
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5 min. This corresponds very well to the time scale
observed in many cell signaling events, such as ion
controlled gene transcription [3,36].

5. Conclusions

An organic electronic ion pump, using PED-
OT:PSS as the active material, can be used to elec-
tronically control the delivery of protons to a
receiving electrolyte. Ordinary pH indicator paper
in the electrolyte is a simple way to detect changes
in pH and gradients stretching along several mm.
By adjusting the applied voltages and pulse times,
it is possible, not only to control the shape of pH
gradients, but also to create local ion concentration
oscillations. Such gradients and oscillations in ion
concentration are highly interesting for various
kinds of cell signaling studies as well as lab-on-a-
chip applications and should not be restricted to
protons, since the same behaviour apply for other
mobile ions such as e.g. K+ and Ca2+. The amount
of transported ions can be counted by integrating
the current between the transport electrodes and
the on/off ratio is around 1000 for protons. All these
characteristics make the organic electronic ion
pump a very promising device for future drug deliv-
ery applications. Conducting polymer electrodes
have been explored for drug delivery applications
in the past. In those earlier devices the electrochem-
ically triggered release function occurs from the
same volume, within the polymer film, as the drug
molecules themselves are stored. Typically, this lim-
its the scenario to applications for which low dose
levels and high spontaneous diffusion (losses) can
be accepted. In the organic delivery device, reported
here, ions from a separate storage chamber migrate,
via electrical addressing, to the delivery electrode.
This suppresses high levels of spontaneous leakage
and enables us to choose applications which require
high delivered doses.
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Abstract

We demonstrate a polymer non-field-effect transistor in a vertical architecture with an Al grid embedded in a polymer
sandwiched between another two electrodes. The Al grid containing high density of self-assembled submicron openings is
fabricated by a non-lithography method. This device modulates the space-charge-limited current of a unipolar polymer
diode with the Al grid. The operating voltage of the device is as low as 4 V, the on/off ratio is higher than one hundred,
and the current gain is 104. The current density is higher than 1 mA/cm2.
� 2007 Elsevier B.V. All rights reserved.

PACS: 85.30.De; 73.61.Ph

Keywords: Space-charge-limited current; Vertical transistor
1. Introduction

An explosion of interests in flexible electronics
made from organic semiconductors gave rise to
extensive research on polymer light-emitting diodes
(PLED), polymer field-effect transistors (FET),
polymer chemical sensors and polymer solar cells.
One of the key components of the flexible electron-
ics is the polymer FET, a horizontal device with
source and drain electrodes in the same plane. Its
operating voltage usually exceeds 20 V due to low
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.11.012
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carrier mobility. The characteristics of polymer
FETs can be strengthened by increasing the mobil-
ity [1], utilizing a self-assemble monolayer as gate
dielectrics [2] and reducing the channel lengths to
the submicron [3]. Horizontal organic FETs with
submicron channel lengths made by electron-beam
lithography [4], nanoimprint lithography [5] and
soft contact lamination [6] have been demonstrated.
Vertical organic FETs, whose channel length was
determined by the thickness of an insulating layer
between source and drain, have been made by
solid-state embossing [7], excimer laser [8] and pho-
tolithography [9]. However, the inherently low
mobility as well as the incompatibility between
conventional submicron lithography and organic
.
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Fig. 1. (a) Device structure of polymer SCLT with an Al grid
with random submicron openings. (b) Energy band diagram of
polymer SCLT. The energies are indicated in eV. The solid line is
the Fermi level of Al and PEDOT:PSS. The LUMO and HOMO
energy for P3HT are 3 and 5.1 eV. The thickness between
PEDOT and Al grid is 200 Å, and 300 Å between grid and Al
collector.
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materials pose great limitation on the device perfor-
mance and the fabrication process for polymer
FET. The unique advantages of organic materials
such as low-cost and large-area solution process
are so far not fully explored for high-performance
FET. Vertical non-field-effect transistors with multi-
layer structures give another route to circumvent the
limits of both horizontal and vertical field-effect
transistors. In vertical non-field-effect transistors,
the channel length can be easily defined by the total
thickness of the organic layers, and the current is
modulated by a conductive layer embedded in the
organic materials. Various device operating princi-
ples were proposed with different types of conduc-
tive layers such as a thin metal film [10–12], a
strip-type metal film [13,14], a mesh gate electrode
[15–17], and a porous conducting polymer network
[18]. The remaining problems are the low current
density, low on/off ratio as well as the complex fab-
rication process. One promising direction is to turn
a vacuum tube triode into a solid-state device with
current limited by the space-charge-limited current
(SCLC), following the initial attempt of Shockley
[19] in 1952. Vacuum tube triode is a three terminal
device which consists of cathode and anode for elec-
tron emission and collection as well as the grid for
current modulation. The on and off state of the
vacuum tube triode is determined by whether the
emitted electrons encounter a large energy barrier
between cathode and anode or not. Recently, we
demonstrated the polymer space-charge-limited
transistor (SCLT) which functions similar to the
vacuum tube triode [20]. A metal with random
openings made by non-lithographic method is used
as the grid. The output current density is however
only about 0.01 mA/cm2 due to the difficulty in real-
izing high opening density. In this work we solve
that difficulty and the current density is significantly
raised by two orders of magnitudes to as high as
1 mA/cm2, which is nearly enough to drive a high-
efficiency phosphorescent organic LED with the
same area.

The schematic device structure and the energy
band diagram are shown in Fig. 1. Poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) (PED-
OT:PSS), with a work function of 5.2 eV, was
used as an Ohmic contact for hole injection into
the highest occupied molecular orbital (HOMO) of
poly(3-hexylthiophene) (P3HT) at 5.1 eV. As the
transistor is on, the injected holes can pass through
the openings on Al grid and collected by Al collec-
tor electrode. The Al grid, functions similarly to
the grid in vacuum tube triode, is an Al film with
a high density of random submicron openings.
The polystyrene spheres are used as the shadow
mask for Al deposition to form Al grid, and the
openings are formed at the positions of the spheres.
The current density is proportional to the opening
density. We form Al grid with high opening density
using controlled assembly of polystyrene spheres on
hydrophobic polymer surface, resulting a much
higher current density.

2. Experimental

The device is fabricated on a cleaned indium–tin-
oxide (ITO) glass substrate with a layer of 400 Å
PEDOT:PSS. After baking in glove box at 200 �C
for 10 min, P3HT is spin coated from chlorobenzene
solution (1.5 wt.%) on the PEDOT:PSS layer and
anneal at 200 �C for 10 min. A spin rinsing with
xylene is used to remove the remaining soluble part
of P3HT, even though the P3HT annealing condition
has been chosen to have an almost fixed thickness
after spin rinsing. After depositing the polystyrene
spheres on the P3HT surface with the method
described in the next section, the 150 Å Al grid is
evaporated. After removing the polystyrene spheres
by an adhesive tape, a layer of 300 Å P3HT is spin
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coated from xylene solution (1.3 wt.%). An Al film of
300 Å is finally deposited to complete the device. The
device active area is 1 mm2.

A variety of self-assembly strategies of polysty-
rene spheres have been developed for hydrophilic
surface to form two dimensional colloidal arrays
[16,17,21,22]. A major problem to achieve a high
density of separated colloid spheres is the hydro-
static attraction among the spheres. Fujimoto
et al. [16] rinsed the samples in 98 �C water to avoid
the sphere aggregation on the hydrophilic glass sub-
strate. However, for the hydrophobic surface of the
polymer like P3HT, modifications of these strategies
are necessary. We use ethanol to dilute the polysty-
rene spheres (Sigma–Aldrich) for decreasing the
contact angle since its alkyl group improves the
adhesion between polymer and polystyrene ethanol
solution. The polystyrene spheres are absorbed on
the P3HT film surface by submerging the film in a
polystyrene spheres ethanol solution for tens of sec-
onds. The key procedure in the fabrication is that
the substrate is then transferred to a beaker with
boiling isopropanol solution for 10 s. Similar to
the method of Fujimoto et al. [16], the substrate is
finally blown dry immediately in a unidirectional
nitrogen flow. After the Al deposition as Al grid,
the polystyrene spheres are removed by an adhesive
tape (Scotch, 3 M) without damage to the metal.
The atomic force microscopy (AFM, Digital Instru-
ments D3100) images of the Al grid with 1000 Å
and 2000 Å opening diameter are shown in Fig. 2.
The boiling isopropanol treatment is a critical step
to achieve a high density yet separated array of
holes, required for vacuum tube triode as well as
SCLT. When the substrate is submerged in polysty-
rene solution, the charged polystyrene spheres are
absorbed on the P3HT surface without aggregation
due to the electrostatic repulsion force. Without the
boiling isopropanol treatment, the polystyrene
spheres are easy to aggregate during the drying
process and cause unwanted non-uniform and con-
nected distribution (Fig. 2f). This may be attributed
to the capillary force which pulls spheres into aggre-
gates before the spheres are immobile when the sol-
vent is vaporized. The importance of the boiling
isopropanol treatment is presumed to increase the
evaporation rate of the solvent during the nitrogen
blow dry such that the spheres do not have enough
time to move to one another and form aggregate
during evaporation. Another possible advantage
of the boiling solvent is that it partially melts
the spheres and glues the spheres on the surface.
With the boiling isopropanol treatment, the opening
density on the Al grid indeed increases dramatically,
and the openings remain separated. The opening
density on the Al grid increases with increasing solu-
tion concentration and submerging time (Fig. 2a–d).
However, the amount of openings with irregular
shape and size also increases (Fig. 2e). This may
be due to the high capillary force between spheres
with very short distance when the sphere density is
high, or due to the unabsorbed spheres in the fluid
over the film. One way to remove these unabsorbed
spheres is gently rinsing the surface with ethanol or
isopropanol before boiling isopropanol treatment.
In spite of some occurrence of the unwanted irregu-
lar openings, the condition to prepare Al grid
with maximum opening density with minimum
unwanted openings can be found by tuning the
solution concentration and submerging time. The
benefit of this method is the possibility to process
large-areas in a short processing time without
photolithography.

3. Results and discussions

The characteristics of polymer SCLT with open-
ing diameters of 1000 Å and 2000 Å on Al grid are
shown in Fig. 3a and c. First note there is one major
difference on the grid current IG between vacuum
tube and SCLT. The grid electrode in vacuum tube
is not heated so the possibility for the electrons to
enter the vacuum by thermal excitation from the
grid is practically zero. There is therefore no need
to consider the current gain which is defined as
the ratio between the collector current and grid cur-
rent. However in SCLT the carriers in the Al grid
are blocked only by the Schottky barrier of 0.8 eV
between Al and P3HT. In fact the grid current is
the reverse current of the Al/P3HT Schottly diode
which is small but not zero. The current gain is
therefore an important value to be maximized. As
shown in Fig. 3b and d, the grid current IG of our
devices is in the order of 10�9 A which is much
smaller than IC. The current gain IC/IG is as large
as 104. For fixed collector voltage the collector cur-
rent IC is modulated by the grid voltage VG. The
emitter is the common ground. VG is limited to be
no more negative than �1 V otherwise the emitter-
grid diode would turn on and cause large IG. The
positive VG is used to introduce energy barrier for
holes at the openings, and the off current can be
reduced by increasing VG until a large leakage
current between the grid and collector occurs. The



Fig. 2. Al grid with opening diameter of 1000 Å prepared by submerging the substrate in (a) 0.05 wt.%, and (b) 0.1 wt.% polystyrene
solutions for 20 s with the boiling isopropanol treatment. Al grid with opening diameter of 2000 Å prepared by submerging the substrate in
(c) 0.08 wt.%, (d) 0.24 wt.% and (e) 0.4 wt.% polystyrene solutions for 40 s with the boiling isopropanol treatment. (f) Same condition in (e)
but without the boiling isopropanol treatment. The height scale is 30 nm for each image and the dimensions of the image is 5 � 5 lm2.
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on/off ratio of IC is 123 and 116 at VC = �4 V,
respectively, for transistors with opening diameters
of 1000 Å and 2000 Å on Al grid. The highest IC

output is 1.14 � 10�5 A in Fig. 3c, corresponding
to 1.14 mA/cm2 for active area of 1 mm2. Note the
total output current can be easily scaled up by using
a larger area. In order to look for the signature of
SCLC, the device characteristics in double logarith-
mic scale with fixed VG are shown in the inset of
Fig. 3a and c. Three regions belonging to ohmic,
trap filling and SCLC can be distinguished [23].
The slope of log I � logV is equal to 1 for ohmic
conduction, while the slope is equal to 2 for SCLC.
The dashed lines with slope equal to 1 and 2 are
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Fig. 3. The electric characteristics of the polymer SCLT with various grid voltages applied. The ITO electrode is commonly grounded and
the Al collector is negatively biased at VC with respect to ITO. The negative collector current IC means the holes are collected by the Al
collector and flows out from the transistor. The gate current IG is no more than a few nA for all measurements. (a) The collector current as
a function of the collector voltage. During the fabrication procedure, the 0.05 wt.% solution of polystyrene spheres with diameters of
1000 Å is used. The submerging time is 20 s. The inset shows the characteristics in double logarithmic of the device with VG equal to �1 V.
(b) The grid current as a function of the collector voltage of the transistor with same fabrication procedure described in (a). (c) The
collector current as a function of the collector voltage. During the fabrication procedure, the 0.08 wt.% solution of polystyrene spheres
with diameters of 2000 Å is used. The submerging time is 40 s. The inset shows the characteristics in double logarithmic of the device with
VG equal to �0.9 V. (d) The grid current as a function of the collector voltage of the transistor with same fabrication procedure described
in (c).
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drawn in the inset of Fig. 3a and c for indication.
Indeed, the current follows the SCLC once the bar-
rier at the opening is suppressed by a negative
enough VC. At low voltage there is always a small
ohmic current. The polymer diode has a turn-on
voltage where the current switches from a small
leakage ohmic current into a quadratic SCLC cur-
rent. The turn-on voltage is determined by both
the level of the leakage and the difference between
the work functions of the cathode and anode. For
our diode it is about 1 V as shown in Fig. 3.

The operation mechanism of the polymer SCLT
can be understood as the quadratic space-charge-
limited current between the emitter and the opening
modulated by the grid potential. As in vacuum tube,
the potential at the center of the opening is a lin-
ear combination of grid and collector potential
kVG + VC, the factor k depends on the device geom-
etry and increases with the ratio between the opening
diameter and the grid-collector distance. The SCLC
between the emitter and the opening is therefore
approximately C el (kVG + VC)2/L3, where e is the
polymer dielectric constant and L is the emitter-grid
distance. If the potential across the opening were
uniform, the factor C would be the standard SCLC
value of 9/8. The overall effect of non-uniform
potential in our case can be absorbed into a numer-
ical factor C. Because of the higher electric field the
space between the grid and the collector does not
limit the collector current so the emitter-opening
current given above is actually the output current.

The above analysis is based on the assumption
that all the space charge and potential profiles are
determined by the injected carriers instead of back-
ground doping. The active semiconductor P3HT is
an intrinsic semiconductor without intentional dop-
ing. It is well known the main source of unintentional
doping of P3HT is oxygen. The samples are fabri-
cated in our glove box with oxygen level below
1 ppm. There are reports on the doping level of
P3HT around 1015 cm�3 without particular attention
on oxygen doping [24]. The sample fabrication pro-
cess is carefully controlled to minimize the oxygen
and water contamination. The water and oxygen
level inside the glove box are both below 1 ppm.
Dehydrated ethanol (�0.2% water, Riedel-de-Haën)
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is used for the polystyrene sphere deposition. The
vacuum in the grid evaporation chamber is 10�7 torr,
so most of the adsorbed oxygen molecules during
ethanol immersion are expected to be removed by
the high vacuum. Moreover the sample is annealed
at 200 �C in vacuum after the spin coating of the sec-
ond P3HT film. It is known that thermal treatment
will significantly de-dope P3HT [25]. We therefore
believe our doping level is below 1015 cm�3. Even
for 1015 cm�3 the calculated Debye–Huckel screen-
ing length is 700 Å which is larger than the total
thickness of the SCLT. The electric field provided
by the collector voltage is therefore not screened.
The quadratic IC–VC relation indicates that the space
charge is dominated by the injection carrier. This is
also an evidence that the doping is not important
for the device operation here.

The grid control of the current can be further
illustrated by looking at the spatial distribution of
the current across the opening. In general only some
region near the center of the opening has negative
potential for the holes to pass through. Near the
edge the effect of the grid is so strong that a poten-
tial barrier forms despite of the negative potential of
Fig. 4. (a) The device structure near one opening of polymer SCLT. Pos
grid. (b) The potential profile along the emitter–collector path through t
potential profile along the path for various conditions. Curve (x) is a p
simple emitter–collector diode without the grid. Curve (z) is a potenti
potential VG. The barrier for hole diminishes while VG drops from positi
has different potential profile, which result from different kVG + VC.
structure ITO/PEDOT/P3HT/Al. There is a turn-on voltage for the forw
are denote as AON or AOFF in the diode IV curve. The double-sided ar
bias before turn-on. The state of the path through B is also shown. Becau
fully turned on as A.
the collector. The current is therefore confined in an
area controlled by the grid potential. As the transis-
tor is in the on state, there is no barrier in all the
area. The emitter–collector path through A position
at the center and the path through B position near
the edge of the opening have the potential profiles
as the curves (x) and (y) in Fig. 4b, respectively.
Assuming that the collector current is roughly a
superposition of the currents of many small diodes
given by the paths through different positions, the
small diodes at position A contributing to a high
current (AON) and those at position B are just about
to be turned on (BON), as indicated in Fig. 4c. On
the other hand as the device is in the off state, the
grid potential is positive and there is a potential bar-
rier at the B position as the curve (z) in Fig. 4b, and
the small diodes there is reverse biased (BOFF). As
for A position, if it also has the potential profile like
curve (z) in Fig. 4b, the off current comes from small
diodes at position A will be small. However, if the
potential profile is as the curve (y), there will be
an undesirable leakage current from the barely-on
small diode at A (AOFF). Theoretically an even
more positive grid potential can always drive it into
ition A is at the center of the opening, while position B is near the
he opening when VC is fixed at a negative value. (x), (y), (z) are the
otential profile without energy barrier for hole as in the case of a
al profile with energy barrier for hole for a positive enough grid
ve to negative as indicated by (y). Different position in the opening
(c) The schematic current–voltage curve of EC diode with the
ard bias direction. The path through position A in on or off state

row means off-state could be either reverse bias or small forward
se of the proximity to the positive biased grid B path can never be
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curve (z), but in practice breakdown of the grid/
polymer Schottky junction may happen first.

4. Conclusion

In summary, we demonstrate the vertical polymer
space-charge-limited transistor with high current
density, high on/off ratio, high current gain, and
low operation voltage. A non-lithography method
is introduced for the desired high opening density
on the metal grid embedded in the polymer. This
non-field-effect device opens a new possibility for
high-performance organic electronics with easy
large-area solution process and vertical integration
with organic light-emitting diodes without demand-
ing a very high carrier mobility.
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Abstract

With the aim of enhancing the field-effect mobility of poly(3-hexylthiophene) (P3HT) field-effect transistors (FETs), we
added functionalized multiwalled carbon nanotubes (CNTs) to the P3HT solution prior to film formation. The nanotubes
were found to be homogeneously dispersed in the P3HT films because of their functional groups. We found that at the
appropriate CNT concentration (up to 10 wt% CNT), the P3HT FETs have a high field-effect mobility of
0.04 cm2 V�1 s�1, which is an improvement by a factor of more than 10. This remarkable increase in the field-effect mobil-
ity over that of the pristine P3HT film is due to the high conductivity of the CNTs which act as conducting bridges between
the crystalline regions of the P3HT film, and the reduction in the hole-injection barrier due to the low work function of
CNTs, which results in more efficient carrier injection.
� 2007 Elsevier B.V. All rights reserved.

Keywords: Carbon nanotube; Polythiophene; Organic transistor; Field-effect mobility
1. Introduction

Carbon nanotubes (CNTs) are now being used in
organic electronics as electrodes [1,2], semiconduc-
tors [3,4], and in blends with other conjugated poly-
mers [5–7]. CNTs provide high conductivity, but
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.11.007
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their uses are restricted due to their insolubility
and the difficulties of producing homogeneous films.
The successful homogeneous dispersion of CNTs in
polymer films and facilitated charge conduction
using functionalized CNTs have recently been
reported [8–11].

The high field-effect mobility, stability, and
solution processability of regioregular poly(3-hexyl-
thiophene)s (P3HTs) [12–14] have stimulated
considerable interest in the utilization of these
.
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fascinating polymers as active materials in organic
field-effect transistors (OFETs) [15–19]. Further,
self-organized regioregular P3HT has a supramolec-
ular two-dimensional structure that is of special
interest because in this structure the one-dimen-
sional electronic properties of its p-conjugated poly-
mer chains are modified by the increased interchain
stacking that results from their p–p interactions [20–
22]. However, the charge-carrier mobilities of mac-
roscopic samples of solution-processed conjugated
polymer films are generally limited because of their
low crystallinity by the rate of hopping between
polymer chains in disordered regions of such films.
Therefore we prepared surface-functionalized CNTs
with the aim of obtaining homogeneously dispersed
CNT�P3HT films in which the dispersed CNTs
play a key role as conducting bridges connecting
the films’ tiny fibrillar crystals. In this paper, we
show that high field-effect mobilities can be achieved
in P3HT�CNT hybrid transistors by simply blend-
ing the P3HT solution with a certain amount of
functionalized CNTs. We also studied the effects
of the functionalized CNTs on the electrical charac-
teristics of the OFETs.

2. Experimental

93% regioregular P3HT (Mn = 45–50 kg/mol)
was purchased from Rieke Metals and multiwalled
carbon nanotubes (MWNTs) were purchased from
Iljin Nanotech Co. The outer diameter and length
of the CNTs were 20–30 nm and 10–50 lm, respec-
tively. The MWNTs were hydroxylbenzoyl-func-
tionalized (Fig. 1a) with an established procedure
[23]. 4-Hydroxyl benzoic acid (0.50 g, 3.62 mmol),
CNTs (0.50 g), polyphosphoric acid (83% assay,
20 g), and P2O5 (5.0 g) were placed in a resin flask.
Fig. 1. (a) Molecular structure of a functionalized carbon
nanotube. (b) Schematic view of a P3HT–CNT FET. The inset
shows an optical micrograph of inkjet-printed source and drain
electrodes (L = 100 lm).
The flask was immersed in an oil bath and heated
at 80 �C for 1 h and then 100 �C for 1 h. The reac-
tion mixture was heated and its temperature main-
tained around 130 �C for 72 h with nitrogen flow.
After cooling the mixture to room temperature,
water was added. After suction filtration, Soxhlet
extraction was carried out for three days, and the
product was freeze dried for 48 h to afford 0.65 g
(69.7% yield) of a dark black powder. Three or four
hydroxyl benzoic acid groups were introduced for
every one hundred carbons of the CNTs; this
functionalization of the CNTs was analyzed with
transmission electron microscopy (TEM), Fourier-
transform infrared spectroscopy (FT-IR), and
thermogravimetric analysis (TGA). The molecular
structure of a functionalized CNT is shown in
Fig. 1a.

Highly doped Si was used as the transistor sub-
strate as well as the gate electrode. A thermally
grown silicon dioxide (SiO2) layer with a thickness
300 nm was employed as the gate dielectric.
MWNTs at various concentrations (5, 10, 20, and
30 wt% with respect to P3HT) were added to
0.5 wt% P3HT solutions in dichlorobenzene. A sim-
ple spin-coating method was used to fabricate P3HT
thin films with a thickness of 25–35 nm. We used a
water-based ink of the conducting polymer
poly(3,4-ethylenedioxythiophene) doped with poly-
styrene sulfonic acid (PEDOT/PSS) (from Bayer
AG, Bytron P) for the source–drain electrodes
(channel length 100 lm, channel width 1000 lm).
A line of PEDOT/PSS droplets was deposited on
top of the P3HT film by using inkjet printing
(Fig. 1b) [24]. Fig. 1b shows a schematic cross-sec-
tion of a P3HT�CNT hybrid transistor fabricated
as described above. All the measurement results
were obtained at room temperature in ambient con-
ditions using Keithley 2400 and 236 source/measure
units.

3. Results and discussion

The morphology of a crystalline semiconducting
film in an FET is closely related to its electrical
properties. Scanning electron microscopy (SEM)
observations were carried out to provide images of
the top surfaces of the blend films. Fig. 2 shows
SEM images of the P3HT�CNT thin films. The
pristine P3HT film is featureless (Fig. 2a). Due to
the functional groups of the CNTs, the nanotubes
are homogeneously dispersed in the polymer matrix
at low CNT concentrations (Fig. 2b and c).



Fig. 2. Field emission scanning electron microscopy images of
P3HT films with various CNT concentrations: (a) 0 wt%,
(b) 5 wt%, (c) 10 wt% and (d) 20 wt%.
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However, the P3HT–CNT films are inhomogeneous
due to the aggregation of CNTs at high CNT con-
centrations (see Fig. 2d). We conclude that func-
tionalized CNTs can be homogeneously dispersed
in the polymer matrix at low concentrations.

To investigate the variation of the molecular struc-
ture of P3HT thin films as a function of the CNT
concentration, grazing-incidence X-ray diffraction
(GIXD) measurements were carried out on the
spin-coated films [13,21,22]. Fig. 3 shows the out-
of-plane X-ray diffraction patterns for the P3HT
films with various CNT concentrations. In the case
Fig. 3. Out-of-plane grazing-incidence angle X-ray diffraction
intensities as a function of the scattering angle 2h for P3HT thin
films on SiO2/Si substrates with various CNT concentrations.
The inset shows a schematic representation of the edge-on
structure of the P3HT crystals.
of the pristine P3HT thin film, the intensity of the
(100) reflection due to lamellar layer structure
(16.4 Å) is strong (Fig. 3), but the intensity of the
(010) reflection due to p–p interchain stacking
(3.8 Å) is very weak. The crystallinity of P3HT films
spin-coated from dichlorobenzene solution is typi-
cally greater than that of the P3HT films spin-coated
from dichloromethane or chloroform solutions: the
(100), (20 0), and (300) reflections are more intense
for dichlorobenzene, which has a higher boiling
point, due to its slow evaporation rate. However, as
the amount of CNTs added to the solution increases,
the intensity of the first Bragg peak (100) is signifi-
cantly reduced, even though the total film thickness
increases slightly, as was found with ellipsometry.
We speculate that the well-dispersed CNTs disturb
the molecular ordering of the P3HT film.

To determine the relationship between the CNT
concentration and the electrical properties, the field-
effect mobilities of the P3HT films were measured
using a top-contact FET geometry. Fig. 4a shows typ-
ical source–drain current (IDS) vs. source–drain volt-
age (VDS) plots at various gate voltages for the
pristine P3HT and P3HT–CNT (10 wt%) FETs,
operating in accumulation mode. The addition of
10 wt% CNT increases the drain current of the FET
by a factor of about 7, from 1.4 to 9.5 lA. However,
the P3HT–CNT FETs with >20 wt% CNTs exhibit
poor output characteristics, with no saturation
behavior and increased off-currents (VG = 0)
(Fig. 4b). The average field-effect mobility of each
transistor was calculated in the saturation regime
(VDS = 80 V) by plotting the square root of the drain
current versus the gate voltage (Fig. 4c) and fitting the
data to the following equation: [25]

IDS ¼
WCi

2L
lðV GS � V TÞ2

where Ci = 10.8 � 10�9 F cm�2, W = 1000 lm, and
L = 100 lm.

Fig. 4d shows the field-effect mobilities and on–
off ratios of the P3HT�CNT FETs spin-coated
from dichlorobenzene and chloroform solutions.
The field-effect mobility of the FET with 10 wt%
CNT (4.0 � 10�2 cm2 V�1 s�1) is more than 10-fold
greater than that of the pristine P3HT FET (2.8 �
10�3 cm2 V�1 s�1) spin-coated from dichloroben-
zene solution, which has a low field-effect mobility
mainly because of very low film thickness (�25
nm) [26]. This remarkable increase in the field-effect
mobility upon the addition of CNTs is probably due
to the high conductivity of CNT the CNTs, which



Fig. 4. Current-voltage characteristics of the FETs (100 lm long and 1000 lm wide): (a) pristine P3HT (s) and P3HT blended with
10 wt% CNT (j) and (b) P3HT blended with 20 wt% CNT. VG was varied from 0 to �80 V. (c) Plot of IDS versus VG at a fixed VDS of
�80 V on both linear (left axis) and log (right axis) scales for devices as a function of the CNT concentration. The CNT concentration
increases in the direction of the arrows. (d) Field-effect mobility (left axis) and on–off ratio (right axis) obtained in the saturation regime of
the P3HT�CNT FETs as a function of the CNT concentration.
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act as conducting bridges connecting the crystals in
the P3HT film, although the molecular ordering of
the P3HT chains dramatically decreases with the
addition of the CNTs. However, at high CNT con-
centrations (>20 wt% of CNT) the FETs exhibit
metallic behavior and no field-effect transistor char-
acteristics due to the percolation of CNTs.

Furthermore, we also investigate the effects of the
addition of the CNTs on the hole-injection barrier,
Fig. 5. (a) Changes in the valence band spectra of the P3HT films as a
interfaces between P3HT and PEDOT.
because the energy levels of the interface between
the electrode and the semiconductor are likely to
be changed by the addition of the CNTs. To inves-
tigate the variation of the electronic structure of
the P3HT�CNT films as a function of CNT
concentration, we performed X-ray photoelectron
spectroscopy (XPS) using synchrotron radiation
techniques [27–29]. Fig. 5a shows the variation in
the valence band maximum (VBM) of the P3HT
function of CNT concentration. (b) Energy level diagram of the



Y.D. Park et al. / Organic Electronics 9 (2008) 317–322 321
films with CNT concentrations. The spectra were
recorded using a photon energy of 80 eV, and the
measured VBM was calibrated with that of a clean
Au surface. From the spectra obtained for pristine
P3HT, P3HT with 5 wt% CNT, and P3HT with
10 wt% CNT, their HOMO levels were found to
be 1.2 eV, 1 eV, and 0.9 eV, respectively. Thus the
VBM at the surface of the P3HT film with
10 wt % CNT is shifted by about 0.3 eV to a lower
binding energy with respect to that of pristine
P3HT, which is due to the lower work function of
the CNTs [30–32]. Therefore the hole-injection bar-
rier for the P3HT–10 wt% CNT film is about 0.3 eV
smaller than that for a pristine P3HT film.

A schematic energy level diagram of the elec-
trode/semiconductor interface and the hole-injec-
tion barrier is shown in Fig. 5b. P3HT thin films
containing CNTs have significantly different charac-
teristics to pristine P3HT films. In particular, the
hole-injection barrier in P3HT with 10 wt% CNT
is significantly smaller, which enhances carrier
injection.

4. Conclusions

In conclusion, to enhance the field-effect mobility
of regioregular P3HT, we blended various amounts
of functionalized CNTs with P3HT in solution, and
compared the results obtained for these systems
with those for the pristine P3HT thin film. We
found that the molecular ordering of P3HT is dis-
turbed by the addition of the CNTs, but that the
P3HT films have a higher field-effect mobility, on
average 0.04 cm2 V�1 s�1. This remarkable increase
in the field-effect mobility over that of the pristine
P3HT film is due to the high conductivity of the
CNTs, which act as conducting bridges connecting
the crystals in the P3HT film. In addition, the
hole-injection barrier decreases with increases in
the CNT concentration, which results in more effi-
cient carrier injection. This approach to enhancing
the electrical properties of semiconducting polymer
materials should prove useful to the development
of robust and practical polymer devices for a wide
range of commercial applications.
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Abstract

We have investigated organic light-emitting diodes (OLEDs) with a structure of field-effect-transistor (FET) using
MgAg as source and drain electrodes, respectively. These devices were found to present both a typical switchable behavior
of FET and an electro-optical transfer characteristic of OLEDs. Five organic layers were employed in devices that were
expected to play each role for OFET and OLED, respectively. In a result, the FET unipolar behavior has been demon-
strated experimentally. Furthermore, FET characteristics were discussed based on an equivalent circuit.
� 2007 Elsevier B.V. All rights reserved.

PACS: 85.30.Tv; 72.80.Le; 85.60.Jb

Keywords: Field-effect transistors; Organic light-emitting diodes; Equivalent circuit
1. Introduction

Organic semiconductor devices have received
much attention due to intensive applications of
organic light-emitting diodes (OLEDs) in lightening,
flat panel displays, and optically pumped organic
thin films in stimulated emission [1–3]. Besides,
organic field-effect transistors (OFETs) based on
organic thin film or single crystals (such as tetracene,
pentacene or rubrene) are also one of these topics
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.11.010

* Corresponding author.
E-mail address: wangj@shu.edu.cn (J. Wang).
that have attracted great attention in these years
[4–7]. Furthermore, some research groups have
reported field-effect transistor (FET) driven OLEDs
and organic light-emitting transistors (OLETs) [8–
12]. Since transistors can control the amount and
the species (hole or electron) of injection carriers
by the third electrode and employing OLETs will
make drive circuits of displays simpler than using
organic light-emitting diodes, OLETs are expected
to become promising in the fields of high perfor-
mance light-emitting devices. However, since the
emission in OLETs mainly radiate toward the edge
of film or crystal under wave-guided, the light
.
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intensity is relatively weak and emission spectrum is
difficult to observe [13]. Furthermore, the integra-
tion of two kinds of devices (OFET and OLED)
on a substrate has been reported [14].

In this paper, we reported an OLED with a FET
structure by which will overcome the disadvantages
of OLETs, such as edge emission and light quench-
ing near metal drain electrode. Compared to TFT
driven OLEDs, our devices present both a unipolar
FET behavior and an electro-optical transfer char-
acteristics of OLEDs. The FET behavior has been
observed from an OLED with a strong surface emis-
sion mode.

2. Experimental

We have developed a type of OLED with a FET
structure, as shown in Fig. 1. For top – contact con-
figuration we defined, as shown in Fig. 1, a indium–
tin-oxide (ITO) glass substrate with 150 nm was
served as a gate electrode, and a 150 nm of MgAg
as both drain and source electrode. The structure
of organic layers in devices is 2,5-bis(6N-(20,
200-bipyridyl))-1,1-dimethyl-3,4-diphenylsilole (PyPy-
SPyPy, 80 nm)/bathocuproine (BCP, 10 nm)/
tris(8-hydroxyquinoline)aluminum (Alq3, 30 nm)/
4,40-bis[N-(1-napthyl)-N-phenyl-amino]-biphenyl
(NPB, 60 nm)/tris [2-naphthyl (phenyl) amino] tri-
phenylamine (2-TNATA, 220 nm). We selected 2-
TNATA to function as a hole injection and trans-
port layer, and PyPySPyPy as electron transport
layer, due to their relatively high carrier mobility
[15,16], for which the devices with 400 nm of
Fig. 1. Configuration of OLEDs with a FET structure of top-
contact. Four organic layers act as different function are shown in
OFET and OLED.
organic layers can be operated under high voltages
without degradation. In addition, the BCP was
employed as a hole block layer to prevent hole leak
into electron transport layer. These organic layers
and MgAg electrode (9:1 mass ratio) were processed
by thermal deposition. The deposition rates were
typically 0.1 nm/s and 0.5 nm/s for organic materi-
als and metal cathode, respectively.

A shadow mask with one thin tungsten line of
diameter 30 lm was carefully mounted on the
organic layers to form a top-contact configuration.
On the other hand, we fabricated a bottom-contact
configuration with a very thin channel on ITO. We
have etched line ITO to achieve a drain and a source
electrode by the following procedures. First, we
used electron beam (EB) lithography (Tokyo tech-
nology Co. Ltd.) to form a narrow pattern with
an order of lm on a cleaned nonluminescent glass
substrate (beam current is 250 pA, exposure time
is 0.75 ls, lithography field is the order of lm2, res-
olution is 0.02 lm/pixel). In addition, EB resist
(ZEP520A) was used to carry out processing proce-
dure. Next, a thick LiF layer with 300 nm was ther-
mally deposited on the glass substrate with EB
pattern. Then the substrate was immersed in N,N-
dimethylacetamide solvent and ultrasonic wave
treatment was carried out to remove LiF onto EB
resist. Subsequently, opaque metal Cr was deposited
onto the substrate and then LiF was liftoffed by a
treatment in hot water with ultrasonic wave for
30 min. Finally, photoresist agent has been spin-
coated with under UV exposure prior to using the
completed Cr mask having narrow channels onto
an ITO substrate, and then we etched the substrate
in mixed acid for 35 min and obtained an ITO pat-
tern with a very narrow channel.

The electric characteristics of devices were mea-
sured with two source electrometers (Advantest,
R6245) in vacuum (10�3 Pa or less) environment
at room temperature. Two Au wires as probes were
placed onto gate and drain contact carefully by
observing optical microscope (Keyence digital HF
microscope VH-8000). We investigated the device
characteristics by scanning VD from 0 to 20 V at a
constant of VG (15 V) with a step of 0.5 V (ITO as
gate contact for bottom configuration and drain
contact for top configuration).

3. Results and discussion

These devices exhibited typical OLED character-
istics when applied voltage on source and gate con-
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Fig. 2. The luminescent characteristics of OLED in current
studies.

Fig. 3. The typical transistor characteristics of OLEDs with a
FET structure. (a) Family curves and (b) transfer characteristics.
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tact. The luminescence characteristics of OLED
were shown in Fig. 2. An OLED (size: 4 mm2) with
ITO as an anode and MgAg (Source contact in
OFET) as a cathode has been presented from elec-
tro-optical characteristics. Results found that the
turn-on voltage to observe the luminescence of
0.1 cd/m2 is 7.5 V, and maximum luminance of
5252.1 cd/m2 was realized at 29.5 V. The current
density and luminance are 0.36 mA/cm2 and
6.3 cd/m2 at 10 V, 2.42 mA/cm2 and 46.0 cd/m2 at
15 V. The function of each layer in devices was also
showed in Fig. 1.

It is noted that typical transistor characteristics
can be clearly observed, too. When applied positive
drain and gate voltage, electrons are injected into
organic layers from MgAg contact. Fig. 3 shows
the family curves (ID � VD) of our devices. The lin-
ear and saturation regime may be observed with the
increase of VD. Electrons are injected from the
source contact, and extracted from drain contact.
The depletion region under drain contact is gradu-
ally enlarged with the increase of VD, which leads
to the form of saturation current. From the transfer
curves (ID � VG), the switch characteristics of tran-
sistors are displayed with the increase of VG. Here,
electrons are accumulated at the interface of Alq3

and NPB/2-TNATA by applying positive gate
voltage. Therefore, current devices with OLED
structure also showed typical characteristics of
field-effect transistors although conventional gate
insulator and active layer have not been defined in
current devices. According to the configuration
and operation mechanism of FET, the five organic
layers are believed to act as different function. The
upper two layers (BCP and PyPySPyPy) will serve
as two charge (electrons) injection layers, the light-
emitting layer (Alq3) as the active layer in transis-
tors, and the last two layers (NPB/2-TNATA) as
the gate dielectric layer as shown in Fig. 1. Thus,
these devices exhibit also transistor behavior. Fur-
thermore, noted that electron accumulation mode
is operated by using MgAg as source/drain contact
for easy electrons injection due to its low work func-
tion. Finally, a similar device with ITO as source
and drain contact and MgAg as gate electrode in
inversion structure displays hole accumulation
mode due to easy hole injection. Despite of the out-
put current of device is low when compared with
conventional organic transistors, which is due to
low mobility of Alq3 [17], however, in this work
we focused on the performance of OLEDs while a
TFT behavior was expected to obtain. Moreover,
similar to the organic light-emitting transistors with
PN-hetero-boundary carrier recombination sites
[18], we consider Alq3 functioning mainly as carrier
recombination and emissive layer. The typical
device characteristics will be significant that present
a new path for organic light-emitting transistors.
Further optimizations about devices performance
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are in progress, such as using the molecular p-conju-
gated oligomers with good carrier transport and
photonic properties as a transistor to replace Alq3

due to their cooperative interaction between aligned
molecules.

In Fig. 3a, ID was obtained with increasing the VD

at a constant of VG. In this case, the quantity of
accumulated charge carriers at the interface between
semiconductor/insulator resulted from constant gate
voltage (VG). On the other hand, the ID in Fig. 3b,
was different from that in Fig. 3a, due to the trap
effect of organic semiconductors in OFETs, in which
more trapped carriers can be released with the suc-
cessive increase of VG (particularly for amorphous
materials). Therefore, the difference of ID between
Figs. 3a and b is attributed to different voltage
(either gate or drain bias) process.

We have established an equivalent circuit to dis-
cuss the FET behavior. Similar to one OLED [17],
the equivalent circuit of the device with top-contact
configuration used in this study can be schemati-
cally described in Fig. 4a. The internal resistance
of organic layer for source-drain contact, source-
gate contact and drain-gate contact in device was
assumed to be R, R1, R2, respectively. We described
R
R1 R2 VD

G
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Fig. 4. (a) Equivalent circuit of an OLED with a top-contact
FET configuration and (b) electric modulation characteristics.
the currents of three contacts, ID, IG and source cur-
rent (IS) using the following expression:

IG ¼
V G

R1

þ V G � V D

R2

ID ¼ �
V G � V D

R2

þ V D

R

I s ¼ �
V G

R1

� V D

R
ð1Þ

The expression suggests that the OLED-current
(VG/R1) and OFET-current (VD/R) are mutually
rivaled. However, the change magnitude of each
type of current was varied with the change in the
channel length of organic layer adjacent to the drain
and source cathodes.

In Eq. (1), the IS is considered to be equal to the
negative of the sum of ID and IG, which have been
recorded experimentally. We plotted the relative
change of IS at some VD = V with respect to the
value of IS at VD = 0 V against the gate voltages,
as shown in Fig. 4b. It was clearly observed the VD

dependence of IS at a low drain voltage region, as
described by Eq. (1), although the value of IS is at
the order of lA. This demonstrates that a FET
behavior has been obtained in addition to OLED
characteristics, particularly at the low drain voltage
condition. Moreover, it is noted that the IS will reach
a saturated state when drain voltage increases up to
when OLED characteristics is more significant.

4. Conclusion

In summary, we have reported the characteristics
of OLED with an FET structure. The typical FET
behaviors in an OLED were obtained from these
devices. The unique electric characteristics of both
OFET and OLED were analyzed. The five layers
of organic semiconductors are believed to play dif-
ferent role in OFET and OLED, respectively. Fur-
thermore, its mechanism is presented based on an
equivalent circuit. The works to investigate the
change in recombination zone of device and
improve device performance are in process.
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Abstract

A fluorinated-graphene, 2,5,8,11,14,17-hexafluoro-hexa-peri-hexabenzocoronene (6F-HBC), has been synthesized.
6F-HBC was deposited by vacuum sublimation as an active layer in an organic field-effect transistor (OFET). The OFET
with 6F-HBC performed as an n-type semiconductor, while that with hexa-peri-hexabenzocoronene (HBC) performed as a
p-type semiconductor. The electron field-effect mobility and on/off ratio for 6F-HBC were 1:6� 10�2 cm2=Vs and 104,
respectively. Hexafluoro-substituting reduces both the highest occupied molecular orbital and lowest unoccupied molecu-
lar orbital levels by 0.5 eV, which is suitable for electron injection from the electrode. 6F-HBC has a face-to-face structure
which is a preferable crystal structure for carrier transport.
� 2008 Elsevier B.V. All rights reserved.

PACS: 61.66.Hq; 68.03.Hj; 61.10.Nz

Keywords: OFET; Hexabenzocoronene; Graphene
1. Introduction

Organic field-effect transistors (OFETs) have
attracted considerable attention recently, because
of their use in lightweight, low-cost, large-area and
flexible electronic products, such as flat-panel dis-
plays, smart cards and radio-frequency (rf) tags [1].

Graphenes, of well-defined size and shape, such
as hexa-peri-hexabenzocoronene (HBC) and their
derivatives, are interesting molecules for use as an
active layer in OFETs [2,3]. Graphenes are rich in
p electrons, and graphenes of well-defined size and
shape are expected to have a high degree of overlap
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.01.002
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of the p electrons of neighboring molecules, which
would impart high charge carrier mobility. HBC
derivatives actually exhibit some of the highest
values for intrinsic hole charge carrier mobility of
up to 1 cm2=Vs in the bulk sample, using a pulse-
radiolysis time-resolved microwave conductivity
(PR-TRMC) technique, which makes them promis-
ing candidates for organic electronic devices [2].

Considering the production of bipolar transistors
and complimentary circuits, n-type organic semi-
conductors should have similar physical and electri-
cal properties except for the type of carriers. To
date, most of the organic molecules reported for
OFETs have been p-type semiconductors, and only
a few molecules have also been found to function as
n-type semiconductors. It is known that for a mate-
rial to transport electrons (n-type) requires access to
.
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the lowest unoccupied molecular orbital (LUMO)
level for electron injection. Therefore, molecules
with strong electron-withdrawing groups are good
candidates as n-type semiconductors. In fact, good
performance of n-type organic semiconductors has
been obtained by the introduction of fluoro or fluo-
roalkyl substituents into pentacene [4] and oligothi-
ophene derivatives [5], which are known as hole-
transporting systems.

In the present study, 2,5,8,11,14,17-hexafluoro-
hexa-peri-hexabenzocoronene (6F-HBC) was syn-
thesized as a potential n-type semiconductor for
OFETs. An OFET with 6F-HBC was fabricated,
and the performance as n-type semiconductor is
presented. The crystal structure of the bulk and
the crystalline morphology of the film were mea-
sured using powder X-ray diffraction and grazing
incidence X-ray diffraction (GIXD), respectively.

2. Experimental methods

The chemical structures of HBC and 6F-HBC are
shown in Fig. 1. HBC and 6F-HBC were synthe-
sized by a previously reported method [6] from
substituted starting materials.

The configuration of the OFET device is a top-
contact structure, as shown in Fig. 2. Heavily
doped n-type single-crystal silicon wafer
ð< 0:02 X cmÞ covered with a 300 nm thick film
of thermally grown SiO2 ðSiO2Þ was used as the
substrates for the OFET. The silicon wafer also
1 2

F

F

F

F

F

F

Fig. 1. The chemical structures of hexa-peri-hexabenzocoronene
(HBC) and 2,5,8,11,14,17-hexafluoro-hexa-peri-hexabenzocoron-
ene (6F-HBC).

n+-Si

SiO2300nm

Ca
HBC derivatives 20nm

Al 100nm

Al
Ca 1nm

Al 100nm

Fig. 2. Schematic structure of the OFET device investigated in
this study.
serves as the gate electrode. The thermally grown
SiO2 provides a good gate insulator with high
breakdown voltage and low defect concentration.
A 20 nm active layer of 6F-HBC was deposited
on the SiO2 layer by vacuum evaporation at a rate
of 0.1 nm/min under a pressure of 1� 10�5 Pa. The
OFET was completed by evaporating Ca/Al (1 nm/
100 nm) layers through a shadow mask to form the
source and drain contacts, and forming a 100 nm
Al layer on the back side of the wafer to the con-
tact gate. The channel length and width were 200
and 5000 lm, respectively. After annealing the
OFET in a vacuum chamber at 150 �C for 1 h, in
order to remove the influence of oxygen and
humidity which presumably traps negative carriers,
the OFET characteristics were measured using an
HP4145B parameter analyzer.

Crystalline structures were measured using pow-
der X-ray diffraction (XRD). Powder samples were
sealed in a glass capillary of 0:3 mm/. Powder
XRD data were collected at the Japan Synchrotron
Radiation Research Institute (SPring-8), using
beamline BL19B2, X-ray energy of 12.4 keV, and
an imaging plate. The structure and crystallinity of
the films were characterized by out-of-plane XRD,
in-plane XRD and atomic force microscope. XRD
ðh–2hÞ scans were acquired using a Rigaku RINT
2200 system with Cu Ka radiation. In-plane XRD
was performed at SPring-8, using beamline
BL46XU at an incident angle of 0.13� and X-ray
energy of 12.0 keV. The AFM system used in this
study was a Nanoscope IIIa + D3100 (Digital
Instrument, Inc., Santa Barbara, CA). The measure-
ment was performed in the tapping mode and in air
at room temperature.

3. Results and discussion

Fig. 3 shows the (a) output and (b) transfer char-
acteristics of the OFET with a 6F-HBC active layer.
It is seen that the application of a positive voltage to
the gate increases the positive drain current. This
indicates that the OFET with 6F-HBC performs as
an n-type transistor, in contrast to a p-type transis-
tor of HBC [3]. The field-effect mobilities were calcu-
lated using the ID values in the saturation regions.
The electron field-effect mobility and on/off ratio
for 6F-HBC were 1:6� 10�2 cm2=Vs and 104,
respectively. The electron mobility of 6F-HBC was
comparable to the hole mobility of HBC ð3:3�
10�2 cm2=VsÞ, which was obtained under the opti-
mized condition of a 150 �C substrate temperature.
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Fig. 4. (Top) Powder XRD patterns, (middle) out-of plane and (bottom
SiO2=Si substrates.
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The HOMO levels of the HBC and 6F-HBC films
were determined using a photoelectron spectrometer
(Riken Keiki Co. Ltd., AC-2). Those of HBC and
6F-HBC were at 5.4 and 5.9 eV, respectively. The
LUMO levels of HBC and 6F-HBC films were
deduced from the band gaps obtained from the
UV/Vis absorption spectra and the HOMO levels.
The band gaps of HBC and 6F-HBC were both
2.7 eV. The LUMO levels of HBC and 6F-HBC
were 2.7 and 3.2 eV, respectively. Therefore, hexa-
fluoro-substitution reduces both the HOMO and
LUMO levels by 0.5 eV, which is suitable for elec-
tron injection from the electrode.

Fig. 4 shows powder, out-of plane and in-plane
XRD patterns of HBC and 6F-HBC deposited on
SiO2=Si substrates. The out-of-plane XRD patterns
exhibit only one set of Bragg reflections from the
same family of lattice planes. The layer spacings
obtained from the first reflection peaks were
1.21 nm for HBC and 1.22 nm for 6F-HBC. The
in-plane lattice parameters (A, B) and the angle
between them ðCÞ were determined from in-plane
XRD patterns, and the results are displayed in
Table 1.

The lattice spacing of HBC (1.21 nm) was consis-
tent with the (001) spacing, d001 ¼ 1:19 nm, of the
reported single-crystal structure: monoclinic, space
group P21=a; a ¼ 1:8431 nm; b ¼ 0:5119 nm; c ¼
1:2929 nm; b ¼ 112:57� [7]. The peaks in the in-
plane XRD pattern of HBC are indexed to a rect-
angular in-plane unit cell with dimensions
A ¼ 1:853 nm; B ¼ 0:511 nm, and C ¼ 90�. The
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) in-plane XRD patterns of (a) HBC and (b) 6F-HBC thin films on



Table 1
The in-plane lattice parameters (A, B), the angle between them
ðCÞ, and the layer spacing (d) for the films of HBC and 6F-HBC

Compound A (nm) B (nm) d001 (nm) C (�)

HBC 1.853 0.511 1.21 90
6F-HBC 1.348 0.370 1.22 96.3
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in-plane unit cell is consistent with the ab plane of
bulk HBC. The absence of (10), (30) reflections
agrees with a herringbone structure in the ab plane
of space group P21=a.

The crystal structure of 6F-HBC was deter-
mined from the powder XRD pattern: monoclinic,
space group P1, a ¼ 2:291 nm; b ¼ 1:432 nm; c ¼
0:370 nm; a ¼ 90�; b ¼ 98:9�; c ¼ 90�. The peaks
Fig. 5. 2 lm� 2 lm AFM image of 6F-HBC thin film on
SiO2=Si substrate.

Fig. 6. Molecular packing diagrams
in the in-plane XRD pattern of 6F-HBC are indexed
to a unit cell with dimensions; A ¼ 1:348 nm;
B ¼ 0:370 nm, and C ¼ 96:3�. The cell is consistent
with the (1�10) plane. The half length of 110
agrees with 1.348 nm, and the length of 001 agrees
with 0.370 nm. The angle between 110 and 0 01 was
calculated as 97.5�, which agrees with the observed
angle of 96.3�. The out-of-plane XRD pattern
for 6F-HBC shows 110 Bragg reflections. Since
the direction of 11 0 is slightly different from the
perpendicular of the film and the small rectangular
grains with the average size of 200 nm as shown in
Fig. 5, the intensity of the 110 peak is weak.

In order to determine the molecular packing
from the powder XRD pattern, the state-of-the-art
software package Reflex Plus was used, which is
based on the Powder Solve approach [8] Fig. 6
shows the molecular packing diagrams for HBC
and 6F-HBC. Interestingly, 6F-HBC has a face-to-
face structure, while HBC has a herringbone struc-
ture. The large van der Waals radius of fluorine
would appear to change the crystal structure from
herringbone to face-to-face.

Curtis et al. have recently made a structural anal-
ysis of some common organic semiconductors, dis-
cussing the correlation between solid-state packing
and transport [9]. Theoretically, a face-to-face p
stacking structure is expected to provide more effi-
cient orbital overlap and thereby facilitate carrier
of (a) HBC and (b) 6F-HBC.
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transport. Therefore 6F-HBC has a preferable crys-
tal structure for carrier transport.
4. Conclusion

In conclusion, OFET with 6F-HBC performed as
n-type semiconductor. The electron field-effect
mobility and on/off ratio for 6F-HBC were 1:6�
10�2 cm2=Vs and 104, respectively. In-plane and
out-of-plane XRD have been performed to study
the thin film structure of HBC and 6F-HBC. The
data indicated that 6F-HBC has a face-to-face struc-
ture, which is a preferable crystal structure for car-
rier transport. The effect of the large van der Waals
radius of fluorine would change the crystal structure
from herringbone to face-to-face.
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Brand, M.A. Harbison, K. Müllen, Adv. Mater. 11 (1999)
1469.

[3] T. Mori, H. Takeuchi, H. Fujikawa, J. Appl. Phys. 97 (2005)
066102.

[4] Y. Sakamoto, T. Suzuki, M. Kobayashi, Y. Gao, Y. Fukai, Y.
Inoue, F. Sato, S. Tokito, J. Am. Chem. Soc. 126 (2004) 8138.

[5] M. Yoon, S. DiBenedetto, A. Facchetti, T. Marks, J. Am.
Chem. Soc. 127 (2005) 1348.

[6] M.D. Watson, A. Fechtenkötter, K. Müllen, Chem. Rev. 101
(2001) 1267.

[7] R. Goddard, M.W. Haenel, W.C. Herndon, C. Krüger, M.
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Abstract

Effects of doping molybdenum trioxide (MoO3) in N,N0-diphenyl-N,N0-bis(1,10-biphenyl)-4,40-diamine (NPB) are studied
at various thicknesses of doped layer (25–500 Å) by measuring the current–voltage characteristics, the capacitance–voltage
characteristics and the operating lifetime. We formed charge transfer complex of NPB and MoO3 by co-evaporation of both
materials to achieve higher charge density, lower operating voltage, and better reliability of devices. These improved per-
formances may be attributed to both bulk and interface properties of the doped layer. The authors demonstrated that
the interface effects play more important role in lowering the operating voltage and increasing the lifetime.
� 2007 Elsevier B.V. All rights reserved.

Keywords: OLED; Metal oxide; Charge transfer complex; Interface; Stability
Since Tang and Vanslyske demonstrated stable
and efficient double-layered organic light-emitting
diodes (OLEDs) in 1987, various efforts have been
made to enable their practical applications to flat
panel displays and lighting devices [1–13]. Perfor-
mances of OLEDs are considered relatively good
enough for small-sized displays, but power con-
sumption and operating lifetime are still critical
issues for large-sized displays.
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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High power efficiency of OLEDs can be achieved
by higher external quantum efficiency and lower
operating voltage. The external quantum efficiency
is usually determined by internal quantum efficiency
and light extraction efficiency, both of which are
strongly dependent on electroluminescent materials
and device structures. Low operating voltage can
be achieved by reducing Ohmic losses of charge
injection at the interface, and increasing charge
transporting ability at bulk. Several approaches
for high power efficiency, such as modulating the
work function of electrodes [2,3] and inserting an
effective buffer layer between the organic layer and
the metal electrode [4–6], have been studied.
.
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Doping of the charge transporting layer can also
be one of the most effective methods to reduce the
operating voltage. Alkali or alkaline earth metals
[7–9], or cationic dyes [10], were introduced as
n-dopant into the electron transfer layer (ETL). In
addition, p-dopant materials, such as FeCl3 [11],
SbCl5 [12], and tetrafluorotetracyano-quinodime-
thane (F4-TCNQ) [13,14], were introduced into
the hole transporting layer (HTL) to achieve a low
operating voltage device. However, some of doping
materials show problems such as material toxicity,
high temperature for evaporation and cross contam-
ination during evaporation. Cross contamination is
quite fatal to the stability of devices.

Doping of metal oxides can be one of the most
effective methods to lower the operating voltage
and to improve stability without contamination
problems. Various metal oxides have been recently
reported as an effective p-dopant in HTL to improve
power efficiency [15–18]. Although various studies
have been tried to improve power efficiency by
introducing a p-type metal oxide into HTL, detailed
mechanisms of the lower voltage and stability have
not yet been sufficiently understood.

In this paper, we investigated effects of doping
MoO3 on charge injection from the indium-tin-
oxide (ITO) anode to the NPB layer at ITO/NPB
interface, and the charge transporting ability in
the bulk of MoO3-doped NPB. In addition, the
effects on operational stability from doping MoO3

in NPB were also investigated.
Charge transfer (CT) complexes can be easily

formed by doping MoO3 in NPB. These contribute
to an increase in the cationic charge carrier density
in NPB, resulting in lower operating voltage and
higher power efficiency. To discriminate interface
effects from bulk effects of CT complexes in NPB,
we systematically varied the thickness and concen-
tration of the MoO3-doped layer and monitored
the operating voltage and reliability of the devices.

All devices used in this work were fabricated on
ITO glass with a sheet resistance of 15 X/h and a
thickness of 1500 Å. Oxygen plasma treatment was
used to remove excess moisture on the active
area. For a doped layer, MoO3 and NPB were
co-evaporated from different sources in the same
chamber. Pure NPB and tris-(8-hydroxyquino-
line) aluminum (Alq3) were subsequently depos-
ited by conventional thermal evaporation at the
rate of 1 Å/s. 10-(2-Benzothiazolyl)-2,3,6,7-tetrahy-
dro-1,1,7,7,-tetramethyl-1H,5H,11H-[1] benzopyr-
ano [6,7,8-ij] quinolizin-11-one (C545T) was used
as a green dopant with a concentration of 5.0% in
the emitting layer. The pressure of the vacuum
chamber was kept at �2 � 10�6 torr during evapo-
ration. All devices were encapsulated with BaO in
a dry nitrogen glove box. The lifetime measure-
ments were carried out at a DC current density of
50 mA/cm2. HP 4192A was used for capacitance–
voltage (C–V) measurements at the room tem-
perature.

A charge transfer complex is usually formed by
an electron transfer from the highest occupied
molecular orbital of the host materials to the lowest
occupied molecular orbital of the dopant material.
If we consider NPB as having an ionization poten-
tial level of 5.0–5.5 eV and MoO3 as having a high
work function of about 5.3–5.5 eV, then a charge
transfer complex can be easily formed as proved
by absorption spectra [5]. Fig. 1 shows the absorp-
tion spectra of NPB and MoO3-doped NPB films
at various doping concentrations. The broad
absorption band around 1400 nm can be clearly
observed only from MoO3-doped NPB films, and
its intensity increases as the MoO3 doping concen-
tration increases. This indicates that a CT complex
can be easily formed and generate extra free holes
with no applied current to a device. This result is
similar to those on CT complexes discussed in other
literatures [11,12].

To verify the effects of p-doping MoO3 in NPB
on electrical properties, a series of hole-only devices
of ITO/NPB (1000 Å)/Al and ITO/5, 10, 25, 50%
MoO3-doped NPB (1000 Å)/Al were fabricated,
and their electrical properties were measured. As
shown in Fig. 2a, significantly improved current
density–voltage (J–V) characteristics were observed
when MoO3 was doped in a NPB layer. These
results might be attributed to the decrease of the
injection energy barrier height and the increase of
extra free charge carriers by the formation of the
CT complex between MoO3 and NPB.

We estimated the hole carrier density of the
MoO3-doped layer from C–V measurements. From
the standard Schottky–Mott analysis [19], the
capacitance can be described as

1

C2
¼ 2ðV bi � V Þ

A2qee0N A

ð1Þ

where q is elementary charge, Vbi is the built-in po-
tential, e is the relative dielectric constant, e0 is the
vacuum permittivity, A is active area of device,
and NA is active concentration of charge carriers.
The relative dielectric constant e is assumed to



Fig. 1. Absorption spectra of pure NPB and MoO3-doped NPB films at various MoO3 concentrations. Inset: relative intensity of charge
transfer complex bands.
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be 3. Fig. 2b shows the linear increase of 1/C2 versus
the bias voltage. The fitted lines are in good agree-
ment with the experimental data, and the hole car-
rier density can be easily extracted from the slope.
The calculated charge carrier density values
of 0.79 � 1019 cm�3, 0.97 � 1019 cm�3 and 1.23 �
1019 cm�3 were obtained for MoO3 concentrations
of 5%, 10%, and 25% in NPB, respectively. The
charge carrier densities of the doped layer are much
higher than that of the pure NPB layer (1.97 �
1014 cm�3) [20].

The increase in charge carrier density by doping
MoO3 in NPB can contribute to lower operating
voltage (or higher conductivity) of the devices.
To investigate the contribution of the MoO3-doped
NPB layer to the performance of OLEDs, we
fabricated green emitting devices of ITO/MoO3-
doped NPB(x Å)/NPB(700 � x Å)/C545T doped
Alq3(300 Å)/Alq3(400 Å)/LiF(10 Å)/Al(800 Å) with
differing MoO3-doped NPB thickness (x = 0, 25,
50, 100, 150, 300, 500 Å). The thickness of the
MoO3-doped layer was systematically varied to dis-
criminate interface effects from bulk effects. The
total thickness of the HTL (doped and pure NPB)
was kept to a constant value of 700 Å by adding a
pure NPB layer, which prevents exitons in the
EML from being quenched by blocking the diffu-
sion of MoO3 into the EML [21].
Fig. 3a shows J–V characteristics and luminance-
J (inset) of the device at various thicknesses of 5%
MoO3-doped NPB layer. The control device has
the NPB thickness of 700 Å without MoO3 dopant.
It can be seen that the hole current increases
significantly as the thickness of the doped NPB layer
increases, while luminous efficiencies become
slightly lowered. This is due to the unbalanced
charge effects as shown in the inset of Fig. 3a [22].
Fig. 3b shows the operating voltages of the devices
versus the thickness of the MoO3-doped layers at
two different MoO3 concentrations of 5% and
10%. The operating voltage decreased from 10.2 V
to 8.4 V at a fixed current density of 100 mA/cm2

while a 10% MoO3-doped layer with the thickness
of 100 Å was inserted. The operating voltage
shows a lower value with a higher concentration
of MoO3.

It is noteworthy that two different slopes are
clearly observed. The operating voltage shows rapid
decrease with the increase of the doped layer thick-
ness when it is thinner than 100 Å. However, further
increase of the doped layer when it is thicker than
100 Å shows a relatively slow decrease of the oper-
ating voltage. We assumed that the interface and
bulk effects were responsible for the rapid drop of
the operating voltage in devices with thinner doped
layers, and for the slow drop in devices with thicker



Fig. 3. (a) J vs V characteristics and luminous efficiency (inset) of
a green device at various thicknesses of 5% MoO3-doped NPB
layer. (b) The operating voltage at a DC current of 100 mA/cm2

of a green device with 5% and 10% MoO3-doped NPB layer.

Fig. 2. (a) J–V characteristics and (b) 1/C2 vs Vbias plots of
1000 Å NPB films at various MoO3 doping concentrations. For
C–V measurements, 0.1 V signal oscillating at 100 kHz was added
to dc bias.
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layers, respectively. These results indeed indicate
that a partial doping of metal oxide in the HTL
might be very effective for voltage reduction. The
slow drop in devices with thicker layers can be
explained by the reduced bulk resistance of the
NPB layer due to the electrical doping effects, which
reduce the hoping activation energy [23].

More complicated mechanisms could be involved
in the rapid drop of the operation voltage when the
doped layer is thinner than 100 Å. In addition to the
electrical doping effects, MoO3 itself can be an excel-
lent hole injection layer. You et al. recently reported
an improved hole injection and stability by intro-
ducing a thin layer of MoO3 between ITO and
HTL [24]. MoO3 can exist in the form of a CT com-
plex ðMoO�3 : NPBþÞ in MoO3-doped layers. The
dipole of CT complex could also reduce the charge
injection energy barrier at the ITO/NPB interface.
Although it is somewhat difficult to describe
detailed mechanisms, it is evidently apparent that
the interface effects are directly involved in reducing
the operating voltage and are a more dominant fac-
tor. In particular, the doped layer thickness of
�100 Å might be enough to achieve a sufficient
reduction of the operating voltage.

In addition to voltage reduction, we observed a
significantly improved stability of devices with a
MoO3-doped NPB layer. Fig. 4a shows the experi-
mental results of the operating lifetime at various
thicknesses of 5% MoO3-doped layers. Fig. 4b
shows the half lifetimes versus the doped layer
thickness. All measurements were made at a DC
current density of 50 mA/cm2. Fig. 4a clearly shows
that the MoO3-doped layer contributes to improve
the stability of the devices.

It is quite interesting to note that the increased
stability shows a trend similar to the voltage reduc-
tion at various doped layer thicknesses. The lifetime
was improved rapidly when the doped HTL



Fig. 4. Lifetime test results of a green device with pure and
MoO3-doped NPB layers. (a) Output intensity of the device as a
function of time with the doped NPB layer thickness as a
parameter. Doping concentration is 5%. (b) Operating lifetime vs
doped NPB layer thickness. Doping concentration is 5% or 10%.
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thickness was increased up to 100 Å, while
improved slowly when the thickness was increased
from 100 Å to 500 Å. The lifetime of the devices
with a doped layer thickness of 500 Å and a doping
concentration of 5% was 870 h. The lifetime
increased to 1010 h when the doping concentration
was 10%. These values were much longer than the
335 h of the control device. The charge balance in
EML is in general one of the most important factors
in determining the stability of OLEDs. However,
improved stability in this work cannot be
explained simply by the charge balance mechanism
since we broke the hole–electron charge balance
by increasing the excess hole current as mentioned
above.

You et al. achieved a significantly improved sta-
bility by introducing a thin layer of MoO3 layer
between ITO and HTL, and ascribed the results to
the MoO3 layer to avoid the crystallization of
NPB [24]. We believe that MoO3-doped NPB is
effective in avoiding the crystallization of pure
NPB, just as other doping system showed [16].
The morphology stability of NPB that has been
enhanced by doping MoO3 must be one of the rea-
sons for improved stability. It is, however, more
interesting that an improvement in stability, shown
in Fig. 4b, exhibits a tendency very similar to that of
voltage reduction shown in Fig. 3b. This behavior
clearly indicates that the improvement in stability
might be related to the lower operating voltage lead-
ing to weak Joule-heating effects. This strongly sug-
gests that the interface effects of the MoO3-doped
HTL play a more important role in determining
device stability.

In summary, we demonstrated that MoO3 acts
as an efficient p-dopant in NPB by the formation
of CT complexes. Significantly improved stability
and reduced operating voltage were achieved by
introducing a thin layer of MoO3-doped NPB
between ITO and NPB. The contribution of inter-
face effects was discriminated from bulk effects. In
addition, we found that the interface effects play a
major role in lowering the operating voltage and
enhancing the stability of OLEDs with a MoO3-
doped HTL.
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Abstract

Blue-emitting 2-methyl-9,10-di(2-napthyl)anthracene (MADN) and yellow-emitting 5,6,11,12-tetraphenylnaphthacene
(rubrene) were used as cohost materials together with tris(8-hydroxyquinolinato)aluminum (Alq3) to form emission layers
doped with the red dopant molecule 4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran
(DCJTB). DCJTB-doped red organic light-emitting diodes based on both cohost systems showed remarkable improve-
ments in terms of efficiency compared to DCJTB-doped Alq3 single-host devices. With 2% DCJTB doping, the respective
efficiencies of Alq3 single-host, Alq3 (60%)/rubrene (40%)-, and Alq3 (20%)/MADN (80%)-cohost devices were 1.79, 4.44
and 5.42 cd/A at 20 mA/cm2. Unlike Alq3/rubrene-cohost devices, which experienced substantial current-induced quench-
ing, Alq3/MADN-cohost devices showed only a slight efficiency change at high current densities. At the luminance of
7680 cd/m2, which was the benchmark for a practical passive-matrix OLED array with 64 scan-lines, an aperture ratio
of 50%, and a polarizer transmittance of 50%, the power efficiency of the 2% DCJTB Alq3/MADN-cohost device was
4.1 and 1.5 times better than that of Alq3 single-host and Alq3/rubrene-cohost devices, respectively. Moreover, the
half-decay lifetime of the Alq3/MADN-cohost device, measured as 14,000 h at an initial luminance of 1000 cd/m2, was
4.4 and 1.9 times longer than the respective half-decay lifetimes of Alq3 single-host and Alq3/rubrene-cohost devices.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In general, red organic light-emitting diodes
(OLEDs) experience drawbacks such as low
.
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Fig. 1. Energy diagram of Alq3/rubrene- and Alq3/MADN-
cohost devices doped with DCJTB and the molecular structures
of DCJTB, rubrene, and MADN.
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light-emitting efficiency, luminance-quenching due
to intermolecular interactions, and poor color pur-
ity. One means of overcoming these problems
involves using judicially selected host-dopant sys-
tems that can take advantage of energy transfer
from the host to the dopants. A tris(8-hydroxyqui-
nolinato)aluminum (Alq3) host doped with 4-(dicy-
anomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulol-
idyl-9-enyl)-4H-pyran (DCJTB) is an example of a
host-dopant emitting layer (EML) for red OLEDs
[1,2] with good color coordinates. However, such
devices have been shown to have low luminance effi-
ciency (<2 cd/A), and are not free from the current-
induced quenching phenomenon under high-current
driving conditions [3,4]. To alleviate the problems
associated with doped red OLEDs, either multi-
doped EML with a single-host material or doped
cohost systems are used. An example of an EML
utilizing multiple dopants is an Alq3 host doped
with the 2% red dopant 4-dicyanomethylene-
2-methyl-6-(2-(2,3,6,7-tetrahydro-1H,5H-benzo[ij]-
quinolizin-8-yl)vinyl)-4H-pyran (DCM2) and the
5% emitting-assist dopant 5,6,11,12-tetraphenyl-
naphthacene (rubrene) [5]. Another example is an
Alq3 host doped with 5% rubrene, 2% DCJTB,
and 6% N,N0-bis(1-naphthyl)-N,N0-diphenyl-1,10-
biphenyl-4,40-diamine (NPB) [6]. A device with a tri-
ple-dopant EML had a luminance efficiency rating
of 2.8 cd/A at 20 mA/cm2 and CIEx,y color coordi-
nates of (0.65, 0.34).

A prototypical cohost device fabricated by Liu
et al., which showed power and luminance efficiency
values of 2.1 lm/W and 4.4 cd/A, respectively,
CIEx,y color coordinates of (0.65, 0.35) and a half-
life of 3500 h used an EML consisting of Alq3

(60%)/rubrene (40%)-cohost doped with 2% DCJTB
[7]. It was reported that the removal of excess holes
at a high current density via a large amount of rub-
rene contributed not only to an improvement in the
efficiency, but also to stable device operation by
suppressing the formation of [Alq3]+. However,
the excessive amount of rubrene was ultimately det-
rimental, as the luminance-quenching effect dimin-
ished the efficiency. Slight modifications of the
Alq3/rubrene-cohost devices were outlined in Liu
et al. [8,9]. A device with an EML of Alq3 (35%)/
rubrene (65%) doped with 1% DCJTB and having
a luminance efficiency of 5.62 cd/A, CIEx,y color
coordinates of (0.64, 0.36) and the half-life of
1,179 h at 70 �C was fabricated by Brown et al.
[8]. A 4-(dicyanomethylene)-2-methyl-6-(p-dimeth-
ylaminostyryl)-4H-pyran (DCM) doped Alq3/
rubrene-cohost device with a luminance efficiency
of 5.49 cd/A, CIEx,y color coordinates of (0.64,
0.36) and a half-life comparable to those of the
DCJTB-doped EMLs was reported by Wen et al.
[9].

In this work, 2-methyl-9,10-di(2-napthyl)anthra-
cene (MADN), a wide band-gap blue-host material
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with robust thin-film morphology [10,11], was tested
as a new cohost material for use in conjunction with
Alq3. Several red OLEDs with a DCJTB-doped
Alq3/MADN-cohost EML were fabricated using
various mixing fractions of MADN while maintain-
ing fixed levels of the DCJTB-doping fraction and
the EML thickness. The performance of these
DCJTB-doped Alq3/MADN-cohost devices were
compared with those of similarly fabricated
DCJTB-doped Alq3/rubrene-cohost devices. The
motivation of this investigation was to improve
the efficiency, operational stability, and lifetime of
doped red OLEDs based on cohost systems. High
luminance efficiency without significant current-
induced quenching is essential for passive-matrix
organic light-emitting diode (PMOLED) given that
a decrease of the luminance efficiency at a high
current density requires a significantly increased
power consumption, consequently resulting in a
substantial decrease in the lifetime of PMOLED
arrays.
Fig. 2. (a) Luminance efficiencies for a series of Alq3/rubrene-
cohost devices doped with 2% DCJTB with respect to the current
density. (b) Efficiency variations of Alq3(50%)/rubrene(50%)-
cohost devices with respective DCJTB doping concentrations of
2%, 4%, and 5%.
2. Experimental

Indium–tin-oxide (ITO) coated glasses were used
as substrates for the fabrication of the devices. The
ITO film used as an anode electrode was 150 nm
thick and had a sheet resistance of 10 X/h. The
ITO surface underwent an O2 plasma treatment
before the deposition of the organic and cathode
layers. 4,40,400-tris(2-naphthylphenyl-phenylamino)-
triphenylamine (2-TNATA), NPB, DCJTB-doped
Alq3/MADN (or Alq3/rubrene), Alq3, and a dou-
ble-layer of LiF and Al were deposited sequentially
to form a hole injection layer (HIL), a hole trans-
port layer (HTL), an EML, an electron transport
layer (ETL), and a cathode electrode, respectively.
The multilayer structure of the fabricated red
electroluminescent (EL) device was ITO/2-TNAT-
A(60 nm)/NPB(30 nm)/DCJTB-doped cohost/Alq3/
LiF(0.8 nm)/Al(150 nm). The energy diagram of the
fabricated DCJTB-doped cohost devices are shown
in Fig. 1 together with the molecular structures of
DCJTB, rubrene, and MADN. The square active
area defined by the overlap of the ITO anode and
the cathode was 2 � 2 mm2. All fabricated devices
were hermetically sealed via glass encapsulation
with getter. Keithley 238 was used as a source-mea-
surement unit and PR650 was used as the luminance
meter when measuring the current–voltage–lumi-
nance (I–V–L) characteristics.
3. Results and discussion

3.1. Alq3/rubrene-cohost devices

Fig. 2(a) shows the luminance efficiencies for a
series of Alq3/rubrene-cohost devices doped with
2% DCJTB with respect to the current density.
The respective thickness of the cohost EML and
ETL were fixed at 30 and 33 nm. It was clear that
the efficiencies of the Alq3/rubrene-cohost devices
were superior to that of the Alq3 single-host device
with an identical DCJTB-doping concentration
(Device 1–1). In addition, the rubrene concentration
of 40–50% was found to be optimal for the highest
efficiency; the efficiency was reduced at a high cur-
rent density regardless of the rubrene concentration.
A reduction in the efficiency under high-current
drive conditions was observed as in other devices



Fig. 3. Variations of (a) the luminance efficiency and (b) the drive
voltage with respect to the rubrene fraction of a series of 2%-
DCJTB doped Alq3/rubrene-cohost devices at current densities of
20 and 100 mA/cm2.
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with different EML and ETL thicknesses. Fig. 2(b)
shows current-density-dependent variations of effi-
ciencies for three Alq3 (50%)/rubrene (50%) devices
with respective DCJTB doping concentrations of
2%, 4%, and 5%. It was found that the efficiencies
of 4%- and 5%-doped devices were inferior to that
of the 2%-doped device throughout the measured
current-density range. This indicated that concen-
tration quenching due to DCJTB dopants was a fac-
tor that limited the performance of doped cohost
devices. Moreover, it was evident that the 2%-doped
device was less susceptible to current-induced
quenching. It is important to note that the efficien-
cies of 4.32, 3.68, and 3.22 cd/A at 20 mA/cm2 were
reduced by 14.4%, 15.2%, and 17.3% as the current
density was increased to 100 mA/cm2 for the 2%-,
4%- and 5%-doped devices, respectively.

The details of the EL performance for a series of
Alq3/rubrene-cohost devices doped with 2% DCJTB
are listed in Table 1, and the variations of the lumi-
nance efficiency and drive voltage with respect to the
rubrene fraction are plotted in Fig. 3(a) and (b). At
a current density of 20 mA/cm2, the maximum lumi-
nance efficiency was measured as 4.44 cd/A for a
rubrene fraction of 40% (Device 1–3), which was
more than twice of that of the DCJTB-doped Alq3

single-host device (Device 1–1). However, the effi-
ciency of the same device was reduced to 3.62 cd/
A at 100 mA/cm2. It is interesting to note that cur-
rent-induced quenching was prominent around the
rubrene-fraction for maximum efficiency; this
became smaller at higher fractions. Previously, it
was argued that a small fraction of rubrene may
assist dopants and contribute to improving the effi-
ciency via a cascading energy transfer [5,11,12].
Additionally, it has been shown that a large amount
of rubrene removes excess holes and hinders the for-
mation of quenching species. In this case, excessive
rubrene would result in luminescence quenching
Table 1
Details of EL performance for a series of Alq3/rubrene-cohost devices d
cm2

Device Rubrene ratio (%) J = 20 mA/cm2

Bias (V) g20 (cd/A) CIE (CIEx, C

1–1 0 9.0 1.79 (0.63, 0.37)
1–2 20 6.8 3.04 (0.65, 0.35)
1–3 40 5.9 4.44 (0.64, 0.35)
1–4 50 5.7 4.32 (0.64, 0.36)
1–5 60 5.5 3.74 (0.63, 0.37)
1–6 80 5.4 2.32 (0.59, 0.40)
that is independent of the carrier density [7]. Alter-
natively, factors such as the rubrene-fraction-depen-
dent variations in the charge-transfer and
recombination regions in EML [13], the occurrence
of balanced carrier injection and transport, and effi-
cient energy transfers to DCJTB around a rubrene-
fraction of 40% cannot be ruled out. The CIEx,y
oped with 2% DCJTB at the current densities of 20 and 100 mA/

J = 100 mA/cm2 g20�g100

g20
(%)

IEy) Bias (V) g100(cd/A) CIE (CIEx, CIEy)

11.1 1.61 (0.62, 0.38) 10.1
8.9 2.51 (0.64, 0.35) 17.4
7.9 3.62 (0.64, 0.36) 18.5
7.7 3.70 (0.63, 0.36) 14.4
7.5 3.42 (0.63, 0.37) 8.6
7.4 2.46 (0.59, 0.40) -6.0



Fig. 4. Variations of (a) the luminance efficiency and (b) the drive
voltage with respect to MADN fraction at current densities of 20
and 100 mA/cm2, and (c) luminance efficiencies with respect to
the current density of a series of Alq3/MADN-cohost devices
doped with 2% DCJTB.
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color coordinates of devices with 40–50% rubrene
were in the range of (0.64, 0.36)–(0.63, 0.36). These
values were closer to the national-television-system-
committee (NTSC) standard of (0.67, 0.33)
compared to the values of an Alq3 single-host
device.

Unlike the luminance efficiency, the drive voltage
was found to decrease monotonically as the rubrene
fraction increased. Compared to the drive voltage of
an Alq3 single-host device doped with 2% DCJTB,
that of an Alq3/rubrene-cohost device with the
equivalent doping level was reduced by as much as
3.6 V. It is reasonable to assume that the large bipo-
lar mobility of rubrene was responsible for the
observed reduction of the drive voltage. Another
interesting observation was the nearly constant 2-
V offset independent of rubrene concentration
between the drive voltages for current densities of
20 and 100 mA/cm2. The constant drive-voltage off-
set throughout the rubrene concentration in cohost
EML indicated that the currents in these devices
were controlled by the spatial charge distribution,
which depended on carrier mobility, rather than
by injection barriers. Moreover, rubrene was likely
to be a major current carrying component while
being comparable to or less efficient than Alq3 in
transferring energy to DCJTB.

3.2. Alq3/MADN-cohost devices

Fig. 4(a) and (b) show variations of the lumi-
nance efficiency and drive voltage with respect to
the MADN fraction of a series of Alq3/MADN-
cohost devices doped with 2% DCJTB. The respec-
tive thicknesses of the cohost EML and ETL were
fixed at 35 and 30 nm. The maximum efficiency
of 5.42 cd/A at 20 mA/cm2, which was observed
from the device with a MADN fraction of 80%
(Device 2–3), was approximately 1 cd/A larger than
that of an Alq3/rubrene-cohost device with the same
drive current density. Another prominent difference
between the EL performance of Alq3/MADN and
the Alq3/rubrene-cohost devices was the current-
induced quenching behavior. For a MADN fraction
of 80% (Device 2–3), the reduction of efficiency
compared to that at 20 mA/cm2 was only 3.1%
when operated at 100 mA/cm2. The amounts of
the reduction in efficiency, corresponding to the
increase of the current density from 20 to 100 mA/
cm2, of all other Alq3/MADN devices with 2%
DCJTB doping were as low as that of the
Alq3(20%)/MADN(80%) device.
Fig. 4(b) shows the variation of the driving volt-
age with respect to the MADN fraction at two dif-
ferent current densities. As in the case of an Alq3/
rubrene-cohost device, a monotonic decrease of
the drive voltage was observed with respect to the
increase of the MADN fraction. It is proposed that
the good bipolar mobility of MADN [10,14] was



Fig. 5. Comparison of the EL spectra of the Alq3(20%)/
MADN(80%)-cohost device doped with 2% DCJTB (Device 2–
3) at current densities of 20 and 100 mA/cm2.
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responsible for the observed reduction of the drive
voltage corresponding to the increase of the MADN
fraction. However, the maximum reduction of the
drive voltage compared to that of the Alq3 single-
host device doped with 2% DCJTB was only
1.6 V, which is much smaller than the 3.6 V value
of Alq3/rubrene-cohost devices with identical dop-
ing levels, as the charge mobility of MADN, in par-
ticular the hole mobility, is not as good as that of
rubrene. Alq3/MADN devices doped with 2%
DCJTB also showed a constant drive-voltage offset
of 2 V, regardless of the MADN fraction, between
current densities of 20 and 100 mA/cm2. This indi-
cates that the currents in the Alq3/MADN devices
doped with 2% DCJTB were controlled by the spa-
tial charge distribution as were the identically doped
Alq3/rubrene devices. It is important to note that
the hole mobility of MADN is �3 orders of magni-
tude smaller than that of rubrene and �2 orders of
magnitude larger than that of Alq3. More impor-
tantly, MADN is a bipolar transport material with
nearly equal mobility for electrons and holes
[10,14]. Therefore, it is conceivable that more bal-
anced carrier injection and transport, and conse-
quently the carrier balance in EML were realized
for Alq3/MADN-cohost devices at a larger MADN
fraction. This is attributed to good luminance effi-
ciency. Moreover, it was likely that MADN was
more efficient in transferring energy to DCJTB.

Fig. 4(c) shows the current-density-dependent
variations of the luminance efficiencies for a series
of Alq3/MADN-cohost devices doped with 2%
DCJTB. The details of the EL performance of these
Alq3/MADN-cohost devices are listed in Table 2.
Here, the Alq3/MADN-cohost devices are less sus-
ceptible to current-induced quenching up to a cur-
rent density of 200 mA/cm2; consequently, the
(20%)/MADN(80%) device (Device 2–3) main-
tained efficiency over 5.2 cd/A throughout the mea-
sured current-density range. As shown in Fig. 5, the
EL spectra of this device (Device 2–3) did not
Table 2
Details of EL performance for a series of Alq3/MADN-cohost devices d
cm2

Device MADN ratio (%) J = 20 mA/cm2

Bias (V) g20 (cd/A) CIE (CIEx, CI

2-1 40 8.0 4.24 (0.64, 0.36)
2-2 60 7.7 5.01 (0.63, 0.36)
2–3 80 7.5 5.42 (0.63, 0.37)
2–4 100 7.4 4.77 (0.60, 0.39)
change significantly as the current density increased:
from 20 to 100 mA/cm2. However, the CIEx,y color
coordinates of the Alq3/MADN-cohost devices
were not as suitable as those of Alq3/rubrene-cohost
devices. Nevertheless, the CIEx,y color coordinates
of the highest efficient device (Device 2–3 with
80% MADN) were in the range of (0.63, 0.37)–
(0.63, 0.38) which were sufficient for use as red
organic light-emitting devices.

Fig. 6(a) and (b) show, respectively, the lumi-
nance-dependent variations of EL and the power
efficiencies of the Alq3 single-host device (Device
1–1), and the Alq3(50%)/rubrene(50%) (Device 1–
4) and Alq3(20%)/MADN(80%) (Device 2–3)
cohost devices doped with 2% DCJTB. As shown
in Fig. 6(a), the efficiencies of 5.38, 4.28, and
1.64 cd/A were achieved at a luminance of
1000 cd/m2 from the MADN-cohost (Device 2–3),
rubrene-cohost (Device 1–4) and Alq3 single-host
(Device 1–1) devices, respectively. It was interesting
to find that only the MADN-cohost device (Device
2–3) remained stable and maintained EL efficiency
over 5.2 cd/A up to a luminance of 15,000 cd/m2.
In the case of the rubrene-cohost device (Device
1–4), the EL efficiency degraded monotonically as
oped with 2% DCJTB at the current densities of 20 and 100 mA/

J = 100 mA/cm2 g20�g100

g20
(%)

Ey) Bias (V) g100 (cd/A) CIE (CIEx, CIEy)

10.1 4.01 (0.63, 0.37) 5.4
9.8 4.80 (0.63, 0.37) 4.2
9.6 5.25 (0.63, 0.38) 3.1
9.5 4.63 (0.59, 0.40) 2.9



Fig. 6. Luminance-dependent variations of (a) the EL and (b)
power efficiencies of Alq3 single-host (Device 1–1), and
Alq3(50%)/rubrene(50%) (Device 1–4) and Alq3(20%)/
MADN(80%) (Device 2–3) cohost devices doped with 2%
DCJTB.

Fig. 7. Temporal variation of the luminance (L) of the Alq3

single-host (Device 1–1), 50% rubrene-cohost (Device 1–4), and
80% MADN-cohost (Device 2–3) devices starting at an initial
luminance (L0) of 1000 cd/m2.
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the luminance level was increased, and reduced to
3.52 cd/A at a luminance of 5000 cd/m2. Further-
more, the Alq3 single-host device (Device 1–1) was
completely degraded and emitted no light when
the luminance level was increased to over 6000 cd/
m2.

As shown in Fig. 6(b), the initially rapid
decreases of the power efficiencies of these devices
were followed by relatively slower reductions. For
a luminance value over 1000 cd/m2, the power effi-
ciency of Device 2–3 was higher than that of Device
1–4 and the power-efficiency gap widened as the
luminance of these devices increased. For example,
the power efficiencies of Device 2–3, Device 1–4,
and Device 1–1 at a luminance of 1000 cd/m2 were
2.30, 2.20, and 0.49 lm/W, respectively. However,
at a luminance of 5000 cd/m2, the respective power
efficiencies of Device 2–3 and Device 1–4, and
Device 1–1 were 1.70 and 1.34, and 0.40 lm/W.
The large difference in the power efficiency at a
higher luminance has great implications on the
power consumption of real PMOLED arrays. Eq.
(1) describes the relationship between the luminance
of a sub-pixel and a PMOLED array for primary
colors such as red, green or blue.

Lsub-pixel ¼ 3� Lpanel � N scan

T Polarizer � AR

� �
ð1Þ

Here, Lpanel is the effective luminance of a primary
color for a real PMOLED array with polarizer,
Nscan, Tpolarizer and AR are respectively the number
of scan-lines, the transmittance of the polarizer and
the aperture ratio of the sub-pixel. Lsub-pixel is the
peak luminance of a sub-pixel without taking the
polarizer and aperture into account. It is important
note that the value of Lsub-pixel is the target lumi-
nance that should be achieved from a test device to
realize a real PMOLED array with luminance Lpanel

for a primary color. For example, in a PMOLED
array with 64 scan-lines, an aperture ratio of 50%,
and a polarizer transmittance of 50%, 7680 cd/m2

must be achieved from a red test device to realize
a PMOLED array with a red luminance value of
10 cd/m2. According to Fig. 6(b), the respective
power efficiencies of devices using the Alq3 single-
host (Device 1–1), the 50% rubrene-cohost (Device
1–4), and the 80% MADN-cohost (Device 2–3) are
0.39, 1.1 and 1.6 lm/W, respectively, at a luminance
of 7680 cd/m2. These power efficiencies indicate that
a PMOLED array with an Alq3 single-host and 50%
rubrene cohost would consume 4.1 and 1.5 times
more power compared, respectively, to a PMOLED
array with an 80% MADN-cohost.
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Fig. 7 shows the results of the lifetime measure-
ment of the Alq3 single-host (Device 1–1), the 50%
rubrene-cohost (Device 1–4), and the 80% MADN
cohost (Device 2–3) devices. The lifetime measure-
ments were made at room temperature after setting
the initial luminance of all three devices at 1000 cd/
m2. It is worth emphasizing that the half-decay life-
time of the 80% MADN-cohost device (Device 2–3)
was 14,000 h, which was 1.9 and 4.4 times longer
than that of the Alq3/rubrene-cohost and the Alq3

single-host devices: 7500 h for Device 1–4 and
3200 h for Device 1–4. It is conceivable that in addi-
tion to the higher power efficiency of MADN-
cohost devices over other devices, the more robust
thin-film morphology of MADN was beneficial for
the stable operation of the MADN-cohost device
[10].
4. Conclusion

The characteristics of DCJTB-doped red OLED
devices with either an Alq3/rubrene or Alq3/
MADN-cohost EML were investigated in this
study. Given that concentration quenching due to
DCJTB dopants was persistent despite using the
cohost EML, the DCJTB doping concentration
was limited to 2%. Between the two cohost systems
tested, the Alq3/MADN-cohost had superior lumi-
nance and power efficiencies compared to the other
system. Moreover, Alq3/MADN-cohost devices
were much less susceptible to current-induced
quenching and showed much longer half-decay life-
time for luminance. The measured half-decay life-
time of 14,000 h with an initial luminance of
1000 cd/m2 is equivalent to an extrapolated lifetime
of 140,000 h at an initial luminance of 100 cd/m2. It
is proposed that the wide bandgap, balanced bipolar
transport properties, and stable thin-film morphol-
ogy of the MADN contributed to the aforemen-
tioned improvements of the DCJTB-doped red
OLED devices.
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Abstract

We report the effect of thermal annealing and quenching on the film morphology and device performance of polymer
light-emitting electrochemical cells (LECs). The polymer films of LECs consist of a luminescent polymer, an ion-conduct-
ing polymer, and a lithium salt. The LECs studied have an extremely large planar configuration, which enables time-
resolved fluorescence imaging of both doping and emission profiles of the devices. Annealing at temperatures above
350 K leads to the disappearance of many visible ‘‘white dots” initially present in the LEC film, and a much smoother sur-
face. Annealed and quenched devices exhibit dramatically improved initial and peak current, peak electroluminescence
(EL) intensity, doping propagation speed and response time. In addition, the emission zone of annealed devices is more
centered than un-annealed devices. These improvements are attributed to the melting of electrolyte domains in the LEC
film, which leads to better film quality and enhanced ion conductivity. Our results demonstrate that the simple anneal-
ing/quenching technique can be used to achieve the desired phase morphology in LEC films, which are often severely
phase-separated due to incompatibility between the luminescent polymer and the electrolyte polymer.
� 2007 Elsevier B.V. All rights reserved.

PACS: 85.60.Jb; 78.60.Fi; 82.35.Rs

Keywords: Polymer light-emitting electrochemical cell; Poly(ethylene oxide); Post-annealing
1. Introduction

A polymer light-emitting electrochemical cell
(LEC) is a solid-state polymer light-emitting device
whose operating mechanism is analogous to that of
traditional p–n junction light-emitting diode (LED)
[1]. The active material of an LEC is a mixed elec-
tronic/ionic conductor consisting of a luminescent
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.12.006
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polymer and a solid-state polymer electrolyte. The
latter typically consists of polyethylene oxide
(PEO) and a salt. When a sufficiently large voltage
is applied to the device, electrons and holes are
injected into the luminescent polymer and subse-
quently compensated by the insertion of cations
and anions between the polymer chains. As a result,
the luminescent polymer is electrochemically doped
to p type on the anode side and n type on the cath-
ode side greatly increasing electrical conductivity.
The propagation of the p and n-doped regions leads
to the formation of a true p–n junction, which is
.
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accompanied by the onset of the electrolumines-
cence, caused by the radiative recombination of
the injected electrons and holes.

The LEC operating mechanism described above
is consistent with a large body of experimental
results [2–11] and has recently been vividly con-
firmed by the fluorescence imaging of extremely
large planar LECs [12,13]. An LEC offers an alter-
native approach to achieving electroluminescence
from conjugated luminescent polymers in addition
to the widely studied polymer light-emitting diodes
(PLEDs) [14]. Moreover, in situ electrochemical
doping leads to some unique device characteristics
among polymer-based devices. LEC characteristics
such as insensitivity to electrode work function
and interelectrode spacing are highly desirable and
difficult to achieve in a PLED.

Unfortunately, LECs also suffer from drawbacks
such as a short operational lifetime and a slow
turn-on response, compared to PLEDs in which
undoped polymers are used. So far the fastest and
longest-lasting LECs are ‘‘frozen-junction” LECs,
realized by first turning on the devices at room tem-
perature and then cooling to below the glass transi-
tion temperature of polymer electrolyte to freeze
out the ion motion [15–17]. Alternatively, it has been
shown that the response time and lifetime of an LEC
can be significantly improved by controlling the
phase morphology of the polymer blend film. The
ideal morphology of an LEC film is a nano-scale
interpenetrating network of luminescence polymer
and ion-conducting polymer [18]. However, this is
difficult to achieve since the luminescent polymers
used in LECs are generally nonpolar while the solid
electrolyte such as PEO is strongly polar. The
admixture of the two polymers tends to be severely
phase-separated due to their incompatibility and
the minimum gain in entropy when polymers are
mixed.

Several approaches have been used to control the
phase morphology of LEC films with some success.
This includes the synthesis of bi-functional conju-
gated polymers that are both ionically and electron-
ically conductive. This was done by grafting the
semiconducting polymer backbone with ion-trans-
porting side groups such as oligo(ethylene oxide)
[5,19–21], or by inserting ion-solvating segments
within the main polymer chains [22–24]. Addition-
ally, a bipolar high boiling point surfactant has been
used as an additive to facilitate the mixing of poly-
mers and to ensure maximum interfacial surface
area between these two phases [18]. Electrolytes
other than PEO have also been used to improve
the film quality in LECs. A successful example is
crown ether, which forms stable complexes with
alkali metal cations that are soluble in nonpolar sol-
vents. Sandwich LECs based on crown ether and
lithium salt were demonstrated with good quantum
efficiency and fast response [25].

Here we report the effect of annealing/quenching
on the film morphology and device performances of
PEO-based LECs. Post-deposition thermal process-
ing has been widely used in polymer LEDs and
polymer-based solar cells [26–32]. In those cases
the positive effect of annealing was attributed to
the improved contact between the polymer and the
electrode by reducing free volume or pores in the
interface and improving the degree of interchain
interactions. Our LEC films are annealed at temper-
atures below the glass transition temperature (Tg) of
the luminescent copolymer, but above the melting
point (Tm) of the polymer electrolyte, and subse-
quently quenched to preserve the desirable mor-
phology formed. We observed significantly
improved turn-on response and EL intensity. More-
over, our studies are performed on planar LECs
with an interelectrode spacing of 1 mm. The milli-
meter-scale planar LECs afford us an interelectrode
view of the device operation with great spatial and
temporal resolution. Using time-lapse imaging,
dramatic changes in film morphology, doping
propagation speed, doping uniformity, EL intensity,
and the position of emission zone have been
observed.

2. Experimental

In this study poly[(9,9-dioctyl-2,7-divinylene-flu-
orenylene)-alt-co-{2-methoxy-5-(2-ethyl-hexyloxy)-1,
4-phenylene}], a green-emitting fluorene copolymer,
was used as the luminescent polymer. The polymer
electrolyte consists of poly(ethylene oxide) (PEO)
and lithium trifluoromethanesulfonate (LiTf). The
molecular weights of the fluorene copolymer and
PEO are 3 � 103 and 2 � 106, respectively. The
luminescent material and the polymer electrolyte
were dissolved in their common solvent, cyclohexa-
none, with a concentration of 5% and 2% (w/v),
respectively. Suitable amounts of these master solu-
tions were then mixed together to form an LEC
solution with a fluorene copolymer, PEO and LiTf
ratio of 5:5:1 in weight. The LEC solution was stir-
red and heated at 50 �C for 1 h and cooled to room
temperature before use.



Fig. 1. Surface morphology of un-annealed (a) and annealed
(b–e) LEC films imaged under room light at 315 K. Annealing
temperature and duration: (b) 330 K, 5 min, (c) 350 K, 5 min, (d)
380 K, 5 min, (e) 400 K, 8 min. The LEC films consist of a
fluorene copolymer, PEO, and LiTf salt. All annealed films were
cooled from their respective annealing temperatures to 315 K
with a cooling rate ranging from 25 to 43 K/min. The top and
bottoms portions of each film are covered by aluminum
electrodes. The interelectrode spacing is 1 mm.
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The LEC solution was then spin cast onto
15 � 15 mm2 sapphire substrates at 1500 rpm. The
resulting polymer blend films, which had a thickness
of approximately 600 nm, were dried on a hotplate at
50 �C for at least 2 h. Aluminum (100 nm) was at last
thermally evaporated on top of the LEC films
through a shadow mask to realize planar LECs with
1 mm interelectrode spacing. All device processing
procedures were performed inside a MBraun double
glove-box/evaporator system filled with dry nitrogen.

The annealing, quenching and testing of the fin-
ished devices were all performed in a microscopy
cryostat under 10�5 torr vacuum, provided by a
turbo-pump backed by a diaphragm pump. Ther-
mal paste was used to ensure good heat transfer
between the sapphire substrate and the copper cold
finger of the cryostat. The devices were annealed
before testing at temperatures ranging from 330
to 400 K for 5 min and then quickly cooled down
to 315 K. The rate of cooling varied from 25 to
43 K/min.

The LECs were kept at 315 K for 35–40 min
before any voltage bias was applied to ensure ther-
mal equilibrium. A Keithley 237 source measure-
ment unit was used to turn on the LECs while
simultaneously recording the device current. A
Hamamatsu amplified photodiode was used to mea-
sure EL intensity. A Nikon D200 digital camera
with a Tamron 90 mm 1:1 macrolens at ISO 200
sensitivity was used to image the devices through
the quartz cryostat window.

3. Results and discussion

Fig. 1 displays the surface of un-annealed and
annealed LEC films viewed under an optical micro-
scope and room light. The aluminum electrodes were
deposited before any annealing/quenching proce-
dure was performed, and the imaging was carried
out with the films maintained at a constant temper-
ature of 315 K. The LEC films appear yellowish
green1 in color. Visible in Fig. 1a are many white
dots embedded in the un-annealed LEC film.
Annealing at 330 K does not have discernable effect
on film morphology, as shown in Fig. 1b. On the
other hand, LEC films annealed at or above 350 K
have a significantly reduced number of white dots.
Annealing at 400 K led to the most uniform-looking
1 For interpretation of color in Fig. 1, the reader is referred to
the web version of this article.
film, and the white dots have all but disappeared.
Considering the following characteristic tempera-
tures of the materials used in the LECs: Tg(fluorene
copolymer) > 623 K, Tg(PEO) = 206 K, Tm(PEO) =
340 K and Tm(LiTf) > 573 K, the white dots are
mostly likely PEO-rich electrolyte domains and their
disappearance upon annealing at above 350 K is due
to melting. Recently Shin et al. performed differen-
tial scanning calorimetry (DSC) measurement on
LEC films containing MEH-PPV, PEO and LiTf
of similar weight ratio [33]. They observed a signifi-
cant melting transition at T = 331 K which they
attributed to the melting of crystalline PEO–LiTf
domain. In addition, they showed that the cooling
rate affected the crystallinity of the electrolyte, with
the heat-quenched sample exhibiting a crystalliza-
tion event at 276 K prior to melting which is absent
in the slow-cooled sample. These observations led us
to believe that the white dots initially present in the
LEC films were mostly crystalline PEO domains
which may also contain LiTf.

Consistent with the dramatic change in surface
morphology, annealing/quenching also has strong
effects on the device performance of LECs. The



Fig. 2. Time evolution of device current (a) and EL intensity (b)
of the un-annealed and annealed devices. All devices were
maintained at 315 K. A 400 V bias was applied at time zero.
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devices were turned on by applying a 400 V bias at
315 K, and the time evolution of device current and
EL intensity of both un-annealed and annealed
devices are shown in Fig. 2. The EL and current
turn-on response of these extremely large planar
devices are much slower than sandwich cells, mak-
ing it easier to observe the effects of annealing/
Table 1
Device performance parameters of un-annealed and annealed planar L

Annealing
temperature

Current Luminance

Initial
(nA)

Maximal
(mA)

T[Imax]
(s)

Turn-on
(s)

Un-annealed 40.5 0.039 2115 82
330 K 52.6 0.11 2280 56
350 K 233.6 1.4 885 12
380 K 202 1.1 513 7
400 K 494.1 7.3 282 5

T[Imax] is the time to reach maximum current.
T[Lmax] is the time to reach maximum EL intensity.
quenching at various temperatures. In all devices
the onset of EL coincides with a sharp increase in
device current, indicative of the initial formation
of a light-emitting p–n junction [12]. Subsequently
both device current and EL intensity would increase
by several orders of magnitude as the devices
become more conductive and charge injection
become more efficient with increasing doping level.
The overall current level and EL intensity increase
with the annealing temperature. On the other hand,
the onset of EL occurs sooner with increasing
annealing temperature. The device annealed at
400 K displayed detectable EL after only 5 s, which
is more than 10 times faster than that of the un-
annealed device. We notice that annealing at
330 K had a measurable effect on device perfor-
mance, but clearly annealing at above the melting
temperature of PEO resulted in the most significant
improvement in device performance.

Table 1 summarizes the device characteristics
extracted from Fig. 2. We first notice that the initial
device currents of devices annealed at above the
melting point of PEO are 3–10 times higher than
in un-annealed device and the device annealed at
330 K. Since the initial device current in an LEC
is largely ionic, this observation suggests that the
annealing/quenching process makes the device
much more ion-conductive. Several factors may
have contributed to the increase in ion conductivity.
The melting of isolated PEO domains (white dots)
facilitates ion transport via improved percolation.
The annealing/quenching process also converts
crystalline PEO into amorphous PEO which is
mainly responsible for the ion conduction in PEO-
based electrolytes [34].

Higher ion conductivity leads to faster and hea-
vier doping, and therefore higher peak current and
peak EL intensity. The peak device current reached
ECs

p-doping speed
(lm/s)

n-doping speed
(lm/s)Maximal

(a.u.)
T[Lmax]
(s)

14.6 1880 6.40 + 0.01 3.00 + 0.01
37 2093 8.6 + 0.1 6.10 ± 0.01

136.8 1171 27.0 + 3.0 20.3 + 0.1
125.3 687 37.2 + 0.5 25.3 + 0.4
460 285 33.0 ± 0.0 27.1 + 1.9
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over 1 mA in devices annealed at or above 350 K,
compared to a mere 0.039 mA for the un-annealed
device. Due to the extremely small cross-sectional
area of the planar device configuration, the in plane
peak current density is close to 15 A/cm2 in the
device annealed at 400 K. The peak EL intensity is
also higher in devices with higher peak current.
However, for reasons to be explained below, the rel-
ative EL efficiency (EL intensity/current) of the
device actually decreases with annealing tempera-
ture. Not only are the peak current and EL intensity
much higher in devices annealed at higher tempera-
tures, the time it takes to reach these values, T[Imax]
and T[Lmax], respectively, are also significantly
reduced.

Also included in the table are the average speeds
of p- and n-doping propagation, extracted from suc-
cessive fluorescence images taken during the turn-on
Fig. 3. Un-annealed (a) and annealed planar LEC exhibiting maximu
(e) 400 K. The devices were subjected to a 400 V bias at 315 K and im
process. The devices that underwent time-lapse
fluorescence imaging were identical to those mea-
sured with a photodiode (Fig. 2) and were turned
on by applying the same voltage bias and tempera-
ture. Both p- and n-doping propagation speeds
increase with annealing temperature until 380 K.
In the 400 K-annealed device the p-doping propaga-
tion speeds is slightly lower that of the 380 K-
annealed device, and the n-doping propagation
speed is slightly higher than that of the 380 K-
annealed device. As a result, the 400 K-annealed
device has nearly identical p- and n-doping propaga-
tion speeds. The dramatic increase in doping propa-
gation speeds explains why the EL onset time
decreases with annealing temperature.

Since the onset of EL coincides with the initial
formation of the p–n junction, the EL onset time
can also be calculated by dividing the interelectrode
m EL. Annealing temperature (b) 330 K, (c) 350 K, (d) 380 K,
aged under room light.



Fig. 4. Time evolution of device current and EL intensity of an
un-annealed planar LEC and a planar LEC annealed at 400 K for
5 min. Both devices were subjected to a 400 V bias at 315 K. The
inset shows the photographs of the two devices at near maximum
emission. The polymer films were spin cast from unheated LEC
solution.
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spacing (1 mm) by the sum of n- and p-doping prop-
agation speeds. The calculated EL onset time for the
un-annealed, 330, 350, 380, and 400 K-annealed
devices are 106.4, 68, 21.1, 16, and 16.6 s, respec-
tively. These values are slightly higher than the mea-
sured turn-on times (displayed in Table 1), due to
the fact that the calculated turn-on time is estimated
from the average doping propagation speeds while
the jagged doping profile lead to the formation of
a localized light-emitting p–n junction at an earlier
time.

Fig. 3 shows the images of the devices that have
been fully turned on. The devices were all under a
voltage bias of 400 V at 315 K and imaged under
room light. The highly uneven emission zone
observed in all five devices is characteristic of mil-
limeter-sized planar LECs, caused by highly
uneven doping propagation along the length of
the device. Nevertheless, it is very clear that the
brightness of the emission zone increases with
annealing temperature. The emission zone is much
more centered in the 400 K-annealed device than in
un-annealed or 330 K-device, owning to the more
balanced p- and n-doping propagation speeds. A
centered emission zone is preferred over an off-cen-
tered one, especially in sandwich devices, because it
prevents metal-induced quenching of the light
emission and the formation of shorts by runaway
doping [35].

Another major observation in Fig. 3 is the pro-
gressive darkening of the non-emitting regions of
the polymer film with the increase of annealing tem-
perature. This darkening of the polymer film is
directly caused by the in situ electrochemical doping
process, which quenches the photoluminescence of
the polymer [36]. The degree of PL quenching is
therefore an indication of the doping level. The
400 K-annealed device is the most heavily and uni-
formly doped, which explains its high current level.
By contrast, the un-annealed and the 330
K-annealed devices display lower levels of doping
as shown by their lighter shade. Doping and PL
quenching also make the white dots, which are elec-
trolyte domains that cannot be doped, more visible
by increasing the overall contrast of the polymer
films. It can be seen that the density of the white
dots decreases with annealing temperature. The
heavy PL quenching of devices annealed at higher
temperatures has a negative effect on their relative
EL efficiency (EL intensity/current). This drawback
can be overcome by relaxing an as-formed p–n junc-
tion into a more efficient p–i–n junction [37].
The dramatic effects of annealing/quenching
described above are not limited to LEC films con-
taining large, visible PEO domains. A second series
of LECs were prepared, annealed and tested follow-
ing the same procedures as for previous devices,
with the exception that the LEC solution was not
heated before film casting. The lower solution tem-
perature resulted in visibly more uniform as-cast
LEC films that did not show any large white dots
under an optical microscope. Nevertheless, similar
improvements to device current, EL, and turn-on
time have been observed following the annealing/
quenching treatment. Fig. 4 compares the time evo-
lution of device current and EL intensity between an
un-annealed device and a 400 K-annealed device.
The peak current and peak EL intensity of the
annealed device are �1200 and 194 times higher
than those of the un-annealed device. The annealed
device also displays much faster EL turn-on (7 s)
than the un-annealed device (103 s). The images of
the fully turned on devices are shown in the inset
of Fig. 4. Again we observe heavy doping and a
more centered emission zone in the annealed device.

Scanning electron microscope (SEM) imaging
reveals the effect of annealing/quenching on the
topography of LEC films cast from unheated solu-
tion, as shown in Fig. 5. The surface of the annealed
device is much smoother that of the as-cast film.
This again can be attributed to the melting of (smal-
ler) PEO domains. The fast cooling rate is necessary
to prevent the PEO from precipitating out of the



Fig. 5. Scanning electron microscopy micrographs of un-
annealed (top) and annealed (400 K/5 min) (bottom) LEC films
containing fluorene copolymer, PEO, and LiTf.
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polymer mixture when it is cooled to 315 K. How-
ever, fast cooling creates a large temperature gradi-
ent normal to the polymer film. This is likely
responsible for the formation of cracks, visible in
Fig. 5b, giving rise to a surface topography resem-
bling a dry riverbed.

The improvement in device performance remains
the same, regardless of whether the aluminum elec-
trodes were deposited before or after the annealing/
quenching procedure. This confirms that film mor-
phology change, rather than the modification at
the electrode/polymer interface is mainly responsi-
ble for the dramatic effect on the doping process
and device performance. The effect of annealing/
quenching is also independent of the luminescent
polymer used as we have observed similar improve-
ment in device performance in MEH-PPV-based
LECs following the same thermal treatment. The
surface morphology of the MEH-PPV LEC films
did not exhibit visible difference after annealing.
However, the maximum current of the annealed
(5 min at 400 K) device was 5.3 mA, compared to
0.11 mA for the un-annealed device. Finally, It
should be mentioned that the LEC films imaged
under SEM (Fig. 5) were stored in a glove-box for
three days before imaging. The observed large dif-
ference in surface morphology between the annealed
film and the control film indicates the effects of
annealing/quenching are not short-term.

4. Conclusions

The effects of annealing/quenching on PEO-
based planar light-emitting electrochemical cells
have been demonstrated. Annealing above the melt-
ing point of PEO dramatically improve the film
morphology as well as the performance of planar
LECs. This is attributed to the melting of crystalline
PEO domains and better mixing of PEO and the
luminescent polymer at high temperatures. The fast
cooling freezes the film morphology achieved and is
as important as the annealing step. The simple ther-
mal processing technique demonstrated here pro-
vides an effective, ‘‘thermodynamic” approach to
solving the compatibility problem in multi-compo-
nent polymer LECs.
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Abstract

The influence of ordered regions (micro crystallites and aggregates) in the other wise disordered polymer host matrix on
field and temperature dependence of mobility (l) has been simulated. Increase in concentration of ordered regions leads to
increase in magnitude of mobility and in high field regime the saturation of the mobility occurs at lower electric field
strength. The influence of different mean and standard deviation of Gaussian density of states (DOS) of ordered regions
on the field dependence of mobility was studied and found to be significant only at higher concentrations. Weak influence
of these parameters at low concentrations is attributed to the strong interface effects due to the difference in the standard
deviation of DOS of two regions (host and ordered region) and shallow trapping effect by ordered regions. For all the
parameters of ordered regions under investigation the temperature dependence of mobility (logl) and the slope of logl
vs. E1/2 plot show 1/T2 dependence.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Thin films of conjugated organic solids (both
molecular and polymers) have gained tremendous
importance due to their potential applications in
developing various optoelectronic devices like
organic light emitting diodes (OLED), organic field
effect transistors (OFET), organic solar cells etc
[1,2]. A better understanding and control of mor-
1566-1199/$ - see front matter � 2007 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.12.005
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phology of disordered organic solid films is of prime
importance because the performance of several
organic devices have been shown to be highly sensi-
tive to film morphology and processing conditions
[3–8]. Often, the active layers of devices, e.g. spin
cast films of molecularly doped polymers (MDP)
and conjugated polymers, are not purely disordered
or amorphous rather they are partially ordered.
Ordered regions (e.g. molecular aggregation and
crystallization in MDP or oriented polymer chains
in conjugated polymers) are formed either uninten-
tionally due to processing conditions and aging or
intentionally incorporated via annealing. Compared
.
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to purely amorphous films the partially ordered
polymer films show an improvement in carrier
mobility (l) and charge transport properties. There-
fore a careful control of deposition parameters and
processing conditions [3,9–12] are generally
employed to improve the structural order in these
materials.

Charge transport in these films occur through a
mixture of ordered and less ordered regions, which
is against the assumptions made in hopping charge
transport models developed for completely isotropic
and disordered medium [13–15]. In these models of
charge transport the influence of film morphology
of the active layers, which has profound effect on
charge transport, is not considered well. The pres-
ence of ordered regions can in-fact reduces the over-
all energetic disorder in the material and enhances
the mobility. It has been shown that with improve-
ment in structural order in the film the nature of
charge transport changes from dispersive to non-
dispersive [16]. The field dependence of mobility
also shows large variations. For example, the field
dependence of mobility in partially ordered samples
generally show a Poole–Frenkel type behavior but
in some cases either very weak field dependence or
even negative field dependence, at low temperatures,
of mobility have been observed [17–20]. In our pre-
vious report [18], we reported difference in field
dependence of mobility compared to earlier reports
on similar system [15]. Fig. 1(a) shows the electric
field dependence of mobility obtained from our
study in N-N0-diphenyl-N-N0-bis(3-methylphenyl)-
1-1-biphenyl-4,40-diamine (TPD) dispersed in Poly-
styrene at 20:80 proportions by weight. Mobility
was measured using small signal time of flight
(TOF) transient photoconductivity technique. Com-
pared to earlier report [15] we observed a higher
magnitude in mobility as well as the saturation of
mobility when field is increased. In addition, we
have also observed that the slope of field depen-
dence of mobility, at intermediate field regime,
changes from positive to negative at lower tempera-
ture. The values of both energetic (r = 0.053 eV)
and positional disorder (R = 2.51) were also low
when data was analyzed using Gaussian disorder
model (GDM). The observed difference in field
dependence of mobility was attributed to the low
value of energetic disorder. The reason for the low
value of energetic disorder was attributed to the dif-
ferent morphology of our sample resulting from the
aggregation of TPD. Aggregates, which spread
through out the sample, were confirmed using scan-
ning electron microscope (SEM) images of the sam-
ple (shown in the inset of Fig. 1a). Earlier studies on
similar system reporting high values of r and R also
report no crystallization/aggregation of TPD. Tem-
perature dependence of mobility in these partially
ordered films has also been a matter of discussion
whether logl follows 1/T or 1/T2 [10,21]. As shown
in Fig. 1b, we however observed 1/T2 dependence of
mobility. Therefore a proper understanding of
charge transport in these partially ordered materials
is yet to be obtained which is important for develop-
ing appropriate model for explaining the charge
transport mechanism as well as for controlling the
morphology of active layers for design of efficient
devices.

In this study we perform Monte Carlo simulation
to investigate the influence of ordered regions on the
charge transport when incorporated in an otherwise
disordered host medium. We simulate transport in
energetically inhomogeneous medium by consider-
ing regions of sub-micron sized domains of lower
energetic disorder distributed uniformly over the
region of high energetic disorder. The problem is
similar to charge transport in samples like molecu-
larly doped polymers (MDP) where sub-micron
sized microcrystallization/aggregation of dopants
occur unintentionally or intentionally [18,22] or
when partial structural ordering (like alignment of
polymer chains) takes place in amorphous polymer
films [4,6,10]. Our observation of aggregates of
TPD doped polymers and the significant influence
of these aggregates (of size �100 nm) on charge
transport [18] also motivated us to simulate the
charge transport mechanism in these partially
ordered films and provide justification for our
experimental results. In earlier simulation study by
Rakhmanova et al. [23] on charge transport in sim-
ilar energetically inhomogeneous system showed
that temperature dependence of mobility follow
1/T rather than 1/T2. They assumed a complete
energetically inhomogeneous lattice such that at
every jump site the energetic disorder parameter is
obtained randomly from two different Gaussian dis-
tributions of different widths. Here we consider two
spatially extended regions of different energetic dis-
order parameter. In our simulation, the morphology
of the disordered host lattice is therefore altered by
randomly incorporating sub-micron sized cuboids
with narrow energetic distribution of localized
states (representing ordered region). Simulation is
performed for various electric field strength and
temperature by changing the concentration of
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Fig. 1. (a) Logl vs. E1/2 plot of TDP doped Polystyrene, with 20:80 wt%, at various temperatures. Inset shows the SEM image of sample
showing aggregation of TPD. (b) Logl (at E = 0) vs. T�2 and the inset show the b vs. (r/kT)2 plot, where b is the slope of high field region
of logl vs. E1/2 plot.
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ordered regions, standard deviation and mean
energy of density of states (DOS) of ordered
regions. The influence of these parameters is impor-
tant because the variation in these parameters is
common as the degree of order obtained in the
active layers vary depending on the processing
conditions.

The incorporation of ordered regions leads to
increase in magnitude of mobility with increase of
concentration of ordered regions while at high field
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regime the saturation of mobility occurs at lower
electric field strength. The influence of parameters
like standard deviation and mean energy of DOS
of ordered regions is found to be significant only
at high concentration of ordered regions. This is
rationalized on the basis of interface trap effects
due to difference in standard deviation of DOS of
ordered region and host lattice. The temperature
dependence of mobility and the slope of logl vs.
E1/2 plot at intermediate field regime follow 1/T2

as predicted by Gaussian disorder model (GDM)
[14].

2. Simulation procedure

The Monte Carlo simulation is based on the
commonly used algorithm reported by Schönherr
et al. [24]. A lattice of 70 � 70 � 300, along x-, y-
and z-direction, with lattice constant a = 6 Å was
used for computation. z-Direction is considered as
the direction of the applied field. The size of the lat-
tice is judged on the basis of our aim to change the
morphology of the sample and also by taking into
account the available computational resources.
The site energies of lattice were taken randomly
from a Gaussian distribution of mean �5.1 eV
(mean hole transport level with respect to vacuum)
and standard deviation r = 75 meV, which gives
the energetic disorder parameter r̂ ¼ r=kT . The
value for r was chosen close to the experimental val-
ues observed in TPD based MDPs. Simulation was
performed on this energetically disordered lattice
with the assumption that the hopping among the
lattice sites are controlled by Miller–Abrahams
equation [25] in which the jump rate mij from the site
i to site j is given by

mij ¼ m0 exp �2ca
DRij

a

� �

�
exp � eifull�ejfull

kT

� �
; ej > ei

1; ej < ei

 !

ð1Þ

where E is the applied electric field, DRij = jRi � Rjj
is the distance between sites i and j, eifull and ejfull are
the effective energies of the site i and j (eifull =
ei � eERi and ejfull = ej � eERj), a is the intersite dis-
tance, k is the Boltzmann constant, T is the temper-
ature in Kelvin and 2ca is the wave function overlap
parameter which controls the electronic exchange
interaction between sites. Throughout the simula-
tion we assume 2ca = 10 [14a,24]. Jump rates on
the basis of Miller–Abrahams equation is consid-
ered to be more valid for the present study because
the use of polaronic models requires unacceptable
values of polaron binding energies or transfer inte-
grals when site energies are uncorrelated [13,26], as
in present simplified case.

With the aim to determine transit time, the time
taken by the carrier to cover the entire sample
length defined in the simulation, carrier residing
randomly the first plane (z = 0) was allowed to
move in the lattice under the action of applied field.
Hopping of carrier from site i to site j was per-
formed on the basis of the probability (Pij) that a
carrier jumps from the present site i to any site j

around within a cube of size 7 � 7 � 7 (343 sites).
A random number ur from a uniform distribution
is chosen and this decides to which site the carrier
should jump because each site is given a length in
random number space according to Pij. Time taken
by the carrier for jumping from site i to j is then cal-
culated. By adding time for all the jumps made
when carrier covers the desired sample length, the
transit time of the carrier is then determined. Using
boundary condition along x-, y- and z-direction the
simulation was always performed for a sample of
length L � 4 lm along the field direction. The sam-
ple length was chosen so as to make sure that carrier
will attain thermal equilibrium during its transit
[14a]. Whenever boundary condition was used the
lattice configuration was changed to ensure that
the carriers do not move again through the same lat-
tice. In the present study we calculated the mobility
from the average transit time obtained after averag-
ing over 150 carriers with one lattice configuration
for each carrier. Simulation was preformed for var-
ious electric field and temperature by introducing
one carrier at a time.

Film morphology was varied by incorporating
cuboids of so called ordered regions (representing
molecular aggregates/microcrystallites in MDPs
or regions of oriented polymer chains in conju-
gated polymers) of varying size that are placed ran-
domly inside the otherwise disordered host lattice.
Sizes of ordered regions were limited to a maxi-
mum size of 12 � 12 � 100 nm along x-, y- and
z-directions. The maximum size was chosen so as
to simulate the charge transport in a situation that
is close to experimentally observed TPD aggregates
[18]. The ordered regions are placed only either
along the direction or perpendicular to the field
direction. The ordered regions may sometimes
overlap each other but it is always ensured that
ordered region occupy the required volume
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fraction of the host lattice. Whenever overlap
occurs, the amount of the overlap is detected and
this region is not counted again so as to maintain
the volume fraction occupied by the ordered
cuboids. To perform this task all host lattice points
are initially set to some fixed numerical value
(zero). When a cuboid is placed the lattice points
occupied by cuboid are assigned with numerical
value different from the host lattice. While placing
a second cuboid, by checking the numerical value
assigned to lattice points that are going to be occu-
pied by the second cuboid we can ensure whether
the second cuboid is overlapping with the already
placed one or not.

The energetic disorder inside the ordered region
was kept low compared to the host lattice. This is
justified because the aggregates are more ordered
regions and hence to simulate the charge transport
the cuboids must be of low energetic disorder com-
pared to host lattice. The site energies inside the
ordered regions were also taken randomly from
another Gaussian distribution (The ordered regions
and host lattice are identified from the values
assigned to the lattice points). Aggregation of
dopants, for example, can also lead to change in
the energy gap (shift in HOMO, LUMO levels)
and can change the mean energy of Gaussian distri-
bution. The mean energies of ordered regions were
chosen such that their difference from the mean
energy of host lattice is in the order of kT. Simula-
tions were performed by varying the concentration
of such ordered regions (varying the percentage of
volume of lattice occupied by ordered region) and
the standard deviation and mean of Gaussian distri-
bution from which the site energies of ordered
regions were assigned.

3. Results and discussion

Fig. 2 shows the field dependence of mobility
simulated for a lattice having DOS with standard
deviation �75 meV (the host lattice), parametric
with various values of energetic disorder parameter
(r̂). At low field strength the mobility shows satura-
tion while at intermediate field strength the mobility
increases with increase of electric field in logl vs.
E1/2 fashion. This is because the applied field tilts
the density of states that lead to the decrease of
energetic barrier which the carriers encounter [14].
When temperature is increased carriers gain thermal
energy and hence the effect of energetic disorder
decreases which results in decrease of the slope of
logl vs. E1/2 curve at intermediate field strengths.
At higher electric field strength, the drift velocity
of charge carrier saturates and mobility attains a
maximum value and decreases with further increase
of electric field in 1/E fashion. At higher tempera-
ture, the drift velocity saturates at low electric field
strength leading to the saturation of mobility [14].
Inset of Fig. 2 shows the remarkable difference in
the field dependence of mobility for a lattice having
DOS with standard deviation 60 meV, 40 meV and
2 meV. With decrease in energetic disorder it is
observed that mobility increases and the slope of
mobility curve, at intermediate field strength,
changes from positive to negative.

To study the influence of embedded micro crys-
tals/aggregation of dopants, the simulation was per-
formed after incorporating ordered regions inside
the host lattice (as explained in simulation proce-
dure). Fig. 3 shows the field dependence of mobility,
at �248 K, parametric with the concentration of
ordered regions having DOS with standard devia-
tion �40 meV and mean energy lower by �kT com-
pared to mean energy of host lattice. Magnitude of
mobility at all regimes of electric field except the
high field regime increases with increase in the con-
centration of ordered regions concomitant with
decrease of slope at the intermediate field regime.
In high field regime, the incorporation of ordered
regions leads to the saturation of the mobility at
lower electric field strength. When the concentration
of ordered region is increased, the saturation of
mobility also occurs at lower electric field strength.
These observed features in the field dependence of
the mobility, after embedding the ordered regions
in the host lattice, can be rationalized on the basis
of decrease in effective energetic disorder parameter
of the transport medium. At low value of effective
energetic disorder the energetic barrier seen by the
carriers will be less which results in higher mobility
but a weaker field dependence. This explains the
increase in magnitude of mobility and decrease in
the slope of logl vs. E1/2 curve at intermediate field
regime with increase in concentration of ordered
regions in the host lattice. The low value of energetic
disorder also can lead to saturation of drift velocity
and mobility at lower electric field strengths. These
simulated results support our experimental observa-
tion (as shown in Fig. 1) and explanation provided
on the basis of low value of energetic disorder that
resulted from a different morphology persisted in
our sample due to the aggregation of TPD. Simi-
larly, the change in slope at intermediate field



Fig. 2. Field dependence of mobility of host lattice with r = 75 meV parametric with energetic disorder parameter 1.5 (h), 2 (�), 2.5 (M),
3 (.), 3.5 (}). Inset shows the field dependence of mobility for a lattice with 60 meV (–}–), 40 meV (–j–) and 2 meV (–N–), at 248 K.

Fig. 3. Field dependence of mobility of host lattice, at 248 K, with 100% (w), 80% (�), 60% (.), 40% (N), 20% (�) and 0% (j)
concentration of embedded ordered regions having DOS with standard deviation �40 meV. Inset shows the variation of mobility with the
concentration of embedded ordered regions having DOS with standard deviation �40 meV, at 248 K and field = 1.44 � 106 V/cm.
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regime from positive to negative occurring at lower
temperatures can also be explained from the weaker
field dependence of mobility as observed from the
simulated data. With the incorporation of ordered
region in host lattice the slope of logl vs. E1/2 plot
at intermediate field regime changes from positive to
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negative at lower temperatures (figure not shown)
compared to purely disordered lattice. The temper-
ature at which this change occurs decreases when
the disorder inside the ordered region is lower and
also when the concentration of ordered region is
high.

From Fig. 3 it is clear that the magnitude of
mobility attained even for concentration of ordered
region as high as 80% is �8–10 times less than that
of a host lattice with DOS same as that of ordered
region (but without any crystallites). Inset of
Fig. 3 shows the variation of mobility (at �248 K
and field �1.44 � 106 V/cm) with concentration of
ordered region, having DOS with standard devia-
tion �40 meV. A remarkable increase in the mobil-
ity was observed only when the concentration of the
ordered regions was greater than �60%. According
to percolation theory this is expected to occur at
�25–30% concentration [27]. The observation of
large threshold and weakly percolating transport is
due to the fact that when group of carriers moves
in a mixture of high and low mobility regions then
only few carriers may find very low resistance paths
(paths containing very low fraction of low mobility
material) with short transit time and overall high
mobility only for those carriers. To obtain further
insight into this aspect the path of the 250 carriers,
for various concentration of ordered region inside
the host lattice, was followed and the fraction of
the path occupied by the ordered region was calcu-
lated. Simulation was performed with one configu-
ration for each carrier. From the histogram,
shown in Fig. 4 for various concentrations of
ordered region inside the host lattice, it is clear that
very few low resistant paths (paths with fraction of
ordered regions >0.95) with high mobility exist in
our simulation studies. The number of such low
resistance paths is very less compared to those paths
where the fraction of low mobility region is consid-
erable, i.e. high resistant (low mobility) paths.
Hence on averaging over number of carriers the
mobility value will be dominated by contribution
from those high resistant paths which results in
low magnitude of average mobility compared to
uniform lattice with DOS of standard deviation
same as that of ordered region. Moreover, the inter-
face effect that occurs at the interface between
ordered region and host lattice due to the difference
in standard deviation of DOS also decrease the
mobility. Interface effects will be discussed later in
this paper. Increase in fraction of low resistant paths
with increase of concentration of ordered region in
the host lattice also supports the improvement in
the mobility with increase in concentration of
ordered region in host lattice.

The standard deviation and mean energy of DOS
for ordered regions also influence the charge trans-
port, especially its field and temperature depen-
dence. Influence of disorder inside the ordered
region on charge transport properties is investigated
by performing simulation by varying the standard
deviation of DOS inside the ordered region and
the concentration of such ordered regions. Fig. 5
shows comparison of the field dependence of mobil-
ity for various values of the concentration and the
standard deviation of DOS of ordered regions.
Higher mobility is expected when ordered regions
have a low value energetic disorder. It was, how-
ever, observed that the field dependence of mobility
did not vary significantly with the change in the
energetic disorder of the ordered region as long
the concentration was below 60%. As we show
below this happens because of the presence of the
interface between the ordered region and the host
lattice which acts like a ‘‘trap” for a carrier. Once
carrier enter the ordered region, where the energetic
disorder is low and mobility high, it spends less time
to traverse the entire length of ordered region along
the field direction. However at other interface the
carrier face energetic barrier and may undergo sev-
eral back and forth jumps before it proceeds for-
ward through the host lattice. Thus, at the second
interface carrier looses some part of the time that
it has gained while traversing inside the ordered
region. The interface effect is more prominent for
ordered regions with very low energetic disorder.
Hence on average the total transit time of a carrier
(the time taken to traverse the entire lattice), effec-
tively the carrier mobility, for different values of
energetic disorder inside the ordered region may
not vary appreciably as long as its concentration is
low. To elucidate this interface effect a single
ordered region was sandwiched between regions of
high energetic disorder (as shown in the inset of
Fig. 6). Region 2 is the ordered region while the
regions 1 and 3 are regions with r = 75 meV (all
regions are of same dimension, 70 � 70 � 150). Car-
rier transit time is recorded from the first plane of
the first region. From the time carrier first enters
and first comes out from the region 2, the transit
time of the carrier inside the region 2 (ordered
region) was calculated. Similarly from the time car-
rier first comes out of region 2 and the time it
reached the other end of the lattice, the transit time



Fig. 4. Histograms showing the fraction of ordered regions in independent paths followed by 250 carriers with each configuration for each
carrier, for different concentration of ordered region inside the host lattice, at 248 K and field = 1.44 � 106 V/cm. Standard deviation of
the DOS of ordered regions were taken to be �40 meV.
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of the carrier in region 3 was also calculated. Simu-
lation was performed by varying disorder inside the
region 2. The time was calculated after averaging
over 2000 carriers with one configuration for each
carrier. Fig. 6 shows the typical values of carrier
transit time in region 2 and 3 for various values of
energetic disorder in region 2. The dependence of
carrier transit time in region 3 on the energetic dis-
order in region 2 was clearly observed. Carrier tran-
sit time in region 3 increases with decrease of
energetic disorder inside the region 2. This observa-
tion can be completely attributed to the interface
effects. When the disorder inside the region 2
decreases then barrier seen by the carrier at the
interface of region 2 and 3 increases. Basically at
the interface the carrier will hop back and forth sev-
eral times before moving forward through the
region 3. This results in the increase of carrier tran-
sit time in the region 3. Transit time of carrier inside
region 2 increases with increase of energetic disorder
inside the region 2 as expected from GDM. This
observation supports our explanation of almost
independent nature of field dependence of mobility
on the energetic disorder inside ordered regions,
up to 60% concentration of ordered regions (as
shown in Fig. 5), on the basis of interface effects.
At high concentration, due to close vicinity of
ordered regions, carrier spends most of the time in
the ordered regions with less interface effects. There-
fore mobility will be higher when the ordered region
has lower energetic disorder and vice versa. Thus at
higher concentrations charge transport is mainly
governed by the energetic disorder inside the
ordered region. This behavior was shown in our
simulation for high concentrations of ordered
regions (shown in Fig. 5 for 80% of ordered region
in our study).

These interface effects are expected to play
important role if site energies at each jump site were
chosen randomly from a narrow and broad Gauss-
ian distribution. This was the model chosen in ear-
lier reported simulation study [23]. This we refer
as joint distribution case. In this case interface effect
can occur throughout the lattice while in case when
host lattice is embedded with spatially extended
ordered region (as in this study), the interface effect
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�2 meV (N), 40 meV (s) and 60 meV (j) at various concentrations. For comparison the field dependence of host lattice without
embedded ordered regions is also shown (w).
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occurs only at the boundary between host and
ordered regions. To understand the differences in
two cases we made a comparison of field depen-
dence of mobility in the two cases with two different
volume fractions. To ensure similar volume fraction
in the two cases we provided a suitable weighting
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factor (40% and 80%) in the joint distribution case.
As shown in Fig. 7, the influence of higher interface
effect is seen when the site energies of host lattice
were chosen and assigned randomly from a narrow
(standard deviation = 40 meV) and broad Gaussian
distribution (standard deviation = 75 meV), the
case of joint distribution. In joint distribution case,
the magnitude of mobility was found to be low at all
field values, except at high field regime. This is
because interface effects is more and occur through
out the lattice, which results in higher transit time
and hence lower magnitude of mobility. When field
strength increases the interface effect also decreases
and hence at high field values both cases provide
similar magnitude of mobility. Thus it is clear that
one can have higher magnitude of mobility when
lattice is embedded with ordered region or domains
with low disorder than when site energies at each
jump site are chosen randomly from a narrow and
broad Gaussian distribution. This study suggests
that in case of mixing two materials of different
mobility, it is probably advantageous to have micro
crystallites or domains of high mobility regions
rather than randomly mixing the two at molecular
level.
Fig. 7. Comparison of field dependence of mobility for two cases of
ordered regions (parameters kept same as in case of Fig. 3) and (2)
randomly from a narrow (standard deviation = 40 meV) and broad
distribution case), at T = 248 K. Volume fraction was kept same in bo
volume fraction. Filled symbols represent case (1) and open symbols rep
without embedded ordered regions (constant r = 75 meV) is also show
Simulations were also performed for different
mean energy for DOS of ordered region compared
to the host lattice. As explained in earlier section
that the mean energy may change (normally
decrease) upon aggregation or crystallization. Also,
there are examples of molecular species of low ion-
ization potential dispersed in hole transporting host
material. It has been shown that in such system the
dopants act as trap at low concentration while at
high concentration the entire charge transport
occurs through hopping among dopant species
[28]. We performed simulation for three cases: (1)
the mean energy of ordered region less than that
of host lattice, (2) the mean energy of ordered
region same as that of host lattice, and (3) the mean
energy of ordered region higher than that of host
lattice. Simulation was performed for a given con-
centration of ordered region and varying the mean
energy in the order of kT. We chose two different
concentrations of ordered regions, 20% and 80%.
As shown in Fig. 8, at low field and low concentra-
tion, mobility is little higher for case (1) than for
case (2) and smaller for case (3). With increasing
concentration of ordered regions this difference in
mobility is seen more prominently. While at high
energetic inhomogeneity (1) when host lattice is embedded with
when the site energies of host lattice were chosen and assigned
Gaussian distribution (standard deviation = 75 meV) (the joint
th cases and simulation is performed for 40% (N) and 80% (j)

resent case (2). For comparison the field dependence of host lattice
n (w).



a

b

Fig. 8. Field dependence of mobility of a host lattice, at 248 K, with (a) 20% and (b) 80% concentration of embedded ordered regions
having DOS with standard deviation 40 meV and mean energy varying in the order of kT compared to mean energy of DOS of host lattice.
Case (1) (j), case (2) (�) and case (3) (N). Mean energy of DOS of the host lattice is taken as 5.1 eV. Inset of each figure shows the
fraction of ordered regions in the independent paths followed by 250 carriers in a host lattice embedded with respective concentration of
ordered regions having DOS with standard deviation 40 meV, at 248 K and 1.44 � 106 V/cm.
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field regime the field dependence of mobility in all
the cases are nearly same. The observed differences
in mobility for three cases are due to the fact that
at all concentrations the low mean energy regions
act as shallow traps. The low mean energy regions
are either high mobility ordered region or low
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mobility host regions. For example, in case (1) the
low mean energy regions are high mobility ordered
regions. Shallow trapping in ordered region also
helps the carrier in finding more suitable paths
inside the ordered region so as to move fast along
the field direction. While in case (3) the low mean
energy region is the host lattice of low mobility val-
ues. At very high concentrations (e.g. 80%) carrier
will spend good amount of its transit time mostly
inside the ordered region therefore the effects of
shallow traps are seen more clearly as large differ-
ence in mobility behavior. In case (3) even at such
high concentration the trapping effect due to the
host lattice is still effective. This trapping mecha-
nism due to difference in mean energy of DOS is
an additional trapping mechanism that coexists at
interface due to difference in standard deviation of
DOS. Thus the mobility in case (3) is low compared
to case (1) and (2). This mechanism is further get
clarified from the histogram shown in inset of the
respective Fig. 8a and b. This histogram shows the
fraction of the ordered region in the different paths
followed by carriers, for case (1) and case (3), at the
respective concentrations. It is clear from histogram
that carriers find more number of least resistant
paths in case (1) than in case (3) which results in
higher mobility for case (1).
Fig. 9. Temperature dependence of zero field mobility for host lattice ha
are temperature dependence for a host lattice with 40% of sites occupied
and 2 meV, respectively. Inset of figure shows the temperature depende
respective cases.
Temperature dependence of mobility shown by
such partially ordered active layers may be different
from the predictions of GDM because of the fact
that charge transport now occurs through ordered
and disordered regions. Fig. 9 shows temperature
dependence of zero field mobility and slope of logl
vs. E1/2 curve at intermediate field regime for a host
lattice with r = 75 meV (data represented by j,
without any ordered regions). The observed 1/T2

dependence is as predicted by the GDM. Even when
ordered regions of lower energetic disorder and at
different concentrations are incorporated in the host
lattice the temperature dependence of mobility still
show fit better with 1/T2 than 1/T (data represented
by � and M in Fig. 9). In contrast to prediction by
Rakhmanova et al. [23] our simulations predict
1/T2 dependence for mobility. The absence of 1/T
dependence of mobility in our simulation is because
of the different degree of inhomogeneity in the two
lattices. In the present study the ordered regions
have sub-micron sized spatial extensions and inho-
mogeneity is seen only at interfaces. When carrier
is either inside the ordered region or in the host lat-
tice it moves in a region with site energies decided by
a single Gaussian and transport in both the region
should follow GDM. Due to large spatial extension
of two regions the energetic inhomogeneity seen by
ving DOS with standard deviation (j) 75 meV. Data (s) and (M)
by ordered regions having DOS with standard deviation 40 meV

nce of slope of logl vs. E1/2 curve (b) at intermediate field for the
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the carrier must be less compared to the simulated
lattice used in Ref. [23]. Only at the interface of
two regions carrier see energetic inhomogeneity.
Hence the absence of 1/T dependence of mobility
in our simulation can be attributed to low amount
of energetic inhomogeneity in the lattice. Our simu-
lation suggests that the charge transport in the lat-
tice investigated occurs in a manner similar to
prediction by GDM.

4. Conclusion

We studied the influence of embedded ordered
regions on the charge transport in otherwise disor-
dered amorphous systems. This is similar to the case
of aggregation of dopants in molecularly doped
polymers or when the microcrystals are deliberately
embedded inside the conjugated polymer matrix.
The effect of embedded ordered regions is seen as
decrease of overall energetic disorder in the system.
This decrease in energetic disorder results in the
increase of over all mobility, decrease of slope of
logl vs. E1/2 curve at intermediate field regime
and in high field regime the saturation of mobility
at lower field strengths. The magnitude of the
mobility increases with increase in concentration
of ordered regions. The simulation results support
our experimental observations and explanations
provided on the basis of low energetic disorder pres-
ent in the sample due to aggregation of TPD.
Mobility is higher when ordered regions have low
energetic disorder and low mean energy compared
to the host lattice. The influence of standard devia-
tion and mean energy of the DOS of ordered region
on the field dependence of mobility was seen as trap-
ping effects which occurs at the interface between
ordered region and host lattice. At low concentra-
tion of ordered regions the field dependence of
mobility do not show any significant change with
standard deviation and mean energy of DOS of
ordered regions. A remarkable influence of these
parameters was observed only at high concentra-
tions. The temperature dependence of mobility
and the slope of logl vs. E1/2 curve follow 1/T2

dependence than 1/T dependence. This is attributed
to low inhomogeneity seen by the carrier in the sim-
ulated lattice. Simulation also suggests that one can
have higher mobility with less inhomogeneity for
carrier transport by having spatially extended
ordered regions inside the lattice. From the simula-
tion, the importance of concentration, energetic dis-
order and mean of DOS of ordered region to be
incorporated in charge transport models is justified.
Our study also suggests that in case of mixing two
materials of different mobility it is advantageous
to have micron or sub-micron sized regions of high
mobility material rather than random or uniform
mixing of the two.
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Abstract

Organic semiconductors hold the promise for large-area, low-cost image sensors and monolithically integrated photonic
microsystems. This requires the availability of photodiodes offering at the same time high quantum efficiency, low noise
and long lifetimes. Although published structures of organic photodiodes offer high external quantum efficiencies
(EQE) of up to 76% [F. Padinger, R.S. Rittberber, N.S. Sariciftci, Effects of postproduction treatment on plastic solar cells,
Advanced Functional Materials 13 (2003) 1, P. Schilinsky, C. Waldauf, C.J. Brabec, Recombination loss analysis in poly-
thiophene based bulk heterojunction photodetectors, Applied Physics Letters 81 (20) (2002) 3885], [1,2] they normally suf-
fer from short lifetimes of only a few hundred hours as well as large dark currents. In our work the lifetime of a poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) heterojunction photodiode structure was
increased to several thousand hours by omitting the widely used poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic
acid) (PEDOT:PSS) anode layer. In addition, a simple model of optical interference and absorption effects was used to
find the optimum thickness that combines high quantum efficiency with low dark current. As a result, we report on organic
photodiodes with state-of-the-art EQE of 70% at 0 V bias, an on/off current ratio of 106 at �1 V and 40 mW/cm2 illumi-
nation, dark current densities below 10 nA/cm2 at �1 V, and a lifetime of at least 3000 h.
� 2008 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 73.50.Gr; 73.50.Td

Keywords: Organic electronics; Polymer photodetectors; Lifetime; Bulk heterojunction
1. Introduction

Our information society has a seemingly insatia-
ble need for microelectronic devices which are
increasingly smaller and cheaper, while offering at
the same time more functionality. This need spurred
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.01.007
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research for alternative processing methods for
semiconductors. In particular, the novel field of
organic semiconductors appears very promising
for many applications: Compared to their inorganic
counterparts, organic semiconductor materials and
devices offer numerous desirable properties and
technological advantages, i.e. their mechanical flex-
ibility [3,4], the large area of the produced devices
and systems, the simplicity of processing and, conse-
quently, their low cost. Among the earliest and
.
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potentially most significant devices that were stud-
ied are photovoltaic (PV) cells [5–7] and, more
recently, organic photodetectors (oPDs) [8,9]. In
contrast to oPDs, solar cells must have a high con-
version efficiency over the entire solar spectrum,
which reaches significantly into the near-IR. To
date, there are no organic materials with acceptable
quantum efficiencies in the IR, which explains why
organic solar cells currently show power efficiencies
of typically 5% [10,11]. Although PVs and PDs are
in many ways similar devices, they nevertheless have
to fulfill a different set of requirements. For PDs the
spectral region of interest is often quite narrow, and
the important parameters are the photocurrent and
the dark current, where the dark current should
only be a very small fraction of the photocurrent.
The numerous synthesis possibilities to obtain new
organic materials with tailored electro-optical prop-
erties provide a great diversity of photodetectors
(PDs), adapted for each application. The possibility
to use additive print technologies to deposit these
materials opens the possibility to fabricate large
area or/and specifically shaped PDs. Furthermore,
oPDs can be easily monolithically integrated with
other optical/electronic devices to form integrated
systems with smart functionality [12].

One of the most interesting structures for oPDs is
the bulk heterojunction [13,14], which can be
achieved by mixing an electron donor and an electron
acceptor in an appropriate solvent and subsequently
spin-casting the resulting solution. Bulk heterojunc-
tions have proven to be a very successful concept to
overcome the short exciton diffusion length of
organic semiconductors. However, this structure
enhances the disorder and hampers collection of
photogenerated charge carriers. Therefore, creating
a bi-continuous and interpenetrating network
between the donor and acceptor phase is of key
Fig. 1. Molecular structure of
importance. The use of high boiling point solvents
and low spin speeds turned out to be a successful
approach to increase the molecular order and thus
the collection efficiency of charge carriers [15].

Despite the significant improvements reported in
the last years, bulk heterojunction PDs still show
limitations such as low response speed, compara-
tively high dark currents and rather low chemical
stability. The latter often compromises the inherent
simplicity of solution processing in that it enforces
device fabrication to be carried out in inert atmo-
sphere and a superior device encapsulation scheme.

In this paper, we show how to improve the perfor-
mance and stability of P3HT:PCBM bulk hetero-
junction photodiodes by optimizing and simplifying
their device structure. Systematic optimization in
terms of EQE, on/off ratio and device stability
resulted in polymer PDs with state-of-the-art EQE
of 70% at 0 V, an improved dark current density
<10 nA/cm2 at �1 V and significantly increased life-
times of above 3000 h.

2. Experimental details

In this work, polymer heterojunction photodi-
odes based on poly(3-hexylthiophene) (P3HT) as
donor and [6,6]-phenyl-C61 butyric acid methyl
ester (PCBM) as acceptor were investigated
(Fig. 1). Regioregular head-to-tail coupled P3HT
and PCBM were purchased from Merck Chemicals
Ltd. and Nano-C Inc., respectively, and used with-
out further purification.

The devices were fabricated and characterized
under nitrogen atmosphere (< 5 ppm O2, < 1 ppm
H2O). The device architecture and the energy band
diagram [16] are illustrated in Fig. 2. The glass sub-
strates with a 75 nm layer of indium tin oxide (ITO)
were purchased from Thin Film Devices Inc.
(a) P3HT and (b) PCBM.
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Fig. 2. (a) Schematic device architecture and (b) energy band
diagram of the bulk heterojunction PD.
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Careful substrate (i.e. ITO) cleaning turned out to
be an important step for achieving a significant
enhancement of device lifetime: First, the substrates
were cleaned under a shower of deionized water
(DIW), followed by a 10 min ultrasonic bath in
DIW and another 10 min ultrasonic bath in acetone
(purity P 99%). Then the substrates were blow-
dried with pure nitrogen and subject to an O2

plasma (Oxford Plasmalab, 80 W, 20% partial pres-
sure of O2) for 2 min. A final ultrasonic bath in iso-
propanol (purity P 99%) followed by blow-drying
with pure nitrogen finished the cleaning cycle. For
those devices that do include a PEDOT:PSS layer,
a 60 nm thick film of BAYTRON P VP AI 4083
was spin-cast at 1500 rpm onto the ITO in a next
step, followed by annealing at 180 �C for 15 min.

At this stage the substrates were transferred into
the nitrogen glove-box system, where the deposition
of the active organic blend was carried out. The two
organic materials were dissolved in 1,2-dichloroben-
zene (if not otherwise stated) at a concentration of
60 mg/ml, from which a 1:1 by weight (if not other-
wise stated) blend was mixed. The solution was
spin-cast onto the substrate at low spin speed
(800 rpm) during 180 s, resulting in an organic
active layer of 240 nm thickness. The choice of
1,2-dichlorobenzene as solvent and a low spin speed
are known to favor self organization [15]. After dry-
ing the organic layer at 80 �C for 10 min, the metal-
lic cathode – consisting of 3 nm calcium followed by
an aluminum or silver capping layer of 50–70 nm
thickness – was evaporated in a vacuum chamber.
Pixel area is 2 � 2 mm2.

I–V measurements were performed using a Hew-
lett-Packard 4145B semiconductor parameter ana-
lyzer. Inorganic blue light emitting diodes
(Kingbright L7104QBC-D), with a peak wavelength
at 468 nm, were used to illuminate the PDs with an
intensity of typically 40 mW/cm2 during the photo-
current measurements. The illuminated area is
restricted to a beam diameter of 1 mm by an
aperture.

The external quantum efficiency (EQE) versus
wavelength was measured with an optical radiation
measurement system from Optronic Laboratories
Inc. For these measurements the PDs were backside
encapsulated and taken out of the nitrogen glove-
box system, where the EQE-versus-wavelength mea-
surement was performed.

Operational lifetime measurements of the PDs
were performed in a dedicated lifetime tester inside
the N2 glove-box under the following conditions:

(a) Continuous N2 atmosphere (O2 level <5 ppm,
H2O level <1 ppm)

(b) Temperature: TR = 22 ± 1 �C
(c) Continuous blue LED illumination Kingbright

L7104QBC-D, kmax = 468 nm, DkFWHM =
25 nm) with 5 mW/cm2

(d) Constant bias voltage V = �1 V
(e) The photocurrent Iph was measured every

30 min.
(f) At the beginning and approximately every

500 h the lifetime test was interrupted for
approximately 15 min, and the I(V) character-
istic of the PDs were measured inside the
glove-box. From the I(V) characteristic the
On/Off ratio was determined at a bias voltage
of V = �1 V.

3. Modeling

In order to increase the dynamic range of a PD,
the on/off ratio has to be enhanced by reducing
for instance the dark current. The simplest method



Fig. 4. EQE and on/off ratio, measured at –1 V and wavelength
illumination of 468 nm, as a function of the thickness d of the
active polymer layer. PD structure: ITO(70 nm)/PEDOT(60 nm)/
PCBM:P3HT (1:1)/Ca(3 nm)/Ag(50 nm).
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to realize this is to employ a thicker active layer. In
the case of solution-processed PDs this can, for
example, be achieved by increasing the concentra-
tion of the solution. We analyze the influence of
the oPD’s thickness on its EQE with the following
simplified model, for which the oPD is assumed to
consist of the active polymer layer of thickness d

sandwiched between a transparent anode and a
metallic cathode [17,18] (Fig. 3).

We assume normal incidence and a constant
absorption coefficient a. In point A at a distance x

from the mirror the electric field amplitude E of
the electromagnetic radiation is given by

E ¼ E0e�ikx e–a
2ðd–xÞ þ r � e

a
2ðdþxÞ � ei2kx

� �
ð1Þ

where r ¼ jrj � ei�ur is the complex reflection coeffi-
cient of the metal cathode (mirror), k ¼ 2p

k n is the
wave vector, k denotes the wavelength and n the
refractive index of the polymer blend. Assuming
that the local absorption in the polymer semicon-
ductor is proportional to the square of the absolute
value of the electric field amplitude E, we obtain the
following expression for the total absorbed power A

in the polymer layer:

A /
Z d

0

jEj2dx

A / jE0j2 �
1

a
:ð1–e–adÞ � ð1þ jrj2e–adÞ þ jrj k

2p � n e–ad

�

� sin
4p:n
k

d þ ur

� �
– sin ur

� ��

ð2Þ
It follows from Eq. (2) that the total absorption
oscillates with varying device thickness d with a per-
iod equal to k

2n. If we assume that the fraction of ab-
sorbed photons that leads to charge carriers in the
external circuit is independent of wavelength and
polymer thickness, i.e. EQE / A, we can conclude
that as a consequence of the interference effects in
0

x

A

ikx
in eExE −⋅= 0)(

ITO (70nm)

Sensing layer (50 to 
250nm)

Metallic cathode (60nm) 
acting as mirror

d

Fig. 3. Simple model of the interference effect in an oPD.
front of the metallic cathode the EQE also shows
oscillations with varying thickness according to
Eq. (2). From this equation the device thickness dif-
ference between two EQE maxima is calculated to
Dd ¼ k

2n.
To validate the simple theory we have deter-

mined the EQE of a series of polymer PDs of vary-
ing active layer thickness d (PCBM:P3HT ratio of
(1:1)). As seen from Fig. 4, Eq. (2) reproduces the
main features of the experimental data. For the fit
of Fig. 4 |r| was fixed at 1 – aluminum is highly
reflecting in the visible –, n was set to 1.6 – a typical
value for the polymers under consideration – and
the absorption coefficient a was measured to be
105 cm�1 and agrees well with values from the liter-
ature [16]. That remaining two fit parameters are an
overall proportionality factor E0 and the phase shift
ur. The fitted value for ur becomes 1.3 p.

As seen in Fig. 4, the EQE, measured at –1 V,
exhibits maxima at around 70 nm and 240 nm active
layer thicknesses. That means the photocurrent
lonely decreased by 5%, however the dark current
is reduced by a factor 10 between a 240 nm and
70 nm thick device, which can be seen from the
on/off ratio plotted in Fig. 4. Thus one can strongly
reduce the dark current by using a 240 nm thick
active layer while at the same time sacrificing only
a few percent of the device’s external quantum
efficiency.

4. Results and discussion

Up until now, the P3HT:PCBM bulk heterojunc-
tion has been carefully optimized mainly in view of
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photovoltaic applications [19]. Thus, short circuit
current, open-circuit voltage and fill factor have
been in the center of attention. On the other hand,
the specifications of a PD include the following dif-
ferent key figures: high sensitivity at the operating
wavelength, low noise, low-operating voltage and
high response speed. As with photovoltaic cells, reli-
ability under the required operating conditions is a
key factor in the case of photodiodes, too.

In the following, the systematic optimization of
the P3HT:PCBM bulk heterojunction for photodi-
ode applications in the visible part of spectrum are
described. A blending ratio of (1:1) between
P3HT:PCBM has been used. This ratio gives an
improved balance of electron and hole mobilities
[15].

4.1. Bulk optimization

The choice of the solvent used for the deposition
process can influence the device performance in
many ways, not least because it has a strong effect
on the resulting (sub-)micrometer phase structure
of the film. We have tested a variety of different sol-
vents (including chloroform, xylene, chlorobenzene
and 1,2-dichlorobenzene) we found that 1,2-dichlo-
robenzene yields devices with the best performance.
Fig. 5 compares the EQE of devices processed from
chlorobenzene and 1,2-dichlorobenzene. The EQE
of PDs processed from 1,2-dichlorobenzene is about
10% larger than the one of equivalent devices
processed from chlorobenzene. Furthermore, the
solubility of P3HT and PCBM is highest in 1,2-
dichlorobenzene; solutions of up to 60 mg/ml at
room temperature can be prepared. This solution
allows one to achieve thicker films from 1,2-dichlo-
robenzene than from any other solvent tested in this
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Fig. 5. Influence of the solvent on the EQE. PD struc-
ture: ITO(70 nm)/PEDOT(60 nm)/PCBM:P3HT (1:1, 80 nm)/
Ca(3 nm)/Ag(50 nm).
study. The targeted 240 nm active layer thickness
was thus most easily achieved from 1,2-dichloroben-
zene, which is another reason why 1,2-dichloroben-
zene was the solvent of choice. The increased EQE
of devices fabricated from 1,2-dichlorobenzene
solutions can be rationalized by improved charge
separation and transport properties of the interpen-
etrating network that forms during the deposition
process. The larger boiling point of 1,2-dichloroben-
zene (180 �C) than e.g. the one of chlorobenzene
(131 �C) and the concomitant lower evaporation
rate leaves the system more time for structural
ordering during the drying process, leading to a
higher degree of self organization and thus
improved charge transport properties [15].

Fig. 6a shows an I–V curve of an optimized pho-
todiode of the following device structure:
ITO(70 nm) / PEDOT (50 nm)/PCBM:P3HT (1:1,
240 nm)/Ca(3 nm)/Al(60 nm). The on/off ratio and
the corresponding dark currents are 3 � 104 and
300 nA/cm2, respectively, both measured at a
Fig. 6. (a) I(V) characteristics of a 2 � 2 mm2 PD measured in
the dark and under (40 mW/cm2) illumination at 468 nm. (b)
EQE at 0 V as a function of wavelength. Curves of seven
different pixels on one device are plotted. PD struc-
ture: ITO(70 nm)/PEDOT(60 nm)/PCBM:P3HT (1:1, 240 nm)/
Ca(3 nm)/Ag(50 nm).
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reverse bias of –1 V. Note that the illuminating
beam has a diameter of 1 mm, while the pixel area
is 2 � 2 mm2. So the on/off ratio measured on the
I–V characteristic has to be multiply by a factor of
5. The EQE of our devices is above 60% for a wide
range of the optical spectrum as seen in Fig. 6b.

4.2. Frequency response

Fig. 7 shows the frequency response of one of our
photodiodes, measured by illuminating the device
with a pulsed blue LED (468 nm, 6 lW) and acquir-
ing the resulting photocurrent with a lock-in ampli-
fier. At 0 V applied bias the 3 dB attenuation of the
response occurs at a frequency of f3dB = 62 kHz.
For higher frequencies the photocurrent rolls off
as 1

f 2. Although f3dB increases with increasing reverse
bias (data not shown), the values for the
P3HT:PCBM heterojunctions are more than three
orders of magnitudes smaller than the ones of opti-
mized small molecule photodiodes [20]. Further
device optimization and different driving schemes
(e.g. under strong reverse bias) will lead to a some-
what improved response speed of P3HT:PCBM
diodes, nevertheless these devices will be limited to
applications requiring modest response frequencies
of <1 MHz.

4.3. Anode optimization

In many organic optoelectronic devices – organic
light-emitting diodes or photovoltaic cells, for exam-
ple – a doped hole injection layer is inserted between
the transparent anode and the active layer. Apart
from serving as a planarization layer, the main func-
Fig. 7. Frequency response of a P3HT:PCBM bulk heterojunc-
tion photodiode without applied voltage and wavelength illumi-
nation of 468 nm. PD structure is ITO/PEDOT:PSS (60 nm)/
PCBM:P3HT (1:1, 240 nm)/Ca(3 nm)/Ag(50 nm).
tion of this layer is to ensure an energetic match of
the anode work function and the lowest occupied
molecular orbital of the active layer and by this it
promotes hole injection from the anode into the
active layer under forward bias conditions (see
energy diagram in Fig. 2b). As opposed to light-
emitting diodes or photovoltaic cells, a photodiode
is operated under reverse bias conditions, i.e. holes
and electrons are collected by – rather than injected
at – the anode and the cathode, respectively.

Fig. 8 shows an I(V) characteristic of P3HT:
PCBM heterojunction photodiodes without PED-
OT:PSS hole-injection layer. We find that omitting
the standard PEDOT:PSS layer does not adversely
affect the photocurrent under reverse bias. Without
a PEDOT:PSS layer, the built-in electric field is too
weak to fully extract photogenerated charges if no
bias is applied. As can be seen from Fig. 8 the pho-
tocurrent at 0 V is 2,6 � 10–5 A in contrast to
4 � 10–5 A at –1 V. A negative bias is required to
maintain a large photocurrent collection efficiency
which results in an higher EQE.

It should be noted, that PEDOT:PSS-free struc-
tures are not favorable for solar cell applications,
since the open circuit voltage, the current at 0 V,
and the fill factor are resulting in a low power effi-
ciency. On the other hand, photodiodes are nor-
mally operated at a trade-off reverse bias, which
ensures good quantum efficiency while still keeping
the dark current low.

However, the PEDOT:PSS-free photodetector
devices show a considerable improvement in on/off
ratio (see Fig. 8) of almost two orders of magnitude
Fig. 8. I(V) characteristics of a 2 � 2 mm2 PD fabricated
according to our process without PEDOT layer measured in
the dark and under (40 mW/cm2) illumination at 468 nm. PD
structure: ITO(70 nm)/PCBM:P3HT (1:1, 240 nm)/Ca(3 nm)/
Al(60 nm).



Fig. 9. Stability of the PDs without PEDOT:PSS layer. The
normalized photocurrent, measured at –1 V and wavelength
illumination of 468 nm, is plotted as a function of operating time
at room temperature in N2 atmosphere. The on/off ratio of the
device is also displayed (right axis). PD structure: ITO(70 nm)/
PCBM:P3HT (1:1, 240 nm)/Ca(3 nm)/Al(60 nm). Inset: Equiva-
lent stability measurement for a device with PEDOT:PSS layer.
PD structure for the device shown in the inset: ITO (70 nm)/
PEDOT:PSS (60 nm)/PCBM:P3HT (1:1, 240 nm)/Ca(3 nm)/
Al(60 nm).
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with a ratio value of 9 � 105 measured at –1 V. This
improvement is related to the reduction of the dark
current, which is as low as 10 nA/cm2 in the PED-
OT:PSS-free devices. The unfavorable quality and/
or the weak stability of the PEDOT:PSS/ITO inter-
face is a possible explanation for the reduction of
the dark current when no PEDOT:PSS is used. This
layer is known to etch the ITO [21], resulting in
ionic dopants generation that can migrate to the
active layer.

4.4. Detector noise

To quantify the detector noise, a good figure of
merit to use is the noise equivalent power (NEP)
[22]. The NEP is defined as the minimum incident
power required in order to generate a photocurrent
equal to the noise current of the photodetector at a
specified frequency (f), and within a specific band-
width (B). The NEP for a detector is calculated by
the following formula:

NEP ¼ IN

RðkÞ ð3Þ

where IN is the noise current in A/Hz½ and R is the
responsivity equal to 0.25 A/W at the wavelength of
468 nm. The NEP given in Eq. (3) is in units of
Watts/Hz½. Since the power to current conversion
of a diode depends on the wavelength, the NEP is
always quoted at a particular wavelength. For a re-
verse biased photodiode the shot noise is the domi-
nant component and the thermal noise contribution
can be neglected. The shot noise for the dark current
is defined by [22]:

I s ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2eiDB

p
ð4Þ

where e is the unit charge (1.6 � 10–19 coulombs), iD
the dark leakage current and B the bandwidth.

With typical values of our diodes (iD = 1.6 � 10–

10 A and B = 1 Hz) a shot noise current of 7.16 �
10–15 A/Hz½ is obtained, which translates into a
dark current NEP of 2.8 � 10–14 W/Hz½ for our
device area A = 2 � 2 mm2. For comparison with
detectors of different area, we introduce the specific
detectivity parameter defined by

D� ¼
ffiffiffi
A
p

NEP
ð5Þ

where D� is the specific detectivity (cm � Hz½/W–1)
and A the surface area (0.04 cm2).

A high D� indicates the ability to detect lower lev-
els of radiant power. This factor produces a figure
of merit which is area independent. We obtain a spe-
cific detectivity of 7 � 1012 cm � Hz½/W for our
organic photodiode, which is comparable to a com-
mon inorganic silicon photodiode like for instance a
Hamamatsu S2551 with a specific detectivity of
1.5 � 1013 cm � Hz½/W.

4.5. Lifetime

As just described, a main advantage of the PED-
OT:PSS-free devices is their reduced dark current.
However, an equally important aspect of omitting
the PEDOT:PSS layer is our finding that the opera-
tional lifetime of the photodiodes is considerably
increased in devices without a PEDOT:PSS layer.
In Fig. 9 the normalized photocurrent, measured
at –1 V, of a PEDOT:PSS-free diode is plotted as
a function of operating hours. The photocurrent is
stable for more than 1500 h. After approximately
1800 h the photocurrent starts to increase gradually.
(This rise of the photocurrent is currently not under-
stood and is subject of further investigations). The
on/off ratio decreases monotonically but is larger
than 103 over the entire measuring period of
3000 h (four months). When comparing this with
the inset of Fig. 9, which shows similar operational
lifetime measurements performed on a photodiode
with a PEDOT:PSS layer, it is evident that omitting
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the PEDOT:PSS is largely beneficial to the device’s
operational lifetime [9].

It is clear from the above that the absence of
PEDOT:PSS layer does not reduce the quantum
efficiency of the photodiodes when we applied nega-
tive voltage. Moreover in this configuration the
dark current level is drastically reduced and the life-
time increased.

5. Conclusions

In conclusion, we have optimized the
P3HT:PCBM bulk heterojunction diode in terms
of its photodiode (rather than photovoltaic cell) per-
formance. We have shown that while increasing the
thickness of the active layer from 70 nm to 240 nm
does not significantly alter the photodiode’s quan-
tum efficiency, it results in a 10-fold decrease of
the dark current. By omitting the PEDOT:PSS layer
the dark current has been reduced by factor of
�100. Furthermore device lifetimes were consider-
able increased by omitting the PEDOT:PSS layer,
too. In return, a negative voltage has to be applied
to maintain the EQE high. Overall, solution-pro-
cessed organic photodiodes with state-of-the-art
EQE of between 60 and 70% over a wide range of
the visible part of the spectrum, dark current densi-
ties below 10 nA/cm2 at –1 V, specific detectivities
of 7 � 1012 cm � Hz½/W, and lifetimes above
3000 h have been demonstrated.
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Abstract

By using phosphorescent emitters, organic light emitting displays can be up to four times more efficient than those of
fluorescent materials. Full colour displays based on phosphorescent materials have not been achieved thus far due to the
poor efficiency of blue phosphorescent emitters. We show that there is a correlation between non-radiative decay of phos-
phorescence and vibrational coupling for related blue emissive materials containing similar iridium(III) complex chro-
mophores. The materials had solution photoluminescence quantum yields (PLQYs) of up to 55% at room temperature
with Commission Internationale de l’Eclairage co-ordinates of (0.155, 0.16). Stronger vibrational coupling was found to
lead to an increased non-radiative decay rate and decreased PLQY. The activation energy for non-radiative decay was
found to depend on the environment with the non-radiative decay rate being decreased when the emissive materials were
placed in a solid host.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

By using phosphorescent emitters, displays based
on organic light-emitting diodes can potentially have
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an internal quantum efficiency of unity, since both
singlet and triplet excitations are utilised, rather than
fluorescent materials where only singlet excitations
are emissive [1]. The higher efficiency available to
phosphorescent emitters increases their attractive-
ness to a wide market and in particular mobile appli-
cations and lighting. For full colour displays
saturated red, green, and blue emitters are required.
Efficient red and green phosphorescent materials
based on iridium(III) complexes have been made.
However, rapid non-radiative decay is generally
.
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observed for deep or saturated blue phosphorescent
materials [2–4], hindering efforts to make full colour
organic displays based only on phosphorescent
emitters.

The purpose of this article is to provide insight
into the non-radiative decay mechanisms that occur
in blue emissive iridium(III) complexes based on
fac-tris(1-methyl-5-phenyl-3-propyl-[1,2,4]triazolyl)-
iridium(III) (TrzPhIr) [5], one of very few blue phos-
phorescent materials that emit with solution CIE as
low as (0.16, 0.20) at room temperature, and an
alternative to carbene based ligands [2]. Under-
standing the non-radiative decay process is the first
step in enabling efficient deep blue phosphorescent
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materials to be designed. In this paper, we further
investigate the luminescence properties of the TrzP-
hIr complexes. We report the effect of dendronisa-
tion on the photophysical properties of the blue
emissive monofluorinated complex 1 comparing
the effect of the addition of biphenyl dendrons (2,
3) [6–8], as well as the attachment of different num-
bers of fluorine atoms (4, 5, and 6) (Fig. 1) to
improve the understanding of the non-radiative
decay mechanisms in blue phosphorescent irid-
ium(III) complexes. We show that the PLQY varies
with vibrational coupling (Huang-Rhys factor) for
1, 2, and 3. We study the effect of the environment
(solution versus solid-state) on the phosphorescence
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of 4, 5, and 6, and discuss the implications for mak-
ing highly efficient deep blue phosphorescent
materials.

2. Experimental

For room temperature solution measurements,
samples were dissolved in spectroscopic grade tolu-
ene in quartz degassing cuvettes, degassed by three
freeze–pump–thaw cycles, sealed under vacuum,
and warmed to room temperature in a bath of tepid
water. The optical density (OD) of the samples and
standard were similar and small (60.1 at P360 nm).
For low temperature solution measurements, sam-
ple preparation was identical except that spectro-
scopic grade anhydrous 2-methyltetrahydrofuran
was used as the solvent and larger quartz degassing
cuvettes were used. For room temperature and low
temperature film measurements, poly(methylmeth-
acrylate) (PMMA) was dissolved for 24 h in chloro-
benzene solution at a concentration of 100 mg/ml
using a magnetic stirrer, 6 wt% of the sample was
then added and dissolved for 10 min prior to spin
coating on a clean fused silica disc at a speed of
approximately 1000 rpm for 60 s. Photolumines-
cence spectra were recorded using a Jobin Yvon
Fluoromax 2 fluorimeter, set to a band pass of
1 nm for both excitation and detection. The excita-
tion wavelength was 360 nm, and spectra were cor-
rected for the instrumental response. PLQYs were
measured by a relative method using quinine sulfate
in 0.5 M sulphuric acid as a standard [9]. The error
in this method is estimated to be approximately
10%.

Photoluminescence transient decays were mea-
sured by a time-correlated single-photon counting
(TCSPC) system. Excitation was at 393 nm by a
pulsed nitride diode laser (Picoquant LDH 400) giv-
ing 10 pJ/pulse at a pulse repetition rate of 100 kHz,
focussed onto the sample to a spot size of 300 lm by
120 lm. The emitted light was dispersed in a mono-
chromator with an entrance slit and detected with a
cooled Hamamatsu micro-channel plate photomul-
tiplier tube RU-3809 U-50. The average number of
photons collected per pulse was 0.05 or less. The
apparatus response function was �0.5 ns (FWHM)
in the shortest time window. The measured lifetime
was obtained by fitting a single exponential decay to
the measured transient for solution measurements
or a two exponential decay for film measurements.
For optical measurements below room temperature,
the sealed quartz cuvettes or films were placed in an
Oxford instruments ‘‘DN” cryostat with fused silica
windows. The sample was cooled by liquid nitrogen
or cold nitrogen gas. The temperature inside the
sample chamber was adjusted by a combination of
manually adjusting the nitrogen flow rate and heat-
ing the sample chamber with a heater, controlled by
an Oxford instruments intelligent temperature con-
troller, so that a stable temperature was obtained.
A period of 30 min was left before each measure-
ment to allow the sample to come to thermal
equilibrium with the sample chamber. Fourier
transform Raman spectra were measured on
powder samples using a Perkin–Elmer system 2000
spectrometer with excitation at 8000 cm�1.

3. Results and discussion

The first part of this study involved determining
the effect of dendrons on the emissive properties of
the chromophore. The room temperature solution
photoluminescence (PL) spectra of 1, singly den-
dronised 2 and doubly dendronised 3 complexes
are shown in Fig. 2. It can be seen that the energy
corresponding to the 0–0 transition is very close at
2.84 eV for 1, 2.82 eV for 2, and 2.81 eV for 3, show-
ing that the position and structure of the dendrons is
such that they do not extend the conjugation length
of the ligand. Hence the emissive core is essentially
the same for 1–3. However, there is a different degree
of vibrational coupling seen in the spectra from the
relative height of the peaks at �2.82 eV and
�2.65 eV (the 0–0 and 0–1 transition), respectively.
The degree of vibrational coupling is often
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quantified by the Huang-Rhys ‘S’ factor, which can
be estimated by measuring the height of the 0–1 peak
(�2.65 eV) divided by the height of the 0–0 peak
(�2.82 eV) [10] if the width of the two peaks are
the same, which applies for the single mode approx-
imation. In this case however, the 0–0 peak is in fact
narrower than the 0–1 peak which reflects the fact
that more than one mode is present. Hence the
actual Huang-Rhys factor will be higher than esti-
mated by this single mode approximation, but it is
nevertheless sufficient for identifying trends in these
materials since the emissive core is nearly identical
and therefore the vibrational modes which couple
to the optical transition will be very similar. The
peak to peak energy between 0–0 and 0–1, taken as
the energy of the single dominant mode, is
1350 cm�1. In the Raman data of 1 the dominant
peaks were seen at 1457, 1536 and 1596 cm�1 but
smaller peaks were also seen at 662 cm�1, 864–
865 cm�1 (doublet), whilst several small peaks were
seen around 1082 cm�1 and around 1273 cm�1, there
is also a series of very small peaks between 179 and
454 cm�1. The PL 0–0 peak to 0–1 peak energy of
1350 cm�1 should be a convolution of those modes
which contribute to the PL spectrum, of which the
dominant modes of the Raman spectrum at 1457,
1536 and 1596 cm�1 are likely to involve C–C
stretches due to their similar energies to those modes
of RuðbpyÞ2þ3 at 1450, 1563 and 1608 cm�1 [11].

In conjunction with PLQY, lifetime measure-
ments are usually very useful for getting informa-
tion about the excited states of molecules. Fig. 3
shows the PL decay of degassed solutions of 1–3

and Table 1 gives the solution PLQY and fitted
solution lifetime values for 1, 2, and 3 along with
the calculated radiative and non-radiative decay
rates. The lifetime for the dendrimers, 2 and 3 is
much longer than for the core molecule, 1, and the
PLQY of the dendrimer 3 is higher than that of 1

whilst the PLQY of 2 is lower than that of 1. The
meta linkage of the dendrons means that there is
not electron delocalisation from the core to the den-
drons, so, the chromophores of 1–3 are very similar,
Table 1
PLQYs (%) and the Huang-Rhys factor estimated from the height of th
0 peak (�2.82 eV or �438 nm) for complexes 1–3 (see Fig. 2) in degass

Complex PLQYs
(%)

Lifetime
(ls)

Radiative decay rate
(105 s�1)

Non-radi
rate (105

1 40 1.25 3.2 4.8
2 26 19.9 0.13 0.50
3 55 11.6 0.47 0.39
as confirmed by their very similar emission energy.
They are therefore expected to have the same radia-
tive decay rate. However the dendrimers have much
longer lifetime and lower radiative and non-radia-
tive decay rates. The increase in measured lifetime
in the dendrimers, with respect to the core molecule,
is caused by reversible energy transfer from the
triplet level of the core to the triplet level of the den-
drons. This is similar to the delayed phosphores-
cence observed for a FIrpic:CBP blend film [12].
We do not observe any PL spectral component
attributed to the dendrons therefore the radiative
decay rate associated with a triplet on the dendron
is negligible. The PLQY of 3 is higher than that of
1� suggesting that non-radiative decay on the den-
drons of 3 is small compared to that of the core.
The dendrons are very similar in both 2 and 3,
and so weak non-radiative decay on the dendrons
is also expected for 2. The dendrons simply act as
a reservoir for excitations, with the efficiency of
the PL determined by the core. The core and the
dendrons have separate excited triplet states and
can be treated as distinct. We can then associate a
radiative and non-radiative decay of the emissive
core in the dendrimer, but these differ from the mea-
sured rates for the dendrimers. The long lifetimes of
e 0–1 peak (�2.65 eV or �465 nm) divided by the height of the 0–
ed MeTHF solution at room temperature

ative decay
s�1)

Oxidation
potential (eV)

HOMO
level (eV)

Estimated Huang-
Rhys factor

0.41 5.79 1.16
0.54 5.92 1.26
0.58 5.96 1.11
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the dendrimers are due to the dendrons acting as
reservoirs for excitations.

Out of the series of molecules, the doubly den-
dronised 3 has the highest PLQY (55%) and lowest
Huang-Rhys factor (vibrational coupling), while 2

has the lowest PLQY and the largest Huang-Rhys
factor. Thus we observe an inverse correlation
between vibrational coupling and PLQY for a series
of molecules with the same emissive core. We expect
that the radiative decay rates of the cores are the
same in all three complexes since the structure of
the core is the same for 1–3. In a study of Ir mole-
cules with the same core but different substituents,
a correlation was found between the HOMO level
and the radiative decay rate [13]. Effectively a corre-
lation was also found by Li et al. between the
HOMO level and the radiative decay rate [4]. In
our case, we have the same core with different den-
drimers substituted, however only a small variation
in HOMO level was found from 5.79 to 5.96 eV for
1–3 (Table 1). We compare this with Li et al. where
a variation of 0.14 V in oxidation potentials
between compounds 1 and 2 led to a difference of
the radiative decay rate of 2.7–2.0 � 10�5 s�1. In
our case we have a variation of 0.17 V in oxidation
potential between 1 and 3 so the radiative decay
rates of the emissive cores are not expected to by
more than 40% and which, if the non-radiative
decay rate was constant would lead to an increase
in PLQY by only 20% rather than the 37.5%
increase observed between 1 and 3.

A room temperature solution PLQY of 55% for
doubly dendronised complex 3 with CIE co-ordi-
nates of (0.16, 0.16) with PL peaks at 441 and
469 nm (2.81 and 2.64 eV) compares favourably to
Yang et al.’s 50% PLQY for their material with
PL peaks at 450 and 479 nm [14].

Since the core chromophores of 1–3 are expected
to have a similar radiative decay rate and we there-
fore attribute the differences in PLQY in this family
of materials to the difference in non-radiative decay
rate of the emissive core. Based on previous reports
the differences in non-radiative decay rate could
either arise from the presence of higher excited state
d-orbitals [15] or increased vibrational decay [16].
Given the similar nature of the emissive chromoph-
ores of 1, 2, and 3 the ligand field strength should be
the same for all three complexes. Thus the energy
difference between a higher energy d-orbital and
the emissive excited state should be the same for
all three complexes and hence such an orbital could
not account for the differencess in PLQY. The fact
that metal d-orbitals are not directly the cause of
the non-radiative decay is strengthened by molecu-
lar orbital calculations which show that related
complexes with C3 symmetry do not have higher
energy empty molecular orbitals with predomi-
nantly d-character [5]. Therefore, the difference in
PLQY should arise from vibrational decay.

Vibrational non-radiative decay from the radia-
tive excited state is caused by coupling of vibronic
states of the excited state potential energy surface
to isoenergetic levels of the ground state. An
increase in vibronic coupling as measured by the
Huang-Rhys factor results in higher vibrational
non-radiative decay. This is because the transition
probability is increased by an increased overlap
between initial and final states, caused by an
increased displacement between the potential sur-
faces and the Huang-Rhys factor is proportional
to the square of the displacement [17]. For 1, 2,
and 3, we see an inverse correlation between
Huang-Rhys factor and PLQY (Table 1), that is,
the PLQY increases with a decrease in the Huang-
Rhys. This indicates that a decrease in vibrational
coupling leads to a decrease in the non-radiative
decay from the radiative excited state. Thus changes
in vibronic coupling account for the differences in
PLQY (see Table 1).

In the second part of this study, the effect
of changing the host material on the photophysics of
triazole complexes is investigated. PL lifetimes
of complexes 4, 5, and 6 were measured in 2-meth-
yltetrahydrofuran (MeTHF) [5] and as guests in
poly(methylmethacrylate) (PMMA). We find that
the difference in PLQY of the three complexes
arises, as is the case for 1, 2, and 3, from differences
in the non-radiative decay rate caused by differences
in vibrational coupling. Table 2 summarises the fit-
ted PL lifetimes and estimated Huang-Rhys factors
for the non-fluorinated 4, mono-fluorinated 5 and
di-fluorinated 6 iridium(III) complexes in solution
and PMMA host at room temperature. Fig. 5 shows
the PL decays for 6 in the solution at room temper-
ature, at 77 K and in the solid host at room temper-
ature. A bi-exponential decay was found for all
molecules in the solid host. We can rule out trip-
let-triplet annihilation as the explanation of the fast
decay component because it is expected to occur
only above an excitation density of 2 � 1017 cm�3

[18], compared to our excitation density of
�5 � 1016 cm�3. Since the radiative decay rate
depends on overlap between the excited and ground
state wavefunctions, we expect that the radiative



Table 2
PL lifetimes fitted by a single exponential decay in degassed MeTHF solution, average PL lifetimes fitted by a double exponential decay in
a 6 wt% blend in PMMA and the Huang-Rhys factor estimated from the height of the 0–1 peak divided by the height of the 0–0 peak for
complexes 4–6 in degassed MeTHF and a 6 wt% blend in PMMA

Complex Lifetime (ls)
in MeTHF at
room
temperature

1st lifetime
component s1

(ls) in PMMA at
room
temperature

A1, (s1

amplitude) in
PMMA at
room
temperature

2nd lifetime
component s2

(ls) in PMMA at
room
temperature

A2, (s2

amplitude) in
PMMA at
room
temperature

Estimated
Huang-Rhys
factor in MeTHF
at room
temperature

Estimated
Huang Rhys
factor in PMMA
at room
temperature

4 1.1 0.91 0.2 1.5 0.72 0.94 1.10
5 0.9 0.91 0.25 2.5 0.6 1.20 1.37
6 0.1 0.34 0.47 1.5 0.49 1.25 1.35
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Fig. 4. Photoluminescence (PL) intensity as a function of time
for complex 6 in degassed MeTHF at room temperature and
77 K and in a PMMA host.
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Fig. 5. Arrhenius (activation energy) plot of 6 dissolved in
MeTHF or in solid host of PMMA.
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decay rate of the molecules does not change as we
go into the solid host [19] therefore the difference
in decay in the solid host compared to the solution
is attributed to a difference in non-radiative decay
rates. For all three complexes, 4, 5, and 6, the
non-radiative decay was found to decrease when
they were put into a solid host, consistent with the
observations of Sajato et al. [2]. For device applica-
tions this is excellent news as there is the potential
for higher device efficiencies than those predicted
simply from solution PLQYs. The move from solu-
tion to the solid-state has two potential effects on
the properties of the complexes; first, the solid host
will inhibit vibrations associated with the non-radi-
ative decay of the PL, and second, the host may also
prevent the complexes from relaxing fully in the
excited state, meaning the energy surface of the
excited state could both be more curved and have
less displacement with respect to the ground state,
leading to less overlap of vibronic wavefunctions.
In practice the vibrational relaxation is not com-
pletely inhibited and the Huang-Rhys factor actu-
ally increases slightly in the PMMA blends of 4, 5,
and 6 even though the non-radiative decay rate
decreases (Table 2).

To understand this apparent dichotomy it is
important when considering vibrationally induced
non-radiative decay from the excited state to under-
stand how the vibrationally allowed electronic cou-
pling between the isoenergetic ground and excited
vibronic states occurs. That is, not all vibrational
modes ‘promote’ the electronic coupling. Important
promoting mode vibrations are expected to be metal
ligand vibrations because these increase the overlap
between the metal dp and ligand p* orbitals [20].
This increases spin orbit coupling, which is neces-
sary to induce even a non-radiative decay from the
triplet excited state to the isoenergetic (vibrationally
excited) singlet (electronic) ground state. Modes
involving metal-ligand vibrations are low energy
vibrations (due to high mass of ligand and metal),
which are observable at low intensities below about
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400 cm�1 [11,20] in the Raman spectra. We propose
these important promoting modes, since they are
movements of the whole ligand with respect to the
metal, are hindered in the solid-state, therefore
decreasing the non-radiative decay rate in the
solid-state with respect to solution. We attribute
the non exponential decay to a range of conforma-
tions in the solid host, which have a range of
non-radiative decay rates due to the promoting
modes being more or less hindered in each
conformation.

In order to investigate non-radiative decay mech-
anisms further, the temperature dependence of 6

was studied in PMMA and compared with that pre-
viously measured for MeTHF [5]. The PL decay as a
function of time for the di-fluorinated complex 6 at
room temperature in degassed MeTHF at 77 K (fro-
zen solution) and at room temperature as a 6 wt%
blend in PMMA are shown in Fig. 4. In the case
of 6 in MeTHF, the lifetime was found by fitting a
single exponential decay to the PL decay as a func-
tion of time. When 6 was in the PMMA host a bi-
exponential decay curve was fitted and the long
decay component lifetime was selected, assuming
the long decay component arises from a subset of
complexes with a given conformation. The PL decay
of 6 in the PMMA film was found to be slower than
in degassed MeTHF solution at room temperature
(Fig. 4) and at 77 K the decay was even slower.
The measured PL lifetime of 6 in MeTHF increases
from 0.15 to 3.4 ls between 290 K and 200 K, and
below 200 K is constant, while in PMMA the life-
time increases from 1.35 ls at 310 K to 3.7 ls at
77 K. In analysing these data we have assumed that
the radiative decay rate is constant over the temper-
ature range and that it is identical in PMMA and
MeTHF.

The non-radiative decay rates extracted from the
PL decay measurements were plotted in an Arrhe-
nius plot (Fig. 5) and the data between 270 K and
300 K, which show the most change in non-radia-
tive decay, were fitted to find activation energies
for non-radiative decay. From the temperature
dependent studies on 6, we found that when blended
with PMMA, 6 has a different activation energy for
non-radiative decay compared with when in
MeTHF (0.67 ± 0.06 eV versus 0.13 ± 0.07 eV).
Therefore non-radiative decay via thermal activa-
tion to a higher excited state is not a sensible expla-
nation, since PMMA and MeTHF are both inert
‘hosts’. That is if the activation energy is determined
solely by the ligand field strength, which is not
affected by moving from MeTHF to PMMA, then
the activation energy for non-radiative decay should
be the same.

The Arrhenius behaviour for molecule 6 in solu-
tion was attributed to thermally activated vibra-
tional decay in the strong coupling limit [5]. This
behaviour is limited to high temperatures [21] and
therefore high activation energies. The activation
energy would be lowered if the excited state vibra-
tional modes shifted to lower frequency with respect
to those in the ground state as this would mean the
displaced excited state potential energy was shal-
lower and would intersect at a lower energy with
the ground state potential energy. However, the
possible shift in frequency is likely to be only a
few percent and would not explain the low activa-
tion energy observed here in the solid state. Accord-
ing to Yersin and Donges, the exciton may be
localised on a single ligand, if the distortion energy
gained by localisation is larger than the energy
gained by delocalisation due to metal mediated elec-
tronic ligand–ligand coupling [22]. If the exciton is
localised, there would then be an activation energy
for exciton transfer between ligands. Since this
transfer would involve metal-ligand vibrations,
which are considered to be important promoting
modes, it is likely to induce non-radiative decay.
This could then be the origin of the observed Arrhe-
nius activated non-radiative decay, where the acti-
vation energy is equal to the localisation energy
on the ligand minus the coupling energy gained by
delocalisation. The differences in energy between
solution and solid state may result from a lower dis-
tortion energy for localisation on a single ligand in
the solid state since there is expected to be less vib-
ronic coupling on the metal ligand vibrational
modes.

4. Conclusions

We have shown that the Huang-Rhys factor is a
useful tool in evaluating the luminescence properties
of blue phosphorescent materials and vibrational
coupling plays an important role in non-radiative
decay of the luminescence. The results strongly sug-
gest that vibrational decay occurs directly to the
ground state without a higher energy excited state
being involved. The luminescence of the blue mate-
rials was found to be higher in the solid state, and
this was attributed to a reduction of the metal-
ligand vibrations in the solid state. Finally, the
change in Huang-Rhys factor suggests that the
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addition of dendrons changes the excited state con-
formation of the chromophore. In the case of the
doubly dendronised material, this improves the
luminescence properties of the material, possibly
by making the dendrimer more rigid due to steric
constraints [16].
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Abstract

Oriented growth of polycrystalline rubrene thin film on oriented pentacene buffer layer was investigated. The oriented
pentacene buffer layer was created by thermal evaporation of pentacene on a rubbed polyvinylalcohol (PVA) surface.
The pentacene layer in turn induced the oriented growth of rubrene crystals upon thermal deposition. The structures of suc-
cessive layers were characterized by using grazing incidence X-ray diffraction (GIXD) and atomic force microscopy. Highly
oriented rubrene crystallites with the a-axis aligning along the surface normal and the (002) plane preferentially oriented 45�
away from the rubbing direction were found. In contrast, the rubrene thin film deposited on PVA or rubbed-PVA substrate
without a pentacene buffer layer only gave amorphous phases. With the aligned pentacene/rubrene film as the active layer
of organic field-effect transistor, anisotropic mobilities were observed. The highest field-effect mobility (0.105 cm2/V s) was
observed along the direction 45� away from the rubbing direction and is�4 times higher than that for similar device prepared
on unrubbed PVA. The direction was consistent with the GIXD observation that a large number of rubrene crystallites
are having their [002] direction aligning in this direction. A favourable C–H� � �p interaction between an oriented pentacene
layer and the rubrene layer on the control of molecular orientation in the conduction channel of the OFET is suggested.
� 2008 Elsevier B.V. All rights reserved.

Keywords: Organic field-effect transistors; Oriented growth; Rubrene; Pentacene
1. Introduction

Organic electronic devices such as organic field-
effect transistors (OFETs), organic light-emitting
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved
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diodes (OLEDs) and organic solar cells have drawn
wide attention for their great potential in fabricating
flexible electronics for display and energy conver-
sion purposes. As the major driving component of
flexible electronics, field-effect transistors based on
organic materials are critical for the success of the
ultimate device integration. Field-effect mobility is
one of the most important parameters that deter-
mine the practicality of an OFET. However, the
.

mailto:ytt@chem.sinica.edu.tw


386 W.-S. Hu et al. / Organic Electronics 9 (2008) 385–395
field-effect mobility for most organic-based devices
still cannot catch up with that of the silicon-based
devices. Many efforts were devoted to the improve-
ment of field-effect mobility of organic materials in
recent years. While the intrinsic electronic property
of an organic molecule is important, the electronic
coupling between molecules, particularly in molecu-
lar thin films and crystals, are also crucial to the
measured mobility. The electronic coupling between
organic molecules is highly dependent on the pack-
ing and arrangement of the molecules within the
crystal and can be very anisotropic due to the
directionality of molecular orbitals involved in the
electronic coupling. Therefore, control of the orien-
tation of the molecular crystallites with respect to
the conduction channel is a promising approach to
improve the device performance. Rubrene single
crystal has been reported to give a mobility as high
as 20 cm2/V s and anisotropy in charge transport in
rubrene single crystal was also revealed so that
mobility along b- and c-axes can differ by a factor
of four [1]. While the high mobility is exciting, it is
generally a very challenging task to grow and han-
dle a large single crystal transistor. [2,3]. On the con-
trary, the deposition of rubrene thin films by
conventional thermal evaporation technique, which
can generate large area thin films with ease, only
results in poor crystallinity or amorphous phase
with very low mobility [4]. Recently, a thin penta-
cene buffer layer between the inorganic substrate
and the deposited rubrene (as well as other material
such as fullerene) thin films was found to greatly
improve the crystallinity of the deposited rubrene
[5–7]. The results imply a strong interaction and cor-
relation between pentacene buffer layer and the mol-
ecules deposited on top. While organic–organic
‘‘heteroepitaxy” is believed to be important in mul-
tilayers of different organics [8], strong orientation
effect can exist even if there is incommensurate rela-
tionship between the contacting crystal planes [9].
Pentacene was found to grow on various insulating
surfaces with their c*-axis parallel to the surface
normal [10]. This (001) plane in contact with the
deposited rubrene molecules induces the rubrene
to grow into layers with the a-axis parallel to the
surface normal. Nevertheless, the pentacene thin
film deposited on isotropic substrate surface com-
poses of grains with randomly oriented a-/b-axes
parallel to the substrate plane. In view of the high
anisotropy of charge transport in single crystal rub-
rene, it is interesting to have a polycrystalline rub-
rene thin film with preferred orientation of the
crystallites in the surface plane. An oriented penta-
cene template layer may serve the role of directing
growth. Recently, we and others have demonstrated
polycrystalline pentacene films deposited on a
rubbed polymer surface showed preferred crystal
orientation [11,12]. Furthermore, the field-effect
mobility of pentacene film deposited on a rubbed
polymer or a rubbed self-assembled monolayer of
n-alkyltrichorosilane on SiO2 showed high anisot-
ropy with respect to the rubbing direction [13,14].
In this study, we used aligned pentacene buffer layer
prepared on rubbed polyvinylalcohol (PVA) film to
induce a preferred ‘‘in-plane” orientation of rubrene
crystallites deposited on top. The structures of the
polycrystalline films were shown by grazing inci-
dence X-ray diffraction (GIXD) to be specifically
oriented with respect to the rubbing direction on
the underlying polymer. Anisotropic mobilities of
the films were also observed.

2. Experimental

2.1. Sample preparation

The n-doped Si/SiO2 substrates were cleaned by a
Piranha solution (H2SO4:H2O2 = 4:1, v/v). Polyvi-
nylalcohol (30 mg/mL in DI water) was spin-coated
on to silicon substrate at 5000 rpm for 1 min. The
thickness of the PVA film was measured by AFM
to be around 50 nm. The PVA film was gently
rubbed with a flammel cloth in a single direction
at near constant speed of 5 cm/s and a force of
�0.9 g/cm2 over 100 cm and used as an alignment
layer in pentacene/rubrene deposition [15]. The
AFM micrograph of the rubbed PVA showed
aligned grooves no deeper than 5 nm. Commercially
obtained pentacene (Aldrich Chemical Co.) was
used as received. A 10 nm pentacene layer was
deposited at a rate of 0.5 Å/s onto the substrate held
at 50 �C in a vacuum of 1 � 10�5 Torr. The film
thickness was monitored by quartz crystal thickness
monitor. Rubrene (50 nm) was then deposited at a
rate of 0.5 Å/s onto the pentacene buffer layer held
at 75 or 90 �C during deposition process. Control
experiment showed that pentacene film subjected
to these temperatures essentially remained on the
substrate during the rubrene deposition.

2.2. Grazing incidence angle X-ray diffraction

The grazing incidence X-ray diffraction experi-
ments were performed at wiggler beamline BL-
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17B1 at the National Synchrotron Radiation
Research Center (NSRRC), Taiwan. Incident X-
rays were focused vertically with a mirror and made
monochromatic to an energy of 8 keV with a Si
(111) double-crystal monochromator; the sagittal
bend of the second crystal focused the X-rays in
the horizontal direction. With two pairs of slits
between the sample and the detector, the typical
scattering vector resolution in the vertical scattering
plane was set to �1 � 10�3 nm�1 in these experi-
ments. A grazing incidence angle below the critical
angle of total reflection for the film was chosen to
enhance the sensitivity of measurement.

2.3. Atomic force microscopy

Atomic force microscopy (AFM) measurements
were carried out under ambient conditions using a
Digital Instruments Nanoscope IIIa microscope.
Images were captured by tapping mode with a sili-
con tip at 300 kHz frequency.

2.4. Device fabrication and measurement

FET devices were fabricated on a silicon wafer
with 300 nm-thick thermally grown SiO2 layer as
the gate dielectric and the highly n-doped silicon
as the gate electrode. The 60 nm-thick gold source
and drain electrodes were deposited on the organic
films (top contact) through a shadow mask. The
channel length (L) and width (W) are 50 and
500 lm, respectively. The electrical characteristics
of the devices were measured in the air using a com-
puter-controlled Agilent 4156C semiconductor
parameter analyzer. The field-effect mobility of the
Fig. 1. AFM micrographs of (a) R-PVA surface and (b) 10 nm pentac
rubbing.
OFET device was calculated from the saturation
region according to the following equation:

Ids;sat ¼ ðWCtot=2LÞlsatðV gs � V thÞ2; ð1Þ
where W and L are the channel width and length,
respectively, Ctot is the capacitance per unit area
of the PVA coated SiO2 insulator as calculated by
1/Ctot = 1/Coxide + 1/CPVA, Vgs is the gate voltage
and Vth is the threshold voltage.

3. Results and discussion

3.1. Structure of the oriented pentacene/rubrene

heteroepitaxy film

PVA film was prepared as described in Section 2.
After rubbing with a flammel cloth, the surface
exhibited a smooth morphology, with grooves that
were no more than 2 nm deep and a RMS roughness
around 1.6 nm, as revealed by AFM (Fig. 1a).
Pentacene buffer layer was prepared by thermal
evaporation of 10 nm pentacene molecules onto
the rubbed PVA (R-PVA) surface. The substrate
temperature was kept at 50 �C during the deposition
process. The AFM shows two distinct morpholo-
gies, one with large platelets, resulted from two-
dimensional growth of pentacene molecules with
molecular long axes near normal to the surface.
The other with long rod-like grains which oriented
perpendicular to the rubbing direction, presumably
resulted from flat-lying pentacene crystals growing
preferably in lateral direction (vide infra).

Powder X-ray diffraction of the film showed a
‘‘thin film phase” pentacene layer with (001) diffrac-
tion peak at 2h = 5.7� (or a d-spacing of 15.5 Å),
ene on the R-PVA surface. The arrows indicate the direction of
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which suggested the pentacene molecules were align-
ing with their long molecular axes near perpendicu-
lar to the surface. In-plane alignment of the
pentacene crystallites within the layer was charac-
terized by GIXD using synchrotron radiation. The
in-plane diffraction was performed with two mea-
surement set-ups: one with the incident X-ray beam
aligned parallel to the rubbing direction (azimuthal
angle u = 0�, with the in-plane scattering vector q
perpendicular to the rubbing direction, as shown
in Fig. 2a) at a grazing incidence angle of 0.18�;
the other with the incidence X-ray aligned perpen-
dicular to the rubbing direction (u = 90�, with the
in-plane scattering vector q parallel to the rubbing
direction, as shown in Fig. 2b) at the same grazing
incidence angle. The in-plane h–2h scan was then
measured with an incidence angle of 0.18�, less than
the critical angle of total reflection, enabling infor-
mation acquisition on lattice spacings parallel to
the substrate surface. The pentacene (110) diffrac-
tion peak at 2h of 19.3� was greatly enhanced when
the in-plane h–2h scan was carried out with inci-
dence X-ray parallel to the rubbing direction
(Fig. 3, black line). When the in-plane h–2h scan
was carried out with incidence X-ray perpendicular
to the rubbing direction, the pentacene (00 1) dif-
fraction peak was found and the (110) peak was
greatly reduced (Fig. 3, red line). The fact that
(001) peak was found when q was parallel to the
Fig. 2. Geometries of in-plane grazing incidence X-ray diffraction
perpendicular to the rubbing direction or (b) the in-plane scattering ve
rubbing direction implies that some pentacene mol-
ecules were lying flat with their long molecular axis
parallel to the rubbing direction, similar to an ear-
lier observation for p-hexaphenyl [16] or pentacene
[12] film deposited on rubbed polymethylene sur-
face. Nevertheless, the majority of pentacene mole-
cules are having their long molecular axes stand
near vertical to the surface, as shown by the wide-
angle h–2h scan results in the inset, with the (110)
plane of the crystallites aligned preferentially along
the rubbing direction. Further azimuthal scans of
the pentacene film were carried out by fixing the
detector at 2h of 19.3� for the pentacene (110) dif-
fraction while rotating the sample 180� around the
substrate normal in order to probe the distribution
of (110) planes of the pentacene crystals on the sur-
face. The results are shown in Fig. 4. It was found
that besides the directions parallel to the PVA rub-
bing direction at u = 0� and 180�, there are two
other angles, at u = 78.2� and u = 101.8�, respec-
tively, also giving strong diffraction intensities. The
two angles are symmetrical with respect to the
PVA rubbing direction. The results suggest that
the pentacene [110] direction (the normal of (110)
plane) of pentacene crystallites aligned perpendicu-
lar to the rubbing direction ‘‘or” 11.8� away in
either direction from the rubbing direction in the
surface plane. That the directions are symmetrical
with respect to the rubbing direction may imply
experiments with (a) the in-plane scattering vector q oriented
ctor q oriented parallel to the rubbing direction.



Fig. 3. GIXD pattern of pentacene buffer layer on rubbed PVA surface with u = 0� (black line) and u = 90� (red line). The inset shows the
standard wide angle h–2h scan of pentacene buffer layer.

Fig. 4. GIXD (110) azimuthal scan pattern of pentacene buffer layer on rubbed PVA surface.
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the twin growth of pentacene crystals on the rubbed
surface. That the (11 0) plane aligned preferentially
in more than one direction (along the rubbing direc-
tion or 78.2� away from it) implies there are more
than one direction on the rubbed PVA surface inter-
act favourably with the [110] direction of pentacene
crystal lattice.

The insertion of a pentacene buffer layer has
much influence on the affinity of the substrate to
the rubrene molecules and the rubrene film depos-
ited on the pentacene layer exhibited high crystallin-
ity and order in the surface normal direction as
shown by the h–2h powder X-ray diffraction pat-
tern. The lattice parameters of orthorhombic rub-
rene unit cell were reported to be a = 26.86 Å,
b = 7.193 Å, and c = 14.433 Å [17,18]. Fig. 5 shows
h–2h XRD pattern of 50 nm rubrene deposited on a
10 nm pentacene/R-PVA surface at a substrate tem-
perature of 90 �C. Diffraction peaks at 2h = 6.63,
13.25, and 19.85 are assigned to be the (200),



Fig. 5. h–2h X-ray diffraction patterns of 50 nm rubrene films deposited on 10 nm pentacene/rubbed PVA surface.
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(400), and (600) planes of rubrene crystal. The dif-
fraction peaks associated with pentacene were much
suppressed due to the overcoating of a thicker layer
of rubrene. Yet they are discernible upon expansion
of the Y-axis. The d-spacing calculated from the
lowest angle peak is 13.34 Å, which is the half of
the a-axis of the rubrene unit cell. The result sug-
gests that the (200) and higher order planes are par-
allel to the substrate and the a-axis of rubrene unit
cell is perpendicular to the substrate surface. In con-
trast, rubrene thin film deposited on PVA film with-
out a pentacene buffer layer only yielded amorphous
Fig. 6. GIXD pattern of 50 nm rubrene/10 nm pentacene on rubbed PV
to the rubbing direction.
phase. The grazing incidence X-ray diffraction
results on 50 nm rubrene on 10 nm pentacene buffer
layer-modified PVA/R-PVA are shown in Fig. 6.
Diffraction pattern at three azimuthal angles at
u = 0�, 45�, and 90� with respect to the PVA rub-
bing direction were measured. The diffraction inten-
sity of (002) planes of rubrene crystals showed an
orientation-dependence and gave the highest inten-
sity when measured at u = 45�. Whereas the inten-
sity measured at u = 0� and 90� are not much
different from that obtained from a rubrene film
deposited on the unrubbed PVA film. Further azi-
A and unrubbed PVA surfaces. at u = 0�, 45� and 90� with respect
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muthal scans were performed with the detector held
at the rubrene (002) reflection while rotating the
sample 180� around the sample normal successively.
The results are shown in Fig. 7. The red line shows
the azimuthal scans with respect to the PVA rub-
bing direction for rubrene film deposited at 90 �C.
The intensity of the rubrene (002) diffraction was
highly dependent on the azimuthal angle u. The
angles at which high diffraction intensity were
obtained can be divided into two sets which are
symmetric to u = 90�, i.e., u = 18.5� (and 161.5�),
39.6� (and 140.4�), 45.1� (and 134.9�) and 82.1�
(97.9�). This indicates that the (002) plane of the
rubrene crystals preferentially aligned in several
directions that are symmetrical with respect to the
PVA rubbing direction. The most intense (002) dif-
fraction peak was found at u = 45.1� (and the cor-
responding 134.9�), consistent with the results
shown in Fig. 6. Some other directions are also
enhanced, meaning some crystallites also have their
(002) plane aligned along these directions. For com-
parison, a 50 nm rubrene/10 nm pentacene film
deposited on an unrubbed PVA surface under the
same deposition condition gave a constant intensity
during the same azimuthal scan experiments, shown
by the green line in Fig. 7. Thus, an unaligned
pentacene buffer layer will not induce preferred
alignment of rubrene (00 l) plane in the sample
layer. Interestingly, the orientation distribution of
the (002) plane changed when the rubrene was
Fig. 7. Azimuthal GIXD pattern of (002) plane for 50 nm rubrene thin
for rubrene deposited at Tsb = 90 �C and the black line for Tsb = 75 �C.
PVA surface.
deposited at 75 �C, shown by the black line in
Fig. 7. The highest intensity shifted to u = 39.6�
(and 140.4�), together with some smaller preference
in the direction of u = 18.5� and 82.1�. It should be
noted that the distribution of the rubrene (002)
plane was still symmetrical with respect to the
PVA rubbing direction. The GIXD results clearly
show that a rubbed PVA induced oriented growth
of pentacene crystals, in at least two preferred direc-
tions, one with [11 0] direction perpendicular to the
rubbing direction and another with [110] direction
turned away from the rubbing direction by 11.8�.
The rubbed polymer surface is expected to have
an average alignment of polymer backbones as well
as grooves [12]. More than one directed growth of
pentacene were obtained. The rubrene crystals
adopted even more possible orientations. The
GIXD of pentacene layer shows that besides differ-
ently oriented ‘‘upright” pentacene crystals, there
are also some crystallites lying flat, providing addi-
tional growth motif. A rubrene molecule has two
phenyl rings sticking up and two phenyl rings stick-
ing down from the tetracene moiety. When this mol-
ecule is landing on the substrate and in contact with
an oriented pentacene crystal, the C–H� � �p type
hydrogen bonding interaction involving the two
para hydrogen atoms of the two lower phenyl rings
in rubrene and the somewhat tilted pentacene mole-
cule may play an important role in the initial dispo-
sition of the rubrene molecule. Fig. 8(a) shows the
film on pentacene buffer layer/rubbed PVA surface. The red line is
The green line is for 50 nm rubrene/10 nm pentacene on unrubbed



Fig. 8. (a) The top view of the lattice of pentacene crystal and its correlation with the rubbing direction. (b) The rubrene lattice with (002)
plane rotates 45� off the rubbing direction.
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pentacene crystal lattice with the (11 0) plane
aligned parallel to the rubbing direction, as viewed
from the top of the surface. Fig. 8(b) shows the rub-
rene lattice with the (002) plane rotated 45.1� from
the rubbing direction. The distance between the two
para hydrogen atoms is 4.915Å, which is about half
of the ab diagonal of the pentacene unit cell. Align-
ing a rubrene molecule along this direction may give
more favourable interaction and influence the initial
growth direction of the rubrenes on pentacene layer.
Thus the pentacene underlayer serves as nucleation
sites. Although a complete lattice match was not
obtained when overlapping the two lattice planes,
many favourable C–H� � �p interactions can be
approached. This may be the reason for the oriented
growth. The presence of multiple directions in the
crystal orientation also reflects the lacking of com-
plete matching of the two lattices and the two orien-
tations adopted by the rubrene molecules in a single
crystal allow growth along various directions. A
number of reports indicated that complete incom-
mensurism or lattice mismatch can still lead to epi-
taxy growth of organic crystallites in the organic–
organic interface [8,9]. The morphologies of the rub-
rene/pentacene on PVA alignment layer was exam-
ined by atomic force microscopy. Fig. 9(a) shows
the AFM micrograph of a 50 nm rubrene deposited
on 10 nm pentacene buffer layer on unrubbed PVA
surface at a deposition temperature of 75 �C. Ran-
domly oriented rod-like crystals were observed, with
their long crystal axes lying parallel to the surface.
The crystals were about 1 lm in length and
0.25 lm in width. The shapes of the crystals were
similar but smaller than the millimeter-sized, nee-
dle-like rubrene single crystals reported previously
[19]. Fig. 9(b) shows the micrograph of 50 nm rub-
rene deposited on 10 nm pentacene buffer layer on
R-PVA surface. The grains in the rubrene film were
much larger and oriented more specifically with
respect to the PVA rubbing direction. In the 5 lm
AFM image, the rod-like crystal oriented in a direc-
tion that was consistent with the GIXD (002) azi-
muthal rotation scan. The results also imply that
the long axis of the rubrene crystal was in the same
direction of rubrene [002] direction. Fig. 9(c) shows
the 2 � 2 lm2 AFM image of 50 nm rubrene/10 nm
pentacene film on R-PVA surface. A smooth and
well-packed terrace structure of rubrene was found.
The sectional profile analysis on the step height,
shown in Fig. 9(d), gave 13.3Å,. The result was con-
sistent with the synchrotron XRD of d-spacing of
13.3 Å for rubrene (20 0) plane and thus the rubrene
(h00) planes are parallel to the substrate surface.
The larger grain sizes of the rubrene film on the
pentacene/R-PVA layer may be explained by better
connectivity of oriented crystallites of rubrene,
induced by a rather smooth and orientationally
ordered pentacene buffer layer.

3.2. Characterization of the aligned rubrene/

pentacene transistor

FET devices were fabricated on a silicon wafer
with 300 nm-thick, thermally grown SiO2 layer as
the gate dielectric and highly n-doped silicon as
the gate electrode. A rubbed PVA layer served as
the alignment layer. The field-effect mobilities along
three different directions with respect to the rubbing
direction were measured: parallel to the rubbing
direction (u = 0�), perpendicular to the rubbing
direction (u = 90�) and 45� from the rubbing direc-
tion (u = 45�). The 50 nm rubren/10 nm pentacene



Fig. 9. AFM images of 50 nm rubrene/10 nm pentacene on (a) unrubbed PVA and (b) rubbed PVA surface (5 lm � 5 lm). (c) Terrace
structure of the rubrene film on pentacene/R-PVA surface (2 lm � 2 lm). (d) The sectional profile analysis on the step height of the
rubrene terrace.
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film deposited on unrubbed PVA surface was also
prepared as a control. A typical p-type OFET I–V
curve was obtained (Fig. 10). The I–V characteris-
tics are summarized in Table 1. The highest mobility
for the rubrene/pentacene/R-PVA device was found
Fig. 10. (a) Drain current (Id) versus drain voltage (Vd) of OFET with
direction. (b) �I1=2

d versus gate voltage, Vg, and Log10(�Id) versus Vg p
along u = 45� direction and reached 0.105 cm2/V s.
The mobility along this direction is higher than that
measured along the rubbing direction (0.079 cm2/
V s, u = 0�) and that perpendicular to the rubbing
direction (0.021 cm2/V s, u = 90�). The mobility
50 nm rubrene/10 nm pentacene on R-PVA measured at u = 45�
lots under drain saturation condition (Vd = �80 V).



Table 1
Electrical characteristics of rubrene/pentacene organic FETs on
PVA alignment film

Substrate leff (cm2/V s) On/Off

Unrubbed PVA 0.024 104

u = 0�, k 0.079 105

u = 45� 0.105 106

u = 90�, \ 0.021 105

u, the angle between source/drain conducting channel direction
and PVA rubbing direction; leff, room temperature field-effect
hole mobility; On/Off, drain current on/off ratio and Vth,
threshold voltage.
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observed was due to the rubrene layer as the control
experiment on the 10 nm pentacene/R-PVA device
gave a scattered mobility in the range between
3 � 10�3 and 10�5 cm2/V s, presumably due to the
thinness of the film. Rubrene single crystal has been
shown to possess anisotropic mobility within the bc

planes of the crystal both experimentally [1] and the-
oretically [20]. The large electronic coupling along
b-axis results in a more efficient conducting direc-
tion. In the current sample, the direction along
u = 45� shows the highest amount of rubrene crys-
tals with [002] vector oriented in this direction.
The amount of rubrene crystals with b-axis and c-
axis oriented in the conduction channel were equal
to each other due to the twofold symmetry about
the rubbing direction, as shown in Fig. 11. The
Fig. 11. The relationship between rubrene crystals orientation at
u = 45� and 135� on the rubbed PVA with pentacene buffer layer
and the charge conduction channel (source to drain) aligned 45�
away from the PVA rubbing direction.
properly aligned rubrene crystals with b-axis orien-
tated to the conduction channel increased the over-
all conduction. However, when conduction channel
was made perpendicular to the rubbing direction,
the mobility (0.021 cm2/V s) was lower than parallel
direction (0.079 cm2/V s). The measured mobility is
nevertheless far less that measured for a single crys-
tal rubrene. The polycrystalline nature of the film
and thus numerous grain boundaries and possibly
the rough surface of rubbed PVA as the dielectric
layer also hamper the charge transport.

4. Conclusions

We have demonstrated the use of a pre-rubbed
polyvinylalcohol to induce a preferentially aligned
pentacene crystallite layer, which in turn lead to
an oriented growth of crystallites of rubrene film,
all by thermal evaporation. The GIXD provide evi-
dences of preferred orientation in the two organic
layers. The pentacene buffer layer showed a pre-
ferred in-plane orientation of the crystallites with
their [110] direction perpendicular to the rubbing
direction or in the directions 11.8� away from the
rubbing direction on either sides. The rubrene thin
film deposited next to the pentacene buffer layer
exhibited high crystallinity with the a-axis oriented
perpendicular to the substrate surface and the
(002) plane populated at several angles that are also
symmetrical relative to the rubbing direction. The
most preferred direction of the rubrene [002] direc-
tor was 44.9� away from the rubbing direction in the
surface plane. The maximization of C–H� � �p inter-
actions may dictate the specific direction of the ini-
tial growth of crystals, even though a long range
matching of the lattice (organic–organic epitaxy) is
not found. Another consequence of the oriented
growth is the larger grains formed compared to that
on an unrubbed PVA surface. A higher propensity
of merging of crystallites and orientationally
ordered packing are suggested to be the origin of
larger grain sizes. The field-effect mobility measured
at 45� off the rubbing direction reached 0.105 cm2/
V s and was higher than other directions or four
times higher than that ofnunaligned film. The rub-
rene crystals with b-axis properly orientated along
the conduction channel gave improved overall con-
duction. Multiple orientations allowed in the cur-
rent system may stem from the complex or mixed
structure of a rubbed polymer system. Further sim-
plification of the alignment system for orienting
crystals is being pursued in the laboratory.
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Abstract

The hole mobility in 9-(2-ethylhexyl)carbazole so-called liquid carbazole, in poly(N-vinylcarbazole) (PVK) and in their
blends is determined by time-of-flight experiment using a phthalocyanine charge generation layer. With an applied electric
field of 2.5 � 105 V/cm, mobilities of 4 � 10�6 cm2/Vs and 6 � 10�7 cm2/Vs are measured in liquid carbazole and PVK,
respectively. The enhancement of the charge carrier mobility in liquid carbazole is attributed to both a larger transfer inte-
gral and changes in the distribution of the excimer trapping sites. The results show the potential interest of liquid carbazole
for electroactive applications in optoelectronics.
� 2008 Elsevier B.V. All rights reserved.

PACS: 72.80.Le; 73.50.�h; 73.61.Ph; 78.66.Qn

Keywords: Charge transport; Carbazole derivatives; Time-of-flight
Carbazole molecules have been intensively stud-
ied in the last decades and still show great promise
for technological applications in optoelectronics,
mainly due to their photoconductive properties [1–
6]. Polymers with a carbazole group such as
poly(N-vinylcarbazole) (PVK) have been widely
used as photoconductive layers in xerographic
industry. Carbazole derivatives have also been suc-
cessfully incorporated in efficient photorefractive
[1,2], photovoltaic [3] and electroluminescent [4–6]
devices. In addition to their good charge transport
properties, many of these compounds are blue-emit-
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved
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ting materials and can be used as energy donor in
blends with other conjugated organic molecules [7].

In this manuscript, we study the charge transport
and fluorescence properties of 9-(2-ethylhexyl)car-
bazole (EHCz) so-called liquid carbazole. This
molecule presents a very low glass transition tem-
perature (Tg) and is liquid at room temperature.
Liquid carbazole was first used as ‘‘solvent” in
ellipsometry measurements to determine the electric
field induced birefringence on solution of photore-
fractive polymer composites [8]. More recently, by
varying the concentration of EHCz in a PVK
host, an optimization of the photorefractive
performances in C60 sensitized polymers was
demonstrated [9]. This work provides evidence
that the potential interest for the use of this
soft material in optoelectronics could have been
.
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seriously underestimated. Time-of-flight (TOF)
measurements [10] show that the hole mobility in
EHCz is one order of magnitude higher than in
PVK. By tuning the concentration of liquid carba-
zole in PVK blends, it is possible to finely control
both Tg and the charge transport properties. We
also find that the slope of the logarithm of mobility
against the square root of the electric field does not
depend significantly on the concentration of liquid
carbazole. The constancy of this slope and the high
charge carrier mobility together with the blue emis-
sion shown in its photoluminescence spectrum make
liquid carbazole an attractive candidate for applica-
tions in optoelectronics.

As shown in the inset of Fig. 1, for the PVK
based samples, a 200 nm thick vanadylphthalocya-
nine (VOPc) charge generation layer (CGL) was
evaporated under vacuum onto 1 mm thick alumi-
num substrate at a pressure of 3 � 10�4 Pa. A con-
version [11] of the VOPc into its phase II was
achieved by heating the samples at 250 �C for 1 h.
The PVK and its various mixtures with EHCz were
dissolved in chlorobenzene at a concentration of
60 mg/ml and deposited onto the VOPc layer by
drop casting to yield homogeneous films of 20–
30 lm thickness with a good optical quality. Twenty
four hours were typically needed to obtain dry films.
Then, in order to eliminate the presence of residual
solvent, the films were placed in a vacuum chamber
at 60 �C for one night. It should be noted that the
VOPc layer was not affected by the chlorobenzene.
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Fig. 1. Absorption spectra of EHCz, PVK, TiOPc in the
crystalline phase just after the evaporation and in Y-form. In
the inset are shown the schematic representations of our samples
for the TOF measurements and the chemical structure of EHCz.
Finally, a thin and semitransparent gold electrode
was evaporated on the top of our devices through
a mask, defining an active pixel area of around
1.13 cm2.

For the pure EHCz, another sample geometry
was developed because of the liquid state of this
compound. Sandwich type cell with a structure sim-
ilar to that shown in the inset of Fig. 1 was pre-
pared. The thick gold electrode with an active area
around 0.28 cm2 and then a titanylphthalocyanine
(TiOPc) layer were deposited by evaporation under
vacuum onto a glass substrate. Conversion of the
TiOPc into Y-form [12] was achieved by solvent
treatment in chlorobenzene and water vapors dur-
ing 24 h in order to obtain a better charge photo-
generation. The indium tin oxide (ITO) coating
the glass substrate had a resistivity of 10 X cm2.
The 25 lm thickness of the sample was controlled
by using spacers and verified by using a laser scan-
ning microscope. The empty cell was then filled with
the EHCz by capillarity. It should be noticed that
no solvent was used during the preparation of this
device.

The absorption spectra of EHCz, PVK and TiO-
Pc measured in thin films are shown in Fig. 1. Both
EHCz and PVK are fully transparent in the visible
range of wavelength and strongly absorb the ultra-
violet light. The peaks observed at 335 and
348 nm are characteristic of the carbazole monomer
unit. The spectral position of these transitions and
their relative absorption intensities are not deeply
altered when changing from the EHCz to the PVK
which means that there is no ground-state interac-
tion among carbazole groups. In our TOF experi-
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Fig. 2. Transient photocurrent in EHCz obtained by TOF
technique with an applied electric field of 27 V/lm. In the inset,
schematic representation of our TOF experiment.
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ments, as illustrated in the inset of Fig. 2, the phtha-
locyanine CGL’s were excited by a xenon flash lamp
from 600 to 800 nm using appropriate filters. By
considering the absorption spectra given in Fig. 1,
the light in our experimental configuration is mainly
absorbed by the CGL, producing a photocarrier
sheet in our samples. The photocurrent signal is
then detected using a 50 kX resistance input of a
digital storage oscilloscope. The resistance–capaci-
tance RC time constant of the system is estimated
to less than 7.5 ls which was fast enough to accu-
rately determine the charge carrier mobility in our
samples.

Fig. 2 shows the photocurrent transient due to
hole transport, measured at room temperature in
EHCz with an applied electric field of 27 V/lm. This
curve presents the features normally observed in
photoconductive polymers: an initial spike associ-
ated to electronic relaxation of the charge carriers
towards their density of states distribution, a pla-
teau of variable temporal length and a long lasting
tail on the trailing edge generally attributed to a dis-
persive transport. The plateau region leads to a well-
defined inflection point demarcating the transit time
st of the packet. This transit time which corresponds
to the time for the charge carrier packet to travel
across the device, was determined from the intersec-
tion of the asymptotes to the plateau and the trail-
ing edge of the transients in log–log scale.
Mobility was then calculated from the classical
expression l ¼ L=ðstEÞ; where L is the sample thick-
ness, E is the magnitude of the applied electric field
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Fig. 3. Electric field dependence of the hole drift mobility in
PVK, EHCz and their blends. Solid lines are the fits obtained
from Eq. (1). In the inset, the table gives Tg versus the
concentration of liquid carbazole in PVK:EHCz systems.
and st is the transit time. Furthermore, by changing
the polarity of the electric field applied across the
sample, no photocurrent induced by electron trans-
port was observed. It is well known that the conduc-
tion in most of carbazole derivatives is entirely
dominated by holes and that hole transport occurs
in these materials by hopping between carbazole
units.

Fig. 3 shows the hole mobility in several
PVK:EHCz blends as a function of the applied
electric field. The hole mobility in PVK is strongly
field and temperature dependent varying typically
from 10�8 to 10�5 cm2/(Vs) according to the tem-
perature and the electric field [13]. The mobilities
that we measured in PVK are in good consistency
with this range of values. The mobility is found to
gradually increase with the concentration of liquid
carbazole and is one order of magnitude higher in
EHCz than in PVK. In term of equations, the car-
rier drift mobility in polymers can be expressed as
[14,15]:

l ¼ a0q
2 exp � 2q

q0

� �
exp � D0

kT

� �

� exp b
ffiffiffiffi
E
p 1

kT
� 1

kT 0

� �� �

¼ l0 exp b
ffiffiffiffi
E
p 1

kT
� 1

kT 0

� �� �
ð1Þ

where l0 and a0 are fitting parameters, q is the dis-
tance between hopping sites, q0 is the wave function
decay constant, D0 is the zero electric field activation
energy, b and T0 are parameters that characterize
the electric field dependence. This equation has been
already used to describe the field dependence of the
carrier mobility in PVK based materials [15]. Con-
sistently, we found that the mobility in liquid carba-
zole and in its blends with PVK increases
exponentially with

ffiffiffiffi
E
p

. The incorporation of liquid
carbazole in the PVK host allows subtle control of
charge transport without major modifications to
the energy levels of the system. The HOMO level
of EHCz is assumed here to be the same as that of
PVK because for both the active moieties consist
in carbazole group. We attribute the enhancement
of the mobility in liquid carbazole to a larger wave
function decay constant q0, which leads to a larger
transfer integral and a shorter effective distance be-
tween the carbazole hopping sites. The amplitude of
the transfer integral is known to be extremely sensi-
tive to the molecular packing and depends on the
strength of the p–p interactions between conjugated
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molecules or molecular groups. The low Tg of
EHCz implies much larger and faster molecular mo-
tions than in PVK and this can induce a larger over-
lap between the wave function of adjacent carbazole
units. The table in the inset of Fig. 3 displays the Tg

value of the PVK blends, measured by differential
scanning calorimetry at 10 �C/min. The enhance-
ment of the charge carrier mobility with decreasing
Tg can be assigned to a gradual increase of the
transfer integral with the concentration of liquid
carbazole. Fig. 3 also shows that the slope coeffi-
cient b does not depend significantly on the concen-
tration of liquid carbazole. This parameter is related
to the dipole moment [16] of the charge transporting
molecules and thus does not strongly vary in our
carbazole-based materials. The observed enhance-
ment of the charge carrier mobility without any
change in b indicates the strong potential of liquid
carbazole to be used as a host material for displays
and photorefractive devices.

Fig. 4 shows the photoluminescence (PL) spectra
of EHCz, PVK and their blends. The broad and
structureless emission spectrum of PVK exhibits a
maximum at 408 nm. The feature of the PL spec-
trum in PVK is well assigned to the formation of
excimers in which two interacting carbazole pen-
dants, one of which is electronically excited, achieve
an overlapping sandwich like configuration [17].
The emission spectrum in EHCz is found sharper
than in PVK and three peaks are distinguished at
389, 409 and 433 nm. From previous works
[17,18], these peaks are associated to a partial and
total overlap of two carbazole groups. While there
is a large dispersion of overlap degree between car-
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Fig. 4. Photoluminescence spectra of EHCz, PVK and their
blends. The films of PVK, PVK:EHCz (90:10 wt.%), PVK:EHCz
(80:20 wt.%), PVK:EHCz (50:50 wt.%) and EHCz were excited at
345, 346, 347, 348 and 357 nm, respectively.
bazole rings in PVK under the restriction based on
the covalent bonding of polymer backbone, only
stable dimers are formed in EHCz under the ther-
mal equivalent states based on its softness. Fig. 4
shows the evolution of the PL spectra as a function
of the liquid carbazole concentration and thus as a
function of Tg. The changes in the shape of the
PL spectra and in the relative strengths of the peaks
can be associated to gradual variations in the distri-
bution of the overlap degrees between the carbazole
groups. Excimer states in PVK are known to act as
trap for mobile holes leading to a significant
decrease of their drift mobility [19,20]. Therefore,
the PL spectra of the PVK:EHCz blends suggest
that the enhancement of the charge carrier mobility
in liquid carbazole can also be induced by the effects
of Tg on the excimer trapping sites. It is worth not-
ing that the variations observed in the PL spectra
imply as well significant changes in the transfer
integral.

In conclusion, we have demonstrated that the
hole mobility in EHCz is one order of magnitude
higher than in PVK and that the charge transport
properties of PVK:EHCz blends can be finely tuned
by changing the concentration of the liquid carba-
zole. We explain the enhancement of the hole mobil-
ity in EHCz by the influence of Tg on both the
transfer integral and the excimer trapping sites.
Based on its charge transport and fluorescence
properties, we believe that liquid carbazole is an
interesting candidate for various optoelectronic
applications and could even provide a good oppor-
tunity to develop a new type of devices based on its
unique liquid state.
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Abstract

We use a soft lithography technique to pattern a high conductive poly(3,4-ethylene dioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) acting as anode in organic light emitting diodes. In this method all the polymer layers except for
the desired pattern are lifted up from the substrate surface. We are able to define the emissive zones of our devices on
a large area in a cheap and fast way. By comparing the devices realized using the patterned polymeric anode with an
untreated indium tin oxide substrate, we obtained current efficiency values that have the same order of magnitude: this
is the first step for the realization of low cost devices suitable for flexible substrates.
� 2008 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph

Keywords: Organic light emitting diodes; Displays; Patterning; Polymeric anodes
Organic light emitting diodes (OLEDs) have
recently attracted much attention for their applica-
tion in display systems because of the advantages
of self-emission, wide viewing angle, high bright-
ness, high contrast and potentially low cost. OLED
based next generation displays will be ultra thin,
power efficient and mechanically flexible [1–3].

Although indium tin oxide (ITO) is frequently
used as the transparent electrode in flexible displays,
its mechanical flexibility is limited, and cracks read-
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2007.12.007
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ily occur when the substrate is bent, inserting defects
in the device [4].

This is not the only obstacle for the use of ITO in
future generation OLEDs; a few of the limitations
are: the diffusion of oxygen and indium into proxi-
mate charge transporting/emissive layers [5], signif-
icant absorption in the blue region [6], a relatively
low work function (4.7 eV) [7], corrosion suscepti-
bility and a large increase in the price of indium
[8]. Furthermore, fabrication of any devices requires
patterning of the substrate: for ITO the most fre-
quently used method is photolithography, using
chemically intensive etching steps and cleaning pro-
cedures which determine the overall processing cost.
.

mailto:piliclau@mailing.unile.it
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Therefore, it is of great interest to find a low cost
and transparent organic material, which at the same
time is feasible for flexible substrates, highly con-
ductive and easily patternable. The goal is to
employ a generally applicable technology that
allows for the production of inexpensive patterns
for polymeric conductors in high performance, fully
plastic electronic devices. Among conducting poly-
mers poly(3,4-ethylenedioxythiophene):poly(sty-
rene-sulfonate) PEDOT:PSS has emerged as a
promising material for electrodes in optoelectronic
devices. It has many advantages over other conduct-
ing polymers such as high transparency in the visible
range and excellent thermal stability [9]. It can also
be processed in an aqueous solution. Consequently
PEDOT:PSS has been widely used as a hole injec-
tion layer for the molecular stack deposited on it.
It also reduces the roughness of the ITO layer
[10]. PEDOT:PSS shows more favorable properties
than ITO, such as easy deposition, low surface
roughness and low cost. However, until now its
use as an anode in electronic devices has been lim-
ited by its low conductivity: PEDOT:PSS (Baytron
P, Bayer Corporation) has a conductivity of less
than 10 S cm�1, depending on the type of coating
formulation [11].

The recently developed PEDOT:PSS formulation
Baytron PH 500, (hereafter referred to as PH500)
from H.C. Stark solves this problem: if dimethyl-
sulfoxide (DMSO) is added to the aqueous disper-
sion it can reach a conductivity value higher than
300 S cm�1 [11], opening the possibility of fabricat-
ing ITO free OLEDs on flexible substrates.

In this letter we apply the lift-up soft lithography
technique [12] to pattern a polymeric electrode of
highly conductive PEDOT-PH500: we are able, in
a simple and direct way, to define the emissive zone
of our OLEDs with different sizes and shapes on a
micrometric scale.

In the lift-up technique a mold with protruding
features is brought in conformal contact with the
PEDOT:PSS layer and after few seconds is
removed. The polymer that is in contact with the
protruding features adheres to the mold and
becomes detached from the substrate, leaving the
desired pattern on the surface.

Since the thickness determines the resistance of
the layer [13], lift-up seems to be the more suitable
method for the patterning of PEDOT:PSS used as
an anode. In fact on the contrary to other soft
lithography techniques [12] applied to PEDOT:PSS,
such as micro molding in capillaries and micro con-
tact printing, the lift up method is applicable on a
large area, and allows good control of the thickness
of the polymer layer on the surface. The same
method was used by Inganäs and co-workers [12]
to pattern a layer of PEDOT:PSS mixed with glyc-
erol: in this case the fracture in the polymeric film
during the lift-up occurred in the low cohesive mate-
rial of glycerol, leading to a less defined profile when
the line size is 10 lm. Also the conductivity of the
PEDOT:PSS mixed with glycerol (80 S cm�1) is
not enough to run an array of diodes connected
through the same polymeric anode.

In this letter we reduced these problems.
We spin-coated an aqueous polymer dispersion

of Baytron PH500 containing 5% of DMSO onto
a pre-cleaned glass substrate. By using a spin-coat-
ing rate of 1700 rpm for 30 s [14] it is possible to
obtain a thickness of almost 100 nm, which is
enough to guarantee a good conductivity (about
360 S cm�1) [15]. In addition, applying this rate
the film is still wet when the substrate is removed
from the spin coater and it is ready to undergo the
imprinting process. Since the film must remain wet
during the entire procedure, it is left to dry only
for a minute and is then put in contact with the
stamp for 30 s at 80 �C (Fig. 1a). The stamps were
prepared by casting polydimethylsiloxane (PDMS)
(Sylgard 184) with a curing agent in the ratio of
10:1 against silicon template realized by photoli-
thography. The PDMS mold was cured for 1 h at
140 �C in order to minimize changes in its physical
and mechanical properties, as well as to avoid trans-
fer of PDMS on the PEDOT layer during contact.
Before using the stamp it was exposed to plasma
oxygen to render the surface hydrophilic and to
facilitate contact with the water-based solution [16].

Conformal contact of the PDMS mold with the
polymeric layer is essential for the patterning tech-
nique in order to ensure that there are no gaps or
air bubbles trapped between the mold and the
PEDOT-PH500 layer. As shown in the third step
of Fig. 1(a), when the mold is removed the regions
of PEDOT-PH500 layer that were in contact with
it, become detached, resulting in the patterned
anode. The patterned PEDOT-PH500 layer was
then heated at 140 �C for 10 min to completely
remove the solvent.

An appealing feature of this method is that it is
very fast when compared with the multiple-step
photolithographic processes used for ITO. It takes
only a few minutes to obtain a patterned polymeric
anode on a large area with good resolution.



Fig. 1. (a) Schematic illustration of lift-up process: PEDOT-PH500 layer deposited on glass is detached from the substrate after conformal
contact with the PDMS mold. (b–e) Patterned PEDOT-PH500 film on glass substrate: (b) 25 lm wide lines of PEDOT-PH500 separated
by 160 lm, (c) 3 lm wide lines separated by 15 lm, (d) square holes of size 60 � 60 lm and spacing 15 lm, (e) square pillars of size
60 � 60 lm and spacing 15 lm.
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Furthermore, the completely cured PDMS mold can
be used repeatedly after having been cleaned with
deionized water.

Another advantage is that during the process no
pressure is applied for the patterning, avoiding the
risk of deformations, buckles or collapses of the
mold. The absence of applied pressure allows us to
obtain good pattern fidelity even for small feature
sizes on a large area.

The lift-off process works because the adhesion
between the PDMS mold, treated with a plasma,
and the DMSO-doped PEDOT-PH500 layer is
stronger than the adhesion between the film and
the glass substrate [17].

The work of adhesion W12 between materials 1
and 2 can be calculated with a harmonic-mean
equation as follows:

W 12 ¼ 4
cd

1c
d
2

cd
1 þ cd

2

þ cp
1c

p
2

cp
1 þ cp

2

� �
ð1Þ

where the superscripts d and p are for the dispersion
and the polar components of the surface tension c,
respectively. For PEDOT-PH500 detachment we
calculated the work of adhesion based on previous
equation and contact angles [18]: WPEDOTPH500/Glass =
135.73 mJ/m2 < WPEDOTPH500/PDMS = 145.48 mJ/m2.
Clearly, selective lift-off of regions of the film is to
be expected.

Shown in Fig. 1b–e is the PEDOT-PH500 layer
patterned by the lift-up technique: we are able to
realize stripes of different dimensions, (the smallest
are 3 lm wide in Fig. 1c), as well as pillars and holes
(Fig. 1d–e).

A three-dimensional atomic force microscopy
(AFM) image (Fig. 2a) of the film shows that the
lines obtained have smooth and vertical sidewalls.
The sectional profile (Fig. 2b) indicates that the
polymer thickness is about 140 nm, enough to guar-
antee good conductivity.

This technique is very appealing for the fabrica-
tion of ITO-free OLEDs: we realized a green device
using the patterned PEDOT-PH500 as anode. We
deposited a layer with the optimized thickness, able
to guarantee good conductivity and at the same
time good transmittance in the visible range (about
85%). After the optimization of the patterning pro-
cess we realized a standard device, using thermal
evaporation deposition, in order to test the
performances and to compare the results with the
ITO anode.



Fig. 2. (a) Three-dimensional AFM image of a group of lines
(8 lm wide separated by 10 lm) and (b) sectional profile of the
patterned polymer film.
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The organic layers are 40 nm of N,N0-diphenyl-
N,N0-bis(1-naphthylphenyl)-1,10-biphenyl-4,40-diamine
(a-NPD), as a hole transporting layer and 50 nm of
tris-(8-hydroxyquinoline) aluminum (Alq3) as the
active layer. A cathode consisting of 0.5 nm of LiF
Fig. 3. Confocal microscope images of the emission from OLED dev
separated by 70 lm, (b) 3 lm wide lines separated by 15 lm, (c) 15 l
60 �60 lm and spacing 15 lm.
followed by 150 nm of Al was deposited on the
organic stack.

Fig. 3 shows the confocal microscope images of
the green light emitted from the devices. For the
various geometries and scales (lines with different
width in Fig. 3a–c and squared holes, with a side
of 60 lm in Fig. 3d), light is emitted only from the
areas where PEDOT-PH500 is present after the pat-
terning process. The OLEDs are biased with a con-
stant voltage of 10 V, and the electroluminescence is
collected by a charge coupled device (CCD) color
camera coupled to a confocal laser scanning micro-
scope. The high contrast between the dark zones
and the emissive zones confirms that the detachment
process works and no residue remains on the glass
substrate after the patterning.

In order to examine the effect of patterning on
the device performance we compared the same
devices fabricated using: PEDOT-PH500, patterned
PEDOT-PH500, and ITO with and without plasma
oxygen treatment as anodes. The comparison
between the electroluminescent spectra (Fig. 4a)
shows that the polymeric anode does not change
the emission: the marginal difference is due to the
different refractive index and absorption coefficient
of ITO and PEDOT-PH500.

The device with the PEDOT-PH500 anode shows
on average a lower turn on voltage (10 cd/m2

between 4 and 4.2 V) with respect to the ITO anode
ice fabricated by lift-up: (a) 55 lm wide lines of PEDOT-PH500
m wide lines separated by 15 lm, and (d) square holes of size



Fig. 4. (a) Electroluminescent spectra, black line ITO, red line
unpatterned PEDOT-PH500, green line patterned PEDOT-
PH500. Inset: device structure. (b) Characteristic of patterned
OLED and reference devices: ITO anode with plasma oxygen
treatment (circles); ITO anode without plasma oxygen treatment
(square), PEDOT-PH500 anode (triangle pointing up), patterned
PEDOT-PH500 (triangle pointing down); open symbols are
current density–voltage measurements, while solid symbols are
luminance–voltage measurements. (c) Current efficiency: ITO
anode with plasma oxygen treatment (circles); ITO anode
without plasma oxygen treatment (square), PEDOT-PH500
anode (triangle pointing up), patterned PEDOTPH500 (triangle
pointing down).
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(10 cd/m2 between 5 and 5.5 V) without the oxygen
plasma treatment. This means that intrinsically this
material presents a lower energy barrier for hole
injection with respect to the ITO. The polymer work
function is ca. 5.0 eV [14], which is higher than that
of ITO (typically 4.5–4.7 eV). After the plasma oxy-
gen treatment a turn-on voltage of 4–4.5 V was also
observed for the ITO substrates.

The standard device on ITO with plasma oxygen
reaches a maximum current efficiency of 4.27 cd/A
at 10 V (9411 cd/m2 with a current density of
35 mA/cm2). At the same voltage the maximum cur-
rent efficiency of the PEDOT-PH500 anode is
2.23 cd/A (571 cd/m2 with 25.5 mA/cm2). The pat-
terned device was realized using a mold with lines
of 15 lm separated by spaces of 15 lm (Fig. 3c). It
shows a turn on voltage of 4–4.2 V and a current
efficiency of 2,12 cd/A (corresponding to 599 cd/
m2 with 28.3 mA/cm2), which is comparable with
the unpatterned PEDOT-PH500: this indicates that
the lift-up process does not affect the performances.
The current density of the patterned device is calcu-
lated considering that the current flows only where
the PEDOT-PH500 is present.

By placing the emitting layer between a p-doped
and an n-doped layer for electron and hole trans-
port (p-i-n OLEDs), Fehse et al. [14] have already
demonstrated that the performances of devices
using PEDOTPH 500 as an anode can even surpass
that of ITO-based OLEDs.

In conclusion we have presented a simple, but effec-
tive method to pattern highly conductive PEDOT-
PH500anodes.Sincethemethodisbasedonlyonadis-
tinction of contact and non-contact zones between the
PDMS mold and the underlying PEDOT-PH500
layer, we obtain good resolution with small feature
sizes also .We are able to obtain various geometries
and define the emissive zones of our devices on a large
area in an economic and fast way.

Our results open up a new way for the develop-
ment of low cost plastic electronics. Highly conduc-
tive, easy patternable polymeric anodes could
potentially lead to the replacement of ITOs for the
realization of flexible and economic OLED based
displays.
References

[1] B. Geffroy, P. le Roy, C. Prat, Poly. Int. 55 (2006) 572.
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Abstract

This study examined the interfaces of Alq3 on a thin 8-hydroxyquinolatolithium (Liq) layer deposited on aluminum
using X-ray and ultraviolet photoemission spectroscopy. A thin layer of Liq reacted with the underlying aluminum surface.
As a result, the molecular orbital features of Alq3 shifted to a higher binding energy and a new gap state was created. This
effect is believed to lower the barrier height for electron injection. An organic light emitting device with a structure of ITO/
Al/Liq/Alq3/NPB/WO3/Al was fabricated.The device performance showed characteristics that were consistent with the
results of the photoemission studies. It is proposed that Al/Liq can be used as an efficient electron injection layer for
inverted organic light emitting devices.
� 2008 Elsevier B.V. All rights reserved.

PACS: 73.20.At; 73.40.�c

Keywords: OLED; IBOLED; EIL; Liq
1. Introduction

Organic light emitting devices (OLED) have been
one of the most interesting subjects over the last
decade due to their potential applications to large
area flat panel displays e.g. televisions. In order
for OLED to be applied to large area displays, an
active matrix driving method needs to be developed
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.01.001
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for OLED. The development of an inverted OLED
is one of the efforts to match OLED to the existing
n-type amorphous silicon thin film transistor (a-Si
TFT) technology. Inverted OLED consists of a bot-
tom cathode (in contrast to a bottom anode in nor-
mal OLED) followed by the formation of an
electron transport layer, light emission layer, hole
transport layer and anode. The inverted OLED
enables a direct connection between the bottom
cathode and the n-type TFT drain line, which
results in a decrease in driving voltage and improved
stability [1,2].
.
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Fig. 1. J–V characteristics of inverted bottom emission OLEDs
as a function of the cathode material. The device structure: ITO/
Cathode/Alq3/NPB/WO3/Al.
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The bottom cathode of inverted OLED can be
transparent or reflective, depending on the direction
of the emitting light. If the light is emitted to the top
direction of the substrate, the device is known as an
inverted top emission OLED (ITOLED) [3–5]. On
the other hand, the device is called an inverted bot-
tom emission OLED (IBOLED) if the light is emit-
ted to the bottom direction of the substrate [6]. Due
to the difficulty in forming a transparent electrode
onto an organic layer, this study focused on
IBOLED for inverted device applications. There-
fore, the bottom electrodes were formed on ITO,
which was used as the transparent current carrier.

The bottom electrode should be chosen among
materials that allow easy electron injection into
the electron transporting layer [7–9]. Another
requirement of a bottom electrode is the possibility
of mass production, which suggests the exclusion of
reactive metals, such as alkali metals or alkaline
earth metals. Aluminum was chosen for the bottom
electrode due to its wide applications to mass pro-
duction. In addition, a thin layer of 8-hydoxyquin-
olatolithium (Liq) [10,11] was inserted between Al
and Alq3 to enhance the injection of electrons.
Recently, Liq has been widely used instead of LiF
in the OLED industry on account of its superior
evaporation property and insensitivity to thickness
control. To the best of the authors’ knowledge,
there are no reports on photoemission related to
Liq. In this report, several IBOLED devices were
made using various bottom cathodes for compari-
son. X-ray and ultraviolet photoelectron spectros-
copy (XPS and UPS, respectively) were used to
determine the role of Liq in the enhancement of
electron injection.

2. Experimental

The devices were fabricated on ITO coated glass
substrates, which had been patterned, cleaned by
chemicals and undergone a UV ozone treatment
before being inserted into the fabrication chamber.
The device fabrication chamber consisted of two
parts, a metal chamber and organic chamber, which
were connected via a vacuum manipulator. The
inserted ITO glass was transferred to a metal cham-
ber and thin layer of metal was deposited onto the
ITO surface by thermal evaporation. The substrate
was then transferred to the organic chamber to
deposit the organic layers, including Liq, Alq3 and
NPB. After successive deposition of the organic lay-
ers, the substrate was transferred back to the metal
chamber to deposit the WO3 and Al thin films. The
device characteristics were measured using a Photo
Research PR650 spectrometer and a Keithley 236
source measure unit.

The photoemission was examined using a VG
electron spectroscope equipped with a magnesium
source (1253.6 eV) for XPS analysis and an unfil-
tered He I (21.2 eV) gas discharge lamp for UPS
analysis. The base pressure of the analysis chamber
was < 5� 10�10 torr and the preparation chamber
pressure during evaporation was < 1� 10�7 torr.
The UPS spectra were taken with a sample bias of
�10 V. The ITO coated glass was cleaned before
being inserted into the introduction chamber for
almost all measurements. However, Au and Ag foils
were used as substrates for the Au and Ag measure-
ments. The Au or Ag foils were cleaned by Ar ion
bombardment before the measurement or vacuum
deposition. The organic materials including Alq3

and Liq were evaporated in a quartz tube that was
wound by tungsten wire for heating. The aluminum
was evaporated by directly heating the tungsten
wire. All layer thicknesses were monitored and
determined using a quartz crystal microbalance.

3. Result and discussion

Fig. 1 shows the current density curves versus volt-
age of the six devices with different cathodes. The cur-
rent efficiency curves versus current density for the six
devices are shown in the inset. Table 1 shows the
numerical results of the devices. Each device was
completed by the successive vacuum deposition of



Fig. 2. Measured EL spectra at angles ranging from 0 to 60, and
(inset) measured luminance with at measurement angles ranging
from 0 to 60.

Table 1
Performance of the devices shown in Fig. 1

Cathode Bias
(V)

Current
density
(mA/cm2)

Luminance
(Cd/m2)

LE
(Cd/A)

ITO/Al (1.5 nm) 9.5 57.6 1751 3.04
ITO/Al (1.5)/

Liq (0.5)
9 57.1 1902 3.33

ITO/Cs (1.0) 8.9 44.4 1407 3.17
ITO/Mg (1.0) 8.9 41.5 920 2.21
ITO/None 10.5 44.3 0 0
ITO/Ag (1.5)/

Liq (0.8)
11 38 5.1 0.01361
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Alq3 (60 nm)/NPB(60 nm)/WO3(4 nm)/Al (60 nm).
WO3 was used as the hole injection layer that was
evaporated by direct heating of the tungsten boat
[12,13]. The device with no cathode, i.e., the device
with an ITO/Alq3/NPB/WO3/Al structure showed
no light emission but exhibited a considerable
current, which is an indication of a hole only device.
In addition, the device with the Ag/Liq cathode
showed slight light emission and a current efficiency
of only 0.018 Cd/A. This is contrast to the result of
the device using Al/Liq as the cathode. The devices
with the Al/Liq, Cs and Mg cathodes showed
excellent characteristics. Cs and Mg were introduced
by several authors as efficient electron injecting
materials for inverted devices [6,7]. However, Cs
and Mg are very reactive to ambient air exposure,
which is not good for mass production. From the
viewpoint of mass production, aluminum and Liq
are stable materials and are thus suitable for mass
production. The device exhibited a luminance of
6500 Cd/m2 and a current efficiency of 3.5 Cd/A at
an applied voltage of 9.5 V and a current density of
100 mA/cm2. The turn on voltage and maximum
luminance was 4.5 V and 21,000 Cd/m2, respectively.

In order to check the effect of oxidation of the
Al layer before the deposition of Liq, three devices
were made under the same condition except for the
time interval between Al layer formation and Liq
layer deposition. The first device was made imme-
diately after depositing the Al on ITO. The second
and third device was made after 1 h and 10 h later.
The first and second device showed similar results
but the third device showed significant degrada-
tion, which contained many dark spots, low cur-
rent injection, and low luminance efficiency.

The above results were based on device with a
1.5 nm thick Al layer. This thickness was chosen
to satisfy both current injection enhancement and
optical transparency. Fig. 2 shows the measured
EL spectra at various tilted angles. In addition,
the luminance curves as a function of the viewing
angles are shown in the inset. The device with the
1.5 nm thick Al did not show a micro-cavity effect,
which is an important requirement for a wide view-
ing angle.

Fig. 3a shows the evolution of the UPS spectra of
the system consisting of Alq3 on Liq over an alumi-
num layer. First, fresh Al was evaporated onto ITO,
and the UPS spectrum was taken. Second, a 0.5 nm
Liq layer was deposited onto the Al layer, and the
UPS spectrum was taken. Finally, Alq3 layers were
deposited onto Liq layer up to a 3 nm thickness.
The UPS spectrum of the 0.5 nm Liq film over the
Al layer showed two small peaks around 3.9 eV
and 2.1 eV. These two peaks are the highest occu-
pied molecular orbital (HOMO) and gap state of
Liq, respectively. However, the peak height of the
HOMO is very small and the underlying aluminum
features do not disappear. Fig. 3c presents the mag-
nified spectrum showing different tendency with the
spectra of Liq over Ag or Au. In the case of Liq over
Ag or Au, after deposition of a 0.5 nm Liq layer, the
sharp Ag (near 4 eV) or Au (near 2.5 eV) valence
band peaks disappeared and molecular orbital fea-
tures of Liq dominated. The molecular orbital fea-
tures of Liq are similar to those of Alq3. No gap
state could be seen in the spectrum, which is in con-
trast to the result of Liq on the Al layer. This sug-
gests a reaction between Liq and the underlying
aluminum layer. As shown in Fig. 3a, the HOMO
peak and gap state peak of Alq3 began to grow after
the deposition of an additional 0.3 nm Alq3. The
inset in Fig. 3a shows the evolution of the gap state
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height compared with the HOMO peak height. All
the HOMO peaks were normalized after subtracting
the baseline. The gap state appeared to disappear
after depositing a 2 nm Alq3 layer, which demon-
strates that the peak located at approximately
2.1 eV is an interface state. In addition, the peak
position of the HOMO level shifted to a lower bind-
ing energy as a function of the Alq3 thickness. In the
case of a gap state, the peak position did not move
but just disappeared. This suggests that the gap
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state formed by a chemical reaction between Liq
and Al shifted the Alq3 molecular levels down.

Fig. 3b shows the evolution of the UPS spectra
after the deposition of Liq and aluminum onto the
Alq3 layer, which is the reverse stack of Fig. 3a.
The initial HOMO peak of Alq3 at 2.77 eV was
not changed by the deposition of a 0.8 nm Liq layer
except for the small shift in the cutoff to a higher
binding energy (0.15 eV), which was not shown in
the figure. The inset in Fig. 3b compares the magni-
fied HOMO level of Alq3 with that of Liq 0.8 nm
over Alq3, where no change could be resolved.
Upon deposition of 0.2 nm Al, the HOMO peak
of Alq3 shifted by 1.3 eV to a higher binding energy,
and a new gap state appeared at approximately
2 eV. This resembles the UPS spectrum of 0.5 nm
Liq on aluminum shown in Fig. 3a, in which a small
HOMO peak and a gap state peak of Liq appeared.
In addition, the spectra evolution is quite similar to
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the report of Al on LiF/Alq3 [14], where the authors
suggested that Li is liberated from LiF and reacts
with Alq3 to form a radical anion.

Fig. 4a shows the change in the XPS N (1s) spec-
trum caused by the deposition of aluminum onto
the Liq/Alq3 layer. The single feature of the N (1s)
peak for the Liq 0.8nm/Alq3 layer becomes two
peaks after the deposition of aluminum with a sep-
aration of approximately 1.5 eV. But the other
peaks including O (1s), C (1s) and Al (2p) did not
show any split (not shown in the figure). These
results are similar to the results of Al deposition
on LiF/Alq3 and Li doping on Alq3 [14,15]. The
main peaks for N (1s), O (1s), C (1s), and Al (2p)
were shifted to a higher binding energy by approxi-
mately 0.7 eV, 1.0 eV, 0.5 eV, and 0.7 eV, respec-
tively (not shown in the figure). This indicates a
consistent tendency with the shift in the HOMO
level shown above in Fig. 3b. The above results dif-
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fer from previous work on Al/Alq3, where all the
four peaks did not show any significant split [14].
Fig. 4b shows the evolution of N (1s) spectrum dur-
ing the deposition of Liq on Al. This is a reverse
stack of Fig. 4a. The N (1s) spectrum shows two
broad peaks until 0.3 nm Liq is deposited. After
0.6 nm deposition of Liq, the main peak with a
higher binding energy overwhelms the small peak
with lower binding energy. This spectrum evolution
is similar to that shown in Fig. 4a. The lower bind-
ing energy peaks were assigned to the peaks origi-
nating from Liq molecules, which had reacted with
Al.

Fig. 5 shows the energy diagrams calculated from
the values of high binding energy cutoff and HOMO
position. Fig. 5a shows an energy diagram of the
interface between ITO and Alq3, in which the elec-
tron barrier could be inferred as 2.21 eV based on
the assumption that the transport energy gap of
Alq3 is approximately 4.1 eV [16,17]. Fig. 5b shows
the energy diagram of Al/Liq/Alq3 with a barrier
height of 1.3 eV. The electron injection barrier was
reduced by 0.91 eV by inserting a cathode buffer
layer of Al/Liq.

4. Conclusion

A thin Liq film on a thin aluminum film can be
used as an efficient electron injecting layer in
inverted OLED. The device result showed excellent
characteristics that were comparable to a device
using Cs as the electron injecting layer. A thin alu-
minum layer with a thickness up to 1.5 nm did not
show any micro-cavity effect or decrease in lumi-
nance. From the UPS results, the calculated barrier
height of ITO/Alq3 and (ITO)/Al/Liq/Alq3 was
2.21 eV and 1.3 eV, respectively. The improved
device characteristics can be explained by a decrease
in barrier height. UPS and XPS suggest that the Liq
reacted with the underlying aluminum layer. This
reaction caused a chemical change in Liq, which
might have resulted in the liberation of Li ions. As
a result, the HOMO peak of the subsequent Alq3

layer shifted to a higher binding energy. The
increase in the binding energy of HOMO is respon-
sible for the decrease in barrier height.
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Abstract

A newly synthesized organic material, oligo(3-methylsulfanylthiophene), was applied as an adhesive interlayer between
the gold source/drain electrodes and the pentacene semiconductor layer in flexible, bottom-gated, organic thin film tran-
sistors (OTFTs). The cyclic bending tests showed that the electrical properties of the devices with the thermally evaporated
interlayer were more stable than those of the device with no interlayer. The interlayer also reduced the contact resistance
between Au and the pentacene layer. These results indicate that the interlayer is very useful in enhancing the mechanical
and electrical stabilities of the OTFTs under repetitive mechanical bending as well as the electrical performance.
� 2008 Elsevier B.V. All rights reserved.

PACS: 72.20.Jv; 82.35.Gh; 85.30.Tv

Keywords: Organic thin film transistor; Oligo(3-methylsulfanylthiophene); Flexible devices; Cyclic bending; Interlayer; Contact resistance
In order to realize flexible electronic systems
including radio-frequency identification tags [1–4],
low-cost sensors [5–7], and flexible displays [1,3,8–
12], utilizing organic thin film transistors (OTFTs),
it is essential to achieve a good mechanical flexibility
of each layer with no cracking and excellent adhe-
sion between the layers without delamination dur-
ing repetitive mechanical bending. Using all
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.003
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organic layers in flexible devices may allow accept-
able mechanical flexibility [13]. Since the perfor-
mance of all-organic TFTs has been limited by the
low conductivity of the organic conductors as well
as by the low dielectric constant and high leakage
characteristics of the organic gate dielectrics [4,13],
however, hybrid OTFTs employing both organic
and inorganic materials have been more extensively
investigated for high performance. In this case,
improvement and control of adhesion properties in
between dissimilar materials for good flexibility of
the OTFTs are of great technical importance.
.
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In an inverted-staggered OTFT with the top-con-
tact structure, the adhesion between Au source/
drain (S/D) electrodes and pentacene layer is limited
due their poor chemical interactions [14,15] and the
large contact resistance limits device performance
[16–18]. Adhesion improvement between metal elec-
trodes and polymeric substrate using plasma treat-
ment of the substrate and insertion of metal
adhesion layer has been reported [14,15]. However,
the plasma treatment of the pentacene layer for
adhesion improvement between the pentacene and
the Au source/drain electrodes in top contact struc-
ture is not applicable due to plasma-induced dam-
age. Extensive studies of the interlayer between the
metal electrode and organic semiconductor layer
in organic light-emitting diodes have been per-
formed in order to improve the injection efficiency
of carriers [19,20]. Recently, there have been some
experimental reports on the use of an organic semi-
conductor layer or self-assembled monolayer
(SAM) between the Au electrode and organic semi-
conductors to reduce the contact resistance in
OTFTs [21–23]. However, no research on improving
adhesion and reducing contact resistance between
the Au electrode and the pentacene layer simulta-
neously has been reported for flexible OTFTs. In
this work, we show that the insertion of a newly syn-
thesized adhesive organic interlayer, oligo(3-meth-
ylsulfanylthiophene) (OMST), in between the Au
electrode and the pentacene layer was effective in
improving the adhesion and device characteristics.

For synthesis of OMST interlayer, thiophene
monomer or halogenated thiophene monomer with
alkyl sulfonyl substituent can be made by oxidative
coupling or reductive coupling. Mixture of iron (III)
chloride (6.23 g) and chloroform (40 ml) were stir-
red for 30 min by magnetic stirring. After that, 3-
methylsulfanylthiophene (1 g) was slowly added
using a syringe in the solution and stirred for 12 h.
After being left overnight, the remaining iron (III)
chloride was removed by Soxhlet extraction with
methanol and acetone and then one more Soxhlet
extraction was performed with chloroform and the
resulting specimen was dried in a vacuum oven.

OTFTs with pentacene layer (ffi75 nm), gold S/D
electrodes (ffi80 nm), cross-linked PVP (poly-4-vinyl
phenol) gate dielectric layer (350–400 nm), and elec-
troplated Ni gate electrode (ffi150 nm) were fabri-
cated on 125-lm-thick PI film (Du Pont;
Kapton�) [15]. The OMST interlayer (ffi60 nm)
was deposited through shadow mask on the penta-
cene by thermal evaporation at a deposition rate
of 0.1 nm/s and was found to grow on the pentacene
in interconnected islands with an average size of
1.4 lm. The average size of the interconnected
islands was measured by field-emission scanning
electron microscopy (FE-SEM) after deposition of
the OMST interlayer on the pentacene layer. There
was a difficulty in controlling the deposition rate
smaller than 0.1 nm/s.

The mechanical flexibility and adhesion proper-
ties were tested by cyclic bending tests with a bend-
ing radius of 5 mm using a custom-built cyclic
bending machine and by tape tests, respectively.
Delamination and cracking were examined by opti-
cal microscopy, FE-SEM, and dual beam focused
ion beam (FIB)–FESEM (NOVA 200). The electri-
cal characteristics of the OTFTs before and after the
cyclic bending test were evaluated in an ambient
atmosphere without any protection after prepara-
tion using an HP 4145B semiconductor parameter
analyzer.

The optical images of the devices following total
60 tension/compression cycles in different directions
are shown in Fig. 1. The bent non-interlayer device
(Fig. 1a) showed a higher crack density in the Au
electrodes compared to the interlayer devices
(Fig. 1b). The crack formation was apparently
accompanied by delamination of the Au electrodes
from the pentacene layer. The size of cracks was
also much larger for the non-interlayer device com-
pared to the interlayer device.

The FIB–FESEM cross-sectional images (the
insets in Fig. 1a and b) of the non-interlayer and
interlayer devices with the cyclic bending of
100,000 times in tension mode showed a clear differ-
ence in delamination. The non-interlayer device
showed delamination at the Au/pentacene interface,
while the interlayer device showed delamination at
the pentacene/PVP interface. The tape test results
using 3M ScotchTM MagicTM tapes also gave the
same results. These results indicate improved integ-
rity of the Au/interlayer/pentacene structure com-
pared to that of the Au/pentacene structure
probably because sulfur in the interlayer helped
the chemical binding of the interlayer with Au [24].

Electrical characteristics of the bended devices
(channel length L = 35 lm and channel width
W = 800 lm) with and without the OMST inter-
layer were measured in tension mode as a function
of the bending cycles and the results are compared
in Fig. 2. Analysis of the unbent OTFT devices indi-
cated that the insertion of the 60-nm interlayer
increased the drain current on/off ratio (Ion/Ioff)



Fig. 1. Surface optical microscopy images and cross-sectional
FIB–FESEM images (insets) of the cyclically bent devices: (a)
without interlayer and (b) with 60-nm interlayer. The device in
the optical images underwent total 60 tension and compression
cycle in parallel and perpendicular directions to the channel. The
device in the FIB–FESEM images underwent 100,000 tension
bending cycles and the direction of bending was perpendicular to
the direction of the channel.

Fig. 2. Electrical characteristics of top-contact OTFTs with
cyclic bending in tension mode was show variation of current on/
off ratio (Ion/off) versus the number of bending cycles and field-
effect mobility, l, versus the number of bending cycles.

Fig. 3. Contact resistance, RC, values for various gate voltages at
low VSD = �6 V.
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from ffi9 � 103 to 4 � 104, the field-effect channel
mobility (l) from 0.75 to 1.08 cm2/V s, and lowered
the threshold voltage (VT) from �14 to �12.8 V.
The device with the 120-nm thick interlayer showed
reduction in the Ion and the l values and with cyclic
bending of 30 times the device characteristics
degraded more rapidly compared to the device with
the 60-nm interlayer (not shown). The electrical
characteristics of the OTFT with the 60-nm-thick
interlayer were improved compared to that with
no interlayer.

The variation in the Ion/off values of the cyclically
bent devices in Fig. 2 indicated that the Ion/off value
of the interlayer device was gradually decreased but
at a slow rate with the cyclic bending compared to
that of the non-interlayer device. We found that
the variation in the Ion/off values was dominated
by an increase in the off-current caused by acceler-
ated degradation of the pentacene layer with cyclic
bending. The change in the l values of the interlayer
device was less with cyclic bending compared to the
non-interlayer device. The data in Fig. 2 show that
the electrical characteristics of the interlayer device
were always more stable and superior to those of
the non-interlayer device under cyclic bending.

To understand the clear improvement gained in
the electrical properties by introduction of the
OMST interlayer, the contact resistance RC was
measured at a low VSD = �6 V following the
method reported in another report [16]. On average,
the contact resistance was significantly reduced by
inserting the interlayer, as shown in Fig. 3. The
reduced contact resistance led to increase in the sat-



Fig. 4. I–V characteristics of the hole-only devices measured in
two different structures: (a) Au/pentacene(70 nm)/inter-
layer(60 nm)/Au, and (b) Au/interlayer(60 nm)/penta-
cene(70 nm)/interlayer(60 nm)/Au.
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urated on-current (Ion) of the device from 1.2 �
10�5 to 3.4 � 10�5 A at VG = � 40 V, which was
considered to have been caused by increased carrier
Fig. 5. Structure of the samples for measurement of CPD, CPD im
interlayer/Au and (b) pentacne/interlayer/Au. The observed dots in (a)
and interlayer, respectively, evaporated using the shadow mask.
injection at the Au and pentacene interface due to
the reduced energy barrier [21].

The results of the contact resistance measure-
ments were consistent with the I–V characteristics
of the hole-only devices (Fig. 4). The effect of the
interlayer on the I–V characteristics was measured
in two different structures: (a) Au/pentacene(70 nm)/
interlayer(60 nm)/Au, and (b) Au/interlayer(60 nm)/
pentacene(70 nm)/interlayer(60 nm)/Au. When the
interlayer was introduced between the layers on
both sides of the Au electrodes, the I–V electrical
characteristics were changed to a linear relationship
showing Ohmic contact property from Schottky
contact property on one side because of the reduced
energy barrier with the interlayer introduction. Fur-
thermore, the current from the structure (a) with the
interlayer at both sides was increased by three
orders of magnitude at the same applied voltage
compared to that of the device from the structure
(b) with the interlayer at only one side.

In order to understand the reduction in the
contact resistance with the 60-nm interlayer intro-
duction, contact potential difference (CPD) were
measured by Kelvin probe force microscopy
(KFM) with the Au tip [25,26]. Fig. 5a and b shows
the structure of the samples for the measurement of
CPD, CPD image, and CPD distribution at each
layer. It can be observed from Fig. 5a that the
CPD of the pentacene layer deposited on the inter-
layer/Au was greatly decreased compared to that of
age, and CPD distribution at each layer for (a) Au/pentacene/
and (b) are ascribed to the islanded morphology of the pentacene
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the pentacene deposited on the Au. The change in
the CPD at the interface of the Au and pentacene
was 160 mV. When the 60-nm interlayer was
inserted between the layers in Fig. 5b, the CPD
changes between the Au and the interlayer, and
between the pentacene and the interlayer, were 20
and 60 mV, respectively, [27–29]. The decrease in
the injection barrier for holes, from 160 to 80 mV,
with the introduction of the interlayer reduced con-
tact resistance in Fig. 3 and led to the Ohmic behav-
ior of the contact.

In this work, the mechanical and electrical char-
acteristics of OTFTs with a newly synthesized,
organic OMST interlayer were studied under cyclic
bending. Use of the interlayer between the Au S/D
electrode and the pentacene layer was effective in
reducing the contact resistance by mitigating the
injection barrier for holes, while the mechanical flex-
ibility of the OTFTs was also improved, leading to
improved device performance and electrical stability
against the cyclic mechanical deformation. Even
though the device characteristics were improved by
using the organic interlayer, delamination at the
organic–organic interface, such as at the interface
of the pentacene–PVP gate dielectrics layer, and
cracking of the Au S/D electrodes continued to
occur. Therefore, further investigation of cracking
and delamination in flexible OTFT devices should
be conducted and high performance, mechanically
flexible materials such as electrodes and gate dielec-
tric layers need to be developed.
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Abstract

The aim of this work is to improve charge injection by interposing an appropriately oriented dipole layer between con-
tact and semiconductor in organic thin-film transistors (OTFTs). OTFTs are fabricated with pentacene semiconductor and
gold source and drain contacts. The contacts are modified with self-assembled monolayers (SAMs) made of alkane or fluo-
rinated alkane thiols. Ultraviolet photoelectron spectroscopy (UPS) shows a respective decrease and increase of the work
function of the electrodes. Consistent with these results, we observe an increase and a decrease, respectively, of the contact
resistance of the OTFTs, and a further decrease when shortening the length of the fluorinated molecule.
� 2008 Elsevier B.V. All rights reserved.

PACS: 73.40.Cg; 78.30.Jw; 79.60.Fr; 81.16.Dn

Keywords: Organic thin-film transistor; Self-assembled monolayers; Contact resistance; Ultraviolet photoelectron spectroscopy; Atomic
force microscopy
1. Introduction

Source and drain contact resistance has been iden-
tified as a major limitation in organic thin-film tran-
sistors (OTFTs) [1]. In p-channel devices, charge
injection from the electrodes into the organic semi-
conductor is controlled by the hole barrier height,
which, according to the conventional Mott–Schottky
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.01.004
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E-mail address: horowitz@univ-paris-diderot.fr (G. Horo-

witz).
(MS) model, is given by the difference between the
semiconductor ionization potential and metal work
function. However, this simple image is rarely
observed in real junctions, where the presence of an
interface dipole may substantially shift the energy lev-
els of the semiconductor with respect to the metal
Fermi level. As an example, MS rule would predict
the hole barrier at a clean Au-pentacene contact close
to zero, while the actual magnitude is 0.85 eV [2]. Sev-
eral surface treatments have been reported to
improve charge injection from metal electrodes into
organic semiconductors. This includes selective
.
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liquid are shown for comparison.
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doping of the semiconductor near the contact [3,4]
and oxidative treatment of the electrodes [5]. An
alternative way is to purposely introduce on top of
the electrode a counterbalancing dipole [6], for exam-
ple with a self-assembled monolayer (SAM), that is, a
single molecular layer that spontaneously forms
when dipping the substrate in a solution of an appro-
priate reactive surfactant. However, while this con-
cept has proven its usefulness in diodes, where the
area of the contacts is dominant on the overall size
of the device [7,8], the validity of its extension to
thin-film transistors is still controversial, probably
because in that case the contact area is substantially
reduced as compared to that of the conducting chan-
nel. This can be exemplified by a recent work by Bock
and coworkers [9] where the gold source and drain
electrodes of pentacene OTFTs were modified with
antrhacene-2-thiol SAMs. A careful analysis of the
current–voltage curves through the Transfer Line
Method (TLM) clearly indicated that the enhanced
performance had to be attributed to better charge
transport in the pentacene film due to morphological
improvement, while no change of the contact resis-
tance were detected. On the other hand, Asadi and
coworkers [10] recently reported evidence for modi-
fied hole injection in organic polymer semiconductors
upon modification of the source and drain electrodes
with non-fluorinated and fluorinated alkyl thiols,
while no alteration was recorded in the mobility of
the semiconductor film.

The aim of this work is to tune the work function
of gold source and drain electrodes with thiol-based
SAMs. To adapt the direction and magnitude of the
dipole moment, the molecule was chosen among
alkanes and fluorinated alkanes. Ultraviolet photo-
electron spectroscopy (UPS) is used to validate the
concept in terms of work function of the modified
gold electrodes. Transistors are then fabricated
and characterized with various SAMs. It is found
that alkane SAMs have a detrimental effect on hole
injection, whereas fluorinated SAMs improve it, in
good agreement with the UPS data.

2. Results and discussion

2.1. Fabrication and characterization of the SAMs

The molecules used are decanethiol CH3–
(CH2)9–SH (DT), and two fluorinated molecules,
1H,1H,2H,2H-perfluorodecanethiol CF3–(CF2)7–
(CH2)2–SH (PFDT) and 1H,1H,2H,2H-perfluoro-
hexanethiol CF3–(CF2)3–(CH2)2–SH (PFHT). The
fabrication of the SAMs is detailed in the experi-
mental section. In depth characterization of the
organization of the SAMs was performed through
surface infrared spectroscopy. The infrared spec-
trum of PFDT is shown in Fig. 1. Perfluoroalkane
chains have a helix structure [11]. In the CF2 stretch-
ing mode region, the band at ca. 1220 cm�1 (E1,meq)
and 1335 cm�1 (A1,max) are polarized perpendicular
and parallel to the helix axis, respectively [12]. The
intensity of the former (meq) decreases with the
adsorption time, whereas that of the latter (max)
increases, thus giving evidence for that the molecule
tends to straighten up on the substrate with increas-
ing adsorption time.

Because the subsequent deposition of the penta-
cene film is performed under reduced pressure and
moderately high temperature, it might result in
desorption or disorganization of the SAM. Accord-
ingly, surface infrared spectroscopy was also carried
out after deposition of the pentacene. In all cases,
only minute changes of the spectra were observed,
thus bringing evidence for the stability and robust-
ness of the monolayers. As an example, a mere shift
by 1 cm�1 of the ma(CH2) asymmetrical mode was
recorded with DT, indicating a very slight disorga-
nisation of the SAM.

2.2. UPS measurements

The He I UPS spectra taken from the clean Au
reference surface and from DT/Au and PFDT/Au
are compared in Fig. 2. The Fermi steps and salient
features of the Au valence band remain visible on
the two SAM-covered samples, consistent with the
limited thickness of the molecular layers (13.7 Å
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Fig. 2. UPS spectra (He I, hm = 21.22 eV) of the bare Au
substrate and of the Au/DT and Au/PFDT samples. The Fermi
step is visible on all three samples. The onset of photoemission
(left most part of each spectrum) is used to determine the Au
work function (4.67 eV) and the vacuum shift due to the
molecular dipole. Fig. 3. Saturation transfer characteristic of a typical pentacene

transistor at VD = �60 V. Source and drain electrodes are
modified with PFHT. Channel length and width are L = 20 lm
and W = 200 lm. The saturation mobility is estimated from the
slope or the square root current vs. gate voltage curve.

Table 1
Saturation mobility of bare and SAM-modified pentacene
transistors

SAM None DT PFDT PFHT

Mobility (cm2/V s) 0.040 0.016 0.065 0.105
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and 14.3 Å, respectively). The key features are the
shifts of the onset of photoemission with respect
to that of clean Au, toward higher and lower bind-
ing energies for DT/Au and PFDT/Au, respectively.
The former denotes a decrease of the Au work func-
tion by 0.45 eV and the latter an increase by 0.9 eV,
in accord with the known (and opposite) directions
of the molecular dipoles of DT and PFDT [3]. These
data are in good agreement with Kelvin probe mea-
surements on similar SAM-modified gold [10].

2.3. Characterization of the transistors

A typical transfer characteristic in the saturation
regime is given in Fig. 3. The mobility l was esti-
mated from Eq. (1), where W and L are the width
and length of the channel, Ci the capacitance of
the gate dielectric and VT the threshold voltage

IDsat ¼
W
2L

lCiðV G � V TÞ2: ð1Þ

Table 1 gives the saturation mobility as a function
of the nature of the SAM. We note that the mobility
is lowered by an alkane thiol, while it is enhanced by
fluorinated SAMs.

The mobility extracted from the saturation cur-
rent is an effective mobility that includes both
charge transport in the semiconductor and charge
injection and removal at electrodes. To get deeper
insight on what causes its variation, we estimated
the contact resistance Rc with the Transfer Line
Method (TLM) [13]. For this, the transfer charac-
teristic in the linear regime (VD = �5 V for VG

ranging from +30 to �60 V) was measured on
devices with various channel length (L = 2, 5, 10,
15 and 20 lm) prepared in the same run. From these
characteristics, the threshold voltage was first
extracted from the peak of the second derivative
of the gate voltage dependent drain current, as
described previously [14]. The next step consisted
of calculating the width corrected total resistance
R �W = (VD/ID) �W as a function of VG � VT.
According to the TLM, this resistance can be
decomposed into the contact resistance Rc in series
with the channel resistance, as given in Eq. (2)

R� W ¼ Rc � W þ L
lCiðV G � V TÞ

: ð2Þ

A representative example of the length dependent
resistance for various values of VG � VT is shown
in Fig. 4. The contact resistance corresponds to



Fig. 4. Representative example of width normalized resistance
vs. channel length curves, with untreated gold electrodes. The
resistance is estimated from the transfer characteristic at a drain
voltage of �5 V. The five curves correspond to five different
values of VG � VT (�10,�15, �20,�30 and �45 V). The straight
lines are least-square fits to Eq. (2). The contact resistance
corresponds to the extrapolation of the straight line to zero
channel length.
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the extrapolation of the straight line to zero channel
length. Fig. 5 shows the gate voltage dependent con-
tact resistance as obtained from a least-square fit-
ting of the length dependent resistance to Eq. (2).
We note that Rc decreases as VG � VT increases,
Fig. 5. Width normalized contact resistance of unmodified and
SAM-modified transistors as estimated from the Transfer Line
Method. The data were extracted from transfer characteristics
recorded in the linear regime (VD = �5 V) on devices with
various channel lengths, as illustrated in Fig. 4. The inset is an
image of the substrates, with channel lengths 2, 5, 10, 15 and
20 lm and a channel width of 200 lm.
in agreement with previous reports [13]. More
importantly, the resistance follows the same trend
as the effective mobility, thus inferring that the
variation of the latter can be attributed to charge
injection rather than charge transport in the transis-
tor channel. This is also in good agreement with the
UPS data. As compared to its value on bare gold,
the contact resistance undergoes an average
two-fold increase with DT, and a respective average
decrease by a factor of two with PFDT and seven
with PFHT. Because PFDT and PFHT have very
similar dipole moment, we attribute the further
reduction in contact resistance occurring with the
shorter molecule to the lower series resistance of
the respective SAM.

2.4. Morphological characterization

Fig. 6 shows AFM images (intermittent contact
mode, scan size: 5 � 5 lm2) of 8 nm thick pentacene
layers deposited on gold substrates modified with the
various SAMs used in this work. The substrates were
held at 54 �C during deposition. The images clearly
show that the morphology of the pentacene layer
only depends on the presence or absence of a
Fig. 6. AFM images (intermittent contact, scan size: 5 � 5 lm2)
of 8 nm-thick pentacene films deposited on polycrystalline gold
substrates (typical grain size: 2 lm) held at a temperature of
54 �C for various surface treatments. (a) Bare gold (z-scale:
100 nm); (b) gold with DT SAM (z-scale: 35 nm); (c) gold with
PFDT SAM (z-scale: 35 nm); (d) gold with PHDT SAM (z-scale:
40 nm). The morphology of the pentacene film does not depend
on the nature of the SAM, but rather on its presence or absence.
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SAM. No difference is observed when changing the
SAM from alkyl to fluoro-alkyl. This is consistent
with the general statement that the morphology is
mainly sensitive to the surface energy of the surface
on which the film is deposited. The rod-like mor-
phology on bare Au is attributed to the tendency
of the pentacene molecules to orient flat on the
high-energy surface, while the molecules are nearly
perpendicularly aligned on low-energy SAM-modi-
fied substrates [15]. As a matter of fact, alkyl and flu-
oro-alkyl modified gold substrates have very similar
surface energy, as checked from contact angle mea-
surements. This inclines us to attribute the reduction
of the contact resistance to a dipolar rather than
morphological origin. Further structural studies
(e.g., X-ray diffraction) are currently under course
to get a deeper insight of the effect of the substrate
on the crystal structure of the pentacene films.

3. Conclusion

Thiol SAMs were grafted on the gold source and
drain electrodes of pentacene-based organic transis-
tors. Infrared spectroscopy shows that the mole-
cules are preferentially oriented perpendicular to
the electrodes. Photoelectron spectroscopy indicates
that the work function of gold is reduced with an
alkane chain, while it is increased in the case of a
fluorinated molecule, in good agreement with the
direction of the dipolar moment of the respective
molecules. The change in the respective contact
resistance, as estimated by TLM, is also in agree-
ment with this trend. Morphological characteriza-
tion through AFM shows that the structure of the
pentacene films only depends on the presence or
absence of a SAM on the gold substrate and not
on the nature of the SAM, which seems to rule
out any morphological explanation for the
improved charge injection. It was also found that
the contact resistance displayed further reduction
by shortening the length of the molecules.

4. Experimental section

DT and PFDT were purchased from Aldrich and
used without further purification. PFHT was syn-
thesized as described earlier [16].

4.1. SAM fabrication and characterization

Gold substrates were rinsed in pure ethanol,
dried in an argon flow, rapidly flamed in an H2
torch and cooled down under argon. They were then
dipped in a 0.5 mM ethanol solution of thiol for
various adsorption times (2 s to 40 h) and immedi-
ately and thoroughly rinsed sequentially in ethanol
and dichloromethane, and blown dry with argon.

PMIRRAS spectra (5000 scans at a spectral res-
olution of 8 cm�1) were recorded with a Nicolet
MAGNA-IR 860 as described previously [17]. The
polarized light was reflected from the sample at an
angle of about 80�.

4.2. UPS

The samples, packaged in inert atmosphere
since formation of the SAM, were introduced in
the photoemission chamber without ambient expo-
sure. UPS was done with the He I photon line
(hm = 21.22 eV) from a He-discharge lamp. The
resolution of the UPS measurement was
150 meV. The Fermi level of the sample and sys-
tem was measured on a Au surface prepared
in situ via Ar+ sputtering. The vacuum level of
each sample, central to the determination of the
work function vs. direction and magnitude of the
SAM dipole, was measured from the onset of pho-
toemission [18].

4.3. Fabrication and characterization of the
transistors

Bottom contact transistors were fabricated on
highly doped p-type silicon wafers with a 300 nm
thick thermally grown SiO2 layer that acted as the
gate dielectric. Source and drain electrodes were
patterned using conventional lithography, with
sputtered Ti and Au, defining channels with various
lengths (L = 2, 5, 10, 15 and 20 lm) and constant
width (W = 200 lm). A 30 nm thick pentacene layer
was deposited in an Edwards vacuum evaporating
system at a base pressure of 1 � 10�6 mbar and a
rate of 0.3 Å/s, with a substrate held at a tempera-
ture of 70 ± 3 �C. Current–voltage curves were
recorded in air on a manual probe station connected
to a Keithley 4200 semiconductor characterization
system.

Morphological characterization was carried out
with a commercial AFM operating in the intermit-
tent contact mode on samples specially prepared
for that purpose. The substrates consisted of poly-
crystalline gold surfaces that were prepared exactly
the same way as the transistors and on top of which
8 nm of pentacene was evaporated.
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Abstract

The relationship between thiophene sequences and organic thin-film transistor (OTFT) characteristics was studied to
determine their effect on ionization potential, molecular orientation, and air stability. Two types of molecular structures
were used: continuous sequence and divided sequence thiophenes. The length of thiophene sequence did not affect FET
characteristics but did affect ionic potential and air stability. Furthermore, materials with divided thiophene sequences
showed no change in OTFT characteristics when exposed to air. These results suggest that separation of thiophene
sequences can improve air stability, which is a problem of thiophene-based materials.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Organic thin-film transistors (OTFTs) have been
the subject of a lot of recent research because they
can be used in active matrix switching devices in flat
panel displays due to their low cost, large area pro-
cess ability, and flexibility [1–5]. Various organic
semiconducting materials have been used in the
active layers of OTFTs. Of these, thiophene-based
derivatives are among the most attractive materials
because their molecular structures can be easily
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.01.006

* Corresponding author. Tel.: +81 268 21 5417; fax: +81 268 21
5413.
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modified using various organic synthesis methodol-
ogies such as introduction of substituents. For
example, regio-regular poly(3-hexylthiophene) is a
representative thiophene-based material that has
performed well in polymer TFTs [6] and organic
solar cells [7]. Thiophene oligomers, which consist
of several thiophene rings, have been reported to
have charge carrier mobilities comparable to that
of amorphous silicon [8–11]. Research has also been
done on improving their electrical characteristics
using crystal growth [12,13] including by self-assem-
bly from solution [14]. Thiophene oligomers are also
known as good photonic materials due to their
excellent p-conjugation [15,16]. However, over time,
atmospheric moieties such as oxygen tend to
.
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degrade the performance of most of these materials.
This undesirable feature is due their low ionization
potential (Ip), which causes high electron donation.
It has been reported that longer thiophene
sequences tend to reduce the Ips of thiophene mate-
rials [17,18]. However, longer thiophene sequences
can improve charge transport ability because their
molecular interactions are strong [19,20]. Therefore,
keeping a high Ip in materials with several thio-
phenes in a molecule is an important issue that must
be addressed by designing thiophene-based materi-
als that combine high mobility and good stability.
To make the design of such a material possible,
we studied the relationship between molecular struc-
ture and carrier transport characteristics. We inves-
tigated the four-thiophene molecules shown in
Fig. 1 and demonstrated that split-sequence thio-
phenes have both large Ips and good charge trans-
port ability. A split-sequenced oligothiophene with
single phenylene has been reported by Pon-
omarenko et al. [17], here we demonstrate the effect
on Ip again using biphenyl-splitting oligothiophene
and clearly show the TFT stability in the air and
briefly discuss the difference between one-phenyl
and two-phenyls.

We studied the four four-thiophene materials
shown in Fig. 1. Quaterthiophene (4T), which sim-
ply consists of four thiophenes, is a common p-type
organic semiconductor. P4T and 4TC2P have two
S
S

S
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4T

S
S

S
S

P4T

S
S

S
S

4TC2P

S
S

S
S

H3C

CH3

4TC2Pme

Fig. 1. Chemical structures of materials used.
more phenylene rings than 4T. As can be seen in
Fig. 1, P4T and 4TC2P are isomers of each other.
In 4TC2Pme is identical to 4TC2P except that the
a-positions of both of its end-thiophenes are methyl.
These materials all have four thiophenes.

2. Results and discussion

2.1. Ionization potentials and band gaps of the

materials

Fig. 2 shows the photoelectron emission yield
spectra of films of the materials. Their Ip values,
which were estimated based on these spectra, are
listed in Table 1. 4T and P4T showed similar Ips
in the lower energy range of about 5.2 eV, and
4TC2P and 4TC2Pme showed similar values in the
higher energy range of about 5.5 eV. We think this
difference arises from the lengths of the thiophene
sequences, not from the total number of thiophenes
in the molecules. That is, the biphenyl-splitting
makes Ip 0.3 eV higher than fully linked com-
pounds. One the other hand, it was 0.1 eV higher
in the case of the single-phenyl splitting [17]. So it
can be mentioned that biphenyl-splitting can work
more efficiently for increasing Ip. The band gaps
of the materials, estimated based on the edges of
longer UV–vis spectra wavelengths (not shown),
are also listed in Table 1. Band gaps fell into the
same two groups; materials with separated thio-
phene chains (4TC2P and 4TC2Pme) had larger
gaps because of their limited p-conjugation develop-
ment. This indicates that the linkage conditions of
thiophene chains are important factors in the mate-
rials. 4TC2P and 4TC2Pme, which had high Ips
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Fig. 2. Photoelectron emission yield spectra of materials.



Table 1
Energies of Ip and band gap of materials

Ip (eV) Band gap (eV)

4T 5.24 2.53
P4T 5.20 2.53
4TC2P 5.52 2.62
4TC2Pme 5.53 2.62

Fig. 4. 4TC2P unit cell. (Crystal class: monoclinic, Space group:
P21, Cell Constants: a = 5.816 Å; b = 7.2527 Å; c = 25.2863 Å;
b = 96.265�; CCDC number: 673710, the crystallographic data
can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.)
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values, can be expected to be air-stable OTFT
materials.

2.2. Molecular orientation in the thin-film state

Fig. 3 shows the results of X-ray diffraction
(XRD) measurements of the materials. As can be
seen in Fig. 3a, the pattern for 4T peaked at
2h = 6.00�(d = 14.7 Å) i.e., the perpendicular orien-
tation of the molecule. Other peaks, which appeared
at 2h = 11.8�, 2h = 17.6�, 2h = 23.4�, correspond to
higher order diffraction of d = 14.7 Å. This is the
same as a molecular orientation that has been
reported for 4T film [21]. As can be seen in Figs.
3b–d, the other three materials showed similar ten-
dencies. The molecular orientation of 4TC2P can
be demonstrated using the unit cell shown in
Fig. 4. According to the cell parameters, the XRD
pattern of 4TC2P (Fig. 3c), it can be understood
that peaks at 2h = 7.00� (d = 12.7 Å), 10.5�
(d = 8.45 Å), 14.0� (d = 6.32 Å), 17.5� (d = 5.06 Å)
and 21.1� (d = 4.21 Å) correspond, respectively, to
lengths of c/2, c/3, c/4, c/5, and c/6. These progres-
sive peaks indicate that, like 4T molecules, 4TC2P
5 10 15 20
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Fig. 3. XRD patterns of (a) 4T, (b) P4T, (c) 4TC2P, and (d)
4TC2Pme films.
molecules align perpendicularly in the film. How-
ever, it is thought that the peak at 2h = 19.4�
(d = 4.58 Å) arises from polymorphism because it
does not match any of the axes of the 4TC2P unit
cell. We think this polymorphism is based on lying
orientation because peaks that correspond to the
c-axis of 4TC2P showed a shift in the 4TC2Pme
spectrum due to the length of methyl. However,
the polymorphism peak also appeared at the same
degree in 4TC2P. This feature can also be found
in the results for P4T, so it can be concluded that
there may be both perpendicular and lying molecu-
lar orientations in the three materials other than 4T.

2.3. OTFT characteristics

Fig. 5 shows characteristics of 4TC2P and
4TC2Pme. Like 4T and P4T OTFTs, both devices
showed p-type behavior. Table 2 shows the field-
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Fig. 5. ID–VD characteristics and ID–VG characteristics of (a, b) 4TC2P and (c, d) 4TC2Pme.

Table 2
Characteristics of oligomer material OTFTs in vacuum

lFET (cm2/Vs) Vth (V) ON/OFF ratio Subthreshold slope (V/decade)

4T 3.7 � 10�2 (3.1 � 10�2) –30 (–33) 104 (104) 8 (7)
P4T 5.3 � 10�2 (5.4 � 10�2) –25 (–30) 104 (104) 8 (10)
4TC2P 2.1 � 10�2 (2.6 � 10�2) –36 (–40) 104 (104) 9 (7)
4TC2Pme 5.2 � 10�2 (4.7 � 10�2) –21 (–20) 104 (104) 8 (8)

Characteristics in atmosphere are shown in parentheses.
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effect mobilities (lFET), threshold voltages (Vth),
ON/OFF ratios, and subthreshold slopes of all the
fabricated devices. The lFETs were calculated from
the saturated drain current (ID) with Eq. (1), where
Ci is the specific capacitance of the insulator, L is
channel length, VG is gate voltage, and W is channel
width.

ID ¼ lFET

WCi

2L
ðV G � V thÞ2 ð1Þ

We first measured OTFT characteristics in vacuum
conditions (about 2 � 10�2 Pa). While the ON/OFF
ratios and the subthreshold slopes showed no major
change for any of the devices, the Vths showed two
different tendencies. The materials with no substitu-
ents on their end-thiophenes (4T and 4TC2P)
showed higher Vths, and the substituted materials
(P4T and 4TC2Pme) showed lower ones. Thus, it
can be concluded that materials with substituents
in the a-positions of their end-thiophenes are better
OTFT materials because of their lower Vth. How-
ever, the lFETs of all four OTFTs are about the
same. This indicates that the carrier transport prop-
erties of materials with the same number of thio-
phenes are about the same even if they fully link
to each other or divide into two parts.

The next thing we measured was characteristics
of the devices when they were exposed to air. The
measurements were done immediately after expos-
ing the devices to the atmosphere. The OTFT char-
acteristics when the devices were exposed to air are
shown in Table 2, where it can be seen that all of the
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devices worked as well as in the vacuum condition.
However, the 4TC2P device had significant hystere-
sis, as shown in Fig. 6. In contrast, as in the vacuum
condition, the 4TC2Pme OTFT had no hysteresis
(Fig. 6 inset). This difference suggests that the lack
of substituents on both end-thiophenes degrades
performance of OTFT materials. This notion is sup-
ported by the Vth behavior of other devices: 4T
showed hysteresis but P4T did not. In addition,
the similar result is previously reported using other
thiophene derivatives [22]. Therefore, the high reac-
tivity of the a-position of both end-thiophenes must
be important.

We also measured the OTFT characteristics of
these devices continuously for ten days to investi-
gate the stability of the devices when they were left
in the atmosphere. Fig. 7 shows storage time depen-
dences for (a) Vth and (b) lFET of the devices made
of 4T, 4TC2P, and 4TC2Pme. As expected, the
4TC2P and 4TC2Pme devices showed no change
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Fig. 7. Storage time dependences of (a) threshold voltage and (b) field-
in Vth during the measurements, while the Vth of
the 4T device decreased. This air stability must be
due to the higher Ip caused by the divided thiophene
linkage. However, the 4TC2P and 4TC2Pme devices
showed different lFET behaviors, i.e., the lFET of the
4TC2Pme device did not change but that of 4TC2P
decreased to about 20% of its initial value. The
structural difference between the two materials is
in their end-thiophenes. The lFET of 4T, inciden-
tally, also decreased. Therefore, to make thiophene
materials air-stable, it is important both to maintain
a large Ip and to substitute active a-positions for the
end-thiophenes. As mentioned above, we success-
fully demonstrated that molecular structures like
4TC2Pme, with separated thiophene chains and
substituted end-thiophenes, are air-stable thiophene
derivatives.

3. Conclusion

We investigated the relationship between air-sta-
bility and molecular structure in materials that con-
tain four thiophenes and whose molecular
orientations in the thin-film state were about the
same. Ips were classified by type of thiophene chain,
i.e., fully linked or divided. OTFTs made of these
materials showed two tendencies with regard to
air-stability. First, OTFTs made of materials with
no substituents on the end-thiophenes, showed hys-
teresis in ID–VG characteristics. Second, materials
with fully linked thiophenes showed changes in
switching performance over time. This means that
4TC2Pme, which has two separate thiophene chains
and substituents at both ends of the molecule, has
both the normal advantages of thiophenes and sig-
nificant stability as carrier transport material
exposed to air.
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4. Experimental

4.1. Synthesis

All reactions were carried out in an Ar environ-
ment. Solvents were purified according to the stan-
dard methods before use. A 1H NMR (400 MHz)
spectrum was recorded on a Bruker AVANCE-400
spectrometer, and chemical shifts (d) were given in
ppm relative to tetramethylsilane (TMS) as an inter-
nal standard. High-resolution mass (HRMS) mea-
surements were carried out on a Jeol MS-700
spectrometer. The 4T was purchased from Sigma–
Aldrich, and the P4T was prepared as recommended
in the literature [23].

4.2. Preparation of 4TC2P

To a solution of 4,40-diiodobiphenyl (1.0 g,
2.5 mmol) and 5-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-2,20-bithiophene (1.8 g, 6.2 mmol) in
toluene (40 mL) was added a 10% aqueous K2CO3

(30 ml). The contents were bubbled with nitrogen
for 30 min to remove soluble oxygen, then tetra-
kis(triphenylphosphine) palladium(0) (0.028 g,
0.024 mmol, Pd(Ph3)4) was added and the solution
refluxed for 18 h. After the solution was cooled to
room temperature, the precipitate was filtrated
and sequentially washed with toluene, distilled
water, and methanol to produce crude 4TC2P,
which was purified by the sublimation method
described below. HRMS (EI) calcd for C28H18S4

[M]+ 482.0291 found 482.0316.

4.3. Preparation of 4TC2Pme

4TC2Pme was prepared from 5-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)-50-methy-l-2,20-
bithiophene (100 mg, 0.33 mmol, this compound
was synthesized as described in the next section
‘‘Preparation of 5-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-50-methyl-2,20-bithiophene”), 4,4’-
diiodobiphenyl (66.3 mg, 0.16 mmol), and
Pd(PPh3)4 (11.3 mg, 0.0098 mmol) in a manner sim-
ilar to a to that described above. HRMS (EI) calcd
for C30H22S4 [M]+ 510.0604, found 510.0609.

4.4. Preparation of 5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-50-methyl-2,20-bithiophene

To a solution of 5-methyl-2,20-bithiophene
(420 mg, 2.3 mmol) and N,N,N0,N0-tetramethylene-
diamine (0.38 mL, 2.56 mmol) in THF (50 mL)
was added dropwise a 1.6 mol/L n-BuLi in hexane
(1.6 mL, 2.56 mmol) at –78 �C. After being stirred
for 15 min, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (0.48 g, 2.56 mmol) was added and
stirred for 1 h, then reacted for 24 h at room
temperature.

Saturated aqueous NH4Cl (three drops) was
added to a reaction mixture to quench an excess n-
BuLi and extracted with ethyl acetate. The organic
phase was washed with brine and then dried over
anhydrous MgSO4. The solvent was removed under
the reduced pressure. The residue was purified by
the silica gel column-chromatography (eluent: hex-
ane) to give 5-(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)-50-methyl-2,20-bithiophene (60%). 1H
NMR (CDCl3) d: 1.35 (s, 12H, CH3), 2.48 (s, 3H,
CH3), 6.64 (d, 1H, Ar-H, J = 3.6 Hz), 7.03 (d, 1H,
Ar-H, J = 3.6 Hz), 7.15 (d, 1H, Ar-H), 7.50 (d, 1H,
Ar-H).

The 4T, P4T, 4TC2P, and 4TC2Pme were used
for other experiments after further purification by
thermal gradient sublimation.

4.5. Fabrication and measurement

We fabricated top-contact OTFTs made of the
organic materials (4T, P4T, 4TC2P, and 4TC2Pme).
The OTFTs were prepared on heavily doped n-type
silicon wafers with 400 nm thick thermally grown
SiO2, which were used as a gate electrode and a gate
dielectric (specific capacitance of 7.5 nF/cm2),
respectively. The organic materials were thermally
evaporated at the rate of 0.4 Å/s onto room temper-
ature substrates. The pressure in the evaporation
chamber was 4.0 � 10�6 Torr, and the organic lay-
ers were 60 nm thick. Finally, Au was thermally
evaporated onto the organic layers through a sha-
dow mask to form source and drain electrodes.
The channel length and width were 30 lm and
2 mm, respectively. OTFT characteristics were mea-
sured in a vacuum (below 5 � 10�2 Pa) and in the
atmosphere using two KEITHLEY 2410 source
meters.

The photoelectron emission yield spectra were
measured with a Riken-Keiki AC2 at an irradiation
light power of 10 nW/cm2. The sample films of the
organic materials were prepared by vacuum evapo-
ration in the same conditions as were used to fabri-
cate OTFTs on glass substrates whose surface was
covered with indium thin oxide. The organic films
were 100 nm thick.
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The X-ray diffraction patterns were measured
with a Rigaku Rotaflex using Cu Ka radiation at
h/2h geometry. The sample films, which all had
thicknesses of 100 nm, were evaporated onto silicon
wafers with SiO2 in the same conditions as were
used for TFT fabrication. The X-ray was generated
from a 150 mA-electron beam accelerated at 40 kV.
The crystal structure was analyzed with a Bruker
AXS APEXII from Bruker AXS Japan Co., Ltd.
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Abstract

Pentacene-based transistors produced by a novel neutral cluster beam deposition method were characterized, and the
effects of the surface pretreatments were examined. Atomic force microscopy and X-ray diffraction showed that the cluster
beams were quite efficient in growing high-quality, crystalline thin films on SiO2 substrates at room-temperature without
any thermal post-treatment, and that an amphiphilic surfactant, octadecyltrichlorosilane (OTS), enhances the packing den-
sity and crystallinity significantly. The observed field-effect mobilities (leff) were among the best reported thus far: 0.47 and
1.25 cm2/Vs for the OTS-untreated and -pretreated devices, respectively. The device performance was found to be consis-
tent with the estimated trap density and activation energy, which were derived from the transport characteristics for the
temperature dependence of leff in the range of 10�300 K.
� 2008 Published by Elsevier B.V.

PACS: 73.40.�c; 73.61.Ph

Keywords: Pentacene; Neutral cluster beam deposition (NCBD); Organic thin-film transistor; Octadecyltrichlorosilane (OTS); Temper-
ature dependence of field-effect mobility (leff)
1. Introduction

The recent advances in organic-based semicon-
ductor electronics have led to them being viewed
as potential alternatives to traditional silicon-based
devices. The macroscopic properties of organic crys-
talline solids formed by weak van der Waals interac-
tions are governed by the individual molecules,
which makes the concept of molecular engineering
1566-1199/$ - see front matter � 2008 Published by Elsevier B.V.

doi:10.1016/j.orgel.2008.01.008

* Corresponding author. Tel.: +82 2 3290 3135; fax: +82 2 3290
3121.

E-mail address: jhc@korea.ac.kr (J.-H. Choi).
feasible. The promising applications of these solids
include optoelectronic devices such as thin-film
transistors, light emitting diodes, photovoltaic cells,
etc. Some of these transistors have comparable per-
formance to that of hydrogenated amorphous Si
devices. This is well illustrated by the devices fabri-
cated using fused-ring polycyclic aromatic hydro-
carbons such as pentacene, a p-conjugated
molecule consisting of five aligned condensed ben-
zene rings [1–13].

The preparation of good thin-film crystals is
essential for fabricating high-quality, organic thin-
film transistors. The neutral cluster beam deposition

mailto:jhc@korea.ac.kr
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(NCBD) method used in this study is a less popular,
but quite useful deposition scheme [14]. In recent
years, we have reported a series of optoelectronic
devices fabricated using the NCBD approach [15–
20]. Neutral cluster beams consisting of weakly
bound molecules (Fig. 1) are produced when
organic molecules evaporated by resistive heating
undergo adiabatic expansion in a high vacuum.
The unique characteristics of these beams are their
high translational kinetic energy and directionality.
The collision of cluster beams with a room-temper-
ature substrate induces facile decomposition of the
clusters into individual molecules and the subse-
quent energetic migration of these molecules results
in the formation of smooth, uniform thin films. The
NCBD scheme allows for a significant improvement
in the surface morphology, crystallinity, and pack-
ing density of these films. In particular, the distinc-
tive advantage of this method lies in the fact that
thin-film formation proceeds on a substrate main-
tained at room temperature. The absence of thermal
post-treatment is of very practical significance in
terms of the device fabrication. Such a favorable
procedure cannot be achieved by conventional
vapor deposition techniques.
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Fig. 1. (a) A schematic diagram of the NCBD apparatus. (b) Molecula
(c) A schematic cross-sectional view of the top-contact transistor with
This paper reports our characterization study of
pentacene-based, top-contact transistors prepared
on room-temperature SiO2 substrates using a novel
NCBD method. The pretreatment effects of an
amphiphilic surfactant, octadecyltrichlorosilane
(OTS), on the device performance as well as the
transport mechanisms in the temperature range of
10�300 K are reported. The transistor characteris-
tics, which were found to be among the best
reported thus far, are also discussed.

2. Experimental

For the fabrication of the top-contact transistors,
a highly doped, n-type Si wafer coated with an Al
layer was used as the gate electrode, and a thermally
grown 2000 Å-thick SiO2 layer was used as the gate
dielectric [15]. Fig. 1 shows a schematic diagram of
the process. The substrates were first cleaned by a
series of successive ultrasonic treatments in acetone,
hot trichloroethylene, acetone, HNO3, methanol
and deionized water in order and then blown with
dry N2 [21]. The substrates were finally exposed to
UV (wavelength of 254 nm) for 15 min. For the
OTS pretreatment, the cleaned substrates were
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immersed in a 1 � 10�4 M solution of OTS (Aldrich
Co.) in n-hexane [22]. Pentacene (TCI Co.) was
deposited using a homemade NCBD apparatus.
The system is described in detail elsewhere [14].
The chamber consisting of an evaporation crucible,
a drift region, and a substrate was pumped by a
10 in. baffled diffusion pump. The pentacene sample
was placed inside the enclosed cylindrical crucible
cell with a diameter of 1.0 mm and a 1.0 mm-long
nozzle, and sublimated at 460 K by resistive heating.
The pentacene vapor then underwent adiabatic
supersonic expansion into the drift region at a work-
ing pressure of about 3 � 10�6 Torr. The resultant
neutral pentacene cluster beams were deposited
directly onto the room-temperature SiO2 layers with
an average thickness of ca. 500 Å at a deposition
rate 1 Å/s.

The thickness, morphology, crystallinity and
contact angle were examined using an alpha step
surface profile monitor, atomic force microscopy
(AFM), X-ray diffraction (XRD) and a contact
angle goniometer, respectively. The current–voltage
characteristics and their temperature dependence
were measured using an optical probe attached to
an HP4140B pA meter-dc voltage source unit, and
a 10 K-closed cycle refrigerator for more than 100
devices over a wide range of temperatures from
300 K down to 10 K.
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3. Results and discussion

3.1. Morphological and structural properties

Fig. 2 shows 2-dimensional AFM micrographs of
the OTS-untreated and -pretreated pentacene films
at a nominal thickness of 500 Å. Both films were
covered completely with grain crystallites with a
dendritic structure. The diameter distributions and
square roughness ranged from 0.25 to 0.30 lm and
�55 Å for the OTS-untreated films, respectively
and 0.16 to 0.26 lm and �30 Å for the OTS-pre-
treated films, respectively. The pretreated pentacene
films showed a lower roughness and a higher pack-
ing density, which indicates that the amphiphilic
OTS surfactant creates favorable deposition condi-
tions for the non-polar pentacene cluster beams at
the interface. This result is also consistent with the
contact angle measurements. The OTS pretreatment
increased the surface contact angle with water from
44� to 108�. This remarkable increase indicates that
the pretreated surface becomes highly non-polar
after the surfactant pretreatment. Therefore, the
unfavorable lattice mismatch is significantly reduced
through interactions with the OTS molecules, which
are capable of simultaneously forming bonds with
the hydrophobic pentacene and the hydrophilic
SiO2 at the interface.
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� 5 lm2) of 500 Å-thick pentacene thin films prepared on the (a)
.



H.-S. Seo et al. / Organic Electronics 9 (2008) 432–438 435
The effect of the surface pretreatment was exam-
ined by XRD. The diffraction patterns shown in
Fig. 2 were assigned to the triclinic thin-film phase,
which corresponds to a kinetically favored, metasta-
ble phase. The peaks could be fitted to a series of
(00 l) reflection lines, and the interplanar spacing,
d00l, was determined to be 15.0 Å for both films.
The more distinctive first- and higher-order multiple
peaks with excellent signal-to-noise ratio in Fig. 2b
indicate the presence of enhanced crystallinity in the
OTS-pretreated films. Furthermore, compared with
recent studies carried out by several groups using
thermal evaporation [22,23], the superior surface
morphology and crystallinity observed in this study
demonstrate the unique capacity of the NCBD
scheme to produce uniform, smooth films consisting
of submicrometer-sized crystallites on room-tem-
perature substrates without any thermal annealing
processes.
3.2. Device performance

A comparative characterization of the perfor-
mance of NCBD-based devices was carried out.
The pentacene active layers exhibited a p-type
behavior: the majority carriers were holes. The tran-
sistors were examined in accumulation mode.
Fig. 3a demonstrates the typical plot of the drain-
source current (IDS) as a function of the drain-
source voltage (VDS) at various gate voltages
(VGS). The overall characteristics are well described
by the standard field-effect transistor equations. The
inset in Fig. 3a shows the IDS at low VDS, and the
observed linear behavior indicates good ohmic con-
tact between the gold electrodes and pentacene
active layers [24]. From the I1=2

DS vs. VGS and log(IDS)
vs. VGS plots, several device parameters such as the
leff, current on/off ratio (Ion/Ioff), threshold voltage
(VT) and subthreshold slope SS = VGS/log(IDS)
can be derived. Here, leff can be calculated in the
saturation regime from the following equation:

leff ¼
2LðIDSÞ

WCiðV GS � V TÞ2
ðsaturation regimeÞ;

where Ci is the capacitance per unit area of the SiO2

gate dielectric insulator (for a thermally grown
2000-Å-thick SiO2, Ci = 17.25 nF/cm2) and the
transistor dimensions have a channel width (W) of
500 lm and a length (L) of 660–1400 lm.

Table 1 lists the various parameters derived. In
particular, the observed mobilities were among the
best reported thus far: 0.47 and 1.25 cm2/Vs for
the OTS-untreated and -pretreated devices, respec-
tively. In contrast, Pernstich et al. and Zhang
et al. recently reported an effect of organosilane sur-
factants on the device performance and obtained
room-temperature carrier mobilities of 0.4 and
0.6 cm2/Vs for the OTS-pretreated devices prepared
on the SiO2 substrates, respectively, [12,13].

One of the critical factors determining the perfor-
mance is the quality of the as-deposited thin films.
The formation of active layers with higher structural
organization will definitely result in more efficient
charge-carrier transport through a face-to-face
intermolecular interaction between the p–p stacks.
The excellent mobilities observed were attributed
mainly to the formation of such high-quality,
NCBD-based thin films. Here, it should be noted
that although the NCBD scheme was applied to
room-temperature substrates, the cluster beams
resulted in the growth of closely packed, nanome-
ter-sized grain crystallites without any thermal
post-treatment. Especially, after the OTS pretreat-
ment, the amphiphilic surfactant enhanced the
degree of molecular ordering and the resulting p–p
overlap, leading to a significant increase in hydro-
phobicity, packing density and crystallinity of the
films, as demonstrated by the contact angle, AFM
and XRD results. Such favorable improvement
was reflected in the outstanding device characteris-
tics. Another desirable feature of the OTS pretreat-
ment is the reduction of the subthreshold slope. The
SS value is generally governed by the material prop-
erties, and the lower SS value observed indicates
that the pretreatment improves the quality of the
NCBD-based pentacene active layers.

3.3. Transport characteristics

The temperature dependence of the field-effect
mobility (leff) and the total trap density also support
the aforementioned device features. Fig. 3b repre-
sents the typical plot of the mobility over a wide
range of temperatures from 300 K down to 10 K
for the NCBD-based transistors. leff tends to be
temperature-independent as the temperature is
increased in region I (10 K < T < 40 K), whereas leff

increases exponentially in region II (40 K <
T < 300 K). Region I can be described by a so-called
tunneling mechanism occurring at the Au–penta-
cene interfaces. On the other hand, region II corre-
sponds to an activated transport mechanism, where
the conduction of hole carriers is governed by the
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overcoming of shallow traps present in the penta-
cene active layer.

As shown by the solid line, region II is well fitted
by the Arrhenius relation leff / exp(�Ea/kT), where
Ea and k are the activation energy and Boltzmann
constant, respectively. From the slope of the loga-
rithmic plot, Ea was estimated to be 45.7 and
24.5 meV for the OTS-untreated and -pretreated
devices, respectively (Table 1). The activation ener-
gies in this study were relatively lower than those



Table 1
Summary of the NCBD-based transistor characteristics for root-mean-square roughness (Rrms), field-effect mobility (leff), threshold
voltage (VT), subthreshold slope SS = VGS /log(IDS), current on/off ratio (Ion/Ioff), activation energy (Ea) and trap density (Ntrap)

Rrms (Å) leff (cm2/Vs) VT (V) SS (V/dec) Ion/Ioff Ea (meV) Ntrap (1012/cm2)

OTS-untreated 55 0.47 �19.6 5.7 104 45.7 1.7
OTS-pretreated 30 1.25 �35.5 3.4 105 24.5 0.8

The transistor dimensions have a channel width (W) of 500 lm and a length (L) of 1400 lm.
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reported elsewhere, particularly in the OTS-pre-
treated system. Minari et al. reported an Ea of
54.8 meV in OTS-pretreated pentacene devices pre-
pared by thermal evaporation [24]. The low Ea is also
consistent with the estimated total trap densities
Ntrap of 1.7 � 1012 and 0.8 � 1012/cm2 for the OTS-
untreated and -pretreated devices, respectively. Here,
Ntrap is expressed by the following relationship:

N trap ¼
CijV T � V TOj

e
;

where VTO is the turn-on voltage and e is the ele-
mentary charge [12]. Those low densities are in
sharp contrast with the higher density of
5.2 � 1012/cm2 reported by Zhang et al. in the
OTS-pretreated devices [13]. The origin of the Ea

lies mainly in the traps produced by the structural
disorders and/or defects in the thin films [25]. It
was clearly demonstrated that the lower Ea and trap
density observed were strongly correlated with the
improved quality of the as-deposited NCBD-based
films, ultimately leading to the efficient carrier trans-
port in the well-connected intergrains and the excel-
lent mobilites in the pentacene-based transistors.

4. Conclusions

Pentacene-based, top-contact transistors were
fabricated on two kinds of substrates, both at room
temperature, using the NCBD method; OTS-
untreated and -pretreated SiO2. Both active layers
without a thermal post-treatment consisted of
high-quality, crystalline pentacene thin films with
uniform, smooth surfaces. In particular, the total
trap density and temperature dependence of leff in
the range of 10�300 K showed that the amphiphilic
OTS pretreatment decreased the trap density and
activation energy for carrier transport significantly
by reducing the amount of structural disorder.
The derived field-effect mobilities were among the
best reported thus far: leff = 0.47 and 1.25 cm2/Vs
for the OTS-untreated and -pretreated devices,
respectively. The fabrication of several organic-
based transistor devices using various types of p-
conjugated molecules and surfactants through the
NCBD method is currently underway. These studies
are expected to provide further insight into the
interactions at the interfaces at the molecular level
as well as the structure-performance relationship.

Acknowledgments

H.-S. Seo is grateful for the Seoul Science Fellow-
ship. This work was supported by the Korea Science
and Engineering Foundation (KOSEF) through the
National Research Lab. Program funded by the
Ministry of Science and Technology (No.
M10500000023-06J0000-02310).

References

[1] M.M. Ling, Z. Bao, Chem. Mater. 16 (2004) 4824.
[2] H. Klauk, M. Halik, U. Zschieschang, G. Schmid, W.

Radlik, W. Weber, J. Appl. Phys. 92 (2002) 5259.
[3] T.W. Kelley, P.F. Baude, C. Gerlach, D.E. Ender, D.

Muyres, M.A. Haase, D.E. Vogel, S.D. Theiss, Chem.
Mater. 16 (2004) 4413.

[4] Y. Sun, Y. Liu, D. Zhu, J. Mater. Chem. 15 (2005) 53.
[5] J.K. Lee, J.M. Koo, S.Y. Lee, T.Y. Choi, J.Y. Kim, J.H.

Choi, Opt. Mater. 21 (2002) 451.
[6] G. Horowitz, J. Mater. Chem. 9 (1999) 2021.
[7] F. Dinelli, M. Murgia, F. Biscarini, D.M. De Leeuw, Synth.

Met. 146 (2004) 373.
[8] S. Yaginuma, J. Yamaguchi, K. Itaka, H. Koinuma, Thin

Solid Films 486 (2005) 218.
[9] K. Itaka, T. Hayakawa, J. Yamaguchi, J. Koinuma, Appl.

Phys. A 79 (2004) 875.
[10] T.W. Kelley, D.V. Muyres, P.F. Baude, T.P. Smith, T.D.

Jones, Mater. Res. Soc. Symp. Proc. 771 (2003) L6.5.
[11] P.V. Necliudov, S.L. Rumyantsev, M.S. Shur, D.J. Gund-

lach, T.N. Jackson, J. Appl. Phys. 88 (2000) 5395.
[12] K.P. Pernstich, S. Haas, D. Oberhoff, C. Goldmann, D.J.

Gundlach, B. Batlogg, A.N. Rashid, G. Schitter, J. Appl.
Phys. 96 (2004) 6431.

[13] X.-H. Zhang, B. Domercq, X. Wang, S. Yoo, T. Kondo,
Z.L. Wang, B. Kippelen, Org. Electron. 8 (2007) 718.

[14] J.-Y. Kim, E.-S. Kim, J.-H. Choi, J. Appl. Phys. 91 (2002)
1944.

[15] P.S. Abthagir, Y.-G. Ha, E.-A. You, S.-H. Jeong, H.-S. Seo,
J.-H. Choi, J. Phys. Chem. B. 109 (2005) 23918, In
comparison to the procedure described in the Ref. [15],
there were three modifications in the present experiment.
Firstly, we changed the procedure for cleaning the SiO2



438 H.-S. Seo et al. / Organic Electronics 9 (2008) 432–438
substrates as described in the text. Previously the substrates
were simply cleaned by successive ultrasonic treatments in
acetone, methanol and deionized water in order. Secondly,
the thickness of thermally grown gate dielectric was changed
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Abstract

By exploiting atomic-force-microscope potentiometry, we have studied the local potential distribution in the solution-
processible tetrabenzoporphyrin (BP) bottom-contact thin-film transistor under controlled atmospheres. It is found that
abrupt and big potential drops mainly appeared at the domain boundaries and cracks in the BP film when the transistor
was under operation, indicating a dominant influence of domain boundary and crack on the device performance. Exposure
of the device to O2 drastically reduced the potential drops at some boundaries, which is the main reason for the improved
device performance by O2 exposure.
� 2008 Elsevier B.V. All rights reserved.

PACS: 85.30.Tv; 73.40.Ns; 68.55.Jk; 68.37.Ps; 61.72.Ww

Keywords: Organic thin-film transistors; Potential distribution; Solution-based processes; Atomic-force-microscope potentiometry
1. Introduction

Understanding and control of the relation
between the electronic transport properties and
morphology of organic semiconductors is crucial
for further improving device performance of
organic thin-film transistors (OTFTs). Although it
has been shown by potential measurements that
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.005
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domain structures in highly-ordered polythiophene
monolayers [1] and pentacene grain boundary
[2,3], and contacts at the interface between source/
drain electrodes and organic active layer [4–6] influ-
ence carrier transport and injection properties, the
nature of domain boundary and the formation of
contact [7] in real devices are still not so clear. The
demands for cheap, flexible and light-weigh devices
drive the development of OTFTs using solution-
processible fabrication methods. However, it is dif-
ficult to control material organization/molecular
orientation when the devices are fabricated by solu-
.

mailto:XU.Mingshen@nims.go.jp
mailto:nakamura@faculty.chiba-u.jp 


Fig. 1. (a) Output and (b) transfer characteristics of the BP
bottom-contact transistor measured in N2. (c) A comparison of
transfer characteristics of the BP transistor operated in N2 and O2

as recorded during AFMP measurements.
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tion-based processes, which is crucial for charge
transport. It is found that ambient atmosphere seri-
ously affects performance of pentacene OTFTs as
the ambient molecules interact with pentacene or
form traps [8,9]. Towards commercialization of
OTFT-based technology, the environmental stabil-
ity of organic electronic devices must be understood
and controlled.

It has been reported that the OTFTs using tetra-
benzoporphyrin (BP) film as active layer, converted
from the solution-coated 1,4:8, 11:15, 18:22, 25-tet-
raethano-29H, 31H-tetrabenzo[b, g, l,q]porphine
(CP) precursor, show high mobility [10]. However,
different domains were found in the BP films formed
via solution methods in contrast to more ordered
structures prepared by thermal deposition. In this
work, we report the effects of both morphologic fea-
tures and atmospheres on the potential distribution
in a solution-processible BP bottom-contact (BC)
OTFT by using an atomic-force-microscope poten-
tiometry (AFMP) [4]. By the AFMP technique, we
found that abrupt and big potential drops mainly
occurred at the domain boundaries and cracks in
the BP film, suggesting a dominant influence of
the domain boundary and crack on the device per-
formance. In contrast to the exposure to N2, expos-
ing the device to O2 led to different responses of
domain boundaries and enhanced carrier transport,
possibly indicating that O2 in this BP transistor
formed an acceptor level.

2. Experimental

The BP BC-OTFT with a channel length of
10 lm and a channel width of 5000 lm was fabri-
cated on a highly doped n-Si substrate with ther-
mally grown 300 nm SiO2. The source/drain (S/D)
electrodes, Au (100 nm) along with 5 nm-Cr as
adhesive layer, were patterned by using photolithog-
raphy and lift-off techniques. BP film was fabricated
by heating a solution-processed CP amorphous film,
detail of which and the AFMP measurement can be
found in our previous publications [4,10]. The field
effect characterization in Fig. 1a and b was carried
out in N2 by using Agilent Technologies E5272A.
Prior to the potential measurements under dry N2,
the device was out-gassed (about 1 � 10�3 Pa) for
more than 14 h. After finishing measurements under
N2, the chamber was re-evacuated for more than
30 min, and then measurements were performed
under dry O2 after the device had been exposed to
O2 for more than 60 min.
3. Result and discussion

Fig. 1a and b show the output and transfer char-
acteristics of a BP BC-OTFT measured under N2.
The saturation mobility (@ Vds = �60 V) is esti-
mated to be about 0.05 cm2/Vs (the capacitance,
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C0 = 10 nF cm�2), which is the typical value of BP
bottom-contact transistors. The on/off ratio is
above 106 between �60 V and 30 V of Vg, and the
threshold voltage (Vth) is about 15 V. In the small
bias range of the output characteristic, non-linear
behavior is observed, which might stem from grain
boundaries instead of the energy-level offset
between the metal and organic as discussed later.
Fig. 1c shows the transfer characteristics recorded
during AFMP measurements at Vds of �8 V under
N2 and O2, which will be discussed later in detail.
We hereafter will discuss the potential distribution
under linear-regime operation judging from the out-
put characteristics in Fig. 1a, i.e., under the condi-
tion of Vds = �8 V and Vg of the range from �10
to �40 V. Since there exists an about �5 V thresh-
old for Vds due to the non-linear output characteris-
tics, Vds of �8 V is appropriate to be used for
analyzing the barrier-like behavior at the grain
boundaries.
Fig. 2. (a) Topographic image and (b) corresponding potential map
Topographic image and (d) corresponding potential mapping measured
area as in (a).
Fig. 2a–d contrast the topographic and corre-
sponding surface potential maps of the BP device
characterized in Fig. 1 by operating the transistor
with Vds = �8 V and Vg = �20 V under dry N2

and O2, respectively. It is obvious from the topo-
graphic image that the BP film exhibits two kinds
of domain structures, smooth and rough appear-
ances with cracks among them. Geometrical edges
of the S/D electrodes are also clearly observed.
From the potential maps, we can discern very fine
potential distribution around domain boundary,
crack and contact.

Fig. 3a shows the surface potential profile along
the ‘1’ line of Fig. 2a and b measured under N2.
Abrupt and big potential drops occurred at the
domain boundaries between the smooth domain
and the rough one, which might indicate different
orientations of BP crystals in the two kinds of
domains [11]. Different orientations could result in
ineffective electronic overlap between adjacent
ping measured under N2 with Vds = �8 V and Vg = �20 V. (c)
under O2 with Vds = �8 V and Vg = �20 V at the same sample



Fig. 3. (a) Potential profile along the ‘1’ line of Fig. 2a measured with Vds = �8 V and Vg = �20 V under N2, highlighting the effect of
domains. (b) Gate bias dependent potential distribution along the ‘2’ line of Fig. 2a with Vds = �8 V. (c) Comparison of potential profiles
along the dash-line in Fig. 2a measured under N2 and O2 with the device operating with Vg = �20 V and Vds = �8 V. (d) Comparison of
gate voltage dependent potential drops measured under N2 and O2 at two domain boundaries marked in Fig. 2a.
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domains [1] and thus the domain boundaries are
much more resistive for carrier transport [3]. Fur-
thermore, it seems that the smooth domains show
a smaller slope potential profile as compared to
the rough domains, suggestive of higher conductiv-
ity of the smooth domains, whereas the steeper
potential profile of the rough domains was presum-
ably caused by disordered structures. The possible
structural difference among the cracks and bound-
aries led to different potential drops at cracks and
domain boundaries exhibiting energy or spatial bar-
rier for carrier transport [3], different gate bias
dependence and different sensitivity to oxygen as
discussed below. Fig. 3b shows the gate bias
(Vg = �10, �20 and �40 V) dependent surface
potential profiles along the ‘2’ line of Fig. 2a and
b measured when the device was operated with Vds

of �8 V under dry N2. It is found that the potential
drops at the drain-electrode/BP contact (left-hand
side in Fig. 2a), the cracks, the domain boundaries
and the source-electrode/BP contact (right-hand
side in Fig. 2a) depend on the gate bias. However,
the whole profiles show a complicated dependence.
In particular, we will address the dependence of
two domain boundaries below. Based on the poten-
tial profile measured along the ‘2’ line in Fig. 2b
with Vg of �20 V, the applied negative 8.0 V
between the source and the drain electrodes was
divided by the drain-electrode/BP, source-elec-
trode/BP, cracks and boundaries, and bulk as
0.54, 0.17, 4.69, and 2.60 V, respectively. The results
imply that the device performance of the BP BC-
OTFT is predominated (nearly 60% of applied
Vds) by cracks and domain boundaries in the chan-
nel, while the contact is not highly resistive when
compared to the cracks and boundaries. By consid-
ering ionization energy (� 5.08 eV) of BP [12] and
assuming no shift of vacuum level [13], we can draw
the energy band diagram for the BP TFT with Au
(EF = � 5.1 eV) source/drain electrodes as shown
in Fig. 4a, which depicts that no serious carrier
injection barrier exists. The non-linear behavior in
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the output characteristic measured under N2 and
small potential drop at the source contact in the
potential profile therefore may result from grain
boundaries and/or cracks adjacent to the contacts
due to discontinuous growth of BP film on/near
the S/D electrodes. All these suggest that the limit-
ing factor of the device is connectivity and different
orientation among neighboring domains across the
channel, whereas the injection barrier is not a major
Au drain 

Au source

BP

5.1 eV 

5.08 eV 

Increasing V
g

Ef

trap states 

ELUMO

EHOMO 

Domain boundary 

a

b

Fig. 4. (a) Schematic of energy band diagram of BP transistor
with Au source and drain electrodes. (b) Change in potential
barrier height at domain boundary with gate voltage.
problem since the channel does not have a large
conductance.

Fig. 3c compares the potential profiles measured
under N2 and O2 along the dash-line in Fig. 2a and c
with the device biased at Vds of �8.0 V and Vg of
�20 V. Although difference is present at the drain/
BP contact, we focus on the channel region since
the contact is not the most important limiting fac-
tors of the device performance as discussed above.
In general, as shown in Fig. 3c, when the device
was operating under O2, the potential drop at the
domain boundaries is not steeper as compared with
that under N2. From the transfer characteristics in
Fig. 1c, the linear mobility of the device operated
under N2 and O2 is about 0.009 cm2/Vs and
0.011 cm2/Vs, respectively. In addition, the shift of
Vth toward normally-on direction (from about
15 V under N2 to 20 V under O2) after exposure to
O2 might reflect an influence of O2 exposure on car-
rier density of the film. The enhancement of mobil-
ity when the device was exposed to O2 is in
agreement with the results of Shea et al. [14]. The
improvement of device performance is believed to
stem from the smaller potential drops at boundaries
under O2 as observed on the potential profile
(Fig. 3c), which may be partly due to the carrier
doping effect of O2 on the entire film. Moreover,
as discussed below, there exist other factors that
suggest a more obvious influence of O2 on the gap
states at the boundaries.

Let us concentrate on #1 and #2 domain bound-
aries in the dash-line as marked in Fig. 2a. Fig. 3d
shows a plot of potential drop changes upon apply-
ing different gate bias under N2 and O2. Firstly, dif-
ferent gate bias dependence of the domain boundary
is observed. In the case of #2 domain boundary, the
potential drop reduced with increase in negative gate
voltage, which is easily understood from the illustra-
tion in Fig. 4b. As gate voltage increased negatively,
the number of accumulated carriers (holes in this
case) increased and they gradually occupied the
grain boundary states, and finally released the pin-
ning of Fermi level. In contrast, a different gate bias
dependence is observed at #1 boundary, which is not
clearly understood based on the fundamental mech-
anisms of a field effect transistor. One possible rea-
son for this non-monotonic Vg dependence is a
dense discrete shallow trap which pins the Fermi
level only after a negative Vg is applied. Secondly,
for both boundaries the potential drops are smaller
when the device was operating under O2 than under
N2 at each gate bias as discussed above. Thirdly, the
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two domain boundaries exhibit different response to
O2 exposure. The differences of the potential drops
at #1 and #2 boundaries under N2 and O2 are
estimated to be 0.29 V (=0.92 � 0.63 V, in N2) and
0.01 V (=0.55 � 0.54 V, in O2), respectively.
Although the nature of the domain boundaries,
i.e., energy and density of the boundary states, is
not very clear at this stage, oxygen usually acts as
an acceptor in p-type organic semiconductors and
the increase of acceptor density narrows the deple-
tion-width in domain boundary. By considering that
#1 and #2 boundaries had nearly equal resistance in
N2 at Vg = �10 V, both depletion-width narrowing
and Vth shifting should lead to almost same potential
drops as a function of Vg for both the boundaries.
However, #1 and #2 boundaries exhibited different
responses to O2 exposure. Based on the comparison
of potential drops under N2 and O2, it is reasonable
to conclude that the different degrees of the influence
of O2 exposure on #1 and #2 boundaries is due to
different origins of the traps. And the shallower traps
in #1 were rather directly decreased by O2, which
adsorbed at the boundary, and probably diffused
into the film and in turn reached the channel.

4. Conclusion

We have found that the dominant factors influ-
encing the BP BC-OTFT fabricated by a solution-
based process are the domain boundaries and cracks
in the BP film by using atomic-force-microscopy
potentiometry under N2 and O2 atmospheres. Dif-
ferent dependences of domain boundaries on gate
bias and on ambient gasses were observed. The
observation of a smaller potential drop at domain
boundary under O2 than that under N2 indicates
that the exposure to O2 could form acceptor levels
which effectively weaken the Fermi level pinning at
some of the boundaries. Adsorbed O2 thus facili-
tates carrier transport in the BP device.
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Abstract

Polyaniline nanofibers embedded with undoped ZnO nanoparticles (NPs) or Ga-doped ZnO (ZnO:Ga) NPs were fab-
ricated and their structural and electrical properties were investigated. The uniform distribution of the NPs inside the poly-
aniline nanofibers was confirmed by transmission electron microscopy analysis. Polyaniline nanofibers embedded with
ZnO:Ga-NPs showed their higher conductivities, compared with polyaniline nanofibers embedded with undoped ZnO-
NPs. Single nanofibers electrospun from a mixture of a polyaniline solution with a 30 vol% ZnO:Ga-NPs dispersed-solu-
tion showed approximately five times higher conductivity than those electrospun from the polyaniline solution alone. This
observation indicates that the embedding of the ZnO:Ga-NPs significantly enhances the electrical characteristics of the
polyaniline nanofibers.
� 2008 Elsevier B.V. All rights reserved.

PACS: 72.80.Le; 72.60.+g; 73.63.Bd

Keywords: Conductivity; Electrospinning; Nanoparticles; Polyaniline
1. Introduction

Polymer-based devices have been attracted con-
siderable attention in the fields of flexible functional
and large-area electronics. In the fabrication of
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.001
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polymer electronics, recent studies have been
focused on the electrospinning method as a versatile
way of preparing polymer nanofibers [1–3]. Polymer
nanofibers play a significant role as functional units
in the fabrication of various electronics. Up to now,
polymer nanofiber-based devices have been inten-
sively studied in a wide range of applications, from
textiles and tissue to sensors and optoelectronics
[4–8]. However, the relatively low conductivity of
.
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polymers, as compared to that of inorganic materi-
als, is an obstacle to the realization of electronic
devices based on polymer nanofibers, despite the
advantages of polymer nanofibers such as their
low cost, flexibility and light weight. Polymer nanof-
ibers would be more readily applicable if their con-
ductivities were enhanced.

The electrical characteristics of organic electronic
materials have often been enhanced by adding inor-
ganic materials with high conductivity [9,10]. Based
on this concept, we developed a simple method of
remarkably increasing the conductivities of polymer
nanofibers. This simple method is based on the
incorporation of heavily doped n-type inorganic
nanomaterials into p-type polymer nanofibers. The
essence of this idea is to bring about the type con-
version of the polymer nanofibers from p- to n-type
in order to increase both the mobility and concen-
tration of the major carriers within them. Polyani-
line (PANi) nanofibers were used in this work as
representative conducting polymer nanofibers with
conjugated bonds, and undoped ZnO nanoparticles
(NPs) or Ga-doped ZnO (ZnO:Ga) NPs were uti-
lized as n-type inorganic NPs; note that undoped
ZnO materials are normally n-type. The embedding
of undoped ZnO-NPs or ZnO:Ga-NPs into the
PANi nanofibers was performed to increase the con-
ductivities of the PANi nanofibers. In this study,
PANi nanofibers and undoped ZnO-NPs or ZnO:
Ga-NPs-embedded PANi nanofibers were fabri-
cated first by electrospinning, and the electrical
characteristics of each of the single nanofibers were
investigated. (For simplicity, undoped ZnO-NPs
will be written as ZnO-NPs henceforth).

2. Experimental

PANi solution was produced as follows. One
grams of commercial emeraldine salt PANi
(C6H8N2, Sigma–Aldrich Inc.) and 1.29 g of cam-
phorsulfonic acid (HCSA) were dissolved in
100 ml chloroform as the solvent, and the solution
was stirred for 6 h using a magnetic stirrer, resulting
in a light-green solution. HCSA was used not only
to protonate PANi, but also to induce the solubility
of PANi in the chloroform solvent [11]. The resul-
tant solution was filtered using a 0.20 lm mixed-cel-
lulose-ester filter, and the volume of the filtered
solution was about 80 ml. Then 0.16 g of poly(ethyl-
ene-oxide) [PEO, (C2H4O) � nH2O, Sigma–Aldrich
Inc.] with a molecular weight of 900,000 was added
to the filtered solution, and this solution was stirred
for 2 h using a magnetic stirrer. The reason for add-
ing the PEO to the filtered solution was to enable
the solution to be easily transformed into nanofibers
during the electrospinning [12] henceforth, a mix-
ture of PANi and PEO is labeled PANi for
convenience.

Solutions dispersed with ZnO-NPs or ZnO:Ga
(5 wt%) NPs were prepared as follows. One hundred
milliliter of a methanol-based 0.1 M NaOH solution
was first heated to 65 �C on a hot plate, and 2.19 g
of zinc acetate dihydrate [(C2H3O2)2Zn � 2H2O,
Sigma–Aldrich Inc.] was then added. In a few sec-
onds, ZnO-NPs were formed in the solution whose
color became clearer. The addition of 0.157 g of gal-
lium(III) nitrate hydrate [Ga(NO3)3 � xH2O, Sigma–
Aldrich Inc.] to 100 ml of the ZnO-NPs solution at
65 �C led to the dispersion of the ZnO:Ga (5 wt%)
NPs in the solution. To confirm the Ga doping into
the ZnO-NPs, the solution was spin-coated on a Si
substrate, and the NPs dispersed on the substrate
were analyzed by X-ray photoelectron spectroscopy
(XPS, Physical Electronics PHI 5700 ESCA spec-
trometer) with an Al Ka (ht = 1486.6 eV) X-ray
source.

After the preparation of the PANi solution and
the NPs-dispersed-solution, these two solutions
were volumetrically mixed at ratios of 10,20,30, or
40 vol% of the NPs-dispersed-solution (hereafter,
these solutions are referred to as the 9:1, 8:2, 7:3,
and 6:4 PANi/NPs solutions, respectively), and the
mixed solutions were stirred vigorously with a mag-
netic stirrer. The PANi-only solution and the PANi-
and NPs-mixed solutions were electrospun to fabri-
cate PANi-only nanofibers and NPs-embedded
PANi nanofibers, respectively. Ten milliliter of the
polymer solutions were placed in a syringe with a
metal capillary tip having an inner diameter of
0.15 mm and the feeding rate of the solutions during
the electrospinning was maintained at 1 ml/h by a
mechanical syringe pump. The electrospinning was
performed using a commercial electrospinning sys-
tem (NNC-SP200, NanoNC, Korea), and the
applied voltage and distance between the metal tip
and collector in the electrospinning process were
4 kV and 10 cm, respectively. A metallic plate
wrapped with Al foil was used as the collector.
NPs-embedded PANi nanofibers were obtained by
the electrospinning of the 9:1, 8:2, 7:3, and 6:4
PANi/NPs solutions (hereafter, these nanofibers
are referred to as the 9:1, 8:2, 7:3, and 6:4 PANi/
NPs nanofibers, respectively). The nanofibers were
investigated using transmission electron microscopy
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(TEM, FEI Technai G2 F30) to examine their struc-
tural properties, including the shapes and diameters
of the nanofibers, and to confirm the presence of
NPs within them. The current density–voltage (J–
V) measurement for the nanofibers was performed
with an HP4155 C semiconductor parameter ana-
lyzer. All electrical measurements were conducted
at room temperature in a vacuum.

3. Results and discussion

High resolution TEM (HRTEM) analysis and
XPS measurement were made to confirm the suc-
cessful formation of ZnO-NPs and ZnO:Ga-NPs.
The HRTEM image of ZnO-NPs is shown in
Fig. 1a. The crystalline NPs with a diameter of 3–
Fig. 1. (a) TEM image of synthesized ZnO-NPs, and (b) XPS
spectrum of the spin-coated ZnO:Ga film. The inset in (b) shows
the Ga 2p core level present at a binding energy of 1118.6 eV.
5 nm were indicated by light-gray colored arrows,
and those NPs were identified indeed to be ZnO
by energy dispersive X-ray (EDX) analysis. XPS
spectrum obtained from a solid film composed of
ZnO:Ga-NPs is plotted in Fig. 1b. While the peaks
corresponding to Zn or O ions are present in the
entire energy range of the spectrum, a weak peak
corresponding to the Ga 2p core level is seen at
1118.6 eV [13], this peak is more clearly shown in
the inset of Fig. 1b. The presence of this peak at a
binding energy of 1118.6 eV in the XPS spectrum
indicates the successful doping of Ga ions into the
ZnO-NPs through their substitution into the Zn
sites, since the peak position of elemental Ga ions
is known to be at around 1117 eV [14].

Fig. 2 shows the TEM images of (a) a PANi-only
nanofiber, (b) a ZnO-NPs-embedded PANi nanofi-
ber, and (c) a ZnO:Ga-NPs-embedded PANi nanofi-
ber; note that images (b) and (c) were taken from the
7:3 PANi/ZnO-NPs and PANi/ZnO:Ga-NPs nanof-
ibers, respectively. TEM image (a) demonstrates that
the PANi nanofiber with a diameter of about 600 nm
contains irregularly shaped and distributed pores.
The formation of these pores is caused by the fast
evaporation of the solvent [15]. TEM images (b)
and (c) show that the diameters of the 7:3 PANi/
NPs nanofibers are about 350 nm. These diameters
are smaller than that of the PANi nanofiber. This
is because the diameter of the electrospun nanofibers
decreases as the viscosity of the polymer solution
decreases [16,17]. When the NPs-dispersed alcohol-
based solution and polymer (PANi) solution were
mixed, the viscosity of the mixed solution decreased
noticeably at a certain volumetric ratio with an
accompanying/due to the increase in the volume of
the NPs-dispersed-solution. In addition, the diame-
ters of the 9:1 and 8:2 PANi/NPs nanofibers were
600 and 480 nm, respectively. The diameters of the
9:1 PANi/NPs nanofibers were the same as those
of the PANi nanofibers, and those of the 8:2
PANi/NPs nanofibers were larger than those of the
7:3 PANi/NPs nanofibers. This observation sup-
ports our suggestion that the reduction in the diam-
eter of the PANi/NPs nanofibers results from the
decrease in the viscosity of the polymer solution
due to the increase in the volume of the NPs-dis-
persed-solution.

HRTEM images of the PANi/NPs nanofibers
were obtained to confirm the embedding of the
NPs into the nanofibers. Fig. 3 shows the HRTEM
images of (a) a PANi-only nanofiber, (b) a 7:3
PANi/ZnO-NPs nanofiber, and (c) a 7:3 PANi/



Fig. 2. TEM images of: (a) a PANi nanofiber, (b) a ZnO-NPs-embedded PANi nanofiber, and (c) a ZnO:Ga-NPs-embedded PANi
nanofiber. Note that images (b) and (c) were taken from the 7:3 PANi/ZnO-NPs and PANi/ZnO:Ga-NPs nanofibers, respectively.
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ZnO:Ga-NPs PANi nanofiber. In Figs. 3b and c, the
crystallites with a diameter of 3–5 nm are indicated
with light-gray colored arrows. Since there were no
evident crystallites in the HRTEM image (a) of the
PANi-only nanofiber, the crystallites seen in the
HRTEM images (b) and (c) correspond to ZnO
and ZnO:Ga-NPs, respectively. In addition, since
the NPs have darker contrast than the fiber matrix
does, it can also be concluded that the NPs are well
distributed over the nanofibers when considering
the contrast of the low magnification TEM images
in Fig. 2.

Fig. 4 shows the electrical properties of the elec-
trospun nanofibers. First of all, for all of the differ-
ent nanofibers under study, a single nanofiber was
suspended across two gold electrodes with a separa-
tion of 20 lm on top of a thermally oxidized Si sub-
strate to investigate its electrical properties. The
optical image of a single nanofiber lying on the pat-
terned substrate is shown in Fig. 4a, and a sche-
matic cross-sectional diagram of the structure is
shown in the inset of this figure. For the selected
nanofiber, the channel length is about 22 lm. Note
that for each of the single nanofibers under study,
the channel length was measured accurately to esti-
mate its conductivity. Fig. 4b shows the J–V curves
obtained in vacuum from single PANi/NPs nanofi-
bers with a ratio of 7:3; for comparison, the J–V

curve (marked by solid squares) taken from a single
PANi nanofiber was added to these three figures. In
addition, for a more accurate and direct compari-
son, the conductivities of the nanofibers (Fig. 4c)
were estimated by calculating their resistivities
which were derived from the slopes of linear-fitted
I–V curves at applied voltages ranging from 0 to
5 V; their effective lengths were considered for the
estimation. The conductivity of the PANi-only
nanofiber measured in a vacuum is 2.8 � 10�7 S/cm.
This magnitude is much lower than those reported
by other research groups [12,18,19]. The conductiv-



Fig. 3. HRTEM images of: (a) a PANi nanofiber, (b) a 7:3 PANi/ZnO-NPs nanofiber, and (c) a 7:3 PANi/ZnO:Ga-NPs PANi nanofiber.
The light-gray colored arrows indicate NPs.
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ity of the PANi nanofiber is significantly dependent
on the measuring ambient. In particular, PANi is a
moisture sensitive polymer [20]. The conductivity of
the PANi-only nanofiber increased by about five-
orders of magnitude (4.8 � 10�2 S/cm) when the
measurement was made in air instead of in a
vacuum.

The conductivity of the 9:1 PANi/ZnO-NPs
nanofiber measured in a vacuum is slightly lower
(2.7 � 10�7 S/cm) in magnitude than that of the
PANi-only nanofiber. This observation can be
explained by the charge compensation of the major
charge carriers in the nanofiber. PANi is known to
have p-type characteristics [21] and ZnO-NPs to
have n-type characteristics [10]. The embedding of
the ZnO-NPs into the PANi nanofiber results in
the provision of electrons from the n-type ZnO-
NPs to the p-type PANi nanofiber due to the larger
electron affinity (4.4 eV) of PANi semiconducting
materials than that (4.2 eV) of ZnO semiconducting
ones (see the energy diagram drawn in the inset of
Fig. 4c [22,23]). The provision of electrons from
the n-type ZnO-NPs compensates for the holes
(major charge carriers) in the p-type PANi nanofi-
ber. The reduction of the whole concentration due
to the charge compensation leads to a decrease in
the conductivity of the nanofiber. Furthermore,
the conductivity of the 9:1 PANi/ZnO:Ga-NPs
nanofiber was estimated to be 2.0 � 10�7 S/cm,
which is lower than that of the 9:1 PANi/ZnO-
NPs nanofiber. The lower conductivity of the 9:1
PANi/ZnO:Ga-NPs nanofiber originates from the
greater compensation of holes in the p-type PANi
nanofiber, since ZnO:Ga-NPs provide a larger num-
ber of electrons than ZnO-NPs; Ga ions act as n-
type dopants in ZnO semiconductors [24,25].

In contrast to the 9:1 PANi/ZnO-NPs and PANi/
ZnO:Ga-NPs nanofibers, the current density and
conductivity of the 8:2 PANi/NPs nanofibers were
higher than those of the PANi-only nanofiber, as



Fig. 4. (a) Optical image of a single nanofiber lying on the patterned substrate, the J–V curves of a single PANi/NPs nanofiber with a ratio
of (b) 7:3, and (c) the estimated conductivities of the nanofibers. A schematic cross-sectional diagram of the single nanofiber lying on the
patterned substrate is shown in the inset of (a). The J–V curves (marked by solid squares) taken from a single PANi-only nanofiber are
included in (b), and the band diagrams of PANi and ZnO are drawn in the inset of (c).
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shown in Fig. 4c. In the 8:2 PANi/NPs nanofibers,
more electrons are transferred from the NPs to the
PANi nanofibers, compared with the 9:1 PANi/
NPs nanofibers. The higher current density and con-
ductivity of the 8:2 PANi/NPs nanofibers compared
to those of the PANi-only nanofiber indicate that
excess electrons remain in the PANi nanofibers after
the complete compensation of holes by the trans-
ferred electrons. Accordingly, we suggest that in
the PANi/NPs nanofibers obtained from the NPs-
dispersed-solutions with a mixed ratio of 20 vol%,
the majority of the carriers in the nanofiber change
from holes to electrons; in other words, the type
conversion of the nanofibers from p-type to n-type
occurs. This hypothesis is supported by the observa-
tion that the conductivity (5.0 � 10�7 S/cm) of the
8:2 PANi/ZnO:Ga-NPs nanofiber is higher than
that of the 8:2 PANi/ZnO-NPs nanofiber. Further-
more, the current density and conductivity of the 7:3
PANi/NPs nanofibers shown in Figs. 4b and c,
respectively, are much larger than those of both
the other PANi/NPs nanofibers and the PANi-only
nanofiber. The experimental results on the 7:3
PANi/NPs nanofibers are consistent with the type
conversion of the nanofibers caused by the embed-
ding of the n-type NPs. In particular, the conductiv-
ity of the 7:3 PANi/ZnO:Ga-NPs nanofiber of
1.4 � 10�6 S/cm is the highest among all the single
nanofibers fabricated in this study. The conductivity
of the 7:3 PANi/ZnO:Ga-NPs was remarkably
enhanced compared with that of the PANi-only
nanofiber. This remarkable enhancement in conduc-
tivity is due to both the higher mobility of electrons
than that of holes and the increased electron
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concentration, according to the equation of conduc-
tivity expressed as

r ¼ nql

where n and l are the concentration and mobility of
the charge carriers. On the basis of our analysis of
the electrical properties of the NPs-embedded PANi
nanofibers, we suggest the embedding of n-type
ZnO:Ga-NPs as an efficient and useful method of
improving the electrical characteristics of p-type
polymer nanofibers.

4. Conclusions

The electrical characteristics of PANi nanofibers
embedded with ZnO- and ZnO:Ga-NPs were inves-
tigated in this work. The doping of Ga ions into the
ZnO-NPs and the embedding of ZnO-NPs into the
PANi nanofibers were confirmed by the XPS and
HRTEM studies, respectively. The current density
and conductivity of the 9:1 PANi/NPs nanofibers
were lower in magnitude than those of the PANi-
only nanofibers, indicating that the addition of a rel-
atively small amount of NPs to the PANi nanofibers
causes a drop in their conductivity due to the result-
ing charge compensation. In contrast, the current
density and conductivity of the 8:2 PANi/NPs
nanofibers were higher in magnitude than those of
the PANi-only nanofibers, while those of the 7:3
PANi/NPs nanofibers were enhanced even more.
The doping of Ga ions into the ZnO-NPs enhances
the electrical characteristics of all of the PANi/NPs
nanofibers. This remarkable enhancement in their
conductivity is explained by the type conversion of
the nanofibers from p-type to n-type. The increase
in the number of NPs and the doping of Ga ions
into the NPs in the PANi nanofibers increase the
concentration of electrons transferred from the
NPs into the PANi nanofibers, leading to the type
conversion. Consequently, the conductivity of the
NPs-embedded nanofibers increases due to both
the higher mobility of electrons than that of holes
and the increased electron concentration.
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Abstract

A host material containing tetraphenylsilane moiety, 9-(4-triphenylsilanyl-(1,10,4,100)-terphenyl-40 0-yl)-9H-carbazole
(TSTC), was synthesized for green phosphorescent organic light emitting diodes. The tetraphenylsilane moiety was intro-
duced to provide high triplet energy level, thermal and chemical stability, and glassy properties leading to high efficiency
and operational stability of the devices. Ir(ppy)3 based OLEDs using the TSTC host and DTBT (2,4-diphenyl-6-(40-triphe-
nylsilanyl-biphenyl-4-yl)-1,3,5-triazine) hole blocking layer (HBL) resulted in the maximum external quantum efficiency of
19.8% and the power efficiency of 59.4 lm/W. High operational stability with a half lifetime of 160,000 h at an initial lumi-
nance of 100 cd/m2 was achieved from an electrophosphorescent device using TSTC host and BAlq HBL.
� 2008 Elsevier B.V. All rights reserved.

PACS: 72.80.Le; 78.60.Fi; 85.60.Jb
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1. Introduction

Organic light emitting diodes (OLEDs) have
been a subject of intense academic and industrial
research for the last two decades due to their poten-
tial application in displays and solid state lighting.
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.002
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Phosphorescence materials are attractive for
OLEDs due to their ability of highly efficient emis-
sion through harvesting of both singlet and triplet
excitons [1–9]. Utilization of phosphorescent dyes
as the light emitting material in OLEDs requires
proper host materials [10]. Good host materials in
phosphorescent OLEDs should possess higher trip-
let energy than that of the guest molecule to prevent
exothermic energy transfer from the emissive dop-
ant to the host material and good morphological
stability to improve the operational stability of the
device. A number of materials have been reported
.
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as the host for highly efficient green emitting phos-
phorescent devices, which include 4-40-N-N0dica-
rbazolylbiphenyl (CBP), bathcuproin (BCP),
triazole, and oxadiazole derivatives [11,12]. Among
them, CBP has been widely utilized for fabricating
green-emitting OLEDs, while Ir(ppy)3 is the most
popular dopant. Nevertheless, these green-emitting
phosphorescent OLEDs are still unable to achieve
the desired high efficiency combined with high oper-
ational stability. Ir(ppy)3 doped OLEDs employing
the BCP hole blocking layer result in low stability of
half lifetime of <700 h at an initial luminance (L0) of
600–1200 cd/m2 [2,13] where half-life, T1/2, is
defined as the time for the luminance to decay to
0.5L0.

In this study, we synthesized a new host material
containing tetraphenylsilane, 9-(4-triphenylsilanyl-
(1,10,4,100)-terphenyl-400-yl)-9H-carbazole (TSTC),
and used as the host for green electrophosphores-
cent devices. The tetraphenylsilane moiety is
expected to provide high LUMO level, thermal
and chemical stability, and glassy properties
[14,15], resulting in high efficiency and operational
stability of a device. Ir(ppy)3 based OLEDs employ-
ing the new host material and DTBT (2,4-diphenyl-
6-(40-triphenylsilanyl-biphenyl-4-yl)-1,3,5-triazine)
hole blocking layer (HBL) resulted in the maximum
external quantum efficiency (gext) of 19.8% and the
power efficiency (gp) of 59.4 lm/W. High opera-
Si Cl + Br Br
n-BuLi
ether Si

[1]

H
N

+ Br Br

[2] + [3]
2M-K2CO3 / Pd(PPh3)4

toluene
Si

CuI / C6H10(N

K3PO4 / 1,4-di

Scheme 1. Synthetic
tional stability of T1/2 = 160,000 h at L0 = 100 cd/
m2 was achieved using the host and BAlq HBL.

2. Experimental

2.1. Synthesis of host material (TSTC)

As indicated in Scheme 1, the TSTC was pre-
pared by Suzuki–Miyamura coupling reaction of
4-triphenylsilylphenylboronic acid and 9-(40-bromo-
biphenyl)-carbazole for use as a host material in the
electrophosphorescent device.

Triphenyhl silyl chloride, 1,4-dibromo benzene,
n-butyl lithium, trimethyl borate, 4-bromobenzalde-
hyde, carbazole, 1,4-dibromobiphenyl, copper(I)
iodide, trans-1,2-diaminocyclohexane and tetrakis-
(triphenylphosphine)palladium(0) were purchased
from Aldrich Chemical Co. and used without fur-
ther purification. Tetrahydrofurane, diethyl ether,
1,4-dooxane, and toluene were purchased from
Oriental Chemical Industries and dried over calcium
hydride before use.

Synthesis of 4-bromophenyl-triphenyl silane [1].

To a 500 ml, three-neck flask equipped with addi-
tion funnel and a mechanical stirrer were added
dried ether (100 ml) and 1,4-dibromobenzene
(9.6 g, 0.0407 mol). n-BuLi (26 ml, 1.6 M in hexane)
was added to the reaction mixture which was cooled
to �78 �C. The reaction mixture was stirred at room
Br
n-BuLi / B(OCH3)3

THF
Si B(OH)2

[2]

NBr

[3]

N

H2)2

oxane

TSTC

route to TSTC
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temperature for 30 min. Ether (100 ml) solution dis-
solved triphenyl silyl chloride (10 g, 0.034 mol) was
added to reaction mixture slowly through an addi-
tion funnel at �78 �C. The solution was stirred at
room temperature for 1 h. The reaction mixture
was poured into water and then this aqueous solu-
tion was extracted with diethyl ether. The extracts
were washed with water and dried over MgSO4.
The crude product was purified by silica gel chroma-
tography using hexane to obtain the white powder.
The yield was 70%. 1H NMR (300 MHz, CDCl3) d
[ppm]: 7.54 (d, 8H, Ar–H), 7.43 (d, 2H, Ar–H), 7.36
(m, 9H, Ar–H).

4-Phenyl boronic acid triphenyl silane [2]. Dried
THF (250 ml) and 4-bromotriphenyl silane [1]
(8.3 g, 0.02 mol) were added into 500 ml three neck
flask equipped with a condenser and mechanical
stirrer under nitrogen. n-BuLi (20 ml, 1.6 M in hex-
ane) was added to the reaction mixture which was
cooled to �78 �C. The reaction mixture was stirred
at �78 �C for 1 h. After lithiation, trimethyl borate
(4.2 g, 0.04 mol) was rapidly added to the reaction
mixture which was cooled to �78 �C. The solution
was stirred at room temperature for 3 h. The reac-
tion mixture was poured into a mixture of ice and
water. The mixture was acidified with 2 N-HCl
and extracted with ethyl acetate, and organic phase
was washed tree times with water, dried over
MgSO4. The crude product was purified by chroma-
tography on silica gel using ethyl acetate/hexane
(1:2) as the eluent to obtain the white powder. The
yield was 50%. 1H NMR (300 MHz, CDCl3) d
[ppm]: 8.20 (d, 2H, Ar–H), 7.60 (d, 2H, Ar–H),
7.56 (m, 7H, Ar–H, –OH), 7.43 (m, 10H, Ar–H).

9-(40-bromobiphenyl)-carbazole [3]. Carbazole
(10 g, 0.06 mol) and 1,4-dibromobiphenyl (18.7 g,
0.06 mol), copper iodide (0.4 g, 1.92 mmol), trans-
1,2-diaminocyclohexane (2.3 g, 19.8 mmol) and
1,4-dioxane (150 ml) were added into 500 ml round
flask equipped with a condenser and mechanical
stirrer. The reaction mixture was heated to 100 �C
for 15 h. After completion of the reaction, the crude
product was purified by chromatography on silica
gel using ethyl acetate/hexane (1:4) as the eluent
to obtain the white powder. The yield was 32%.
1H NMR (300 MHz, CDCl3) d [ppm]: 7.55 (d, 2H,
Ar–H), 7.50 (m, 4H, Ar–H), 7.40 (m, 4H, Ar–H),
7.30 (d, 2H, Ar–H), 7.08 (t, 2H, Ar–H), 7.00 (t,
2H, Ar–H).

9-(4-Triphenylsilanyl-[1,10,4,100]-terphenyl-400-yl)-

9H-carbazole (TSTC). 9-(4’-bromobiphenyl)-car-
bazole (6 g, 0.015 mol), tetrakis(triphenylphos-
phine)palladium(0) (0.17 g, 0.15 mmol), 2 M-
K2CO3 (60 ml) and toluene (200 ml) were added to
a 500 ml three neck flask under nitrogen. The pre-
pared 4-phenyl boronic acid triphenyl silane (5.7 g,
0.015 mol) was added to the solution and heated
to 110 �C for 5 h. After cooling to room tempera-
ture, the reaction mixture was diluted with diethyl
ether and organic phase was washed with water.
After drying over MgSO4, the solvent was removed.
The resulting crude product was passed through
flash column chromatography to remove impurities
and recrystallized from ethanol to obtain a white
solid product. The yield of product was 74%. 1H
NMR (300 MHz, CDCl3) d [ppm]: 8.18 (d, 2H,
AR–H), 7.88 (d, 2H, Ar–H), 7.80 (m, 3H, Ar–H),
7.69 (m, 12H, Ar–H), 7.44 (m, 12H, Ar–H), 7.33
(m, 2H, Ar–H).). MS (ESI) (calcd for C48H35NSi,
653.2; found, 654) m/e: 654, 636, 584, 520, 487,
449, 392, 331, 271.

2.2. Characterization of materials

Absorption spectra of solutions were recorded
with VARIAN Cary� 5000 UV–vis spectrophotom-
eter from 250 to 700 nm. Photoluminescence (PL)
spectra were measured in a system comprising a
He:Cd CW laser (Melles-Griot 45MRS802-230)
and a monochromator with a photomultiplier tube
(Acton Research P2/PD-471). Phosphorescence
spectra at 12 K were measured by using an ICCD
camera (Princeton Instruments 7397-0005) with a
Nd-YAG laser (Continuum Surelite 11-10) as the
excitation source. Excitation laser power was few
tens of lJ, which is close to the detection limit of
phosphorescenece emission. Cyclic voltametry were
carried out with a potentiostat (Princeton Applied
Research model VSP) using a three electrode cell
assembly comprising a Ag/Ag+ as the reference elec-
trode and Pt as the counter and working electrodes,
respectively. Measurements were carried out in N2-
saturated N,N-dimethylformamide (for BCP and
DTBT) and dichloromethane (for BAlq, CBP,
TSTC and Ir(ppy)3) solution with tetrabutylammo-
nium hexafluorophosphate (0.1 M) as a supporting
electrolyte. The potential was calibrated with NPB
as a reference. The HOMO level of the BCP and
DTBT were obtained from the measurement of
the LUMO level and the optical bandgap of the
materials, respectively [15]. Current density–volt-
age–luminescence characteristics of OLEDs were
measured with a Keithley 2400 source meter and
SpectraColorimeter PR650.



Table 1
Summary of the material properties

Materials HOMO energy
(eV)

LUMO energy
(eV)

ETenergy (eV)

NPB 5.4 2.3 2.3 [2]
Ir(ppy)3 5.4 2.9 2.42–2.46 [16,17]
TSTC 6.0 2.5 2.4
CBP 6.0 2.9 2.56 [2]
DTBT 6.6 3.1 2.44 [15]
BCP 6.3 2.8 2.50 [2]
BAlq 5.9 2.9 2.18 [19]
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3. Results and discussion

3.1. Characterization of the host material

The TSTC was prepared by a Suzuki–Miyamura
coupling reaction of 4-triphenylsilylphenylboronic
acid and 29-(40-bromobiphenyl)-carbazole (Scheme
1). The HOMO level of the material measured by
the cyclic voltammetry technique was 6.0 eV, which
is almost the same as the CBP. Fig. 1 shows the
absorption and fluorescence spectra of TSTC and
CBP film and phosphorescent spectra of TSTC film
measured at 12 K. The energy gap of the TSTC film
obtained from the absorption edge of the spectra
was 3.5 eV, which is higher than that of CBP
(3.2 eV). As a result, the LUMO level of the TSTC
is higher (0.3 eV) than CBP. This high LUMO level
will have significant effect on the electron mobility
in the Ir(ppy)3 doped layer and the efficiency of
the devices as will be discussed later. It is interesting
to note that the TSTC emits fluorescence at longer
wavelength than CBP even though the HOMO–
LUMO energy gap of TSTC is higher than the
CBP film. The triplet energy level (ET) of TSTC host
estimated from the phosphorescence peak was
2.4 eV as shown in the inset of Fig. 1. The ET of
TSTC host is lower than that of commonly used
CBP host (ET = 2.56 eV) and similar to that of
green phosphorescent dopant such as Ir(ppy)3

(ET = 2.42–2.46 eV) [16,17]. Even though the triplet
energy level of the TSTC host is a little lower than
the Ir(ppy)3 dopant, it does not reduce the light
Fig. 1. Absorption and emission spectra of CBP and TSTC films, and e
shows the phosphorescent spectrum of TSTC film at T = 12 K.
emitting efficiency very much by the energy transfer
as will be demonstrated by high efficiency using the
host material. The HOMO, LUMO and triplet
energy levels of the material are summarized in
Table 1 and compared with CBP and hole blocking
materials used for the fabrication of OLEDs.

3.2. Phosphorescent OLEDs

The OLEDs are fabricated by thermal evapora-
tion onto a cleaned glass substrate precoated with
indium tin oxide (ITO) without breaking the vac-
uum. Prior to organic layer deposition, ITO sub-
strates were degreased in acetone and IPA
followed by the exposure to UV–ozone flux for
10 min. All organic layers were grown by thermal
evaporation at the base pressure of <5 � 10�8 Torr
in the following order: hole transporting layer
(HTL)/emitting layer (EML)/hole blocking layer
mission spectrum of Ir(ppy)3 at room temperature (RT). The inset
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(HBL)/electron transporting layer (ETL)/cathode.
40-nm-thick NPB was used as the HTL, 30-nm-
thick TSTC or CBP doped with 6 wt.% Ir(ppy)3 as
the EML, 10-nm thick DTBT (2,4-diphenyl-6-(40-
triphenylsilanyl-biphenyl-4-yl)-1,3,5-triazine) [15],
BCP or BAlq as the HBL and 40-nm-thick Alq3

as the ETL, respectively. Finally, the cathode con-
sisting of a 1-nm-thick LiF and a 100-nm-thick layer
of Al were deposited onto the sample surface. The
schematic diagram of the device structure and the
chemical structures of the materials are shown in
Fig. 2.

Fig. 3 exhibits the current density–voltage–lumi-
nance (J–V–L) characteristics of the phosphorescent
OLEDs where 6 wt.% Ir(ppy)3 was doped into CBP
and TSTC with three different HBLs. The J–V–L

characteristics of the TSTC:Ir(ppy)3 devices are very
similar to the CBP:Ir(ppy)3 devices with the same
HBL, indicating that most of the device characteris-
tics can be explained by the properties of hole block-
ing materials [15]. It is noteworthy, however, that
the maximum gext and gp with TSTC host and
DTBT HBL are much higher than those of com-
monly used CBP host and BCP HBL, respectively,
as shown in Fig. 4 and summarized in Table 2.
When we employ TSTC host and DTBT HBL, the
peak gext and gp reaches to 19.8% and 59.4 lm/W
(at 64.3 cd/A and 0.002 mA/cm2). The control
devices adopting CBP host and BCP HBL showed
the peak gext of 14.5% and gp of 40.0 lm/W (at
Fig. 2. The electrophosphorescent device structure and the c
49.1 cd/A and 0.004 mA/cm2), which are similar to
the recently reported results [3–5,15]. The devices
with DTBT and BCP hole blocking layers with the
same host gave higher efficiency than BAlq espe-
cially at low current densities, which can be
explained by better hole blocking ability of DTBT
and BCP coming from the lower HOMO levels than
BAlq [15]. The reason why the high quantum effi-
ciency could be obtained from the devices using
TSTC host can be understood based on the trapping
of both electrons and holes in the dopant sites
because of the lower LUMO and higher HOMO
levels of the dopant than the host. In contrast the
CBP host has the same LUMO level as the dopant
so that electrons are not trapped at the dopant sites
and the direct exciton formation on the dopant site
is less efficient than TSTC host.

More significant improvement in the device per-
formance by using TSTC as the host for Ir(ppy)3

comes from the device lifetime. The stability of the
devices using various HBLs and EML hosts was
examined at various luminances of 100–5000 cd/m2

under constant currents at room temperature and
the results are shown in Fig. 5 and Table 2. The
operational lifetime of the devices differ by more
than two orders of magnitude depending on hole
blocking and host materials. The devices with the
BAlq hole blocking layer gave the longest lifetime
among the three HBLs even though the devices with
the BCP and DTBT HBLs show higher efficiency
hemical structure of the materials used in the devices.



Fig. 3. Current density–voltage (J–V) and luminescence–voltage (L–V) characteristics for (a) CBP and (b) TSTC host with three different
hole–block materials, respectively.
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than BAlq HBL. It is worthwhile to note that the
devices using the TSTC host show much longer life-
time than the devices with CBP host if the same
HBL is employed for the devices. For instance, the
device with the TSTC host and BAlq HBL shows
T1/2 = �10,000 h at L0 = 500 cd/m2 which is much
longer than 2550 h obtained from the device with
the CBP host and BAlq HBL. The result is a signif-
icant improvement over that reported by Watanabe
et al. of T1/2 � 4000 h at L0 = 570 cd/m2 for an
Ir(ppy)3 based device [13].

All devices exhibit linear relationships in logT1/2

vs logL0 as previously suggested [7,18]. The half life-
time of phosphorescent OLEDs with the BAlq HBL
was estimated to be T1/2 = 160,000 for TSTC host
when extrapolated to L0 = 100 cd/m2 using
T1/2 / (1/L0)a, which is much longer than 37,000 h
for the CBP host. This result indicates that the tri-
phenyl silane moiety in TSTC host improved ther-
mal stability and glassy property resulting in the
increase of operational stability. It is interesting to
note that the slope in the logT1/2 vs logL0 plot is
smaller for the devices with BCP than the devices
with other HBLs of DTBT and BAlq3, where the
latter devices give almost the same slope in the fig-
ure. Furthermore the devices with the TSTC host
give almost five times improvement in the lifetime
regardless of the initial luminance and the hole
blocking material in the devices. Those observations
need more study to understand and are under inves-
tigation now. Since the device stability is one of the
most serious problems in OLEDs, we believe that



Fig. 4. The external quantum efficiency and power efficiency of OLEDs as a function of luminance using 6 wt.% Ir(ppy)3:CBP and 6 wt.%
Ir(ppy)3:TSTC as the emitting layers with three different hole–block layers, respectively.

Table 2
Summary of device performances

Devices gext
a (%) gp

a (lm/W) gext
b (%) gp

b (lm/W) T1/2
c (h)

CBP(host)/DTBT(HBL) 17.5 47.8 14.3 28.5 7000
CBP(host)/BCP(HBL) 14.5 40.0 12.2 25.4 1500
CBP(host)/BAlq(HBL) 8.1 14.4 7.4 14.3 37,000
TSTC(host)/DTBT(HBL) 19.8 59.4 12.5 26.0 –
TSTC(host)/BCP(HBL) 16.0 46.7 11.5 23.7 4800
TSTC(host)/BAlq(HBL) 9.7 20.6 9.6 18.9 160,000

a Peak values of the devices.
b Values collected at 100 cd/m2.
c Half lifetime extrapolated to the initial luminance of 100 cd/m2 (as shown in Fig. 5).
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Fig. 5. The time for the luminance to decay to half of initial luminance (T1/2) vs initial luminance (L0). Extrapolated lifetime of 160,000 h
at 100 cd/m2 can be obtained for TSTC(host)/BAlq(HBL) based device.
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this prolonged lifetime by employing the TSTC host
is a significant contribution to OLEDs.

4. Conclusion

In summary, we synthesized a new host material
containing tetraphenylsilane group, TSTC, and
demonstrated phosphorescent OLEDs with high
efficiency and operational stability. The tetraphe-
nylsilane moiety was introduced to provide high
LUMO level, thermal and chemical stability, and
glassy properties, leading to high efficiency and
operational stability of the devices. Ir(ppy)3 based
OLEDs using the DTBT HBL and TSTC host
resulted in the maximum gext of 19.8% and the gp

of 59.4 lm/W. High operational stability with the
operational half lifetime of 160,000 h at L0 =
100 cd/m2 was achieved using the TSTC host and
BAlq HBL.
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Abstract

We have studied the morphology of pentacene films on different silicon surfaces with orientations between Si(111) and
Si(001). Pentacene molecules are immobile on the Si surface, covering and passivating reactive defect sites. Molecules
deposited on top of a closed amorphous wetting layer exhibit isotropic diffusion with diffusion lengths of several tens
of micrometers. Neither steps, nor the surface structure affect the film morphology. The wetting layer thus acts as an interf-
actant, and isolates the molecular film from the substrate, explaining the high quality of pentacene films.
� 2008 Elsevier B.V. All rights reserved.

PACS: 68.35.bm; 68.35.Ct; 68.35.Fx; 68.37.Ef; 68.37.Nq; 68.37.Ps; 68.43.Jk; 68.47.Fg; 68.55.A-; 68.55.am
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The growth of organic layers on surfaces has
attracted significant attention in recent years, based
on the tremendous potential of these materials for
novel applications. Pentacene, C22H14, a molecule
consisting of five aromatic rings, is one of the most
promising organic semiconductors [1], a direct con-
sequence of its high charge carrier mobility [2]. Sev-
eral aspects of the growth of pentacene are very
similar to those well-known for inorganic species
such as the applicability of classic nucleation theory
[3–5]. But also fundamental deviations from the
canonical picture of atomic beam epitaxial growth
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.006

* Corresponding author. Tel.: +49 201 2438742.
E-mail address: peter.kury@uni-due.de (P. Kury).
are to be expected due to the fact that molecules
in general are saturated entities with many degrees
of freedom for conformation and possible binding
geometry. Pentacene, for instance, binds covalently
to silicon substrates, resulting in a wetting layer of
flat laying molecules between film and substrate
[6–9,12]. The interaction of pentacene molecules
within subsequent layers, however, is of van der
Waals type. In light of the previous observation,
that predeposition of cyclohexene on Si did not
change the pentacene film morphology, the role of
the wetting layer with its complicated interfacial
chemistry during growth is called into question.

In this letter we report on the unique growth
mode observed for thin pentacene films on Si
.
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substrates. We demonstrate that neither an increase
of the surface step density nor the transition from a
threefold to a twofold symmetry surface changes the
growth mode and morphology of pentacene films.
We interpret this as a direct consequence of a disor-
dered wetting layer: We have found that the molec-
ular pentacene diffusion length is nearly zero on
bare silicon surfaces. Surface defects like steps and
grain boundaries are covered after the wetting layer
has been deposited, and are therefore ‘‘invisible” to
subsequently deposited pentacene molecules, as evi-
denced by their nearly infinite diffusion length on
top of the wetting layer. We characterize this
unique, dramatic change in the surface diffusion
parameters in this system as a self-interfactant
effect. The resulting size of pentacene crystallites
can be as large as several 10 lm, while the typical
distance between one-dimensional defects like steps
or ð7� 7Þ grain boundaries on a Si(1 11) surface is
about 100–500 nm, and the step separation on a
Si(001) surface is even smaller. Thus, the isolation
between film and substrate by the self-interfactant
layer is responsible for the fact that the defect den-
sity of the pentacene film is lower than the one of
the silicon substrate surface.

Photoelectron emission microscopy (PEEM)
experiments were carried out in an Elmitec PEEM
III with imaging energy analyzer and in an IBM
type I low energy electron microscope (LEEM). In
both cases, the sample was illuminated with a mer-
cury discharge lamp. Scanning tunneling micros-
copy (STM) images were acquired using an
Omicron VT-STM, mounted in an Omicron Mul-
tiprobe S analysis system. All experiments were per-
formed under ultrahigh vacuum (UHV) conditions
with base pressures below 2� 10�10 mbar. Atomic
force microscopy (AFM) topographs were taken
in non contact mode with a Veeco Dimension
3100. The various silicon substrates were doped
with either phosphorus or boron in different concen-
trations, all samples had resistivities above
0.5 X cm, corresponding to dopant concentrations
below 5 � 1016 cm�3. We have confirmed the
expected absence of an influence of the dopant con-
centration on the film morphology with Si(1 11)
samples of different doping levels. Prior to the trans-
fer into the UHV the samples were wiped clean with
ethanol and degassed at 800 K for several hours
under high vacuum conditions. The native oxide
was then removed in UHV by repeated flash anneal-
ing to 1500 K. Pentacene was deposited at room
temperature (RT) from a custom made effusion cell
with a ceramic crucible. The total amount of depos-
ited material was monitored with a quartz crystal
microbalance and deposition rates between 0.5
and about 2.0 molecular layers (ML, 1 ML =
8.1 � 1013cm�2) per hour were used.

In order to systematically investigate the depen-
dence of the growth on substrate properties such
as step density, symmetry and reconstruction, we
chose several different silicon substrates starting
with a well oriented Si(1 11) surface and ending –
with approximately equidistantly increasing vicinal-
ity in (11n) direction – at the Si(0 01) surface. The
selected surfaces show very different properties con-
cerning reconstruction, step density and roughness.
The point of origin is the Si(111) surface with its
complicated ð7� 7Þ reconstruction consisting of
dimers, adatoms and a stacking fault [13]. With a
miscut of eight degrees, a Si(111) surface is pro-
duced where the average step distance is about the
size of the ð7� 7Þ unit cell. Thus, a mixture of
ð7� 7Þ and metastable reconstructions with similar
structures such as the (5 � 5) and (3 � 3) are
observed, depending on the local step separation.
The Si(1 12) surface is not stable and exhibits facets
with (111) and (337) orientations [14]. Approxi-
mately in the middle between Si(11 1) and Si(0 01)
is the Si(1 13) oriented surface. This surface is ther-
modynamically stable and shows a complicated
reconstruction whose structure is still under debate
[15–17]. Si(1 1n) surfaces with n >� 4 can be
described as Si(0 01) terraces plus atomic or double
layer surface steps [18]: The Si(1 15) surface shows a
mixture of rebonded and non-rebonded double-
steps, the Si(1 19) surface is a strongly misoriented
Si(0 01) with a ð2� 1Þ single domain reconstruction
separated by DB double steps [19,20]. Finally a well
oriented Si(0 01) with step distances of several hun-
dred nm is also used. This surface shows a ð2� 1Þ
dimer reconstruction with two alternating rota-
tional domains, separated by single atomic steps
[21]. All these surfaces show different step morphol-
ogies, surface structures and surface symmetries,
namely threefold and twofold. Therefore, substan-
tial differences in the growth mode of any deposit
are to be expected.

PEEM images of pentacene islands grown on the
various substrates are shown in Fig. 1. The one
molecular layer height pentacene islands of the first
layer appear bright due to a reduced work function
[8] and the substrate covered with a pentacene wet-
ting layer appears dark. The islands are each single
crystalline as we have confirmed for the (001) and
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Fig. 1. PEEM images of pentacene islands grown at room temperature on different oriented silicon substrates. No difference in the shape is
visible. The field of view is 50 lm for all images.
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Fig. 2. Quantitative analysis of the morphology of the pentacene
first layer islands on different substrates in terms of their fractal
dimension. For each substrate orientation the extreme, mean,
median and quartile values are shown as a box and whisker plot.
The numbers above the data points denote the number of islands
analyzed. Fractal dimension of the islands does not depend on
the substrate orientation.
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(111) orientation with micro-spot low energy elec-
tron diffraction (LEED) in the LEEM. During fur-
ther deposition the islands grow and one-
dimensional grain boundaries between rotational
domains will be formed where the islands touch
each other. Therefore, the defect density due to
grain boundaries is the same as the island density
on the surface. Though there are some differences
of island sizes and densities due to small variations
of substrate temperature and deposition fluxes from
experiment to experiment, the fractal morphology
of the islands is the same for all substrates and does
not depend on step density or substrate atomic
structure. This is in contradiction to the common
belief that the structure and defect density of the ini-
tial substrate is crucial for the quality of the depos-
ited film [22]. Instead, all islands show a very similar
fractal shape. This shape has been shown to origi-
nate from the high diffusive mobility of the penta-
cene molecules and a hit and stick attachment to
existing islands [3], leading to a situation similar to
diffusion limited aggregation (DLA) [23]. Therefore,
in order to quantify the ‘‘very similar shape” of the
pentacene islands, we have calculated the fractal
dimension of many islands on the different sub-
strates via a box-counting algorithm. As shown in
Fig. 2, the fractal dimension of the islands does
not change with varying substrate orientation
within the errors bars and for all surfaces is in the
range of D � 1:50–1:70 typical for a DLA cluster.
Any anisotropy in the diffusion should result in a
change of the fractal dimension of the islands [10].
In addition to the very similar shape, there is no pre-
ferred orientation of the islands visible in Fig. 1,
even on the highly stepped surfaces.

The atomic force microscopy topograph shown
in Fig. 3, taken of a thin pentacene film on
Si(1 11) shortly after nucleation of the first molecu-
lar islands, further demonstrates the lack of influ-
ence of the steps on the pentacene first layer
growth. A preferential nucleation of pentacene
islands as described in reference [11] is not apparent.
The dendritic islands are able to overgrow not only
the 3.14 Å high atomic steps, but also step-bunches
of up to more than ten atomic steps without having
their shape affected. Atomic scale investigations on
the adsorption geometry and structure of pentacene
on silicon surfaces with scanning tunneling micros-
copy have been done up to now only for very low
coverages in the sub-ML regime for Si(0 01)
[12,24]. Little is known about the structure of the
closed wetting layer. Our scanning tunneling
microscopy data in Fig. 3b shows a pentacene wet-
ting layer deposited on a Si(1 11) surface as well as
one single pentacene molecule on the clean
Si(1 11) surface in the same scale for comparison
in the inset. The coverage is similar to the images
in Fig. 1 where islands are already growing in the
first molecular layer. The wetting layer between
the first layer islands covers the initial surface



Fig. 3. (a) Non contact atomic force microscopy of first layer
pentacene islands on Si(111). Steps and step bunches do not
affect their dendritic shape. The average height of the step
bunches is 2.5 nm, corresponding to eight atomic Si steps. (b)
Scanning tunneling microscopy image of a closed wetting layer of
pentacene on Si(111). The crystal symmetry of the substrate is no
longer apparent through the isotropic, disordered wetting layer;
no features are visible in the 2D pair correlation function (not
shown) of this image. Tunneling parameters are UT = �1.37 V,
IT = 30 pA. The small inset shows a single pentacene molecule on
the initial ð7� 7Þ reconstructed surface and is of the same scale as
the large image.

silicon substrate

wetting layer

a

b

1st molecular layer
Si

 s
te

p

interfactant
layer

Fig. 4. Schematic sketch of the interaction between the different
layers. The wetting layer with flat laying molecules is bound
strongly via covalent bonds to the substrate. The molecules of the
first layer interact by van der Waals forces with the wetting layer
and each other. The wetting layer acts as an interfactant layer by
isolating the first molecular layer from the substrate.
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completely, no remains of the ð7� 7Þ reconstruction
or other footprints of the substrate structure are vis-
ible: it shows an amorphous structure with no orien-
tational or translational symmetry.

On top of this wetting layer diffusion lengths of
up to a few hundreds of micrometers – depending
on substrate temperature and deposition flux – are
found even at RT, as derived from the separation
of the dendritic islands of the first molecular layer
in PEEM. In contrast, single adsorbed molecules
on clean silicon can be imaged for hours in an
STM at RT without any noticable diffusion. The
completion of the wetting layer literally changes
the diffusion length of a pentacene molecule from
‘‘zero” on the clean surface to ‘‘infinite” on the wet-
ting layer. High diffusion lengths are always desir-
able in epitaxial growth for achieving high film
qualities. In heterogrowth the manipulation and
modification of the surface diffusion has been
achieved by the deposition of surface active species
classified as surfactants [25] or interfactants
[26,27], depending on whether the adlayer floats
on top of the growing film or remains buried at
the interface. Pentacene acts qualitatively different
as it provides its own diffusion enhancement mech-
anism. Furthermore, the wetting layer isolates the
pentacene film from the substrate and its structural
properties, and it even passivates steps so that the
first molecular layer can grow over them in a car-
pet-like mode as sketched in Fig. 4. The islands in
the first molecular layer show no preferred orienta-
tion and all possible rotational crystallites can be
formed. In this sense, pentacene acts as its own
interfactant: It passivates reactive sites on the initial
surface and covers them during the formation of the
wetting layer. The fact that neither step density nor
surface symmetry affects the film morphology is a
new concept and shows a fundamental difference
between atomic and organic species. Atomic steps
usually display a dramatic reactivity [28] and play
an important role in the nucleation and capture of
atomic adsorbates. Epitaxial growth always takes
place via attachment of ad-species to surface steps,
leading to step decoration in heterogrowth. Also,
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the reduced symmetry of the substrate makes vicinal
surfaces with a significant step density perfectly sui-
ted as templates for the formation of nanoscopic or
even mesoscopic structures by self-organization [29],
which can, for example, be driven by a diffusion
anisotropy [30]. In pentacene thin film growth, how-
ever, steps on the surface are completely ignored by
the dendritic islands of the first molecular layer and
do not play any role for its morphology. This is
especially surprising since atomic surface steps have
an electronic structure different from the flat sur-
face, and a strong dependence of the pentacene
growth mode on the electronic structure of the sub-
strate has been found [31]. Thus pentacene itself cre-
ates its own optimized template for further growth,
combining very large diffusion lengths, very few
defects and no predestinated symmetry.

The possibly dramatic influence of a disordered
wetting layer on island formation has also recently
been shown for Pb/Si(1 11) [32]. In contrast to earlier
work on the growth of organic semiconductors where
a disordered interface layer was considered as an odd-
ity [33] for one specific surface, we argue from the
thorough analysis of our data that the non-crystalline
structure and disorder of the wetting layer is in fact
the key to high quality organic films if the molecules
bind covalently to the substrate. Otherwise it is not
plausible that a deposited heterofilm can have a lower
defect density than the initial substrate. The self-
interfactant effect is probably not limited to penta-
cene and can hold for other organic molecules as well.
This is an explanation for the recent successful
attempt to grow crystalline rubrene films on a penta-
cene buffer layer [34]. It should be possible to use the
amorphous pentacene wetting layer as a template for
thin film growth of other molecular semiconductors
as well, leading to high quality films and making sin-
gle grain transistors of many other materials possible.
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Abstract

Micro-tubular structure of tetra(2-isopropyl-5-methylphenoxy) substituted Zn–phthalocyanine (T2) has been obtained in
large scale by simple solvent evaporation method. FE-SEM micrographs indicate that most of the micro-tubes are in hollow
rectangular shape. XRD measurement demonstrated that the walls of the micro-tubes are arranged in highly ordered nano-
scopic structure. Both the XRD measurement and the UV–vis absorption spectrum of the micro-tubes indicated an H-aggre-
gate of the substituted Zn–phthalocyanine molecules (2) in the micro-tubes. Formation mechanism of micro-tube has been
proposed. Field-induced surface photovoltage spectrum (EFISPS) inferred that (T2) has p-type character.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Phthalocyanines (Pcs) and their derivatives have
been of great interest due to their special electronic
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved
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and optical properties. They have potential applica-
tions for photovoltaic cell, chemical sensors, laser
recording materials, light-emitting diodes, organic
field effect transistors, microelectronics and even bio-
medical applications [1–5]. Recently, fabrication of
Pcs into 1D structures by self-assembly and self-orga-
nization method has attracted great interest. For
example, Nolte and coworkers reported the fiber
structure of phthalocyanine derivatives that possess
one central phthalocyanine core, four crown ether
rings [6–10] as well as rod-like donor–acceptor phtha-
.
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locyanine nanoaggregates [11]. There are also other
1D self-organization structures of Pcs reported by
other groups [12–21]. Although Pcs prefer to aggre-
gate into columnar structures by p–p stacking, the
manipulation of 1D tubular structure of Pcs by self-
assembly method, however, have not been reported
and is still an increasing interest in chemistry and
nanotechnology.

Here we report the synthesis and large scale fab-
rication of tetra(2-isopropyl-5-methylphenoxy)
substituted Zn–phthalocyanine micro-tubular struc-
ture (T2) by simple solvent evaporation method.
Both the XRD measurement and the UV–vis
absorption spectrum of the micro-tubes indicated
an H-aggregate of the Zn–phthalocyanine molecules
in the micro-tubes. The formation mechanism for
the micro-tubular structure (T2) is proposed. In
order to judge the conduction type of (T2), the sur-
face electronic property of (T2) was investigated by
surface photovoltage spectrum (SPS) and field-
induced surface photovoltage spectrum (EFISPS).

2. Experimental

2.1. Materials

4-Nitrophthalonitriles (>98%) were prepared
according to the literature [22], 2-isopropyl-5-methyl-
phenol, LiOH � H2O, NaCl, petroleum ether, aether,
pentan-1-ol, dimethylsulfoxide (DMSO), 1,8-diaza-
bicyclo(5,4,0)-undec-7-ene (DBU), methanol and
Zn(CH3COO)2 � 2H2O were purchased from Beijing
Fine Chemical Company. Pentan-1-ol was distilled
from Na prior to use. DMSO was pre-dried over
BaO and distilled under reduced pressure. All other
reagents and solvents are used without further purifi-
cation. Column chromatography purifications were
preformed on silica gel unless otherwise stated.

2.2. Measurements

1H NMR spectrum were recorded on a Varian
Unity 500 spectrometer. FT-IR spectra were
obtained from KBr pressed pellets using a Magna
560 infrared spectrophotometer. MS spectra were
obtained on a QUSTAR-TOF mass spectrometer
or a LDI-1700-TOF mass spectrometer. The UV–
vis absorption spectra were taken on a Cary 100
UV–vis spectrometer. Elemental analyses were per-
formed on a Flash EA1112 Elemental Analyzer.
The morphology of the samples was inspected using
a field mission scanning electron microscope (FE-
SEM, XL 30 Philips) as well as high-resolution elec-
tron microscope (HRTEM, FEI-Technai G220, oper-
ated at 200 keV). X-ray diffraction (XRD)
measurements were performed with a Rigaku-Dmax
2500 diffractometer with Cu Ka radiation at 40 kV
and 200 mA. All the measurements were performed
at room temperature (RT). For photovoltage mea-
surements, the (T2) sample was pressed between
two slices of ITO glass used as transparent front
and back electrodes. Surface photovoltage spectra
(SPS) was measured with a laboratory-built appara-
tus using light source monochromator-lock-in detec-
tion technique. Monochromatic light was obtained
by passing light from a 500 W xenon lamp through
a double-prism monochromator (Hilger and Watts,
D300). A lock-in amplifier (Brookdeal, 9503-3C),
synchronized with a light chopper, was employed to
amplify the photovoltage signal. The spectra were
normalized to unity at their maxim, and the charac-
teristic bands of the xenon lamp were subtracted by
a computer. For electric-field-induced surface photo-
voltage spectroscopy (EFISPS) measurements, the
electric field direction from the irradiated surface to
the bulk was defined as positive. The measurement
was performed at atmospheric pressure and room
temperature and the sample has not gotten further
treatments.

2.3. The synthesis of phthalonitrile derivative (1)

6.92 g 4-nitrophthalonitriles (40 mmol) was
added to anhydrate DMSO (80 mL) and 1.10 g 2-
isopropyl-5-methylphenol (40 mmol) was added to
the above solution under stirring. After the reaction
mixture being stirred for 10 min, 4.20 g LiOH � H2O
(25 mmol) was added over a 2 h period and the mix-
ture was then stirred for 14 h at r.t. The mixture was
then poured into 800 mL NaCl solution (0.4 M) and
stirred till a yellow solid appeared. Then the product
was collected by vacuum filtration. The obtained
crude product was purified by column chromatogra-
phy with petroleum ether–anhydrate Et2O (9:1) as
the mobile phase giving colorless crystals of pht-
halonitrile derivative (1). Yield: 8.41 g (76.1%).

1H NMR (500 MHz, CDCl3): d = 7.708 (d, 1H,
J = 8.5 Hz, ArH), 7.295 (d, 1H, J = 8.5 Hz, ArH),
7.219 (s, 1H, ArH), 2.958 (m, 1H, CH), 2.331 (s, 3H,
ArCH3), 1.154 (d, 6H, J = 6.5 Hz, 2CH(CH3)2). IR
(KBr): 2229 cm�1 (C„N), 1246 vs cm�1 (C–O–C).
MS (QUSTAR-TOF): m/z calcd for [M+Na+]:
299.1160; found: 298.9497 (an isotopic cluster peak)
[M+Na+]. UV–vis (CHCl3): kmax = 261, 297, 306 nm.
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2.4. Synthesis of tetra(2-isopropyl-5-methylphenoxy)

substituted Zn–phthalocyanine (2)

The synthesis of substituted Zn–phthalocyanine
(2) are reported by us previously [23] as shown in
Scheme 1. Following are the details: a mixture of
1 g phthalonitrile derivative (1) (4 mmol), 1 mmol
Zn(CH3COO)2 � 2H2O and 2 mL DBU were added
to 8 mL pentan-1-ol under stirring at N2 atmo-
sphere. Then the mixture was heated at 140 �C for
24 h. After the mixture cooled down, it was poured
into 20–40 mL methanol giving blue-green solid.
The collected solid was purified by column chroma-
tography with Et2O–petroleum ether (1:3) as the
mobile phase to give pure Zn–phthalocyanine deriv-
atives (2). Yield: 35%.

1H NMR (500 MHz, CDCl3): d = 7.340 (br s, 12H,
ArH), 7.044 (br s, 12H, ArH), 3.452 (br s, 12H,
4ArCH3), 1.394 (br s, 24H, 4CH(CH3)2). MS (LDI-
1700-TOF): m/z calcd for [M+H+]: 1169.4; found:
1169.5 [M+H+]. UV–vis (CHCl3): kmax (loge) = 348
(4.28), 352 (4.28), 615 (3.82), 683 nm (4.52). Anal.
calcd for C72H64N8ZnO4 (1168.4): C, 73.98; H, 5.52;
N, 9.59; found: C, 73.62; H, 5.26; N, 9.30.
Scheme 1. Synthesis and chemical structure of tetra(2-isoprop
2.5. Micro-tube (T2) preparation

The above synthesized Zn–phthalocyanine deriv-
atives (2) was dissolved in chloroform solution
(1 � 10�6 M) and evaporated for 3 days giving the
solid material of (T2) depositing on quartz slip.

3. Results and discussion

3.1. Morphologies

Fig. 1a and b shows the typical FE-SEM micro-
graphs of the solid material (T2). Low magnification
FE-SEM micrograph reveals that large quantities of
micro-fiber materials were formed in large areas on
the quartz slip (Fig. 1a). Most of them are arranged
in flower-like microstructures. The fibers are in
length of 100–300 lm. High magnification image
showing that the overall surface of the substrate is
covered by uniformly distributed hollow tubular
structures with open ends (Fig. 1b). Most of the
micro-tubes have rectangular framed (Fig. 1b).
The width of the tubes is 2–3 lm, but their lengths
can be in the range of 3–4 lm. The tubes have a
yl-5-methylphenoxy) substituted Zn–phthalocyanine (2).



Fig. 2. XRD pattern the micro-tube (T2) deposited on the quartz
slip. Inset is the optimized structure and dimension of tetra(2-
isopropyl-5-methylphenoxy) substituted Zn–phthalocyanine (2).

Fig. 1. Typical low (a) and high (b) magnification FE-SEM micrographs of solid material (T2) obtained after solvents evaporation as well
as (c) HRTEM micrograph of the sample.
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uniform, completely hollow structure without filling
or blockage. A scanning electron microscopy (SEM)
image at a higher magnification clearly indicates
that the wall thickness of the tubes is 0.5–1 lm
(Fig. 1b, inset). Fig. 1c is the typical HRTEM
micrograph of the sample. From the HRTEM
micrograph of the sample, we can see that the sam-
ple is arranged in lamellar structure. Our fails on
getting the electron diffraction patterns of the sam-
ple on the lamellar walls indicates that the sample
is in amorphous state in the walls.

3.2. XRD

To demonstrate the molecular packing of (T2)
within the assembled morphologies, X-ray powder
diffraction (XRD) spectrum of micro-tube (T2)
was performed, as shown in Fig. 2. The XRD pat-
tern of (T2) shows two well-resolved reflections at
4.8� (d = 1.9 nm) and 5.4� (d = 1.7 nm) indicating
that the substituted Zn–phthalocyanine molecules
are arranged in highly long-range ordered lamellar
structure in accordance to the observation of the
HRTEM micrographs of the sample. Two stacking
style in (T2) can be assumed through the two reflec-
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tions. From the size of a single molecule of (2)
(Fig. 2, inset, optimized with the MM2 force field
using the Chem3D program, Cambridge Soft
Corp.), the molecules are deduced to be packing at
angles of almost 72� and 52�, respectively, to the
stacking lamellar, i.e., H-aggregation of the substi-
tuted Zn–phthalocyanine molecules in the walls of
the (T2). The lack of several periodic reflections in
a ratio of 1:1/2:1/3:1/4, etc. may be due to two dif-
ferent stacking styles in the sample. The broad peak
at 21� should be due to the reflection from the
quartz substrate as well as the amorphous state of
the sample. But the structure of the sample has
not thoroughly been established and the present
tube structure is made of multi-walled lamellar
structure like as multi-walled carbon nanotubes.
Further studies should be needed.

3.3. UV–vis spectra

Fig. 3 demonstrates the UV–vis absorption spec-
trum of 1D packed micro-tube of (T2) in compari-
son with solution of (2) (1 � 10�5) in chloroform.
In the UV–vis absorption spectrum of dilute solu-
tion of (2) (Fig. 3a), there are three groups of
absorption bands at 550–750 nm, 300–450 nm and
230–300 nm, respectively. The band from 550 to
750 nm are characteristic Q-band absorption of
phthalocyanine. In this band group, the two well-
resolved absorption peakings at 683 and 615 nm
should be assigned to Q0–0 and Q0–1 bands of (2)
monomers, respectively [24]. The detected band at
Fig. 3. The normalized UV–vis absorption spectra of (2) in dilute
solution of chloroform (1 � 10�5) (a) and the micro-tube (T2)
deposited on the quartz slip (b).
ca. 650 nm in-between them should be assigned to
the aggregated band due to the dimmers and multi-
mers. Band of 300–450 nm belongs to the typical
Soret-band (B-band) absorption of phthalocyanine.
The third band group from 230 to 300 nm should be
due to the benzene rings absorption of the substi-
tuted 2-isopropyl-5-methylphenoxy moieties of (2).
Compared with the solution spectrum of (2), line
broadening was observed for Q-band (550–
750 nm) absorption of micro-tube of (T2), as shown
in Fig. 3b. Because the Q-band absorption is related
the front orbitals of the metal–phthalocyanine rings,
thus this indicates a tight packing between the Zn–
phthalocyanine rings (2) by strong p–p interaction
in micro-tube of (T2). There is almost no shift of
the Soret-band (B-band) peaking at 345 nm for the
micro-tube of (T2) by comparing with the absorp-
tion spectrum of (2) solution. Because B-bands are
related to the front orbitals of the central metals
in the metal–phthalocyanines, thus this means that
the surrounding conditions of the central Zn ions
are not changed in the micro-tube of (T2) which
excludes the formation of Zn–O coordination bond
between the neighbour phthalocyanines. Compared
with the solution spectrum of (2), line broadening
was observed for the third band group (230–
300 nm) of the micro-tube of (T2), as shown in
Fig. 3b. This indicates a tight packing between the
benzene rings of the substituted 2-isopropyl-5-meth-
ylphenoxy moieties of (2).

3.4. Formation mechanism

In order to explore the formation mechanism of
the tubular structure of (T2), we also measured
the absorption spectra of (2) solution in different
concentration. Fig. 4A and B is the normalized Q
and 230–300 nm band group electron absorption
spectra of (2) with different concentration in CHCl3.
As we can see, Fig. 4A and B shows that both the
Q-band and 230–300 nm band group are changed
with a isobestic point by improving the concentra-
tion of (2). This indicates that there exist both the
strong p–p interaction between the phthalocyanine
rings and the strong p–p interaction between the
benzene rings of the substituted 2-isopropyl-5-meth-
ylphenoxy moieties of (2) with the increasement of
the concentration of (2) and both these interactions
are responsible for the formation of tubular struc-
ture of (T2). Thus based on the above discussion,
a possible formation mechanism was proposed. The
2-isopropyl-5-methylphenoxy moieties of molecular



Fig. 4. (A) Q-band and (B) 230–300 nm band group electron
absorption spectra of (2) with different concentration in CHCl3
(normalized to the same intensity at 345 nm; insets are absorption
peakings expanding to different magnitudes).
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(2) act as hands for the formation of tubular struc-
ture of (T2) by p–p interaction between the benzene
rings. First, with the evaporation of CHCl3, millions
Fig. 5. Substituted Zn–phthalocyanine (2) molecules arranged hand i
2-isopropyl-5-methylphenoxy peripheral moieties.
of tetra(2-isopropyl-5-methylphenoxy) substituted
Zn–phthalocyanine (2) molecules arranged into
micro-rings structure hands in hands (see Fig. 5).
Then by employing the micro-rings as seeds,
micro-tube of (T2) were formed by preferentially
packing of substituted Zn–phthalocyanine (2) rings
along the direction of p–p stacking. That is, the
driving force for one-dimensional tubular self-
assembly is the cooperation of p–p stacking interac-
tion between the four 2-isopropyl-5-methylphenoxy
peripheral moieties and the phthalocyanine rings of
(2). Other effect such as large steric hindrance of the
2-isopropyl-5-methylphenoxy which allows for the
Zn–phthalocyanine rings to pack along the p–p
stacking direction to form the tubular structure
should also dedicate to the growth of tubular struc-
ture of (T2).

3.5. Electric-field-induced surface photovoltage

spectroscopy

Fig. 6 illustrates the EFISPS of the tetra(2-iso-
propyl-5-methylphenoxy) substituted Zn–phthalo-
cyanine micro-tube (T2) sample. Line (b) in
Fig. 6 shows the surface photovoltaic (SPV)
response of (T2). Referred to the UV–vis absorp-
tion spectrum (Line a), the SPV response resem-
bles the absorption spectrum well and exhibits
characteristic Soret-band and Q-band of (T2),
lying in 200–300 nm and 600–700 nm, respectively.
Fig. 6c and d shows the SPV response of (T2)
with different external electric fields. The SPV
value was always positive. It is clear that the
response intensity was enhanced when a positive
n hand by employing the p–p stacking interaction between the



Fig. 6. SPS of the micro-tube sample (T2) under different
external electric field (b: 0 V, c: +0.5 V, d: �0.5 V) as compared
with its UV–vis spectrum (a).
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bias was applied to the ITO electrode and was
weaken when negative bias was applied. Accord-
ing to the principle of field effect, the effects of
the electric field on the SPV response mainly exhi-
bit that the electric field acts on the mobile direc-
tion and diffusive distance of the photogenerated
charge carriers [25]. For a p-type semiconductor,
the surface band bending is usually downward,
when the photogenerated electrons move toward
its surface and holes diffuse toward its bulk. The
SPV response should be positive. When a positive
electric field is applied on the semiconductor sur-
face, the SPV response increases since the external
field is consistent with the built-in field. On the
contrary, when a negative electric field is applied,
the SPV response is weakened [25]. Thus the EFI-
SPS demonstrates that the tubular structure of
tetra(2-isopropyl-5-methylphenoxy) substituted
Zn–phthalocyanine (T2) behaves as p-type
semiconductor.

4. Conclusion

In summary, large scale fabrication of substi-
tuted Zn–phthalocyanine micro-tube (T2) has been
successfully achieved through a simple self-assem-
bling process by evaporation of CHCl3 solutions
of (2). The p-type character of T2 inferred by
field-induced surface photovoltage spectrum (EFI-
SPS) indicates that the micro-tube could be an ideal
system of promising candidates for the dimension-
ally confined optoelectronic function on the meso-
scopic scale.
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[18] W. Tong, A.B. Djurišić, A.M.C. Ng, W.K. Chan, Thin Solid
Films 515 (2007) 5270.

[19] Z.L. Yang, H.T. Pu, Mater. Chem. Phys. 94 (2005) 202.
[20] S.-C. Suen, W.-T. Whang, F.-J. Hou, B.-T. Dai, Org.

Electron. 7 (2006) 428.
[21] M. Wang, Y.-L. Yang, K. Deng, C. Wang, Chem. Phys.

Lett. 439 (2007) 76.
[22] J.G. Young, W. Onyebuagu, J. Org. Chem. 55 (1990) 2155.
[23] C. Ma, D. Tian, X. Hou, Y. Chang, F. Cong, H. Yu, X. Du,

G. Du, Synthesis 5 (2005) 741.
[24] A.W. Snow, N.L. Jarvis, J. Am. Chem. Soc. 106 (1984) 4706.
[25] X. Hou, X. Du, C. Ma, Y. Li, Q. Zhang, X. Wang, Y. Chang, W.

Jiang, C. Chang, S. Shan, G. Du, Synth. Met. 150 (2005) 305.



Available online at www.sciencedirect.com
Organic Electronics 9 (2008) 473–480

www.elsevier.com/locate/orgel
Electrical characterization of mica as an insulator
for organic field-effect transistors

X.F. Lu, L.A. Majewski, A.M. Song *

School of Electrical and Electrical Engineering, University of Manchester, Manchester M60 1QD, United Kingdom

Received 20 July 2007; received in revised form 9 November 2007; accepted 6 February 2008
Available online 10 March 2008
Abstract

Electrical properties of conjugated polymer films, including poly(3-hexylthiophene)-2,5-diyl (P3HT), poly(3,3000-didode-
cylquarterthiophene) (PQT-12), and poly(triarylamine) (PTAA), on mica substrates have been studied. The test structure
was similar to a standard organic field-effect transistor but with a 150-lm-thick commercially available mica gate insulator/
substrate, which allowed to obtain a field-effect mobility of P3HT as high as 0.08 cm2/Vs in the linear regime in ambient
air. The influence of interface treatment, thermal annealing, and measurement conditions on the electrical properties of the
P3HT films has been characterized and analyzed. We also studied the time dependence of the carrier concentration and
mobility before and after a thermal annealing process. The results indicate that mica is a promising insulator for organic
field-effect transistors, apart from already being one of the common thin-film materials widely used in electric capacitors.
� 2008 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 73.40.Qv; 81.05.Lg; 85.30.Tv

Keywords: Organic field-effect transistor; Mica; Conducting polymer; Mobility; Gate dielectric; Substrate
1. Introduction

Since the early report by Koezuka and co-work-
ers [1], organic field-effect transistors (OFETs) using
conjugated polymers as the active layer have been
the focus of intense research effort. It is envisaged
that the advantages of solution-based organic semi-
conductors, such as potentially low cost, structural
flexibility, and ability to process at low temperatures
and over large areas, should lead to broad applica-
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.007
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tions of organic electronics [2,3]. Encouraging
examples of ink-jet printed logic circuits [4–6] and
organic active-matrix drivers for displays [7,8] have
been demonstrated. As a result of the ever-improv-
ing organic semiconductors [9–11], the perfor-
mance-limiting factors of state-of-the-art OFETs
are often now the substrate, gate insulator,the qual-
ity of source/drain contacts, and electrical stability
of the devices [12,13]. The criteria on dielectrics
for OFETs are rather strict. Apart from many sim-
ilar requirements to inorganic transistors [14],
OFET substrates and gate insulators also have to
fulfill demands specific to organic electronics, such
as the mechanical flexibility and thermal stability
.
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[15,16]. It is also highly desirable that their surfaces
are not only smooth but also have a relatively small
amount of surface charge traps, because charge car-
riers in OFETs mainly transport close to the inter-
face [17,18]. Moreover, they should be inert to
common chemical solvents used for depositions of
organic semiconductors. Polymeric materials, such
as poly(vinyl phenol) (PVP) [19], poly(vinyl alcohol)
(PVA) [20], poly(methylmethacrylate) (PMMA)
[4,21], and benzocyclobutene (BCB) [22,23], have
often been used as the gate dielectric in OFETs.
However, although they can be processed from
solution to form fairly smooth, low-polarity, and
flexible films, their use in OFETs is often limited
by the lower field-effect mobility than in the transis-
tors made using inorganic gate dielectrics/substrates
due to various reasons, and also by the insufficient
stability to chemical solvents [16,24]. As a result,
inorganic insulators such as thermally grown silicon
dioxide are still commonly employed as the OFET
gate insulator and/or substrate in research laborato-
ries, despite being not flexible, being sensitive to
processing history, and requiring high processing
temperatures. SiO2 has a relatively low dielectric
constant (k = 3.9), which translates to high OFET
gate voltages in order to obtain a high drive current.
Recently, metal oxides such as Al2O3, Gd2O3, HfO2,
Ta2O5 or TiO2 that display higher k values have
been used [25,26].

Mica is a material widely used in electronics
industry as, e.g., thin dielectric films in capacitors,
and in electrical industry as an insulator. Mica is
the generic name for naturally occurring minerals
that belong to a family of hydrous potassium alumi-
no-silicates. Micas possess a combination of chemi-
cal, physical, electrical, thermal, and mechanical
properties not found in any other material. Ther-
mally, micas possess excellent stability, are fire
proof, and can resist temperatures in the range of
600–900 �C. Chemically, they are exceptionally sta-
ble and are described as being virtually inert to var-
ious solvents, alkalies, and acids except strong
hydrofluoric and concentrated sulphuric acids. Elec-
trically, they exhibit high dielectric strength, uni-
form dielectric constant, low power loss (high Q
factor), and high electrical resistivity. Mechanically,
micas are relatively flexible but maintain a robust
strength within the film plane. In addition, due to
their asymmetrical crystal structure, micas have a
perfect cleavage, which leads to an atomically flat
interface. When it is sufficiently thin (<1 lm), micas
are also highly flexible and optically transparent
[27]. Apparently, many of the above properties are
favorable to OFETs. Moreover, it was long estab-
lished that even mica films as thin as 300 nm were
helium-tight and could hold atmospheric pressure
[28]. This, in combination with the good optical
transparency, may be interesting also to organic
light-emitting devices and organic displays.

Here, we investigate the feasibility of using
muscovite mica [KAl2(AlSi3)O10 (OH)2 from Agar
Scientific Limited] as a possible substrate/gate
dielectric for OFETs. Among various types of
micas, muscovite mica is the most commonly used
material for electrical insulation and has a high
dielectric breakdown strength (EBr > 10 MV/cm), a
high dielectric constant (k = 6.0 � 9.0) [29], and a
low dielectric loss [30]. Although mica sheets down
to about a 100 nm in thickness can be prepared
by, for instance, making use of the fact that the
adhesion of certain thermoplastic resins to mica is
stronger than the mutual cohesion of the molecular
planes of mica [28], the thickness of the mica slides
that we have obtained commercially is 150 lm [31],
circa 1000 times thicker than a typical SiO2 gate
insulator layer in OFETs, for easy handling by
tweezers in clean rooms. Nevertheless, this still
allowed us to measure a few useful OFET parame-
ters such as the carrier mobility in the linear regime.
In order to exam the general applicability of mica as
a substrate and/or gate insulator for polymer
OFETs, electrical properties of three types of com-
mon semiconducting polymers on mica substrates
have been studied in an OFET-like structure.
Field-effect mobilities of 0.08 cm2/Vs in poly(3-hex-
ylthiophene)-2,5-diyl (P3HT), 0.04 cm2/Vs in poly
(3,3000-didodecylquarterthiophene) (PQT-12 synthe-
sized using Xerox formula [32]), and 0.003 cm2/Vs
in poly(triarylamine) (PTAA from Merck UK) have
been observed. The effect of a thermal annealing
process in over-pressured nitrogen gas environment
has also been studied in time-dependent
experiments.

2. Experimental details

It has long been established that the electrical
properties of polythiophene layer, especially in
OFETs, are strongly influenced by many factors:
the surface energy of the dielectric layer, the nature
(particularly the evaporation rate) of solvent used,
the molecular weight and the purity of the polymer,
as well as the history of its processing and thermal
post-treatments of the film [12,33,34]. In addition,
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due to the undesirable interactions with oxygen (i.e.
a very rapid doping by airborne O2) [35] and mois-
ture [36,37], many semiconducting polymers, such
as P3HT, are not electrically stable in ambient con-
ditions and OFETs based on them typically degrade
rather quickly [37]. Recently, we demonstrated that
electrical stability of bottom-contact polythiophene
OFETs might be improved from minutes to a few
hours via certain device fabrication procedures
[38]. These include the use of a high-boiling point
solvent (1,2,4-trichlorobenzene, TCB), surface treat-
ment with a highly hydrophobic self-assembled
monolayer (n-octadecyltrichlorosilane, OTS), and
annealing the devices in an over-pressured nitrogen
gas. The improved stability allows us to characterize
the electrical properties of polymer layers on the
mica film in ambient air in this work.

All samples were fabricated in the so-called bot-
tom-gate, bottom-contact OFET-like architecture
(for simplicity, the samples shall still be referred
to as OFETs in the following), as shown in
Fig. 1. The gate insulator/substrate was a 150-
lm-thick mica film, about three orders of magni-
tude thicker than that in a typical OFET that uti-
lized SiO2 as the gate insulator, which as
mentioned earlier was due to the commercial avail-
ability and ease of handling in the cleanroom. No
separate substrate was necessary because of the
large thickness of the mica film. In all cases, the
mica substrates were decreased with the following
reagent grade solvents: trichloroethylene, acetone,
and methanol. Subsequently, aluminum back gate
contacts were deposited on the back surface of
the mica substrates by means of thermal evapora-
tion under vacuum (<10�6 Torr). 50-nm-thick Au
(99.99%, Cookson precious metals) source and
OTS  

Gate: Al  

Dielectric: MICA  

15
0μ

m
 

P3HT 

Source  Drain

Au 

Fig. 1. Schematic diagram of a bottom-gate OTFT-like
structure.
drain contacts, defining channel length LSD = 20,
30, 50, and 70 lm, respectively, and channel width
WSD = 2000 lm, were then patterned using the
standard photolithography. All samples were sub-
ject of OTS surface treatment. The slides were
immersed in solution of OTS-18 (+90%, Aldrich)
in cyclohexane for 10 min at 10 �C. As OTS does
not form a layer on Au, the SAM treatment was
not expected to affect the performance of the
source and drain contacts [39,40]. The regioregular
P3HT (Aldrich, molecular weight = 7.85 � 104

Daltons) solution was made by dissolving in TCB
(99%, Aldrich) to obtain a 1% solution. For
devices based on PQT-12 and PTAA, the process-
ing steps are the same as that of devices based on
P3HT. Due to the symmetrical molecular structure
of PTAA, its solubility in nonpolar solvents is
higher than that in polar solvents [41]. Thus, tolu-
ene was used as solvent for PTAA instead of TCB.
Finally, all three types of semiconductor polymer
films were formed by spin coating onto OTS-mod-
ified mica substrates at 2000 rpm for 120 s in air.

With the recently developed photolithography
processes for semiconducting polymers [42,43],
where UV exposure on the device active region
was avoided, the semiconductor polymer layer was
patterned by plasma etching into the shape of con-
ducting channel between ohmic contacts. After a
conducting polymer layer was spin-coated, photore-
sist (S1813) was spun onto it. After exposure and
development, areas of the polymer layer that were
not covered by S1813 were removed via plasma
etching for 45 s with a power of 30 W. Finally, the
S1813 layer was removed by immersing into acetone
and methanol.

For electrical characterizations, the OFETs were
contacted via Karl Süss MicroTech PH100 minia-
ture probe heads to an Agilent E5270B precision
measurement mainframe that controlled and
recorded source–drain and gate voltages and cur-
rents, respectively. Additionally, in order to obtain
a higher mobility as well as to investigate the elec-
trical stability of the studied OFETs under ambient
conditions, all devices were de-doped via thermal
annealing at 100 �C in a chamber filled with
over-pressured nitrogen gas after the initial mea-
surements on the ‘‘as prepared” devices. Using
the above procedures, a large number of devices
(>20) for each type of semiconducting polymer
were fabricated and measured. All investigated
OFETs showed similar results to the ones reported
here.
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3. Results and discussion

Before determining the carrier mobility in the
conducting polymer films, we first carried out mea-
surements to determine whether there was a serious
carrier injection barrier and hence a large contact
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Fig. 2. ID versus VD curves of (a) a P3HT-based device, (b) a
PQT-12 based device, (c) a PTAA-based device.
resistance (RC). Fig. 2 shows the dependence of
the drain current (ID) on the drain voltage (VD) at
a back-gate voltage of VG = �100 V in three typical
devices based on P3HT, PQT-12, and PTAA. Only
the data at a back gate voltage of VG = �100 V are
shown here because the drain currents at other gate
voltages (VG = +100 V and 0 V) only differed by up
to a few percent, due to the large thickness of the
mica gate dielectric (150 lm). The application of
100 V to the gate of our mica-based devices roughly
corresponds to about 0.1 V in an OFET with a com-
mon 200 nm thin SiO2 gate insulator layer. In order
to completely switch the transistors on and off, an
enormous gate voltage �100,000 V would have to
be applied, which is far beyond our experimental
limit. As such, it is not possible to measure the full
transfer characteristics of the devices. Nevertheless,
we will show in this work that we are still able to
extract useful device parameters, such as the carrier
mobility.

Within the experimental range of source/drain
voltage (VSD), a rather good linear relation was
observed in all devices including with a zero or posi-
tive back-gate voltage. The derivation from a per-
fect linear line was likely due to a non-zero but
insignificant injection barrier at the contacts. To
further study this, we measured the total source–
drain resistance (RSD) of the P3HT and PQT-12
devices as a function of LSD, as shown in Fig. 3a
and b. The measurement was taken after annealing
treatment on the device. Results of PTAA based
devices are not shown here since a dewetting effect
often occurred in the device fabrication with large
LSD. A good linear dependence of RSD on LSD,
shown by the dashed linear fitting line, was clearly
demonstrated. The values of the cross points of
the linear fit at the LSD = 0 axis in both figures indi-
cate that the contact resistance was rather small par-
ticularly in devices with large LSD (50 and 70 lm).
The contact resistance (RC) shown in Fig. 2b is lar-
ger than that in Fig. 2a, which is expected due to the
lower injection barrier between the highest occupied
molecular orbital (HOMO) state in P3HT
(4.8 eV)and the work function of Au (4.83 eV) than
that between PQT-12 (5.05 eV) and Au [44–46].

After obtaining the fairly good linear dependence
of ID on VD in Fig. 2 and the insignificant role of RC

in Fig. 3, the carrier mobility in the linear regime
was determined from the change of ID with VG.
Because of the large thickness of the gate insulator,
an enormous VG (�100,000 V) would have to be
applied to switch the transistor completely on and
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off (i.e., to reach a high on/off ratio), which is
beyond our experimental limit. In our experiments,
VG was ranged from +100 to �100 V, which was
roughly equivalent to +0.1 to �0.1 V if a 200-nm-
thick SiO2 gate insulator had been used instead.
Nevertheless, this allowed us to extract the carrier
field-effect mobility (l) in the linear regime by using
the standard formula [14]

oID

oV G

� �

V D¼const

¼ W SDCi

LSD

lV SD; ð1Þ

in which Ci is the capacitance of the gate insulator
per unit area. The ID versus VG curves in Fig. 4 al-
lows a good estimate of the mobility, which is
0.082 cm2/Vs in the P3HT device, 0.043 cm2/Vs in
the PQT12 device, and 0.003 cm2/Vs in the PTAA
device, respectively. The reason for the slight deriva-
tion from ideal linear curves is unknown, but it was
possibly due to the charging effect in the measure-
ment setup given the high device resistance and par-
asitic capacitance. The P3HT mobility is in the same
order of magnitude of the best-achieved values in
ambient air to date. PTAA showed the lowest
mobility, which was expected because PTAA is an
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amorphous semiconductor. Separate experiments
were performed using commercial SiO2 substrates
of 250 nm thick with the same solution and process-
ing steps (results not shown here), and very similar
carrier motilities were obtained.

Since the devices were fabricated and measured
in ambient air conditions, we also characterized
the time dependence of the devices. We found that
P3HT-based devices generally deteriorate signifi-
cantly after a few hours, in agreement with previ-
ous studies [35]. This makes controlled
experiments difficult. In contrast, PTAA showed
excellent ambient air stability. Focused experi-
ments have therefore been performed on devices
based on PQT-12. The change of the field-effect
mobility as a function of time is displayed in
Fig. 5a. Measurements started immediately after
the device was prepared. After measuring for 6 h
under ambient conditions, an annealing treatment
was performed in over-pressured nitrogen atmo-
sphere. During the annealing treatment, the device
was heated up to 100 �C and slowly cooled down
to room temperature. Application of thermal
annealing treatment has been reported to enhance
device performance and stability [47,48]. In ambi-
ent air, donor–acceptor complex or charge transfer
complex (CTC) is induced by the interaction of
oxygen with long p-conjugation lengths in the
polymer film. With a low degree of doping, the
oxygen dopant serves to increase conductivity of
polymer film via production of localized states
within the p–p* gap, which induce counterions that
help delocalize and stabilize the positive charge
carriers on the polymer. A too high degree of dop-
ing, however, may introduce very strong scattering.
As such, the conductivity can decrease with the
degree of doping [49,35]. As the fabrication pro-
cesses including the solution making were carried
out in ambient air, the polymer film was expected
to have been doped by oxygen. Via the thermal
annealing, oxygen dopants are removed from the
polymer film, and the densification and morphol-
ogy improvement of the film are also expected,
which serve to retard the diffusion of oxygen into
the film [35,50]. Therefore, both mobility and the
stability of the device are expected to be improved
[38].

From Fig. 5a, it can be observed that before the
annealing treatment was performed, the mobility
increased slowly with time. After the device was
annealed at the sixth hour, the device was measured
again in ambient air. The mobility was found to
have been enhanced dramatically by the annealing
process, and then largely remained stable in the next
30 h. The improved mobility and stability were in
good agreement with earlier studies [35,47,50].
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To further study the physical properties of the
film as a function of time before and after the
annealing process, the dependence of RSD on time
was also measured and is shown in Fig. 5b. After
the annealing treatment was performed, the resis-
tances decreased dramatically and then remained
rather stable in the next 30 h. The abrupt drop of
RSD after annealing was consistent with the changes
of mobility in Fig. 5a. With the negligible RC

according to the results in Fig. 3 in devices with a
70 lm LSD, the relation between the total resistance
and mobility of a certain device can be given by [51]:

RSD � RCH ¼
LSD

W SDlne
; ð2Þ

where n stands for the carrier density in the film
assuming a uniform distribution. Hence, the change
of carrier concentration can be deduced from the
resistance and mobility values, which is depicted in
Fig. 5c. A dramatic drop of the carrier concentra-
tion was observed after the annealing treatment,
which indicated that the oxygen concentration was
reduced due to the de-doping of the polythiophene
layer. For about 30 h after the annealing treatment,
the carrier concentration maintained stable, which
may be largely due to the improved semicrystalline
structure of the PQT-12 layer, which is more resis-
tive to oxygen penetration into the film [50]. More-
over, it is worth noting that the carrier
concentration kept increasing slowly for about 8 h
after annealing treatment, which was expected due
to the slow doping of oxygen with the sample placed
in ambient air.

It is interesting to discover that immediately
after the fabrication by oxygen plasma etching,
the carrier concentration actually increased with
time. This was initially rather surprising, since
the carrier concentration was only expected to
increase in ambient air. Separate experiments (not
shown here) indicated that the edges of the poly-
mer film were rather heavily doped during the
plasma etching process to pattern the OFET chan-
nel. Except the region close to the edges, the PQT-
12 film was protected by the photoresist during the
plasma etching [42]. The edges of the OFET chan-
nel were nevertheless exposed to energetic oxygen
molecules and more crucially to reactive oxygen
ions in the plasma etching chamber. After the oxy-
gen plasma etching, the devices were measured in
ambient air, which had a much lower concentra-
tion of oxygen, particularly oxygen ions, than in
the plasma etching chamber. As a result, excessive
oxygen could be released from the film, which
resulted in the reduction of the carrier concentra-
tion near the edge of the polymer film. Because
Eq. (2) does not treat the edges and the central
OFET channel separately but rather yields the
average carrier concentration over the whole
PQT-12 film, the obtained effective carrier concen-
tration reduces as a function of time.
4. Conclusions

In summary, polymer-based OFET structures
using mica as the substrate/gate insulator have been
fabricated and characterized, showing carrier mobil-
ities in the same order of magnitude as the best val-
ues reported to date in devices that were fabricated
and measured in ambient air. Time dependent
experiments up to 50 h after the sample preparation
were performed on devices based on PQT-12. Our
work shows that mica, which has been widely used
in electronic industry particularly in capacitors,
may be a useful thin-film material for OTFT
devices.
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Abstract

Air stable n-type organic field effect transistors (OFETs) based on C60 are realized using a perfluoropolymer as the gate
dielectric layer. The devices showed the field-effect mobility of 0.049 cm2/V s in ambient air. Replacing the gate dielectric
material by SiO2 resulted in no transistor action in ambient air. Perfluorinated gate dielectric layer reduces interface traps
significantly for the n-type semiconductor even in air.
� 2008 Elsevier B.V. All rights reserved.

PACS: 72.80.Le; 73.61.Ph; 85.30.Tv; 73.20.At

Keywords: Organic field effect transistor; n-Type; C60; Air stable; Perfluorinated polymer gate insulator
1. Introduction

There has been much progress in performance of
organic field effect transistors (OFETs) in recent
years. A large number of semiconducting organic
and polymeric materials have been reported and
high field effect mobilities with high on–off ratios
have been realized [1]. Most of the materials are,
however, p-type and fewer n-type materials have
been reported up to now [2,3]. Moreover most of
the reported n-type organic semiconducting materi-
als showed instability and sensitivity to air expo-
sure. Moisture or hydroxy group at the interface
has electron withdrawing characteristics and acts
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.011
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as trap sites in operation of n-type OFETs. Since
accepter-like trap states induce threshold voltage
shift and destroy OFETs performance, in situ
measurement in high vacuum chamber or device
passivation techniques are employed to characterize
n-type OFETs [4,5]. Recently, hydroxyl-free gate
dielectric such as divinyltetramethylsiloxane-bis
(benzocyclobutene) derivative is reported to be able
to yield n-channel FET conduction in most conju-
gated polymers. However, it is also limited to the
encapsulated devices [6]. Two methods have been
reported to overcome the problem. The first one is
to use specially designed semiconductor materials
with strong electron withdrawing groups [7–10]. It
helps to increase electron affinity and prevent
reaction with moisture or oxygen in ambient air.
Another one is to use large grain and highly
packed polycrystalline semiconductor. It reduces
.
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permeation of moisture and oxygen into the active
region of film [11,12].

In this paper, we report another method to fabri-
cate n-type OFETs stable in air without passivation,
which is the use of a perfluorinated polymer as the
gate dielectric layer. C60 was employed as an n-type
semiconductor, which is reported to be unstable
upon exposure to ambient air if the device is fabri-
cated on SiO2 dielectric layer [13,14]. We focused
on the interface between semiconductor and insula-
tor rather than semiconductor bulk itself. We
selected CYTOPTM fluoropolymer as an dielectric
insulator to reduce the effect of interface trap sites
and fabricate ambient air-stable C60 OFETs. The
dielectric material had been employed as the gate
dielectric to eliminate gate bias stress effect in p-type
rubrene single crystal field effect transistors [15].

2. Experimental

OFET devices have a top-contact and bottom-
gate structure. The devices were fabricated on a
heavily doped silicon wafer which works as the com-
mon gate electrode. Either thermally grown SiO2

(3000 Å) (device 1) or spin-coated CYTOPTM

(3600 Å) (device 2) was used as the dielectric layer.
For the device 1, silicon dioxide layer was cleaned
with H2SO4:H2O2 = 4:1 solution and rinsed with
dionized water. The surface was treated with UV–
O3 for 10 min before the deposition of an organic
semiconductor. For the device 2, CYTOPTM was pur-
chased from Asahi Glass and spin-coated on a Si
wafer. Native oxide of the Si wafer was removed
using buffered oxide etchant before spin coating.
50 nm thick C60 film was deposited onto the dielec-
tric layers with thermal evaporation under a pressure
of 2.0 � 10�6 torr. Deposition rate was 0.5 Å/s. Sub-
strate temperature was maintained at 50 �C and
active region was patterned with a metal shadow
mask. Au source and drain electrode were deposited
by thermal evaporation under a pressure of
5.0 � 10�7 torr with the deposition rate of 2.0 Å/s.
The samples were exposed to N2 gas in a glove box
to change the mask for the electrode deposition.
Channel length and width were defined to 50 lm
and 500 lm, respectively, with another metal sha-
dow mask. Thickness of the electrodes was 1000 Å.
Some fabricated devices were encapsulated with
glass cans in a glove box. O2 and H2O levels in the
globe box were under 1.0 ppm, respectively.

Electrical measurements were performed using
an Agilent 4155 C semiconductor parameter ana-
lyzer and a Suss PM8 probe station. All electrical
measurements were performed in the dark. Atomic
Force Microscope (AFM) topographic images were
taken in a PSIA XE-100 scanning probe microscope
with non-contact mode.

3. Results and discussion

Fig. 1 shows AFM images of the C60 films on the
insulators. The root-mean-square (RMS) rough-
nesses of the C60 films are almost the same with
5.3 Å on CYTOPTM and 5.7 Å on SiO2, respectively.
The film grown on SiO2 dielectric layer has almost
the same grain size as the film grown on CYTOPTM

layer, and these grains are not large enough to pre-
vent permeation of oxygen or moisture through the
grain boundaries, one of the methods to show stable
FET characteristics in ambient air [11,12].

Drain current–drain voltage (ID–VD) characteris-
tics of C60 based FETs with the SiO2 and CYTOPTM

insulator are displayed in Fig. 2 for different gate
biases (Vg). The device with the SiO2 insulator
exhibits n-type characteristics only when it was
encapsulated (Fig. 2a). The device without encapsu-
lation does not show any transistor characteristics
under exposure to air (not shown), which is consis-
tent with the previous reports [13,14]. In contrast,
the device with the CYTOPTM insulator shows clear
n-type ID–VD characteristics even in air without
passivation (Fig. 2b). If the device is encapsulated,
the current was increased considerably (Fig. 2c).

The transfer characteristics of the devices mea-
sured just after the fabrication of the devices
(t = 0) in the saturation regime (VD = 100 V) are
shown in Fig. 3. The device with SiO2 gate dielectric
layer (Fig. 3a) shows the electron mobility of
0.08 cm2/V s, threshold voltage of 22.5 V, and on–
off ratio of 104, respectively. Moreover, the device
showed large hysteresis of 42 V. In contrast to the
device with SiO2 insulator, the device with
CYTOPTM insulator without encapsulation showed
the electron mobility of 0.049 cm2/V s and on–off
ratio of 6 � 103 in ambient air (Fig. 3b), which are
comparable with the encapsulated device with
SiO2 gate insulator. It is interesting to note that
the device has very large threshold voltage of
64.0 V but with very small hysteresis. The encapsu-
lated device with CYTOPTM gate insulator (Fig. 3c)
resulted in the best device performance as expected.
The device showed the electron mobility of
0.20 cm2/V s, threshold voltage of 29.0 V, and on–
off ratio of 105, respectively.



Fig. 1. Atomic force microscopy topographic images of C60 films grown on (a) SiO2 and (b) CYTOPTM (scan size is 1 lm � 1 lm).

Fig. 2. Output (ID–VD) characteristics of C60 OFETs with (a) SiO2 insulator in inert environment (passivated), (b) CYTOPTM insulator in
ambient air, and (c) CYTOPTM insulator in inert environment (passivated).
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To further evaluate the stability of the devices,
we investigated the evolution of the transfer curves
of the devices and the variation of mobility, thresh-
old voltage and hysteresis with time are plotted in
Fig. 4. Hysteresis in the figure was defined as the dif-
ference of gate bias between the forward and reverse
scan at the source–drain current of 10 nA
(V hysteresis ¼ V forward

g � V reverse
g at 10 nA).



Fig. 3. Transfer (ID–VD) characteristics of C60 OFETs in saturation regime with (a) SiO2 insulator in inert environment (passivated), (b)
CYTOPTM insulator in ambient air, and (c) CYTOPTM insulator in inert environment (passivated). Both forward scan (filled rectangle) and
reverse scan (filled circle) are exhibited.
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The passivated device with SiO2 insulator shows
very large hysteresis of 42 V in the first scan. After
the first scan, large threshold voltage shift more than
40 V was observed and hysteresis was reduced signif-
icantly to less than 5 V. Mobility was increased to
0.12 cm2/V s at 100 s after the initial scan but slightly
decreased after that point. This phenomenon can be
understood by trap states at the interface between
C60 and silicon dioxide or in the thin transporting
layer near the interface. As the gate bias increases
in the first scan, the trap states are filled with elec-
trons. These trapped electrons induce the hysteresis
in the first scan and large threshold voltage shift from
the second scan. After the originally empty deep
traps are filled, charges are trapped only in shallow
states. As results, the threshold characteristics do
not change much and the mobility is increased.

The device with CYTOPTM insulator in ambient
air shows similar characteristics as the passivated
device with SiO2 insulator after the first scan. The
device shows slowly decreasing mobility with time.
The threshold voltage shift and hysteresis are main-
tained below 5 V until 20,000 s. Almost similar
threshold voltage of the unpassivated device with
CYTOPTM insulator and the passivated device with
SiO2 indicates that the trap density at the interface
is almost the same between the two devices and
the traps are filled by the exposure to the air in
the CYTOPTM devices and by the first scan in the
SiO2 device. The source of decreasing mobility is
understood by continuous generation of deep trap
sites near the interface between the semiconductor
and the insulators due to contact to ambient air
including moisture and oxygen.

The passivated device with the CYTOPTM insula-
tor shows most stable characteristics without any
significant change up to 2000 s after initial scanning.
It had very low hysteresis (<2 V) and low threshold
voltage shift (<2 V) up to that time. Higher electron
mobility and lower threshold voltage of the encap-
sulated device than un-encapsulated device indicates
that the trap density in the passivated device with
CYTOPTM insulator is very low and the traps at
the interface or thin transporting layer near the
interface are generated by the exposure of the device
to ambient air.



Fig. 4. Time dependence of (a) mobility, (b) hysteresis, and (c) threshold voltage for forward (filled symbols) and backward (open
symbols) scan of encapsulated devices fabricated on SiO2 (filled diamond), air exposed device on CYTOP (filled triangle) and encapsulated
device on CYTOP (filled rectangle).
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4. Conclusion

In summary, we demonstrated an air stable n-
type C60 OFET by using a perfluorinated polymer,
CYTOPTM, as the gate dielectric layer. Replacing
the gate dielectric material by SiO2 resulted in no
transistor action in ambient air. The device showed
similar device characteristics as the encapsulated
device fabricated on SiO2 gate dielectric layer. This
indicates that the interface trap density for electrons
for n-type organic materials is significantly reduced
by using the perfluorinated polymer as the gate
dielectric layer even in ambient air. We believe that
this finding is important for the realization of
organic based complementary metal–insulator–
semiconductor (CMOS) circuits.
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Abstract

The crystal structure of Er(PM)3(TP)2 [PM = 1-phenyl-3-methyl-4-isobutyryl-5-pyrazolone, TP = triphenyl phosphine
oxide] was reported and its photoluminescence properties were studied by UV–vis absorption, excited, and emission spec-
tra. The Judd–ofelt theory was introduced to calculate the radiative transition rate and the radiative decay time of 3.65 ms
for the 4I13/2 ?

4I15/2 transition of Er3+ ion in this complex. The antenna-effect and phonon-assisted energy-transfer were
introduced to discuss the intramolecular energy transfer from ligands to Er3+ ion. Based on this Er(III) complex as the
emitter, the multilayer phosphorescent organic light emitting diode was fabricated with the structure of ITO/NPB
20 nm/Er(PM)3(TP)2 50 nm/BCP 20 nm/AlQ 40 nm/LiF 1 nm/Al 120 nm, which shows the typical 1.54 lm near-infrared
(NIR) emission from Er3+ ion with the maximum NIR irradiance of 0.21 lW/cm2.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, near-infrared OLEDs have attracted
great attention in view of their potential applica-
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tions in laser technology, optical sensors, and tele-
communications [1–5]. Lanthanide based NIR
OLEDs have got a great development since Curry
and Gillin reported electroluminescence of the
ErQ complex [4]. Several groups have demonstrated
the application of lanthanide complexes and lantha-
nide-containing materials in NIR emitting electrolu-
minescent diodes [1,5,6]. It is well known lanthanide
ions show sharp optical-emission which is almost
.
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independent of the environment surrounding the
lanthanide ions because electrons in the 4f inner
shell are shielded by the completely filled 5s2 and
5p6 outer electron shells. The characteristic emission
of Er3+ is at 1.54 lm which coincides well with the
wavelengths of the transmission-loss dispersion
minima [7]. So, the development of Er(III) based
near-infrared OLEDs is a challenging subject of
significance from the standpoint of both basic sci-
ence and technological applications.

It has long been known lanthanide emission need
to be sensitized via antenna chromophore because
their intra-configurational 4f–4f transitions are for-
bidden and absorptions are very weak. The organic
ligands can be selected effectively to sensitize lantha-
nide ions and provide enough coordination sites to
shield them from impurities in the surrounding
matrix that may quench the luminescence.

The structure of pyrazolone-based ligands is sim-
ilar to that of b-diketone ligands, which can enhance
luminescent properties of Ln3+ ions well [8]. The
ligand PM is easy to coordinate with Er3+ ion and
form a stable complex with triphenyl phosphine
oxide (TP) as the neutral ligand. These ligands have
large conjugated structure and the isopropyl in PM
ligand is the electron donor, all of which can
improve the luminescent property of the complex.
The single crystal of Er(PM)3(TP)2 is easy to obtain
and shows good thermal stability, which is benefi-
cial to thermal-evaporation in fabricating electrolu-
minescent devices.

In this work, we report the structure of
Er(PM)3(TP)2 and its optical properties containing
UV–vis absorption, NIR luminescence, and excited
spectra. By energy-transfer analysis, we found that
the ligand PM can sensitize Er3+ ion well. With
the aid of Judd–Ofelt theory [9,10], it is possible
to calculate the radiative lifetime of Er3+ ion in this
complex, and then obtain the quantum efficiency of
corresponding transition. The crystal of this com-
plex was used to fabricate the NIR electrolumines-
cent devices, from which the 1.54 lm characteristic
emission of Er3+ ion was detected. The devices show
good performances of NIR irradiance at low
voltage.

2. Experimental

2.1. Synthesis of the ligand PM

The pyrazolone-based ligand was synthesized
according to the previous method [11].
2.2. Synthesis of Er(PM)3(TP)2

A mixture of PM (30 mmol), a solution of
ErCl3 (10 mmoL) in ethanol and TP (20 mmoL)
in ethanol (200 mL) was stirred for several min-
utes until the solids were completely dissolved.
This solution was treated with sodium hydroxide
(30 ml of 1 mol/L solution), which resulted in
the immediate formation of a pale precipitate,
and refluxed for 5 h. The pale precipitate was then
collected by vacuum filtration, washed with water,
and dried under 80 �C to give the product as pale
solid (11.7 g, 80%). Calcd. for C78H75N6O8P2Er:
C, 64.39; H, 5.16; N, 5.78. Found: C, 64.35; H,
5.29; N, 5.87%.

2.3. Fabrication of EL devices

All the organic layers were evaporated onto a
precleaned ITO (with a sheet resistance of 12 X/
sq) glass substrate with the speed of 0.05 nm/s under
high vacuum (63.0 � 10�5 Pa). LiF and Al were
evaporated in another vacuum chamber with differ-
ent speed of 0.01 nm/s and 0.5 nm/s without being
exposed to the atmosphere, respectively. The thick-
nesses of the deposited layers and the evaporation
speed of individual materials were monitored in vac-
uum with quartz crystal monitors.

2.4. Apparatus

The optical absorption spectra were measured
using a Carry-500 UV–vis spectrophotometer. PL
and EL spectra were measured by a HORIBA
Jobin Yvon FluoroLog-3 spectrofluorometer
equipped with a 450 W Xe-lamp as an excitation
source and a liquid-nitrogen-cooled R5509-72
PMT as detector (NIR-region). The luminescence
decay curve of the emitting level of Er(PM)3(TP)2

was recorded under excitation at 355 nm with the
third harmonic of a Spectra-physics Nd: YAG laser
(using a 5 ns pulse width and 5 mJ of energy per
pulse) as the exciting source, and the data were col-
lected and analyzed with a LeCroy WaveRunner
6100 1 GHz Oscilloscope. The luminescence lifetime
was calculated by Origin 7.0 software package.
Current–irradiance–voltage properties were mea-
sured by using a computer-controlled Keithley
2400 sourcemeter and UDT Model 370 Photometer
with a calibrated UDT Model 261 Germanium
Detector (using an 850 nm filter to preclude the
effect of visible light).



Table 1
Crystallographic data for Er(PM)3(TP)2

Empirical formula C78H75N6O8P2Er
Formula weight 1453.65
Temperature (K) 293(2)
Crystal system Monoclinic
Space group P2(1)/n
a (Å) 13.319(4)
b (Å) 23.141(7)
c (Å) 23.067(7)
Alpha = gamma (�) 90.000
Beta (�) 91.687(4)
Volume (Å3) 7107(3)
Z 4
Calculated density (Mg/m3) 1.359
Wavelength (Å) 0.71073
Absorption coefficient (mm�1) 1.286
Goodness-of-fit on F2 0.949
R1 [I > 2r(I)] 0.0364
wR2 [I > 2r(I)] 0.0613
R1 (all data) 0.0588
wR2 (all data) 0.0661
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3. Result and discussion

3.1. Crystal structure of Er(PM)3(TP)2

Single crystal of complex Er(PM)3(TP)2 was
obtained by recrystallization from its ethanol solu-
tion. The complex is so stable in air that it is still
in the solid state over the course of several days.
Thermal ellipsoid plots of Er(PM)3(TP)2 with the
numbering scheme is displayed in Fig. 1a. The coor-
dination geometry of the metal centers is best
described as a distorted bicapped trigonal prism
from the coordination site angles. Important exper-
imental parameters for the structure determinations
are tabulated in Table 1. The central Er3+ ion is
coordinated by eight oxygen atoms from three PM
ligands and two TP ligands. This coordination char-
acter accords with the chemical structure of the
complex (Fig. 1b). Thus, the Er3+ ion exhibits a
coordination number of eight. The average Er–O
Fig. 1. (a) ORTEP plot for Er(PM)3(TP)2 with ellipsoids drawn
at the 50% probability level. Hydrogen atoms were omitted for
clarity. (b) Chemical structure of the complex.
distance is 2.335 Å [2.244(2)–2.477(2) Å]. In the
ligands rings, the average C–C and C–O bands are
1.403 [1.334(3)–1.533(2) Å] and 1.256 [1.244(4)–
1.271(2) Å], respectively.

3.2. Photoluminescence properties

The room-temperature absorption spectrum for
Er(PM)3(TP)2 (in CHCl3) is shown in Fig. 2. Below
400 nm the absorption bands of Er3+ ion are over-
lapped by the onset of the ligand absorption edge.
In the 400–900 nm region, various f–f absorption
bands of Er3+ are observed (originate from the
4I15/2 ground state of Er3+), they correspond to
the energy states: 4F7/2 (488 nm), 2H11/2 (521 nm),
Fig. 2. Absorption spectrum of Er(PM)3(TP)2 in CHCl3 solvent.



Fig. 3. The absorption spectra (thin films on quartz substrate) of
ligands PM (a), TP (b), and complex Er(PM)3(TP)2(c), and the
excitation (d, kem = 1538 nm) and emission (e, kex = 350 nm)
spectra of Er(PM)3(TP)2 single crystal at room-temperature.

Fig. 4. The decay curve of Er(PM)3(TP)2 single crystal (emission
band at 1538 nm).
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4S3/2 (544 nm), 4F9/2(652 nm), 4I9/2 (801 nm) [12].
All the observed absorption bands are numerically
integrated to obtain the experimental line strength,
and the values are summarized in Table 2. The exci-
tation spectrum of Er(PM)3(TP)2 (monitored at
1538 nm) and the absorption spectra of the ligands
(PM and TP) are shown in Fig. 3. As is clearly vis-
ible in Fig. 3, there are overlaps between the excita-
tion band of the complex and the absorption bands
of PM and TP, which indicates the typical sensitiza-
tion of the Er3+ ion by the organic ligands PM, an
antenna-effect, [13,14] and confirms that the Er3+

ion is surrounded by PM and TP in this complex
[15]. In the excitation spectrum of Er(PM)3(TP)2,
besides the broad band at 350 nm owing to the exci-
tation of ligand PM, the sharp band at 377 nm and
shoulder bands at 404, 448 nm can be assigning to
the 4G11/2, 4F9/2, and 4F3/2 excited state of Er3+

ion, respectively [16].
The emission spectrum of the Er(PM)3(TP)2

complex was obtained by direct excitation
(kex = 350 nm) of the ligands (shown in Fig. 3e).
From the Fig. 3e, it can be found the broad emis-
sion band extending from 1450 to 1640 nm and cen-
tered at 1538 nm. The transition around 1540 nm is
in the right position for telecommunications appli-
cations. The full width at half maximum (FWHM)
of the emission spectrum is 70 nm, which is very
wide and has potential for optical-amplification
applications [17].

The lifetime of Er(PM)3(TP)2 was measured and
shown in Fig. 4. Obviously, it is fit to a single
exponential with a decay time of 3.3 ls at the emis-
sion wavelength 1538 nm. The nature lifetime of
4I13/2 ?

4I15/2 transition in the Er(PM)3(TP)2 com-
plex is calculated by Judd–Ofelt theory in Section 3.4.

3.3. Energy-transfer

In general, direct excitation on these transitions is
difficult due to the low optical cross-section of lan-
thanide ions arising from the forbidden nature of
Table 2
Measured and calculated line strengths of Er3+ ion in Er(PM)3(TP)2co

S0 L0 J0 k (nm)

4F7/2 488
2H11/2 521
4S3/2 544
4F9/2 652
4I9/2 801

rmsDS = 0.3017 � 10�20 cm2.
the 4f–4f transitions. Consequently, an effort to
endow the Ln3+ ions with high efficiency lumines-
cence is employing strong light-harvesting ligands
that can sensitize the metal ion by intramolecular
energy-transfer (a mechanism-‘‘antenna effect”).
The acceptor levels of the lanthanide ions are
mplex (all transitions are from 4I15/2)

Smea (�10�20 cm2) Scal (�10�20 cm2)

3.7625 3.7536
44.8358 44.8358
0.6894 0.9728
5.7861 5.6527
0.7951 1.2133
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important in determining the energy-transfer mech-
anisms from organic ligands to lanthanide ion. A
choice of potential accepting levels can be made
based on the energy difference between donor (sen-
sitizer) and acceptor level (Ln3+), which should not
be too large for sufficient spectral overlap [18]. The
selection rules for energy-transfer from sensitizer to
the Ln3+ (2S + 1)LJ 4f levels are jDJj = 2, 4, 6 for the
dipolar and multipolar energy-transfer (Förster
type)[19] and jDJj = 0, 1 (but forbidden for J =
J0 = 0) for the electron exchange mechanism (Dex-
ter type) [20]. In this work, energy-transfer takes
place from the triplet excited state, because the sin-
glet state of the ligands are depopulated very fast to
the triplet state and the Dexter type of transfer is in
general the dominant mechanism [21,22]. The triplet
state energy level (T1) of ligand PM is 21460 cm�1

by examining the phosphorescence spectrum of the
Gd(PM)3(TP)2 complex in 5 � 10�4 mol/L DMF
solution at 77 K [23,24] whereas the 4F7/2 energy
level of Er3+ ion is 20420 cm�1 would be energeti-
cally appropriate, and is allowed by the Förster
mechanism (DJ = 4 with respect to the 4I15/2 ground
state). Dexter energy-transfer is allowed only to the
low-lying 4I13/2 level (DJ = 1 from the ground state)
at 6610 cm�1, where the energy-transfer rate would
be very slow, because of the large gap between
donor and acceptor energy levels. However, accord-
ing to the ‘‘phonon-assisted energy-transfer”

pointed out by Güdel and coworkers [25] energy
transfer can involve vibrational as well as electronic
excitation of the acceptor organic ligands. So, the
energy-transfer process here could be reasonable
and the organic ligands could sensitize the Er3+ ion.

3.4. Judd–Ofelt analysis

Judd–Ofelt theory is one of the successful theo-
ries for estimating the magnitude of the forced elec-
tric-dipole transition of rare-earth ions. From the
RT absorption spectrum of Er(PM)3(TP)2, we can
find the optical absorption corresponds to electron
transitions from the ground 4I15/2 multiplet to the
upper energy states of Er3+. Five Er3+ ion absorp-
tion bands in the spectrum were selected to deter-
mine the phenomenological oscillator strength
parameters. The band positions, along with assign-
ments in the absorption spectrum, are shown in
Table 2. The measured absorption line strengths,
Smea, from the ground 4I15/2 manifold (J = 15/2)
to the excited J0 manifold can be obtained using
the following Eq. (1) [26]
Z
ODðkÞdk ¼ 1

Ln10
NErL

� 8p3e2�k
3chð2J þ 1Þn

ðn2 þ 2Þ2

9

" #

Smea ð1Þ

where OD(k) is the absorption coefficient at wave-
length k; �k is the mean wavelength of the specific
absorption band; NEr is the concentration of Er3+

(NEr = 3.01 � 1017 cm�3), L is the optical length
(L = 1 cm); e, h, and c are the electron charge,
Planck’s constant, and velocity of light, respectively;
and n is the refractive index of the chloroform solu-
tion (n = 1.446).

According to Judd–Ofelt theory, the line strength
for electric-dipole (ED) transition between the ini-
tial J manifold j(S,L)Ji and terminal J0 manifold
j(S0,L0)Ji can be expressed by following Eq. (2) [27]

S ¼
X

t¼2;4;6

XtjhðS; LÞJkU tkðS0; L0ÞJ 0ij2 ð2Þ

where hkU(t)ki are the doubly reduced matrix ele-
ments corresponding to the J–J0 transition. The ma-
trix elements only depend on the angular
momentum of the Er3+ ion states and are essentially
independent of the ion’s environment [16]. The
oscillator strength parameters Xt (t = 2, 4, 6) are
independent of electronic quantum numbers for
the ground configuration of the Er3+ ion. Using
Eq. (1), the experimental oscillator strength Smea

for the electric-dipole transition can be obtained.
Then, the parameters Xt can be derived by least-
squares fitting of Eq. (2): X2 = 54.5998 � 10�20 cm2,
X4 = 2.4004 � 10�20 cm2, X6 = 4.4661 � 10�20 cm2.

The interpretation of the physical meaning of the
phenomenological oscillator strength parameters
remains controversial. X2 is usually related to the
degree of covalence in the lanthanide-first-coordina-
tion-shell interaction [28]. The large X2 value of
Er(PM)3(TP)2 indicates the presence of covalent
bonding between the Er3+ ions and the surrounding
ligands [29].

Using these parameters, we recalculate the transi-
tion line strengths Scal of the absorption bands using
Eq. (2). The calculated line strengths are listed in
Table 2. The rms (root-mean-square) deviation
between the experimental and the calculated line
strengths is defined by Eq. (3).

rmsDS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

i¼1

ðSmea � ScalÞ2=ðN � 3Þ

vuut ð3Þ



Fig. 5. Current density–voltage curves and NIR irradiance–
voltage curves of device A, B, and C.
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where N is the number of absorption bands ana-
lyzed. A measurement of the relative error is given
by the rms error = rmsDS/rmsS � 100%, where
rmsS ¼ ð

P
S2

men=NÞ1=2. The rms error of the fitting
is 1.4%, which indicates that the fitting results are in
good agreement with the experimental data. The
parameters Xt are used to determine the radiative
transition rate A from the initial state J (4I13/2) to
the terminal state J0 (4I15/2), here A = Aed + Amd,
Amd is the magnetic transition rate, and the value
was calculated as 3.02 � 10�7 s�1, which can be ig-
nored because it is very small. So, A = Aed can be
calculated using Eq. (4) [30]

A ¼ 64p4e2

3hð2J þ 1Þ�k3

nðn2 þ 2Þ2

9

�
X

t¼2;4;6

XtjhðS; LÞJkU tkðS0; L0ÞJ 0ij2 ð4Þ

where n is the refractive index, and the value of
jh[4I13/2kUtk[4I15/2]ij are calculated based on the
intermediate-coupling wave functions obtained
from the energy level fitting. The radiative lifetime
for the excited 4I13/2 state of Er3+ ion is determined
from the radiative transition rate A using Eq. (5)

sR ¼
1

A
ð5Þ

The radiative quantum efficiency is defined as the
following ge = s/sR, where s is the fluorescence life-
time. The calculated radiative lifetime and quantum
efficiency are listed in Table 3. The calculated radi-
ative decay time of 3.65 ms for the 4I13/2 ?

4I15/2

transition of Er3+ ion in this complex is in excellent
agreement with the reported value of 4 ms in Er or-
ganic complexes [17]. With the value for the radia-
tive transition rate and corresponding emission
spectrum, the stimulated emission cross-section re

is calculated using Eq. (6) [31]

re ¼
Ak2

4p2n2Dm
ð6Þ

where Dm is the frequency FWHM, and k is the
wavelength of the emission peak. The calculated
emission cross-section of 4I13/2 ?

4I15/2 is shown in
Table 3.
Table 3
Calculated radiative lifetime of the metastable 4I13/2 level, the radiativ
radiative quantum efficiency

Transition k (nm) A (s�1)

4I13/2 ?
4I15/2 1538 273.7
3.5. Electroluminescent properties

Light emitting diodes containing Er(PM)3(TP)2

complex were prepared to characterize the EL
device properties. All the current–voltage and irra-
diance–voltage curves for different devices are
shown in Fig. 5. A device with the structure ITO/
NPB 40 nm/Er(PM)3(TP)2 60 nm/LiF 1 nm/Al
120 nm (A) was made using the NPB as the hole
transport layer and the Er(PM)3(TP)2 complex as
the emission layer. LiF layer is the insulating med-
ium, which can reduce the barrier height for elec-
tron injection and then get a reduction of the
driving voltage [32,33]. In Fig. 5, it is shown that
device A can produce the maximum irradiance of
0.08 lW/cm2 at the current density of 123 mA/cm2

(21 V). To decrease the driving voltage and improve
the whole performances of device, an electron trans-
e transition rate, the stimulated emission cross-section, and the

sR (ms) re (�10�21 cm2) ge (%)

3.65 3.27 0.091
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port layer AlQ was added into device B: ITO/NPB
20 nm/Er(PM)3(TP)2 50 nm/AlQ 40 nm/LiF 1 nm/
Al 120 nm. Compared with device A, device B
shows higher NIR irradiance up to 0.17 lW/cm2.
At the same time, the current density of device B
attained to 254 mA/cm2 (19 V). For device C, we
introduced another layer of BCP, which is usually
acting as the hole-block layer in the OLEDs and
helpful to confining electrons and excitons within
the heterostructure emissive region and then
improving characteristics of devices [34]. So device
C has such structure: ITO/NPB 20 nm/
Er(PM)3(TP)2 50 nm/BCP 20 nm/AlQ 40 nm/LiF
1 nm/Al 120 nm. In fact, just as we anticipated,
device C exhibited the maximum NIR irradiance
of 0.21 lW/cm2 (see Fig. 5). However, in compari-
son with device B, its maximum current density
slightly decreases to 224 mA/cm2 at 19 V. There-
fore, we can safely say that the characteristics of
device C got big improvement owing to two reasons:
firstly, carriers are well confined in the emitting
layer and become more balanced; secondly, reduc-
ing the total current density of device makes the
device more stable and perform better. Although
different thickness of the emitting layers were
selected to improve the performance of the device,
for example being 40 or 60 nm, these devices unfor-
tunately show poorer performance than that of
device C.

In the NIR-region, device C always shows a
broad emission band peaks at 1538 nm at the differ-
ent applied voltages (shown in Fig. 6), which origi-
nates from the characteristic 4I13/2 � 4I15/2

transition of Er3+ ion. For the NIR EL mechanism
of the Er complex based NIR devices, we believe
Fig. 6. EL spectrum of device C at the applied voltages of 16, 17,
and 19 V.
that with the increasing of applied voltage, electrons
and holes are respectively injected from the low and
the high work function metal electrode into the low-
est unoccupied and the highest occupied electronic
levels of the organic material present at the metal–
organic interface, and are respectively transported
from the electron transport layer and the hole trans-
port layer to the emission layer. Then, electrons and
holes are recombined to lead to the formation of
excitons, which will excite the electrons from the
ground 4f states to the higher 4f excited states of
Er3+ ion. Finally, the NIR-EL emission results from
the electrons in the excited 4f state (4I13/2) of the
Er3+ ion relaxing radiatively to the 4f ground state
(4I15/2).
4. Conclusions

We have conducted detail analyses of the crystal
structure of the Er(PM)3(TP)2 complex. Investigat-
ing its optical properties, we found the energy-trans-
fer from ligands to center Er3+ ion is possible and
the characteristic emission from Er3+ ion is detected
at 1538 nm. The FWHM of this emission is 70 nm:
such a broad spectrum enables a wide gain band-
width for optical-amplification. Judd–Ofelt theory
calculation has been conducted successfully to
obtain the radiative lifetime from the 4I13/2 manifold
is about 3.65 ms. The time-resolved luminescence
spectrum shows monoexponential decay with a life-
time of 3.3 ls for Er3+ ion. The optimal device with
the structure of ITO/NPB 20 nm/Er(PM)3(TP)2

50 nm/BCP 20/AlQ 40/LiF 1 nm/Al 120 nm by
using the Er complex as the emitting layer shows a
strong NIR irradiance of 0.21 lW/cm2 at 19 V. To
the best of our knowledge, this is one of the best val-
ues reported of NIR OLEDs based on Erbium (III)
complexes as emitters.
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Abstract

There has been a debate on the mechanism of resistive switching in Rose Bengal and other Xanthene class molecules.
While some authors proposed that the switching was due to an oxide layer at the Rose Bengal/Aluminum interface, some
inferred the switching as an extrinsic effect like filament formation. We show results from Rose Bengal and other Xanthene
class molecules on doped Si. Conductance switching in such monolayers induced by Pt/Ir tip of a scanning tunneling
microscope (STM) in a non-contact mode shows that resistive switching in these molecules, initially reported by us in
2003 (in thin films), is indeed a molecular phenomenon.
� 2008 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 82.37.Gk; 85.35.�p; 85.65.+h

Keywords: Conductance switching; Memory phenomenon; Molecular memory
1. Introduction

From the beginning of the current decade, electri-
cal bistability in organic molecules [1–3] has
attracted much attention due to their applications
as memory elements. In a bistable device, current–
voltage characteristics depend on the preceding
voltage pulse. In other words, current at a voltage
can be used to ‘‘read” the state of a device for mem-
ory applications [4–12]. In 2003, we introduced
Rose Bengal and other molecules with identical
backbone in the Xanthene class that exhibited
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.013
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reproducible electrical bistability at room tempera-
ture [4–6]. The bistability in these materials is
important due to (1) large ratio between the conduc-
tivities of the two states and (2) associated memory
phenomenon for read-only and random-access
memory (ROM and RAM, respectively) applica-
tions. We proposed that the high-conducting state
in Rose Bengal arose due to a change in its conjuga-
tion via electroreduction or a twist between its two
planes [4–6]. Formation of metal filaments through
redox reaction is a general possibility in metal/
organic/metal structures [13–16]. In the former
cases, resistive switching in Rose Bengal can be
termed as a molecular phenomenon. If metal fila-
ments result the high-state, the switching cannot
be termed as a molecular one and hence can never
.
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Fig. 1. Electronic absorption spectra of LbL films of PAH/Rose
Bengal for different number of LbL bilayers. Inset shows
absorbance at 572 nm as a function of number of bilayers.
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be extended to achieve a high-density memory ele-
ments (a bit per molecule). It is hence important to
know the mechanism of resistive switching involved
in Rose Bengal and other organic materials.

In Rose Bengal films on ZnO with Al as the top
electrode, the observed electrical bistability has been
explained to be due to a thin oxide layer at the inter-
face inferring that the switching effect is completely
extrinsic and not dependent on the molecular layer
[16]. Since the switching mechanism is still under
discussion, we aimed to take a different approach
– an approach to exclude some of the proposed
mechanisms. In doing so, we chose a device config-
uration without a possibility of oxide formation. In
addition, to exclude formation of metal filaments
through redox reaction, we used metals that cannot
be oxidized under the voltage range of measure-
ment. We hence deposited a monolayer of the mate-
rials on doped Si wafers and measured current–
voltage (I–V) characteristics with Pt/Ir tip of a
STM in a non-contact mode. Furthermore, we
chose different organic materials (with a similar
backbone and different substitutes) to know if the
observed resistive switching truly depends on the
material that is being probed.

2. Experimental

We selected disodium salts of Fluorescein,
20,40,50,70-tetraiodo Fluorescein (Erythrosin B),
20,40,50,70-tetrabromo Fluorescein (Eosin Y),
4,5,6,7-tetrachloro-20,40,50,70-tetraiodo Fluorescein
(Rose Bengal), and 4,5,6,7-tetrachloro-20,40,50,70-tet-
rabromo Fluorescein (Phloxine B). The materials
have identical backbone but varied functional sub-
stitutes. Due to the –O� and –COO� groups, we
could electrostatically adsorb the materials via
layer-by-layer (LbL) electrostatic assembly with
poly(allyl amine hydrochloride) (PAH) as a polyca-
tion. Monolayer of the materials was grown on sil-
icon wafers. The polished Si(1 11) wafers were
phosphorus doped (N-type) with a resistivity of
5–10 mX cm. To obtain a monolayer via electro-
static assembly, a deprotonated Si substrate was
first dipped in the polycationic bath (pH 6.5) for
15 min followed by thorough rinsing in deionized
water baths. The Si substrate was then dipped in a
bath containing the desired material (5 mM) for
15 min followed by the same rinsing protocol in a
separate set of water baths. This resulted in a mono-
layer of the material due to electrostatic binding
through its –O� and –COO� moieties. The dipping
sequence was repeated to obtain multilayer films (on
quartz) to record electronic absorption spectra.
Monolayer of Rose Bengal and other molecules
were characterized with a Pt/Ir tip of a STM (Nano-
surf easyScan2) controller in a non-contact (tunnel-
ing) mode under ambient condition. Pt/Ir tip of the
STM was lowered till a current of 0.5 nA was
achieved at 0.5 V. The tip position was then fixed
to record topographic image of the monolayer and
to measure a set of I–V characteristics. Bias, applied
with respect to the base electrode, was swept to both
directions.

3. Results and discussion

We have characterized monolayers of different
organic molecules. The monolayers were deposited
via LbL film deposition technique with PAH as
the polycation. To confirm formation of a mono-
layer, we recorded electronic absorption spectra of
the films on quartz substrates. Since the value of
absorbance for a monolayer should be low, we mon-
itored the deposition process during multilayer for-
mation. Electronic absorption spectra of PAH/Rose
Bengal LbL films after deposition of different num-
ber of bilayers are shown in Fig. 1. All the spectra
show a peak at 572 nm – the intensity of the band
increasing with number of bilayers deposited. The
band is very close to that of Rose Bengal solution
(570 nm). The inset of Fig. 1 shows the absorbance
of the film at peak wavelength as a function of num-
ber of Rose Bengal monolayers. A linear plot
through the origin with a slope of unity confirms
that the molecules were adsorbed uniformly during



Fig. 3. Current–voltage characteristics of a monolayer of Rose
Bengal for two sweep directions of applied voltage. Multiple
scans at the same point is shown in the figure. Arrows represent
the direction of voltage-sweep. Inset shows I–V plots in a small
voltage window (from 0 to 0.7 V) after application of +4.0 and
�4.0 V pulses (width = 2 ms), which have induced a high- and a
low-conducting state, respectively.
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deposition of first and every monolayer via LbL
assembly. The LbL technique furthermore assures
that only a monolayer of Rose Bengal was depos-
ited in every layer. Topographic STM image of a
bare wafer and a monolayer of Rose Bengal are pre-
sented in parts (a) and (b) of Fig. 2, respectively. A
clear difference between the images is certainly due
to deposition of Rose Bengal during electrostatic
adsorption via the binding through –O� and
–COO� groups of Rose Bengal with the –NHþ3 moi-
eties of PAH.

Fig. 3 shows I–V characteristics of Rose Bengal
monolayer in two sweep directions. Multiple scans
at the same point on the film for each of the sweep
directions are shown in the figure to depict the level
of stability. The plot shows that the current exhibits
a jump at a suitable positive bias. Current at a volt-
age during the sweep from a positive bias is always
higher than that during the sweep towards a positive
voltage. The molecules lose its higher level of con-
ductivity at around �0.5 to �1.0 V during the volt-
age-sweep to a negative bias. No switching occurs in
the negative bias regime. The magnitude of current
through the monolayer is in general high due to the
parameters used during the approach of the STM
tip. Also, the saturation in current at 100 nA is
due to the limitation of the STM instrument used
in recording I–V characteristics.

Memory phenomenon of the molecules has also
been established. After application of suitable volt-
age pulse to induce either of the states, we have
Fig. 2. Topographic STM image of (a) a bare Si substrate and (b) a
recorded after an approach in a constant current mode (0.5 nA at 0.5 V
respectively.
measured I–V characteristics in a small (positive)
voltage window. Inset of Fig. 3 shows that a
+4.0 V pulse could induce a high-conducting state.
Similarly, a �4.0 V pulse reinstated the initial low-
state. The I–V plots between 0 and 0.7 V show clear
difference between the states. In other words, the
I–V plots have depended on nature of the preceding
voltage pulse evidencing memory phenomenon of
the molecules.

The bistability in a monolayer is reproducible
over multiple voltage scans and also at different
monolayer of Rose Bengal on Si. The STM measurements were
). The displayed scan area is 19 nm � 19 nm and 56 nm � 56 nm,
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points on the monolayer film. Fig. 4, displaying
results from different points on the film, shows that
current at a voltage depends on the direction of
voltage-sweep. The two states are clearly distin-
guishable when results from five points are com-
Fig. 4. Forward bias section of current–voltage characteristics of
a monolayer of Rose Bengal for two different voltage-sweep
directions. Results from five different points on the film are shown
as different symbols. Arrows represent the direction of voltage-
sweep.

Fig. 5. Current–voltage characteristics of four different molecules in th
voltage-sweep.
pared. The observed resistive switching and
associated memory phenomena in the present con-
figuration (Rose Bengal between doped Si and Pt/
Ir tip) are itself of interest. Since none of the
involved metals can be oxidized in the voltage range
of our measurement, the switching shown in Fig. 4
could not be due to metal filament formation
though redox reaction. Again the measurements
were carried in a non-contact mode; hence the ques-
tion of filament formation via diffusion during metal
deposition does not arise. The results further rule
out any role of oxide layers in the resistive switching
of Rose Bengal. Moreover, since we characterized
only a monolayer of Rose Bengal on doped
Si(1 11) wafers deposited via electrostatic assembly,
progressive switching along the depth of the film
does not occur.

As control experiments, we measured I–V char-
acteristics of PAH monolayer. The I–V due to 1–
1.5 nm native SiO2 on Si was also measured without
depositing any film. In both the cases, the I–V char-
acteristics did not show any trace of resistive switch-
ing. Results presented in Figs. 3 and 4 hence show
that the observed switching in Rose Bengal mono-
e two voltage-sweep directions. Arrows represent the direction of



A.K. Rath, A.J. Pal / Organic Electronics 9 (2008) 495–500 499
layer is neither an extrinsic effect nor due to any
oxide layer.

To further verify if the observed switching is a
molecular effect, we characterized four other mole-
cules, which have different substitutes than Rose
Bengal. In Fig. 5, we present I–V characteristics of
a monolayer of the four other molecules. All the
four molecules along with Rose Bengal, which are
in the Xanthene class, exhibit resistive switching.
The bias direction of switching and the degree of
it (on/off ratio) depend on the molecule (Table 1).
Such dependences show that the switching in these
Table 1
Parameters of conductance switching in different molecules along with

Name of the molecule (substitutes) Structure

Fluorescein sodium (X = H, Y = H)

Erythrosin B (X = H, Y = I)

c

o

ONa

O

I

II

O

I

NaO

Eosin Y (X = H, Y = Br)

Rose Bengal (X = Cl, Y = I)

Phloxine B (X = Cl, Y = Br)

Cl

Cl

Cl C

Cl

O

ONa

Br

BrBr

Br

OOONa
molecules is indeed molecular in nature. If the
molecular layer did not become involved during
conductance switching, its parameters would have
remained independent of the substitutes of the
molecules.

The observed switching in these five molecules is
hence molecular in nature. Since all the molecules in
their ground state are biplaner in nature, upon
application of bias, the molecules may get reduced
and change their conformation (twist of the upper
ring) to yield a high-conducting state. The on/off
ratio, the ratio between the currents in the two
their molecular structures

On/Off ratio Bias direction at which the molecule switches

5.7 at �2 V Switches at negative

74 at +2 V Switches at positive

51 at –2 V Switches at negative

247 at +2 V Switches at positive

14 at +2 V Switches at positive
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stable-conformers, hence becomes dependent on the
substitutes of the molecules. Moreover, since the
halogen substitutes control the molecular orbitals
in a predominant way, a resonance condition with
the electrodes differs from a molecule to the other.
Hence the direction of bias at which a molecule
switches to a high-state becomes dependent on the
substitutes of the molecules.

4. Conclusions

In conclusion, we have observed resistive switch-
ing in the I–V characteristics of a monolayer of
Xanthene class molecules (deposited on doped Si)
with Pt/Ir tip of STM as the other electrode. The
use of a monolayer and the choice of electrode com-
bination exclude the role of any oxide layer and
metal diffusion in observing resistive switching.
The switching strongly depends on the substitutes
showing that the molecular orbitals do perturb the
change in conductance. The results hence demon-
strate molecular nature of electrical bistability and
memory phenomena in these molecules.
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Abstract

Synthesis and electrochemical polymerization of 8,11-bis(4-hexylthiophen-2-yl)acenaphtho[1,2-b]quinoxaline (HTAQ)
were performed. The polymer was characterized by cyclic voltammetry, UV–Vis-NIR spectroscopy and colorimetry. Cyc-
lic voltammetry studies revealed that the polymer was susceptible to both p- and n-doping. The electroactive polymer has
fast switching time and high optical contrast. Spectroelectrochemistry also showed that the polymer is capable of being
switched from bluish-green and a highly transmissive green upon p-type doping. Highly fused nitrogen containing acceptor
group was utilized in the polymer backbone which was resulted in a polymer that has a significant potential for n-type
doping. The existence of a true n-type doping process was proven by the results of both cyclic voltammetry and spectro-
electrochemistry studies.
� 2008 Elsevier B.V. All rights reserved.

PACS: 82.45.Vp; 82.35.Cd; 78.20.Jq

Keywords: n-Doping; Electrochemical polymerization; Electrochromism
1. Introduction

Conducting electroactive polymers still remain a
subject of intense investigation of many research
groups for their technological applications [1–3].
Electrochromic polymers belong to an important
class of conducting polymers which are able to
change color in response to electronic signals. They
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.009

* Corresponding author. Tel.: +90 3122103251; fax: +90
3122103200.
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1 Present address: Department of Chemistry, University of
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are an interesting class of conjugated polymers due
to their high optical contrasts [4], fast switching
times [5,6], processability [7] and fine-tuning of the
band gap by structure modification [8]. Such poly-
mers can be used in devices, like multi-colored dis-
plays and image generation [9–13], antiglare rear
view mirrors, vision systems or smart windows
[14–16]. Most of the organic electronic materials
used in these devices are highly conjugated polymers
that support the injection and allow the mobility of
the charge carriers (holes in the case of p-doped
materials and electrons in the case of n-doped mate-
rials). To date the great majority of the electronic
.
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organic materials that have been investigated are
p-type materials. In contrast, the selection of n-type
organic materials is limited to a small number of
polymers [17,18]. A polymer capable of attaining a
stable n-doped state is highly desirable and this
makes them useful in a variety of more complex
device design such as smart windows and mirrors.

In recent years, the design and synthesis of low
band gap polymers have been an area of intense inter-
est due to their unique electrical and optical proper-
ties [19,20]. The band gap of polymer between the
highest occupied electron band (valence band) and
the lowest unoccupied band (the conduction band)
determines the intrinsic optical properties. Recent
research efforts by several groups indicate that one
of the quantities that is most significant for the con-
trol of optical properties is the band gap [19,20].

Recent theoretical and experimental studies have
suggested that heterocyclic copolymers with alter-
nating aromatic–quinoid units or donor–acceptor
units should be promising candidates for narrow
band gap polymers [21,22]. The presence of alternat-
ing electron-acceptor and electron-donor substitu-
ents in the same polyconjugated macromolecule
should lower the energy gap [23]. The high energy
level for the HOMO of the donor and the low
energy level for the LUMO of the acceptor results
in a lower band gap due to an intra-chain charge
transfer from donor to acceptor [24].

In this study, we synthesized (8,11-bis(4-hexylthio-
phen-2-yl)acenaphtho[1,2-b]quinoxaline) to obtain a
polymer with a narrow band gap. Spectroelect-
rochemistry as well as switching properties of the
polymer synthesized by electropolymerization were
investigated.

2. Experimental

2.1. Materials

All chemicals were purchased from Aldrich
except for tetrahydrofuran (THF) which was pur-
chased from Across. 4,7-Dibromobenzo[1,2,5]thia-
diazole [25], 3,6-dibromo-1,2-phenylenediamine
[26], 5,8-dibromo-acenapthylquinoxaline [27] and
tributyl(4-hexylthiophen-2-yl)stannane [28] were
synthesized according to reported methods.

2.2. Equipments

A Voltalab potentiostat was used for all electro-
chemical studies. Electropolymerization was per-
formed in a three-electrode cell consisting of an
indium tin oxide doped glass slide (ITO) as the
working electrode, platinum wire as the counter
electrode, and Ag wire as the reference electrode.
Tetrabutylammonium tetrafluoroborate (Bu4NBF4)
in acetonitrile/benzonitrile (1/2 v/v) was used as the
electrolytic medium. 1H and 13C NMR spectra were
recorded in CDCl3 on Bruker Spectrospin Avance
DPX-400 Spectrometer. Chemical shifts were given
in ppm downfield from tetramethylsilane. Varian
Cary 5000 UV–Vis spectrophotometer was used to
perform the spectroelectrochemical studies of the
polymer. Colorimetry measurements were done via
Minolta CS-100 Spectrophotometer.

2.3. Synthesis of 8,11-bis(4-hexylthiophen-2-yl)

acenaphtho[1,2-b]quinoxaline

5,8-Bis(4-hexylthiophen-2-yl)acenapthylquinoxa-
line: 5,8-dibromo-acenapthylquinoxaline (0.485
mmol) and tributyl(4-hexylthiophen-2-yl)stannane
(2.425 mmol) were dissolved in dry THF (100 ml),
the solution was purged with argon for 30 min
and PdCl2(PPh3)2 (0.086 mmol) was added at room
temperature under argon atmosphere. The mixture
was stirred at 100 �C under argon atmosphere for
15 h, cooled and concentrated on the rotary evapo-
rator. The residue was subjected to column chroma-
tography to afford an orange solid (Scheme 1)
(186 mg, 65%). 1H NMR (400 MHz, CDCl3): d:
0.85 (t, 6H, J = 7.4 Hz), 1.30–1.65 (m, 12H), 1.68
(q, 4H), 2.66 (t, 4H, J = 8 Hz), 7.09 (s, 2H), 7.70
(s, 2H), 7.77 (t, 2H, J = 8 Hz), 8.01 (s, 2H), 8.02
(d, 2H, J = 7.5 Hz), 8.36 (s, 2H), MS: m/e 727
(M�+) 13C NMR (400 MHz, CDCl3): d: 13.12,
21.65, 28.11, 29.62, 29.64, 30.79, 121.41, 122.65,
125.68, 127.26, 127.61, 128.40, 129.03, 131.14,
135.82, 136.86, 137.92, 141.78, 151.48.

3. Results and discussion

3.1. Cyclic voltammetry

The cyclic voltammograms during the potentio-
dynamic electrodeposition of monomer on ITO
electrode are shown in Fig. 1. Cyclic voltammetry
(CV) was obtained in acetonitrile/benzonitrile
(1/2 v/v) solution containing 0.1 M tetrabutylammo-
nium tetrafluoroborate (Bu4NBF4) at a scan rate of
100 mV/s. Electropolymerization was performed
using multiple scan voltammetry from �0.3 V to
+1.3 V at 100 mV/s. The monomer started to get



Scheme 1. Synthetic route of monomer.

Fig. 1. Cyclic voltammogram of acetonitrile/benzonitrile (1/2
v/v) solution containing 10 mM monomer and 0.1 M Bu4NBF4.
Scan rate: 100 mV/s.

Fig. 2. Scan rate dependence of the polymer in 0.1 M Bu4NBF4/
ACN solution: (a) 100, (b) 150, (c) 200, (d) 250, and (e) 300 mV/s.
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oxidized at +1.1 V during the first anodic sweep.
This oxidation corresponds to the formation of rad-
ical cations. These radical cations couple, giving
oligomers, and eventually a polymeric film was
deposited on the electrode surface. From the second
cycle on, a broad oxidation peak was observed at
+0.98 V and a reverse cathodic peak was seen at
+0.72 V versus Ag wire pseudo-reference electrodes
(0.35 V versus SCE). On the other hand a similar
quinoxaline derivative [6] namely, poly-2,3-bis(4-
tert-butylphenyl)-5,8-bis(4-hexylthiophen-2-ylqui-
noxaline has a monomer oxidation of 1.3 V and a
polymer oxidation of 1.1 V. Functionalization of
quinoxaline moiety works in lowering the oxidation
potentials of both the monomer and the polymer.
Moreover, this polymer revealed both p- and n-dop-
ing properties. A well-defined reversible redox
couple with an Epa of �1.16 V and Epc of �1.34 V
was observed (Fig. 2).



Fig. 3. (a) p-Doping: spectroelectrochemistry of polymer film on an ITO coated glass slide in monomer free 0.1 M Bu4NBF4/DCM
electrolyte-solvent couple at applied potentials (V); (a) �0.3, (b) �0.2, (c) �0.1, (d) 0.0, (e) 0.1, (f) 0.2 (g) 0.3, (h) 0.4, (i) 0.5, (j) 0.6, (k) 0.7
(l) 0.8, (m) 0.9 and (n) 1.0. (b) n-Doping: spectroelectrochemistry at �1.5 V, �0.3 V and +1.0 V.
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The cyclic voltammograms for p- and n-doping
of polymer film in the monomer free solution were
obtained at different scan rates. The dependence of
the anodic and cathodic peak currents on the scan
rates (between 100 and 300 mV/s) are shown in
Fig. 2. The polymer is electrochemically active in
both anodic and cathodic regions. The current was
proportional to the scan rate indicating that the
films were well adhered and charge transfer process
was not dominated by diffusion [29].

3.2. Spectroelectrochemistry

For in situ spectroelectrochemical studies, a poly-
mer was deposited on ITO class and spectra were
recorded in a monomer free electrolyte solution
(Bu4NBF4/dichloromethane) at various applied
potentials between �0.3 V and +1.0 V. Oxidation
of an electrochromic material produces radical cat-
ions (polarons) and further oxidation produces
dications (bipolarons), allowing new electronic tran-
sitions thereby changing the absorption spectra. The
absorbances assigned to p–p* transitions for the
neutral form of polymer are at 430 and 675 nm.
These decrease as the doping proceeds while new
absorbance bands evolve at 880 nm and 1700 nm
due to the formation of charge carriers. Meanwhile
the color of the polymer film changed from bluish-
green2 to transmissive green. The typical absorption
spectra of the polymer are shown in Fig. 3a. Spec-
2 For interpretation of color in Fig. 3, the reader is referred to
the web version of this article.
troelectrochemical studies of the polymer film dem-
onstrate that the film’s color changed during the
p-doping (oxidation) and n-doping (reduction) pro-
cesses. Electrochemical behavior in the cathodic
region cannot be a direct evidence for n-type doping
process. In addition to redox couples, an evidence
for charge carrier formation upon reduction should
be studied via spectroelectrochemistry or in situ
conductivity measurements. True n-type doping
process requires drastic changes in the NIR region
upon reduction. Fig. 3b shows that PHTAQ is a
true n-dopable polymer [17]. The band onsets of
the polymer were calculated as 2.0 eV and 1.2 eV
for the two p–p* transitions

3.3. Kinetic studies

For optical switching studies, polymer films were
synthesized electrochemically on ITO coated glass
slides. Polymer was stepped between its neutral
(�0.3 V) and oxidized (+1.0 V) states. While switch-
ing, the percent transmittance (T%) at kmax was
monitored as a function of time. A square-wave
potential step method coupled with optical spectros-
copy was used to investigate the switching time and
the contrast. The contrast is given as the difference
between T% in the neutral reduced and oxidized
states and reported as DT%. The optical contrasts
for PHTAQ in the visible region are 27% at
430 nm and 26% at 675 nm. Moreover, PHTAQ
has an outstanding optical contrast of 81% at
1700 nm. These values are much better than the
corresponding values for poly-2,3-bis(4-tert-butyl-
phenyl)-5,8-bis(4-hexylthiophen-2-ylquinoxaline(10%



Fig. 4. Electrochromic switching, optical absorbance monitored
at: (a) 430 nm (b) 675 nm and (c) 1700 nm between –0.3 V and
+1.0 V in Bu4NBF4/ACN solution.
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at 345 nm; 25% at 538 nm; 46% at NIR region).
Fig. 4 shows the electrochromic switching properties
of PHTAQ.

The switching time was determined by monitor-
ing the absorption intensity changes at 430 nm,
675 nm and 1700 nm while switching the applied
voltage between �0.3 V and +1.0 V and achieve
95% of their optical contrasts in the visible region
in 1.2 s at 430 nm. The polymer revealed a switching
time of 1.8 s at 675 nm. The polymer has also an
outstanding optical contrast of 81% in NIR region
with a very fast switching time of 0.6 s.

3.4. Colorimetry

A polymer’s color is one of the most important
properties for an application in display devices
and needs to be defined precisely. For that reason,
we studied the in situ colorimetric analysis of poly-
mer by colorimetry. Colorimetry analysis, which
enables numeric determination of color, is consid-
ered as a valuable method for electrochromic appli-
cations. The commonly utilized scale was set by La
Commission Internationale de l’Eclairage (CIE). In
CIE system, luminance or brightness, hue and satu-
ration, symbolized with L, a, b, respectively, are
determined to qualify color. At the neutral state
the color of the polymer was bluish-green
(L = 34.8, a = �15.4, b = 1.5); on the other hand,
PHTAQ becomes highly transmissive green (L =
61.7, a = �16.7, b = 7.6) at the oxidized state and
red-purple color (L = 73.8, a = �3.2, b = 8.5) in
the reduced state.
4. Conclusion

A new low band gap conjugated polymer was syn-
thesized and its characterization was accomplished
by various techniques, including spectroelectro-
chemistry, kinetic and colorimetry studies. PHTAQ
showed two kmax values at 430 and 675 nm with
band onsets at 2.0 eV and 1.2 eV, respectively. Fur-
thermore, n-doped PHTAQ revealed a completely
different optoelectrochemical spectrum at negative
potentials which is a significant proof for true n-type
doping process. This is an expected result for such an
acceptor unit in the polymer backbone. The poly-
mer’s color varies between bluish-green, a highly
transmissive green and red-purple color in neutral,
p-doped and n-doped states respectively. Hence,
the polymer is capable of being to both p- and n-
doped and is a promising material for dual type
ECD applications.
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[3] A. Kros, S.W.F.M. van Hövell, N.A.J.M. Sommerdijk,
R.J.M. Nolte, Adv. Mater. 13 (2001) 1555.

[4] S.A. Sapp, G.A. Sotzing, J.R. Reynolds, Chem. Mater. 10
(1998) 2101.

[5] A. Kumar, D.M. Welsh, M.C. Morvant, F. Piroux, K.A.
Abboud, J.R. Reynolds, Chem. Mater. 10 (1998) 896.

[6] F. Ozyurt, E.G. Gunbas, A. Durmus, L. Toppare, Org.
Electron., doi:10.1016/j.orgel.2007.11.006.

[7] G. Sonmez, H.B. Sonmez, C.K.F. Shen, R.W. Jost, Y.
Rubin, F. Wudl, Macromolecules 38 (2005) 669.

http://dx.doi.org/10.1016/j.orgel.2007.11.006


506 Y.A. Udum et al. / Organic Electronics 9 (2008) 501–506
[8] I. Schwendeman, R. Hickman, G. Sonmez, P. Schottland, K.
Zong, D. Welsh, J.R. Reynolds, Chem. Mater. 14 (2002)
3118.

[9] A.A. Argun, P.H. Aubert, B.C. Thompson, I. Schwend-
eman, C.L. Gaupp, J. Hwang, N.J. Pinto, D.B. Tanner, A.G.
Macdiarmid, J.R. Reynolds, Chem. Mater. 16 (2004) 4401.

[10] R.J. Mortimer, A.L. Dyer, J.R. Reynolds, Displays 27 (2006)
2.

[11] R.D. Rauh, F. Wang, J.R. Reynolds, D.L. Meeker, Elec-
trochim. Acta 46 (2001) 2023.

[12] G. Sonmez, C.K.F. Shen, Y. Rubin, F. Wudl, Angew.
Chem., Int. Ed. 43 (2004) 1498.

[13] E. Sahin, E. Sahmetlioglu, I.M. Akhmedov, C. Tanyeli, L.
Toppare, Org. Electron. 7 (5) (2006) 351.

[14] C.G. Granqvist, Solid State Ionics 479 (1992) 53.
[15] H.W. Heuer, R. Wehrmann, S. Kirchmeyer, Adv. Funct.

Mater. 12 (2002) 89.
[16] D.R. Rosseinsky, R.J. Mortimer, Adv. Mater. 13 (2001) 783.
[17] B.C. Thompson, Y. Kim, T.D. McCarley, J.R. Reynolds, J.

Am. Soc. Chem. 128 (2006) 12714.
[18] C.J. DuBois, K.A. Abboud, J.R. Reynolds, J. Phys. Chem. B

108 (2004) 8550.
[19] G. Sönmez, Chem. Commun. 42 (2005) 5251.
[20] A. Durmus, G.E. Gunbas, P. Camurlu, L. Toppare, Chem.

Commun. (2007) 3246.
[21] C. Kitamura, S. Tanaka, Y. Yamashita, Chem. Mater. 8

(1996) 570.
[22] J.L. Brédas, A.J. Heeger, F. Wudl, J. Chem. Phys. 85 (1986)

4673.
[23] M. Karikomi, C. Kitamura, S. Tanaka, Y. Yamashita, J.

Am. Chem. Soc. 117 (1995) 6791.
[24] M. Jayakannan, P.A. van Hal, R.A.J. Janssen, J. Polym. Sci.

A: Polym. Chem. 40 (2002) 251.
[25] A.B. Da Silveria Neto, A. Lopes Sant’Ana, G. Ebeling, S.R.

Goncalves, E.V.U. Costa, H.F. Quina, J. Dupont, Tetrahe-
dron 61 (2005) 0975.

[26] Y. Tsubata, T. Suzuki, T. Miyashi, Y. Yamashita, J. Org.
Chem. 57 (1992) 6749.

[27] I. Nurulla, I. Yamaguchi, T. Yamamoto, Polym. Bull. 44
(2000) 231.

[28] Q. Hou, Q. Zhou, Y. Zhang, W. Yang, R. Yang, Y. Cao,
Macromolecules 37 (2004) 6299.

[29] G. Sonmez, H. Meng, Q. Zhang, F. Wudl, Adv. Funct.
Mater. 13 (2003) 726.



Available online at www.sciencedirect.com
Organic Electronics 9 (2008) 507–514

www.elsevier.com/locate/orgel
Printing-induced improvements of organic thin-film transistors

A.J. Tunnell a, D.R. Hines b,c,*, Elba Gomar-Nadal a, E.D. Williams a,c

a University of Maryland, Department of Physics, College Park, MD 20742, United States
b Laboratory for Physical Sciences, University of Maryland, College Park, MD 20740, United States

c University of Maryland, NanoCenter, College Park, MD 20742, United States

Received 8 June 2007; received in revised form 18 February 2008; accepted 21 February 2008
Available online 29 February 2008
Abstract

To understand the observation of improved pentacene (Pn) thin-film transistor mobility in flexible printed devices, a
method for performing electrical measurements of organic thin-film transistors (OTFT) during the process of transfer
printing has been developed. Different sample configurations were designed to test two aspects of the printing process:
(1) the formation of the source/drain contacts a Pn thin-film, and (2) the formation of the transfer printed Pn/dielectric
interface. In situ measurements show that pressure-induced contacts of gold (Au) electrodes result in a factor of seven
mobility improvement compared with evaporation of top Au electrodes on an otherwise identical device configuration.
Annealing the laminated device up to 90 �C caused no further improvement, and heating above 90 �C degraded perfor-
mance. The mobility of a transfer printed device with the rough, as-grown top surface of the Pn in contact with the dielec-
tric was found to increase dramatically with subsequent annealing for a sample temperature up to 120 �C. This is attributed
to annealing-induced structural changes in the Pn film at elevated temperatures, consistent with X-ray bulk measurements
showing enhanced crystal morphology in transfer printed Pn thin-films.
� 2008 Elsevier B.V. All rights reserved.

PACS: 81.05.Lg; 71.20.Rv; 72.80.Le

Keywords: Transfer printing; Organic electronics; Flexible electronics
Transfer printing, which allows fabrication via
purely additive processing steps, is a promising
method for the fabrication of flexible electronics
[1–5]. Since transfer printing relies primarily on dif-
ferential adhesion, it is inherently compatible with a
wide range of materials [6]. Purely additive transfer
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.012
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printing methods have demonstrated the sequential
assembly of dissimilar materials onto a plastic sub-
strate for the fabrication of pentacene (Pn) [5], poly
3-hexylthiophene (P3HT) [7], carbon nanotube
(CNT) mats [2,8] and graphene [9] thin-film transis-
tors (TFT). Robust materials transfer onto plastic
substrates has been achieved by printing near or
above the glass transition temperature of the device
substrate. The transfer process itself may create con-
ditions that modify certain materials properties,
thus affecting the characteristics of fabricated
.
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devices [10]. For the organic semiconductor Pn, we
have previously shown that transfer printing can
produce devices with mobilities approximately a
factor of two better than devices constructed from
(unprinted) vapor-deposited Pn with thermally
deposited top contacts [5]. Understanding the mech-
anism for such changes in properties may allow fur-
ther improvement in design and fabrication
approaches. Here we address the question by
directly measuring device characteristics during the
transfer printing process. The key results show that
both lamination of the source/drain (S/D) elec-
trodes, and annealing the printed Pn/dielectric inter-
face under pressure dramatically improve the
transport properties.

In an active OTFT, an accumulation layer is gen-
erated at the semiconductor/dielectric interface by
the application of a gate voltage, thus allowing a
S/D current to flow in the channel. Since the active
region of the OTFT device is localized to within a
few nanometers of the interface between the organic
semiconductor and the dielectric material [11–14],
much effort has gone into improving the structure
of the organic layer at this interface [15–20]. In
Fig. 1. (a) Cross-section illustration of the OTFT standard device ge
pentacene bottom surface as the active device interface. (b) Cross-sectio
grown pentacene top surface as the active device interface. (c) An AFM
deposited onto a SiO2 surface.
developmental research, OTFTs have been fabri-
cated by thermally depositing a Pn thin-film onto
a doped silicon wafer with a thermal oxide surface
(SiO2/Si). With the addition of evaporated top-con-
tact S/D electrodes, the resulting device (here
referred to as the standard device) uses the oxide
layer as the dielectric and the wafer itself as the gate
electrode [21–26]. In this geometry, shown schemat-
ically in Fig. 1a, the as-grown bottom surface of the
Pn film is in contact with the dielectric layer and the
terraced top surface (see AFM image, Fig. 1c) plays
little or no role in device performance. When using
transfer printing techniques, the organic semicon-
ductor layer is thermally deposited onto a sacrificial
SiO2/Si wafer (referred to as a transfer substrate),
and then is transfer printed onto a plastic substrate
containing an electrode subassembly with the ini-
tially terraced top surface of the Pn film in contact
with the dielectric layer, as illustrated in Fig 1b. This
device (here referred to as the flexible device) is con-
figured as a bottom-contact OTFT device.

Fabrication of the flexible device involves two
distinct materials processing changes compared with
fabrication of the standard device. First, the forma-
ometry with thermally evaporated electrodes using the as-grown
n illustration of the OTFT flexible device geometry using the as-

image of the top surface of a 50 nm thick pentacene film thermally
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tion of the S/D contacts to the Pn occurs via lami-
nation for the flexible device, as compared with
direct thermal deposition for the standard device.
The thermal deposition is known to result in inter-
diffusion of Au with the Pn, with unknown effects
on the local properties. Secondly, the active inter-
face between the Pn and the dielectric is formed
by pressurized contact of a rough Pn surface for
the flexible device, but direct deposition of Pn onto
the SiO2 for the standard device. To separate the
effects of these two different processes on the behav-
ior of the flexible device, we have designed two test
configurations for in situ measurements of the evo-
lution of the device behavior during the transfer
printing process itself.

The first configuration, shown in Fig. 2a, is based
on a doped Si global gate, a SiO2 dielectric layer
with the Pn grown by deposition. The printing pro-
cess to be tested is the addition of top-contact S/D
electrodes by lamination. Because this device is
identical to the standard device, other than the pro-
cessing of the electrodes, it can be used in compari-
son with the standard device to evaluate the effect of
electrode lamination. This configuration will be
referred to as the lamination test device.

The second configuration, used to test the effect
of transfer printing on the interface between the
Pn and the dielectric, is shown in Fig. 2b. The elec-
trode subassembly (consisting of gate and S/D elec-
trodes separated by a dielectric layer) is placed in
contact with the thermally grown Pn thin-film.
The terraced top surface of the Pn film in contact
with the printed dielectric layer thus becomes the
Fig. 2. (a) Cross-section illustration of the OTFT lamination test devi
active device interface. (b) Cross-section illustration of the OTFT interf
as the active device interface. Arrows indicate direction of applied pres
active interface for this device. To prevent cross-talk
between the real gate and a ground plane on the
other side of the Pn layer during in situ transport
measurements, it was necessary to replace the
SiO2/Si substrate with a quartz substrate. This
device will be referred to as the interface test device.
Unfortunately, the quality of the as-grown Pn film is
not as good on the quartz substrate as on the SiO2/
Si substrate. This means that the mobility values
measured for the interface test device will be lower
than previously reported for flexible devices [5]. In
spite of this limitation, the in situ measurements
can still be used as an important probe with which
to study changes in the transport properties during
the transfer printing process.

For the lamination test device, a 50 nm thick Pn
film was thermally deposited onto a thermally oxi-
dized Si transfer substrate. The doped Si wafer was
used as the gate electrode and the 500 nm thick
SiO2 layer as the dielectric. A polyethylene tere-
phthalate (PET) substrate onto which Au S/D elec-
trodes were transfer printed formed the laminated
top-contact electrodes. For the interface test device,
a 50 nm thick Pn film was thermally deposited onto
a quartz substrate. A separate PET substrate contain-
ing previously transfer printed Au gate and S/D elec-
trodes separated by a 600 nm thick poly(methyl
methacrylate) (PMMA) dielectric layer was placed
in contact with the Pn film. The channel width was
W = 100 lm and the channel length was L = 6 lm
for both the lamination test and interface test devices.

Given these two device geometries, it is possible
to isolate the individual effects of transfer printing
ce geometry using the as-grown pentacene bottom surface as the
ace test device geometry using the as-grown pentacene top surface
sure during printing.
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due to S/D lamination and Pn/dielectric interface
formation. To implement these comparisons, we
have developed the capability to perform in situ

transport measurements during the transfer printing
process. The transfer printing process has been
implemented with a Nanonex 2500 imprint instru-
ment, where the transfer substrate/printable layer/
device substrate sample is placed between two sili-
cone rubber sheets inside the imprint chamber.
The chamber was evacuated to a pressure of
300 mtorr for 3 min and the rubber sheets pressed
together by a solenoid-actuated ring in order to vac-
uum seal the sample. The desired transfer printing
pressure was then established by filling the chamber
with N2 gas and the desired temperature established
using PID controlled lamps. A detailed description
of the transfer printing process has been presented
elsewhere [2].

To perform in situ transport measurements in the
imprint machine, a modification of an existing feed-
through was made to include electrical connections
to the drain and gate electrodes. The source elec-
trode was connected to a common ground contact
between the imprint chamber and a source measure-
ment unit (Keithly 2400 SourceMeter). These con-
nections to the device were made by passing wires
through a small hole in the bottom silicone sheet,
which was subsequently sealed with silicone caulk.
The wires were connected to the device electrodes
with silver paint. To ensure a reproducible tempera-
ture profile in the imprint chamber, a blank piece of
Si wafer was placed below the silicone rubber sheets
as a heat sink in contact with the thermocouple. The
temperatures reported in this paper are the thermo-
couple readings at the heat sink.

For in situ measurements, the printing sequence
was to first increase pressure up to 600 psi, second
to increase temperature in steps up to a maximum
value, third to decrease temperature back down to
room temperature in similar steps and finally to
release the pressure. At each step of temperature
or pressure, output and transfer characteristics were
measured. For the lamination test and interface test
devices, sets of in situ transport measurements are
shown in Fig. 3a–c and Fig. 3d–f, respectively.
These were acquired at 600 psi and 30 �C (before
heating), 600 psi and 170 �C (during heating) and
600 psi and 30 �C (after heating). As can be easily
seen by a comparison of Fig. 3d and f, the room
temperature transistor response of the interface test
device drastically increased after heating. The trans-
port characteristics then remained essentially con-
stant as the pressure was released. In contrast, the
lamination test device (Fig. 3a and c) showed a
strong OTFT response before heating and a notable
decreased response after heating.

For both the lamination test device and the inter-
face test device, pressure was applied at room tem-
perature before heating, kept constant at 600 psi
during heating and released once the thermocouple
temperature returned to room temperature. During
the application of pressure, transport measurements
were essentially unchanged for both samples
between 50 psi and 600 psi. During the removal of
pressure, transport measurements were also essen-
tially unchanged for both samples between 600 psi
and 10 psi.

From data in Fig. 3, mobility as a function of
printing condition is plotted in Fig. 4, where the
mobility was calculated using the equation for the
linear regime: Ids ¼ WC

L lðV g � V T � V dsÞV ds where
L is the channel length, W is the channel width, C
is the capacitance per unit area of the insulating
layer, VT is the threshold voltage, Vg is the applied
gate voltage, Vds is the applied S/D voltage, Ids is
the measured S/D current and l is the field-effect
mobility [27]. Fig. 4a corresponds to the lamination
test device and Fig. 4b corresponds to the interface
test device. Several important features are evident.
First, consistent with previous reports [28–31], lam-
inated electrodes, as compared to thermally depos-
ited electrodes (as for the standard device) result
in a substantial improvement in mobility for the
laminated test device before heating (compare dark
column to light gray column at 30 �C in Fig. 4a).
Similar improvements in mobility associated with
S/D laminated electrodes have been attributed to
lower contact resistance [29]. Second, for the lami-
nation test device, the increase in mobility from
30 �C to 90 �C can be attributed to a reversible ther-
mal activation process described by the Arrhenius
equation for mobility

l ¼ lo expð�Ea þ =kBT Þ ð1Þ

where lo is the free carrier mobility, Ea is the activa-
tion energy and kB is Boltzmann’s constant. The
data below 90 �C, on heating, correspond to an acti-
vation energy of 19 meV which is consistent with re-
cently reported activation energies for Pn [24,32].
For temperatures above 90 �C, the mobility of the
lamination test device decreases with increasing
printing temperature and remains dramatically
below what would be expected from Eq. (1) (filled
circles in Fig. 4a) after cooling. The irreversible



Fig. 3. In situ Ids vs. Vds transport measurements of the lamination test device for thermocouple temperatures of (a) 30 �C before heating,
(b) 170 �C during heating and (c) 30 �C after heating, and of the interface test device for thermocouple temperatures of (d) 30 �C before
heating, (e) 170 �C during heating and (f) 30 �C after heating. All data correspond to a pressure of 600 psi.
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decrease in mobility for the lamination test device
when it is heated above 90 �C is unlikely to involve
changes at the S/D electrodes, since there is no
corresponding effect for the interface test device
(see below), which has a similar S/D electrode
configuration.



Fig. 4. Mobility of the (a) lamination test device and (b) interface test device during heating and cooling phases of the transfer printing
process with pressure held at 600 psi. The filled dots correspond to the calculated mobility due only to thermal excitation. The second (light
gray) bar in (a) for 30 �C corresponds to the mobility of a standard device with thermally deposited top S/D electrodes.
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In contrast, the mobility of the interface test
device is extremely low upon the initial contact of
the electrode subassembly to the Pn film, but dra-
matically increases with printing temperature above
120 �C, with a net improvement in mobility remain-
ing after the sample is cooled. The chance in mobil-
ity during cooling (120 �C to 30 �C) for the interface
test device is attributed to the reversible thermal
activation process described by Eq. (1) (filled dots
in Fig. 4b). The larger than expected mobility at
170 �C is a transient effect (e.g. the effect does not
persist upon subsequent cooling) that is a subject
for further investigation.

Comparison of the lamination test device results
with the interface test device results shows that
improvements in mobility due to lamination occur
prior to heating. Thus, changes in the S/D electrode
interaction with the Pn can be ruled out as a basis
for the improvements with temperature for the
interface test device. Instead, the irreversible
improvement in mobility for the interface test device
must reflect changes taking place at the semiconduc-
tor/dielectric interface at the imprint temperatures
and pressures. This may not be surprising when con-
sidering the nature of the Pn/dielectric interface.
The top surface of the Pn film prior to printing
exhibits a terrace structure [33] as shown in
Fig. 1c. Incorporating this terraced surface into an
OTFT device would result in a network of islands
of Pn in contact with the dielectric layer. At such
an interface, electrical transport from island to
island would require out-of-plane transport. This
would reduce the performance of the OTFT device
and is consistent with the low mobility of the inter-
face test device prior to an increase in printing
temperature.

X-ray diffraction measurements indicate that the
basal spacing correlation length of a 50 nm thick Pn
film increases as much as 35% as a result of the pres-
sure–temperature treatment of transfer printing
[5,34]. This is a bulk measurement and therefore
does not give a direct measure of the morphology
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at the dielectric interface; however, it does show that
the arrangement of Pn molecules in the film is irre-
versibly modified during transfer printing. We can
assume therefore that the molecular ordering at
the as-grown top surface, and possibly the as-grown
bottom surface as well, is improved during printing.
The original top surface of the Pn film has poor
transport characteristics when first printed at room
temperature. In this case, given sufficient molecular
mobility to change the bulk crystalline order, it
seems unlikely that the as-grown top surface of
the Pn film would retain its original terraced struc-
ture under the transfer printing conditions of
600 psi and 120 �C (sample temperature). Smooth-
ing of the Pn film to conform to the dielectric layer
would allow the electronic transport to become
more two-dimensional and is a reasonable explana-
tion for the observed improvement of the electronic
mobility of the transfer printed flexible device.
Additional relaxation of the PMMA into more con-
formal contact with the Pn may also contribute.

In contrast to the printed Pn/dielectric interface,
the initial growth parameters for the deposition of
the Pn film on the SiO2 dielectric surface were opti-
mized for mobility at the Pn/SiO2 interface. Thus, it
is conceivable that annealing-induced rearrange-
ment of the Pn molecules at the as-grown bottom
surface could result in a less optimum structure with
respect to mobility. However, other possibilities
such as impurity segregation to the interface, or
effects of sublimation of Pn cannot be ruled out
on the basis of the present experiments.

In situ transport measurements of a Pn OTFT
during the transfer printing process have been per-
formed to determine the mechanism by which trans-
fer printing produces flexible devices with a higher
mobility than that of a standard device with ther-
mally deposited, top S/D electrodes [2,5]. The abil-
ity to perform these in situ measurements provides
opportunities to separate the effects of different
materials processes during printing. Taken together,
X-ray measurements and in situ measurements show
that thermally-induced improvements for the flexi-
ble device can be attributed to rearrangement of
the Pn molecules at the Pn/dielectric surface. It is
reasonable to conclude that the thermally-induced
improvement in mobility of the interface test device
includes effects of evolution toward a more two-
dimensional surface during the transfer printing
process. However, the relaxation cannot yield as
well-ordered an interface as growth, since the initial
mobility (0.8 cm2/Vs) of the lamination test device,
is greater than the previously reported 0.24 cm2/Vs
measured for transfer printed flexible devices [2,5].
Nevertheless, both effects of lamination and struc-
tural relaxation must contribute to the previously
observed mobility improvement in transfer printed
Pn TFTs, with the lamination improvements occur-
ring upon the initial pressurization, and the struc-
tural relaxation upon the subsequent heating. The
improvements shown as a result of both effects
should not be limited to transfer printed organic
semiconductor films. Lamination of electrodes and
thermal annealing under pressure may have benefits
for other printed organic films such as those depos-
ited using inkjet techniques.
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Abstract

An organic solvent, tetrahydrofuran (THF), was employed to modify the Ag anode of a top-emissive polymer light-
emitting diode (T-PLED) for improving the hole injection capability and the performance of a T-PLED device. The
X-ray photoelectron spectroscope analysis shows that the THF molecules were chemically adsorbed on the Ag surface,
forming oxygen-rich species by substrate-catalyzed decomposition. The THF-modification were found to enhance the hole
injection on the Ag anode, decrease the threshold voltage, and increase the light intensity and luminous efficiency of a
T-PLED device, attributing mainly to the increase of work function of the Ag anode.
� 2008 Elsevier B.V. All rights reserved.

PACS: 73.40Rw; 73.40Gk; 73.40Cg; 73.61Ph

Keywords: Top-emissive polymer light-emitting diodes; Ag modification
1. Introduction

Polymer light-emissive diodes (PLEDs) have
been attracted great attentions since 1991 because
of its potential applications in an easier process
and a larger flat panel display in comparison with
organic light-emissive diodes (OLEDs) [1]. There
are two major structures according to emissive
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.014
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direction, bottom emissive and top-emissive PLEDs
(T-PLEDs). Although bottom emissive PLEDs are
most investigated, T-PLEDs attract attentions due
to the advantage of using pixel circuits of thin-film
transistors on opaque substrates, higher aperture
ratio, more saturated color and larger light intensity
[2,3]. For the common structure of T-PLEDs, an
active polymer is inserted between a semi-transpar-
ent cathode and a high reflective anode. Due to
the high reflectivity and low electrical resistivity,
silver (Ag) is the most commonly used anode for
T-PLEDs. Unfortunately, the low work function
renders Ag a large hole injection barrier, causing
.
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Fig. 1. Advancing (a) and receding (b) contact angles versus
analysis cycles for base Ag (d) and THF-modified Ag (N).
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the unbalance of carriers (hole and electron) to
reduce the luminous efficiency (LE) of T-PLED
[4]. Thus, the modification of interface between Ag
and organic layer has attracted researchers’
interesting.

In order to overcome the problem of low work
function, thin-films of CFx or Ag2O layer deposited
on the Ag anode were studied [5–8]. For preparing a
CFx and Ag2O thin-film, various techniques includ-
ing thermal evaporating, sputtering, plasma and
UV-ozone were commonly used. However, all these
methods do increase cost and complication in their
future application. In addition, the reflectance of
Ag anode decreases because of the existence of such
thin-films, decaying the efficiency of a top-emissive
OLEDs [8]. In order to avoid the above defects, eas-
ier methods and thinner films should be considered,
such as self-assembled monolayer (SAM) on Ag sur-
face [9–12]. In a previous work, a SAM of fluorothi-
ophenol was employed to induce a surface dipole on
an Ag anode, which increases the work function of
Ag anode and improve the performance of a T-
PLEDs [13].

In this study, a simpler method of anode modifi-
cation is reported for enhancing the hole injection of
a T-PLED. An organic solvent, tetrahydrofuran
(THF) is used as a surface modifier, which chemi-
cally adsorbs on the Ag surface and improves the
performance of a T-PLED. The present method
offers the advantage of simple treatment which is
suitable to be applied in the fabrication process of
T-PLEDs.

2. Experimental

Two T-PLEDs (ITO/Ag/HY-PPV/Ca/Ag and
ITO/THF-modified Ag/HY-PPV/Ca/Ag) were pre-
pared in this study. Silver anode was deposited on
an indium tin oxide (ITO) coated glass substrate
for 150 nm thickness by thermal evaporation. The
deposition was performed under a base pressure of
10�6 torr. After deposition of silver film on ITO-
coated glass, the Ag anode was immediately surface
modified by immersing in THF, C4H8O (> 99%,
Mallinckrodt) for 30 min. After the reaction, the
THF-modified Ag anodes were dried with a nitro-
gen steam and were delivered to the nitrogen-filled
glove-box. ‘‘High-yellow” phenyl-substituted poly(-
para-phenylenevinylene) copolymer (HY-PPV)
(dissolved in toluene) was used as the light-emis-
sive layer and was spin-coated onto the Ag anodes.
Finally, a semi-transparent top cathode, Ca(12 nm)/
Ag(17 nm), was vapor deposited under 10�6 torr.
The active pixel area of the device was 6 mm2.

Contact angle of water was measured by dynamic
contact angles (DCA) instruments (Thermo Cahn
DCA 300). X-ray photoelectron spectroscopy
(XPS) (Perkin Elmer PHI 1600) equipped with a
MgKa source (1253.6 eV) was used to analyze the
surface composition of the modified Ag substrates.
The work functions of the anode electrodes were
measured by a Riken Keiki AC-2 photoelectron
spectroscopy in air. The current density–voltage
(J–V) and luminance–voltage (L–V) measurements
were carried out by a current/voltage source mea-
surement unit (Keithley 2400) and a calibrated sili-
con photodiode driven by a Keithley source. All
the measurements were performed in a nitrogen-
filled glove box.

3. Results and discussion

Fig. 1 presents advancing and receding contact
angles of water on base Ag and THF-modified



Fig. 2. High resolution XPS of C1s spectra for base Ag (a), and
THF-modified Ag (b).

Table 1
The peak area ratios of C1s and O1s spectra for base Ag and
THF-modified Ag

Peak area ratio

XPS region C 1s O 1s

Peak I II III A B C

Base Ag 0.71 0.18 0.11 0.27 0.73 0.00
THF-modified Ag 0.64 0.22 0.14 0.18 0.77 0.05
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Ag. Four analysis cycles were performed on each
specimen. The advancing contact angle on base
Ag surface at the first immersion cycle is 92.4�,
being attributable to the unavoidable contamina-
tion by hydrocarbon and carbonaceous impurities
[14]. The advancing contact angle decreases to
65.6� at the second analysis cycle, ascribed to the
partial desorption of impurities and/or to the
adsorption of water molecule on the substrate sur-
face. The advancing contact angle does not change
obviously after the second cycle. For the receding
contact angle, a much smaller value (13.6�), inde-
pendent of the analysis cycles, was obtained for
the base Ag surface. The large difference between
advancing and receding contact angles, the contact
angle hysteresis, indicates the heterogeneity of the
Ag surface. Apparently, the adsorption of contami-
nant(s) causes a surface with both hydrophobic and
hydrophilic regions, leading to the difference in
advancing and receding contact angles. For the
THF-modified Ag surface, the dependence of the
contact angles with the analysis cycles of contact
angle measurement is similar to that for a base Ag
surface, however, smaller contact angles were
obtained. It is inferred that the THF can dissolve
the surface contaminant(s) of the Ag film and
adsorbs instead on the Ag surface. The existence
of the THF molecules on the modified Ag surface
was confirmed by the XPS analysis which will be
discussed in the later section. Due to the polar char-
acteristic of the THF molecules, smaller contact
angles, both advancing and receding, were antici-
pated on a THF-covered surface. Furthermore,
the lower contact angle hysteresis measured for
the THF-modified Ag surface implies that the mod-
ified surface is more uniform in surface composition
compared with a contaminated one, being attribut-
able to the formation a densely packed THF layer
[15,16].

The surface compositions and binding energy of
both base Ag and THF-modified Ag were analyzed
by high-resolution XPS photoemission spectra. XPS
C1s spectra of both base Ag and THF-modified Ag
are shown in Fig. 2a and b, respectively. The XPS
peaks were deconvoluted with a suitable Gauss-
ian–Lorentzian function at 284.5, 285.5 and
287.5 eV, corresponding to the feature peaks of C–
C/C–H, C–O, C@O, respectively [17–19]. The area
ratios of these feature peaks were calculated and
listed in Table 1. For the THF-modified Ag surface,
the area ratio of C–C/C–H (peak I) is lower, but the
area ratios corresponding to the C–O (peak II) and
C@O (peak III) species are higher in comparison
with the base Ag surface. This result indicates that
the contaminants adsorbing on the bare Ag surface
have smaller polarity than the THF-modified Ag,
which is consistent with the larger contact angle of
water measured on the base Ag surface.

Fig. 3 shows the XPS O1s spectra for the base Ag
and THF-modified Ag surfaces. These O1s spectra
can be deconvoluted into two and three feature
peaks, respectively, for base Ag and THF-modified
Ag at 532.5, 530.7, and 529.3 eV. The feature peaks at
532.5 eV (peak A) and 530.7 eV (peak B) correspond,



Fig. 3. High resolution XPS of O1s spectra for base Ag (a), and
THF-modified Ag (b).
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respectively, to the adsorbed hydroxyl groups and
carbonated species [17–19]. The higher ratio of the
O1s peak corresponding to the carbonated species
(peak B) on the THF-modified Ag (Table 1) is con-
sistent to the higher C1s ratio corresponding to the
C@O species. In Fig. 3b, the feature peak at
529.3 eV (peak C) was only observed on THF-mod-
ified Ag. In the literature, this feature peak was
attributed to the presence of C–O–metal bonding
[17–19] and the appearance this peak may imply a
chemical reaction between adsorbed THF and the
Ag substrate. Another evidence to the specific
Table 2
Atomic concentrations and atomic ratios determined by XPS
analysis for base Ag and THF-modified Ag

Atomic concentration (%) Atomic ratio

XPS region Ag3d O1s C1s C/O

Base Ag 53.52 7.01 39.47 5.63
THF-modified Ag 43.99 15.99 40.02 2.50
THF–Ag interaction can be inspected from the C/
O ratio list in Table 2. The C:O ratio measured
for the THF-modified Ag is 2.5, which is different
from the C:O stoichiometry in THF (4.0). Since
the base Ag substrate has a higher C:O ratio of
5.6, the smaller C:O ratio of the THF-modified Ag
cannot be attributed to the possible contaminants,
as the case on the base Ag. Therefore, a surface
reaction of the adsorbed THF molecules is inferred
which makes the layer became oxygen-rich by
releasing a carbon-rich gas.

The reaction of adsorbed THF molecules with a
metal substrate (Al or Ag) had been studied as a
function of substrate temperature by Wang et al.
[20–22]. The C:O atomic ratio obtained at 135 K
is 4.2, and decreases with increase of temperature.
For temperatures from 240 to 470 K, the measured
C:O ratio is about 2.8, in good agreement with the
present result. The mechanism proposed for the sur-
face reaction of THF includes the formation of ring-
opening radicals through the substrate-catalyzed
decomposition, followed by propagating ring-open-
ing interactions of THF molecules. Propylene alk-
oxides were considered as the end compounds
presented on the substrate. Although the real mech-
anism and products of the surface reaction are still
not clear for the present system, the surface reaction
of THF on the Ag surface was confirmed. That is,
the THF molecules are chemically adsorbed on the
Ag surface.

Table 2 also shows that the THF-modified Ag
surface has a lower Ag composition in comparison
with the base Ag substrate. This result implies that
the adlayer on the THF-modified surface has a more
condensed and/or better-covered structure. On the
other hand, the contaminants on the base Ag sur-
face were heterogeneously adsorbed, leading to the
exposure of bare Ag surface and therefore, a higher
measured composition of silver.

Because the property of Ag surface is changed
due to the chemisorption of THF, the effect of
chemisorption of THF on hole injection is interest-
ing to knows. Thus, hole-dominated PLEDs, ITO/
Ag/HY-PPV/Al and ITO/THF-modified Ag/HY-
PPV/Al, were fabricated first and the corresponding
J–V curves were shown in Fig. 4. The threshold
voltage of the THF-modified device is lower than
that of the base Ag device, attributable to the
increase in work function due to the modification
of THF. The work functions of both Ag anodes
measured by AC-2 photoelectron spectroscopy are
4.54 eV for base Ag and 4.79 eV for the THF-mod-



Fig. 4. J–V characteristics for the ITO/Ag/HY-PPV/Al (d) and
ITO/THF-modified Ag/HY-PPV/Al devices (N) with (- - -) and
without (—) heat treatment at 120 �C for 1 hour. The inset is the
Fowler–Nordheim plots for the devices.

Fig. 5. High resolution XPS of Ag3d spectra for base Ag with (-- -)
and without (—) heat treatment at 120 �C for 1 h.
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ified one. The higher work function of the THF-
modified Ag surface is probably related to the pres-
ence of oxygen-rich species on Ag surface. Due to
the high electro-negativity of oxygen atom, the oxy-
gen-rich species are supposed to induce a surface
dipole, leading to an increase of the work function.

The barrier height for the hole injection was
examined using the Fowler–Nordheim (FN) tunnel-
ing theory,

J / F 2 exp
�j
F

� �
; where j ¼ 8p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�u3=2

p

3qh
; ð1Þ

where J is the current density of device, F is the elec-
tric field under bias, j is a parameter related to the
shape of the injection barrier height (u), m* is the
effective mass of holes in HY-PPV, q is the charge
of hole, and h is the Planck’s constant. The inset in
Fig. 4 shows the plots of ln (J/F2) versus 1/F for these
two hole-dominated devices. The straight-line FN
curves shown for these two devices indicate that
the holes are injected through the tunneling process.
According to Eq. (1), the slope of the line is propor-
tional to u3/2. For the THF-modified device, the
slope of FN curve is smaller than that of base Ag,
indicating that THF-modified device has a lower
hole injection barrier height than the base device.
The hole injection barrier height measured from
Eq. (1) is 0.43 eV for the THF-modified device,
which is in agreement with the result measured from
AC-2 photoelectron spectroscopy (0.41 eV).

The effect of heat treatment of the THF-chemi-
sorbed layer on hole injection was also analyzed
through hole-dominated PLED devices perfor-
mance (Fig. 4). Before fabricating the hole-domi-
nated devices, the THF-modified and unmodified
Ag anodes were heated at a temperature of 120 �C
for 1 h in a glove-box filled with nitrogen. In
Fig. 4, a lower threshold voltage and a higher cur-
rent density for the base Ag device with heat treat-
ment are observed, which might be due to the
decrease in resistance of hole injection by eliminat-
ing a part of hydrocarbon contaminants adsorbed
on base Ag surface. This inference is sustained by
XPS results (Fig. 5). After the heat treatment, the
atomic concentrations of Ag significantly increase
and that of carbon and oxygen decrease. The Ag3d

feature peaks of the base Ag with and without heat
treatment do not obviously change in the peak
width and the binding energy of the peak center.
Moreover, the work function of the base Ag with
(4.56 eV) and without (4.54 eV) heat treatment is
almost the same. Therefore, it is suggested that the
enhancement of the electrical properties of the base
Ag devices is attributed to the decrease in resistance
of hole injection by eliminating some contaminants
adsorbed on base Ag surface. On the other hand, it
is interested that the J–V characteristics of the THF-
modified devices with and without heat treatments
are similar. These results show that the enhance-
ment of hole injection by THF-chemisorbed layer
still exist at a temperature as high as 120 �C. Thus,
it also implies the THF-chemisorbed layer can
adsorb on Ag sturdily.

In order to clarify whether THF solvent has some
in situ surface treating effects if THF is used as the
solvent of HY-PPV. Four hole-dominated devices,
ITO/Ag/HY-PPV (dissolved in toluene)/Al, ITO/
THF-modified Ag/HY-PPV (dissolved in toluene)/
Al, ITO/Ag/HY-PPV (dissolved in THF)/Al, and



Fig. 6. J–V characteristics for the ITO/Ag/HY-PPV(dissolved in
toluene)/Al (d), ITO/THF-modified Ag/HY-PPV (dissolved in
toluene)/Al (s), ITO/Ag/HY-PPV (dissolved in THF)/Al (j),
and ITO/THF-modified Ag/HY-PPV (dissolved in THF)/Al (h)
devices.

Fig. 7. J–V (a) and L–V (b) characteristics for the ITO/Ag/HY-
PPV/Ca(12 nm)/Ag(17 nm) (d) and ITO/THF-modified Ag /
HY-PPV/Ca(12 nm)/Ag(17 nm) devices (N). The inset is the
luminous efficiency (LE) characteristics of the top-emissive PLED
devices.
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ITO/THF-modified Ag/HY-PPV (dissolved in
THF)/Al, were fabricated and the corresponding
J–V curves are shown in Fig. 6. The threshold volt-
age of both THF-modified devices is lower than that
of both base Ag devices. The devices prepared with
HY-PPV dissolved in THF have the higher operat-
ing voltage and the lower current density than those
in toluene. It depicts that there is not in situ effect of
surface modification of Ag anode with THF as the
solvent of HY-PPV. The poor performance of the
device with HY-PPV dissolved in THF is attributed
to the morphological effect from solvation on the
polymer/metal contacts. It is clear that THF is not
a good solvent for spin-coating of HY-PPV on Ag
substrate. The similar results and discussion for sol-
vation induced morphological effect on the poly-
mer/metal contacts have been reported by Liu
et al. [23,24].

After confirming the THF-modification on the
hole injection, the effect of the THF-modified Ag
anode on the performance of a top-emissive device
was studied using a semi-transparent (Ca/Ag) cath-
ode. Fig. 7 shows the J–V and L–V characteristics
of the top-emissive devices with the structure
of ITO/Ag(150 nm)/HY-PPV/Ca(12 nm)/Ag(17 nm)
and ITO/THF-modified Ag/HY-PPV/Ca(12 nm)/
Ag(17 nm), respectively. The J–V curves shown in
Fig. 7a demonstrate that the effect of THF-modified
layer on the threshold voltage is similar to the hole-
dominated devices shown in Fig. 4. However, the
effect of the THF-modification on L–V performance
is more significant, as shown in Fig. 7b. For the
THF-modified device, the maximum brightness is
15118 cd/m2 biased at 10.7 V, which is much higher
than the luminance of the unmodified Ag anode
(2349 cd/m2) operated at the same bias. The lumi-
nous efficiencies (LE) of the devices are shown in
the inset of Fig. 7a. At a light intensity of 1000 cd/
m2, the LE of the THF-modified device is as high
as 2.93 cd/A, which is 5-fold higher than that of
the base Ag device (0.51 cd/A). The higher perfor-
mance of THF-modified device is a result of a better
balance of the injected holes to the injected elec-
trons, attributed to the enhancement of hole injec-
tion on the Ag anode.

4. Conclusions

THF has been proved to be an efficient surface
modifier of an Ag anode for improving the perfor-
mance of a top-emissive PLED. By simply dipping
an Ag anode in THF, THF molecules can chemically
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adsorb on the Ag surface, forming oxygen-rich spe-
cies by substrate-catalyzed decomposition. The
chemically adsorbed layer increases the work func-
tion of an Ag surface, which thereby, enhances the
hole injection on an Ag anode. The THF-modifica-
tion was found to decrease the threshold voltage,
increase the light intensity and luminous efficiency
of a T-PLED device.

Acknowledgments

The authors would like to thank National Sci-
ence Council (NSC) of Taiwan (NSC 96-2221-E-
006-058 and NSC 96-2221-E-006-409-MY3). Dr.
Ruei-Tang Chen from Eternal Chemical Co., Ltd.,
is appreciated for providing the HY-PPV polymer.
Ms. Yu-Ting Tsai from Chi Mel EL Corporation
is thankfully for detecting the work functions of
the anode electrodes.

References

[1] J.H. Burroughes, D.D.C. Bradley, A.R. Brown, R.N. Marks,
K. Mackay, R.H. Friend, P.L. Bruns, A.B. Holmes, Nature
347 (1990) 539.

[2] H. Riel, S. Karg, T. Beierlein, B. Ruhstaller, W. Rieb, Appl.
Phys. Lett. 82 (2003) 466.

[3] C.-C. Wu, C.-W. Chen, C.-L. Lin, C.-J. Yang, IEEE/OSA J.
Display Technol. 1 (2005) 248.

[4] H.B. Michaelson, IBM J. Res. Dev. 22 (1978) 72.
[5] H. Peng, X. Zhu, J. Sun, Z. Xie, S. Xie, M. Wong, H.-S.

Kwok, Appl. Phys. Lett. 87 (2005) 173505.
[6] H. Peng, J. Sun, X. Zhu, X. Yu, M. Wong, H.-S. Kwok,
Appl. Phys. Lett. 88 (2006) 073517.

[7] H.-W. Choi, S.-Y. Kim, K.-B. Kim, Y.-H. Tak, J.-L. Lee,
Appl. Phys. Lett. 86 (2005) 012104.

[8] C.-W. Chen, P.-Y. Hsieh, H.-H. Chiang, C.-L. Lin, H.-M.
Wu, C.-C. Wu, Appl. Phys. Lett. 83 (2003) 5127.

[9] S. Khodabakhsh, D. Poplavskyy, S. Heutz, J. Nelson,
D.D.C. Bradley, H. Murata, T.S. Jones, Adv. Funct. Mater.
14 (2004) 1205.

[10] B. de Boer, A. Hadipour, M.M. Mandoc, T. van Wouden-
bergh, P.W.M. Blom, Adv. Mater. 17 (2005) 621.

[11] M.-C. Hung, K.-Y. Wu, Y.-T. Tao, H.-W. Huang, Appl.
Phys. Lett. 89 (2006) 203106.

[12] K.-Y. Wu, Y.-T. Tao, H.-W. Huang, Appl. Phys. Lett. 90
(2007) 241104.

[13] L.-W. Chong, Y.-L. Lee, T.-C. Wen, T.-F. Guo, Appl. Phys.
Lett. 89 (2006) 233513.

[14] C.E. Taylor, S.D. Garvey, J.E. Pemberton, Anal. Chem. 68
(1996) 2401.

[15] C.-M. Ruan, T. Bayer, S. Meth, C.N. Sukenik, Thin Solid
Films 419 (2002) 95.

[16] I.L. Liakos, R.C. Newman, E. McAlpine, M.R. Alexander,
Langmuir 23 (2007) 995.

[17] D.Y. Zemlyanov, E. Savinova, A. Scheybal, K. Doblhofer,
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Abstract

Novel spiro-type blue host material, 5-naphthyl-spiro[fluorene-7,90-benzofluorene] (BH-1SN) and dopant material, 5-
diphenyl amine-spiro[fluorene-7,90-benzofluorene] (BH-1DPA) were successfully synthesized, and a blue OLED was made
from them. The structure of the blue device is ITO/DNTPD/a-NPD/BH-1SN:5% dopant/Alq3 or ET4/Al–LiF. Here, a-
NPD is used as the hole transport layer, DNTPD as the hole injection layer, BH-1DPA or BD-1 as the blue dopant mate-
rials, Alq3 or ET4 as the transporting layer and Al as the cathode. The blue devices doped with 5% BH-1DPA and BD-1
show blue EL emissions at 444 and 448 nm at 7 V, respectively, and a high efficiency of 3.4 cd/A at 5 V for the device was
obtained from BH-1SN:5% BD-1/ET4. The CIE coordinates of the blue emission are 0.15, 0.08 at an applied voltage of
7 V for the device obtained from BH-1SN/5% BH-1DPA/Alq3.
� 2008 Elsevier B.V. All rights reserved.

PACS: 42.79.Kr; 85.60.Jb; 85.45.Fd; 07.07.Hj

Keywords: Blue host material; OLED; Color purity; Spiro [fluorene-7,90-benzofluorene]
1. Introduction

Organic light-emitting diodes are currently the
subject of an intense research effort due to their
promise as devices for full-color display applica-
tions [1–3]. In particular, efficient blue emission
has been pursued in several different molecular
systems, including metal complexes [4,5], oxadiaz-
oles [6,7], lanthanide complexes [8], and distyrylar-
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.016

* Corresponding author. Tel.: +82 41 5501476; fax: +82 41
5503431.

E-mail address: msgong@dankook.ac.kr (M.-S. Gong).
ylenes [9–13]. In general, blue-emitting OLEDs
have lower efficiencies than green or red devices,
due to the larger band gap energy of the emission
material, which inhibits the injection of carriers. It
is often the case that poor electron injection at the
cathode is the limiting factor in the efficiency.

Among the various issues involved in the fabrica-
tion of full-color OLEDs, one of the major concerns
is achieving the equal performance of the three pri-
mary colors of red, green and blue. Due to their large
band gap energy, blue light-emitting materials have a
low affinity for the electrons from the cathode in
OLED devices. Therefore, the performance of blue
.

mailto:msgong@dankook.ac.kr
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emitters is usually not satisfactory, being inferior to
that of the green or red emitters. Specifically, the color
purity and stability of blue OLEDs are in need of
improvement. Consequently, potential new blue-
emitting materials continue to receive considerable
attention, because they could be utilized as a blue
light source in their own right and as a host for down-
hill energy transfer to green or red emitting materials
[14,15]. Much of the recent research into blue-emit-
ting materials has centered on spiro-based deriva-
tives, because of their high solution and solid state
photoluminescence quantum yields [16,17].

In this study, we report a blue organic light-emit-
ting device made from a new spiro-type host mate-
rial, BH-1SN, BH-1DPA and BD-1 as the dopant
materials and Alq3 and ET4 as the electron trans-
porting materials in an attempt to improve the color
purity.

2. Experimental

2.1. Materials and measurements

Tetrakis(triphenylphosphine)palladium(0), naph-
thalene-1-boronic acid, 9-fluorenone, n-butyllithium,
diphenylamine, 1-bromo-2-iodobenzene, bromine
and potassium t-butoxide (Aldrich Chem. Co.) were
used without further purification. Palladium acetate
and tri-t-butylphosphine (TCI Chem. Co.) were
used without further purification. Naphthalene-
1-boronic acid and naphthalene-2-boronic acid
(Frontier Scientific Co.) were used without further
purification. Tetrahydrofuran and toluene were
N
N

N

BD-1

N N

NPD

N

H3C

H3C

Scheme
distilled over sodium and calcium hydride. Diphe-
nyl-[4-(2-[1,1;4,1]terphenyl-4-yl-vinyl)-phenyl]-amine
(BD-1) and 2,5-bis-(20,200-bipyridin-6-yl)-1,1-diphe-
nyl-3,4-diphenylsilacyclopentadiene (ET4) were
used as dopant and electron transfer material,
respectively, as illustrated in Scheme 1.

The FT-IR spectra were obtained with a Biorad
Excaliber FTS-3000MX spectrophotometer and the
1H NMR and 13C NMR spectra were recorded on a
Bruker Avance 500 (500 MHz) spectrometer. The
photoluminescence (PL) spectra were recorded on a
fluorescence spectrophotometer (Jasco FP-6500)
and the UV–vis spectra were obtained by means of
a UV–vis spectrophotometer (Shimadzu, UV-
1601PC). The elemental analyses were performed
using a CE Instrument, EA1110. The DSC measure-
ments were performed on a Mettler DSC 822e under
nitrogen at a heating rate of 10 �C/min. The low and
high resolution mass spectra were recorded using a
JEOL, JMS-AX505WA spectrometer in FAB mode.
The energy levels were measured with a low energy
photo electron spectrometer (Riken-Keiki AC-2).
The current–voltage characteristics of the encapsu-
lated devices were measured on a programmable elec-
trometer having current and voltage source (Source
Measure Unit, Model Keithly 237. The luminance
and EL spectra were measured with a PR650 system
(Photo Research Co. Ltd.).

2.2. Synthesis of 1-(2-bromophenyl)naphthalene (1)

Naphthalene-1-boronic acid (10 g, 24.3 mmol),
1-iodo-2-bromobenzene (6.64 g, 29.1 mmol), tetra-
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kis(triphenylphosphine)palladium(0) and THF
(100 mL) were stirred in a two-necked flask for
30 min. To the above solution was added potassium
carbonate (3.26 g, 29.1 mmol) dropwise over a per-
iod of 20 min. The resulting solution was refluxed
overnight at 80 �C. The reaction mixture was
extracted with dichloromethane and water. After
the organic layer was evaporated with a rotary
evaporator, the resulting powdery product was puri-
fied by column chromatography using n-hexane to
give a white crystalline solid.

Yield 89%. Mp: 170 �C. 1H NMR (500 MHz,
CDCl3) d 7.91–7.89 (d, 2 H, Ar–CH–naphthalene),
7.73–7.72 (d, 2H, Ar–CH–naphthalene), 7.53–7.39
(m, 3H, Ar–CH–naphthalene), 7.36–7.34 (m, 3H,
Ar–CH–benzene) 7.23 (d, 1H, Ar–CH–Br). FT-IR
(KBr, cm�1) 3056 (aromatic C–H), 658 (aromatic
C–Br). MS (FAB) m/z 282.0 [(M + 1)+].

2.3. Synthesis of spiro[fluorene-7, 90-benzofluorene]
(2)

Into a 250 mL two-necked flask was placed a
solution of 1-(2-bromophenyl)naphthalene (9.42 g,
33.2 mmol) in THF (50 mL). The reaction flask
was cooled to �78 �C and n-BuLi (2.5 M in hexane,
14.4 mL) was added dropwise slowly. The whole
solution was stirred at this temperature for 1 h, fol-
lowed by the addition of a solution of 9-fluorenone
(5.0 g, 27.7 mmol) in THF (30 mL) under an argon
atmosphere. The resulting mixture was gradually
warmed to ambient temperature and quenched by
adding saturated, aqueous NaHCO3 (90 mL). The
mixture was extracted with dichloromethane. The
combined organic layers were dried over magnesium
sulfate, filtered, and evaporated under reduced pres-
sure. A yellow powdery product was obtained. The
crude residue was placed in another two-necked
flask (100 mL) and dissolved in acetic acid
(30 mL). A catalytic amount of aqueous HCl
(5 mol%, 12 N) was then added and the whole solu-
tion was refluxed for 12 h. After cooling to ambient
temperature, purification by silica gel chromatogra-
phy using dichloromethane/n-hexane gave a white
powder.

Yield 92%. Mp: 212 �C. 1H NMR (500 MHz,
CDCl3): d 8.87–8.86 (d, 1H, Ar–CH–benzene),
8.42–8.40 (d, 1H, Ar–CH–naphthalene), 8.35–8.33
(d, 1H, Ar–CH–benzene), 7.88–7.87 (d, 1H, Ar–
CH–benzene), 7.77–7.74 (t, 2H, Ar–CH–fluorene),
7.67–7.64 (t, 2H, Ar–CH–fluorene), 7.47–7.44 (t,
2H, Ar–CH–fluorene), 7.41–7.37 (t, 2H, Ar–CH–
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Fig. 1. The UV–vis and PL spectra of: (a) BH-1SN, (b) BD-1 and (c) BH-1DPA.
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Table 1
The various physical properties of BH-1SN, BH-1DPA and BD-1

Purity HPLC
(%)

BH-
1SN

BH-
1DPA

BD-1

99.8 99.5 99

Thermal
analysis

DSC Tg
a (�C) 133.2 110.4 –

Tm
b (�C) 256.5 – –

Optical
analysis

UV Max (nm) 342 383 383
Bgc (eV) 3.35 2.96 2.87

PL Max (nm) 423 444 454
FWHMd

(nm)
38.1 38.1 68.5

Solid
PL

Max (nm) 426 477 472
FWHMd
(nm)

42.7 87.3 54

Electrical
analysis

AC-2 HOMOe

(eV)
5.95 5.66 5.46

LUMOf

(eV)
2.6 2.70 2.57

a Glass transition temperature.
b Melting temperature.
c Band gap.
d Full width at half maximum.
e Highest occupied molecular orbital.
f Lowest unoccupied molecular orbital.
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fluorene), 7.17–7.09 (m, 3H, Ar–CH–benzene),
6.70–6.70 (d, 1H, Ar–CH–benzene). FT-IR (KBr,
cm�1) 3059, 3018 (aromatic C–H). MS (FAB) m/z
366.45 [(M + 1)+].

2.4. Synthesis of 5-bromo-spiro[fluorene-7,90-

benzofluorene] (3)

The spiro[fluorine-7,90-benzofluorene] (2) was
dissolved in carbon tetrachloride in a two-necked
flask and then bromine was added dropwise slowly
over a period of 20 min. The mixture was stirred
at room temperature for 3 days. The precipitated
solid was filtered and dried in vacuo to give the
crude product, which was purified by recrystalliza-
tion from ethyl acetate/n-hexane to give a white
powder.

Yield 88%. Mp: 269 �C. 1H NMR (500 MHz,
CDCl3): d 8.87–8.86 (d, 1H, Ar–CH–benzene),
8.42–8.40 (d, 1H, Ar–CH–naphthalene), 8.35–8.33
(d, 1H, Ar–CH–benzene), 7.88–7.87 (d, 1H, Ar–
CH–benzene), 7.77–7.74 (t, 2H, Ar–CH–fluorene),
7.67–7.64 (t, 2H, Ar–CH–fluorene), 7.47–7.44 (t,
2H, Ar–CH–fluorene), 7.41–7.37 (t, 2H, Ar–CH–
fluorene), 7.17–7.09 (m, 3H, Ar–CH–benzene),
6.80–6.78 (d, 1H, Ar–CH–Br), 6.70–6.70 (d, 1H,
Ar–CH–benzene). FT-IR (KBr, cm�1) 3059, 3042,
3015 (aromatic C–H), 747 (aromatic C–Br). MS
(FAB) m/z 444.05 [(M + 1)+].

2.5. Synthesis of 5-diphenyl amine-spiro[fluorene-

7,90-benzofluorene] (BH-1DPA)

5-Bromo-spiro[fluorene-7,90-benzofluorene] (3)
(6 g, 13 mmol), diphenylamine (2.73 g, 16 mmol)
and palladium acetate (0.087 g, 0.39 mmol) were
dissolved in anhydrous toluene under a nitrogen
atmosphere. To the reaction mixture was added a
solution of tri-t-butylphosphine (1 M, 0.29 g,
1.3 mmol) and potassium t-butoxide (2.91 g,
26 mmol) dropwise slowly. The reaction mixture
was stirred for 12 h at 100 �C. The mixture was
diluted with dichloromethane and washed with dis-
tilled water (50 mL) three times. The organic layer
was dried over anhydrous MgSO4 and evaporated
in vacuo to give the crude product, which was puri-
fied by column chromatography using n-hexane.
The final yellow–green powdery product was
obtained in 75% yield.

Yield 75%. Mp: 246 �C. 1H NMR (500 MHz,
CDCl3) d 8.89–8.88 (d, 1H, Ar–CH–benzene),
8.42–8.41 (d, 1H, Ar–CH–benzene), 8.04–8.03 (d,
1H, Ar–CH–Ar), 7.79–7.78 (d, 1H, Ar–CH–fluo-
rene), 7.68–7.65 (t, 2H, Ar–CH–fluorene), 7.44–
7.41 (p, 3H, Ar–CH–fluorene), 7.34–7.31 (t, 2H,
Ar–CH–fluorene), 7.13–7.04 (m, 11H, Ar–CH–N–
Ar), 6.89–6.87 (d, 1H, Ar–CH–N–naphthalene),
6.82–6.79 (t, 2H, Ar–CH–N), 6.76–6.73 (t, 2H,
Ar–CH–N), 13C NMR (CDCl3): d 150.2, 148.1,
147.8, 142.2, 131.9, 131.3, 129.1, 128.0, 127.2,
127.1 126.2, 125.8, 124.5, 124.1, 124.0, 122.9,
121.6, 121.5, 120.3, 77.4, 77.2, 76.9, 66.5 ppm. FT-
IR (KBr, cm�1) 3061, 3037 (aromatic C–H), 1294,
1274 (aromatic C–N). MS (FAB) m/z 533.0
[(M + 1)+]. Anal. Calcd. for C41H27 N (533.66) C,
92.28; H, 5.10; N, 2.62. Found: C, 91.67; H, 5.08;
N, 2.57. UV–vis (THF): kmax (absorp-
tion) = 383 nm, kmax (emission) = 444, 477 nm.

2.6. Synthesis of 5-naphthyl-spiro[fluorene-7,90-

benzofluorene] (BH-1SN)

5-Bromo-spiro[fluorene-7,90-benzofluorene] (3)
(5.0 g, 11.2 mmol), naphthalene-2-boronic acid
(4.016 g, 13.4 mmol), tetrakis(triphenylphos-
phine)palladium(0) (0.64 g, 0.56 mmol) and THF
(100 mL) were stirred in a two-necked flask under
a nitrogen atmosphere for 1 h. To the reaction mix-
ture was added a solution of potassium carbonate
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Fig. 2. The energy level of BH-1SN doped with: (a) BH-1DPA and (b) BD-1.
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(2 M, 100 mL) dropwise over a period of 30 min.
The reaction mixture was refluxed for 12 h at
90 �C under a nitrogen atmosphere. After cooling
to ambient temperature, the reaction mixture was
extracted with dichloromethane and water. The
organic layer was evaporated with a rotary evapora-
tor. The residue was subjected to column chroma-
tography (silica gel) using n-hexane to afford a
white powdery product.
Yield 76%. Mp: 256.5 � C. 1H NMR (500 MHz,
CDCl3): d 8.96–8.94 (d, 1H, Ar–CH–benzene),
8.48–8.47 (d, 1H, Ar–CH–benzene), 8.00–7.98 (d,
1H, Ar–CH–benzene), 7.82–7.71 (m, 5H, Ar–CH–
fluorene), 7.47–7.40 (m, 7H, Ar–CH–fluorene),
7.34–7.31 (t, 2H, Ar–CH–naphthalene), 7.14–7.06
(m, 5H, Ar–CH–naphthalene), 6.85–6.76 (m, 2H,
Ar–CH–benzene), 13C NMR (CDCl3): d 150.0,
148.1, 142.3, 138.4, 133.4, 128.9, 128.7, 128.0,
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Fig. 4. The CIE 1931 coordinate diagrams of devices (1) BH-
1SN:BH-1DPA/ET4 (0.15, 0.09), (2) BH-1SN:BH-1DPA/Alq3

(0.15, 0.08), (3) BH-1SN:BD-1/ET4 (014, 0.11), (4) BH-1SN:BD-
1/Alq3 (0.15, 0.11), (5) BH-1SN/ET4 (0.15, 0.08) and (6) BH-
1SN/Alq3 (0.15, 0.07).
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127.8, 127.6, 126.9, 126.4, 125.8, 124.3, 124.2, 123.5,
120.3, 77.4, 77.2, 76.9, 66.5 ppm. FT-IR (KBr,
cm�1) 3052, 3016 (aromatic C–H). MS (FAB) m/z
492.0 [(M + 1)+]. Anal. Calcd. for C39H24 (492.61)
C, 95.09; H, 4.91. Found: C, 94.19; H, 4.92.
UV–vis (THF): kmax (absorption) = 485.3, 518.5 nm,
kmax (emission) = 527.3 nm.
2.7. OLED fabrication

Prior to device fabrication, ITO with a resistance
of 12 X/h on glass was patterned as an active area
with a size of 4 mm2 (2 mm � 2 mm). The substrates
were cleaned by sonication in deionized water, boiled
in IPA for 20 min, and dried with nitrogen. Finally,
the substrates were dry cleaned using plasma treat-
ment in an O2 and Ar environment. Organic layers
were deposited sequentially by thermal evaporation
from resistively heated alumina crucibles onto the
substrate at a rate of 1.0 Å/s. The thicknesses of the
DNTPD (N,N0-[p-di(m-tolyl)aminophenyl]-N,N0-
diphenyl benzidine, HIL), a-NPD (N,N0-bis(1-naph-
thyl)-N,N0-diphenyl-1,10-biphenyl-4,40-diamine, HTL),
host:5% dopant (EML), and Alq3 or ET4 (ETL)
layer were about 400, 200, 300 and 200 Å, respec-
tively. Before the deposition of the metal cathode,
Li–F was deposited onto the organic layers with a
thickness of 10 Å. A high purity aluminum cathode
was deposited at a rate of 1–5 Å/s with a thickness
of 2000 Å as the top layer.

3. Results and discussion

3.1. Synthesis and characterization

New dopant material 5-diphenyl amine-spiro-
[fluorene-7,90-benzofluorene] (BH-1DPA) was
synthesized by the amination reaction of 5-bromo-
spiro[fluorene-7,90-benzofluorene] (3) with diphenyl-
amine. 5-Naphthyl-spiro[fluorene-7,90-benzofluorene]
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(BH-1SN) was prepared by the Suzuki reaction of
3 with naphthalene-2-boronic acid in the presence
of a palladium catalyst with good yield. The syn-
thetic routes to BH-1DPA and BH-1SN are
described in Schemes 2 and 3. The dopant and host
materials, BH-1DPA and BH-1SN were identified
and characterized by FT-IR, 1H NMR, 13C NMR,
GC–MS and elemental analysis. As the acid-cata-
lyzed cyclization reaction proceeded, the strong
hydroxyl peak of 9-hydroxyl-9-(1-(2-phenyl)naph-
thalene)fluorene in the FT-IR spectrum disap-
peared. All the proton peaks were observed in
the range of 6.7–8.4 ppm in the 1H NMR spectra
of BH-1DPA and BH-1SN. The chiral carbon
peak was observed at 66 ppm in the 13C NMR
spectrum of BH-1DPA and BH-1SN. The results
of the elemental analysis and mass spectroscopy
also supported the formation of BH-1DPA and
BH-1SN and matched well with the calculated
data.

3.2. Optical properties

The UV–vis and photoluminescence spectra of
the spiro-based compounds are shown in Fig. 1.
The emission spectra of BH-1DPA obtained in the
solid state are provided in the supplementary section.
In the UV–vis spectra, the maximum absorption



Table 2
Electroluminescent properties of devices derived from BH-1SN
Host materials at 7 and 10 V

Properties Devices

1 2 3 4 5 6

EL at 7 V

mA/cm2 14.35 14.29 18.23 17.38 13.61 12.98
Cd/A 1.79 1.29 2.70 2.04 1.37 0.90
lm/W 0.80 0.57 1.21 0.91 0.61 0.40
Cd/m2 257.4 184.7 494.0 356.0 186.7 117.5
CIE-x 0.15 0.15 0.14 0.15 0.15 0.15
CIE-y 0.09 0.08 0.11 0.11 0.08 0.07

EL at 10 V

mA/cm2 130.00 152.75 147.07 123.91 123.82 140.46
Cd/A 1.47 1.16 2.07 1.80 1.17 0.85
lm/W 0.46 0.36 0.65 0.56 0.37 0.26
Cd/m2 1913 1779 3059 2235 1455 1202

1, BH-1SN:5% NH1-DPA/ET4; 2, BH-1SN:5% NH1-DPA/
Alq3; 3, BH-1SN:5% BD-1/ET4; 4, BH-1SN:5% BD-1/Alq3; 5,
BH-1SN:undoped/ET4; 6, BH-1SN:undoped/Alq3.
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wavelengths of BH-1SN, BH-1DPA and BD-1
appeared at kmax = 342, 383 and 383 nm in tetrahy-
drofuran, respectively, as shown in Table 1. Their
solid state PL spectra showed strong bands in the
blue1 region at 426, 477 and 472 nm, respectively.
All of the emission spectra obtained in the solid
state were red-shifted compared to those obtained
from the solutions. The maximum absorption spec-
trum of the new dopant material BH-1DPA was
similar to that of BD-1. Also, the PL spectrum of
BH-1DPA was shifted toward a longer wavelength
than that of BD-1, which implies its good color pur-
ity. Table 1 lists the various properties of BH-1SN,
BH-1DPA and BD-1.

3.3. Thermal properties

The thermal properties of BH-1SN and BH-
1DPA were examined by differential scanning calo-
rimetry (DSC) under a nitrogen atmosphere. The
DSC thermogram of BH-1SN shows a melting point
at 258.5 �C. The DSC measurements of BH-1DPA
showed that upon the first heating, it revealed a
glass transition temperature (Tg) at 112 �C and
melted at 265 �C. On the second heating, no melting
points were observed, even though enough time was
given to cool in air. These results imply that BH-
1DPA forms an amorphous yellow solid directly
after the first heating. Once it becomes an amor-
1 For interpretation of color in Figs. 1 and 4, the reader is
referred to the web version of this article.
phous solid, it does not revert to the crystalline state
at all. As a result, the amorphous glassy state of the
transparent film of BH-1DPA is a good candidate
as an EL material.

3.4. Energy levels of materials

The highest occupied molecular orbital/lowest
unoccupied molecular orbital (HOMO/LUMO)
energy gap for BH-1SN was estimated to be ca.
3.35 eV from the absorption edge of the optical
absorption spectrum of the BH-1SN film on a
quartz substrate. The HOMO energy level of BH-
1SN was determined to be 5.95 eV by AC-2. The
LUMO level of BH-1SN was calculated to be
2.6 eV by subtracting the HOMO/LUMO band
gap from the HOMO level as shown in Table 1.
The energy levels of BH-1SN and the other organic
and electrode materials used to fabricate the
OLEDs in the present study are shown in Fig. 2.
When the host was doped with BD-1 dopant, the
efficiency was more improved than that of BH-
1DPA. This result indicates that the smaller barrier
between the LUMO of BH-1SN host and BD-1
dopant results in a more charge trapping when
transporting the electron.

3.5. EL properties

To investigate the EL properties of BH-1SN, an
EL device was fabricated using the vacuum deposi-
tion method. Fig. 3 shows the EL spectra of the six
devices fabricated with various emitters in this work.
The configuration of the EL device was ITO/
DNTPD/a-NPD/BH-1SN:5% dopant/Alq3 or
ET4/Al–LiF. The peak for the blue light EL emis-
sion of the devices was observed at around 440–
448 nm at 7 V. The peak for the device consisting
of BH-1SN doped with BH-1DPA and Alq3 as the
ETL appeared at 444 nm. This result indicates that
the device has good color purity and current density.
The CIE color chromaticity coordinates of devices 2,
5 and 6 were (0.15, 0.08), (0.15, 0.08) and (0.15, 0.07)
which are in the pure deep blue region. These
OLEDs gave better color coordinate values for blue
emission than the other devices as shown in Fig. 4.

3.6. OLED device properties

Fig. 5 shows the luminance–voltage characteristics
of the OLEDs devices. In the case of the device doped
with 5% BD-1, it was observed that the turn on volt-



0 2 4 6 8 10

0

50

100

150  BH-1SN: 5% BH-1DPA/ET4 
 BH-1SN: 5% BH-1DPA/Alq

3

 BH-1SN: 5% BD-1/ET4 
 BH-1SN: 5% BD-1/Alq

3

 BH-1SN, undoped/ET4 
 BH-1SN, undoped/Alq

3

C
ur

re
nt

 d
en

si
ty

 (
m

A
/c

m
2 )

Voltage(V)

Fig. 7. The current density–voltage characteristic of devices obtained from BH-1SN host and various dopant and electron transporting
materials.

0 25 50 75 100 125 150

0

1

2

3

4

 BH-1SN: 5% BH-1DPA/ET4 
 BH-1SN: 5% BH-1DPA/Alq

3
 BH-1SN: 5% BD-1/ET4 
 BH-1SN: 5% BD-1/Alq

3
 BH-1SN, undoped/ET4 
 BH-1SN, undoped/Alq

3

E
ffi

ci
en

cy
 (

cd
/A

)

Current density (mA/cm2)

Fig. 8. The efficiency–current density characteristics of the devices using BH-1SN host and various dopant and transporting materials.

S.-O. Jeon et al. / Organic Electronics 9 (2008) 522–532 531
age was lowered to 4 V. The light emission occurs at
about 4.5 V and the brightness is 3059 cd/m2 at
10 V. The luminance and efficiency of the devices
made using BH-1SN as the host, 5% BD-1 as the dop-
ant and ET4 as the ETL were more than three times
those of the device without the dopant, indicating
that the dopant is effective in enhancing the EL prop-
erties of the spiro-type emitting layer. The threshold
voltage for luminescence is about 4 V in the device
with an emitting layer made of BH-1SN doped with
5% BD-1 having a thickness of 300 Å.

Fig. 6 illustrates the efficiency–voltage character-
istics of the devices. The current efficiency of the
BH-1SN:5% BD-1/ET4 device shows a remarkable
enhancement to a maximum value of 3.4 cd/A and
only a small decline when the current density
increases to 152.75 mA/cm2 as shown in Table 2.
This characteristic is highly beneficial for the appli-
cations that require a high excitation density such as
in the passive dot matrix devices.

The device BH-1SN:5% DPA/Alq3 also showed a
maximum brightness of 3059 cd/m2 at a current den-
sity of 152.75 mA/cm2, as shown in Figs. 7 and 8. As
the current density increased gradually, the lumines-
cent efficiency of device BH-1SN:5% BD-1/ET4
increased abruptly to 3.4 cd/A. This phenomenon is
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caused by the formation of the excitons required to
emit light. The maximum power efficiency of the
device obtained from BH-1SN doped with BD-1/
ET4 is 1.21 lm/W, which is two times larger than that
of the device without the dopant (0.61 lm/W). The effi-
ciency rises rapidly to a maximum of about 3.4 cd/A at
a low current density of about 1.21 mA/cm2.

4. Conclusion

New blue host and dopant materials based on a
spiro compound derivative were used to construct
blue OLEDs. The EL emissions of the devices (doped
with 5% BH-1DPA or BD-1) are observed at 444 and
448 nm, respectively. The CIE coordinates of the
device made of BH-1SN:5%BH-1DPA were 0.15,
0.08, which are better color coordinate values for blue
emission than the device using BD-1. As the current
density increased gradually, the luminescent effi-
ciency increased abruptly to 3.7 cd/A. The maximum
power efficiency of the device obtained from BH-1SN
is 1.27 lm/W, which is comparable to that of the
device without the dopant (0.61 lm/W).
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Abstract

Full color reproduced by white OLED (organic light emitting diodes) coupled with transmission color filters for the
application in flat panel display was analyzed theoretically and experimentally. A white emitter made up of three primary
emission peaks was found to be superior to a white emitter made up of complementary colors, i.e. two emission peaks.
However, though the full color reproduction by white emitter possesses the merit of manufacturing simplicity, it is much
worse than the color reproduction by three individual primary color sub-pixels, in terms of power efficiency and the power
consumption. Adjusted to the same external quantum efficiency, the full color pixel made of three primary color sub-pixels
is 10 times more efficient than that made of white emitter coupled with color filters.
� 2008 Elsevier B.V. All rights reserved.

PACS: 72.80.Le; 78.60.Fi; 85.60.Jb; 85.60.Pg

Keywords: White organic light emitting diodes; Full color reproduction; Virtual color primary; Flat panel displays; Transmission color filters
Organic light emitting diodes (OLED) based flat
panel display (FPD) technology has evolved from
attractive to practical only after a little more than
10 years’ research and development [1–3]. In con-
trast, it took approximately 30 years for liquid crystal
cells to be commercialized for active matrix LCD
FPD products. Since organic materials could be
chemically engineered, they provide a broad emission
spectrum covering the entire visible region from
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved
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400 nm to 700 nm. The solution processability of
polymer OLED materials allows for the development
of a full color FPD by means of a printing technique,
such as inkjet printing [4,5], screen printing [6,7], or
photolithographic patterning [8]. To reproduce a full
color pixel, the most common practice is to use three
individual primary color emission materials.
Recently, white OLEDs have attracted enormous
attentions for their potential applications in solid
state lighting [9–16]. As the power efficiency of white
polymer OLEDs increased, utilizing white OLEDs
coupled with transmission filters without the need
to pattern the color sub-pixels to produce full color
.
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in FPD becomes feasible and attractive [17,18]. In
this work, we theoretically and experimentally exam-
ined white polymer OLED full color reproduction
method against the full color reproduction approach
by three individual primary color emitters.

According to the principles of color matching, to
achieve white emission, mixtures of three primary
colors or two complementary colors, are typically
required. The most common set of ‘primary colors’
and ‘complementary colors’ are red, green and blue
(R, G, B), and blue and yellow, respectively [19]. To
realize a full color pixel in full color display by white
emission OLED coupled with transmission color fil-
ters, the white OLED functions as the backlight as
same as the backlight unit in a LCD display. By
applying the color filters to the white emitter, the
white emission spectrum was modified by the color
filters’ transmission spectra. Therefore, we can treat
those color filtered light emission as virtual color
primaries, R, G and B to do the theoretical analysis.
In addition to the modification of the emission spec-
trum by the color filters, the actual luminance L

from the white emission is also reduced by the fil-
ters. To trace back the actual luminance, we need
the following equations [17]:

L ¼ KM P peak

Z
P ðkÞ
P peak

V ðkÞdk

LT ¼ KM P peak

Z
P ðkÞ
P peak

T ðkÞV ðkÞdk

+

L ¼
R PðkÞ

P peak
V ðkÞdk

R PðkÞ
P peak

T ðkÞV ðkÞdk
LT LT ¼

R PðkÞ
P peak

T ðkÞV ðkÞdk
R P ðkÞ

P peak
V ðkÞdk

ð1Þ
where L is the actual luminance from the white
emitter while LT is the luminance of the virtual pri-
mary (apparent luminance), KM is a conversion fac-
tor taking the value of 683 if the radiance has the
units of flux per unit solid angle and the luminance
has the units of cd/m2, V(k) is the photopic spectral
luminous efficiency function, T(k) is the transmis-
sion spectral of the color filters, and P(k)/Ppeak is
the normalized emission spectrum. The calculations
based on Eq. (1) agreed perfectly with the experi-
mental measurements.

The transmission profiles of the color1 filters
(purchased from Haian HengXing Optical Compo-
1 For interpretation of color in Figs. 1–3, the reader is referred
to the web version of this article.
nents Factory) used in our experiments are shown in
Fig. 1. Two types of polymer white light emitters
produced by ‘primary colors’ and ‘complementary
colors’, were fabricated with the device configura-
tions of ITO/PEDOT:PSS/PVK/ADS329BE:Ir(Bu-
ppy)3:Ir(DMFPQ)2acac/Ba/Al (designated as
Device A) and ITO/PEDOT:PSS/PFB2:MEH-
PPV/PFB2/Ba/Al (Device B), respectively. The
detailed descriptions of device making could be
found in Refs. [10,20]. Though it is not important
to make different devices in our current study, we
replaced the blue light emitting polymer PFO-poss
and red phosphorescent dye (Piq)2Ir(acaF) in Ref.
[10] with ADS329BE and Ir(DMFPQ)2acac in
Device A [21], and replaced PFO in Ref. [20] with
PFB2. The new devices have a maximum luminous
efficiency of 3.62 cd/A and 1.94 cd/A for Devices A
and B, corresponding to maximum external quan-
tum efficiency (EQE) of 1.92% and 0.72%, respec-
tively. The electroluminescence (EL) spectra of the
said devices are illustrated in Fig. 2 (dot line). By
applying the color filters, the white emission spectra
were modified by the filters as illustrated also in
Fig. 2 to produce the virtual color primaries R, G
and B (solid line). The chromaticity coordinates of
the virtual color primaries are listed in the inset
of Fig. 2. To compare with full color pixel made of
three primary color sub-pixels, the devices emitting
R, G and B lights were fabricated with the structure
of ITO/PEDOT:PSS/EML/Ba/Al in which the
Fig. 1. Transmission profiles of the color filters (dot lines), and
EL spectra of the primary red (R), green (G), and blue (B)
emitters (solid lines). The inset shows the chromaticity coordi-
nates of the three primary color sub-pixels.



Fig. 3. Current density (J) (solid lines)–operation voltage (V)–
luminance (L) (dot lines) characteristics of (a) the primary red
(R), green (G), and blue (B) devices; (b) Devices A and B. Insets:
external quantum efficiency (EQE)–J characteristics.

Fig. 2. EL spectra of (a) Device A and (b) Device B (dot lines)
and virtual primaries produced by the color filters (solid lines).
The insets show the chromaticity coordinates of the virtual color
primaries.
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polymer emitting layer (EML) were MEH-PPV:
PFO-DBT, P-PPV, and EH-G2AN, respectively.
The EL spectra are shown in Fig. 1, and the chro-
maticity coordinates of the three primary color
sub-pixels are listed in the inset as well. For all the
materials used in the experiments, PEDOT:PSS
(Baytron P4083), PVK (poly(N-vinylcarbazole))
and ADS329BE were purchased from Bayer AG,
Aldrich Co. and American Dye Sources Inc., respec-
tively. Ir(Bu-ppy)3, Ir(DMFPQ)2acac, MEH-PPV,
PFO-DBT, P-PPV and EH-G2AN were synthesized
in our lab, and PFB2 was synthesized by Liu et al
[21–23]. The current density (J)–operation voltage
(V)–luminance (L) characteristics of the R, G, B pri-
mary color devices and the white light emitting
Devices A and B are respectively shown in Fig. 3,
while the EQE–J characteristics are shown in the
insets.

To find out the performance of the fabricated
devices in a real panel, we assume a full color pixel
consisting of three sub-pixels in the planar configu-
ration in which the three sub-pixels are laid side by
side. The size of the full color pixel is set to
100 lm � 100 lm and each sub-pixel has the same
size, i.e. 33.3 lm � 100 lm. It is deserved to note
that its a common practice in OLED industry to
make the area of each primary sub-pixel unequal
in order to compensate the least efficient colors,
e.g. blue or red. Recently, the Active Matrix Display
built on TFT (thin film transistor) panel becomes
the most popular driving scheme for large displays.
The TFT components occupy some space of each
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primary sub-pixel. The fill factor, which is also
called aperture ratio, is defined as the ratio of the
actual light emitting area to the total area of the
sub-pixel. To simplify the calculation, the aperture
ratio is set to 100%. The areal luminance for white
is the target luminance we want to achieve for a dis-
play panel. Generally, it has a value of 200 cd/m2

with chromaticity coordinates of D65 white at
(0.313, 0.329) [24,25]. The following calculations
were carried out to produce 200 cd/m2 D65 white
light, and the results are shown in Table 1. The
luminous efficiency, pixel power and power effi-
ciency of each full color pixel were calculated based
on the performance of the corresponding device
shown in Fig. 3.

The data in Table 1 showed that the full color
pixel’s luminous efficiency of ‘primary colors’ white
emitter (0.213 cd/A) is 50% more than that of ‘com-
plementary colors’ white emitter (0.139 cd/A),
whereas its power efficiency (0.054 lm/W) is less
than that of the latter (0.065 lm/W), and it takes
more pixel power (116 lW) for ‘primary colors’
white emitter to produce 200 cd/m2 D65 white light
than ‘complementary colors’ white emitter
(96.8 lW). By carefully examining the data, we
found out that at the operation luminance, the oper-
ation voltage of ‘primary colors’ white emitter is sig-
nificant higher than that of ‘complementary colors’
white emitter by a factor of 2, which lead to higher
power consumption. The high operation voltage is
due to the phosphorescent materials, Ir(Bu-ppy)3,
Table 1
The characteristics of each full color pixel reproduced by different colo

Color reproduction method Performance

Primary color sub-pixels Areal luminance (cd/m2)
Actual luminance (cd/m2

EQE (%)
Luminous efficiency (cd/A
Pixel power (lW)
Power efficiency (lm/W)

’Primary colors’ white emitter Areal luminance (cd/m2)
Actual luminance (cd/m2

EQE (%)
Luminous efficiency (cd/A
Pixel power (lW)
Power efficiency (lm/W)

’Complementary colors’ white emitter Areal luminance (cd/m2)
Actual luminance (cd/m2

EQE (%)
Luminous efficiency (cd/A
Pixel power (lW)
Power efficiency (lm/W)
and Ir(DMFPQ)2acac used in producing ‘primary
colors’ white emitter. If the ‘complementary colors’
white emitter took the same J–V curve as that of the
‘primary colors’ white emitter, the power efficiency
would be 0.048 lm/W, and it would take 138 lW
of full pixel power to produce 200 cd/m2 D65 white.
In Fig. 2, its clearly seen that the emission power of
the ‘complementary colors’ white emitter is severely
cut down by the green and the red color filters. It’s
due to the fact that the yellow emission peak unfor-
tunately lies between the transmission peaks of the
green and the red color filters. The experimental
data that the actual luminance of the full color pixel
from ‘complementary colors’ white emitter is 12%
more than that from ‘primary colors’ white emitter
(Table 1), also proved ‘primary colors’ white emitter
is better than ‘complimentary colors’ white emitter
in terms of power efficiency and power consumption
in flat panel display applications. From the above
discussion, we learned that to further improve the
power efficiency of the full color pixel, the emission
peaks from the white emitter are better to be aligned
with the transmission peaks of the color filters, in
order to allow the maximum power transmission.

As demonstrated in Table 1, the full color repro-
duction approach by three individual primary color
sub-pixels is far more efficient than that by white
emitters coupled with transmission color filters, for
the color filters severely reduced the efficiency of
the white emitter. The full color pixel power effi-
ciency from primary color sub-pixels is 0.747 lm/W,
r reproduction approaches at 200 cd/m2 D65 white

R G B Full color pixel

26 150 24 200
) 78 450 72 600

1.6 2.2 1.1 –
) 0.628 8.77 0.864 2.31

2.21 0.736 5.46 8.41
0.365 6.37 0.142 0.747

34 153 13 200
) 817 1801 2346 4964

1.2 0.98 0.85 –
) 0.282 0.471 0.026 0.213

13.2 39.7 62.7 116
0.080 0.121 0.006 0.054

29 156 15 200
) 1383 1846 2345 5574

0.50 0.49 0.47 –
) 0.084 0.332 0.025 0.139

22 31.3 43.5 96.8
0.040 0.156 0.011 0.065
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nearly 14 times the power efficiency from ‘primary
colors’ white emitter of 0.054 lm/W. To achieve
200 cd/m2 D65 white light, only 8.41 lW is required
for the full color pixel of primary color sub-pixels,
while it needs 116 lW for the ‘primary colors’ white
emitter. Measurements of EQE showed that the
EQE of R, G, and B primary emitters at the opera-
tion luminance are 1.6%, 2.2%, and 1.1%, respec-
tively, while the EQE of the white emitter at the
operation luminance are 1.2%, 0.98%, and 0.85%,
respectively (Table 1). Adjusted to the same EQE
of 1% at the operation luminance, the full color
pixel’s power efficiency of the primary color sub-
pixels is estimated to be 10 times that of the white
emitters.

Although the color reproduction method by
white emission polymer coupled with color filters
can greatly simplify the manufacturing process by
one-step wet coating, the approach is much less
power efficient than the approach of three primary
color emitters in real application. The color repro-
duction by white OLED coupled with transmission
color filters not only puts too much stress on the
materials, but also requires the driver chip supply-
ing high power to the display panel. To overcome
such problems, the obvious approach is to make
high efficient white OLED. The current best small
molecule white OLED reached 34% EQE and
64 lm/W [15], while the current best polymer white
OLED achieved 19 lm/W in power efficiency [16].
Another approach is to increase the transmission
of the color filters. In Fig. 1, the maximum transmis-
sion of the green filter is only 40%. Since the green
color contributed most in reproducing white, the
severe reduction of the white by the green filter lead
to high power consumption. We expect that dou-
bling green filters’ transmission will increase the full
color pixel’s power efficiency.

The common color filters are fabricated by sus-
pending or coating organic dyes on a transparent
base. The organic dyes absorbed some wavelengths
and transmitted others. The tradeoff for high trans-
mission is the full width at half maximum. A broad
transmission profile will reduce the color’s purity,
leading to small color gamut. One way to go around
the problem is to use white OLED with sharp emis-
sion peaks. It becomes a practical solution in high
end LCD TV, in which LED backlights are utilized
to provide large color gamut. For OLED/PLED
applications, some phosphorescent emitters are
demonstrated to have a smaller emission line width
than that of their fluorescent counterparts, such as
Eu and Tb complexes [26,27]. Making white
OLED/PLED with such phosphorescent emitters
is attractive to obtain saturated primary colors in
flat panel display applications. Another way is to
apply special color filters with high transmission
and narrow line width, such as DBR (Distributed
Bragg Reflector) filter. Considering the fierce price
competition in consumer electronics market, this
solution seems not economically feasible.

In summary, two full color reproduction
approaches in the flat panel display applications
were analyzed theoretically and experimentally.
The full color pixel made of white emitters coupled
with transmission color filters is less energy efficient
due to the severe power reduction by the filters,
although it possesses the advantage of manufactur-
ing simplicity. A white emitter made up of three pri-
mary emission peaks was found to be superior to a
white emitter made up of complementary colors.
Adjusted to the same quantum efficiency, the full
color pixel’s power efficiency of three primary color
sub-pixels is estimated to be 10 times more efficient
than that of the white emitter.
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Abstract

In order to realize the common-emitter characteristics of the tris(8-hydroxyquinoline) aluminium (Alq3)-based organic
transistors, we used Au/Al double metal layer as the base, thus the vertical metal-base transistors with structure of Al/n-Si/
Au/Al/Alq3/LiF/Al were constructed. It was found that the contact properties between the base and the organic semicon-
ductors play an important role in the device performance. The utilization of Au/Al double layer metal base allows the
devices to operate at high gain in the common-emitter and common-base mode at low operational voltage.
� 2008 Published by Elsevier B.V.

PACS: 81.07.Pr; 73.40.Vz; 85.30.De

Keywords: Permeable; Metal base; Organic transistors; Au/Al double layer metal base
1. Introduction

Metal-base transistors (MBTs), consisting of a
thin metal layer (the base) sandwiched between two
semiconductors (the emitter and the collector), have
been receiving much attention for the fast switching
and sensor applications since 1962 [1–3]. However,
largely technological difficulties in the fabrication
1566-1199/$ - see front matter � 2008 Published by Elsevier B.V.

doi:10.1016/j.orgel.2008.02.018

* Corresponding authors. Tel.: +86 431 85262357; fax: +86 431
85262873.

E-mail addresses: mdg1014@ciac.jl.cn (D. Ma), iah@fisica.
ufpr.br (I.A. Hümmelgen).
of semiconductor–metal–semiconductor structure
and the low base transport factor in MBTs based
on inorganic semiconductors limit their applicability
[4]. Recently, MBTs based on organic semiconduc-
tors were realized, and showed high base transport
factor and significantly simpler production processes
than the inorganic-based MBTs [5–10]. Importantly,
this kind of vertical-type MBTs show potential appli-
cation as driver in pixel OLED displays due to its
higher output current density at low operational
voltage. The planar-type organic thin film transistors
(OTFTs) suffer from low current density, high oper-
ational voltage and low operational speed, which are

mailto:mdg1014@ciac.jl.cn
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Fig. 1. Schematic structure of the Al(120 nm)/n-Si/Au(10 n-
m):Al(10 nm)/Alq3(70 nm)/LiF(1 nm)/Al(120 nm) device.
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usually due to the low carrier mobility of organic
materials and long channel length. The short channel
length in vertical-type transistors, which is close to
the organic film thickness, leads to the superior per-
formance in the output current and operational volt-
age [11–13]. However, the majority of organic-based
MBTs reported so far presented yet unsatisfied char-
acteristics when operating in the common-emitter
mode, like difficulty of obtaining high common-emit-
ter current gain and the existence of high leakage cur-
rents, characteristics that are required in applications
involving amplification [14–16].

Conventional MBTs consist of a thin metal layer
(the base) sandwiched between two semiconductors
(the emitter and the collector). Like a general bipolar
transistor, the MBT is a three-terminal device with a
forward-based emitter-base junction and a reverse-
based base-collector junction. However, these junc-
tions are Schottky junction in MBTs. Generally an
asymmetrical Schottky junction between emitter-
base junction and base-collector junction and low
electron scattering in the metal base are desirable
to improve current gain. Furthermore, in the emit-
ter-base junction, it is also expected that the hole
injection current from the base to the emitter and
the recombination current in the depletion region
between the base and emitter are low, thus high cur-
rent gain can be obtained. Obviously, the choice of
the base metal and its contact characteristics with
the semiconductor are very important in the deter-
mination of current gain in the cases of common-
base and common-emitter operational modes.

Recently, we reported permeable-metal-base
organic transistors based on tris(8-hydroxyquinoline)
aluminium (Alq3) as emitter with better common-
base characteristics and by introducing an interface
layer between the emitter metal and Alq3, which can
be used to greatly enhance electron injection in the
emitter region, the common-emitter characteristics
were realized [17,18]. In this paper, we investigated
the effect of the metal base on the electrical character-
istics of Alq3-based MBTs in detail. We compared the
effects of Al, Au and Au/Al as the base on the current
gain characteristics and found that the Au/Al double
layer metal base leads the MBTs to simultaneously
well operate in the common-base and common-emit-
ter modes with high current gain at low voltage.

2. Experimental procedures

Fig. 1 shows the studied MBTs structure. The
transistors were prepared by vacuum evaporation
under a pressure of less than 3 � 10�4 Pa. The base
metal was first deposited on precleaned n-type
Si(1 00) substrate (resistivity of 1–10 X cm), and then
tris(8-hydroxyquinoline) aluminium (Alq3), LiF and
Al were evaporated on the metal base. Among, the
Alq3 is used as the emitter, LiF/Al as the emitter
contact and n-type silicon as the collector. The base
includes Au and Al single metal layers and Au/Al
double metal layer. For this case of Au/Al double
metal layer, the Au was first evaporated at a rate
of 0.1 nm/s on n-type silicon and then the Al was
evaporated at a rate of 1 nm/s in the sequence. The
substrate temperature is room temperature. Before
the devices were fabricated, the n-type Si substrate
was first etched in a 5% HF solution to remove the
surface oxide and an Al was evaporated onto the
unpolished side of the Si substrate to act as Ohmic
contact. The active area, which is determined by
the superposition region of the strip of the base
metal electrode, emitter contact electrode and Si, is
�9 mm2. In order to avoid short circuit between
the base and the emitter, an insulator poly(methyl-
methacrylate) was introduced.

The thickness of the layers was measured using a
surface profiler. The electric characteristics were
determined using two Keithley 2400 units at room
temperature. The measurement circuit is analogous
to those given elsewhere [17,18]. Both the electric
characteristics in common-base and common-emit-
ter modes were obtained in this study.

3. Discussion and results

Fig. 2 shows the common-base electric character-
istics of an Al/n-Si/Au/Al/Alq3/LiF/Al device. A
saturation of collection current Ic is observed at
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Ic = Ie (Ie is the emitter current) for positive Vcb (Vcb

is the potential difference between collector and
base), which is due to the reverse-biased base-collec-
tor junction, resulting that almost all electrons
injected by the emitter into the base arrive at the col-
lector. There is rapid increase in negative Ic for neg-
ative Vcb, which is attributed to the forward-biased
Au/n-Si Schottky junction, leading to the higher
output current. The plot of Ic as a function of Ie

at constant Vcb allows to calculate the common-
base current gain. In order to eliminate the contri-
bution of the leakage current, which is assumed to
be constant, the common-base current gain, defined
as a0 = dIc/dIe [19], is calculated at Vcb = 0. The
inset of Fig. 2 shows the calculated result. The slope
a0 equals to 0.999, which is near to the ideal com-
mon-base current gain 1. This high common-base
current gain a0 also implies that there exists a high
base-transport factor aT in the Al/n-Si/Au/Al/
Alq3/LiF/Al devices.

However, as we can see, when using Al instead of
Au/Al as the base, resulting in Al/n-Si/Al/Alq3/
LiF/Al devices, although the common-base current
gain a0 of 0.995 at Vcb = 0 is obtained, there is a
large leakage current, as shown in Fig. 3 where
the common-base electrical characteristics and the
dependence of Ic on Ie at Vcb = 0 are given. We
attribute the large leakage current to the low Scho-
ttky barrier between Al and n-Si in these devices. [8]
Furthermore, a high common-base current gain of
near 1 and better common-base electrical character-
istics with negligible leakage current are again
achieved when using Au as base metal, thus in Al/
n-Si/Au/Alq3/LiF/Al devices. Fig. 4 shows the Ic

as a function of Vcb at different Ie and the depen-
dence of Ic on Ie at Vcb = 0 for the case of Al/n-
Si/Au/Alq3/LiF/Al devices. This indicates that Au
can form better Schottky contact with n-Si, which
favors the suppression of the leakage current, as
expected.

It is experimentally found that the devices with
Au/Al double metal layer base also exhibit better
common-emitter mode characteristics. Compara-
tively, the expected common-emitter mode character-
istics are not observed in Al/n-Si/Al/Alq3/LiF/Al



1000

2000

3000

4000

5000
I
b
=1uA

I
b
=2uA

I
b
=3uA

I
b
=4uA

I
b
=5uA

I
b
=6uA

I
b
=7uA

I
b
=8uA

I
b
=9uA

I
b
=10uA

I c
-I

L
/I

b

542 M. Yi et al. / Organic Electronics 9 (2008) 539–544
and Al/n-Si/Au/Alq3/LiF/Al devices, respectively,
with Al and Au single metal layer base. Fig. 5a shows
the common-emitter electrical characteristics of an
Al/n-Si/Au/Al/Alq3/LiF/Al device. Due to the large
collector current Ic at Ib = 0, these data in Fig. 5a are
replotted in Fig. 5b in the form Ic–IL as a function of
Vce, where the IL (IL = Ic at Ib = 0) is defined as the
leakage current between the emitter and the collector.
Accordingly, the dependence of the common-emitter
current gain b, defined as (Ic–IL)/Ib, on the Vce
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can be obtained, as shown in Fig. 5c. It can be clearly
seen that the device shows higher common-emitter
current gain at low base currents. The current gain
tends to saturation at high Vce bias, and decreases
with the increase of the base current Ib. The maxi-
mum common-emitter current gain may reach over
4000, which is respectable even when compared to
those observed in inorganic permeable metal-base
transistors [20].

Fig. 6 shows the energy level diagram of the
materials used in this study and the case of the con-
tact of Au/n-Si and Alq3/Al. It can be clearly seen
that for the case of Au/Al double metal layer base,
on the one hand, the Au forms a good Schottky
contact with the n-Si. On the other hand, Al also
forms better contact with Alq3 at the same time, sat-
isfying the condition that the barrier height between
Alq3 and Al is larger than that of Au and n-Si,
which is desirable for an asymmetrical MBT device
to improve current gain. More importantly, the uti-
lization of Al metal in the Au/Al double metal layer
base will greatly reduce the injection of the holes
from Al to Alq3 emitter with respect to the case of
Au base due to the higher energy barrier in the for-
mer case. Thus, minority carrier injection and the
recombination current of holes and electrons in
the emitter region, which does not benefit the tran-
sistor action, are significantly decreased. Further-
more, the introduction of Al should also benefit
the injection of more electrons from emitter to col-
lector. These should be used to well explain the rea-
son why the Au/Al double-layer metal base
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improves the common-base and common-emitter
mode characteristics of the devices.

Like in previously reported devices based on Alq3

[17,18], the Al/n-Si/Au/Al/Alq3/LiF/Al devices also
show permeable base characteristics, since at con-
stant Ie,

@V be

@V cb
� 1 is observed. This indicates that

the Au/Al double-layer metal base is also not able
to shield the emitter from the electric filed changes
between the base and the collector [17,18].

It is important to stress that our transistors out-
put higher current at low operational voltage, pro-
ducing lower power dissipation in the emitter
layer. The high leakage current, however, consti-
tutes a drawback and efforts are necessary to solve
this problem, because it is responsible for a signifi-
cant part of the dissipated power. This characteristic
is especially necessary in practical application
because the organic semiconductors are more sensi-
ble to the high temperatures than their inorganic
counterparts and heat dissipation constitutes a gen-
eral problem if higher integration is aimed.
4. Conclusions

We presented vertical architecture hybrid perme-
able-base transistors based on tris(8-hydroxyquino-
line) aluminium (Alq3) as the emitter with Au/Al
double metal layer base that show fine characteris-
tics of common-base and common-emitter, can be
operated at low driving voltages, and allow high
current density. Our results indicate that the contact
of the metal base at emitter and collector interfaces
plays important roles in transistor performance.
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[11] M.S. Meruvia, I.A. Hümmelgen, M.L. Sartorelli, A.A. Pasa,
W. Schwarzacher, Appl. Phys. Lett. 84 (2004) 3978.

[12] Liping Ma, Yang Yang, Appl. Phys. Lett. 85 (2004) 5084.
[13] Ken-ichi Nakayama, Shin-ya Fujimoto, Masaaki Yokoy-

ama, Appl. Phys. Lett. 88 (2006) 153512.
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Abstract

We investigated the air stabilities of threshold voltages (Vth) on gate bias stress in pentacene thin-film transistors (TFTs)
with a hydroxyl-free and amorphous fluoropolymer as gate insulators. The 40-nm-thick thin films of spin-coated fluoro-
polymer had excellent electrical insulating properties, and the pentacene TFTs exhibited negligible current hysteresis, low
leakage current, a field-effect mobility of 0.45 cm2/Vs and an on/off current ratio of 3 � 107 when it was operated at �20 V
in ambient air. After a gate bias stress of 104 s, a small Vth shift below 1.1 V was obtained despite non-passivation of the
pentacene layer. We have discussed that the excellent air stability of Vth was attributed to the insulator surface without
hydroxyl groups.
� 2008 Elsevier B.V. All rights reserved.

PACS: 85.30.Tv

Keywords: Organic thin-film transistor; Amorphous fluoropolymer; Cytop; Air stable threshold voltage; Bias stress; Hysteresis; Insulating
properties
Organic thin-film transistors (OTFTs) have been
widely studied because of their potential for low-
cost and low-temperature processes and their
applications to flexible large-area displays, circuits,
and sensors. In particular, low-temperature pro-
cesses for OTFTs of less than 150 �C enable them
to be directly formed on flexible plastic substrates
and they can actively drive display devices such
as organic light-emitting diodes (OLEDs) [1,2],
1566-1199/$ - see front matter � 2008 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2008.02.015
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liquid crystals, and electronic inks. Ink-jet printings
and roll-to-roll processes have been explored to
achieve low-cost and large-area flexible displays
with OTFT backplanes. These fabrication pro-
cesses and the handlings of the backplanes should
be carried out in ambient air to enable simple inex-
pensive production. Besides, the gas-barrier prop-
erties of the plastic films used as the substrates of
these flexible backplanes are still insufficient to pre-
vent oxidation and water adsorption. Therefore,
OTFTs require both storage and driving stability
in ambient air.
.
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However, the instabilities that are widely observed
in OTFTs can be divided into three kinds; the first is
the decrease in field-effect mobilities, the second is
current hysteresis, and the third is threshold voltage
(Vth) shift caused by gate bias stress. The decreases
in mobilities has mainly been caused by oxidation
of organic semiconductors and many attempts have
been made to overcome this, such as increasing the
ionization potentials of organic semiconductors to
strengthen their resistance to oxidation [3,4] and pro-
tecting them with passivation layers [5]. The hystere-
sis are considered to be due to the short-term
trapping and release of charge carriers caused by
impurities and adsorbed molecules such as water at
the insulator–semiconductor interfaces [6]. The Vth

shifts induced by gate bias stress can be explained
as being due to the long-term trapping and release
of charge carriers caused by structural defects and
impurities at the interfaces.

It has recently been reported that hydroxyl
groups and/or adsorbed water related to the hyster-
esis and the Vth shifts. Hydroxyl groups and/or
adsorbed water at the interfaces between SiO2 and
p-type organic single crystal increase trap densities
and shift Vth on gate bias stressing [7,8]. Hydroxyl
groups at the insulator surfaces are the trapping
sites for electrons in n-type OTFTs [9,10]. OTFTs
using polymer insulators containing hydroxyl
groups such as poly(vinylphenol) (PVP) and
poly(vinylalcohol) (PVA) have large hysteresis in
ambient air [11,12]. Therefore, these results indi-
cated that the hysteresis and the Vth shifts are
mainly caused by the hydroxyl groups and/or
adsorbed water at the interfaces between insulators
and organic semiconductors.

In this letter, we report on the excellent air stabil-
ity of Vth on the gate bias stress in pentacene TFTs
with a hydroxyl-free and amorphous fluoropoly-
mer, poly(perfluorobutenylvinylether) commercially
known as Cytop (Asahi Glass Co.), as the gate insu-
lator. This fluoropolymer can easily form uniform
thin-films from solution by spin-coating. OTFTs
using polymer semiconductors [13] and organic sin-
gle-crystal field-effect transistors [14] with the fluoro-
polymer as their gate insulators have previously been
reported. However, their characteristics had to be
measured in a vacuum or inert atmosphere, there-
fore the air stability of the Vth on gate bias stress
had not been clarified. We demonstrated that excel-
lent air stability of Vth on gate bias stress in penta-
cene TFT with the fluoropolymer as the gate
insulator is superior to that of hydrogenated amor-
phous silicon (a-Si:H) TFTs under similar stress
conditions. In addition, previous works with the flu-
oropolymer as gate insulators had large operating
voltage because the fluoropolymers were thick, i.e.,
450–800 nm. It is very important for practical appli-
cation to lowering the operating voltage. We demon-
strated that spin-coated thin films of fluoropolymers
with thicknesses from 15 nm to 200 nm had excellent
electrical insulating properties such as low leakage
current densities below 10�8 A/cm2 and high electri-
cal breakdown strengths over 5 MV/cm, resulting in
low leakage current and high on/off current ratio
with low operating voltage in the pentacene TFTs
with the fluoropolymer as the gate insulator.

The electrical insulating properties of the amor-
phous fluoropolymer were measured by metal–insu-
lator–metal structures. Thin films of fluoropolymer
were spin coated from solution onto patterned alu-
minum (Al) electrodes deposited by thermal evapo-
ration on glass substrates, and dried at 120 �C. The
thicknesses were controlled by changing the concen-
trations of the solution and measured by ellipsome-
try and an optical profiler. Top Al electrodes were
deposited by thermal evaporation orthogonal onto
the films through a shadow mask and the active
areas were 3 � 3 mm2. The relative permittivity
was 2.1 and this was not changed in a range of fre-
quencies from 20 Hz to 100 kHz.

The bottom-gate and top-contact OTFTs were
fabricated as follows. Thin fluoropolymer layers
(40 nm) were formed by spin-coating onto patterned
Al gate electrodes (30 nm) on glass substrates, and
dried at 120 �C. The thin films of pentacene
(30 nm) were evaporated onto the fluoropolymer,
and 30-nm-thick gold (Au) source–drain electrodes
were deposited by thermal evaporation. The chan-
nel widths (W) were 1000 lm and the lengths (L)
were 50 lm, resulting in a W/L of 20. All measure-
ments of the characteristics and gate bias stressing
of the OTFTs were carried out in ambient air with
a relative humidity of 60% at room temperature in
the dark using a Keithley 4200-SCS semiconductor
parameter analyzer.

Fig. 1 shows the current density–electric field (J–
E) characteristics of the amorphous fluoropolymer,
Cytop, thin films. The electrical insulating proper-
ties were not dependent on film thicknesses from
15 nm to 200 nm. The leakage current densities were
lower than 10�8 A/cm2 and the breakdown electric
fields were larger than 5 MV/cm. The leakage cur-
rent densities at 5 MV/cm are two orders of magni-
tudes lower than those of a plasma-grown AlOx
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insulator with a phosphonic acid-based self-assem-
bled monolayer [15]. Furthermore, these low
leakage current densities and high breakdown
electric fields are substantially superior to other
polymer dielectrics. For example, the breakdown
electric fields of polyimide, crosslinked PVP, and
crosslinked cyanoethylated PVA are around
2.5 MV/cm, and the leakage current densities at 2.5
MV/cm are three orders of magnitude higher than
those of amorphous fluoropolymer [16,17].

Since the thin films of amorphous fluoropolymer
have the low leakage currents and high breakdown
electric fields, we can apply them to the gate insula-
tors of OTFTs. Figs. 2a and b, show the transfer
and output characteristics of a pentacene TFT with
a 40-nm-thick Cytop as the gate insulator in ambi-
ent air. The transfer characteristics exhibit a steep
current increase in the subthreshold region and
low leakage current, and the output characteristics
show good saturation behavior. Both of these
exhibited negligible hysteresis despite the operation
in ambient air, which will be discussed later. The
field-effect mobility was calculated in the saturation
regime from the linear fit of the square root of the
drain current ðI0:5

D Þ versus gate voltage (VG) by using
equation ID = (CiW/2L)l(VG–Vth)2, where Ci is the
capacitance of the insulator, and l is the field-effect
mobility. The mobility was calculated to be
0.45 cm2/Vs with a Ci of 46.5 nF/cm2. The OTFT
had a Vth of �6.3 V, an on/off current ratio of 3 �
107, and a subthreshold swing of 0.56 V/decade
when VG was swept within �20 V at a drain voltage
(VD) of �20 V. The high on-current was archived
over 10 lA. It is important to apply OTFTs to the
driving transistors of OLED displays because a high
on-current is required to drive OLEDs sufficiently
well [1,2]. The operating voltage, VG = �20 V, is
equivalent to an electric field of 5 MV/cm because
the insulator is 40-nm thick. Despite the high elec-
tric field, the gate current (IG), which was due to
leakage between the source and the gate electrodes
through the gate insulator, was around 100 pA
and this was five orders of magnitudes lower than
the on-current. This property is due to the excellent
electrical insulating properties of the amorphous
fluoropolymer.

We evaluated the air stabilities of transfer char-
acteristics on gate bias stress. Fig. 3 shows the trans-
fer characteristics (VD = �20 V) before and after
bias stress at a VG of �20 V for 100, 1000, and
10000 s in ambient air. During the stress period,
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VD was held at 0 V to ensure a homogeneous elec-
tric stress field was applied throughout the channel.
The transfer characteristics shifted slightly in the
negative direction with the negative gate bias stress.
The variations in Vth (DVth) as a function of stress
time are plotted in Fig. 4. The gate bias voltages
were �20, �10, and �7.5 V, which were equivalent
to respective electric fields of 5, 2.5, and 1.9 MV/cm.
Although the electric field at the gate bias voltage of
�20 V was high and the OTFT was stressed without
any passivation over the pentacene layer in ambient
air, the DVth was only 1.1 V at 10000 s. These shifts
are smaller than the shifts in the OTFTs with
untreated SiO2, organosilane treated SiO2 and other
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Fig. 4. Variations in threshold voltage as function of stress time
plotted for gate bias voltages of �20, �10 and �7.5 V, which
correspond to the electrical fields of 5, 2.5 and 1.9 MV/cm,
respectively.
polymers as the gate insulators [18–20]. Even more
importantly, these shifts were smaller than the shifts
of Vth in a-Si:H TFTs under similar stress condi-
tions [21,22].

The instabilities in OTFTs such as the hysteresis
and Vth shifts induced by gate bias stress are gener-
ally considered to be due to short-term and long-
term trapping and release of charge carriers caused
by structural defects, impurities, and adsorbed mol-
ecules such as water at the insulator–semiconductor
interfaces. Thermally grown SiO2 on Si wafers are
frequently used as insulators because of their supe-
rior electrical insulating properties. However, it
has been reported that hydroxyl groups (Si–OH)
on the SiO2 surfaces act as trapping sites for elec-
trons in n-type OTFTs operated even in inert atmo-
spheres [9,10]. Besides, it have been discussed that
Si–O� was created from Si–OH by water at the
SiO2 surfaces both in p-type and n-type OTFTs,
which considerably shifts the Vth in the same posi-
tive direction [23]. Even though organosilane-trea-
ted SiO2 is used as insulators, there are certain
hysteresis and Vth shifts especially during operation
in ambient air [4,6,8], which are considered to be
caused by adsorbed water and residual hydroxyl
groups on the SiO2 surfaces, which are not substi-
tuted by organosilane agents. As is well known,
OTFTs using polymer insulators such as PVP and
PVA have large hysteresis [11,12]. Here, the hydro-
xyl groups of polymer insulators and water in ambi-
ent air are the causes of the hysteresis [12]. Although
the hydroxyl groups are substituted by crosslink
agents, it is difficult to completely substitute all
hydroxyl groups in polymers. Unsubstituted hydro-
xyl groups and residual crosslink agents probably
act as trapping sites. In both cases, adsorbed water
and the hydroxyl groups of insulators are consid-
ered to be the causes of instabilities in these OTFTs.

The amorphous fluoropolymer used in our devices,
on the other hand, does not have hydroxyl groups in
its chemical structure; the films are hydrophobic
due to the nature of the fluorinated material, and
crosslinks are not required. Therefore, the negligible
hysteresis and the small Vth shifts obtained in
our OTFTs in ambient air are attributed to these
advantages.

In conclusion, we demonstrated that pentacene
TFTs with spin-coated thin films of a hydroxyl-free
and amorphous fluoropolymer as the gate insulators
had excellent electrical insulating properties with
negligible current hysteresis and small Vth shifts on
gate bias stressing in ambient air. The high air
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stabilities of Vth on gate bias stress were mainly due
to hydroxyl-free, hydrophobic, and non-reactive
gate insulators, and these were superior to the sta-
bilities of Vth in a-Si:H TFTs. These excellent air
stabilities should make useful contributions to both
fundamental studies for understanding insulator–
semiconductor interfaces and practical applications
of OTFTs to integrated circuits and flat-panel
displays.
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Contact resistance between molybdenum (Mo) electrode and pentacene was studied with
transmission line method (TLM). The Mo electrodes were annealed at 200 �C, 400 �C, 600 �C
and 800 �C for 1 h and pentacene layer of 300 Å thickness was vacuum deposited on pat-
terned Mo to form Mo–pentacene contact. Current–voltage measurement for Mo–penta-
cene contact showed linear relationship and it was confirmed that ohmic contact was
formed. XRD and AFM measurements showed that Mo could be crystallized at annealing
temperatures above 600 �C. 800 �C annealed Mo showed larger grains and work function
was increased from 4.60 eV to 4.80 eV due to the decrease in defect density. The contact
resistance was reduced down to 11.2 MX cm from 37.8 MX cm of as-deposited Mo. Also
the pentacene film deposited on annealed Mo was denser with better crystallinity. Bottom
contact organic field-effect transistor made with 800 �C annealed Mo showed better per-
formance than as deposited Mo.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction increased [3], which degrades the device performance.
Recently, the performance of organic thin film transis-
tors (OTFT) has improved dramatically. The mobility of
OTFT with pentacene was improved up to 1.5 cm2/Vs and
on/off ratio was also improved up to 105 [1,2]. Most of
the researches have been focused on improving the electri-
cal properties of components such as semiconductor, gate
dielectric and source/drain electrode, but many factors
are still poorly understood and controlled. One of them is
contact resistance between electrode and semiconductor.
Interface properties between electrode and semiconductor
are critical factors for good TFT performance but with
decreasing device dimensions, contact resistance has been
. All rights reserved.

x: +82 54 279 8619.
).
Work function modification of the metal surface to lower
the barrier and removal of impurities such as native oxide
have been studied to lower the contact resistance [3,4].
As a source/drain (S/D) electrode, gold, silver, calcium,
palladium [2,5,6] and transparent conducting oxide like in-
dium–tin-oxide (ITO) [7] were studied and currently, gold
has been mainly used as a contact metal because gold has a
work function of 5.1 eV, which is close to the highest occu-
pied molecular orbital(HOMO) level of pentacene (5.0 eV).
In this case, hole injection barrier is low so that carriers can
move easily in each direction between electrode and
pentacene. In spite of this advantage, gold is not suitable
for commercial application due to the high cost and as a
noble metal, it is very difficult to etch for patterning.
Molybdenum (Mo) has a low resistivity of 5 � 10�6 X cm
and high work function of 4.6–4.9 eV and it has been
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studied as a source–drain electrodes of Si FET (field-effect
transistor) with good performance [8]. Various groups
have suggested that interface properties between metal
and semiconductor could be improved through annealing
process with reduced barrier height and contact resistance
[9,10].

In this work, Mo has been used as a source/drain elec-
trode metal and effect of annealing on the improvement
of the interface properties between Mo and pentacene
was studied. We measured the contact resistance and the
I–V characteristics of the pentacene TFT. Crystallization of
Mo was studied with X-ray diffraction (XRD) and atomic
force microscopy (AFM). The work function of Mo was
measured with ultraviolet photoelectron spectroscopy
(UPS) and pentacene layer deposited on Mo was also inves-
tigated with XRD and AFM measurement.

2. Experimental

Pentacene was purchased from Aldrich Chemical Co.
and n-type heavily doped silicon wafer with thermally
grown SiO2 (300 nm) was purchased from Silicon Materi-
als. For the measurement of contact resistance with trans-
mission line method (TLM), Mo (thickness: 200 nm) was
deposited on glass substrate of 2 cm � 2 cm with rf sput-
tering and the layer was patterned with photolithography
Fig. 1. (a) SEM images of Mo on SiO2 substrate patterned using photolithograph
total resistance versus spacing between Mo electrodes, and (d) structure of bott
and wet etching with aqua regia. As shown in Fig. 1a, Mo
was accurately patterned with length (d) of 0.1 cm and
width (W) of 0.7 cm. The gap between Mo electrodes was
from 50 to 90 lm with 5 lm increment between adjacent
lines so that it can be used as a structure for transmission
line method (TLM) as shown in Fig. 1b [7]. Mo coated glass
substrate was cleaned with acetone, ethanol and IPA
(iso-propanol) to remove organic impurities. Before the
deposition of pentacene, annealing was done with Ar gas
in a furnace at 200 �C, 400 �C, 600 �C and 800 �C for 1 h.
Total electrode width (W, 0.5 cm) was covered with
300 Å thick pentacene film leaving 0.2 cm of Mo for probe
contact. Patterned structure for TLM was checked with
scanning electron microscopy (SEM). Pentacene film was
deposited at 70 �C with a deposition rate of 0.3 Å/s in an or-
ganic molecular beam deposition (OMBD) system at
2 � 10�6 torr on top of this pattern.

To make a bottom contact organic thin film transistor,
heavily doped Si wafer was used for gate electrode and
thermally grown SiO2 was used as a gate dielectric. SiO2

grown n+-Si wafer was cleaned in piranha solution
(H2SO4: H2O2 = 7:4 vol%) for 1 h at 200 �C, rinsed in de-ion-
ized water and dried using N2 gas. Then, for S/D electrode,
100 nm thick Mo was deposited with sputtering through
shadow mask to make a metal pattern with channel length
of 150 lm and width of 1500 lm as shown in Fig. 1d and
y and wet etching, (b) structure of Mo lines on SiO2 substrate, (c) plot of
om contact pentacene TFT with Mo source/drain electrode.
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annealing process was followed. Pentacene of 50 nm was
deposited at the same condition as in TLM structure
formation. In order to investigate the annealing effect of
Mo electrodes on device performance, pentacene TFTs with
800 �C annealed Mo was compared with as-deposited
sample.

I–V measurement was done with E5270A (Agilent tech-
nology). Film morphology of Mo and pentacene were in-
spected with DimensionTM 3100 atomic force microscope
(AFM). The work function of Mo was measured using ultra-
violet photoelectron spectroscopy (UPS, Escalab 220IXL)
with He(I) emission of 21.2 eV. Crystallites of Mo and
pentacene were characterized with X-ray diffraction mea-
surement (XRD, modified Philips-1880 diffractometer)
using Cu Ka radiation.

3. Results and discussion

Metals could be crystallized at specific annealing tem-
perature [9–11]. Fig. 2a shows that for as-deposited films
and films annealed at 400 �C and below, (110) and (211)
peaks from Mo cubic phase with the unit cell size of
3.14 Å appear from the XRD measurement [12]. At
annealing temperatures of above 400 �C, (100)0, (110)0,
Fig. 2. (a) XRD (Cu Ka) spectra and (b) AFM image
and (200)0 peaks from Mo cubic phase with the unit cell
of 3.41 Å are observed additionally. It is believed that a
second phase was formed with a larger unit cell size
due to the Mo crystallization. Fig. 2b shows the surface
morphology of as-deposited Mo, Mo annealed at 400 �C
and Mo annealed at 800 �C. Surface morphology of as-
deposited Mo and 400 �C annealed Mo shows a small
grain size. Surface morphology of Mo annealed at 800 �C
shows a large grain size indicating crystallization of Mo.
It was confirmed that Mo was crystallized at annealing
temperatures above 600 �C. Fig. 3 shows the UPS spectra
of Mo annealed at different temperatures and the work
function of Mo could be calculated using following equa-
tion [13]:

/ ¼ hvð¼ 21:2 eVÞ � Ecutoff þ EFermi ð1Þ

where O, Ecutoff and EFermi are the work function, secondary
electron cutoff and Fermi level, respectively. The work
function of as-deposited Mo was measured to be 4.6 eV,
and work function of Mo was increased by �0.2 eV with
annealing above 600 �C. This is probably due to the forma-
tion of the second phase as confirmed in the XRD measure-
ment. The crystallization increased the work function of
Mo closer to HOMO level of pentacene (�5.0 eV) and hole
s of Mo annealed at different temperatures.
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injection barrier between Mo and pentacene was reduced.
The increase in the work function is probably due to the
decrease in the defect density with annealing because
more energy is needed for electron emission.

Total resistance (RT) as a function of the distance L be-
tween electrodes as shown in Fig. 1c is [14,15]

RT ¼ RS � L=W þ 2RC ; ð2Þ
Fig. 4. (a) Current–voltage characteristics measured between the TLM
electrodes with a spacing of 50 lm, and (b) plot of the measured total
resistance (RT) versus the spacing (L) between adjacent electrodes.
where RT is the total resistance between two contacts, RC is
the contact resistance, RS is the sheet resistance of penta-
cene, L is the contact spacing and W is the width of the
electrode (0.5 cm). Fig. 4a shows the current–voltage char-
acteristics measured between the two adjacent TLM elec-
trodes with a spacing of 50 lm and Fig. 4b shows the
total resistance (RT) versus the spacing (L) between TLM
electrodes. As shown in Fig. 4a, the relationship between
current and voltage is almost linear, which means Mo
makes ohmic contact to pentacene even though there is a
hole injection barrier in the interface between Mo and
pentacene. Contact resistance of as-deposited Mo has a
high value of 37.8 MX cm. With annealing at 800 �C, con-
tact resistance between Mo and pentacene was reduced
to 11.2 MX cm close to the contact resistance between gold
and pentacene of 5.65 MX cm [14].

Fig. 5a shows the XRD pattern for 50 nm-thick
pentacene layer deposited on Mo. The well-known peaks
[16–18] indicating single crystal and thin film phases of
pentacene did not appear clearly. Peaks of (110), (111)
and (022) noticeably arose on the Mo surface annealed
at 800 �C and these peaks indicate the existence of flat-ly-
ing pentacene with improved adhesion on the surface of
Mo [17–19]. Fig. 5b shows AFM images of 50 nm-thick
pentacene layer on Mo. Compared to the pentacene layer
deposited on as-deposited Mo, pentacene layer deposited
on Mo surface annealed at 800 �C has denser structure
with smaller grain boundaries. Grain boundaries are
known to form hole traps inducing high resistance and
low mobility of pentacene [20]. The improved morphology
of pentacene layer deposited on Mo surface annealed at
800 �C had an effect on reducing contact resistance of the
interface between Mo and pentacene.

In order to investigate the effect of improved contact
resistance on device performance, pentacene TFTs with
as-deposited and 800 �C annealed Mo S/D electrodes were
compared. Table 1 shows the main characteristics of
pentacene TFTs with as-deposited and 800 �C annealed
Mo S/D electrodes which were obtained from the I–V
curves in Fig. 6. A pentacene TFT with gold electrode was
also made with the same procedure and characterized to



Fig. 5. (a) XRD spectra and (b) AFM images of pentacene on Mo annealed at different temperatures.

Table 1
Characteristics of pentacene TFT with as-deposited Mo, 800 �C annealed Mo
and Au/Ti (50/3 nm) as a source/drain electrode

S/D
electrode

Field-effect
mobility
(cm2/Vs)

On/off
current
ratio

Threshold
voltage (V)

Sub threshold
swing (V/dec)

As-
deposited

1.38 � 10�3 �103 �6.11 7.06

800 �C
annealed

1.28 � 10�2 �104 �0.39 6.46

Au/Ti
(50/3 nm)

5.22 � 10�2 �105 �2.05 1.61
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compare. The field-effect mobility in the saturated regime
(VD = �40 V) was calculated from

IDS ¼
WCi

2L
ðVG � VTÞ2l ð3Þ

where IDS is the drain current at specific gate voltage (VG),
W is the channel width, L is the channel length, VT is the
threshold voltage, l is the carrier field-effect mobility
and Ci is the capacitance per unit area of the gate insulator.
Even though the hole injection barrier for Mo is greater
than gold and bottom contact S/D structure usually gives
inferior performance than top contact structure, good
device properties were observed in pentacene TFT with
800 �C annealed Mo S/D electrode. The performance is
comparable with TFT with gold electrode. The on/off ratio
and the field-effect mobility of pentacene TFT were 104

and 1.2810�2 cm2/Vs, which were about 10 times higher
than with as-deposited Mo S/D (on/off ratio: 103, mobility:
1.3810�3 cm2/Vs). Also the drain current (ID) at saturated
regime (VD: �40 V) was increased compared with penta-
cene TFT with as-deposited Mo source/drain electrode, as
shown in output characteristics of Fig. 6b. Annealing
process of Mo reduces not only the contact resistance be-
tween Mo and pentacene but also enhances the device
performance.

4. Conclusion

We have studied the annealing effect of molybdenum
(Mo) metal electrode on the contact resistance between
Mo and pentacene. Mo was crystallized with annealing
temperature of above 600 �C and work function of Mo



Fig. 6. (a) Comparative transfer characteristics of pentacene TFT with a-
nnealed Mo and as-deposited Mo source/drain electrode: log10jIDj versus
VG and jIDj1/2 versus VG at �40 V, and (b) output characteristics of pent-
acene TFT with annealed Mo and as-deposited Mo source/drain electrode:
drain current (ID) versus drain voltage (VD).
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was increased with annealing closer to the highest occu-
pied molecular orbital (HOMO) level of pentacene. Also
the morphology of pentacene layer on Mo was improved
with the crystallization of Mo. The contact resistance be-
tween Mo and pentacene was decreased and the TFT per-
formance was improved substantially with annealing at
800 �C.
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a b s t r a c t

A series of novel non-conjugated functionalized benzoimidazole-based dendrimers con-
taining peripheral benzyl ether type dendrons have been synthesized and characterized.
These compounds undergo cyclometalation with iridium trichloride to form iridium(III)
complexes. The emission wavelengths of these dendrimers are in the range from 510 to
530 nm, and the photoluminescence quantum yields (PLQYs) in the range from 0.45 to
0.80. Dendrimers (Gn)2Ir(acac) and (Gn)3Ir exhibit a reversible one-electron oxidation
wave at �0.55 V and �0.37 V (vs. Ag/AgNO3), respectively. With a device configuration
of indium tin oxide/poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid)/4,
40-bis(N-carbarzolyl)biphenyl:(G2)3Ir 20 wt% dopant/1,3,5-tris(2-N-phenyl-benzoimi-
dazolyl)benzene/LiF/Al has a maximum external quantum efficiency (EQE) of 17.6% and
a maximum current efficiency of 61.5 cd/A.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Organic light-emitting diodes (OLEDs) have attracted
considerable interests after Tang [1] and Burroughes’s [2]
report on organic (small molecule) and polymer LEDs
(PLEDs). The quantum mechanical constraint sets an upper
limit of the internal quantum efficiency at 25% on the fluo-
rescence-based devices. The seminal work by Thompson
demonstrated that electroluminescent devices based on
heavy transition-metal complexes had great potentials to
achieve an internal quantum efficiency of 100% [3]. In
these complexes, both singlet and triplet excitons can con-
tribute to emission due to efficient spin-orbit coupling
which removes the spin selection regulation during radia-
. All rights reserved.

ax: +886 2 27831237
5724727 (H.-C. Lin).

Lin), linhc@cc.nctu.
tive relaxation of the excited state. Several high perfor-
mance OLEDs based on phosphorescent transition-metal
complexes, including Ir [4], Pt [5], Os [6], and other metals
[7], have been reported in recent years.

Small organic molecules are usually vacuum deposited
for device fabrication, and the facilitation of carrier injec-
tion as well as the balance of carrier mobility can be
achieved in multi-layer devices. In comparison, spin-coat-
ing technique has to be used for PLEDs due to low volatility
of polymers [8]. Normally, multi-layer devices are not pos-
sible for PLEDs due to difficulty in finding appropriate sol-
vents for casting different layers. However, spin-coating
technique renders PLEDs with flexible substrates or large
area displays viable. Dendrimers of appropriate molecular
weights are considered to be substitutes for polymers,
since they may possess similar electronic property and/
or morphology as their polymer counterparts. Compared to
polymers, it is relatively easy to control the molecu-
lar weights of the dendrimers precisely. Consequently,
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researches on dendrimer light-emitting diodes (DLEDs)
have steadily progressed in recent years.

A lot of solution processed DLEDs based on fluorescent
dendrimers have been reported [9]. However, these de-
vices only exhibit low efficiencies in most cases. In order
to improve the efficiency of DLEDs, phosphorescent metal
complexes encapsulated with dendrons are potential can-
didates. In this regard, Burn and co-workers developed a
series of dendritic iridium complexes which emitted in
red, green, and blue regions. The electroluminescent (EL)
devices using these complexes as dopants in various hosts
were reported to have good efficiencies, for example, a
maximum external quantum efficiency (EQE) of 5.7% at
80 cd/m2 for a red light-emitting device [10a], a maximum
current efficiency of 55 cd/A at 400 cd/m2 for a green light-
emitting device [10b], a maximum EQE of 8.1% at 3450 cd/
m2 for a green light-emitting device [10c], and a maximum
EQE of 10.4% at 100 cd/m2 for a blue light-emitting device
[10d]. Some solution processed host-free DLEDs were also
reported by Burn to have high maximum EQE values
around 13.6% [11]. Wang reported green-emitting
phosphorescent iridium dendrimers with benzoimidaz-
ole-based ligands containing carbazolyl dendrons. The
dendrimers were fabricated as high-quality films, and thus
a highly efficient host-free device with a maximum EQE of
13% and a maximum luminous efficiency of 34.7 cd/A was
achieved. By doping the dendrimers into a host of N-(4-
([9,30; 60,900]tercarbazo-90-yl)phenyl)carbarzole (TCCz), the
maximum EQE can be further increased to 16.6% [12].

Previously, a series of highly phosphorescent cyclo-
metalated iridium complexes containing benzoimidazole-
based ligands have been developed [13]. These complexes
emit light ranging from green to red, and EL devices using
these materials exhibit excellent efficiencies. In this report,
we extended our study to dendrimers so as to fabricate
solution-processable DLEDs. Non-conjugated Fréchet-type
dendrons are used to prevent the iridium-emitting cores
from changing their chroma. Green-emitting bis- and
tris-cyclometalated complexes based on 1,2-diphenyl-1H-
benzoimidazole ligands are investigated, and up to the
third-generation of dendrimers have been synthesized.
DLED devices based on these dendrimers are also explored.

2. Experimental

2.1. Characterization

1H NMR spectra were recorded on a Bruker AMX400
spectrometer. FAB-mass spectra were collected on a JMS-
700 double focusing mass spectrometer (JEOL, Tokyo, Ja-
pan) with a resolution of 3000 for low resolution and
8000 for high resolution (5% valley definition). For FAB-
mass spectra, the source accelerating voltage was operated
at 10 kV with a Xe gun, using 3-nitrobenzyl alcohol as the
matrix. MALDI-mass spectra were collected on a Voyager
DE-PRO (Applied Biosystem, Houston, USA) equipped with
a nitrogen laser (337 nm) and operated in the delayed
extraction reflector mode. Elemental analyses were per-
formed on a Perkin-Elmer 2400 CHN analyzer. Cyclic vol-
tammetry experiments were performed with a CHI-621B
electrochemical analyzer. All measurements were carried
out at room temperature with a conventional three-elec-
trode configuration consisting of a platinum working elec-
trode, an auxiliary electrode, and a nonaqueous Ag/AgNO3

reference electrode. The E1/2 values were determined as
1=2ðEa

p þ Ec
pÞ, where Ea

p and Ec
p are the anodic and cathodic

peak potentials, respectively. The solvent used was CH2Cl2

and the supporting electrolyte was 0.1 M tetrabutylammo-
nium hexafluorophosphate. Electronic absorption spectra
were obtained on a Cary 50 Probe UV–visible spectrome-
ter. Emission spectra were recorded in deoxygenated solu-
tions at 298 K by a JASCO FP-6500 fluorescence
spectrometer. The emission spectra were collected on sam-
ples with o.d. �0.1 at the excitation wavelength. UV–visi-
ble spectra were checked before and after irradiation to
monitor any possible sample degradation. Emission max-
ima were reproducible within 2 nm. The solution lumines-
cence quantum yields (UPL) were calculated relative to
Ir(ppy)3 (UPL = 0.40 in toluene) [14]. The solid film quan-
tum yields were measured with an integrating sphere un-
der an excitation wavelength of 350 nm on a quartz glass.
All luminescence quantum yields were taken as the aver-
age of three separate determinations and were reproduc-
ible within 10%. Luminescence lifetimes were determined
on an Edinburgh FL920 time-correlated pulsed single-pho-
ton-counting instrument. Samples were degassed via
freeze–thaw–pump cycle at least three times prior to mea-
surements. Samples were excited at 337 nm from a nitro-
gen pulsed flashlamp with 1 ns FWHM pulse duration
transmitted through a Czerny–Turner design monochro-
mator. The solution emission was detected at 90� via a sec-
ond Czerny–Turner design monochromator onto a
thermoelectrically cooled red-sensitive photomultipler
tube. The resulting photon counts were stored on a micro-
processor-based multichannel analyzer. The instrument
response function was profiled using a scatter solution
and subsequently deconvoluted from the emission data
to yield an undisturbed decay. Nonlinear least squares fit-
ting of the decay curves were performed with the Leven-
burg–Marquardt algorithm and implemented by the
Edinburgh Instruments F900 software. The reported values
represent the average of at least three readings. Atomic
force microscopic analyses were carried out by using a Dig-
ital Instruments Multimode III atomic force microscope.
Images were captured by tapping mode with a silicon tip
at a frequency of 300 kHz. For transmission electron
microscopy (TEM) studies, the measurements were per-
formed at room temperature (298 K) using a 200 kV elec-
tron microscope (JEOL JEM-2100).

2.2. Device fabrication

A layer of poly-(3,4-ethylenedioxythiophene) (PEDOT)
doped with poly(styrenesulfonic acid) (PSS) with 70 nm
thick was spin-coated on pre-cleaned ITO-coated glass
substrates as a hole injection layer and then baked at
100 �C in air for 1 h. Then, a layer of iridium dendrimers
doped into poly-(9-vinylcarbazole) (PVK, with thicknesses
of �25, �40, and �50 nm for G1–G3-based complexes,
respectively), or 4,40-bis(N-carbarzolyl)biphenyl (CBP, with
thicknesses of �30, �45, and �70 nm for G1–G3-based
complexes, respectively) as emitters was spin-coated at a
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spin rate of 3000 rpm (revolution per minute) using
dichloroethane as the solvent (concentration: 10 mg mL�1

for the host and x wt% iridium dendrimer as the guest).
Then the electron transporting properties of DLEDs, a layer
(with a thickness of 40 nm) of 1,3,5-tris(N-phen-
ylbenzimidazol-2-yl)benzene (TPBI) was vacuum depos-
ited. Finally, a layer of LiF/Al (1 nm/ 120 nm) cathode was
thermally evaporated as a cathode in a vacuum chamber
(under a pressure of less than 2.5 � 10�5 torr).

3. Materials

Chemicals and solvents were reagent grades and pur-
chased from Aldrich, Acros, TCI, and Lancaster Chemical
Co. Solvents were dried by standard procedures. All reac-
tions and manipulations were carried out under N2 with
the use of standard inert atmosphere and Schlenk tech-
niques. All column chromatography was performed by
using silica gel (230–400 mesh, Macherey-Nagel GmbH &
Co.) as the stationary phase in a column which is 25–
35 cm in length and 2.5 cm in diameter.

3.1. 2-(Phenol-4yl)-1-phenyl-1H-benzoimidazole

N-Phenyl-o-phenylenediamine (9.21 g, 50 mmol) and 4-
hydroxybenzaldehyde (6.10 g, 50 mmol ) were dissolved in
40 mL of 2-methoxyethanol. The mixture was heated to re-
flux for 48 h under N2 atmosphere. After cooling, the reac-
tion was quenched with water and the mixture was
washed with CH2Cl2. The solid was then collected by filtra-
tion and pumped dry to give the desired product (5.1 g,
35%). 1H NMR (CDCl3, 400 MHz, ppm): d 7.71 (d,
J = 8.0 Hz, 1H), 7.57–7.51 (m, 3H), 7.36 (d, J = 8.0 Hz, 2H),
7.32 (d, J = 8.4 Hz, 2H), 7.26 (t, J = 7.2 Hz, 1H), 7.20 (t, J =
7.2 Hz, 1H), 7.11 (d, J = 8.0 Hz, 1H), 6.68 (d, J = 8.4 Hz, 2H).
FABMS: m/z 287.2 ((M+H)+). Anal. Calcd. for C19H14N2O: C,
79.70; H, 4.93; N, 9.78. Found: C, 79.29; H, 5.04; N, 9.58.

3.2. General procedures for the syntheses of dendritic ligands
Gn (n = 1–3)

2-(Phenol-4-yl)-1-phenyl-1H-benzoimidazole (0.73 g,
2.5 mmol), K2CO3(0.35 g, 2.5 mmol), and 1.0 equiv. of vari-
ous generations of Dn (n = 1–3) were dissolved in 20 mL of
dimethylformamide. The mixture was heated at 100 �C for
24 h. After cooling, the reaction was quenched by water
and the mixture was extracted with CH2Cl2. The combined
extract was then washed with brine, dried over MgSO4, and
evaporated to dryness. The crude product was purified by
column chromatography (silica gel) using a mixture of
CH2Cl2 and n-hexane (1:1 by volume) as the eluent.

G1: White solid. Yield = 87%. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.96 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 8.8 Hz, 2H),
7.54–7.52 (m, 3H), 7.39–7.26 (m, 8H), 7.20 (d, J = 8.0 Hz,
2H), 6.90 (d, J = 8.8 Hz, 2H), 5.04 (s, 2H). FABMS: m/z
377.2 ((M+H)+). Anal. Calcd. for C26H20N2O: C, 82.95; H,
5.35; N, 7.44. Found: C, 82.69; H, 5.40; N, 7.72.

G2: White solid. Yield = 87%. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.86 (d, J = 8.0 Hz, 1H), 7.50–7.45 (m, 5H), 7.39–
7.27 (m, 13H), 7.20 (d, J = 8.0 Hz, 2H), 6.85 (d, J = 8.8 Hz,
2H), 6.62 (d, J = 2.0 Hz, 2H), 6.55 (t, J = 2.0 Hz, 1H), 5.06
(s, 4H), 4.96 (s, 2H). FABMS: m/z 589.2 ((M+H)+). Anal.
Calcd. for C40H32N2O3: C, 81.61; H, 5.48; N, 4.76. Found:
C, 81.46; H, 5.38; N, 4.74.

G3: White solid. Yield = 70%. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.94 (d, J = 8.0 Hz, 1H), 7.54 (d, J = 8.8 Hz, 2H),
7.51–7.43 (m, 3H), 7.43–7.29 (m, 23H), 7.19 (d, J = 8.0 Hz,
2H), 6.87 (d, J = 8.8 Hz, 2H), 6.64 (d, J = 2.0 Hz, 4H), 6.60
(d, J = 2.0 Hz, 2H), 6.58 (t, J = 2.0 Hz, 2H), 6.52 (t,
J = 2.0 Hz, 1H), 5.09 (s, 2H), 5.04 (s, 8H), 4.91 (s, 4H). FAB-
MS: m/z 1013.6 ((M+H)+). Anal. Calcd. for C68H56N2O7: C,
80.61; H 5.57; N, 2.76. Found: C, 80.42; H, 5.44; N, 2.87.

3.3. General procedures for the syntheses of iridium
dendrimers (Gn)2Ir(acac) (n = 1–3)

To a flask containing IrCl3 � nH2O (176 mg, 0.5 mmol)
and 1.0 equiv. of various generations of ligands, Gn, a 3:1
mixture of 2-ethoxyethanol and water (25 mL) was added.
The mixture was then refluxed for 48 h and cooled to room
temperature. After cooling, the reaction was quenched by
water and the mixture was washed with CH2Cl2. The solid
formed was collected by filtration and pumped dry to give
the crude product of the l-chloro-bridged Ir(III) dimer. This
crude product was mixed with Na2CO3 (0.30 g, 3.0 mmol),
2,4-pentanedione (0.30 g, 3.0 mmol), and 2-methoxyetha-
nol (20 mL) in a flask. The mixture was heated to reflux
for 24 h. After cooling, the reaction was quenched by water
and the mixture was extracted with CH2Cl2. The combined
extract was then washed with brine, dried over MgSO4, and
evaporated to dryness. The crude product was isolated by
column chromatography on a silica gel column using a mix-
ture of CH2Cl2 and n-hexane (1:1 by volume) as the eluent.

(G1)2Ir(acac): Yellow solid. Yield = 80%. 1H NMR (CDCl3,
400 MHz, ppm): d 7.67–7.59 (m, 12H), 7.49–7.45 (m, 2H),
7.25–7.20 (m, 10H), 7.18–7.08 (m, 4H), 6.79 (d, J = 8.0 Hz,
2H), 6.13–6.04 (m, 4H), 5.22 (s, 1H), 4.59 (d, J = 12.0 Hz,
2H), 4.56 (d, J = 12.0 Hz, 2H), 1.84 (s, 6H). FABMS: m/z
1042.3 (M+). Anal. Calcd. for C57H45N4O4Ir: C, 65.69; H,
4.35; N, 5.38. Found: C, 65.43; H, 4.56; N, 5.51.

(G2)2Ir(acac): Yellow solid. Yield = 55%. 1H NMR (CDCl3,
400 MHz, ppm): d 7.67–7.56 (m, 12H), 7.51–7.49 (m, 2H),
7.40–7.29 (m, 20H), 7.22–7.15 (m, 3H), 7.02 (d, J = 8.0 Hz,
2H), 6.49–6.47 (m, 2H), 6.43–6.42 (m, 2H), 6.38 (d,
J = 1.6 Hz, 3H ), 6.20–6.07 (m, 4H), 5.22 (s, 1H), 4.88 (s,
8H), 4.51 (s, 4H), 1.84 (s, 6H). FABMS: m/z 1466.8 (M+).
Anal. Calcd. for C85H69N4O8Ir: C, 69.61; H, 4.74; N, 3.82.
Found: C, 69.13; H, 4.92; N, 3.53.

(G3)2Ir(acac): Yellow solid. Yield = 20%. 1H NMR (CDCl3,
400 MHz, ppm): d 7.64–7.50 (m, 2H), 7.56–7.52 (m, 4H),
7.50–7.43 (m, 4H), 7.34–7.28 (m, 40H), 7.07–7.01 (m,
4H), 6.58 (d, J = 8.0 Hz, 8H), 6.52 (s, 8H), 6.47–6.37 (m,
6H), 6.24–6.20 (m, 2H), 6.08–6.02 (m, 4H), 5.21 (s, 1H),
4.99–4.93 (s, 16H), 4.81–4.77 (m, 12H), 1.84 (s, 6H). FAB-
MS: m/z 2314.8 (M+) Anal. Calcd. for C141H117N4O16Ir: C,
73.13; H, 5.09; N, 2.42. Found: C 72.84, H 5.00, N 2.30.

3.4. General procedures for the syntheses of iridium
dendrimers (Gn)3Ir (n = 1–3)

One equiv. of l-chloro-bridged Ir(III) dimer was mixed
with K2CO3(2.5 equiv.), Gn (2.0 equiv.), and glycerol



560 W.-S. Huang et al. / Organic Electronics 9 (2008) 557–568
(5.0 mL) in a flask. The mixture was heated at 190 �C for
24 h. After cooling, the reaction was quenched by water
and the mixture was extracted with CH2Cl2. The combined
extract was then washed with brine, dried over MgSO4, fil-
tered, and evaporated to dryness. The crude product was
isolated by column chromatography on a silica gel column
using a mixture of CH2Cl2 and n-hexane (1:1 by volume) as
the eluent.

(G1)3Ir: Yellow solid. Yield = 80%. 1H NMR (CDCl3,
400 MHz, ppm): d 7.64–7.55 (m, 9H), 7.47 (d, J = 8.0 Hz,
3H), 7.39 (d, J = 8.0 Hz, 3H), 7.21–7.15 (m, 15H), 7.02–
6.96 (m, 6H), 6.76 (td, J = 8.4, 1.6 Hz, 3H), 6.51 (d,
J = 8.4 Hz, 6H), 6.28 (d, J = 8.0 Hz, 3H), 6.14 (dd, J = 8.4,
1.6 Hz, 3H), 4.67 (d, J = 12.0 Hz, 3H), 4.62 (d, J = 12.0 Hz,
3H). FABMS: m/z 1319.3 ((M+H)+). Anal. Calcd. for
C78H57N6O3Ir: C, 71.05; H, 4.36; N, 6.37. Found: C, 70.70;
H, 4.20; N, 6.43.

(G2)3Ir: Yellow solid. Yield = 45%. 1H NMR (CDCl3,
400 MHz, ppm): d 7.54–7.50 (m, 9H), 7.48 (d, J = 8.0 Hz,
3H), 7.40–7.35 (m, 3H), 7.29–7.23 (m, 30H), 7.08–6.96
(m, 6H), 6.76 (t, J = 8.4 Hz, 3H), 6.57 (d, J = 2.4 Hz, 3H),
6.51–6.42 (m, 9H), 6.42–6.37 (m, 6H), 6.11 (dd, J = 8.4,
1.6 Hz, 3H), 4.87 (m, 12H), 4.61 (d, J = 12.0 Hz, 3H), 4.57
(d, J = 12.0 Hz, 3H). FABMS: m/z 1954.9 (M+). Anal. Calcd.
for C120H93N6O9Ir: C, 73.71; H, 4.79; N, 4.30. Found: C,
73.68; H, 4.86; N, 4.26.

(G3)3Ir: Yellow solid. Yield = 18%. 1H NMR (CDCl3,
400 MHz, ppm): d 7.49–7.41 (m, 15H), 7.34–7.26 (m,
60H), 7.01–6.97(m, 6H), 6.89–6.80 (m, 6H), 6.66–6.57 (m,
N N

O

Ir

2

O

O

O

N N

O

Ir

O

3

(G2

(G1)2Ir(acac)

N N
Ir

2

O

O

N N
Ir

3

(G0)2Ir(acac)

(G

(G1)3Ir

(G0)3Ir

Chart 1. Chemical structures of iridium dendri
12H), 6.57–6.52 (m, 6H), 6.52–6.48 (m, 6H), 6.48–6.45
(m, 6H), 6.45–6.41 (m, 6H), 5.06 (s, 12H), 4.96–4.93 (m,
12H), 4.79–4.77 (m, 12H), 4.66–4.63 (m, 6H). MADLI-
TOF: m/z 3223.1(M+). Anal. Calcd. for C204H165N6O21Ir: C,
75.89; H, 5.15; N, 2.60. Found: C 75.67, H 5.33, N 2.50.

4. Results and discussion

4.1. Synthesis of materials

The chemical structures of the synthesized iridium den-
drimers (Gn)2Ir(acac) and (Gn)3Ir (n = 0, 1, 2, and 3) are
shown in Chart 1. The synthetic procedures of all dendritic
ligands Gn (n = 0–3) are illustrated in Scheme 1 The zero-
generation compounds G0 [13], (G0)2Ir(acac) [13], and
(G0)3Ir [12] were reported in the literatures. The reaction
of N-phenyl-o-phenylenediamine with 4-hydroxybenzal-
dehyde provided 2-(phenol-4-yl)-1-phenyl-1H-benzoimi-
dazole (Scheme 1a), which further reacted with benzyl
bromide dendrons (Dn–CBr) (n = 1–3) in DMF at 100 �C
to form dendritic ligands Gn (Scheme 1b), where the ben-
zyl bromide dendrons (Dn–CBr) were prepared according
to the procedure described by Fréchet and Hawker
[15,16]. The synthetic procedures of iridium dendrimers
(Gn)2Ir(acac) and (Gn)3Ir (n = 1–3) are illustrated in
Scheme 2. The preparation of cyclometalated iridium den-
drimers (Gn)2Ir(acac) and (Gn)3Ir involved a two-step syn-
thesis. Firstly, IrCl3 � nH2O and dendritic ligands (G0–G3)
were reacted to form a chloro-bridged dimer. The dimer
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was then treated with 2,4-pentanedione in the presence
of base to form (Gn)2Ir(acac), or with additional Gn in
glycerol at 190 �C to give (Gn)3Ir, where only facial
(fac) isomers were obtained as evidenced from the NMR
spectra.

4.2. Optical properties

The photophysical data of dendritic ligands Gn and irid-
ium dendrimers ((Gn)2Ir(acac) and (Gn)3Ir) are displayed
in Table 1. Representative absorption spectra of dendritic
ligands and iridium complexes are shown in Fig. 1. The
ligands exhibit an absorption band at �300 nm (e � 104–
105 M�1 cm�1), which is characteristic of the p–p* transi-
tion of benzoimidazolyl moieties [13]. The p–p* transition
of benzenoids from the dendrons appears as a prominent
Table 1
Physical data of dendritic ligands Gn (n = 0–3) and iridium dendrimers (Gn)2Ir(ac

Compound kabs
a (log e) (nm)

G0 294 (4.3)
G1 296 (4.4)
G2 296 (4.4)
G3 285 (4.4), 297 (4.4)
(G0)2Ir(acac)h 300 (4.6), 314 (4.6), 348 (4.1), 387 (4.0), 415 (3.6), 459 (3.6)
(G1)2Ir(acac) 302 (4.6), 314 (4.6), 350 (4.1), 385 (4.0), 420 (3.6), 450 (3.6)
(G2)2Ir(acac) 305 (4.6), 316 (4.6), 372 (4.1), 404 (3.8), 429 (3.6)
(G3)2Ir(acac) 261 (4.8), 279 (4.8), 300 (4.6), 315 (4.6), 372 (4.1), 406 (3.8)
(G0)3Iri 298 (4.6), 313 (4.6), 375 (4.1), 410 (3.8), 453 (3.5)
(G1)3Ir 299 (4.6), 312 (4.6), 376 (4.1), 385 (4.0), 411 (3.8), 454 (3.5)
(G2)3Ir 303 (4.6), 317 (4.6), 357 (4.1), 374 (4.1), 405 (3.8), 432 (3.5)
(G3)3Ir 278 (4.8), 299 (4.6), 313 (4.6), 351 (4.3), 408 (3.8), 428 (3.4)

a Measured in CH2Cl210�5 M at 298 K. e is the absorption coefficient.
b Recorded in toluene solutions at 298 K. Excitiaton wavelength was 410 nm
c Quantum yield was measured with respect to Ir(ppy)3 (Up = 0.4 in toluene).
d Neat-film data measured at 298 K. Excitiaton wavelength was 350 nm.
e PL quantum efficiencies in film measured in an integrating sphere.
f Measured in toluene solutions at 298 K.
g sr = s/Up.
h Ref. [13].
i Ref. [12].
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Fig. 1. Absorption spectra in CH2Cl2 solutions of (a) ligands
shoulder at �285 nm for G3. All dendritic iridium com-
plexes have similar absorption spectra. Besides the p–p*

transition bands of the ligands, they also exhibit weak
absorption bands in the range of �350–500 nm attributed
to metal-to-ligand charge transfer transitions, i.e., 1MLCT
and 3MLCT.

Ligands Gn in CH2Cl2 emit light in the violet-purple re-
gion. In contrast, all dendritic iridium complexes emit
green light in both toluene solutions and solid films with
kem in the range of 510–530 nm. Fig. 2 shows the represen-
tative solution and neat-film photoluminescent (PL) spec-
tra of the dendritic iridium compounds. The solution PL
spectra of the iridium dendrimers resemble one another,
so do the solid PL spectra. All iridium dendrimers in tolu-
ene solutions exhibit high PL quantum yields (UPL = 0.45–
0.80), indicating the efficient mixing of singlet and triplet
ac) and (Gn)3Ir (n = 0-3)
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Fig. 2. PL spectra of iridium dendrimers in (a) toluene at 298 K; (b) solid films.
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excited states via spin-orbit coupling. The PL quantum
yields (UPL = 0.16–0.45) in the solid films drop due to inter-
molecular interaction. In both the solution and solid films,
the PL quantum yields increase as the dendrtric generation
increases, indicating that there is less intermolecular inter-
action in higher generation dendrimers. The phosphores-
cence lifetime (s = 1.25–1.97 ls) of these dendrimers in
the solution fall in the same range as their non-dendron-
ized congeners, i.e., (G0)2Ir(acac) (s = 1.82 ls) and (G0)3Ir
(s = 1.07 ls).

4.3. Electrochemical studies

The electrochemical properties of these iridium dendri-
mers were studied by cyclic voltammetry (CV), and the
electrochemical data are summarized in Table 1. A quasi-
reversible one-electron oxidation wave attributed to the
oxidation of iridium(III) was detected at �550 mV for
(Gn)2Ir(acac)and �370 mV for (Gn)3Ir vs. Ag/AgNO3,
Table 2
Oxidation potentials and HOMO/LUMO energies of iridium dendrimers
(Gn)2Ir(acac) and (Gn3)Ir (n = 0–3)

Compound Eox (DEp)
(mV)

HOMO
(eV)

LUMO
(eV)

Band gap
(eV)

(G0)2Ir(acac) 550 (81) 5.12 2.44 2.68
(G1)2Ir(acac) 555 (70) 5.11 2.44 2.67
(G2)2Ir(acac) 560 (72) 5.11 2.44 2.67
(G3)2Ir(acac) 562 (53) 5.10 2.44 2.66
(G0)3Ir 370 (76) 4.95 2.44 2.51
(G1)3Ir 377 (80) 4.95 2.44 2.51
(G2)3Ir 362 (76) 4.95 2.44 2.51
(G3)3Ir 365 (102) 4.93 2.44 2.49

Oxidation potential reported is adjusted according to the potential of
ferrocene (E1/2 = 230 mV vs. Ag/AgNO3) which was used as an internal
reference. Conditions of cyclic voltammetric measurements: glassy carbon
working electrode; Ag/AgNO3 reference electrode. Scan rate: 100 mV/s.
Electrolyte: tetrabutylammonium hexafluorophosphate. HOMO levels
calculated from CV potentials using ferrocene as a standard
[HOMO = 4.8 + (Eox � EFc)]. LUMO levels were derived via eq. Eg = HO-
MO � LUMO, where Eg was obtained from the absorption spectra.
respectively. The dendrons in iridium complexes, (Gn)2Ir(-
acac) and (Gn)3Ir, appear to have negligible influence on
the oxidation potentials of the iridium centers, possibly
due to the non-conjugated nature of the spacers between
the dendrons and the iridium centers. The energies of the
highest occupied molecular orbitals (HOMOs) in (Gn)2Ir(a-
cac) and (Gn)3Ir were calculated relative to ferrocene (Fc)
which has a value of 4.8 eV with respect to the vacuum le-
vel [17]. The HOMO energies in combination with the opti-
cal band gaps derived from the absorption band edges
were used to calculate the energies of the lowest unoccu-
pied molecular orbitals (LUMOs) of the iridium dendri-
mers. Both HOMO and LUMO data are also collected in
Table 2. No reduction waves up to �2.0 V were detected
in these iridium dendrimers.

5. Morphology of spin-casting films

The spirit of this research is to fabricate DLEDs using
spin-coating technique. Therefore, TEM and AFM were
used to examine the morphology of the spin-casting films
for these complexes alone or their blends with a host (PVK
or CBP). Fig. 3a and b shows TEM images of the CBP and
PVK solid films with a 20 wt% iridium dendrimer
((G2)3Ir) dopant. Phase segregation was evident in the
PVK film and the domains of the aggregate were on the
scales of �20–50 nm. Because of the larger electron-scat-
tering cross section of the iridium atom than the carbon
atom, the dark spots are likely the aggregates of the Ir com-
plexes. In comparison, the CBP blend film appears to be
more homogeneous without abrupt phase segregation.
AFM studies on the films were also carried out for more di-
rect surface topography. Fig. 3c and d shows the AFM
images of the spin-coated films (�45 nm thick), obtained
from a blend of CBP with various amounts of iridium den-
drimer (G2)3Ir, on plasma treated indium tin oxide (ITO)
substrates. Both pure iridium dendrimer (G2)3Ir and its
CBP blends were found to be able to form thin films of good
quality. In contrast, a spin-coated film from a blend of CBP



Fig. 3. TEM images of solid films of (a) 20 wt% (G2)3Ir in CBP, (b) 20 wt% (G2)3Ir in PVK and AFM images of solid films of (c) 20 wt% (G2)3Ir in CBP, (d) pure
(G2)3Ir.
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with 6 wt% of facial tris(2-phenylpyridine) iridium, (fac-
Ir(ppy)3), was reported to have a poor film quality [10b].
Both pure (G2)3Ir film and the blend films of (G2)3Ir (5–
40 wt%):CBP have a similar root mean square (RMS) sur-
face roughness of �0.24 nm.

6. Electroluminescent (EL) properties

Because of the large triplet energy gaps, PVK
(ET = 2.5 eV) [18,19] and CBP (ET = 2.56 eV) [20] are consid-
ered to be appropriate host for triplet green-emitters in
this study. Sufficiently large triplet energy gap is essential
for efficient exciton confinement inside the phosphores-
cent guest via energy transfer as well as suppression of
back energy transfer from the triplet emitters to the host.
The configurations of DLEDs using PVK and CBP as the host
for the iridium dendrimers are shown in Fig. 4: (I) ITO/PED-
OT:PSS (70 nm)/PVK:(Gn)3Ir or (Gn)2Ir(acac) (25–50 nm)/
1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI)
(40 nm)/LiF (1 nm)/Al (120 nm) and (II) ITO/PEDOT:PSS
(70 nm)/CBP:(Gn)3Ir or (Gn)2Ir(acac) (30-70 nm)/TPBI
(40 nm)/LiF (1 nm)/Al (120 nm). The structures of relevant
compounds are also shown in Fig. 4, and the energy level
alignments for the devices are shown in Fig. 5. Both types
of the devices were fabricated by the spin-coating tech-
nique except that TPBI, the electron transporting and
hole-blocking layer, was vacuum deposited. The perfor-
mance parameters of DLEDs for both configurations are
listed in Table 3. The representative EL spectra of devices
I are shown in Fig. 6. For complete energy transfer from
PVK to the iridium dendrimer, a higher mol% of the latter
is needed as the dendrimer size grows larger. The better
encapsulation of the emitting iridium center in the larger
dendrimer apparently decreases the efficiency of the För-
ster energy transfer. Direction exciton formation [3c] on
the dendrimer of larger generation is also expected to be
less facile because of the non-conducting nature of periph-
eries. The best device efficiency of the devices I was found
to be gext,max = 8.6%, 9.7%, and 4.45%, and gc,max = 29.4, 32.5,
and 15.3 cd/A for the DLED with 3.4, 4.6, and 6.9 mol% of
(G1)3Ir, (G2)3Ir and (G3)3Ir, respectively. The performances
of devices I appeared to be inferior to those of device II,
possibly due to serious phase segregation confirmed from
TEM studies (vide supra).
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Table 3
EL data of DLED devices with the configurations of devices I–II

Emitting layer Brightnessa (at V)
(cd/m2)

gext
a (%) gc

Device I
PVK:(G1)3Ir dopant 20 wt%

(3.38 mol%)
3239 (10.9); 4.8 16
6061 (14.0); 1.8 6
6066 (14.5) 8.6 29

PVK:(G2)3Ir dopant 50 wt%
(4.56 mol%)

3485 (8.0); 5.2 17
6046 (12.2); 1.8 6
6059 (12.5) 9.7 32

PVK:(G3)3Ir dopant 50 wt%
(6.92 mol%)

873 (12.7); 1.3 4
683 (18.1); 0.20 0
996 (14.0) 4.5 15

Device II
CBP:(G1)3Ir dopant 20 wt%

(7.36 mol%)
4540 (8.8); 6.5 22
13661 (12.4); 3.9 13
22000 (16.5) 12.6 44

CBP:(G1)3Ir dopant 100 wt%
(36.8 mol%)

3355 (8.2); 5.0 17
8468 (10.3); 2.6 8
11516 (7.6) 7.6 25

CBP:(G2)3Ir dopant 20 wt%
(4.92 mol%)

6213 (10.1); 8.9 31
16923 (13.4); 4.9 17
20618 (15.5) 17.6 61

CBP: (G2)3Ir dopant 40 wt%
(9.84 mol%)

6213 (10.1); 10.4 30
12912 (15.8); 4.4 13
13234 (17.5) 16.7 48

CBP: (G2)3Ir dopant 100 wt%
(24.6 mol%)

4617 (10.3); 6.8 23
11556 (12.3); 3.4 11
12064 (13.0) 13.4 46

CBP: (G3)3Ir dopant 50 wt%
(7.5 mol%)

3279 (15.0); 5.2 16
5551 (19.0); 1.8 5
5680 (18.0) 8.7 27

CBP: (G3)3Ir dopant 100 wt%
(15.0 mol%)

1876 (15.7); 2.7 9
3833 (19.8); 1.1 3
3851 (20.0) 4.9 15

a The first and second values were obtained at a current density of 20 mA a
parameter of the device. fwhm, full width at half-maximum; gext, external qua
voltage, at a brightness of 1 cd/m2.
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Though CBP has a triplet energy gap similar to that of
PVK, use of CBP is likely advantageous compared to PVK
based on the following reasons: (1) the HOMO energy lev-
els between CBP and PEDOT:PSS is smaller than those be-
tween PVK and PEDOT:PSS by �0.3 eV and more facile
hole injection from PEDOT:PSS into the host is expected.
This may be beneficial to energy transfer from the host
to the dendrimer; (2) CBP is ambipolar carrier-transporting
[21] and better balance of charge carriers is expected in
a (cd/A) gp
a (lm/W) VON (V) kem (fwhm)

(nm)
CIE at 12 V
(x,y)

.2 4.6 3.5 522 (80) 0.32, 0.59

.0 1.3

.4 12.3

.5 6.8 3.5 522 (82) 0.32, 0.60

.0 1.5

.5 20.4

.41 1.08 4.0 516 (74) 0.28, 0.61

.68 0.12

.3 6.90

.8 8.1 3.5 522 (78) 0.31, 0.61

.7 3.5

.2 30.8

.0 6.6 3.0 528 (88) 0.33, 0.59

.6 2.6

.6 23.0

.2 9.7 3.0 518 (74) 0.29, 0.62

.0 4.0

.5 32.2

.5 9.6 3.5 518 (76) 0.29, 0.61

.0 2.7

.8 25.6

.4 7.1 3.0 524 (80) 0.31, 0.60

.7 3.0

.5 32.5

.4 3.4 7.5 510 (64) 0.24, 0.61

.6 0.9

.6 8.7

.5 1.9 9.5 528 (80) 0.30, 0.60

.8 0.7

.9 4.0

nd 100 mA, respectively. The third value is the maximum performance
ntum efficiency; gc, current efficiency; gp, power efficiency; VON, turn-on
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CBP compared to PVK which is a hole-only transporter; and
(3) film from the blend of CBP and the dendrimers does not
have noticeable phase segregation (vide supra). Indeed,
CBP was reported to be a suitable host material for
green-emitting Ir(ppy)3, and the energy transfer from
CBP to Ir(ppy)3 was found to be efficient and the excitons
were effectively confined inside Ir(ppy)3 [22].

The representative EL spectra of devices II are shown in
Fig. 6. Possibly due to inefficient encapsulation of emitting
iridium core (the quantum yield in solid films: (Gn)2Ir(a-
cac) < (Gn)3Ir), (Gn)2Ir(acac)-based devices II exhibited
efficiencies (gext,max = 7.8–8.1% and gc,max = 26.8–27.7 cd/A)
much inferior to those of (Gn)3Ir-based devices. Therefore,
only the performance of (Gn)3Ir-based devices II will be dis-
cussed further. Selected current–voltage (I–V) characteris-
tics and the external quantum efficiency and current
efficiency vs. current density are shown in Figs. 7 and 8.
Devices with optimal performances have dendrimers in a
doping concentration of �5.0–9.8 mol%, similar to the
devices reported by Burn and co-workers [10b] using Irp-
pyD:CBP blends (IrppyD is a dendrimer with a fac-tris(2-
phenylpyridine) iridium core, a phenylene-based dendritic
spacer, and 2-ethylhexyloxy surface groups). Selected effi-
ciency data for the devices with the best performance are
shown as follows: (1) (G1)3Ir-doped device: gext,max = 12.6%,
gc,max = 44.2 cd/A, gp,max = 30.8 lm/W, and turn-on voltage
(VON) = 4.0 V at 20 wt% (7.36 mol%) doping concentration;
(2) (G2)3Ir-doped device: gext,max = 17.6%, gc,max = 61.7 cd/
A, gp,max = 32.2 lm/w, and VON = 3.5 V at 20% (4.92 mol%)
doping concentration; and (3) (G3)3Ir-doped device:
gext,max = 8.7%, gc,max = 27.6 cd/A, gp,max = 8.7 lm/w, and
VON = 7.5 V at 50 wt% (7.50 mol%) doping concentration.
The EL performances for the device II are in order of
(G3)3Ir < (G1)3Ir < (G2)3Ir. The better EL performances of
(G2)3Ir-based devices than (G1)3Ir-based devices may be
attributed to the better encapsulation of the emitting
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iridium center by the dendrons in the former. The merit of
encapsulation by dendrons also reflects on suppressing
the concentration quenching of the emission among
(G1)3Ir-based devices. As shown in Table 3, serious device
deterioration occurred when the doping concentrations
were increased to ca. 100 wt% for (G1)3Ir-based devices II,
e.g. gext,max = 7.6% at 100 wt% of dopant concentration. In
contrast, the efficiency of (G2)3Ir-based devices II still re-
tained high (gext,max = 13.4%) even when the doping concen-
tration was increased to around 100 wt%. Apparently, the
core of iridium dendrimer (G2)3Ir was better protected by
the surrounding dendrons, and the intermolecular interac-
tion and aggregation were more effectively suppressed.
Though the iridium core in dendritic complex (G3)3Ir was
considered to have the best encapsulation by the dendrons,
the EL performance of (G3)3Ir-based devices was inferior to
those of (G1)3Ir- and (G2)3Ir-based devices. In view of the
larger turn-on voltage and lower current density found in
(G3)3Ir-based devices in Fig. 7, we speculate that the
peripheral benzyl ether dendrons behave as insulating arms
of the dendritic iridium emitter. Therefore, it is possible that
the larger insulating peripheries of dendrons in (G3)3Ir re-
tard the transporting of electrons in the emitting layer
and blockade the confinement of excitons in the emitting
cores. Compared to the device I, the EL spectra of the device
II fabricated from (Gn)2Ir(acac) or (Gn)3Ir were nearly
superimposable with their film PL (Fig. 6c), indicating very
efficient energy transfer from CBP to the iridium guest. De-
vices II containing iridium dendrimer (G2)3Ir retained a
very stable Commission Internationale de L’Eclairage (CIE)
coordinate at an applied voltage ranging from 8 to 12 V
(Fig. 6d). Therefore, CBP is more appropriate than PVK as
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the host material for the green-emitting iridium dendri-
mers to be developed for highly efficient DLEDs in this
study.

7. Conclusions

In summary, first-, second-, and third-generation of
phosphorescent benzoimidazole-based iridium dendri-
mers containing peripheral benzyl ether dendrons were
synthesized and characterized in this study. These iridium
dendrimers emit green light and exhibit high solution
quantum yields ranging from 0.45 to 0.80. The iridium
dendrimers-based DLEDs fabricated by spin-coating tech-
nique exhibited promising EL performances. For highly
efficient DLEDs based on green-emitting iridium dendri-
mers, CBP is more appropriate than PVK as the host mate-
rial. The best efficiencies found in the DLEDs containing
20–50 wt% (4.5–9.8 mol%) of iridium dendrimers (Gn)3Ir
(n = 1–3) doped in CBP host. Among these, the device with
20 wt% dopant has the best EL performance with a maxi-
mum EQE of 17.6% and a maximum current efficiency of
61.5 cd/A.
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The temperature dependence of charge carrier mobility in conjugated polymers and their
blends with fullerenes is investigated with different electrical methods, through field effect
transistor (FET), space charge limited current (SCLC) and charge extraction (CELIV) mea-
surements. Simple models, such as the Gaussian disorder model (GDM), are shown to accu-
rately predict the temperature behavior, and a good correlation between the different
measurement methods is obtained. Inconsistent charge carrier concentrations in the mod-
eling are explained through intrinsic non-equilibrium effects, and are responsible for the
limited applicability of existing numerical models. A severe extrinsic influence from water
in FETs with a hydrophilic insulator interface is also demonstrated. The presence of water
leads to a significant overestimate of the disorder in the materials from measurements
close to room temperature and erratic behavior in the 150–350 K range. To circumvent this
problem it is shown to be necessary to measure under ultra high vacuum (UHV) conditions.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Most conjugated polymers and molecules exhibit a
mobility that is strongly decreasing with decreasing tem-
perature. This is fully consistent with activated transport
between localized states, as appropriate to the disordered
polymers, and it is possible to extract information about
the density of states (DOS) of the material from mobility
versus temperature measurements, with some general
assumptions. There are, however, frequently deviations in
experimental data from low-level theoretical predictions,
which leads to some confusion about data evaluation.
Here, mobility versus temperature measurements from
. All rights reserved.

ersson).
several measurement techniques and under different mea-
surement conditions are correlated, in order to clarify their
interrelationships and to aid in the future evaluation of
measurement data. Field effect transistor (FET), space
charge limited current (SCLC) and charge extraction (CE-
LIV) measurements have been done under different condi-
tions and it is shown that, when done under the
appropriate conditions and evaluated properly there is a
good correlation between the different methods. Further-
more it is shown that the sample geometries must be such
that the measurements are done close to equilibrium and
that, in the case of FETs with a hydrophilic insulator, mea-
surements are done under ultra high vacuum (UHV) condi-
tions in order to obtain correct data. The polymers used
have been designed as solar cell materials and they
are used both as pure polymers and in a mixture with

mailto:matan@ifm.liu.se
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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[6-6]-phenyl-C61-butyric acid methylester (PCBM), like in
solar cells.

All of the polymers investigated are related, but have
very varying optical and electrical properties, and they all
share a relatively poor solubility. Stacked sample geo-
metries, such as diodes thus tend to have very thin active
layers, which, because the materials are intended for solar
cells, is not a problem for normal devices but, as it will be
shown, could conceivably cause problems during material
characterization where thin samples limits the available
measurement techniques and can lead to misinterpreted
data. Most notably, time of flight (TOF) measurements
are not possible since the samples are optically thin, which
means that other techniques more prone to misinterpreta-
tion need to be relied upon more heavily. Properly evalu-
ated data will also be shown to reveal many similarities
between different but related materials.

2. Experimental

The polymers included here are selected based on their
relevance to polymer photovoltaic devices [1,2] and their
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Fig. 1. Chemical structures of the included polymers.
experimental properties, and they can each be considered
as representative for a fairly large group of materials with
similar characteristics. Their chemical structures are given
in Fig. 1. To increase the size of the extraction currents in
the CELIV measurements, blends containing 20% polymer
and 80% PCBM were used.

FETs were made from thermally oxidized highly doped p-
type silicon wafers with an oxide thickness of 100 nm. Gold
electrodes, with a chromium buffer layer, were thermally
evaporated and patterned by lithography. Channel lengths
(L) were in the range between 10 and 50 lm and widths
(W) around 5 mm. The active layer was spin coated on top.

Evaluation of the FET data was made in the saturated
regime from derivative plots of the square root of source-
drain current (IS) versus gate voltage (VG), through Eq. (1)
[3]. Ci denotes gate capacitance. Where hysteresis or other
effects prevents a constant slope, the maximum slope for
outgoing (off to on) sweeps has been used. Measurements
were done under high vacuum (HV, �4 � 10�6 torr) or
UHV (�2 � 10�9 torr) conditions in different continuous
flow liquid nitrogen cryostats with a Keithley 4200 semi-
conductor parameter analyzer. Reference measurements
in air were also performed for all samples, but only vac-
uum measurement data is included in this paper

l ¼ o
ffiffiffiffi
IS
p

oVG

� �2
2L

WCi
ð1Þ

CELIV samples were made from indium–tin–oxide (ITO)
coated glass substrates with the active layer spin coated
on top, and an evaporated top electrode of aluminum
(60 nm). In some cases poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT-PSS) (EL grade, Bayer AG)
was spin coated on top of the ITO and lithium fluoride
evaporated as buffer layer (0.6 nm) for the aluminum. For
the hole only SCLC samples, the top aluminum electrode
was replaced by a palladium electrode and PEDOT was al-
ways included. All measurements on diode configuration
samples were made at HV in the cryostat used for the HV
FET measurements and with the Keithley 4200 semicon-
ductor parameter analyzer, an HP 33120A arbitrary wave-
form generator, and a Tektronix TDS360 oscilloscope.
CELIV mobility was calculated through Eq. (2) [4], where
tmax is the time of the extraction maximum, d the sample
thickness, and A the voltage rise rate. The extraction cur-
rent was small compared to the capacitive current for the
samples used here, and there is thus only a very small error
associated with the use of Eq. (2)

tmax ¼ d

ffiffiffiffiffiffiffiffiffi
2

3lA

s

ð2Þ
3. Results and discussion

Electrical experiments on devices based on amorphous
polymer and molecule films show that the carrier mobility
is strongly dependent on temperature and carrier concen-
tration. Photo-generated carriers with excess energy also
have a higher mobility than equilibrium carriers, and the
dissipation of energy can be followed as a mobility
decreasing with time in for instance photo-CELIV [5]. The



Fig. 2. Diode current at 4 V (APFO-Green 5) and 3 V (APFO-15) bias fitted
with Eqs. (3), (4), and (7) with r = 73 meV and c = 1.1 � 10�2 carriers per
site for APFO-Green 5, and r = 73 meV and c = 5.0 � 10�3 carriers per site
for APFO-15. Different bias is used for figure clarity and does not greatly
influence the extracted parameters.
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reason is that charge transport occurs between localized
states, and that the rate of charge transfer between those
states is strongly dependent on the number of accessible
states. Although difficult to measure, the DOS of these
materials is usually, and with merit, approximated with
an exponential [6] or Gaussian [7] function. Both of these
approximations are behaving similarly near the region of
occupied states and have a with energy exponentially
increasing site density. The GDM describes this very well
and is fairly well established, so the discussion from here
on will be based on a Gaussian DOS and a Miller–Abrahams
type carrier hopping [7].

At equilibrium and for low carrier concentrations, the
center of the occupied density of states (ODOS) is rr̂ below
that of the DOS [7], where r is the width of the DOS and r̂ is
r/kT. A first order approximation of the temperature
dependence of the mobility is given by Eq. (3), which re-
flects the distance between DOS and ODOS and an activa-
tion energy for hopping. The prefactor 2/3 comes from
Monte Carlo simulations [7]

lðTÞ ¼ l0;T exp � 2
3

r̂

� �2
 !

ð3Þ

For moderate to high carrier concentrations the distance
between the center of the DOS and ODOS will be smaller
than rr̂ and the mobility will thus be higher than expected.
It is possible to describe the carrier concentration depen-
dence of the mobility according to Eq. (4) [8,9]. Eq. (4) is
based on a parameterization of the carrier concentration
dependence and has limited validity, but as long as r̂ is rel-
atively small and the carrier concentration much less than
1 it is valid [8]. There are also parameterizations of the field
dependence of the mobility that are functions of r̂, and
thus temperature, such as Eq. (7) [9], where e is the ele-
mentary charge, and a the lattice constant (�1.6 nm). It
is included here, but the contribution is very small

lðcÞ ¼ l0;c exp½uð2cÞv� ð4Þ

u ¼ 1
2

r̂2 þ ln 2 ð5Þ

v ¼ 2
lnðr̂2 þ ln 4Þ � lnðln 4Þ
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 0:8
Eea
r

� �2
s

� 1

0

@

1

A

0

@

1

A

ð7Þ

When the temperature is changed, r̂ changes and if the
carrier concentration is sufficiently high there will be
deviations from the mobility temperature dependence pre-
dicted by Eq. (3). By combining Eqs. (3), (4), and (7) it is
possible to fit a wide range of experimental data. The
resulting function is, unfortunately, of a very general form,
and could conceivably fit almost anything with the present
degrees of freedom. It should also be pointed out that
many alternative explanations to the functional form of
experimental mobility temperature dependence data can
be found in the literature; a transition to transport within
a trap level [10], a dispersive to non dispersive transition
[11], a transition from small to large polaron hopping
[12], a transition from activated hopping to tunneling
[14], and various other versions of a transition to a differ-
ent hopping regime. However, most of these theories in-
volve a transition between different regimes and
although there could be a significant transition region
there should, nonetheless, be distinguishable regions. In
rare cases, such as in Ref. [12], this is indeed the case,
but more often the data implies a single region with an
exponential dependence of mobility on temperature. The
fitting parameters for Eqs. (3), (4), and (7) are also fre-
quently very reasonable for a wide range of measurement
techniques, such as TOF, CELIV, SCLC and FET but there are
a few discrepancies. It should be noted that there are indi-
cations that the DOS might not be modeled very well with
a single Gaussian over a wide range of energies [15], and
while this might be the reason for the small r-values in
most of these polymers, it would, again, introduce discern-
ible regions in the mobility temperature dependence
where the functional form of the DOS is changed, and could
thus be identified if present in the studied region.

Diode i/v data can be evaluated numerically for a data
set as outlined in Ref. [9], which is based on Eqs. (3), (4),
and (7). The temperature range that can be thus fitted is
very narrow and even though the model is predicted to
break down for lower temperatures, the useful range is
surprisingly small compared to data obtained through
other measurement- and data evaluation techniques. A dif-
ferent approach to evaluate the temperature dependence
of the material in terms of r and carrier concentration from
SCLC measurements is to simply use the device current
values at some suitable bias and follow the temperature
dependence. The mobility is proportional to the current
through the Mott–Gurney law [16] (Eq. (8), with J the cur-
rent density, � the dielectric constant, V the applied bias,
and d the sample thickness) and the field and carrier con-
centration dependence, both of which are also functions of
temperature, can be included in a current versus 1/T2 curve
fitting to yield r and some sort of ‘‘effective” carrier con-
centration. In this way it is possible to fit a much wider
temperature range (Fig. 2) and the obtained r-value corre-
sponds well to that obtained by the numerical model in a
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narrow temperature range around room temperature
(Fig. 3) and the value obtained from FET (Fig. 4). The ob-
tained effective carrier concentration from this fit is, how-
ever, very much larger than the space charge limit, which
is the presumed condition for extracting the mobility from
Eq. (8). A very possible reason for this is that the carriers
never reach energetic equilibrium, which, since the tem-
perature dependence in the mobility reflects rr̂, means
that the mobility would appear higher than its predicted
equilibrium value. Carriers injected at some energy inde-
pendent of temperature, or with only a weak temperature
dependence, suppresses the part of the temperature
dependence that is due to rr̂ increasing with decreasing
temperature. The result is more of a 1/T nature as the sig-
nificant contribution to the temperature dependence is
then simply the change in activation energy. For the class
of materials studied here, the energetic relaxation time is
on the order of a few ls; photo-CELIV measurements with
varying delay time between excitation and extraction on
APFO-15 and APFO-15:PCBM blends, indicate a relatively
Fig. 3. APFO-15 diode i/v-characteristics fitted numerically through the
model outlined in Ref. [9]. The insert shows the whole set of data covering
the same temperatures as in Fig. 2. Below 247 K the model predicts a
much larger spacing between the curves at all biases.

Fig. 4. APFO-Green 5 FET temperature dependence in HV and UHV. There
is temperature hysteresis in the 150–350 K temperature range for the HV
data but not for the UHV data. Fitting parameters for the UHV data are
r = 79 meV and c = 1.1 � 10�2 carriers per site.
fast relaxation time of 3 � 10�6 s at room temperature,
and with the mobilities and layer thicknesses used here
it is thus comparable to the transit time. In terms of the
model, the non-equilibrium effects are mainly reflected
as a perceived high effective carrier concentration as the
transport occurs at an elevated energy compared to
equilibrium

J ¼ 9
8
�l

V2

d3 ð8Þ

This hypothesis is further corroborated through a couple of
CELIV measurements. APFO-15 has very few free carriers,
and requires illumination to generate extraction currents,
and LBPP-3 has plenty of equilibrium carriers available
and is possible to measure without any light. As with the
SCLC carriers, the photo excited carriers are generated at
an elevated energy that is independent of temperature,
and similarly to the SCLC case, a curve fitting of the mobil-
ity versus 1/T2 yields a higher carrier concentration
(4.5 � 10�3 carriers per site) than what is present accord-
ing to the integral of the extraction current (8 � 10�6 car-
riers per site). For the measurement in the dark, there is
a much better agreement (within an order of magnitude)
between extracted charge and fit concentration (Fig. 5).
The obtained CELIV carrier concentrations for LBPP-3 and
APFO-15 under illumination for these measurements are
high (Table 1), but both of the samples are based on blends,
and both types of carriers are present. Blends have much
larger extraction currents than the pure materials, which,
for most members of this class of polymers show no
extraction currents at all without photo-excitation. The in-
creased extraction currents for the blends indicate that the
two materials in the blend might act as dopants for each
other, something that can also be seen as an increased hole
mobility in the polymer phase of such a system [17]. Suf-
fice to say, the carrier concentrations are high but plausible
for these materials and similarly extracted carrier concen-
trations on single phase materials, where extraction cur-
rents are present, does indeed give much lower values;
around 10�6 carriers per site.
Fig. 5. CELIV temperature dependence for APFO-15 under constant
illumination, and LBPP-3 in the dark. The fitting parameters are r =
81 meV and c = 4.5 � 10�3 carriers per site for APFO-15, and r = 110 meV
and c = 1.1 � 10�3 carriers per site for LBPP-3.



Table 1
Room temperature mobility, DOS widths, and carrier concentrations for the various measurements

Measurement type lRT (cm2 V�1 s�1) r (meV) c (site�1) Material

FET UHV 9 � 10�4 79 1.1 � 10�2 APFO-Green 5
FET HV (High T) 3 � 10�4 96 n/a APFO-Green 5
SCLC 1 � 10�4 (M–G) 73 1.1 � 10�2 (�) APFO-Green 5
SCLC 1 � 10�4 (M–G) 73 5.0 � 10�2 (�) APFO-15
Diode (numerical) 4 � 10�5 75 n/a APFO-15
CELIV light 7 � 10�5 81 4.5 � 10�3 (�) APFO-15:PCBM
CELIV dark 5 � 10�6 110 1.1 � 10�3 LBPP-3:PCBM

SCLC mobilities are evaluated through the Mott–Gurney law (Eq. (8)). Carrier concentrations marked with an (�) are not real carrier concentrations, but
rather a perceived effect due to non-equilibrium.
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FET data conceivably suffers from the same non-equi-
librium effects as the SCLC and illuminated CELIV measure-
ments, but there is an even more important extrinsic
aspect to take into consideration, if measurements are
made on hydrophilic substrates and in the presence of
water. Water diffuses through the semiconductor to the
insulator interface and has a profound influence on the de-
vice performance [18]. One effect is that it increases the
disorder and thus the r-value of the semiconductor [19].
Another effect is that it tends to be possible to super-cool
the water to some extent [20], which gives very erratic
mobility temperature dependence in the 150–350 K tem-
perature range (Fig. 4). It turns out that even HV is not en-
ough to prevent a significant impact from water; to get
proper correlation to other measurement methods it is
necessary to go to UHV. Fig. 6 shows transfer characteris-
tics taken at room temperature and at 373 K in HV and
UHV. In a way, hysteresis is a measure of disorder in the
material [19], and at 373 K, where there will be very little
water present in either case, the transfer characteristics are
similar in that respect. At room temperature there is a
much larger difference; a small hysteresis in UHV and a
significant ditto in HV, indicating that the disorder is smal-
ler in UHV. Mobility temperature dependence measure-
ments also confirm this, and the UHV data correlate well
with other types of measurements, while the HV data does
not. A very important observation is that in the UHV de-
vice, neglecting any irreversible morphological contribu-
tions, hysteresis increases with temperature. This is
Fig. 6. FET transfer characteristics at 373 K and room temperature in HV
and UHV.
clearly inconsistent with any simple trapping mechanism,
but can be explained through non-equilibrium effects
[19]. UHV and HV data coincide at high temperatures,
where the water is evaporated, and at low temperatures,
where it is frozen in. The HV data in Fig. 4 is obtained from
a cyclic temperature scan, and when going from low to
high temperatures it is possible to see an inflection point
in the mobility temperature dependence such as in [12],
but it is associated with the phase transition of water
and not a transition to a different transport regime.
Although the same issue with non-equilibrium injection
as in SCLC might be present, it is probably not as pro-
nounced in FET where the channel can be made long. The
obtained carrier concentrations are a bit high, but consid-
ering that the mobility difference between FET and low
carrier concentration measurements, such as CELIV, gener-
ally is about one order of magnitude [13] while Eq. (4) [8]
only predicts a factor of about 2.6 for the relevant param-
eters it is probably not greatly overestimated.

Room temperature mobility as it would be measured in
a direct measurement, r-values, and temperature versus 1/
T2 extracted carrier concentrations for all the measure-
ments are summarized in Table 1. The considerably higher
mobility in the APFO-15:PCBM blend CELIV measurement
than in the pure APFO-15 SCLC measurement is consistent
with previous FET measurements on different stoichiome-
tries [1].

In conclusion, it has been shown that mobility temper-
ature dependence measurements on conjugated polymers
is well described by models such as the GDM, based on
hopping transport in an exponentially increasing DOS in
a rather wide temperature range without any additional
considerations. It has also been indicated that different
measurement techniques on the same material with films
produced in a similar fashion yield similar r-values, and
that measurements on non-equilibrium carriers can lead
to overestimated carrier concentrations and mobilities.
For stacked sample geometries thick polymer layers should
yield values closer to bulk properties. In devices such as
FETs based on SiO2 substrates, where transport occurs near
an hydrophilic interface, it is necessary to go to UHV in or-
der to obtain the proper material properties in the 150–
350 K temperature range, where water will have a strong
influence on the measurement and lead to overestimated
r-values and underestimated mobility values. The break-
down of parameterized models such as the one used
here is dependent on r̂ and thus have a smaller useful
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temperature range for materials with a large r-value. In
general, this also shows the importance of correlating dif-
ferent measurement techniques in order to properly char-
acterize observed phenomena.
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n-Doping of copper phthalocyanine (CuPc), which has an electron affinity (EA) of 3.52 eV,
by decamethylcobaltocene (DMC) is demonstrated. DMC has a remarkably low solid-state
ionization energy (IE) of 3.3 eV, as measured by ultra-violet photoemission spectroscopy
(UPS). Further UPS measurements show a large 1.4 eV upward shift of the Fermi-level
within the single particle gap of CuPc between the p- and n-doped films. n-Doping is also
confirmed by current–voltage (I–V) measurements, which show a 106-fold increase in cur-
rent density due to improved electron injection and enhanced conductivity of the bulk film.
An organic p–i–n CuPc homojunction is also fabricated using F4-TCNQ and DMC as p- and
n-dopants, respectively. Current–voltage characteristics demonstrate excellent rectifica-
tion with a turn on voltage of approximately 1.3 eV, which is consistent with the built-in
voltage measured by UPS and capacitance–voltage (C–V) measurements.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Electronic doping of organic electronic materials with
electron-donating or accepting compounds is an impor-
tant, and increasingly used, technique for improving
charge injection and transport in organic electronic
devices, and for creating semiconductor device junctions.
Doping also shows promise for enhancing the environmen-
tal and lifetime stability of organic devices. p-Doping,
particularly with the electronegative molecule tetrafluoro-
tetracyano-quinodimethane (F4-TCNQ), has been amply
demonstrated with a number of hole-transport materials
[1–9]. On the other hand, n-type doping is often hindered
by the energetic requirements for electron transfer from
dopant to host. The paucity of compounds with adequately
. All rights reserved.

x: +1 609 258 6279.
n).
low ionization energy (IE) required for charge transfer to
the unoccupied states of most host molecules of interest
is exacerbated by the facile oxidation of these donor mol-
ecules by air.

Until recently, practical n-doping of organic semicon-
ductors employed alkali metals (i.e., Li or Cs), which exhi-
bit exceptionally low IEs [10–17]. However, the small size
of the alkali counter-ion presents two problems: the ion
diffuses readily in the organic matrix, causing difficulties
in device engineering and stability; and the metal ion often
remains close to the doped organic molecule, forming a
Coulomb trap for the donated electron. Bulkier molecular
donors could assist in circumventing both of these
limitations.

Several groups have reported on molecular n-type dop-
ing using donor/host pairs with a specific match between
the donor IE and the host electron affinity (EA) [18–21].
However, most of these stable molecular n-dopants have
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relatively high IEs, which limit the range of possible host
materials to those with high EAs. One approach for achiev-
ing lower IE molecules uses the thermal decomposition of
precursor molecular salts to sublimate molecular dopants,
but this method introduces additional uncontrolled impu-
rities into the organic film [21–24]. n-Doping with bis (ter-
pyridine) ruthenium has also been demonstrated [19], but
such compounds are not readily available and are difficult
to synthesize.

We recently showed that cobaltocene (CoCp2), with an
IE of 4 eV as measured by ultraviolet photoemission spec-
troscopy (UPS), efficiently and controllably n-dopes a
tris(thieno)-hexaazatriphenylene (THAP) derivative, which
has an EA of 4.5 eV as measured by inverse photoemission
spectroscopy (IPES). n-Doping was measured through a
shift of the Fermi-level (EF) towards the unoccupied states
of the host, and through a 103-fold increase in the current
density in CoCp2-doped THAP devices [25]. Chemical com-
position and depth profiling experiments showed that the
doping concentration is controllably varied and that dop-
ant diffusion is negligible [26].

Gas-phase decamethylmetallocenes have previously
been shown to possess considerably lower IEs as compared
Fig. 1. UPS and IPES spectra of DMC (top) and CuPc (bottom) showing the
favorable energy level alignment of the dopant donor level with the host
acceptor level. The DMC and CuPc molecular structures are shown in
insets.
to their unsubstituted metallocene derivatives [27,28]. Gi-
ven that the ionization energy of solid-phase cobaltocene
(IEs) is reduced by 1.5 eV with respect to the gas-phase va-
lue (IEg), assuming a comparable polarization effect
(P = IEg � IEs) for decamethylcobaltocene (DMC or CoCp�2;
Fig. 1 top) would place its IEs at only 3.2 eV. This hypothe-
sis is verified by the measurement of the energetic levels of
DMC by UPS and IPES. n-Doping of copper phthalocyanine
(CuPc; Fig. 1 bottom) by DMC is demonstrated by mea-
sured shifts of the valence states towards high binding en-
ergy with respect to EF, and by the construction of n-doped
CuPc diodes and homojuction devices. CuPc has an EA of
3.52 eV, which is substantially lower than the IE of most
molecular donors investigated to date. DMC is therefore
introduced here as a very promising candidate for efficient
n-type doping of a number of organic molecular
semiconductors.

2. Experimental

Experiments were conducted in an interconnected
three-chamber ultra-high vacuum (UHV) system equipped
for organic film growth, UPS and IPES analysis, and in situ
current–voltage (I–V) and capacitance–voltage (C–V) mea-
surements. DMC was loaded, as received from Sigma–Al-
drich, under inert N2 atmosphere into a sealed UHV gas-
handling apparatus that allows the release of a precisely
regulated amount of dopant into the vacuum chamber
[25,26]. When the DMC source is heated to 100 �C, it pro-
vides a background pressure (pd) of 10�6 Torr in the vac-
uum chamber when the gas release aperture is fully
opened.

The DMC source was mounted on the sample prepara-
tion chamber equipped with a thermal evaporation cell
containing CuPc (Sigma–Aldrich), which was previously
purified by three cycles of gradient sublimation. This
chamber, in which all doped films were grown, is con-
nected to the growth chamber and the analysis chamber,
allowing for preparation of doped films, growth of un-
doped and metal films, and sample characterization with-
out breaking vacuum. Experiments were conducted at base
pressures of 2 � 10�10, 5 � 10�11, and 1 � 10�9 Torr in the
preparation, analysis, and growth chambers, respectively.

For analysis of the electronic structure of DMC, pristine
films of the dopant were condensed onto indium-tin-oxide
(ITO) substrates cooled to 80 K by a closed-cycle helium
refrigerator. The ITO surfaces were prepared by mechani-
cal, detergent, and solvent cleaning, followed by 1 h of
UV-ozone exposure, and immediately transferred into vac-
uum. Doped CuPc films were obtained by evaporating the
host onto a polycrystalline Au/Ti/Si(100) substrate in a
controlled background pressure of DMC varying between
pd = 10�8 to 10�6 Torr to obtain different doping concentra-
tions. The deposition rate for CuPc was monitored with a
quartz crystal microbalance, assuming a bulk density of
1.5 g cm�3, and the background pressure of gas-phase
DMC was monitored with a standard pressure ionization
gauge located near the dopant source. Undoped CuPc was
grown in the separate growth chamber.

Occupied electronic states of the organic films were
measured with UPS using the He I (hm = 21.22 eV) and He



Fig. 2. (a) UPS spectra of the vacuum level onset (left) and filled valence
states (right) of: (i) solvent-cleaned, as-loaded Au, ‘‘Au*”; (ii) undoped
CuPc; (iii) 3% DMC-doped CuPc; (iv) 15% DMC-doped CuPc; and (v) 30%
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II (hm = 40.8 eV) photon lines of a helium discharge lamp,
while unoccupied electronic states were measured using
IPES in the isochromat mode [29]. All spectra presented
here are referenced to, and aligned at, the Fermi-level
(EF) of the experimental system determined by UPS and
IPES measurements on a clean Au sample. The position of
the vacuum level (Evac) of each surface was determined
using the low-energy secondary electron cut-off [30].
Experimental resolutions for UPS and IPES are 0.15 and
0.5 eV, respectively.

I–V measurements were conducted in vacuum on 100–
200 nm undoped, interfacially doped, or uniformly doped
CuPc films grown on solvent-cleaned Au. These Au sur-
faces, used as-loaded, are covered with physisorbed con-
taminants, particularly water and hydrocarbons, and will
be hereafter referred to as Au*. Top contacts consisting of
25 nm thick circular Au pads of varying diameter were
then evaporated through a shadow mask. Measurements
were done in situ at room temperature using a HP4155A
semiconductor parameter analyzer.

CuPc homojunction devices, structured with a 150 nm
organic layer between an ITO bottom contact and a
25 nm thick Au top contact, were constructed using
F4-TCNQ as the acceptor and DMC as the donor. The
devices included: (i) an intrinsic CuPc layer, and (p–i–n)
a 10 nm p-region, 120 nm i-region, and a 20 nm n-region.
Each device was characterized using I–V measurements,
while p–i–n devices were additionally characterized
using C–V measurements with a HP4274A multi-fre-
quency LRC meter. The built-in potential in the (p–i–n)
device was also determined directly via UPS measure-
ment on the n-, i- and p-layers at various stages of the
fabrication.
DMC-doped CuPc. (b) Corresponding energy-level diagrams showing fr-
ontier filled (thick lines) and empty (thick dashes) states, EF and Evac.
3. Results and discussion

3.1. Energetic levels of DMC

The occupied and unoccupied states of a �15 mono-
layer films of DMC (assuming a sticking coefficient equal
to unity at low temperature) measured by UPS and IPES
are plotted in Fig. 1, along with the corresponding states
of a 6.5 nm CuPc film on Au*. Conventionally, adiabatic IE
and EA of the condensed phase materials are determined
as the energy difference between the vacuum level (Evac)
and the onset of the highest and lowest energy features
in UPS and IPES, respectively [30–32]. DMC exhibits an
EA of 2.06 eV and a remarkably low IE of only 3.3 eV. This
solid-state IE is in precise agreement with the hypothe-
sized value derived from subtracting the 1.5 eV polariza-
tion energy observed for CoCp2 from the 4.7 eV gas-phase
IE for DMC [25,27]. CuPc shows an IE of 5.35 eV, an EA of
3.52, and therefore a transport gap Egap of 1.83 eV, which
is in good agreement with previously published solid-state
spectroscopy data on phthalocyanines [4,5,14,15,33]. The
most relevant energy level for n-type doping, i.e., the
dopant IE is highlighted by a bold line spanning the two
plots, and leads to the prediction of an energetically
favorable electron transfer from DMC to CuPc in a
simplified charge transfer model.
3.2. Decamethylcobaltocene as a donor in CuPc

Doping of CuPc by DMC was investigated with UPS on
CuPc layers undoped or doped with varying DMC concen-
trations deposited on Au*. The occupied state spectrum of
Au* is plotted in Fig. 2a(i). The metal work function is
4.72 eV, which is typical of a contaminated Au surface.
Such a surface has been shown to produce lower hole
injection barriers (/Bh) to organic molecular films when
compared to a pristine, atomically clean Au surface [34].
In agreement with these findings, undoped CuPc deposited
on the Au* substrate is found in Fig. 2a(ii) to form a 0.67 eV
hole injection barrier, with the Fermi level in the lower
part of the gap.

A series of 6.5 nm thick CuPc films were also deposited
onto Au* substrates at 2 Å s�1 under DMC partial pressures
of 1 � 10�7, 5 � 10�7, and 1 � 10�6 Torr. The interface be-
tween the doped CuPc and Au* was mediated by a 2.5 nm
layer of pristine CuPc to prevent direct interaction of
DMC-molecules with the substrate that could result in
modification of the Au* work function. The Co2p/C1s core
level peak intensity ratio measured in X-ray photoemission
spectroscopy (XPS) reveals that the CuPc sample with
pd = 10�6 Torr is doped at a concentration of �30%. Assum-
ing a linear extrapolation of the concentration as a function



Table 1
Electron and hole barriers (/Be, /Bh) corresponding to undoped and doped
CuPc films deposited on Au and Au*

Electrode material /Be (eV) /Bh (eV)

Undoped CuPc on Au* (WF = 4.72 eV) 1.16 0.67
Undoped CuPc on Au (WF = 5.20 eV) 0.92 0.91
Doped CuPc on Au* and Au 0.31 1.52

/Bh is the energy difference measured by UPS at the interface between the
electrode Fermi level and edge of the filled states. /Be is obtained by
subtracting /Bh from the single particle edge-to-edge gap of CuPc (1.83 eV
in Fig. 1).
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of DMC partial pressure during growth, the varying pd re-
sult in doping concentrations of 3%, 15%, and 30%, respec-
tively. Previous Rutherford backscattering (RBS)
experiments on THAP doped with CoCp2 suggest the valid-
ity of these estimated doping concentrations [26], but the
exact doping concentrations for DMC-doped CuPc remains
to be confirmed.

The UPS spectra of the doped films are plotted in
Fig. 2a(iii)–(v) and summarized in the energy-level dia-
gram shown in Fig. 2b. They show the progressive shift
of the CuPc molecular levels towards higher binding en-
ergy with increasing doping. This corresponds to a shift
of EF towards the unfilled CuPc states, and is indicative of
significant and controlled n-doping. In the highest doping
scenario, EF shifts 0.95 eV to the upper part of the gap, with
a final position only 0.31 eV below the edge of the CuPc
empty states. The 1.1 eV shift of the local vacuum level,
Evac, is slightly larger than the molecular level shift, and
is likely the result of some DMC molecules adsorbed on
the CuPc surface. For the highest doping concentrations,
pd = 5 � 10�7 and pd = 1 � 10�6 Torr, a 0.1 eV broadening
of all molecular peaks is observed, which indicates a high
level of dopant incorporation. Additionally, an observable
density of filled states within the single-particle gap, la-
beled ‘‘gap state” in Fig. 2a, may be the result of the forma-
tion of charge-transfer complexes at high doping
concentrations [35]. Nevertheless, the spectra of the highly
doped samples retain all the features of the CuPc film.

3.3. DMC-doped CuPc devices

Undoped CuPc devices were grown on Au* and capped
with freshly evaporated Au top contacts. The I–V measure-
ments, normalized to current density and electric field, for
the 100 nm undoped CuPc device are plotted in Fig. 3a, and
show a distinctly asymmetric current in forward bias
(open circles) and reverse bias (closed circles). Forward
(or reverse) bias corresponds to positive bias on, and thus
hole injection from, the bottom (or top) electrode. The hole
Fig. 3. Current–voltage measurements of contaminated-Au/100 nm org-
anic/clean-Au diodes, where the organic layer consists of: (a) undoped
CuPc; (b) 3% interface doped CuPc (see inset); (c) 3% homogenously doped
CuPc; (d) the uniformly doped CuPc exposed to air for 15 min.; and (e) the
air-exposed sample reintroduced into vacuum and pumped on for 1 h.
injection barriers for undoped and doped CuPc on Au and
Au* listed in Table 1 are determined from the UPS data in
Section 3.2. Electron injection barriers are extrapolated
from the EAs assuming that CuPc has an Egap = 1.83 eV as
found from UPS and IPES in Section 3.1. As the CuPc molec-
ular level positions at the contact interfaces indicate, the
substantially lower hole injection barrier at the Au* inter-
face (/Bh = 0.67 eV) as compared to the evaporated Au
interface (/Bh = 0.91 eV) results in significantly improved
carrier injection from the bottom interface, and therefore
the observed 104 times increase in current density for the
device under bottom hole injection. It must be emphasized
that the dominant carriers in Au*/undoped CuPc/Au de-
vices are likely to be holes, since /Bh is nearly 0.25 eV less
than the electron injection barrier (/Be).

Interface-doped CuPc devices consisting of a Au* bottom
contact, 10 nm of 3% DMC-doped CuPc, 80 nm of undoped
CuPc, an additional 10 nm of n-doped CuPc, and a freshly
evaporated Au top contact (Fig. 3, inset) was fabricated.
The I–V measurements, shown in Fig. 3b, indicate a dra-
matic increase in the current density ranging from a factor
of 103 at moderate electric fields to 107 at low electric
fields. However, in contrast to undoped devices, this cur-
rent is likely dominated by efficient electron injection
and transport in CuPc, since as observed in Section 3.2,
the electron injection barrier (/Be = 0.31 eV) is now consid-
erably smaller than the hole injection barrier
(/Bh = 1.52 eV). This is an important finding because it dis-
pels the common misconception that CuPc is exclusively a
hole transport materials. Indeed, the current density for
interface-doped devices is comparable with the hole-only
devices observed by Gao et al. for zinc phthalocyanine
(ZnPc) [4,5], an isoelectronic analog to CuPc, suggesting
that when proper electron injection contacts are formed
on CuPc, the electron transport characteristics of the mate-
rial are comparable to its hole transport properties. The
symmetric forward and reverse bias currents indicate that
the interface energetics are identical on both sides, as
would be expected given that equal doping was applied
to both contacts, and is dominated by the dopant-deter-
mined alignment of EF with the empty states of CuPc. More
importantly, n-doping of CuPc near the Au contacts dem-
onstrates that use of reactive low work function anodes
for electron injection can be circumvented by locally n-
doping the host material at the electron injecting contact
and using stable high work function metals.

Finally, devices consisting of 100 and 200 nm CuPc films
doped with pd = 5 � 10�7 Torr of DMC are investigated
using I–V measurements (Fig. 3c). The superposition of
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the I–V curves normalized to electric field for two different
thickness devices indicates that the current is limited by
bulk transport through the film. The homogenously doped
films demonstrate an additional 103 times increase in cur-
rent density that results from increased carrier density in
the bulk of the film. The fact that curve (c) parallels curve
(b) provides further indication that even in the interface-
doped device, the metal–organic interface is no longer
the limiting factor in charge transport.

When the fully doped CuPc devices are exposed to air
for 30 min, ex situ I–V experiments show a 100 times de-
crease in current density (Fig. 3d). This effect is attributed
to oxygen diffusion into the CuPc film, which traps the
DMC-induced excess electrons in the bulk film [36,37].
The reduction in bulk conductivity is partially reversible
when the sample is reintroduced into vacuum and mea-
sured after 1 h of pumping in situ (Fig. 3e). However, de-
spite the negative impact of air exposure on the overall
current density of the doped film, good agreement be-
tween the I–V curves shown in Fig. 3c, i.e. the interface-
doped device, and Fig. 3d suggests that the improvement
in current injection due to doping at the interfaces is not
compromised. Given that improvement in carrier injection
has been explained by carrier tunneling through the dop-
ant-induced space-charge layer at the metal/organic inter-
face [7,24], it should not be surprising that oxidizing
species would negligibly affect the already electron de-
pleted layer near the contacts.

3.4. CuPc p–i–n homojunction

The application of DMC doping of CuPc to p–i–n homo-
junction diodes was investigated by fabricating 150 nm
thick devices with an ITO bottom contact and an Au top
contact. A fully intrinsic CuPc device was fabricated as a
control sample for comparison with a p–i–n device consist-
ing of a 10 nm CuPc p-region doped at 1% with F4-TCNQ, a
120 nm i-region, and a 20 nm n-region doped with DMC
gradually from 3% at the intrinsic interface to 30% at the
Fig. 4. Current–voltage measurements of: (a) ITO/150 nm CuPc/Au and
(b) ITO/10 nm 1% F4-TCNQ:CuPc/120 nm CuPc/20 nm 3–30% graded D-
MC:CuPc/Au p–i–n devices. The inset shows the device structure for the
p–i–n homojunction.
metal interface (Fig. 4 inset). The gradual doping was
accomplished by increasing the dopant partial pressure
over the course of the deposition of the n-CuPc layer. The
large intrinsic region is used as a buffer layer to prevent
carrier tunneling that results from the otherwise small
space-charge region resulting from a direct organic p–n
junction. Current density measurements of intrinsic and
p–i–n devices shown in Fig. 4a and b, respectively, are plot-
ted with respect to conventional forward and reverse diode
conditions, and are in good qualitative and quantitative
agreement with previous results obtained by Harada
et al. on CuPc homojunctions made using a Ru compound
as the n-dopant [19]. The results shown here exhibits a
clear 103-fold increase in current density as a result of p-
and n-doping, but does not demonstrate an improvement
in the rectification ratio of the p–i–n device, as would have
been expected. This is likely the result of an unidentified
source of leakage current at reverse bias, which can also
be seen at low positive biases in the horizontal reflection
of the reverse bias current onto the positive bias abscissa
(dotted lines). If the leakage component of the current den-
sity can be minimized, the improvements observed for the
p–i–n device would directly translate into a similar in-
crease in the rectification ratio.

For the p–i–n structure, UPS measurements were taken
after deposition of the p- and n-layers to establish inde-
pendently the magnitude of the built-in potential. The total
shift between the two spectra is the built-in potential /bi,
and is equal to 1.45 eV as shown in Fig. 5. Given that /bi

in the p–i–n junction is simply given by:

/bi ¼ Egap � ðEA� EFnÞ � ðEFp � IEÞ ð1Þ

where EFn and EFp are the positions of the Fermi-level in the
n- and p-doped regions, respectively, the 0.38 eV differ-
ence between Egap and /bi deviates from the sum of
EA � EFn = 0.31 eV (Section 3.2) and EFp � IE = 0.2 eV [4].
Although the 130 meV discrepancy is within our experi-
mental error, it could also be the result of UPS-induced
charging in the 120 nm-thick i-layer of the device, which
would result in an exaggerated energy level shift of the
n-doped layer towards lower kinetic energy.
Fig. 5. UPS spectrum of the p-CuPc and n-CuPc films in the p–i–n device
showing a large built-in potential.



Fig. 6. Capacitance–voltage measurements of the CuPc p–i–n homojunc-
tion diode. The 1/C2 plot is shown in the inset.
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To further investigate the value of the built-in potential
of the CuPc homojunction, quasi-static C–V measurements
were conducted on the p–i–n structure using a 2 kHz sinu-
soidal signal with an amplitude modulation of ±0.05 V. The
C–V results plotted in Fig. 6 show a gradual decline of the
specific capacitance of the device with increasing negative
bias, and likely corresponds to an enlargement of the de-
pleted space-charge regions at the reverse-biased p–i, i–
n, and metal/organic interfaces [38]. At low positive bias,
the observed exponential increase of the capacitance is
correlated with the rise in diffusion capacitance, which re-
sults from the exponentially increasing current flow under
forward bias found in Fig. 4b [38,39]. The drop in the
capacitance at higher forward bias (>0.75 V), which is
inductive in nature, has been attributed to a variety of
mechanisms, including short-base diode effects [40,41],
charge trapping and transport through localized trap states
[42,43], injection through interfacial states [44], or carrier
recombination within the film [45]. At the present time,
however, it is uncertain whether any of these models apply
to doped organic systems, or whether new models must be
developed to explain the negative differential capacitance
phenomena observed here.

Nevertheless, using the convention that the extrapo-
lated x-intercept of a 1/C2 vs. voltage plot corresponds
roughly to the built-in potential of a p–i–n diode [38],
the inset of Fig. 5 suggests a 1.29 eV offset between the lev-
els in the p- and n-regions of the CuPc homojunction. This
is in excellent agreement with /bi = 1.32 eV expected from
Eq. (1).

4. Summary

The solid-state ionization energy of decamethylcobalto-
cene (DMC) was found to be �3.3 eV, which makes this
compound a powerful donor for many molecular semicon-
ductors used in organic electronics. Efficient n-type doping
of CuPc by DMC was demonstrated by evaporation of the
phthalocyanine films in a controlled partial pressure of
the dopant. The fabrication of n-doped CuPc films was con-
firmed by the shift of the Fermi-level towards the unoccu-
pied states, with a final position of only 0.3 eV below the
frontier empty states of CuPc. I–V measurements were con-
ducted on homogenously and interface-doped DMC/CuPc
films sandwiched between Au contacts. These devices
exhibited an increase of several orders of magnitude in
current density due to enhanced injection and conductiv-
ity. Exposing the uniformly doped film to air decreases
only the bulk conductivity due to the introduction of elec-
tron-trapping oxygen molecules, but this effect is found to
be partially reversible. These findings have important con-
sequences for device applications, by eliminating the need
for low work function cathodes for electron injection. Fi-
nally, CuPc p–i–n homojunctions with F4-TCNQ as the p-
dopant and DMC as the n-dopant were constructed and
examined with UPS, I–V, and C–V measurements. Although
the exact mechanisms and theory behind the results are
currently not well understood, the experiment unambigu-
ously demonstrates the potential of molecular doping of
organic films for stable, high current OLEDs and for OPVs
with large open circuit voltages.
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Novel small-molecule bulk heterojunction photovoltaic (PV) cells consisting of oligothio-
phen (alpha-sexithiophen: 6T) and fullerene (C60) have been developed. Oligothiophen is
well known as a good hole-transport material, and by changing the number of thiophen
rings and making chemical modifications or substitutions, its characteristics relevant to
PV applications (such as carrier mobility, energy level, packing, and ordered structure)
can be controlled. Thus far it has been difficult to fabricate films of oligothiophene–fuller-
ene blends with suitable morphology by using the common co-evaporation method,
because oligothiophene crystallizes easily during film deposition. The present study found
that the morphology of 6T:C60 blends strongly depending on the composition of 6T:C60.
Suitable morphology was obtained only for films deposited with the co-evaporation of
excess C60. It is likely that excess C60 prevents the crystallization of 6T. By successfully
controlling the film morphology, we were able to demonstrate good PV performance in
oligothiophene:fullerene bulk heterojunction PV cells for the first time. Moreover, it was
found that PV performance could be further improved by inserting a C60 layer between
the blend layer and exciton blocking layer.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Small-molecule organic photovoltaic (PV) cells have
been significantly improved through research conducted
on bulk heterojunctions, p–i–n structures, tandem struc-
tures, and exciton blocking layers [1–3]. Metal phthalocya-
nine (Pc)-fullerene bulk heterojunction PV cells are
particularly known to exhibit high efficiency [4–9]. For
the practical use of such cells, however, all parameters
related to the photoelectric conversion process such as
photon absorption, charge carrier mobility, and donor–
acceptor blend morphology must be improved.

In this study we focused particularly on the charge
carrier mobility of the organic semiconductor as one
parameter that should be improved. Generally low mobil-
. All rights reserved.

x: +81 6 6908 9273.
ai).
ity affects the carrier transport properties. As the mobility
is improved, the drift length or diffusion length generally
increases. Therefore, thicker layers can be used for
increased photon absorption. One drawback of organic
photovoltaic cells is their poor carrier transport properties.
Organic transistor research has estimated the mobility of
various kinds of organic semiconductors. In the Pc:C60 bulk
heterojunction system, the field-effect electron mobility of
C60 is about 0.3 cm2/Vs [10]. On the other hand, the field-
effect hole mobility of CuPc is about 0.02 cm2/Vs [11].
Therefore, it follows that hole mobility should be improved
to better balance the hole and electron transport
properties.

We chose oligothiophene as a high hole mobility mate-
rial. The basic advantages of this material are its good hole
transport and the possibility of controlling mobility,
energy level, packing, and ordered structure by changing
the number of thiophen rings, and making chemically
modifications and substitutions.

mailto:jun-sakai@mail.mew.co.jp
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


J. Sakai et al. / Organic Electronics 9 (2008) 582–590 583
Some studies on organic PV cells using oligothiophene
have already been reported [12–16]. All OPV cells devel-
oped in these studies were bilayer heterojunction cells
incorporating oligothiophene and n type organic material.
However, good performance in an oligothiophene bulk
heterojunction system has not been reported yet.

The purpose of this study was to investigate the poten-
tial for more efficient device structures employing oligoth-
iophene as a donor material and fullerene as an acceptor
material. In particular, we intended to develop a bulk
heterojunction device structure of oligothiophene:fuller-
ene similar to the phthalocyanine (Pc):fullerene system.

It is known that a good morphology of Pc:fullerene
blend films can be formed through the co-evaporation of
equal fractions blend of both components. For making a
bulk heterojunction device employing new materials, how-
ever, new device structures and fabrication processes
should be investigated.

We chose alpha-sexithiophene (6T) as the oligothioph-
ene material because it is well known to exhibit high
field-effect hole mobility, and a representative material in
the oligothiophene family. Conversely, a problematic issue
arises when high mobility materials are applied to PV cells.
Linear molecule thin films such as oligothiophene typically
are formed with a preferential orientation on the substrate,
so that the long axis is perpendicular to the substrate plane.
A film comprised of preferentially oriented molecules may
exhibit anisotropic mobility, that is, lower mobility (intrin-
sic) perpendicular to the substrate than that in the sub-
strate plane. For this reason, it is important to investigate
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Fig. 1. (a) Chemical structure of alpha-sexithiophene and C60, and (b) absorption
density and film thickness.
the molecular orientation in oligothiophene:fullerene
photovoltaic devices.
2. Experimental

The sample fabrication procedure is described as fol-
lows: Glass substrates with indium tin oxide (ITO) films
were purchased from Kinoene-kogaku Inc. The ITO film
had a film thickness of 150 nm, and sheet resistance of
about 10 X.

Poly [3,4-ethylenedioxythiophene]-poly [styrenesulfo-
nate] (PEDOT:PSS,Baytron Al4083) was deposited on the
ITO film by spin coating (3000 rpm 120 s) and baking
(135 �C 15 min). The resultant thickness was about 30 nm.

We then deposited an active layer consisting of 6T
(Aldrich) and C60 (MTR) through sequential vacuum evap-
oration. The co-evaporation method was used to deposit
the blend layers.

In the next step, a layer of bathocuproine (DOJINDO)
6-nm thick was deposited as an exciton blocking layer, fol-
lowed by 100-nm thick Ag:Mg film deposited as a cathode
metal through vacuum evaporation to complete the OPV
cells.

For measuring the photovoltaic characteristics, we em-
ployed an Air Mass 1.5 Global (AM1.5G) solar simulator
(Oriel) as the light source, calibrated to 100 mW/cm2 by
using a crystalline Si reference cell with an amorphous
Si optical filter (Bunkoukeiki). A Keithley semiconduc-
tor parameter analyzer was used to measure the I–V
C60
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characteristics. The effective sample area was 4 mm2, and
the prepared PV cells were measured in a vacuum chamber
after deposition at room temperature without exposure to
air.

The samples were further characterized by the follow-
ing methods. Photo absorption spectra were measured
using a UV–Vis spectrophotometer (Shimazu), and film
thickness was measured by a DEKTAK surface profilemeter.
Surface roughness profiles were measured by Atomic Force
Microscope (AFM, Seiko instrument). Nihon Denshi pro-
vided cross-sectional Transmission Electron Microscopy
(TEM) images and Energy Dispersive X-ray spectrometer
(EDX) images. The samples for TEM were prepared by
focused ion beam (FIB) cutting method. A highest occupied
molecular orbital (HOMO) level of organic semiconductors
was measured by Ultraviolet Photoelectron Spectroscopy
(UPS, Bunkoukeiki) and energy gap was determined by
the photo absorption edge of UV–Vis spectra.
PEDOT:
ITO 5.3

4.8
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7.0
C60

BCP

PSS

Fig. 3. (a) Schematic device structure of 6T/C60 bilayer heterojunction PV
cell, and (b) diagram showing energy levels of the 6T/C60 bilayer hetero-
junction cell under flat band conditions.
3. Results and discussion

3.1. Characteristics of 6T and C60 films

First we estimated the photo absorption spectra of 6T
and C60 in order to estimate the short-circuit current.
Fig. 1a shows the chemical structure of sexithiophene
and C60. Fig. 1b shows the photo absorption coefficients
of those materials including ZnPc. These data were calcu-
lated from the optical density and film thickness.

The peak absorption coefficient value of 6T is as high as
that of ZnPc (105/cm order), but the peak wavelength of 6T
is less than 400 nm, as compared to about 630 nm for that
of ZnPc. Moreover, the main absorption wavelength of C60

is less than 500 nm. Since the absorption spectra do not
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match well with the solar spectrum, high short-circuit cur-
rents such as those in the Pc-fullerene system cannot be
expected in the 6T:C60 system.

Next we evaluated the orientation of 6T and C60 films
deposited on a glass substrate at room temperature by
6T: C60 blend layer

Glass substrate

PEDOT:PSS

Ag:Mg

ITO

BCP

Fig. 6. Schematic device structure of 6T: C60 bulk heterojunction PV cells.
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X-ray diffraction (XRD). Fig. 2a and b shows the XRD pat-
terns of 6T and C60 films, respectively. There are some
sharp peaks in the 6T film pattern, indicating that the 6T
molecules are crystallized with a preferred vertical orien-
tation. Many studies on 6T film orientation have already
been reported [17,18]. It is believed that hole mobility
(intrinsic) in the horizontal direction is high, but lower in
the vertical direction. This might prove unsuitable for pho-
tovoltaic devices. Conversely, no C60 peak was observed (as
the broad peak at around 25 degrees corresponds to the
glass substrate). This shows that the C60 film is almost
amorphous.
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3.2. 6T/C60 bilayer heterojunction PV cells

6T/C60 bilayer heterojunction PV cells were prepared so
as to examine the heterojunction properties of 6T/C60 and
the effects of employing high mobility material. Fig. 3
shows the device structure and an energy diagram of 6T/
C60 PV cells. The HOMO levels of 6T and C60 were measured
by UPS and the energy gaps were measured by the UV–Vis
spectra. The work functions of the other materials are
quoted from some previous literatures [19,20]. This dia-
gram shows that 6T and C60 work well as a heterojunction
device.

Fig. 4 shows the I–V characteristics of a 6T/C60 bilayer
PV cell. This shows excellent PV characteristics: power
conversion efficiency (PCE) of 0.75%, short circuit current
density (Jsc) of 3.9 mA/cm2, open circuit voltage (Voc) of
0.35 V and fill factor (FF) of 0.55 at AM1.5G 100 mW/cm2.
Thus, the combination of 6T and C60 was found to be a suit-
able heterojunction. Still, Voc was not so high considering
the energy gap (0.8 eV) between HOMO of 6T and lowest
unoccupied molecular orbital (LUMO) of C60.

Next we investigated the dependence on film thickness
in the 6T/C60 bilayer PV cells. The optimum thickness of the
6T/C60 active layer was expected to be thicker than the Pc/
C60 active layer due to higher mobility (intrinsic) in 6T.
Fig. 5 shows the relationship between the photovoltaic
characteristics and total thickness of 6T/C60. In this exper-
iment, 6T and C60 had equal thickness.

This figure shows maximum Jsc appears when the
thickness is from 50 to 150 nm; therefore, it follows that
hole and electron diffusion lengths are close to optimum
thickness. Voc gradually increases with thickness, while
30 40 50

[ degrees ]

6T:C60=1:1

30 40 50
[ degrees ]

6T:C60=1:5

strate: (a) The volume ratio is 6T:C60 = 1:1 and (b) the volume ratio is
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FF gradually decreases with thickness due to the increase
in series resistance. As a result, the optimum thickness in
6T/C60 was found to extend from 50 to 150 nm, while that
of ZnPc/C60 was about 50 nm. This finding is probably due
to increase of intrinsic hole mobility.

It was also found that even though the 6T film is prefer-
entially oriented in the vertical direction, intrinsic hole
mobility in the vertical direction is still higher than that
of phthalocyanine.

3.3. 6T:C60 bulk heterojunction PV cells

3.3.1. I–V characteristics
We investigated the device structures and device fabri-

cation procedures of 6T:C60 bulk heterojunction PV cells.
Fig. 6 shows the basic device structure.

First we deposited a 6T:C60 blend layers with a fixed
volume ratio of 1:1. In this study, the volume ratio is
defined as the ratio of film thickness as determined by a
vacuum deposition rate monitor. In the metal Pc and C60

system, PV characteristics were dramatically improved
a b
1

Ra: 16-20 nm

c d

f
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100nm

ITO

6T/C60
PEDOT:PS
S

Ag:Mg

e

6T:C60

ITO
PEDOT:PSS

Fig. 10. AFM surface profiles of blend layers with volume ratios of (a) 6T:C60 =
blend layer surface) with volume ratios of (c) 6T:C60 = 1:1 and (d) 6T:C60 = 1:5.
6T:C60 = 1:5.
due to co-evaporation with a volume ratio of unity. But
in the 6T:C60 system, contrary to our expectations, the PV
characteristics with a unity volume ratio were not good
(resulting in a blend film thickness of 50 nm, PCE of
0.52%, Jsc of 2.8 mA/cm2, Voc of 0.4 V, and FF of 0.46 at
AM1.5G 100 mW/cm2). These values are inferior to those
of the 6T/C60 bilayer heterojunction cells. In particular,
Jsc of the blend type is lower than that of the bilayer type.
Apparently charge separation does not occur sufficiently in
the blend films due to bad blend morphology.

When we investigated the surface roughness of blend
cells deposited at the unity ratio, large grains were
observed in contrast to the smooth surface of the bilayer.
This bad blend morphology might adversely affect the
charge separation and the carrier transport.

We subsequently investigated the influence of certain
different deposition conditions and found that the volume
ratio of 6T:C60 clearly and strongly affects the blend mor-
phology. Fig. 7 shows the relationship between the photo-
voltaic characteristics and 6T/C60 volume ratio. Jsc and Voc
dramatically increase when the C60 volume ratio is more
00nm
Ra: 2-3 nm

ITO

6T:C60

Ag:Mg

PEDOT:PSS

10 micrometer

1:1 and (b) 6T:C60 = 1:5. Ra is average surface roughness. SEM images (of
Cross-sectional TEM images with volume ratios of (e) 6T:C60 = 1:1 and (f)
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than 0.7, but FF gradually decreases as the C60 volume ratio
increases. When the volume ratio is 0, the device structure
is a 6T/metal Schottky barrier device; when the volume
ratio is 1, the device structure is a C60/PEDOT:PSS Schottky
barrier device. Both Schottky devices work well. As can be
seen in Fig. 7, the optimum C60 volume ratio is from 0.8 to
0.9. In particular, Jsc and Voc increase by nearly double as
compared with the low volume ratio. Fig. 8 shows the I–V
characteristics for 6T:C60 = 1:5 (with PCE of 1.5%, Jsc of
5.6 mA/cm2, Voc of 0.68 V and FF of 0.39 at AM1.5G
100 mW/cm2). The PCE of the 6T:C60 = 1:5 device is three
times higher than that of the 6T:C60 = 1:1 device.

3.3.2. Blend morphology
In order to investigate the influence of volume ratio on

the photovoltaic characteristics, we examined the film
structure and the blend morphology by using XRD, AFM,
Scanning Electron Microscope (SEM), and cross-sectional
TEM images. Fig. 9 shows the XRD patterns for volume ra-
tios of 1:1 and 1:5. Both patterns indicate that the pre-
ferred orientation of 6T is not observed in co-evaporated
films, and that orientation does not depend on the volume
ratio. 6T probably grows amorphously due to its interac-
tion with C60.

Fig. 10 shows the blend morphology by using AFM sur-
face profiles, SEM surface images, and TEM cross-sectional
images. These figures show significantly different mor-
phologies between the volume ratios of 1:1 and 1:5. In
the case of 1:1, small rod-shaped grains (about 200 nm in
length and 40 nm in diameter) with some branches were
randomly deposited [21]. Conversely, in the case of 1:5,
there are no grains and a very homogeneous film is
obtained.
Fig. 11. Cross-sectional TEM-EDX images of STEM, carbon distribution, and sulf
Fig. 11 shows the distribution of carbon and sulfur by
using cross-sectional TEM-EDX images. Fig. 11a shows that
sulfur appears mainly in grains in the lower part of the
image; therefore, these grains are composed of 6T and
not C60. Conversely, the 1:5 blend film is perfectly smooth
with sulfur dispersed homogeneously. Fig. 11a also shows
that a smooth film grows at first, followed by the growth of
micro crystals from pores on the smooth film.

The growth mechanism of 6T and C60 blend film is as
follows: As can be seen in the 6T single-film structure, 6T
tends to crystallize oriented in the vertical direction.
Therefore, in the case of a low C60 volume ratio, the micro
crystals of 6T grow preferentially and do not blend well
with C60, due to the stronger tendency of 6T to crystallize.
Apparently C60 molecules cover the outer surface of the 6T
micro crystals. However, when the C60 ratio is greater than
0.7, C60 inhibits 6T crystallization and a nano-scale blend
film is grown.

As for the relationship between the blend morphology
and the photovoltaic characteristics, it is clear in the case
of blend ratio 1:1 that charge separation does not occur
efficiently because there are many grains and a sufficient
carrier transport interpenetrating network does not exist,
which explains why charge carrier transport efficiency is
poor. Consequently, Jsc is low.

On the other hand, in the case of blend ratio 1:5, excess
C60 in the blend leads to the formation of homogeneous
film and the desired interpenetrating network, which re-
sults in higher Jsc.

As for increasing Voc, the maximum estimated Voc of
this device is the difference between HOMO of 6T and
LUMO of C60, that is, 0.8 V. Therefore, it may be presumed
that Voc approaches the maximum value as the blend mor-
ur distribution with volume ratios of (a) 6T:C60 = 1:1 and (b) 6T:C60 = 1:5.
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phology approaches the ideal structure, along with
improved interface conditions.

One more factor is the Schottky barrier between C60 and
PEDOT:PSS. Excess C60 increases the interface area
between C60 and PEDOT:PSS, which may result in an
increase in the built-in potential.

3.4. MIN type (metal-intrinsic-n type) 6T:C60 bulk
heterojunction PV cells

In metal Pc:C60 bulk heterojunction PV cells, a PIN (p
type-intrinsic-n type) structure effectively improves the
PV characteristics [22]. It has been reported that the
advantage of a blend layer is high charge carrier separation
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efficiency with an increasing pn junction area, and the dis-
advantage is a poor carrier transport property due to a
complex carrier path. Conversely, a planar pn junction
has a smaller junction area but superior carrier transport
compared to a blend film. A PIN structure has both advan-
tages and an increase in the built-in potential parallel to
the film thickness direction can be expected as well.

We tried to apply a PIN structure to 6T and excess C60

(1:5) bulk heterojunction PV cells as was done in the
Pc:C60 system. This device structure is comprised of ITO/
PEDOT:PSS/6T (20 nm)/6T-excess:C60 blend (50 nm)/C60

(20 nm)/BCP and metal. However, this device did not work
well. All photovoltaic properties were inferior to those of
devices without the PIN structure (with PCE of 0.24%, Jsc
ge [ V ]
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cell. (b) Current–voltage characteristics under dark and AM1.5G100 mW/
blend layer is 6T:C60 = 1:5. (c) IPCE spectrum of 6T:C60 MIN type bulk
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of 1.7 mA/cm2, Voc of 0.35 V and FF of 0.41 at AM1.5G
100 mW/cm2). In order to understand this problem, we
prepared a ‘‘PIM” type (p type-intrinsic-metal) device com-
prised of ITO/PEDOT:PSS/6T (20 nm)/6T-excess:C60 blend
(50 nm)/BCP and metal and ‘‘MIN” type devices (consisting
of ITO/PEDOT:PSS/6T-excess:C60 blend (50 nm)/C60

(20 nm)/BCP and metal) as shown in Fig. 12a. The PIM
device photovoltaic characteristics were even worse than
those of the PIN device (with PCE of 0.096%, Jsc of
1.8 mA/cm2, Voc of 0.16 V, and FF of 0.34 at AM1.5G
100 mW/cm2).

On the other hand, the MIN devices exhibited better
properties than all other type devices. Fig. 12b shows the
photovoltaic characteristics: PCE of 2.0%, Jsc of 5.6 mA/
cm2, Voc of 0.7 V and FF of 0.51 at AM1.5G 100 mW/cm2.
In the case of PIM type devices, large reverse current
through the PI structure degrades the photovoltaic proper-
ties. Further analysis is needed to clarify this matter.

Voc and FF were better in the MIN devices. This
improvement may be attributed to the fact that the C60

layer functions as an electron transport layer with a hole
blocking effect, and serves to reduce interface resistance.
Fig. 12c shows the external quantum efficiency (IPCE) of
a MIN device. Photo-carrier generation probably occurs
mainly in C60. This is because the peak wavelength is
around 450 nm, which is almost the same as the C60

absorption spectrum. (Fig. 1)
4. Conclusion

We have developed the new small-molecule bulk het-
erojunction OPV cells with a oligothiophene that is a good
hole transport linear small molecule and a fullerene that
has a good electron transport property for the first time.
Among small-molecule OPV cells, only the Pc:C60 system
yielded high efficiency and it was difficult to prepare bulk
heterojunction OPV cells employing linear molecules,
given their tendency to crystallize. Still, we succeeded in
making bulk heterojunctions with linear molecules by
developing an original process: the excess C60 blend meth-
od. Furthermore, we found that a MIN structure effectively
improves 6T:C60 bulk heterojunction cells.

The new OPV cells developed in this study is the prom-
ising device in that there is a possibility of improving PV
properties moreover with the present evaporation method
and employing a higher fullerene.

The photo absorption of a fullerene mainly contributes
to the photo current in the excess fullerene blending cells.
So we can expect that the photo current increase more
than twice by employing high photo absorption fullerene
such as C70 and C84. And also an oligothiophene is an
attractive material in not only the hole mobility but also
the controllability of the HOMO and LUMO levels with
the design of the substituents. [16] So it’s possible to
increase Voc moreover by matching the energy levels of
the oligothiophene to those of the fullerene.

As for the operation principle, we clarified the relation
between the PV characteristics and the blend structure
consists of a linear small molecule and a fullerene.
Although it is said that the bulk heterojunction OPV cells
employing the linear molecule such as an oligothiophen
does not operate sufficiently, the cause and mechanism
of low characteristics has not been clarified so far. We
investigated the relation of PV characteristics and blend
morphology, and it was found that the crystallization and
making a few hundreds nanometer domains of a small
molecule block the exciton dissociation and the charge car-
rier transport. And the fullerene excess blending prevents
from crystallization and forms homogeneous blend mor-
phology. Thereby the PV characteristics were dramatically
improved.

We also showed that the blend morphology and such
device structures as PIN, PIM, and MIN strongly influence
the photovoltaic properties.

The bulk heterojunction OPV cells consist of a linear
small molecule and a fullerene become the candidate of
the promising OPV cells. However, from now on further
analysis by measuring the photo-electron properties such
as the intrinsic mobility of blend film will be needed.
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In this study, solution and solid-state properties as well as the organic thin film transistor
(OTFT) behaviour of two a,x-hexyl-distyryl-oligothiophenes (DH-DSnT, n = 2, 4) are pre-
sented. The optical and electrochemical properties of the oligomers in solution were inves-
tigated by UV–vis absorption and photoluminescence spectroscopies, and cyclic
voltammetry. Liquid crystal properties were studied by differential scanning calorimetry
(DSC) and optical polarising microscopy (OPM). High-vacuum evaporated thin films were
studied by optical absorption, X-ray diffraction and atomic force microscopy (AFM), and
implemented as p-type semiconducting layers into organic thin film transistors (OTFTs).
The results are investigated to study the influence of alkyl chains on the a,x-end positions
of the distyryl-oligothiophene skeleton (DSnT). Furthermore, detailed shelf-live tests of
hole mobility (l), threshold voltage (Vt), on current (ION) and off current (IOFF) under atmo-
spheric conditions (air, temperature) of OTFTs based on DS4T and DH-DS4T show that the
presence of alkyl chains in a,x-end positions of distyryl-oligothiophenes is detrimental to
the environmental stability of OTFTs over time.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Over the last years, there has been a tremendously
increasing interest in organic semiconductors [1]. Such
materials find applications as active components in organic
thin film transistors (OTFTs), solar cells and organic light-
emitting diodes (OLEDs) [2]. OTFTs represent a conven-
tional tool for studying charge transport physics in conju-
gated compounds, but they also reached the point of now
being viable in integrated circuit applications [3]. Indeed
organic transistors are expected to play a major role in
. All rights reserved.

x: +33 4 91 82 95 80.
idelot-Ackermann).
printed electronics for the fabrication of devices on flexible
substrates. Nevertheless in order to ensure manufacturing
costs as low as possible, such processes need to be carried
out under ambient conditions, which requires the materi-
als and devices to be stable toward exposure to oxygen
and moisture. The implementation of complex technolo-
gies allowing the fabrication of devices under air-free con-
ditions would certainly lead to dramatically increased
costs, thereby limiting the use of organic materials in high
through-put production processes. Consequently, in view
of the exploitation of organic-based devices in commercial
applications, it is of paramount importance that the active
materials have sufficient air stability to achieve and main-
tain useful functional performance characteristics without

mailto:videlot@luminy.univ-mrs.fr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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protective encapsulation. To be fully operative, electronic
devices rely on efficient charge transport in a semiconduct-
ing material. The most fundamental figure of merit of
charge transport is carrier mobility, therefore technological
application of conjugated compounds depend on a thor-
ough understanding of what controls carrier mobility in
these material and its stability over time.

Recently, we reported a new series of structurally sim-
ple and readily available oligothiophene derivatives end-
capped with styryl units, DSnT (n = 2–4), that were used
as the semiconducting layer in OTFTs [4]. The devices not
only showed very high field-effect mobility (up to
0.1 cm2/V s) and on/off ratios (up to 105), but were also
found to be exceptionally long-lived (more than 1 year of
storage) and stable toward continuous operation, under
atmospheric conditions. As these conjugated core was
shown to lead to long-term stability, we thus decided the
synthesize and investigate their di-n-hexyl-terminated
analogues.

We describe herein the synthesis of two a,x-hexyl-
distyryl-oligothiophenes DH-DSnT (n = 2, 4) (Fig. 1). The so-
lid-state structural and electronic properties of thin films
obtained by high-vacuum evaporation are presented. The
main purpose of this study is to delineate the influence of
the alkyl chains at the a,x-end positions of the distyryl-oli-
gothiophene skeleton on OTFT performance and stability,
as compared to the parent oligomers DS2T and DS4T.

2. Experimental part

2.1. Synthesis

Cyclohexane, methylenechloride, toluene, heptane,
diethylether, dimethylformamide (DMF), tetrahydrofurane
(THF), ethylacetate were purchased from CarloErba and
used as received. Silica gel (240–400 mesh) was obtained
from Merck. Trimethylphosphite, tri-p-tolylphosphine,
palladium(II) acetate were purchased from Sigma–Aldrich.
Dimethyl-4-n-hexylbenzylphosphonate 1 was synthesized
as described in literature [5]. 2,20-Bithienyl-5,50-dicarbox-
aldehyde 2 and 2,20-bithienyl-5-bromo-50-carboxaldehyde
3 were prepared as reported by Curtis and Phillips [6].
Melting points are uncorrected and were obtained from a
Electrothermal 9100 apparatus. 1H NMR and 13C NMR
S
SBr

O

S
S

Br

4

P OCH3

O

OCH3C6H13

S
S

O

O
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C6H
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3

t-BuOK
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Fig. 1. Synthetic scheme for t
spectra were recorded on Bruker AC 250 at respectively
250 MHz and 62.5 MHz.

2.1.1. 4-n-Hexylbenzylalcohol
A solution of p-n-hexylbenzoic acid (1.00 g, 4.85 mmol)

in dry diethyl ether (50 mL) was added to a suspension of
AlLiH4 (0.18 g, 4.85 mmol) in dry diethylic ether (50 mL).
The mixture was refluxed for 6 h and then ethylacetate
(7 mL) and water (2 mL) were added. The solid was filtered
off and the organic solution was evaporated to give the ti-
tle compound as an oil which was purified by distillation
(0.75 g, 81%). bp = 180–185 �C/0.5 mm Hg. 1H NMR
(250 MHz, CDCl3) d: 0.81 (t, 3 H, J = 6.50 Hz, CH3), 1.15–
1.30 (m, 6H), 1.40–1.60 (m, 2H), 2.53 (t, 2H, J = 8 Hz,
CH2–C6H4), 4.69 (s, 2H, CH2OH), 7.11 (d, 2H, J = 8 Hz, Hbenz),
7.21 (d, 2H, J = 8 Hz, Hbenz).

2.1.2. 4-n-Hexylbenzylbromide
A mixture of p-n-hexylbenzylalcohol (0.75 g,

3.90 mmol) in PBr3 (3.17 g, 11.70 mmol) was heated to
80 �C for 10 h. After cooling, water and ice were added
carefully and the mixture was extracted with diethylic
ether. The organic layer was dried on MgSO4 and solvent
was removed under vacuum. The crude product was chro-
matographed on a silica gel column eluting with a 50:50
(v/v) ethyl acetate:cyclohexane mixture to give the title
compound (0.85 g, 85%) as an oil. 1H NMR (250 MHz,
CDCl3) d: 0.81 (t, 3 H, J = 6.50 Hz, CH3), 1.15–1.30 (m, 6H),
1.40–1.60 (m, 2H), 2.53 (t, 2H, J = 8 Hz, CH2–C6H4), 4.55
(s, 2H, CH2Br), 7.08 (d, 2H, J = 8 Hz, Hbenz), 7.22 (d, 2H,
J = 8 Hz, Hbenz).

2.1.3. Dimethyl 4-n-hexylbenzylphosphonate 1
A mixture of p-n-hexylbenzylbromide (0.56 g,

2.20 mmol) and trimethylphosphite (3 mL) was refluxed
for 6 h. The mixture was concentrated under vacuum to
eliminate the excess of phosphite. The crude product was
chromatographed on silica gel eluting with ethyl acetate
to give the title compound (0.62 g, 85%) as an oil. 1H
NMR (250 MHz, CDCl3) d: 0.81 (t, 3H, J = 6.50 Hz, CH3),
1.15–1.30 (m, 6H), 1.40–1.60 (m, 2H), 2.58 (t, 2H,
J = 7.50 Hz, CH2–C6H4), 3.14 (d, 2H, J = 21.25 Hz, CH2P),
3.65 (s, 3H, OCH3), 3.70 (s, 3H, OCH3), 7.08 (d, 2H,
J = 8 Hz, Hbenz), 7.22 (d, 2H, J = 8 Hz, Hbenz).
Pd(OCOCH3)2

C6H13

S
S

C6H13

13
n

DH-DS2T: n=1

DH-DS4T: n=3

he DH-DSnT oligomers.
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2.1.4. Typical procedure for Wittig-Horner olefination
2,20-Bithienyl-50,50-dicarboxaldehyde 2 (0.9 mmol) and

phophonate 1 (2.07 mmol) were dissolved in 60 mL of
anhydrous tetrahydrofurane under argon. To this solution
maintained at 0 �C was added t-BuOK (4.14 mmol) portion-
wise and the reaction mixture was stirred for 10 h at room
temperature. The solvent was evaporated in vacuo and the
residue was dissolved in methylene chloride and water
was added. The mixture was extracted with methylene
chloride. The combined organic extracts were washed with
water, dried over MgSO4, and evaporated to dryness. The
product was purified on a silica gel column eluting with
a mixture methylene chloride–cyclohexane mixture (1:4,
v/v). The desired fractions were collected and evaporated
to dryness to afford the E isomer.

2.1.5. E,E-5,50-bis(2-(4-hexylphenyl)-ethenyl)-2,20-bithiophene
(DH-DS2T)

Yield: 29%. Mp 203–205 �C. 1H NMR (250 MHz, CDCl3)
d: 0.81 (t, 6H, J = 6.5 Hz, 2* CH3), 1.0–1.4 (m, 12 H, 2 *
(CH2)3), 1.54 (qui, 4H, 2* CH2), 2.53 (t, 4H, J = 7.5 Hz, 2*
CH2–C6H4), 6.80 (d, 2H, J = 16.00 Hz, Heth), 6.86 (d, 2H,
J = 3.25 Hz, Hthio), 7.00 (d, 2H, J = 3.75 Hz, Hthio), 7.07 (d,
2H, J = 17.75 Hz, Heth), 7.09 (d, 4H, J = 6.75 Hz, Hben), 7.31
(d, 4H, J = 7.5 Hz, Hben). HMRS: calc. 538.2728, found
538.2726. Elemental Analysis calcd for C36H42S2: C,
80.24; H, 7.86; S, 11.90. Found: C, 79.13 (80.11); H, 7.73
(7.82); S, 11.92 (12.04).

2.1.6. 5-Bromo-E,50-(2-(4-hexylphenyl)-ethenyl)-2,20-
bithiophene (4)

Yield: 57%. Mp 119–121 �C. 1H NMR (250 MHz, CDCl3)
d: 0.81 (t, 3H, J = 6.75 Hz, CH3), 1.0–1.4 (m, 6 H, (CH2)3),
1.54 (qui, 2H, CH2), 2.53 (t, 2H, J = 7.00 Hz, CH2–C6H4),
6.80 (d, 1H, J = 16.75 Hz, Heth), 6.84 (d, 1H, J = 4.00 Hz,
Hthio), 6.85 (d, 1H, J = 3.75 Hz, Hthio), 6.90 (d, 1H,
J = 4.00 Hz, Hthio), 6.92 (d, 1H, J = 3.75 Hz, Hthio), 7.06 (d,
1H, J = 15.75 Hz, Heth), 7.09 (d, 2H, J = 8.25 Hz, Hben), 7.31
(d, 2H, J = 8.25 Hz, Hben). 13C NMR (67.5 MHz, CDCl3) d:
12.94 (CH3), 21.44, 27.81, 30.19, 30.54, 34.57, 119.28,
122.83, 123.61, 125.09, 125.54, 127.58, 127.63, 129.38,
129.49, 132.94, 133.41, 137.84, 141.39, 141.73. UV
(CH2Cl2) kmax (nm), log e: 387, 4.55. Fluorescence (CH2Cl2)
kexi (nm), kemi: 377, 456. Mass spectrometry (FAB+) m/z:
calc. 432, found 432. Elemental Analysis calcd for
C22H23BrS2: C, 61.24; H, 5.37; S, 14.86; Br, 18.52. Found:
C, 62.86; H, 5.61; S, 13.80.

2.1.7. E,E-5,50 0 0-bis(2-(4-hexylphenyl)-ethenyl)-
2,20:50,200:500,2000-quaterthiophene (DH-DS4T)

A solution of palladium acetate (0.09 mmol) and tri-p-
tolylphosphine (0.10 mmol) in anhydrous DMF (10 mL)
was added to a mixture of compound 4 (1.67 mmol),
hydroquinone (1.40 mmol), and cesium carbonate
(2.10 mmol). The mixture was deaerated by the freeze-
pump-thaw technique [7] and then heated at 70 �C for
4 h. Stirring was maintained for 20 h at room temperature.
The solid was filtered off, washed several times with
diethyl ether, and continuously extracted using a soxhlet
apparatus with heptane and then with toluene. The solid
residue was dried and crystallized in chloroform. Yield:
29%. Mp 296–297 �C. 1H NMR (250 MHz, CDCl3) d: 0.81
(t, 6 H, J = 6.50 Hz, CH3), 1.0–1.4 (m, 12 H, (CH2)3), 1.54
(qui, 4H, CH2), 2.53 (t, 4H, J = 8.00 Hz, CH2–C6H4), 6.80 (d,
2H, J = 16.00 Hz, Heth), 6.87–7.02 (m, 8H, Hthio), 7.09 (d,
4H, J = 7.50 Hz, Hben), 7.10 (d, 2H, J = 15.00 Hz, Heth), 7.31
(d, 4H, J = 8.00 Hz, Hben). Elemental analysis calcd for
C44H46S4: C, 75.16; H, 6.59; S, 18.24. Found: C, 75.46
(74.85); H, 6.67 (6.62); S, 18.68 (18.53).

2.2. Solution measurements

UV–vis absorption and fluorescence emission spectra
were obtained on a Varian Cary 1E spectrophotometer
and a Varian Cary Eclipse spectrofluorimeter, respectively.
Corrected emission spectra were obtained on diluted solu-
tion (CH2Cl2, conc. <10�5 M) upon excitation at the absorp-
tion maximum wavelength.

Cyclic voltammetric (CV) data were acquired using a
BAS 100 Potentiostat (Bioanalytical Systems) and a PC
computer containing BAS 100 W software (v2.3). A three-
electrode system based on a platinum (Pt) working elec-
trode (diameter 0.1 mm), a Pt counter electrode and a
Ag/AgCl (with 3 M NaCl filling solution) reference elec-
trode was used. Tetrabutylammonium hexafluorophos-
phate (TBHP) (Fluka) was used as received and served as
supporting electrolyte (0.1 M). All experiments were car-
ried out in anhydrous 1,2-dichlorobenzene (electronic
grade purity) at 20 �C. E1/2 redox values are determined
from the cyclic voltammogram at a concentration of
1 � 10�3 M with a scan rate of 0.25 V s�1. Ferrocene was
used as internal standard.

2.3. Liquid crystal measurement

Thermal properties were investigated using a Mettler
Toledo differential calorimeter (DSC 822e) in nitrogen
against an indium standard. Transition temperatures were
determined as the onset of the maximum in the endotherm
or exotherm. The mesophases were studied on an Olympus
BH-2 optical polarising microscope, equipped with a Met-
tler FP82 HT hot stage and a Mettler FP90 central proces-
sor. Pictures of the mesophases were taken using a JVC
digital video camera connected to a PC. Software Studio
Capture, supplied by Studio86Designs was used for image
capturing.

2.4. OTFTs fabrication

The ‘‘top contact” configuration, as described elsewhere
[4], was used for the OTFT devices based on DH-DSnT olig-
omers. Highly n-doped silicon wafers (gate), covered with
thermally grown silicon oxide SiO2 (3000 Å, insulator
layer), were purchased from Vegatec (France) and used as
device substrates. Trimethylsilyl functionalization of the
Si/SiO2 surface was carried out by dipping the silicon wa-
fers to hexamethyldisilazane (HMDS) solution overnight
at room temperature. The capacitance per unit area of
either untreated or HMDS-modified silicon dioxide dielec-
tric layers was 1.2–1.3 � 10�8 F/cm2. Organic compounds
were vacuum deposited onto the substrates, using a Ed-
wards Auto 306 apparatus, at a rate of 4–7 nm/min under
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a pressure of 1–2 � 10�6 mbar to a nominal thickness of
50 nm as determined with a in situ quartz crystal monitor.
Substrate temperature (Tsub) during deposition was con-
trolled by heating the block on which the substrates are
mounted. Experimental substrate temperatures (Tsub) were
fixed to 30, 80 or 110 �C. The Au source and drain elec-
trodes (channel length L = 50 lm, channel width
W = 1 mm) were evaporated on top of the organic thin film
through a shadow mask. Current–voltage characteristics
were obtained at room temperature under ambient condi-
tions with a Hewlett-Packard 4140B pico-amperemeter-DC
voltage source. The source-drain current (ID) in the satura-
tion regime is governed by the equation:

ðIdÞsat ¼ ðW=2LÞCilðVG � V tÞ2 ð1Þ

where Ci is the capacitance per unit area of the gate insu-
lator layer, VG is the gate voltage, Vt is the threshold volt-
age, and l is the field-effect mobility. The on/off ratio
values given in Table 2 were determined from the current
ID at VG = �100 V to the current ID at VG = +100 V under a
constant drain-source voltage VD = �30 V. All the data in
Table 2 were obtained by randomly measuring 5–7 indi-
vidual OTFTs for each substrate temperature.

2.5. Thin film measurements

Atomic force microscopy (AFM) measurements were
done on thin films in air with a Nanoscope III Multimode
(Instrument, Inc.), operating in the tapping mode. Thin
films used for AFM and OTFTs measurements are realized
during the same organic vacuum evaporation.

Furthermore, thin films of DH-DS2T and DH-DS4T were
analyzed by X-ray film diffractometry (XRD). Thin films
were fabricated by vacuum deposition in a pressure of
5 � 10�5 Pa using K-cell type crucible. Si wafer (covered
by a SiO2 layer) was used as substrates which were kept
at room temperature (30 �C) or 80 �C. The deposition rate
was 6 nm/min, the final film thickness varied from 1 to
100 nm. The as-deposited thin films were characterized
using X-ray diffraction in air using X-ray diffractometers
(Rigaku Co., ATX-G and synchrotron radiation at the
BL46XU ATX-GSOR in SPring-8), which were specially de-
signed for characterization of thin films. Both in-plane
and out-of-plane diffractions could be measured, because
the goniometers have not only conventional h/2h axes
but also in-plane //2hv axes. The used wavelengths of X-
ray in the experiments were 0.1542 nm for lab-source
and 0.1000 nm in SPring-8.
Table 1
Optical and electrochemical data for DSnT and DH-DSnT oligomers in solution at

Oligomer kmax,abs (nm) Eg (eV) kmax,em (nm) E1/2 (ox1) (V)

DS2T 425 2.60 477 0.48
DH-DS2T 430 2.56 482 0.41
DS4T 455 2.37 524 0.30
DH-DS4T 455 2.21 527 0.30

kmax,abs: electronic absorption maximum, Eg optical band gap, kmax,em: fluorescenc
HOMO energy estimated from the following relationship: HOMO (eV) = �4.84 e
LUMO energy estimated from the following relationship: LUMO (eV) = HOMO +
3. Results and discussion

3.1. Optical and electrochemical properties

Optical absorption and fluorescence emission spectra of
DH-DSnT oligomers were measured in CH2Cl2 solution and
data are collected in Table 1. Data of DSnT (n = 2, 4) oligo-
mers are also reported in Table 1 for comparison. Fig. 2
presents the electronic absorption and fluorescence emis-
sion spectra of DH-DS2T. For both substituted oligomers
DH-DS2T and DH-DS4T, a weak bathochromic shift of up
to 5 nm in absorption/emission maxima in solution is ob-
served compared to the corresponding unsubstituted
distyryl-oligothiophenes DS2T and DS4T, suggesting that
the energy difference between the ground and excited
states of distyryl-oligothiophene core is poorly sensitive
to the hexyl chain substitution. As a consequence, the opti-
cal energy gap values (Eg) obtained by extrapolation of the
low-energy edge of the UV–vis absorption spectra changes
slightly by the introduction of electron-donating hexyl
chains on conjugated cores (Eg DS2T/DH-DS2T = 2.60/
2.56 eV; DS4T/DH-DS4T = 2.37/2.21 eV).

The cyclic voltammetry (CV) data for both oligomers in
o-dichlorobenzene are listed in Table 1. The CV of DH-DS2T
presents reversible one-electron oxidation and reduction
waves corresponding respectively to the formation of the
radical cation and radical anion at redox potential E1/2

(ox1) and E1/2 (red1), respectively. The comparison of val-
ues (E1/2 (ox1) DS2T/DH-DS2T = 0.48/0.41 V; E1/2 (red1)
DS2T/DH-DS2T = �2.26/�2.31 V vs. ferrocene) shows that
introduction of hexyl chains at the para-position of the ter-
minal phenyl rings produces a negative shift of E1/2 (ox1)
and E1/2 (red1) (70 and 50 mV, respectively) attributed to
the +I inductive effect of the alkyl substituents. As ex-
pected in the case of the longest oligomer DH-DS4T, the
CV contains two successive reversible one-electron oxida-
tion waves corresponding respectively to the formation
of the radical cation and the dication. The comparison of
oxidation values for DS4T and DH-DS4T (E1/2 (ox1) DS4T/
DH-DS4T = 0.30/0.30 V; E1/2 (ox2) DS4T/DH-DS4T = 0.53/
0.48 V) shows that introduction of hexyl chains only affects
the second oxidation step. Therefore the magnitude of E1/

2(ox2) � E1/2(ox1) that reflects the Coulombic repulsion
between positive charges in the dicationic state is smaller
in DH-DS4T (0.18 V) than in DS4T (0.23 V). This means the
dication state is reached more easily for DH-DS4T. Fig. 3
gives a schematic diagram for the HOMO/LUMO energies
of DSnT and DH-DSnT series estimated from the relation
room temperature

E1/2 (ox2) (V) E1/2 (red1) (V) HOMO (eV) LUMO (eV)

� �2.26 �5.32 �2.72
� �2.31 �5.25 �2.69
0.53 �2.28 �5.14 �2.77
0.48 � �5.14 �2.93

e emission maximum, E1/2: electrochemical reduction/oxidation potential.
V � eE1/2 (ox1).
Eg [8].



Fig. 2. Electronic absorption (abs.) and fluorescence emission (em.) spectra in solution of DH-DS2T.
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LUMO = HOMO + Eg, where E(HOMO) is classically esti-
mated from E1/2 (ox) (Table 1) [8]. The analysis of UV–vis
and electrochemical data for DS2T/DH-DS2T and DS4T/
Fig. 3. HOMO and LUMO energy diagram for DSnT and DH-DSnT (n = 2, 4).
DH-DS4T reveals that hexyl chains increase slightly HOMO
and LUMO levels only for DH-DS2T to compare to DS2T.
For DH-DS4T compared to DS4T, HOMO level is controlled
by the oligothiophene core (same oxidation potential for
both compounds) and LUMO level by the functionnaliza-
tion of the styryl group (disappearance of reduction wave
for DH-DS4T).

3.2. LC characterizations

The condensed state behaviour of the materials DH-
DS2T and DH-DS4T was investigated by differential scan-
ning calorimetry (DSC) and optical polarising microscopy
(OPM) up to 300 �C. DH-DS4T undergoes crystal transitions
at 166 �C and 197 �C and remains in a crystalline state up
to 300 �C (Fig. 4a). DS4T shows no transitions up to
300 �C. Compared to DS2T which melts at 218 �C into an
isotropic liquid and recrystallizes at 214 �C, DH-DS2T has
the richest polymorphism with reversible crystalline tran-
sitions at 140 �C and 210 �C (Fig. 4a). At this temperature
the material melts into a SmA phase whose texture dis-
plays focal conical defects, as typically observed for a
SmA phases. This smectic phase is found stable up to
232.8 �C where a phase transition to a nematic phase, char-
acterized by a Schlieren and marbled texture, can be no-
ticed (Fig. 4b and c). At 239.8 �C DH-DS2T melts into an
isotropic liquid. The transitions are observable on revers-
ing the temperature, however it is noted that the thermal
stability of the material in the mesomorphic state is con-
siderably lower than in the crystalline phase. Prolonged
annealing in the LC state leads to degradation, detectable
as a shift of the transitions to lower temperatures and a
colour change of the material. The difference in the self-
assembly behaviour can be rationalized easily. Though
mesomorphic behaviour for extended linear aromatic sys-
tems, such as sexiphenyls is known for many years [9], it



Fig. 4. (a) DSC scan of DH-DS2T (dashed line) and DH-DS4T (line). Images of focal conical defects of DH-DS2T at 216 �C (b) and nematic schlieren texture of
DH-DS2T at 234 �C (c).
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occurs at very high temperatures where degradation of the
organic material takes place at well. Functionalization with
alkyl chains at the terminal positions of the molecule en-
hances solubility and lowers the melting points. The



Fig. 5. PAFM picture of DH-DS4T thin film deposited on Si/SiO2 substrate
at Tsub = 80 �C. (a) Scale 1.5 lm � 1.5 lm and (b) scale 5 lm � 5 lm.
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appropriate balance between the length of the aromatic
groups and the alkyl chain can lead to mesomorphic
behaviour, though organic materials containing more than
four aromatic rings with directly connected p-electrons
tend to have high transition temperatures. Materials which
are structurally related to the systems of this study con-
taining five rings both phenyl and thiophene are known
to exhibit unidentified mesomorphic behaviour above
250 �C [10] and for systems incorporating perfluorinated
chains a SmA phase ranging between 198 �C and 207 �C
has been reported recently [11].

3.3. Thin film microstructure and morphology

The structure and morphology of vapor-deposited DH-
DS2T and DH-DS4T films grown on SiO2/Si substrate were
studied by AFM and XRD. AFM pictures show a polycrystal-
line morphology where grain size increased with the sub-
strate deposition temperature for both compounds. At
Tsub = 80 �C, the monolayer terraces are clearly observed
for DH-DS4T thin films (Fig. 5a), an average value of
4 nm being determined for the steps height. Along with
these grains, a large number of needle like grains grown
out of the substrates is observed (Fig. 5b) with a higher
density as compared to unsubstituted DS4T thin films
[4]. h/2h X-ray diffraction spectra of DH-DS2T and DH-
DS4T-based thin films vacuum deposited at 30 �C and
80 �C, respectively, with a nominal thickness of 100 nm re-
veal that both films are characterized by sharp and strong
reflections (Fig. 6a). The peaks are tentatively indexed as
(001) and higher orders which means that the ab-planes
of the grains are oriented parallel to the substrate surface.
Thin films consist of highly oriented poly-crystals having
an interplanar d-spacings of 3.45 and 4.01 nm for DH-
DS2T and DH-DS4T, respectively. These values commensu-
rate to the molecular length. Fig. 5b shows in-plane GIXD
patterns of 1 nm thick-DS4T and -DH-DS4T films. By com-
parison with reported crystal structure of oligothiophenes,
the peaks observed in Fig. 6b can be indexed as shown in
the figure with the corresponding interplanar d-spacing
[12]. While similar d-spacing values are obtained for both
DS4T and DH-DS4T compounds, the observed decrease of
q values of the 200 peak shows the tendency of a lower
in-plane packing density for DH-DS4T films as compared
to DS4T.

The AFM images and XRD data reveal a preferential
molecular orientation with the long axes along the sub-
strate normal, where in-plane charge transport would ben-
efit from close p–p stacking. Consequently, the molecular
orientation in DH-DSnT-based thin films is favorable for
charge transport across the SiO2-semiconductor interface
in OTFT configuration.

3.4. OTFTs: characterization and stability

Top contact thin film transistors of DH-DSnT (n = 2, 4)
oligomers were fabricated as described in the Experimen-
tal part. All measurements were performed in air at room
temperature. Table 2 collects the electrical data in terms
of mobility (l), threshold voltage (Vt) and current on/off ra-
tio (ION/IOFF) obtained with Eq. (1). Transistor responses
were obtained only for negative bias, which is indicative
that both compounds are p-type semiconductors (Fig. 7).
The devices work in the accumulation mode with the pres-
ence of a well-defined linear regime at VD < VG followed by
a saturation regime at VD > VG. The field-effect mobilities
calculated in the saturation regime by Eq. (1) for DH-
DSnT-based OTFTs are found to increase when the sub-
strate deposition temperature increased from 30 �C to
80 �C (Table 2). This effect is due to the formation of better
ordered thin films at elevated Tsub as already observed for
such unsubstituted or di-n-hexyl-terminated rod-like mol-
ecules [13]. Typically on SiO2/Si substrates heated to 80 �C
similar mobilities are obtained. However for the longer
a,x-hexyl-distyryl-oligothiophene DH-DS4T, and in con-
trast to the case of DS4T, the field-effect mobilities de-
crease at high substrate temperature (Tsub = 110 �C). By



Fig. 6. (a) h/2h mode of X-ray diffraction patterns of deposited DH-DS2T (Tsub = 30 �C) and DH-DS4T (Tsub = 80 �C) films on Si/SiO2 substrates. (b) In-plane
GIXD patterns of deposited DS4T and DH-DS4T films on Si/SiO2 substrates.

Table 2
Charge carrier mobility (l), ON/OFF ratio and threshold voltage (Vt), for OTFTs based on DH-DSnT oligomers at different substrate temperature (Tsub) on
untreated and HMDS-treated silicon oxide (SiO2/Si) substrates.

Oligomer Tsub (�C) Substrates l (�10�2 cm2/V s) ON/OFF Vt (V)

DH-DS2T 30 SiO2/Si 1–1.6 0.7–1.3 � 104 8–18
80 SiO2/Si 1–2.2 0.2–1.6 � 104 11–20

HMDS-treated SiO2/Si 0.3–1 0.27–3 � 104 3.1–15.7

DH-DS4T 30 SiO2/Si 3–6 0.73–4.2 � 104 9–13
80 SiO2/Si 5–7.5 0.48–5.8 � 104 10–15.5

HMDS-treated SiO2/Si 2.4–5 2.7–5.1 � 103 3.8–8.3
110 SiO2/Si 1–1.3 0.6–3.5 � 103 9–15

HMDS-treated SiO2/Si 0.8–1.1 0.4–2.3 � 103 10–13
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Fig. 7. Output characteristic of an OTFT device fabricated at Tsub = 80 �C with DH-DS4T on HMDS-treated Si/SiO2 substrate.
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heating the substrate up to 110 �C during the vacuum
evaporation of the organic compound, desorption becomes
non-negligible for compounds with a lower melting point
such as DH-DS4T relative to DS4T, which impedes the for-
mation of high-quality homogenous thin films. HMDS
treatment was observed to improve the mobility and ON/
OFF ratio and also to decrease the threshold voltage Vt rel-
ative to unmodified samples in the DSnT family [4]. A dif-
ferent behaviour was observed in the case of the DH-DSnT
family. While the threshold voltage Vt decreases and ON/
OFF ratio increases relative to unmodified samples, the
average mobility decreases. This observation points out
that in the operation of OTFTs charge carrier transport is
strongly dependent on the properties of the interface be-
tween the semiconductor and the insulator. The physical
contact between alkyl and HMDS chains alters the device
performances in term of source-drain current (Id) and
mobility (l).

Furthermore, OTFT devices based on DS4T and DH-
DS4T were stored over 100 days in the dark under ambient
conditions and device performances were measured peri-
odically. Fig. 8 illustrates the variation of hole mobility
(l), threshold voltage (Vt), on current (ION) and off current
(IOFF) vs. storage days for OTFTs based on DS4T and DH-
DS4T onto heated SiO2/Si substrates (Tsub = 80 �C). As al-
ready reported [4] thin film field-effect transistors incorpo-
rating DS4T show high electrical performance, such as
mobilities as high as 0.1 cm2/V s, along with exceptional
stability under ambient conditions. As shown in Fig. 8,
DS4T gives rise to devices that show no decrease of hole
mobility (l), threshold voltage (Vt), on current (ION) and
off current (IOFF) after 100 days of storage. By incorporating
alkyl chains, identical initial values are measured but such
stability features are no longer observed, moderate stabil-
ity within the 10–20 first days being recorded. While Vt

and IOFF remain constants over 100 days, the mobility (l)
and the on current (ION) show a plateau during the 10–20
first days followed by a decrease of about 95–98% of theirs
initial values after 100 days for DH-DS4T based OTFTs.
Although moderate, such stability was not observed for
others oligomers such as octithiophene 8T [4] and a,x-hex-
yl-quaterthiophene DH4T [14]. The concomitant decrease
of l and ION after 20 days is representative of a decrease
of device performances due to a lower density of charge
carriers transported in the canal.

Several factors can explain the stability of OTFTs. The
first parameter considered is the HOMO level which should
lie at low-energy to limit the doping by oxygen, one of the
causes of environmental degradation. However in the pres-
ent case, DS4T and DH-DS4T have the same HOMO levels
lying to �5.14 eV. By consequence an equal HOMO level
between DS4T and DH-DS4T, estimated from solution data,
is not sufficient to promote equivalent performing com-
pounds as active layer in OTFTs. In the operation of OTFTs,
charge carrier transport is especially dependent on struc-
ture and morphology of the organic semiconductor in bulk
and at the interfaces (semiconductor/metal and semicon-
ductor/insulator). Grain boundaries and defects lead to re-
duced electronic transport properties. The degradation of
organic OTFTs in air is usually attributed to an increase
in the density of localized trap density in the HOMO-LUMO
gap [15]. The threshold characteristics, especially the car-
rier mobility, are related to the density of donor-like states
with energy near the HOMO level (shallow states). The dis-
tribution and the density of donor-like states might be
caused by a slight disorder in organic film. Disorder can
be introduced by a different growth process which is di-
rectly correlated to the chemical structure of the oligo-
mers. Furthermore, the formation and transport of the
reactive radical cation oligomers, which are formed during
the device operation as charge carriers, usually occur at the
semiconductor/insulator interface, deep inside the typi-
cally 30–50 nm thick films. Such ion radical species
can be readily trapped by nucleophiles as water. As a



Fig. 8. Plots of hole mobility (l), threshold voltage (Vt), on current (ION) and off current (IOFF) vs. storage days for OTFTs on heated untreated Si/SiO2

substrates (Tsub = 80 �C) with active layers based on DS4T (open square) and DH-DS4T (closed square).
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consequence, it is expected that the morphology of the
films close to the dielectric interface significantly affects
the stability of the transistor during operation in air. The
addition of the alkyl chains in a,x-end positions of disty-
ryl-oligothiophenes strongly alters the stability of OTFTs
which is due to a crystalline organization leaving the place
to morphological defects. Indeed AFM pictures revealed
the presence of numerous needle like grains grown out of
the substrates. Furthermore, the presence of alkyl chains
and a lower in-plane packing density are additional mor-
phological points likely to lead to a more efficient contam-
inants diffusion at semiconductor/electrode contacts and
semiconductor/insulator interface, resulting in a more ra-
pid degradation. The continuity of DS4T films is expected
to limit the diffusion of oxygen, water and other contami-
nants towards the dielectric interface, thus contributing to
the stability of the devices in ambient air. The flat shape
and large size of DS4T islands reduce the density of grain
boundaries which act as charge carrier traps, detrimental
for charge transport as observed for pentylstyryl-tetracene
derivatives to compare to tetracene [16]. These factors ex-
plain the higher stability of DS4T vs. DH-DS4T devices.

4. Conclusion

We have described the synthesis and properties of two
new oligothiophene derivatives, a,x-hexyl-distyryl-oli-
gothiophenes (DH-DSnT, n = 2, 4), that behave as p-type
semiconductors. The comparative analysis of the solution
and solid-state properties obtained under identical condi-
tions reveals interesting trends with regard to the DSnT
parent series. The main difference is observed on OTFTs
properties over time. Unlike the parent compounds DSnT
which were shown to lead to stable OTFTs over very long
periods of time under ambient conditions, the hexyl end-
substituted compounds give rise to devices with moderate
stability at least within the 10–20 first days. Therefore, the
remarkable long-term stability observed with DSnT was
not only due to the nature of the distyryl-oligothiophene
scaffold itself, but may arise also from other factors, such
as solid-state structural properties or different physico-
chemical properties in bulk and at the interfaces (semicon-
ductor/metal and semiconductor/insulator). Despite the
decrease in device stability, the presence of the terminal
alkyl chains allows the introduction of new properties such
as liquid crystal behaviour and solubility in organic
solvents.
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Highly crystalline polyaniline (PANI) films were deposited on degenerated silicon (n+-Si)
substrates covered with its native oxide (SiO2), surface modified with amino-silane self-
assembled monolayers (SAM). Scanning electron microscopy studies reveal formation of
single crystal domains scattered all over the surface of film. Height and current images
obtained using current-sensing AFM (C-AFM) exhibit pyramidal topography of crystallites,
and inhomogeneous conductivity. As the native oxide and SAM acts as a very thin insulat-
ing layer (<2 nm) between the metal-like substrate (degenerated Si) and the PANI film, it
forms n+-Si/SiO2/SAM/PANI metal-insulator-semiconductor (MIS) heterostructure. C-AFM
probe was used for I–V measurements on the MIS structures and study the tunneling con-
duction across it. The conductance spectra derived from I–V characteristics corroborates
well with the polaron-lattice band structure of doped PANI with presence of polaron bands
between the HOMO-LUMO energy gap. These polaron bands are well-resolved from our C-
AFM measurements and they are located about 0.25 eV below the LUMO and above the
HOMO.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction ecules exhibit characteristics at par with their inorganic
Conjugated polymers are being investigated as a prom-
ising candidate for low-cost organic/molecular electronic
applications [1–3]. Recently these conjugated polymers
have emerged as a new class due to their self-assembly
and novel electronic features [4–6]. Device structures fab-
ricated from these polymers and other small organic mol-
. All rights reserved.
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counter parts. In these devices the role played by the
self-assembled monolayers (SAM) is of significance. In par-
ticular SAMs of alkyl-silanes are being used, as a gate
dielectric or as an interfacial layer to influence the struc-
ture and morphology of active layer in these devices [4–8].

Of the various candidate conjugated polymers, polyani-
line (PANI) has been one of the widely studied conducting
polymers. Beauty of this polymer is its proton-doping
based on its acid–base chemistry. Protonation does not
change the carrier concentration and a local distortion of
chemical bonds gives rise to conductivity of polymer.
These distortions are commonly referred to as either a
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polaron or bipolaron and in order to explain conductive
state of PANI, existence of polaron-lattice has been widely
accepted [9–14]. However, there is no experimental report
that adequately delineates the electronic or polaronic band
structure of doped PANI or emeraldine salt form of PANI.
One of the simple approaches to investigate electronic
band structure of semiconductors is to study tunneling
conductance by forming metal-insulator-semiconductor
(MIS) device. However there are hardly any reports of band
structure investigation of electronic polymers based on
MIS structure.

Recently, we have prepared PANI in highly crystalline
form using self-assembly route [15]. Silicon substrates
were surface modified using SAM of amino-silane which
provides grafting sites for growth of highly oriented crys-
talline PANI films. In this article, we report electrical mea-
surements on the crystalline PANI films using conductive
atomic force microscope (C-AFM). Topographic and current
imaging was performed to study the surface topography
and electrical homogeneity of the films surface. As the
films were grown on insulating alkyl silane monolayer, it
acts as a tunneling barrier for electrical conduction be-
tween metal-like substrate (degenerated Si) and PANI,
and thus forms an ideal MIS structure. We study tunneling
conduction in these MIS structures and investigate the
electronic band structure of doped crystalline PANI.
2. Experimental

In the present study, SAMs of amino-silane (N-[3-Tri-
methoxysilylpropyl]-ethylene diamine) were grown on
(100) oriented n+-Si substrate covered with its native
oxide. PANI was deposited in emeraldine salt form by
chemical oxidation of aniline in an aqueous acidic medium.
Our synthesis route utilizes the surface-graft polymeriza-
tion that occurs at the interface between the growing poly-
mer and the aqueous environment. The amino (NH2)
moieties of SAM act as artificial seeds for the growth of
PANI and influence the structure and morphology of the
PANI films. The details of SAM deposition, synthesis-pro-
cessing of oriented highly crystalline PANI films and their
structural-morphological characterization has been re-
ported in our earlier article [15].

The morphology of the samples was characterized by
scanning electron microscopy (SEM, Vega TeScan Digital
microscope imaging system) with an accelerating voltage
of 10 kV. The current-sensing atomic force microscope
measurements were conducted in ambient air using a
contact mode C-AFM (Veeco, model Dimension 3100
Nanoscope) equipped with a cantilever (CONT Pt-20 from
Nanoworld: It is PtIr5 coated silicon cantilever with thick-
ness 2 lm, length 450 lm, width 50 lm, force constant
0.2 N/m, and tip radius <25 nm). The load force was main-
tained at 50 nN. The bias was applied on the substrate
and the cantilever tip which scans the polymer surface
in contact mode was grounded through current amplifier.
The topography and current images were recorded with
1 V bias and at a scanning rate of 1 Hz. I–V characteristics
were measured by the C-AFM amplifier module from
Veeco (controlled by the software Nanoscope 5.30). I–V
characteristics in the voltage range �2 V to 2 V were re-
corded on crystals of different sizes and at different
points on the same crystal. The voltage scan rate was
0.4 V/s.
3. Results and discussion

3.1. Surface morphology and topography

Fig. 1a shows the SEM micrograph of the grown PANI
film. It shows well-faceted pyramid shaped crystallites dis-
tributed on a textured polycrystalline base layer [15]. Max-
imum size of the crystallite was about 3-4 microns. One
can see that the orientation of all the pyramids is the same,
implying that they are in registry with the underlying SAM
and hence with the silicon substrate.

Fig. 1b is the schematic representation of C-AFM mea-
surement, showing the MIS structure where the degener-
ate Si substrate acts as metal and PANI as organic
semiconductor separated by thin insulating layer (alkyl
SAM and native oxide on Si). It has been well established
that the current transport through alkyl silane monolayers
separating the electrodes, is a tunneling conduction
[16,17]. Due to better order, the inter chain interaction of
PANI chains makes the pi-electrons delocalized three-
dimensionally, thus leading to band transport as compared
to hopping transport in disordered PANI. The topographic
image obtained using C-AFM is presented in Fig. 1c, which
shows pyramid shaped PANI crystallite seen in SEM micro-
graph (Fig. 1a). It shows 3D view of pyramidal crystallite
when viewed from an angle as illustrated in the back-
ground. Concurrently obtained current image with 1 V bias
on the substrate is shown in Fig. 1d. The current image
shows the crystallite is electrically not homogeneous. This
may be also due to variation in the contact resistance be-
tween the tip and the PANI during the scan. The current
non homogeneity is also clue to the inhomogeneous dop-
ing of the crystallized PANI. Similar current heterogeneities
have been reported for electrochemically synthesized PANI
and other polymers [18,19]. Also bulk of the film showed
no current flow. Therefore, the PANI films are not homoge-
neously doped though they are structurally more ordered.
Several measurements showed the bulk of the film (back-
ground of crystallites) to be insulating as compared to
crystallites.

3.2. Electrical transport in MIS structures

The electrical transport measurements through MIS
structure were performed by measuring the I–V character-
istics at various points on the PANI surface. The I–V charac-
teristics were recorded by contacting the Pt/Ir tip on PANI
surface. The electrical contact between tip and PANI is ex-
pected to be ohmic as both Pt/Ir and doped PANI have sim-
ilar work-functions (5.1 eV and 5.4 eV, respectively)
[20,21]. Fig. 2a displays the typical I–V characteristics mea-
sured at different points on the films surface. The inset on
upper side shows the points where the tip was contacted
to perform the I–V measurement. The curve A which was
measured at point A on the crystallite exhibit almost



Fig. 1. SEM micrograph showing surface morphology of the PANI film formed on amino-SAM treated silicon surface. (b) Schematic of the measurement
circuit. (c) C-AFM 3D topography image obtained using 1 V bias, showing pyramid shaped crystallite. (d) The current image recorded with 1 V bias on the
substrate concurrently with the topography image shown in (c); the current range is 50 pA.
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symmetric characteristic with an extended plateau sugges-
tive of tunneling conduction through insulating alkyl SAM
and a small shoulder in the voltage range 0.3–0.8 V on the
positive bias indicative of peak in the tunneling conduc-
tance. The conductance spectra obtained from this curve
is shown as inset plot of this figure. Data B (measured at
the point B, shown in micrograph) shows no current flow
in the measured voltage range, indicative insulating nature
of this area of the film. Several measurements showed
crystallites to be conducting whereas bulk of the film
showed no current flow.

Fig. 2b shows plot of current observed at 1 V for differ-
ent crystallites as a function of their area in contact with
the organic SAM i.e., the area of the base of pyramid
shaped crystallite. The current increases with size of the
crystallites. This suggests that the crystallites act as sub-
micron size pads on the organic monolayer. Thus each
crystallite forms a MIS structure and electrical transport
across each could be studied using the C-AFM probe to
contact the crystallite. The inset of this figure is same data
presented as a current density at 1 V. The scatter of almost
one order in magnitude is intrinsic due to uncertainties in
the size of the crystallites and the inhomogeneous doping.
However, from this inset plot, it may be noted that the
scatter in current density decreases with increase in crys-
tallites size.

According to Simmons model, the tunneling current
density through a barrier in the direct tunneling regime
(V < /B/e) is given by [22,23]
J ¼ e
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where m* is the effective electron mass, d is barrier width,
/B is barrier height, V is applied bias.

As discussed earlier the crystallites act as conducting
pads on the organic SAM, therefore, the current density
was calculated using the crystallite size. As the I–V data
exhibit shoulder on the positive bias, only negative bias
data was used for analysis of conduction mechanism.
The barrier width d was considered to be 2.23 nm
(calculated length of silane molecule is 1.23 nm and
native oxide thickness was assumed to be 1 nm). A typical
fit to the Simmons model of tunneling conduction
through an energy barrier (Eq. (1)), is shown as a solid
line in Fig. 2c. We used this procedure to fit all the I–V
curves measured on several crystallites and the average
parameters obtained from these fits are, barrier height
/B = (2.4 ± 0.4) eV and effective mass m* = (0.5 ± 0.08) me

with me the electron mass. We observed a reduced
dispersion for several I–V measurements on the same
crystallite: ±0.14 eV for the barrier height and ±0.05
for the effective mass. The barrier height and effective
mass are comparable to other alkyl chain molecular
SAMs of similar length on silicon substrates
[17,24].



Fig. 2. (a) Typical I–V characteristics recorded at different points on the PANI surface. The upper inset is C-AFM micrograph showing points where the tip
was contacted for I–V measurement. Lower inset plot is the conductance (dI/dV) spectra derived from curve A. (b) Current at 1 V as a function of size of the
crystallite. The inset of this plot is current density at 1 V plotted as a function of size of the crystallite. (c) Current density Vs voltage plot for negative bias;
solid line is fit to Simmons model for tunneling conduction. (d) Normalized conductance {(dI/dV)/(I/V)} spectra derived from I–V data (curve A in (a)).
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Scanning tunneling microscopy and tunneling phenom-
enon in MIS structures has been used as a spectroscopic
tool for the investigation of electronic band structure of
the semiconductor surface [25,26]. For the MIS structure
the presence of thin insulating film make the distance
between the metal Fermi level and the conduction band/
valence band edge of semiconductor, at the interface
dependent on the applied voltage because the voltage drop
across the insulating film is dependent on the applied volt-
age. Thus, by varying the applied bias on the metal elec-
trode (here a role played by the highly degenerated Si
substrate) one can obtain detailed information about the
electronic band structure of the semiconductor.

Fig. 2d shows the normalized differential conductance
(dI/dV)/(I/V) spectra numerically derived from I–V charac-
teristic (Curve A in Fig. 2a) [27]. It is well known that the
normalized differential conductance is a measure of the
density of states (DOS). Normalization of conductance
accounts for voltage dependence of the tunnel barrier at
high bias, therefore, it is suppose to give better representa-
tion of DOS than direct derivative [25]. Also, at V = 0, the
(dI/dV)/(I/V) provides a measure of DOS at Fermi level
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(Ef). Many theoretical calculations and experiments based
on optical absorption suggest polaron-lattice band struc-
ture for PANI’s [9–14]. Also, in doped polymers, evidence
exists for formation of polarons and narrowing of the
energy gap by movement of conduction and valence band
states into the gap in response to distortions in the lattice
caused by the presence of polarons [4,28]. The normalized
differential conductance spectra clearly show the peaks
which could be attributed to polaron bands in the conduc-
tance gap of HOMO-LUMO. The peak Pa corresponds to
lower polaron band and peak Pb corresponds to the upper
polaron band. The zero DOS gap is �0.4 eV and the separa-
tion between the HOMO and LUMO is�1.3 eV. The absence
of DOS at the Fermi level (Ef) is indicative of semiconduct-
ing nature of crystalline PANI. All the DOS spectra obtained
from the other I–V characteristics measured on the same
PANI island and on other PANI islands show qualitatively
similar structure with a conductance gap of �1.3 eV and
presence of mid gap bands attributable to polaronic
structure. It may be noted that all the spectra showed
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prominent lower polaron band (Pa) and lesser density
upper polaron band (Pb) consistent with theoretical
calculations on PANI which predict only lower polaron
band to be well defined in the gap instead of two bands
found in other conjugated polymers [14]. Also, the
structure of the conductance spectra is qualitatively simi-
lar to earlier reported DOS spectra based on theoretical
calculations by Galvao and co-workers [10,11]. In the
earlier reported studies based on STM measurements of
HCl doped PANI, DOS spectra showed a gap-like structure
of �1 eV width near Ef [29]. However in this case no peaks
attributable to polaron bands were observed and as the
doped PANI is amorphous, though substantially higher
DOS appears in the gap these states are band tail states
which are localized in nature. Therefore, clearly observed
polaron bands, conductance gap and smaller HOMO-LUMO
separation are the features arising from high structural
order, increased interchain interaction and true band
transport in crystalline PANI. In our study the high
quality of crystals and the tunneling conduction in MIS
structure both enabled to detect the polaronic features of
PANI.

The schematic representation of the energy levels and
band diagrams of the MIS structure is shown in Fig. 3.
Fig. 3a exhibit equilibrium position of the bands. r, p and
r*, p* are the HOMO and LUMO of the alkyl chain and PANI,
respectively. The presence of native oxide decouple the
molecular orbital levels of monolayer from the silicon en-
ergy levels, therefore, the tunneling barrier height must
be a synergetic property of both native SiOx and the alkyl
monolayer [30]. Two additional bands corresponding to
polaron bands are shown in PANI structure. As discussed
earlier the lower polaron band is shown prominent com-
pared to upper polaron band. The HOMO-LUMO (r–r*)
gap for alkyl SAM is estimated from the literature to be
of 8.5 eV [31]. As the work function of PANI is �5.4 eV
Fig. 3. Schematic representation of electron energy levels and band diagrams for
On application of positive bias at n+-Si (metal-like) substrate (c) On application
[21], the HOMO is positioned at 5.4 eV and the LUMO posi-
tion is estimated to be 4.05 eV using the observed band gap
of PANI (1.35 eV) from our I–V measurements (Fig. 2d).
This means that the interface dipole barrier induced by
the SAM and the native oxide is about 0.6 eV. The calcu-
lated dipole moment for the amino-silane molecule is
about l = 1D (PM3 calculation using MOPAC) pointing
from the amino side towards the silane (see Fig. 3). The
corresponding interface barrier is given by U = N l cosH/e,
where N is the density of molecule in the SAM, l the
molecule dipole, H the angle between the main axe of
the molecule and the surface normal and e the dielectric
constant. Taking N = 5 � 1014 cm�2 (an upper limit for a
dense, well-packed SAM), H = 0 (ideal case) and e = 2.5
(usual for organic SAM), we get U � 0.76 eV in good agree-
ment with our experimental estimation (taking in mind
that we do not know the exact contribution of the native
oxide). The polarity and strength of bias determines the
energy level positions in subsequent band diagrams (Fig.
3b and c). On the application of positive bias on Si, the Si
energy levels move down. At very low voltages there are
no states in alignment with the Si CB (Ef) and hence the
current is negligible. As the voltage increases Si CB (Ef)
crosses the lower polaron band the holes from polaron
band tunnel in to the Si CB, this reflects as prominent con-
ductance peak. On further increase in voltage the Si CB (Ef)
crosses the gap between lower polaron band and the
HOMO level. During this the current saturates for a while
and then continue to increase exponentially with voltage
as holes from p band tunnel into the Si CB. However, with
application of negative bias the Si CB (Ef) starts moving up
and cross the narrow empty upper polaron band showing
as a small conductance peak. Further increase in negative
bias leads to exponential increase in current as the Si CB
(Ef) aligns with the empty states above LUMO level
(p* band).
a n+-Si/alkyl-SAM/single-crystal-PANI (MIS) system: (a) At equilibrium (b)
of negative bias at n+-Si (metal-like) substrate.
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4. Conclusion

The highly crystalline PANI films grown by surface-graft
polymerization at the substrate polymer interface were
investigated using C-AFM. The PANI films grown on ami-
no-silane modified degenerated Si formed an ideal MIS
structure. The single crystallites scattered all over the sur-
face of film act as conductive pads on the insulating alkyl
SAM. I–V characteristics of these MIS structures were mea-
sured and analyzed considering the tunneling conduction
through the insulating alkyl SAM. Normalized conductance
spectra derived from I–V characteristics clearly represents
the band structure of PANI with presence of polaron bands
in the HOMO-LUMO gap.

Acknowledgments

We would like to thank D.K. Aswal and S.K. Gupta for
helpful discussions and support, and Shovit Bhattacharya
for SEM. This study was supported by Indo-French Centre
for Promotion of Advanced Research (IFCPAR), New Delhi,
through their Project No. 3000-IT-1.

References

[1] S.R. Forrest, Nature 428 (2004) 911.
[2] C.D. Dimitrakopoulos, P.R.L. Malenfant, Adv. Mater. 14 (2002) 99.
[3] H. Sirringhaus, Adv. Mater. 17 (2005) 2411.
[4] H. Sirringhaus, P.J. Brown, R.H. Friend, M.M. Nielsen, K. Bechgaard,

B.M.W. Langeveld-Voss, A.J.H. Spiering, R.A.J. Janssen, E.W. Meijer, P.
Herwig, D.M. deLeeuw, Nature 401 (1999) 685.

[5] Y. Wu, P. Liu, B.S. Ong, T. Srikumar, N. Zhao, G. Botton, S. Zhu, App.
Phys. Lett. 86 (2005).

[6] D.H. Kim, J.T. Han, Y.D. Park, Y. Jang, J.H. Cho, M. Hwang, K. Cho, Adv.
Mater. 18 (2006) 719.

[7] R.J. Kline, M.D. McGehee, M.F. Toney, Nature Mater. 5 (2006) 222.
[8] D. Vuillaume, J. Nanosci. Nanotechnol. 2 (2002) 267.
[9] S. Stafstrom, J.L. Bredas, A.J. Epstein, H.S. Woo, D.B. Tanner, W.S.

Huang, A.G. MacDiarmid, Phys. Rev. Lett. 59 (1987) 1464.
[10] D.S. Galvao, D.A. dos Santos, B. Laks, C.P. de Melo, M.J. Caldas, Phys.

Rev. Lett. 63 (1989) 786.
[11] P.A. Schulz, D.S. Galvao, M.J. Caldas, Phys. Rev. B 44 (1991)

6073.
[12] R.P. McCall, J.M. Ginder, J.M. Leng, H.J. Ye, S.K. Manohar, J.G. Masters,

G.E. Asturias, A.G. MacDiarmid, A.J. Epstein, Phys. Rev. 41 (1990)
5202.

[13] J.M. Ginder, A.F. Richter, A.G. MacDiarmid, A.J. Epstein, Solid State
Commun. 63 (1987) 97.

[14] J. Libert, J.L. Bredas, A.J. Epstein, Phys. Rev. B 51 (1995) 5711.
[15] D.S. Sutar, N. Padma, D.K. Aswal, S.K. Deshpande, S.K. Gupta, J.V.

Yakhmi, J. Colloid Interface Sci. 313 (2007) 353.
[16] D. Vuillaume, S. Lenfant, Microelectr. Eng 70 (2003) 539.
[17] A. Salomon, T. Boecking, O. Seitz, T. Markus, F. Amy, C. Chan, W.

Zhao, D. Cahen, A. Kahn, Adv. Mater. 19 (2007) 445.
[18] J. Kim, S. Cho, S. Choi, S. Baek, D. Lee, O. Kim, S.-M. Park, M. Ree,

Langmuir 23 (2007) 9024.
[19] S.Y. Hong, S.-M. Park, J. Phys. Chem. B. 109 (2005) 93105.
[20] B. Rezek, C.E. Nebel, Diamond Related Mater. 14 (2005) 466.
[21] P. Barta, Th. Kugler, W.R. Salaneck, A.P. Monkman, J. Libert, R.

Lazzaroni, J.L. Bredas, Synth. Metals 93 (1998) 83.
[22] W. Wang, T. Lee, M.A. Reed, Phys. Rev. B 68 (2003) 035416.
[23] J.G. Simmons, J. Appl. Phys. 34 (1963) 1793.
[24] D.K. Aswal, S. Lenfant, D. Guerin, J.V. Yakhmi, D. Vuillaume, Anal.

Chem. Acta 568 (2006) 84–108.
[25] R.J. Hamers, in: D.A. Bonnell (Ed.), Scanning Tunneling Microscopy

and Spectroscopy: Theory, Techniques, and Applications, VCH,
Weinheim, 1993, p. 51.

[26] K.C. Kao, W. Hwang, Electrical Transport in Solids, Pergamon Press,
Oxford, 1981. (chapter 2).

[27] Conductance was computed numerically in Origin program and then
the conductance spectrum was smoothened by five point adjacent
averaging.

[28] M. Akai-Kasaya, K. Shimizu, Y. Watanabe, A. Saito, M. Aono, Y.
Kuwahara, Phys. Rev. Lett. 91 (2003) 255501.

[29] D. Chaudhuri, S. Datar, R. Vishwanatha, D.D. Sarma, Appl. Phys. Lett.
87 (2005).

[30] D. Vuillaume, C. R. Physique 9 (2008) 78.
[31] L. Segev, A. Salomon, A. Natan, D. Cahen, L. Kronik, Phys. Rev. B 74

(2006) 165323.



Organic Electronics 9 (2008) 609–616
Contents lists available at ScienceDirect

Organic Electronics

journal homepage: www.elsevier .com/locate /orgel
Efficient non-doped pure blue organic light-emitting diodes based
on an asymmetric phenylenevinylene with cis double bond

Yang Liu a, Xutang Tao a,*, Fuzhi Wang b, Xiangnan Dang b, Dechun Zou b, Yan Ren a,
Minhua Jiang a

a State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, PR China
b Department of Polymer Science and Engineering, College of Chemistry, Peking University, Beijing 100871, PR China

a r t i c l e i n f o
Article history:
Received 19 December 2007
Received in revised form 17 March 2008
Accepted 28 March 2008
Available online 12 April 2008
PACS:
42.70.Jk
61.66.Hq
78.66.Qn
78.55.Kz

Keywords:
Organic light-emitting diodes
cis-phenylenevinylene
Structure
Pure blue
Non-doped
1566-1199/$ - see front matter � 2008 Elsevier B.V
doi:10.1016/j.orgel.2008.03.011

* Corresponding author. Fax: +86 531 88574135.
E-mail address: txt@icm.sdu.edu.cn (X. Tao).
a b s t r a c t

We reported an asymmetric phenylenevinylene with a cis double bond 2-(4-(p-tolyl)sty-
ryl)-1,4-dip-tolylbenzene (cis-TSDTB) and its use as efficient deep-blue emitter for organic
light-emitting diodes (OLEDs) applications. The crystal structure of cis-TSDTB showed tor-
sion configuration and asymmetric geometry, which make it packing in a reduced intermo-
lecular interaction arrangement. And its single crystals showed excellent fluorescence
owing to this unique molecular configuration. Typical OLEDs using cis-TSDTB as non-doped
emitters exhibited saturated blue light with the CIE 1931 coordinates of (0.15,0.10), which
is quite close to the National Television Standards Committee (NTSC) blue standard. High
luminescence efficiency (3.4 cd A�1) and high brightness (9855 cd m�2) have been realized
in the device. All of these outstanding results indicated that cis-phenylenevinylene will be a
promising candidate as blue light-emitting materials.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Up to now, to explore of efficient and color-saturated
blue-light emitters has remained the most challenging
subject among the three primary emissive colors (red,
green and blue) for full-color displays [1]. Owning to the
intrinsic characteristic of having a wide bandgap of blue
emitters, the dopping methods using suitable blue-emit-
ting dopants is an effective approach to improve device
performances; however, the undoped blue emitters are
more preferable for the concise fabrication process [2]. Be-
sides efficiency, the color saturation is most important for
display applications. In order to display all colors of the vis-
. All rights reserved.
ible spectrum, the three primary colors have to be as satu-
rated as possible (that is the color coordinates have to be
positioned close to the borders of the color triangle) [3].
It is ideal for the CIE coordinates of blue light-emitting
materials to match with the CIE (Commission Internatio-
nale de l’Eclairage) coordinates (0.14,0.08) specified in
the NTSC (National Television Standards Committee) stan-
dard. Until recently, the reported deep-blue emitters are
still rare and many of their efficiencies need to be im-
proved further.[4] Among numerous reported blue-emit-
ting materials, the phenylenevinylene (PV) derivates are
in the most attractive ones [5]. The chemical structure of
PV derivates can mostly effect their optical properties,
especially in the solid state [6], e.g., the classic PPV oligo-
mer, distyrylbenzene and its derivatives [7], exhibit a nice
blue fluorescence in dilute solution with a photolumines-
cence (PL) efficiency up to 90%, but in the solid state the

mailto:txt@icm.sdu.edu.cn
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Scheme 1. Molecular structure of cis-TSDTB. Right-bottom shows the chemical shift of the cis-vinylene. Left-bottom shows one typical device
configuration.
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fluorescence is strongly quenched. This effect originates
from the pronounced p–p interaction encountered in the
crystalline lattice of these planar conjugated molecules.
This architecture leads to the formation of sandwich-type
dimers (H-aggregates) in the ground state and excimers
in the excited state, which usually exhibit red-shifted fluo-
rescence and low PL efficiency [8]. Various PV derivatives
with different structures have been synthesized for high
efficient emission in the solid state [6]. The cis-vinylene
units in such kind of compounds are generally regarded
as cis-defects, which usually contribute to weak lumines-
cence [9]. Investigations have been made on the cis-confor-
mation [10], whereas, the understanding on the cis-
vinylene conformation is still incomplete, since the crystal
structure with cis-vinylene is hard to obtain owing to their
lower thermal stability [11]. In this paper, we report an
asymmetric phenylenevinylene with a cis double bond,
which have a excellent solid state fluorescence, and its util-
ity in blue-emitting OLEDs. (As shown in Scheme 1) It is
expected that, in virtue of the special conjugation configu-
ration of the cis-PV, the induced unique electronic and
optical properties will endow them with prospect as
light-emitting materials, i.e., the comparatively shorter
effective conjugation of cis-configuration is prone to pro-
duce more saturated blue light and molecules with the
asymmetric configuration may have more tendency to
adopt unconsolidated packing, which can alleviate inter-
molecular actions, and subsequently enhance the fluores-
cence yield and color purity of the solid state. These
points were confirmed by following X-ray crystallographic
analysis, fluorescence measurement and OLED devices
results.

2. Experimental

2.1. Chemicals and instruments

All reagents and starting materials in the synthetic pro-
cedures are commercial available and used as received. The
TG and DSC were measured on a SDT Q600 V8.0 Differen-
tial Scanning Calorimeter under nitrogen atmosphere. 1H
NMR and 13C NMR spectra were recorded at 25 �C using
Bruker Avance 400 spectrometer. Microanalyses (C,H,N)
were performed using a German Vario EL III elemental ana-
lyzer. Electrospray mass spectrum (ES-MS) was recorded
on a Finnigan LCQ mass spectrograph, and the concentra-
tion of the samples was about 1.0 mmol/mL, the diluted
solution was electrosprayed at a flow rate of 5 � 10�6 L/
min with a needle voltage of 4.5 kV. Electrochemical mea-
surements were used to determine HOMOs of the material
with an EG&G model 283 electrochemical system. A plati-
num-disk working electrode, a platinum-wire auxiliary
electrode, and an Ag/AgCl reference electrode were used
in a three electrode configuration with 0.1 mol/L Bu4N-
ClO4. The LUMO energy level was calculated by subtrac-
tion of the optical band gap from the HOMO energy level.
Single-crystal structural analysis was performed on a Bru-
ker APEX2 CCD area-detector diffractometer. By SHELXL-
97 program, the structures were resolved with direct
method and refined by full-matrix least-squares method
on F2. Absorption measurements were carried out on a
TU-1800 spectrophotometer. Photoluminescence (PL)
measurements were recorded using a Hitachi F-4500 fluo-
rescence spectrophotometer with a 150 W Xe lamp. PL effi-
ciencies were determined using a solution of quinine
sulfate as a standard (ca. 1 � 10�6 M in 0.1 M H2SO4, hav-
ing a quantum yield of 55%). Solvents were purified and
dried according to standard procedures.

2.2. Synthesis

The synthetic route to cis-TSDTB is shown in Scheme 2.
1-(2,5-dibromostyryl)-4-bromobenzene (cis-3Br). This

compound was synthesized by a solventless Wittig meth-
od. 1.32 g (5 mmol) of 2,5-dibromobenzaldehyde (2BD),
3.33 g (6.5 mmol) of 4-bromobenzyl(triphenyl)phospho-
nium bromide and 2.8 g (25 mmol) fresh t-BuOK were
placed in a dry mortar. The mixture was milled vigorously



Scheme 2. The synthetic route of cis-TSDTB.
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for about 15 min. In this process, the mortar was placed on
an ice-bag to prevent violent reactions induced by high
temperature. Then the mixture was dispersed in 20 mL
dichloromethane and was then purified by flash chroma-
tography on silica gel using petroleum/ethyl acetate
(20:1) as elutent. 1.88 g of colorless solids was obtained.
(Yield 90.2%) 1H NMR (400 MHz, CDCl3, ppm) d: 6.546 (d,
1H, J = 12.0), 6.631 (d, 1H, J = 12.0), 6.989 (d, 1H, J = 8.3),
7.226 � 7.496 (m, 6H). 13C NMR (CDCl3, 100.57 M Hz,
ppm) d: 120.459, 121.268, 121.943, 127.939, 128.258,
128.998, 128.983, 130.733, 131.297, 131.393, 131.485,
132.699, 133.708. Anal. Calcd. For C14H9Br3: C, 40.33; H,
2.18. Found: C, 40.79; H, 2.18. The 1H NMR spectrum of
cis-3Br shows chemical shifts at about 6.5 ppm, with a
large coupling constant of 12 Hz. This indicates that the
vinylene in 1-(2,5-dibromostyryl)-4-bromobenzene is with
a cis-conformation.

2-(4-(p-tolyl)styryl)-1,4-dip-tolylbenzene (cis-TSDTB).
This compound was synthesized by a Suzuki coupling
method. Under argon atmosphere, to a stirred mixture of
0.833 g (2 mmol) of 1-(2,5-dibromostyryl)-4-bromoben-
zene and 1.63 g (12 mmol) of 4-methylphenylboronic acid
in 15 ml THF and 6 ml 2 M Na2CO3, 0.05 g of Pd(PPh3)4 was
added. The mixture was heated to 85 �C for 20 h. After
cooling, the mixture was poured into water and then ex-
tracted with CH2Cl2 for three times, washed with water
and dried with Na2SO4, filtrated and evaporated the sol-
vent. The residue was purified by column chromatography
(silica gel, petrol ether/ethyl acetate = 20:1) to give white
solids of 0.77 g. (Yield 85%). mp 211 �C. Single crystals of
cis-TSDTB were growed in petrol ether solutions. 1H NMR
(400 MHz, CDCl3, ppm) d: 2.325 (s, 3H), 2.399 (s, 3H),
2.414 (s, 3H), 6.497 (d, 1H, J = 12.1), 6.604 (d, 1H,
J = 12.1), 7.118 (d, 2H, J = 8.0), 7.218 � 7.268 (m, 6H),
7.400 � 7.528 (m, 10H), 7.568 (d, 1H, J = 1.7). 13C NMR
(CDCl3, 100.57 MHz, ppm) d: 76.206, 76.523, 76.726,
76.841, 125.488, 126.262, 126.301, 128.206, 128.317,
128.890, 128.905, 129.013, 129.315, 129.837, 130.251,
135.450, 135.524, 136.403, 136.431, 136.568, 137.236,
137.298, 137.512, 138.960, 139.313, 139.361. MS (EI)
(Calcd for C35H30, 450.61) Found, 450.7. Crystal data for
cis-TSDTB (C35H30): Mr = 450.59, Monoclinic, space
group P2(1)/c, a = 11.971(5) Å, a = 90�, b = 18.163(5) Å,
b = 101.051(5) Å, c = 12.311(5) Å, c = 90�, V = 2627.1(17)
Å3, Z = 4, qcalcd = 1.139 Mg/m3, T = 293(2) K, Crystal size
0.44 � 0.38 � 0.11 mm, R1 = 0.0746 (wR2 = 0.2208) [I > 2
sigma(I)].
2.3. Device fabrication and characterization

OLED devices were fabricated by thermal vacuum-
deposition under 1.333 � 10�4 Pa. Patterned indium tin
oxide (ITO) were cleaned with detergent, de-ionized water,
acetone and then de-ionized water in an ultrasonic bath
(30 min each cycle), and finally treated in an ultraviolet-
ozone chamber. Deposition rates were monitored with a
quartz oscillation crystal and controlled at about 0.1 nm/s
for organic layers and about 0.5 nm/s for metal layers.
The active area of the device was about 4 mm2. The
thickness of films was measured by a Dektak surface profi-
lometer. The EL spectra and current–voltage–luminance
(J–L–V) characteristics were measured with a Spectrascan
PR 650 photometer and a computer-controlled DC power
supply. All the measurements of the devices were carried
out under ambient conditions.
3. Results and discussion

3.1. Synthesis and characterization

Scheme 2 shows the synthesis of the asymmetric cis-
phenylenevinylene 2-(4-(p-tolyl)styryl)-1,4-dip-tolylben-
zene with a cis double bond (cis-TSDTB). All of the starting
materials are easily available with low cost. Two kinds of
classic organic reactions were adopted, Wittig and Suzuki.
The product of cis-TSDTB was obtained as colorless crystal-
lites in an overall yield of 77%. The molecular structure was
identified by 1H NMR, 13C NMR, elemental analysis and
electrospray mass spectrum (ES-MS). In the 1H NMR spec-
trum, the two vinylene protons show the chemical shifts at
about 6.5 ppm, (as shown in Scheme 1) with a large cou-
pling constant of 12 Hz. This is the characteristic chemical
shift and coupling constant of vinylene protons in the cis-
configuration [11,12]. Thus, it indicates that the double
bond in this compound is cis-conformation. It is further
unequivocally confirmed by single-crystal X-ray diffraction
study.

3.2. Crystal structure analysis

Fig. 1 shows the structure of cis-TSDTB and its packing
arrangement in single crystal. Besides the cis-conformation,
another noteworthy feature of this molecule is its torsion
configuration. Due to the asymmetric geometry, each tor-
sion angle of the molecule is different. The torsion angles be-
tween the double bond and the two adjacent phenyl rings
are 36.0� (h1) and 49.6� (h2), respectively (see Scheme 1).
The torsion angles between the phenyl–phenyl bond linked
phenyl rings are also large, 56.8� (h3), 34.3� (h4) and 37.4�
(h5), respectively. The torsion configuration and the asym-
metric geometry are in favor of the molecules keeping
non-interactions in the packing motif. As shown in Fig. 1
(down), there are four different orientations of the mole-
cules in each of unit cells, (The figure shows two unit cells)
and all the adjacent molecules are in a non-parallel arrange-
ment. Thus, no p–p interaction or other strong intermolecu-
lar contacts are observed. This conduces to preventing the
aggregation-induced fluorescence-quenching in the solid



Fig. 1. The X-ray structure and packing arrangement of cis-TSDTB. No p–p interactions are observed.

Fig. 2. The pictures of cis-TSDTB crystals under natural light (left) and an ultraviolet lamp (right).
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state. Fig. 2 shows the picture of cis-TSDTB crystals under
the illumination of an UV lamp, strong blue light can be seen.

3.3. Photoluminescence and thermal properties

cis-TSDTB showed nice fluorescence in dilute solutions.
Violet emissions with peaks at �380 nm and �399 nm can
be observed in several organic solvents. The photolumines-
cence (PL) quantum yields can be up to 41% to 60%
(details see Table 1). As shown in Fig. 3 and Table 1, the
absorption and PL of cis-TSDTB exhibit very weak solvent
polarity dependences since there are no electron donor
or acceptor groups in this compound. Fig. 4 shows the
absorption and PL spectra of cis-TSDTB in THF solution
and thin film. Notably, both the absorption and PL in solu-
tions showed no changes during the course of measure-
ment, even after the solutions being illuminated under
UV light for 30 min. (The 1H NMR spectrum presents no
changes after being illuminated under UV light for
30 min, which indicates that there are no chemical pro-



Table 1
Optical properties of cis-TSDTB in different solvents (5 lM)

Solvent kabs
max (nm) kPL

max (nm) Uf

Cyclohexane 285 (325) 397 (377) 0.51
Chloroform 287 (326) 401 (383) 0.41
THF 287 (326) 400 (381) 0.49
Ethyl acetate 285 (324) 398 (378) 0.44
Ethanol 284 (324) 398 (379) 0.60
Acetonitrile 285 (323) 398 (380) 0.35
DMF 289 (327) 402 (387) 0.54

Fig. 3. Normalized absorption and PL spectra of cis-TSDTB in different
solvents (5 lM).

Fig. 4. The absorption and PL spectra of cis-TSDTB in THF solution and in
thin film.

Fig. 5. HOMO and LUMO o

Fig. 6. PL spectrum of the film and the EL spectra of devices. Based on cis-
TSDTB.

Table 2
EL properties of cis-TSDTB based devices

Devicea Vonset

(V)
Lmax

(cd m�2)
gImax

(cd A�1)
gLmax

(lm W�1)
CIE (x,y) kEL

max

(nm)

A 5 8061 2.5 1.9 (0.15, 0.11) 443
10b 745b 1.5b 0.5b

B 5 9855 3.4 1.9 (0.15, 0.10) 442
10.75b 1468b 3.0b 0.9b

a Configuration A: ITO/NPB(40 nm)/cis-TSDTB (30 nm)/BCP (10 nm)/
AlQ (30 nm)/LiF (1 nm)/Al (80 nm); configuration B: ITO/NPB(40 nm)/cis-
TSDTB (30 nm)/TPBI (40 nm)/LiF (1 nm)/Al (80 nm).

b At the current density of 50 mA/cm�2.
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cesses, such as photoisomerization or photo-cyclization ta-
ken place). This Indicates cis-TSDTB is stable in solutions.
There are two absorption bands in cis-TSDTB solution (with
peaks at 286 nm and 326 nm), while in film, only one
absorption band with peak at �303 nm appeared. And like-
wise, the profile of PL in film shows a sharp peak, without
the shoulder peak at shorter wavelength. There is a small
bathochromic shift, �14 nm in the PL spectrum of solid
film to that of solution. These solid state optical properties
facilitate for obtaining more pure blue light. From Fig. 2,
we can see the single crystals of cis-TSDTB are colorless
and transparent, when being excited, strong and saturated
blue light was obtained. Such kind of bright, saturated and
pure blue crystals are desired for light-emitting and laser
applications. The thermal properties of cis-TSDTB were
rbitals of cis-TSDTB.



Fig. 7. CIE coordinates of the two configurations along with the NTSC
blue.
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investigated using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). It showed a melt-
ing point of 211 �C and a decomposition temperature of
�300 �C. There are no other endothermic or exothermic
peaks in DSC curves except the melting and decomposition
points, this indicates no other thermal changes during the
heating process.

3.4. Quantum chemical studies

To see insightly the effect of the cis-vinylene bond on
the conjugation of the molecule, HOMO and LUMO orbitals
of cis-TSDTB were inspected based on a B3LYP/6-31G
Gaussian calculation. As shown in Fig. 5, both the HOMO
and LUMO distribute mostly along the cis-bond, in despite
of the terribly bent and tortile conformation of cis-TSDTB.
Moreover, each of the phenyl rings of the molecule, includ-
ing the three terminals linked by phenyl–phenyl single
bond, has a non-neglectable contribution to the HOMO
and LUMO. Such orbital distribution is expected partially
related to the asymmetric configuration of cis-TSDTB,
which has only one double bond on one side of the ter-
phenyl, the limited electrons delocalization ways may pro-
Fig. 8. Current density (I)–voltage (V) and luminance (L)–vol
duce relatively enlarged HOMO/LUMO, which is believed
to be favorable for efficient fluorescence.

3.5. Electroluminescence properties

Employing cis-TSDTB as blue-emitting material, typical
OLEDs were fabricated by thermal vacuum-deposition.
The device configuration was: ITO/NPB (40 nm)/cis-TSDTB
(30 nm)/BCP (10 nm)/AlQ (30 nm)/LiF (1 nm)/Al (80 nm)
(named configuration A) (NPB = 4,40-bis (1-naphthyl-N-
phenylamino)-biphenyl, acted as hole transport layer;
AlQ = tris(8-hydroxyquinoline)aluminum, acted as electron
transport layer; BCP = 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline, acted as hole-blocking layer). To optimize
the device efficiency, TPBI (2,20,200-(1,3,5-benzenetriyl)tris
[1-phenyl-benzimidazole]), a better electron-transport
layer (40 nm) was chosen to replace the BCP/AlQ layers to
construct another kind of device: ITO/NPB (40 nm)/cis-
TSDTB (30 nm)/TPBI (40 nm)/LiF (1 nm)/Al (80 nm) (named
as configuration B, as illustrated in Scheme 1).

The devices emitted pure blue light with kmax at
�442 nm. During the measuring process, the naked devices
were found to be with good stability. Fig. 6 shows their EL
spectra. A redshift of �20 nm from the PL spectrum in film
to the EL spectra was found. A high luminescence efficiency
of 2.5 cd A�1 (1.9 lm W�1) and a high brightness of
8061 cd m�2 were observed for the device with configura-
tion A (details see Table 2). The performance of device using
TPBI as electron transport/hole blocking layer was found to
be promoted in terms of both efficiency and brightness,
which was thanks to a more balanced electron/hole trans-
port. (See the energy-level diagrams of OLEDs components
in Fig. 10.) The luminescence efficiency of device with con-
figuration B reached 3.4 cd A�1 and a higher brightness of
9855 cd m�2 was obtained (see Figs. 8 and 9). At a practical
current density of 50 mA/cm�2 (with the operating biases of
10 V for configuration A and 10.75 V for configuration B),
the devices showed only small decrease efficiency relative
to the maximums, with brightness of 745 cd m�2 and
1468 cd m�2, luminous efficiencies of 1.5 cd A�1 and
3.0 cd A�1, for configuration A and configuration B, respec-
tively. To the best of our knowledge, these results are among
tage (V) characteristics of devices based on cis-TSDTB.



Fig. 9. Current efficiency vs. current density and Power efficiency vs. current density characteristics of devices based on cis-TSDTB.

Fig. 10. Energy-level diagram of OLEDs components.
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the best records in both terms of brightness and efficiency
for oligomeric PPV-based devices [5,11,13]. And it is also
comparable to most of the better-known blue-emitters,
such as 4,4’-bis(2,2’-diphenylvinyl0-1,1’-biphenyl (DPVBi)
of about 1 lm W�1 [14]. This indicates the prospect of
cis-PV as light-emitting materials. Another fascinating char-
acteristic of the cis-TSDTB based devices is their pure and
saturated blue emissions. Commonly, the PV based blue
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OLEDs gave so–so sky blue or greenish blue purity with lar-
ger CIE coordinates [5,11,13,15]. Here, owing to the novel
cis-configuration and the eliminating of p–p interaction
packing of cis-TSDTB, the CIE coordinates of devices with
the two configurations are (0.15,0.11) and (0.15,0.10),
respectively, (at the voltage of 10 V), and showed neglect-
able changes with applied bias. As shown in Fig. 7, both of
them located quite close to the NTSC blue standard. This is
craving for high performance color displays. The color pur-
ity of the cis-TSDTB based devices is the best for the phenyl-
enevinylene-based devices in the literature, and can be
comparable with the doped ones and the fluorene-based
emitters which is well-known for their pure blue emissions
[2a,4c,16]. The good performances of the cis-PV based
OLEDs on color purity, efficiency and brightness demon-
strate that the cis-configurated PV derivates may be not al-
ways as defects of luminescence they were thought to be
[9]. More fascinating results are expected by future work
on structure design.

4. Conclusion

In conclusion, an asymmetric phenylenevinylene cis-
TSDTB was synthesized and its structure was determined.
The single crystals of cis-TSDTB show excellent fluores-
cence. OLEDs using cis-TSDTB as undoped emitters exhibit
saturated blue light with the CIE coordinates (0.15,0.10),
which is quite close to the NTSC blue standard. This blue
color purity is one of the best in phenylenevinylene-based
materials. High luminescence efficiency (3.4 cd A�1) and
high brightness (9855 cd m�2) indicated the cis-phenylene-
vinylene will be a promising candidate for blue light-emit-
ting materials. Additionally, the outstanding fluorescence
in crystals may render it a promising candidate for organic
laser materials.
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A generalized methodology is developed to obtain the current–voltage characteristic of
polymer tandem solar cells by knowing the electrical performance of both sub cells.
We demonstrate that the electrical characteristics of polymer tandem solar cells are cor-
rectly predicted for both the series and parallel connection of the sub cells. The agreement
with experiments allows us to investigate the effect of a reduced open-circuit voltage,
short-circuit current or fill factor in one of the sub cells on the performance of the tandem
cell. A low fill factor in one of the sub cells leads to a stronger reduction of the efficiency in
a series configuration as compared to the parallel tandem device.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In order to make relatively cheap solar cells for
large-area applications, organic materials are promising
candidates. However, the narrow absorption properties
combined with low charge carrier mobilities limit the per-
formance of the organic solar cells [1,2]. One way to im-
prove the absorption of organic solar cells is by using
tandem (or multi-junction) structures [3–10]. Because of
the different band gap of the active layer each sub cell then
absorbs light in a different part of the solar spectrum. In or-
der to further optimize the performance of organic tandem
solar cells, it is important to understand their operation.
The ability to predict the performance of tandem cells,
either in series or parallel configuration, from the perfor-
mance of the individual sub cells will strongly reduce the
experimental work needed to reach the optimum device
structure. In order to understand the electrical properties
of a tandem organic solar cell, we consider here a tandem
cell that is based on two sub cells with totally different
electrical properties. In this general case, the bottom cell
generates a higher current, but lower voltage as compared
to the top cell. The presented methodology demonstrates
. All rights reserved.

x: +31 50 3638751.
).
how the electrical characteristics of tandem cells that are
either connected in series or parallel, can be predicted from
the characteristics of the sub cells.

In order to compare the calculated results with experi-
ment, a 4-electrode tandem cell is used in which the bot-
tom and top cells are separated by an optical spacer [9]
(inset Fig. 5). The use of such a device structure has two
advantages; first, because of the presence of 4 electrodes
the J–V characteristics of the individual bottom and top cell
as well as the tandem cell can be measured in one single
device. Second, since the sub cells are electrically sepa-
rated, both the series and parallel configuration can be
measured within the same device. In this way the test con-
ditions are exactly the same for all cells. In Fig. 1 the cur-
rent–voltage characteristics are shown for a tandem cell
based on a 250 nm blend of regioregular poly(3-hexylthi-
ophene) (rr-P3HT) and the fullerene derivative [6,6]-phe-
nyl-C61-butyric acid methyl ester (PCBM) for the bottom
cell and a 80 nm blend of poly(2-methoxy-5-(30,70-dime-
thyloctyloxy)-p-phenylene vinylene) (MDMO-PPV) and
PCBM for the top cell. An optical spacer with a thickness
of 190 nm was used to separate the sub cells. The question
now is how the J–V characteristic of a tandem cell based on
those two sub cells will look like, when they are electrically
connected in series or in parallel. As a first step we
consider the series configuration and subsequently the
parallel tandem cell is addressed. Then the obtained

mailto:p.w.m.blom@rug.nl
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 1. The current–voltage characteristic of two sub cells under illumi-
nation. The top cell delivers higher open-circuit voltages, while its pho-
tocurrent is much lower than the bottom cell.
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tandem cell J–V characteristics are compared to experi-
mental data.

2. Current density–voltage characteristics for series and
parallel configurations

2.1. Series configuration

When the two sub cells are connected in series, the total
generated photocurrent will be constant throughout the
Fig. 2. A close-up of the vertical axis of Fig. 1 between 0 and �10 A/m2. The horiz
C and E), indicating a constant current density. For each line the energy-band d
device (conservation of charge) in steady-state. Further-
more, the voltages generated by the sub cells will add up.
As a result for each point of the J–V characteristic of the
tandem device the following relations are valid,

JTandem ¼ JBottom ¼ JTop ð1Þ
VTandem ¼ VBottom þ VTop ð2Þ

Graphically, Eq. (1) means that we can draw an arbi-
trary horizontal line through Fig. 1, indicating a chosen
constant current density that flows through the cells. This
horizontal line crosses the J–V curves under illumination of
the individual bottom and the top cell at a specific voltage
for each sub cell. Those cross-points are the values of the
voltages with which the sub cells are effectively biased in
order to generate the chosen constant current density.
Eq. (2) then shows that we have to add those two voltage
values in order to determine the bias voltage of the tandem
cell in series at that constant current density. To do so, we
replot Fig. 1 between zero and –10 A/m2 in order to enlarge
the vertical axis and choose three arbitrary current densi-
ties as shown in Fig. 2. The horizontal line 1 is the open-cir-
cuit condition for both sub cells in which the current
densities in both of them are zero (cross-points A and B).
Line 2 shows the short-circuit condition of the top cell
(cross-point C), whereas the bottom sub cell is biased by
a positive voltage (cross-point D). Line 3 is the condition
in which the bottom cell is biased by a positive voltage
(cross-point F), whereas the top is biased by a negative
voltage (cross-point E).
ontal lines 1–3 cross the curves of the bottom (A, D and F) and top cells (B,
iagrams are given.
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Following Eqs. (1) and (2) we can say that,
At line 1:

JTandem ¼ JBottom ¼ JTop ¼ J1 ¼ 0 ½A=m2� ð3Þ

VTandem
OC ¼ VBottom

OC þ vTop
OC ¼ VAþVB ¼ ð0:57Þþ ð0:7Þ ¼ 1:27 ½V�

ð4Þ

At line 2:

JTandem ¼ JBottom ¼ JTop
SC ¼ J2 ¼ �6:68 ½A=m2� ð5Þ

VTandem ¼ VBottom þ VTop ¼ VC þ VD ¼ ð0Þ þ ð0:56Þ ¼ 0:56 ½V�
ð6Þ

At line 3:

JTandem
SC ¼ JBottom ¼ JTop ¼ J3 ¼ 7:46 ½A=m2� ð7Þ

and because for this current density of line 3 the distance
from E and F to the y-axis are equal,

VTandem ¼ VBottomþVTop ¼ VEþVF ¼ ð�0:55Þþ ð0:55Þ ¼ 0 ½V�
ð8Þ

In this way the open-circuit voltage (Eq. (4)), short-cir-
cuit current (Eq. (7)) and an additional arbitrary point (at
short-circuit condition of the top cell) of the series tandem
cell are predicted. In Fig. 2 also the energy-band diagrams
are schematically depicted for these three cases. We now
discuss the biasing conditions of this series tandem cell
in more detail. In a series configuration the cathode of
the bottom cell is electrically connected to the anode of
the top cell. In the tandem cell studied here the bottom cell
generates much more photocurrent than the top cell
(Fig. 1) under, for example, short-circuit condition. This
implies that there are not enough holes arriving from the
top cell to recombine with the large amount of electrons
arriving from the bottom cell. As a result, in steady-state,
the excess of electrons will negatively charge the con-
nected electrodes of the sub cells. This charging reduces
the effective voltage across the bottom cell, and thus also
the extracted current from the bottom cell. On the other
hand, the additional electrons in the middle electrode pro-
vide a stronger voltage-drop across the top cell (the top cell
is more reversed biased) and, therefore, a higher current
flows through the top cell. Steady-state is reached when
the lowered current in the bottom cell is equal to the en-
hanced current of the top cell. At the open-circuit voltage
(line 1) both the sub cells are biased in such a way that
the effective electric field across them is close to zero
(the bias neutralizes the built-in electric field). Current
matching is then achieved since both cells do not generate
any current: they only act as two voltage sources of which
the generated voltages add up. Line 2 shows the situation
where the effective bias across the top cell is zero (C),
meaning that the field across the top cell is now equal to
its built-in electric field. Due to the negative charging of
the middle electrode, the effective voltage across the bot-
tom cell is strongly reduced (D) in order to balance the cur-
rent with the top cell. For line 3, the electric field across the
top cell is even further enhanced by the increasing amount
of charge on the middle electrode, such that the top cell is
now reverse (negative) biased. In this case, the electric
field across the top cell is larger than its built-in electric
field (E). Finally, line 3 is chosen in such a way that the
negative bias across the top cell (E) is equal to the positive
bias of the bottom cell (F). As a result the total voltage
across the tandem equals zero, such that line 3 represents
the short-circuit current of the tandem cell. By choosing
sufficient horizontal lines (current levels) and extracting
the voltages as mentioned above, the whole illuminated
J–V curve of the series tandem cell can be constructed.

2.2. Parallel configuration

When the two sub cells are electrically connected in par-
allel, in steady-state, for each point of the J–V characteris-
tics of the tandem device the following relations are valid,

VTandem ¼ VBottom ¼ VTop ð9Þ
JTandem ¼ JBottom þ JTop ð10Þ

Graphically, Eq. (9) means that we can now draw an
arbitrary vertical line through Fig. 1, which indicates the
chosen operating voltage for the sub cells. This vertical line
crosses the J–V characteristics under illumination of the
bottom and the top cell at a specific current for each cell.
Those cross-points are the values of the current density
generated by the sub cells at the chosen operating voltage.
These two values of the current densities of the bottom and
top cell then have to be added (Eq. (10)) to calculate the
current of the parallel tandem cell for the chosen operating
voltage. We now enlarge the horizontal axis of Fig. 1 and
again draw three vertical lines, as shown in Fig. 3. The ver-
tical line 1 is the open-circuit condition for the top cell and
positive current density for the bottom cell (cross-points K
and L). Line 2 shows the condition in which the sub cells
have opposite current densities. At line 2, the bottom cell
generates positive current due to dark injection (cross-
point M), whereas the top cell generates a negative photo-
current (cross-point N). Line 3 is the short-circuit condition
for all cells in which both the bottom cell (cross-point O)
and the top cell (cross-point P) generate negative
photocurrents.

From Eqs. (9) and (10) we obtain that:
At line 1:

VTandem ¼ VBottom ¼ VTop
OC ¼ V1 ¼ 0:69 ½V� ð11Þ

JTandem ¼ JBottom þ JTop ¼ JK þ JL ¼ ð87:5Þ þ ð0Þ ¼ 87:5 ½A=m2�
ð12Þ

At line 2:

VTandem
OC ¼ VBottom ¼ VTop ¼ V2 ¼ 0:58 ½V� ð13Þ

since M and N have equal distance to the x-axis,

JTandem ¼ JBottom þ JTop ¼ JM þ JN ¼ ð4:0Þ þ ð�4:0Þ ¼ 0 ½A=m2�
ð14Þ

At line 3:

VTandem ¼ VBottom ¼ VTop ¼ V3 ¼ 0 ½V� ð15Þ

JTandem
SC ¼ JBottom

SC þ JTop
SC ¼ JO þ JP ¼ ð�83:65Þ þ ð�7:1Þ

¼ �90:75 ½A=m2� ð16Þ



Fig. 4. Current–voltage characteristic of the two sub cells, and the cons-
tructed series and parallel tandem solar cell.

Fig. 3. Close-up of the horizontal axis of Fig. 1 between �0.2 and 1 V. By extracting the cross-points of the vertical lines with the J–V curve of the bottom cell
(K, M and O), and the top cell (L, N and P) from the graph, the current density of the parallel tandem device can be constructed for a range of chosen voltages.
The energy-band diagrams in the different operation points are also given.
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With this method, the short-circuit current, open-cir-
cuit voltage and an additional point of the J–V characteris-
tic are determined for a parallel tandem cell based on the
sub cells mentioned before. By drawing sufficient vertical
lines through the J–V curves of the sub cells and extracting
the operation points the complete J–V characteristic of the
parallel tandem device can be constructed. Also shown in
Fig. 3 are the corresponding energy-band diagrams for
the three lines. In the parallel configuration the two outer
electrodes are connected and show up on an equal level in
these diagrams. For line 1 the top cell is biased such that
the electric field across the cell is close to zero (L). How-
ever, because of the lower built-in field in the bottom cell,
the electric field in the bottom cell changes sign (K) under
this bias. As a result the dark injection in the bottom cell is
switched on and electrons now flow to the PEDOT:PSS in
stead of to the LiF/Al electrode, leading to a positive cur-
rent. For the voltage corresponding to line 2 the bottom
cell is still dominated by (positive) dark current, but its
current is now of equal magnitude as the (negative) photo-
current generated by the top cell. Therefore, this voltage
represents the open-circuit voltage of the tandem cell
and is located in between the VOC is of the individual cells.
Finally, line 3 shows the situation when no bias is applied
across the parallel tandem. In that case both sub cells are
effectively biased by their built-in electrical fields. Using
the procedures described in this section, the current–volt-
age curve of any parallel – and series connected tandem
solar cell can be derived from the electrical performance
of the individual sub cells. It should be noted that this
method can also be used for the prediction of the J–V
curves of multi-junction organic solar cells with three or
more active layers [1]. The constructed J–V curve of the
series and parallel tandem cell is shown in Fig. 4, together
with the characteristics of the individual sub cells.
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3. Comparison with experiment

To compare the calculated J–V characteristics of the tan-
dem cells with experimental data we can use the measure-
ments on the tandem device as described in Ref. [9] (inset
Fig. 5). As stated above the tandem cell we consider is
based on a 250 nm P3HT:PCBM blend for the bottom cell
and a 80 nm MDMO-PPV:PCBM blend for the top cell, sep-
arated by an optical spacer with a thickness of 190 nm. For
this thickness the optical spacer maximizes the transmit-
ted light for the wavelengths that correspond to the
absorption spectrum of the MDMO-PPV [9]. The experi-
mental J–V characteristics of the individual bottom and
top cell of this structure were already shown in Fig. 1.
The complete structure of this tandem test device is given
in the inset of Fig. 5. The two sub cells can be connected
electrically in series or in parallel using external wiring.
In Fig. 5, the results of the measured J–V curves are com-
pared to the constructed J–V curves as shown in Fig. 4.
The experimental J–V characteristics are in excellent agree-
ment with the predicted values. To make a more quantita-
tive comparison, we determined for the calculated and
experimental J–V curves of Fig. 5 (series and parallel con-
nection) the exact values for VOC and JSC, the voltage Vmax

and the current density Jmax at the maximum power point,
Fig. 5. The comparison between experiment and generated current–vo-
ltage characteristics. The constructed curves are in very good agreement
with the experimental obtained data in both series and parallel config-
urations. Inset: structure of the tandem test device. The electrodes of the
device can be electrically connected in parallel or in series by adjusting
the external wires.

Table 1
Comparison between calculated and experimental parameters of the series and p

Cell Jmax [A/m2] Vmax [V]

Calculated series �5.64 0.91
Experimental series �6.00 0.89
Calculated parallel �66.3 0.39
Experimental parallel �64.8 0.40
and the corresponding fill factor (FF) and efficiency g. The
results are summarized in Table 1.

Clearly, all relevant solar cell parameters for the series
and parallel connected tandem cells can be accurately pre-
dicted from the electrical characteristics of the individual
sub cells (Table 1). Verification of the predicted character-
istics with experimental data now allows us to systemati-
cally investigate the effect of a series and parallel
connection of subcells with different open-circuit voltages,
short-circuit currents and fill factors.

4. The efficiency of tandem solar cells with non-
identical subcells

Another important question is how the performance of
a tandem cell is affected, when one of the sub cells has a
poor performance. Such a low performance might be the
result of a low VOC, JSC or poor FF. To investigate the role
of either a low VOC, JSC or FF in one of the subcells we con-
struct a series of J–V characteristics in which one of these
parameters is systematically varied. The other two param-
eters are kept constant for clarity. As an example in Fig. 6 J–
V characteristics are shown in which the VOC is systemati-
cally varied. These artificial J–V curves are constructed in
such a way that all cells have the same FF and JSC, but a
large variation in VOC (from 0.59 V to 0.29 V). With these
6 cells as input we can now construct on paper a series
arallel tandem solar cell extracted from Fig. 5

JSC [A/m2] VOC [V] FF [%] g [%]

�7.34 1.27 55 0.50
�7.60 1.28 54 0.48
�91.2 0.58 48 2.53
�89.9 0.58 49 2.56

Fig. 6. Current–voltage characteristic of 6 artificial solar cells with diff-
erent VOC, but equal JSC and fill factor. The cell with the highest VOC (= -
0.59 V) will be used as the bottom cell of a tandem structure. The other
five cells have a VOC of 0.54, 0.48, 0.41, 0.35 and 0.29 V, respectively, and
will be used as top cell.
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of tandem cells: we choose the characteristic of cell 1
(VOC = 0.59 V) as bottom cell and then add all curves 2–6,
subsequently as top cell. For each combination of 2 curves
we then apply the method as explained above, and con-
struct the resulting electrical tandem characteristics, when
the cells are connected either in series or parallel. In this
way, we can investigate the effect of a variation of the
VOC in one of the sub cells on the VOC and performance of
the tandem cells. In Fig. 7A the resulting VOC of the tandem
cell is plotted as a function of the VOC of the top cell (rang-
ing from 0.29 to 0.54 V). For the series connection it is evi-
dent that the VOC of the tandem cell is equal to the sum of
the open-circuit voltages of the different subcells. For the
parallel connection the VOC of the tandem cell (circles) is
close, but not exactly equal to the VOC of the top cell, which
is the lowest of the two subcells (triangles). As shown in
Fig. 3 the VOC of the tandem cell is reached when the dark
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Fig. 7. (A) Open-circuit voltage of the tandem cell as a function of the VOC

of the top cells 1–5 from Fig. 6, both in series and parallel connection. Also
shown is VOC of the subcell with the lowest VOC (top cell, triangles). (B)
Efficiency of the series and parallel connection of the tandem cell as a
function of the efficiency of the top cell. The efficiency of the parallel
configuration is limited by the lower VOC of the top cell.
current of the cell with the lowest VOC is cancelled by the
photocurrent of the cell with the highest VOC. Since, the in-
crease of the dark current is very steep in that voltage re-
gion the VOC of the tandem is slightly higher, but close to
the open-circuit voltage of the cell with the lowest VOC.
As shown in Fig. 7B the efficiency of the series connection
is considerably higher than the parallel connection. Since
the JSC is by definition matched and the voltages add up
the efficiency of the series tandem cell is equal to the
sum of the efficiencies of the subcells. Since, for the parallel
connection the VOC of the tandem is close to the lowest VOC

(Fig. 7A) the efficiency is limited by this cell. It should be
noted that in these calculations we have assumed that
stacking of both subcells does not change their absorption,
as is the case for two subcells absorbing in a different re-
gion of the solar spectrum.

As a next step we consider the effect of a difference in
the short-circuit current JSC of the different subcells. In
Fig. 8 a set of J–V characteristics is constructed in such a
way that all cells have the same FF and VOC, but a large var-
iation in JSC (from –88 A/m2 to –26 A/m2). Again, with these
6 cells as input we construct a series of tandem cells: we
choose the characteristic of cell 1 (JSC = �88 A/m2) as bot-
tom cell and then add all curves 2–6 (JSC = �61 A/m2 to –
26 A/m2) subsequently as top cell. In Fig. 9A the JSC of the
tandem cells are shown for the series and parallel connec-
tion as a function of the JSC of the top cell. As expected, for
the parallel connection of subcells with an equal VOC the JSC

is equal to the sum of the JSC of both subcells. For the series
connection the JSC of the tandem cell is slightly higher then
the short-circuit current of the subcell with the lowest JSC

(top cell, triangles). As shown in Fig. 2 the JSC of the tandem
is at the point where the photocurrent in reverse bias (3rd
quadrant) of the top cell is equal to the photocurrent in the
top cell under forward bias (4th quadrant). Regarding the
efficiency, shown in Fig. 9B, it is clear that for subcells with
Fig. 8. Current–voltage characteristic of 6 artificial solar cells with diff-
erent JSC, but equal VOC and fill factor. The cell with the highest JSC (= 88 A/
m2) will be used as the bottom cell of a tandem structure. The other five
cells have a JSC of 62, 53, 44, 36 and 26 A/m2, respectively, and will be
used as top cell.
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Fig. 9. (A) Short-circuit current of the tandem cell as a function of the JSC

of the top cells 1–5 from Fig. 8, both in series and parallel connection. Also
shown is JSC of the subcell with the lowest JSC (top cell, triangles). (B)
Efficiency of the series and parallel connection of the tandem cell as a
function of the efficiency of the top cell. The efficiency of the series co-
nfiguration is limited by the lower JSC of the top cell.

Fig. 10. Current–voltage characteristic of 6 artificial solar cells with dif-
ferent fill factors. The areas B/A = 0.66, C/A = 0.54, D/A = 0.44, E/A = 0.39,
F/A = 0.31 and G/A = 0.25 demonstrates the fill factor of the cell 1 until the
cell 6, respectively.
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equal VOC, but varying JSC the parallel connection is favor-
able, and the efficiency of the tandem cell is typically the
sum of the efficiencies of the subcells. The efficiency of
the series connection is limited (but not equal to) by the
subcell with the lowest JSC.

Another important question is how the fill factor of a
tandem cell is affected, when one of the sub cells has a very
poor FF. Will the FF of the tandem for example be closer to
the highest or the lowest FF, when connected in series or
parallel? To investigate this we consider a range of J–V
characteristics as shown in Fig. 10. These artificial J–V
curves are constructed in such a way that all cells have
the same VOC and JSC, but a large variation in FF (from 25
to 66%). Each (artificial) solar cell has a different maximum
power point (MMP), which results in a different maximum
current (Jmax) and maximum voltage (Vmax) for each cell
(Fig. 10).
For the series connection the resulting J–V characteris-
tics of the various tandem cells have the same short-cir-
cuit current (JSC = �95.3 A/m2) and open-circuit voltage
(VOC = 1.18 V), but different fill factors (FF) and efficiencies
(g). For the parallel configuration the results of tandem cells
based on the bottom cell (cell 1) with itself and the other 5
sub cells as top cells have the same short-circuit current
(JSC = �190.6 A/m2) and open-circuit voltage (VOC = 0.59 V)
and also different fill factor (FF) and efficiencies (g).
Fig. 11A demonstrates the different behavior of the series
and parallel configuration tandem device when the fill fac-
tor of one sub cell is varied, in which the fill factor of the
tandem devices is plotted as a function of the fill factor of
the top cell. The mathematical average, which is the sum
of the fill factors of the sub cells divided by two, is also plot-
ted. When the two sub cells have an equal fill factors both
the series and parallel configuration have that same fill fac-
tor. When the top cell has a significantly lower fill factor,
the parallel configuration follows the mathematical aver-
age and shows a higher fill factor as compared to the series
one. The lower fill factor of the top cell strongly decreases
the fill factor of the series tandem device. Furthermore, the
fill factors of the series tandem devices are higher than the
fill factors of the top cells. Only when the bottom cell (cell
1) is combined in a tandem cell with itself, the fill factor
of the tandem device equals to the fill factor of the bottom
cell (cell 1, 66%). Combining the highest (66%) and lowest
(25%) FF as sub cells in a series tandem device leads to a
FF of 38%, which is below the average value (45.5%). The fill
factor of the top cell limits the performance of the parallel
tandem device as well by lowering its fill factor, equal to
the series configuration. However, the fill factor of the par-
allel tandem cell is higher than the series configuration in
all cases. The effect of the fill factors on the power conver-
sion efficiency of the tandem cells is similar. The parallel
tandem cell has higher efficiency than the series cell. The
performances of all tandem cells considered are compared
in Fig. 11B.



Fig. 11. (A) Fill factors of the tandem devices, series and parallel, as a
function of the fill factor of the top cell and a bottom cell with a fill factor
of 66%. The parallel configuration shows a higher fill factor as compared
to the series configuration. (B) Efficiency of the series and parallel tandem
cells considered as well as the sum of the efficiency of the sub cells as a
function of the efficiency of the top cell. When both sub cells have similar
electrical performance, both series and parallel configuration leads to n-
early identical efficiencies. If one of the sub cells (top cell here) exhibits a
lower fill factor, the parallel configuration is the better choice to fabricate.
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5. Conclusions

A methodology is presented to derive the current–volt-
age characteristic of any arbitrary tandem device from the
electrical performance of the individual sub cells. The cal-
culated characteristics are in very good agreement with
experimental data on both series and parallel connected
tandem devices. In general, when both sub cells have al-
most the same electrical properties, series and parallel
configurations lead to tandem devices with the same per-
formance. If there are large differences in the open-circuit
voltages, the series connection is a better geometry to
choose since its overall efficiency is higher than the series
configuration. On the other hand, for subcells with varia-
tions mainly in the short-circuit current the parallel con-
nection is more advantageous. The mathematical average
of the fill factors of the sub cells is a good approximation
for the fill factor in the parallel configuration. The series
configuration has significantly lower fill factor and there-
fore lower efficiency.
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A set of four Zn organometallic complexes with aromatic substituents in the 5-position of
quinoline skeleton connected through an amido linkage to the ligands were studied and
compared, by using electronic descriptors such as the energy gap between the highest
occupied molecular orbital (HOMO) and the energy of the lowest unoccupied molecular
orbital (LUMO), molecular orbitals’ surfaces, atomic charges, global hardness, local soft-
ness, Fukui function, and global and local electrophilicity indexes. All the geometries were
optimized in the scheme of density functional theory (DFT) with the hybrid functional
B3LYP and the 6-31G(d) basis set. The results show that the geometries of the molecules
were all distorted tetrahedral, which are unaffected by substitution when they are com-
pared with the prototypical OLED material Znq2. The frontier molecular orbitals HOMO
and LUMO are delocalized over both ligands and are confined within a specific region.
The reactivity analysis shows that the specific atoms prone to receive electrons are those
associated with the lowest unoccupied molecular orbital (LUMO).

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Electronically functional organic materials have several
interesting properties for their use in organic light emit-
ting diodes (OLED) [1–9]. The structural arrangement of
the simplest of these devices consists of three molecular
films whose nature is essentially organic: a hole transport
layer (HTL) [10], an emissive layer (EL), and an electron
transport layer (ETL) [11] sandwiched between two elec-
trodes – an anode usually made up of indium–tin oxide
(ITO) and a cathode of a metal with low work function
or an appropriate alloy [12a]. In an OLED, electrons and
holes are injected from each electrode into ETL and HTL,
respectively. These charge carriers move towards each
other until they form h+–e� pairs in EL, called excitons,
. All rights reserved.

Vivas-Reyes).
which radiate characteristic light in the visible spectrum
when they become relaxed. Actually, OLED lifetimes can
reach 10.000 h but for the most commercial applications
50.000 h are needed. The physical and chemical proper-
ties such as chemical reactivity, diffusion, polarization
and morphology are among the most important charac-
teristics that limit an OLED lifetimes and applications
[13].

The materials frequently used in OLED devices are poly-
mers and, recently, organometallic complexes. The tris-
(8-hydroxyquinoline) aluminium(III) (Alq3) complex is a
milestone for the development of OLED, which has been
used as an EL and ETL in these devices since 1987 [3,14]
and it comprises of an aluminium cation in formal oxida-
tion state of +3 surrounded by three bidentate 8-hydroxy-
quinoline ligands in an octahedral configuration [15]. Some
of the reasons for using Alq3 so frequently are because of
its green emission, with photoluminescence efficiencies
topping around 30%, good electron mobility and thermal
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stability up to 350 �C [14]. The existence of two geometri-
cal isomers, meridianal and facial, is the object of debate
about the film composition [16]. An analysis of the elec-
tronic structure of the Alq3 was performed by Curioni et
al. on the basis of ab initio calculations suggesting that
the coexistence of the two isomers in thin films may be a
cause of its amorphous character [17]. Experimental stud-
ies has not shown evidence of the facial isomer [18,19],
although recently a new crystalline phase for this isomer
has been reported that is present in a few amounts [20].
Nevertheless this disagreement about the film composi-
tion, the most of both theoretical and experimental treat-
ments refer almost exclusively to mer-Alq3 [21].

Another typical complex is bis-(8-hydroxyquinoline)
zinc(II) (Znq2), which has also been used for OLED applica-
tions. When it is computed in the anhydrous form, the re-
sults showed a tetrahedral or planar geometry, depending
on the level of theory used [22]. However, in the solid-
phase, this complex is found as a tetramer, (Znq2)4, with
two different types of zinc cation, a pentacoordinated
and a hexacoordinated [23]. One of the limitations of this
compound is its insolubility in common solvents, limiting
its use in solvated media for photoluminescence studies.
In view of this, a new series of Znq2-derivatives whose li-
gands have been substituted with several aromatic groups
connected through an amido linkage, which exert different
electronic and/or steric effects [24,25] has been reported.
This substitution, besides being a good way to modify their
solubility, is a general form to alter the wavelength emis-
sion. Thus, it is necessary to know the electronic properties
of these compounds in order to establish relationships be-
tween them and their optical behaviour. Moreover, it is of
tremendous significance to know how these compounds
capture electrons from cathode, i.e. what is the local region
where electrons are injected. Recently, we have performed
an analysis of the electronic structure and DFT-based reac-
tivity for a set of analogous compounds, in order to study
the electron-injection mechanism carried out in an OLED
device [26].

All theses issues prompted us to wonder whether these
questions could be answered or at least clarified by the use
of the quantum theory calculations. First, one can hope
that theoretical calculations could provide indications
and trends, as to what factors affect the structural proper-
ties of these Zn organometallic complexes and get some
light onto the role that has different substituents on the
properties of such complexes. This investigation makes
use of electronic descriptors such as the energy of the high-
est occupied molecular orbital (HOMO), the energy of the
lowest unoccupied molecular orbital (LUMO), the gap en-
ergy HOMO-LUMO, molecular orbitals surfaces, atomic
charges via natural population analysis (NPA) and DFT-
based reactivity descriptors such as global hardness (g),
global softness (S), local softness (s), Fukui function (f),
and local and global electrophilicity indexes (x) in order
to explore the more reactive sites that could play a crucial
role in the nucleophile–complex interactions for these
compounds. The knowledge of such interactions is extre-
mely significant to establish the electron-injection mecha-
nism and to predict the OLED efficiency in the presence of
impurities. [27].
2. Theoretical background and computational details

The set of four Zn–organometallic complexes with sub-
stituents in 5-position of quinoline skeleton were taken
from the literature [12]. As we already commented, the
set was chosen because they represent a new class of novel
compounds for OLED applications. Furthermore, they were
synthesized in order to find good candidates which form
stable homogeneous and amorphous films for the device
fabrication. Fig. 1 shows the general structure of these
complexes and the keys to identify them.

All the geometries were optimized in the ground state
(S0) by using the Gaussian 03 suite of programs [28] and
the B3LYP/6-31G(d) [29] model chemistry, with all the
electronic and reactivity descriptors calculated at the same
level of theory. Molecular orbital contributions (MOC) from
different molecular parts were computed at B3LYP/
6-31G(d) level by using the GaussSum program [30].

The properties of the compounds that are frequently
used in OLED applications have been the object of several
density functional studies, including metal–ligand bond
analyses [31–33], geometrical and electronic analyses of
the ground and excited states structures [16,34,35] and
chemical reactivity [26], showing that functionals that in-
clude gradient corrections and hybrid functional, such as
B3LYP, together with the 6-31G(d) basis set lead to good
agreement with the experimental observations. DFT meth-
ods were also selected from a price/quality point of view
which provide an accurate description.

A variety of reactivity descriptors such as molecular
charge distribution, molecular orbitals surfaces and HOMO
and LUMO energies were used in this work. The HOMO and
LUMO orbitals of a molecule are called the frontier orbitals.
These orbitals have a prominent role in chemical reactivity.
The energy gap between the HOMO and LUMO orbitals
have been found to be adequate to study the stability
and chemical reactivity of a great variety of molecular sys-
tems and is an important stability index. A large gap im-
plies high stability and a small gap implies low stability.
The high stability in turn indicates low chemical reactivity
and a small gap indicates high chemical reactivity.

Besides the traditional reactivity descriptors, there are a
set of chemical reactivity descriptors which can be derived
from density functional theory, such as the global hardness
(g), global softness (S), local softness (s), Fukui function (f)
and global and local electrophilicity indexes (x). A detailed
presentation and discussion of these descriptors can be
found elsewhere [36–45] and only the relevant expressions
used for the evaluation of different quantities are given
here.

The global hardness and global softness were calculated
as

g � IE� EA
2

; ð1Þ

and

S ¼ 1
2g
; ð2Þ

where IE and EA are the vertical ionization energy and
electron affinity, respectively, for the system. The global
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Fig. 1. General structure of the studied complexes.
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hardness can be seen as the resistance of a chemical spe-
cies to charge transfer or to the loss or gain of electrons
and the global softness is interpreted as the inverse of glo-
bal hardness. Within the framework of DFT, a general rule
predicting the stability of the electronic structure of the
molecules [36,37] has been established. The general rule
is that chemical reactivity and stability of a molecular sys-
tem evolves towards a state of greater hardness, and hence,
its stability increases. Conversely, when a system evolves
towards the state of lower hardness its stability decreases.
The global softness (S), the inverse concept of hardness, is
useful for a straightforward prediction of chemical reactiv-
ity. The soft molecules undergo changes in electron density
more easily than the hard molecules and are more reactive
than the hard molecules. A molecule having higher S value
is more reactive than a molecule having smaller S value. In
general, it can be said that the increase in softness in-
creases the chemical reactivity and the increase in hard-
ness decreases the chemical reactivity [36,37].

These descriptors show global properties for a system
as a whole; however, in order to study selectivity and reac-
tivity, we have carried out some calculations using local
reactivity descriptors. The Fukui function can be defined as

f ðrÞ ¼ oqðrÞ
oN

� �

vðrÞ
¼ dl

dvðrÞ

� �

N
ð3Þ

The Fukui function is interpreted as the change of chemical
potential (l) given an external perturbation, or the varia-
tion of the electron density (q) function when the electrons
number change. The Fukui function reflects the reactivity
of different sites within a molecule. One assumes that the
preferred direction of attack of a reagent is the one for
which the variation of l is a maximum, i.e. the preferred
direction is the one with largest f(r) at the reaction site.
Thus, the reactivity is measured by the Fukui index of Eq.
(3) [36,37]. Here, we will work exclusively with the equa-
tion for a nucleophilic attack, because the nature of inter-
actions between the studied OLED materials and reducing
agents, such as metal-based cathodes are of this type. In
this context, the Fukui function of interest is

fþðrÞ ¼ oqðrÞ
oN

� �þ

vðrÞ
ð4Þ

Upon condensation to atoms [46] one obtains for a given
atom k:

fþk ¼ qkðN þ 1Þ � qkðNÞ ð5Þ

with qk as the electron population of the atom in the mol-
ecule, containing the number of electrons mentioned in
parentheses. In analogy to the condensed Fukui function,
the corresponding condensed local softness parameters
can be easily calculated from the condensed Fukui function
and the global softness, for a nucleophilic attack, sþx

sþx ¼ Sfþx ; ð6Þ

where S is the global softness and fx the Fukui function as
defined above. The local softness is known as a better indi-
cator for intermolecular reactivity sequences than the Fu-
kui function. Since local softness is a quantity that is a
product of one local and one global reactivity descriptors,
it is supposed to explain the intermolecular interactions
as well. Local quantities like local softness and Fukui func-
tions are important in gaining insights into the reactivity
and selectivity of a specific site in a molecule [36,37].
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Another important chemical reactivity descriptor is the
electrophilicity index (x), which measures the second-or-
der energy of an electrophile when it gets saturated with
electrons, that is, the electrophilic power of the system.
This is one of the so called global reactivity descriptors
and is calculated as follows

x ¼ v2

2g
; ð7Þ

where v is the electronegativity and g is the global hard-
ness for the given system. Eq. (7) indicates that a good
electrophile will be characterized by a high electronegativ-
ity v = �l), and a low value of chemical hardness. Addition-
ally, a local electrophilicity index can be computed from an
expression analogous to (6) and it has been introduced to
analyze the electrophile–nucleophile reactions better

xk ¼ xfþk ; ð8Þ

where fþk is the nucleophilic Fukui function and x is the
global electrophilicity index. Note that the most electro-
philic site in the electron acceptor coincides with the soft-
est site in the molecule, and that the more electrophilic site
is the one corresponding to the highest value of the elec-
trophilic Fukui function, i.e. the active site of the
electrophile.

Therefore, it is evident that the DFT-based descriptors of
reactivity can be used for a quantitative prediction of
intrinsic stability, chemical reactivity as well as the relative
stabilities of the molecules. In general the local descriptors
allow distinguishing one part of a molecule from other
parts, we should be able to use them to differentiate the
reactive behaviour of different atoms in a molecule.
3. Results and discussion

3.1. Geometries of the ground state (S0)

For the studied complexes, all the geometries showed to
be tetrahedrally distorted in the inner shell after optimiza-
tion, and the zinc cation presents a general oxidation state
of +2. As an example, Fig. 2 displays the optimized struc-
ture of the complex HQ-I (see key to identify in Fig. 1). In
order to compare the main changes in the geometrical
and electronic parameters between the compounds stud-
Fig. 2. B3LYP/6-31G(d) optimized geometry of the complex HQ-I.
ied here and the prototypical OLED material Znq2, we have
performed parallel calculations on the latter at B3LYP/6-
31G(d) level. The results of geometrical optimization are
depicted in Table 1. By inspection of these results, it should
be stated that these parameters remain unchanged upon
substitution. Therefore, the chemical behaviour of OLED
materials have not originated from geometrical changes
in the inner shell but other originated from the electronic
effects of the substituents on the electronic structure, in
particular, on HOMO and LUMO orbitals.

3.2. Electronic structure

For the studied complexes, the frontier orbital levels
consist of sets of closely spaced ‘‘twosome”, which are
delocalized over the two ligands. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) largely preserve the electronic
structure of the complex Znq2, being the complex HQ-II
an exception. For intuition, the contour plots of the frontier
molecular orbitals for Znq2 are depicted in Fig. 3, including
the highest occupied molecular orbital (HOMO), the sec-
ond highest molecular orbital (HOMO�1), the lowest unoc-
cupied molecular orbital (LUMO) and the second lowest
molecular orbital (LUMO+1). The complexes HQ-I, HQ-III
and HQ-IV show an electron distribution similar to Znq2,
while HQ-II shows a different pattern in the LUMO and
LUMO+1 orbitals.

Fig. 3 reveals the delocalized nature of the HOMOs and
LUMOs orbitals. So, a large participation of phenolato ring
on HOMOs and high contributions of pyridyl ring on LU-
MOs for HQ-I, HQ-III and HQ-IV are observed. This distribu-
tion is a consequence of the lack of conjugation through
the amide linker. As it has been already stated, there is
an exception with the complex HQ-II, where the LUMOs
are delocalized on both substituents, with asymmetric
contributions of each one. For comparison with other mol-
ecules in the set, Fig. 4 shows the molecular orbital sur-
faces for HQ-II. This distribution can be a consequence of
electron-attractor character of the nitro group, which dis-
places the electron cloud of benzene ring towards itself.
The nitro-substituted compound is different since the local
LUMO of nitrophenyl is sufficiently low such that the
molecular LUMO is localized on the nitrophenyl groups.
Presumably, this has consequences for the energy (red-
The others compounds show essentially the same geometry.



Table 1
B3LYP/6-31G(d) optimized bond lengths (Å) and angles (�) for the inner shell of the studied Zn-chelates together with those of the complex Znq2

Molecule Zn–O1 Zn–O2 Zn–N1 Zn–N2 O1–Zn–O2 N1–Zn–N2

HQ-I 1.919 1.919 2.053 2.053 129.87 121.10
HQ-II 1.919 1.919 2.053 2.053 129.99 121.36
HQ-III 1.919 1.919 2.053 2.053 130.12 122.51
HQ-IV 1.919 1.919 2.053 2.053 129.08 120.69
Znq2 1.917 1.917 2.059 2.059 131.55 121.86

Fig. 3. Molecular orbital surfaces of the HOMOs and LUMOs for the Znq2 complex, calculated at B3LYP/6-31G(d) (isosurface value 0.03 e/au3). L1 and L2
denote two different quinolate ligands.

Fig. 4. Molecular orbital surfaces of the HOMOs and LUMOs for the HQ-II complex, calculated at B3LYP/6-31G(d) (isosurface value 0.03 e/au3). L1 and L2
denote two different quinolate ligands.
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shifted) and strength (weakened) of the emission from this
compound.
In order to corroborate the delocalized nature and rela-
tive position of these molecular orbitals, contributions
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from different molecular regions were calculated at B3LYP/
6-31G(d) level. For that, all the structures were divided
into seven molecular parts: 1. Zinc cation (Zn); 2. Phenola-
to ring of ligand 1 including O1(Phen1); 3. Pyridyl ring of
ligand 1 including N1 (Pyr1); 4. Phenolato ring of ligand 2
including O2 (Phen2); 5. Pyridyl ring of ligand 2 including
N1 (Pyr2); 6. Substituent group on ligand 1 (Subs1) and
7. Substituent group on ligand 2 (Subs2), which are shown
in Fig. 5. The HOMO�1 and HOMO are confined on the phe-
nolato side at 40% on both ligands (HQ-I and HQ-IV); for
HQ-II and HQ-III the distribution is a little asymmetrical,
with 39 and 41% (HOMO) and 41 and 39% (HOMO�1) on li-
gands 1 and 2, respectively. Very few contributions from
pyridyl side, substituents and Zn cation, which are 4, 5,
and 1% (all cases), in that order are also observed. These
contributions from different molecular regions to HOMO
set are composed mainly of p-p-type orbital from carbon
and oxygen atoms in the phenolato ring; however, in the
lower occupied states, the role of substituents is primary,
reaching to 99% (HQ-III). The lowest unoccupied molecular
orbitals LUMO and LUMO+1 are mainly concentrated on
pyridyl side of the ligands. The complexes HQ-I and HQ-
IV present a contribution of 33% from pyridyl side of both
ligands, while HQ-III displays an asymmetrical distribu-
tion, being 43 and 23% from the pyridyl side of the ligands
1 and 2, respectively (LUMO), and conversely, 23 and 43%
from the pyridyl side of the ligands 1 and 2 (LUMO+1).
The phenolato side also shows some contribution to these
orbitals, being about 14% on both ligands for HQ-I and HQ-
IV, 18 and 10% (LUMO) and 10 and 18% (LUMO+1) on li-
gands 1 and 2, respectively, for HQ-III. The compound
HQ-II shows the more atypical electron distribution of
the LUMO set. While the HOMO set is mainly dispersed
on the phenolato side of the ligands, the electron cloud of
the LUMO set is confined on the substituents in 30 and
50% (LUMO) and 50 and 30% (LUMO+1) for ligands 1 and
2, respectively. The others molecular parts show only few
contributions, not surpassing 7%. The electron distribution
from the pyridyl side of the ligands is composed mainly of
N
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H
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Fig. 5. Division for molecular orbital contribu
p-p� type orbital from carbon and nitrogen atoms in the
pyridyl side. Thus, for these complexes, the strongest
absorptions can be assigned to transitions p ? p* localized
in the ligands, in analogy to the prototypical complexes
Alq3 and Znq2.

Table 2 shows the numerical values of HOMO and
LUMO energy, the energy of the Gap (HOMO-LUMO), the
global hardness (g) and the global electrophilicity index
(x). The general trend shown is that the substitution in
the 5-position of the quinolinate skeleton increases (desta-
bilizes) the HOMO and LUMO eigenvalues at the same
time, owing to the electron-donor character of the amido
bridge of the substituents (compared with Znq2). An
exception to this is the complex HQ-II, in which the HOMO
and LUMO eigenvalues decrease (and stabilizes), giving the
larger global reactivity of the set (g = 2.43 eV). However,
within any sensible estimate of error, the hardness
descriptors is the same for HQ-I, HQ-III and HQ-IV, indicat-
ing that aliphatic substitutions at benzene ring exert the
same effect. By inspection of the electrophilicity index in
Table 2, it can be noted that all the complexes showed an
electrophilicity index greater than Znq2 (except HQ-III),
being the greatest for HQ-II. This can indicate that the sub-
stitution on the phenolato ring in the ligands is a favour-
able process in order to get improved efficiencies.

It must be noted that a simple NPA charge analysis of
the ground state wave functions for the Zn cation of the
molecules, including Znq2, gives a charge of 1.605
(±0.001), which is lower than their formal value of +2 from
a simple ionic point of view. This feature indicates that
there is a considerable covalency in the Zn–ligand interac-
tions, and it is not affected profoundly by the substituents
at 5-position on the quinoline ligands.

3.3. Interactions between cathode and the studied complexes
as electron-capture materials

In this section, we will show a detailed study of the
more reactive sites for the studied set of compounds.
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tions (MOC) for the studied complexes.



Table 2
Energy of the HOMO, energy of the LUMO, Gap (HOMO–LUMO), global
hardness, global electrophilicity index (eV) and global softness (eV�1) for
the studied set, calculated at B3LYP/6-31G(d) level

Molecule EHOMO ELUMO Gap Hardness
(g)

Global
electrophilicity
index (x)

HQ-I �5.059 �1.697 3.36 2.85 2.05
HQ-II �5.416 �2.819 2.60 2.43 3.60
HQ-III �4.927 �1.579 3.35 2.87 1.84
HQ-IV �5.010 �1.650 3.36 2.86 2.02
Znq2 �5.189 �1.719 3.46 3.10 1.93
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Since these molecules are expected to act as electron-
transport and emitting layer, this step is necessary in or-
der to study the general mechanism of electron injection.
Complexes with single metal atoms are expected to form
in metal-doped complex layers and at a cathode–organic
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Fig. 6. Atom numeration for the
interface in the early stages of metal deposition or during
degradation processes [47–50]. Since the OLED efficiency
is dependent on the electron-transfer rate from the cath-
ode to electron-transport layer, it is necessary to know
the precise sites in the whole structure that could play
a crucial role in the electron-capture process. So, we have
to improve our knowledge about the mechanism in which
a given material emits light. In this work, we have per-
formed computational calculations of nucleophilic Fukui
function ðfþk Þ, local softness ðsþk Þ and local electrophilicity
index (xþk ) on each one of the atoms of the investigated
complexes. Fig. 6 shows the key to identify each one of
the atoms of the set. The results from these calculations
are summarized in Tables 3–6, where L1 and L2 denote
the two different quinolate ligands as revealed in the Figs.
3 and 4. For didactic purposes, only the main atoms for
each molecule are shown. From different reactivity
descriptors, intermolecular and intramolecular analyses
may be done. For complexes HQ-I and HQ-IV, the more
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Table 3
Nucleophilic Fukui function (f+, au), local softness (s+, eV�1) and local
electrophilicity index (x+, eV) for HQ-I

Atom f+ (10�2) s+ (10�3) x+ (10�2)

L1 L2 L1 L2 L1 L2

N1 3.4 3.4 6.0 6.0 6.98 6.98
C2 3.5 3.6 6.1 6.1 7.18 7.21
C4 7.1 7.2 12.5 12.8 14.57 14.61
C5 2.3 2.3 4.0 4.0 4.72 4.72
C6 2.7 2.7 4.7 4.7 5.54 5.54
C19 2.3 2.3 4.0 4.0 4.72 4.72
C24 3.2 3.1 5.6 5.4 6.57 6.55
Zn 1.2 2.1 2.46

Table 4
Nucleophilic Fukui function (f+, au), local softness (s+, eV�1) and local
electrophilicity index (x+, eV) for HQ-II

Atom f+ (10�2) s+ (10�3) x+ (10�1)

L1 L2 L1 L2 L1 L2

C21 3.1 4.2 6.4 8.6 1.114 1.509
C22 0.9 1.0 1.9 2.1 0.323 0.359
C23 2.3 2.8 4.7 5.8 0.827 1.006
C24 1.9 2.6 3.9 5.3 0.683 0.934
C25 2.5 3.1 5.1 6.4 0.899 1.114
C26 0.8 1.1 1.6 2.3 0.288 0.395
N31 4.2 5.4 8.6 11.1 1.509 1.941
O32 7.6 8.8 15.6 18.1 2.731 3.163
O33 7.8 8.9 16.0 18.3 2.803 3.199
Zn 0.6 1.2 0.216

Table 6
Nucleophilic Fukui function (f+, au), local softness (s+, eV�1) and local
electrophilicity index (x+, eV) for HQ-IV

Atom f+ (10�2) s+ (10�3) x+ (10�2)

L1 L2 L1 L2 L1 L2

N1 3.4 3.4 5.9 5.9 6.85 6.85
C2 3.5 3.5 6.1 6.1 7.05 7.05
C3 0.9 0.9 1.6 1.6 1.81 1.81
C4 7.1 7.1 12.4 12.4 14.31 14.31
C5 2.3 2.3 4.0 4.0 4.63 4.63
C6 2.7 2.7 4.7 4.7 5.44 5.44
C7 1.7 1.7 3.0 3.0 3.43 3.43
C8 1.4 1.4 2.5 2.5 2.82 2.82
C24 3.5 3.5 6.1 6.1 7.05 7.05
Zn 1.2 2.1 2.42

Table 5
Nucleophilic Fukui function (f+, au), local softness (s+, eV�1) and local
electrophilicity index (x+, eV) for HQ-III

Atom f+ (10�2) s+ (10�3) x+ (10�2)

L1 L2 L1 L2 L1 L2

N1 4.4 3.2 7.7 5.6 8.10 5.89
C2 4.3 3.1 7.5 5.4 7.92 5.71
C3 1.1 0.6 1.9 1.0 2.03 1.11
C4 8.8 7.0 15.3 12.2 16.21 12.89
C5 2.7 2.4 4.7 4.2 4.97 4.42
C6 3.1 2.5 5.4 4.4 5.71 4.61
C7 1.9 1.9 3.3 3.3 3.50 3.50
C8 1.8 0.9 3.1 1.6 3.32 1.66
C24 3.3 2.3 5.7 4.0 6.08 4.24
Zn 1.3 2.3 2.39
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reactive atoms are shown to be the atoms C4 in the quin-
oline ligand. This is evidenced by the Fukui function val-
ues, which are around 7.1 au. For these two compounds,
numerical values of f+ reveal that aliphatic substituents
such as hydrogen and tertbutyl group exert almost the
same effect on the reactivity of them. Following the se-
quence, the next atoms prone to capture electrons from
metallic cathode are atoms N1 and C2, which show the
same f+ values. These values are the same for equivalent
atoms of both ligands, which is a consequence of the elec-
tron distribution presented in the MOC analyses. The
complex HQ-III presents the C4 atom in L1 as the more
reactive one. Atoms N1 and C2 are next in the reactivity
trend. However, L2 shows f+ values lower than L1. Also,
this is a consequence of the asymmetrical electron distri-
bution of this complex. An analogue result was found for
the complex HQ-II, which presents the more reactive cen-
ter in the atoms O32 and O33 of the nitro group in L2.
Again, this is expected in view that asymmetrical distri-
bution is observed from MOC analyses. In a global sense,
the more reactive sites in the studied molecules are re-
lated to atoms contributing to the LUMO orbital, which
is in line with previous experimental works [51–54].
Thus, it is expected that in the radical anion the excess
electron be localized on the atoms with large LUMO
coefficients.

On the other hand, the s+ descriptor presents almost
the same information as the nucleophilic Fukui function,
in view that the complexes HQ-I, HQ-III and HQ-IV show
almost the same global hardness (and hence, the same
global softness). The local electrophilicity index, w+, fur-
ther confirms the results obtained by the s+ and f+

descriptors.
The chemical reactivity descriptors f+, s+ and x+ are

valuable tools to describe the electron injection mecha-
nism in an OLED, being a validity proof for the results ob-
tained here. Moreover, the knowledge of the interactions
between the OLED materials studied here and the reducing
agents will be useful for predicting the OLED stability in
the presence of impurities such as oxygen and water.
4. Conclusions

DFT calculations at the B3LYP/6-31G(d) level were used
to study the electronic and reactivity properties of a set of
OLED compounds through electronic and chemical reactiv-
ity descriptors. Several conclusions can be drawn from the
results described for the theoretical investigations.

The geometries around the metal center are distorted
tetrahedrally and the influence of the substituents was
found negligible, when they are compared with the proto-
typical Znq2. The HOMO and LUMO orbitals are delocalized
on both ligands, the HOMO orbital being mainly located on
phenolato moieties, while the LUMO is concentrated on
pyridyl moieties. For HQ-II, the LUMO is located on the p-
nitrobenzamide group on both ligands. These qualitative
results are confirmed by molecular orbital contribution
(MOCs) calculations, which show the electron distribution
of the frontier molecular orbitals implicated in the main
transition processes.
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The local reactivity analyses showed that the atoms in-
clined to receive electrons from the metallic cathode are
atoms associated to the LUMO orbital. All these results
suggest that the interaction in these Zn complexes with
the ligands are principal orbital controlled.

Density functional theory is a highly valuable instru-
ment in the interpretation of the properties of this set of
four Zn organometallic complexes and as a consequence
from the results described in this paper, it can be recom-
mended to include models for the design of novel OLED
complexes using high computational level (B3LYP/
6-31G�) to study their properties theoretically.
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a b s t r a c t

Charge mobility is the most important issue for organic semiconductors. We calculate the
electron and hole mobilities for prototypical polycyclic hydrocarbon molecules, perylothi-
ophene (pet) and benzo(g,h,i)-perylene (bnpery) using Marcus electron transfer theory
coupled with a diabatic model and a homogeneous diffusion assumption to obtain the
charge mobility. The first-principles DFT calculations show that the hole mobility is about
an order of magnitude higher than the electron mobility in pet. However, we find that for
bnpery, the electron and hole transports are balanced, namely, very close in mobility,
indicating the possible application in light-emitting field-effect transistor. The crystal
packing effects on the frontier orbital coupling are found to be essential to understand such
differences in transport behaviors.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The charge transport mechanism in organic materials
has been studied for many years [1–3]. In the application
of field-effect transistors (FET) [4–6], light-emitting diodes
(LED) [7–9], and photovoltaic cells (PVC) [10], organic
materials possess great potentials. The charge mobility is
the most important parameter in the performance of elec-
tronic devices such as organic field-effect transistor [11].
Traditionally, the organic molecules or polymers are
believed to have very low carriers mobility, �10�5 cm2/Vs.
However, recently tremendous progresses have been made
in increasing the mobility for organic semiconductor. In
the single crystal of rubrene field-effect transistors, mobil-
ity has been found to be greater than 15 cm2/Vs [12], and
. All rights reserved.

x: +86 10 62525573.
for the purified pentacene single crystal, the FET mobility
has been measured to be 35 cm2/Vs [13]. These values
already compete well with the inorganic semiconductors:
the typical room temperature mobilities for silicon single
crystals, polycrystallines, and amorphous silicon are
around a few hundreds, a few tens, and a few tenth of
cm2/Vs, respectively.

In this work, we make a comparative study on the
transport properties of a class of polycycle aromatic hydro-
carbons, perylothiophene (pet) [14] and benzo(g,h,i)-
perylene (bnpery) [15] through first-principles calculation,
in order to gain insights in the theoretical design of organic
transport materials. The structure of pet is similar to that
of bnpery. Pet has been grown in micrometer single crystal
wires and has been successfully applied to fabricate
transistor [16] with a room temperature mobility of 0.8
cm2/Vs. The molecular structures are shown in Fig. 1. The
crystal structures can be found in Refs. [14,15]. We will

mailto:zgshuai@iccas.ac.cn
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 1. Molecular structures of pet (a) and bnpery (b).
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show that even though these molecules are quite similar in
structure, they exhibit very different intrinsic transport
properties.
Fig. 2. Sketch of the potential energy surfaces for the neutral state and
the charged state. The relaxation energies kð1Þi and kð2Þi are indicated.
2. Theoretical and computational methods

There exist two extreme models to describe the mecha-
nism of charge transport: the coherent band model and the
thermally activated hopping model. At very low tempera-
ture, the transport mechanisms in well ordered organic
materials are believed to be described by a band-like model
[17,18]. In this limit, the positive (hole) and negative (elec-
tron) charge carriers are fully delocalized, and the mobility
can be evaluated through the effective mass approach. Even
in the Holstein–Peierls model when evaluated at the first-
principles level, the electron–phonon scattering induced
bandwidth narrowing is not enough to give a fully localized
charge picture [19]. It is found that both electron and hole
transports fall in the coherent band-like regime. At room
temperature, due to the thermal disorder and scattering,
the transport is more appropriately described with hopping
model [20–24]. In this case, the charge carriers are localized
on a single molecule, jumping from one molecule to the
adjacent molecule, with the hopping rate described by
Marcus theory,

k ¼ V2

�h
p

kkBT

� �1=2

exp � k
4kBT

� �
ð1Þ

Here, kB is the Boltzmann constant, T is the temperature, V
is the transfer integral between donor and acceptor, and k
is the reorganization energy. It indicates that the rate of
charge hopping depends on two microscopic parameters:
the electronic coupling term V and the reorganization
energy k The reorganization energy k is usually expressed
as the sums of internal and external contributions. The
internal reorganization energy is induced by relaxation in
the molecular geometry, and the external reorganization
energy is caused by polarization of the surrounding
medium, namely, all the other molecules in the bulk mate-
rials. The external contribution to the reorganization en-
ergy is quite complicated to evaluate, which depends on
the molecular permanent dipole moments as well as the
polarizability. We will simply assume some values for
the external contribution to discuss the influences on the
mobility. The internal reorganization energy ki is further
divided into two parts: kð1Þi and kð2Þi ; where kð1Þi corresponds
to the geometry relaxation energy of one molecule from
neutral state to charged state, and kð2Þi corresponds to the
geometry relaxation energy from charged state to neutral
state, see Fig. 2 [25,26].

In the evaluation of k, the two terms were computed di-
rectly from the adiabatic potential energy surfaces [27,28],

k ¼ ½Eð1ÞðAþÞ � Eð0ÞðAþÞ� þ ½Eð1ÞðAÞ � Eð0ÞðAÞ� ð2Þ

Here, E(0)(A), E(0)(A+) are the ground-state energies of the
neutral and charged states, E(1)(A) is the energy of the neu-
tral molecule at the optimized charged geometry and
Eð1ÞðAþÞ is the energy of the charged state at the geometry
of the optimized neutral molecule.

Based the Einstein relation, the carrier mobility is
obtained from the following Eq. (3):

l ¼ e
kBT

D ð3Þ

where D is the diffusion constant. If we assume the charge
motion is a homogeneous random walk, the diffusion
constant can be evaluated as [29]:

D ¼ lim
t!1

1
2n
hxðtÞ2i

t
� 1

2n

X

i

d2
i kiPi ¼

1
2n

P
id

2
i k2

iP
iki

ð4Þ

d is the intermolecular center-to-center distance and n = 3
is the spatial dimension. The hopping time between two
adjacent molecules is the inverse of the rate constant 1/k.
The probability for a specific hopping route is Pi = ki/Riki.
Namely, it is a 3-d averaged diffusion process. It is clear
that the mobility is linearly proportional to the electron
transfer rate. Within this mechanism, it is assumed that
the localized electron can only hop between adjacent mol-
ecules, in sharp contrast to the band-like picture, where
the electron is delocalized in several molecules.

The molecular structures of pet and bnpery are
optimized both in the neutral and the charged states. These
calculations are done at the first-principles DFT level using
hybrid B3LYP functional with 6-31G* basis set [30]. All the
calculations are performed in Gaussian 03 package [31].
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The electronic coupling term, or the intermolecular
transfer integral quantifies the electronic coupling
between two interacting molecules, which is obtained
through a direct approach. Namely, for the hole (electron)
transport, the coupling between frontier orbitals of the two
neighboring molecules is calculated from Eq. (5) [32,33].

Vij ¼ h/0
1jF̂0j/0

2i ð5Þ

Vij is the transfer integral, /0
1 is the unperturbed frontier

orbital of molecule 1, /0
2 is molecule 2 in the dimer. F̂0 is

the Kohn–Sham–Fock operator of the dimer obtained with
the unperturbed density matrix. Using the standard self-
consistent-field procedure, the molecular orbitals and
density matrix of the two individual molecules are
calculated separately. These are used to evaluate the
Kohn–Sham–Fock matrix of the dimer. This approach has
been widely employed for organic molecular systems
[34–36]. The calculations are carried out at the DFT level
using pw91pw91 functional with 6-31G* basis set. It is
shown by Huang and Kertesz, this functional gave the best
description for intermolecular coupling term [37]. We have
shown that this direct method for the coupling is equiva-
lent to the site-energy corrected frontier orbital splitting
method [35] and this direct method offers remarkable sim-
plicity in computation.

3. Results and discussion

The calculated results of the relaxation energies kð1Þi and
kð2Þi and reorganization energies k in pet and bnpery are
shown in Table 1. kð1Þi and kð2Þi are found to be nearly equal.
It is also found that the total reorganization energy of hole
Table 1
The relaxation energies kð1Þi and kð2Þi , and the reorganization energies in pet
and bnpery (in eV)

Molecular Hole transfer Electron transfer

kð1Þi kð2Þi ki kð1Þi kð2Þi ki

Pet 0.066 0.069 0.135 0.084 0.088 0.172
Bnpery 0.063 0.062 0.125 0.082 0.082 0.164

Fig. 3. (a) Herringbone structure of pet (view down the C a
for pet is slightly larger than that of bnpery. The reorgani-
zation energies for electron are nearly identical for both
molecules.

The crystal structures for the molecules are shown in
Fig. 3. The pet forms herringbone packing structure.
In bnpery, two molecules form one bone in the skeleton,
in place of one molecule in the herringbone structure.
Starting from the crystal structure, we arbitrarily choose
one molecule as the initial position for the charge to dif-
fuse. The intermolecular transfer integrals with all the
xis), (b) structure of bnpery (view down the A axis).

Fig. 4. Crystal structure and hopping routes in pet (a) and bnpery (b).



Table 2
The center–center distance and the corresponding hole and electron
coupling between the dimer in all the nearest neighbor pathway for pet

Pathway Distance (Å) Hole coupling (eV) Electron coupling (eV)

1 4.52 0.181 6.4 � 10�2

2 4.52 0.181 6.4 � 10�2

3 10.21 2.8 � 10�4 2.1 � 10�3

4 9.18 2.0 � 10�3 1.1 � 10�2

5 8.76 7.8 � 10�4 5.5 � 10�3

6 9.89 3.4 � 10�5 5.0 � 10�4

Drift mobility
(T = 300 K, in cm2/Vs)

5.34 0.40

The calculated room temperature mobilities for electron and hole are
given in the last line.

Table 3
The center–center distance and the corresponding hole and electron
couplings between the dimer in all the nearest neighbor pathways for
bnpery

Pathway Distance (Å) Hole coupling (eV) Electron coupling (eV)

1 7.10 1.8 � 10�2 3.4 � 10�3

2 6.30 2.2 � 10�4 7.5 � 10�3

3 6.30 2.2 � 10�4 7.5 � 10�3

4 7.10 1.8 � 10�2 3.4 � 10�3

5 4.18 3.5 � 10�2 8.1 � 10�4

6 8.63 5.9 � 10�3 2.6 � 10�2

Drift mobility
(T = 300 K, in cm2/Vs)

0.17 0.21

The calculated room temperature mobilities for hole and electron are
given in the last line.
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adjacent molecules in a dimer model are evaluated. The
most important six pathways (dimers) are shown in Fig. 4.

The transfer integrals for hole (for HOMO) and
electron (for LUMO) are calculated, which are listed in
Tables 2 and 3. The electronic coupling is determined
Fig. 5. HOMO, LUMO and the most importan
by the relative distance and orientations of the interact-
ing molecules. Except the case of electron coupling for
bnpery, the parallel packing mode usually yields larger
coupling term than the edge-corner packing, because
the cofacial stacking structure is expected to provide
more efficient orbital overlap.

Due to the electronic coupling for hole is much larger
than for electron in pet, the calculated hole mobility is
about one order of magnitude larger than that for electron.
However, in bnpery, the largest transfer integral for hole is
only 0.035 eV at pathway 5, and the largest transfer
integral for electron is 0.026 eV at pathway 6. The hole
mobility obtained is very close to and slightly less than
that of electron mobility, the values being 0.17 cm2/Vs
and 0.21 cm2/Vs, respectively. The theoretical calculation
predicts that bnpery can be made as balanced transport
materials. Even though the mobility is not as high as
others, it can find application in light-emitting field-effect
transistor.

It is intriguing to understand why bnpery behaves
differently from pet. We then compare the frontier orbitals
and packing modes in these two molecules, as illustrated
in Fig. 5.

In pet, for the HOMO level, the wavefunction coeffi-
cients show a sign alternation for consecutive benzene
along the aclinic direction, and the center-to-center offset
of the two molecules of the cofacial dimer is nearly identi-
cal for benzene, and the displacement is also in the aclinic
direction for pathway 1, the most efficient charge transfer
route. The overall overlap is enhanced by the in-phase
bonding (antibonding) of one molecular on top of the
bonding (antibonding) of the other molecule for HOMO.
However, for the LUMO level, the overall overlap is re-
duced by the cancellation of bonding (antibonding) orbital
with the antibonding (bonding) interactions. Thus, the hole
t packing for (a) pet; and (b) bnpery.
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transfer is more favored than the electron in pet, see Table
2. While in bnpery, the displacement between the two
molecules occurs along the incline direction in pathway
5, the most efficient charge transfer route. Thus, the overall
overlaps are reduced by out-phase cancellation of bonding
with antibonding interaction for both HOMO and LUMO.
Namely, both electron and hole possess similarly reduced
charge transfer coupling terms, see Table 3. Thus, from
the intermolecular interaction point of view, the hole
transport character for pet and the balanced transport
character for bnpery can be explained. At the same time,
it also explains the reduced mobility in bnpery, namely,
the cancellation of charger transfer couplings originated
in packing out-phase displacement.

So far, we have completely neglected the external
reorganization energy ke. This quantity is difficult to eval-
uate. Here, we simply calculate the hole mobilities for
pet and bnpery as a function of ke, see Fig. 6. It is found that
when ke goes from 0 to 0.2 eV, the mobility decreases
about one order of magnitude. It should be borne in mind
that such evaluation is too simplistic because once the
polarization effect of surrounding molecules is considered,
the electron coupling term should be also changed. This is
out of the capability of present theoretical treatment. In
Fig. 6. Theoretical estimation of the room temperature (300 K) hole
mobility as a function of external reorganization energy in the range of
0–0.2 eV.
addition, Marcus theory is basically a first-order perturba-
tion in coupling term V. In fact, some of the dimer show
quite strong coupling, for instance, V = 0.181 eV, even lar-
ger than the internal reorganization energy. We are pursu-
ing now to develop a more rigorous approach dealing with
strong coupling case.

We note that it is found that the carrier type, either
electron or hole transport, in organic electronic device is
determined by injection. Namely, if electron can be easily
injected, then the transport will be n-type, and intrinsi-
cally, the materials are ambipolar in nature [38]. This view
we believe is too simplistic. As we explain in the above
paragraph, the intermolecular couplings for HOMO and
for LUMO can be different according to the molecular
structure. In solid state physics, a realistic crystal usually
manifests different bandwidths for valence band and con-
duction band. Of course, such difference in coupling terms
is not as significant as can be considered as the origin of
unipolar transport, where injection plays essential role
[38].
4. Conclusion

To conclude, by employing the first-principles DFT tech-
niques and the Marcus electron transfer theory, we have
comparatively investigated the transport properties for
two polycyclic hydrocarbon compounds, pet and bnpery.
The coupling terms are evaluated by a direct diabatic
model, and the reorganization energies are calculated
through adiabatic potential energy surfaces. The crystal
packings are found to play essential role to determine the
type of carriers in organic materials. In pet, the packing
mode tends to enhance the HOMO coupling and to reduce
the LUMO coupling, indicating a hole-dominant transport
material. While, for bnpery, the packing mode tends to
reduce both HOMO and LUMO coupling, which makes
bnpery to be a promising material with great application
potential in light-emitting field-effect transistor. These
conclusions are drawn only based on material structures,
without considering the carrier injection complexity.
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a b s t r a c t

Fundamental photophysical properties of the phosphorescent organometallic complex
Ir(btp)2(acac) doped in the polymeric matrices PVK, PFO, and PVB, respectively, are inves-
tigated. PVK and PFO are frequently used as host materials in organic light emitting diodes
(OLEDs). By application of the laser spectroscopic techniques of phosphorescence line nar-
rowing and persistent spectral hole burning – improved by a synchronous scan technique –
we studied the zero-field splitting (ZFS) of the T1 state into the substates I, II, and III. Thus,
we were able to probe the effects of the local environment of the emitter molecules in the
different amorphous matrices. The magnitude of ZFS is determined by the extent of spin–
orbit coupling (SOC) of the T1 state to metal-to-ligand charge transfer (MLCT) states. Only
by mixings of MLCT singlets, a short-lived and intense emission of the triplet state to the
singlet ground state becomes possible. Thus, sufficiently large ZFS is crucial for favorable
luminescence properties of emitter complexes for OLED applications. The analysis of the
spectral hole structure resulting from burning provides information about the ZFS values
and their statistical (inhomogeneous) distribution in the amorphous matrices. For Ir(bt-
p)2(acac), we found a significant value of �18 cm�1 for the splitting between the substates
II and III for all three matrices. Interestingly, for PVK the width of the ZFS distribution is
found to be �14 cm�1 – almost twice as large as for PFO and PVB. Consequently, for a con-
siderable fraction of Ir(btp)2(acac) molecules in PVK, the ZFS is relatively small and thus,
the effective SOC is weak. Therefore, it is indicated that a part of the emitter molecules
shows a limited OLED performance.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Phosphorescent organo-transition metal complexes are
often applied as emitters in organic light emitting diodes
(OLEDs) due to their high electroluminescence efficiencies
[1]. Ir(btp)2(acac) ((bis(2,20-benzothienyl)-pyridinato-
N,C30)Iridium(acetylacetonate)), (inset in Fig. 1a) is a well
studied OLED emitter [2–10]. It features a saturated red
emission peaked at 612nm [2–4] and a high photolumi-
. All rights reserved.

ensburg.de (H. Yer-
nescence quantum efficiency. For example, in a film of
CBP (4,40-bis(carbazol-9-yl)biphenyl)) a quantum effi-
ciency of �50% and an emission decay time of about 6 ls
were measured [4,11]. Attractive photophysical properties
like these are connected with a significant metal-to-ligand
charge transfer (MLCT) character of the emitting T1 state
[12–17]. In particular, the MLCT character promotes quan-
tum mechanical admixtures of higher lying singlet states
to the emitting T1 state via spin–orbit coupling (SOC)
[17]. Such admixtures are required to open radiative decay
paths from the excited triplet state T1 to the singlet ground
state S0(0). This means that the photophysical properties
important for OLED applications, such as short emission

mailto:hartmut.yersin@chemie.uni-regensburg.de
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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1 The corresponding methods are explained in Sections 3.1 and 3.3,
respectively.
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decay times and high photoluminescence quantum yields,
are governed by the extent of MLCT character in the
emitting triplet term [12–17]. As the MLCT character is
correlated to the magnitude of zero-field splitting (ZFS)
of the T1 state into substates I, II and III (compare e.g.
Refs. [12–17]) and as the individual features of these
substates are responsible for the emission properties, it
is of high interest to investigate the characteristics of the
substates in more detail. Very recently, it has been
shown that the photophysical properties of the triplet
state of Ir(btp)2 (acac) distinctly depend on the
environment of the emitter complex. Emission decay
times, ZFSs, spin-lattice relaxation times [18], etc., are dif-
ferent for different sites of the Ir complex in the matrix
[12–14]. For example, the energy separations between
the three T1 substates of Ir(btp)2 (acac) have been deter-
mined on the basis of highly resolved spectra in polycrys-
talline hosts, such as octane or dichloromethane [12,13].
Hereby, it was found that the magnitude of DE(ZFS) can
differ by almost a factor of two for different sites in the
same host material [12]. Therefore, the influence of the
host, especially of OLED relevant hosts, on the ZFS (and
thus on essential photophysical properties) is of high
interest.

However, with amorphous hosts – as typically used
for emission layers in OLEDs – only very broad emission
bands are observed. In this situation, indirect approaches
of analyzing the temperature dependence of emission
decay data were used to provide information about the
individual properties of the triplet substates (for exam-
ple, see Refs. [14,17]). On the other hand, luminescence
line narrowing [19] and persistent spectral hole burning
[20] represent methods which allow for high-resolution
spectroscopy of dye molecules doped into amorphous
hosts.1 Most of the work published to date concerns sin-
glet-singlet transitions (e.g. see Refs. [20–22]), but also
singlet–triplet transitions [23–25] and transitions between
levels of higher multiplicity [26–28] have been investi-
gated. However, these methods have not yet been applied
to OLED relevant emitter/matrix systems.

In the present study, we report on persistent spectral
hole burning as a method for the investigation of the ZFS
and its inhomogeneous distribution applied to the emitting
triplet state of Ir(btp)2(acac) doped into a common poly-
mer (PVB = polyvinylbutyral) and two polymers which
are frequently applied in OLEDs (PVK = poly-N-vinyl-
carbazol, PFO = (poly(9,9-dioctylfluoren-2,7-diyl). One goal
is to obtain information on how the ZFS data obtained in
Shpol’skii and Shpol’skii-like matrices relate to the proper-
ties of emitter complexes in an amorphous matrix. Further,
we are interested in the inhomogeneous distribution of the
ZFS values and thus of the MLCT character of the emitting
triplet states. An analysis provides information about
photophysical differences of the various subsets of mole-
cules in the same amorphous matrix. The discussion indi-
cates that a fraction of the molecules in polymer OLED
matrices can exhibit less favorable emission properties
for OLED applications.

2. Experimental

The samples of PVB (polyvinylbutyral, Hoechst), PVK
(poly-N-vinylcarbazol, Acros) and PFO (poly(9,9-dioctylflu-
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oren-2,7-diyl), Aldrich) doped with Ir(btp)2(acac) at con-
centrations of about 10�3 mol/l were prepared as films of
about 100 lm thickness from solution, using ethanol
(PVB) or dichloromethane (PVK, PFO) as solvents. The com-
plex was synthesized according to the procedure described
in Ref. [2]. Spectral holes were burnt and probed with a
(Spectra-Physics Model 380) dye ring laser with a spectral
band width of about 0.1 cm�1. The laser wavelength was
scanned by turning the birefringent filter by means of a
DC motor and recorded by a wavemeter (Burleigh WA20-
VIS). For non-selective excitation, the 514.5 nm line of
the Ar ion pump laser was used. The samples were im-
mersed in an optical Helium bath cryostat which could
be cooled down to T = 1.2 K by pumping off the He vapor.
The emitted phosphorescence light was dispersed by a
Spex 1401 double monochromator and detected by photon
counting with a cooled RCA C7164R photomultiplier.

3. Results and discussion

3.1. Phosphorescence line narrowing for Ir(btp)2(acac) in the
amorphous PFO host

The emission spectrum of Ir(btp)2(acac) doped into PFO
strongly depends on the excitation energy. When a nar-
row-line excitation is chosen at a high energy, for example
at 19,436 cm�1 (514.5 nm), which lies in the region of the
homogeneously broadened S0 ?

1MLCT/3MLCT transitions
[12], the usual and well-known broad-band emission spec-
trum is obtained, even at T = 1.2 K (Fig. 1a). However, upon
narrow-line excitation within the inhomogeneously broad-
ened S0 ? T1 transition range between about 16,100 and
16,500 cm�1 (shaded bar in Fig. 1a), for example at
16,405 cm�1, a well-resolved emission spectrum can be re-
corded, even in this amorphous polymer host (Fig. 1b). In
this case, the laser excites dominantly just that specific site
of Ir(btp)2(acac) in PFO, which has an electronic 0–0 tran-
sition precisely at the chosen excitation energy. More ex-
actly, due to the zero-field splitting of the T1 term into
the substates I, II, and III and due to the much higher tran-
sition probability of the transition 0 ? III compared to
0 ? II,I, specifically those molecules will be excited with
preference, which have their 0 ? III transition at the laser
energy. (The 0 ? III transition probability is by one and
two orders of magnitude larger than that of the transition
0 ? II and 0 ? I, respectively [12,13]). The structure dis-
played in Fig. 1b represents part of a resolved vibrational
satellite structure [14] which stems from a triplet substate.
Although substate III is excited selectively, emission from
this state is not observed at low temperature. This is due
to fast relaxation, i.e. fast spin-lattice relaxation (SLR), from
this state to the two lower lying substates [13,14,18]
(Fig. 1c). On the other hand, SLR between the substates II
and I is very slow [13]. Thus, these two triplet substates
both emit, even at T = 1.2 K. Analysis of the vibrational sa-
tellite structure of Ir(btp)2(acac) doped into a crystalline
CH2Cl2 matrix, as carried out in Ref. [14], allows us to iden-
tify most of the satellites in the line-narrowed spectrum
shown in Fig. 1b. The dominant line represents a vibra-
tional satellite stemming from substate II and is induced
by a 288 cm�1 Franck-Condon active mode (Fig. 1c) [14].
This line is found 306 cm�1 below the excitation energy.
This value fits well, if it is assumed that substate III lies
18 cm�1 above substate II (288 cm�1 + 18 cm�1 =
306 cm�1). The value of 18 cm�1 lies within the range of
DE(ZFS) energies as determined in Ref. [12]. An indepen-
dent confirmation of this splitting energy is given below.
The 288 cm�1 vibrational satellite line – a so-called vibra-
tional zero-phonon line (ZPL) – is accompanied by a pho-
non sideband at the low-energy side. This band results
from couplings of low-energy vibrational modes of the
complex in its matrix cage to the electronic structure/tran-
sition. These modes, often called local phonon modes
(resulting from hindered rotational motions of the emitter
molecules in their matrix cages), have energies in the range
of 15–30 cm�1. They frequently occur together with purely
electronic 0–0 transitions and also – as shown in Fig. 1b –
together with vibrational ZPLs [14,15].

As characteristic of phosphorescence line narrowing,
the spectral shift between the exciting laser energy and
the specific vibrational satellite line is almost independent
of the excitation energy, when it lies within the inhomoge-
neously broadened absorption band. The absorption in the
region of the electronic 0–0 transition depends on the exci-
tation energy due to a varying spectral density of reso-
nantly absorbing molecules.

For the investigations presented in this study, the vibra-
tional satellite with a shift of 306 cm�1 relative to the
exciting laser is selected for the detection of the spectral
holes by a specific synchronous scanning method. This
method will be described in the next section.

The specific vibrational satellite II ? 0 + 288 cm�1 (rep-
resenting a vibrational zero-phonon line) can be observed
in the phosphorescence line-narrowed spectra of the
Ir(btp)2(acac) complex for all three matrices. The width of
this line is � 7 cm�1 in PFO and PVB, while it is �18 cm�1

in PVK. The 288 cm�1 vibrational ZPL in the PFO matrix
has the highest intensity relative to the background com-
pared to the other matrices.

3.2. Detection of spectral holes by a synchronous excitation–
detection scan technique

The intensity of a vibrational satellite (vibrational ZPL)
depends linearly on the number of resonantly absorbing
emitter molecules. Thus, the spectral dependence gives
information about the inhomogeneous distribution. Using
this relation, persistent spectral holes – after having been
burnt (Section 3.3) – are probed in a luminescence excita-
tion technique as schematically depicted in Fig. 2. Hereby,
a narrow-line light source of relatively weak intensity ex-
cites a subset of molecules within the range of the inhomo-
geneously broadened band of the purely electronic
transition. The detection energy is set to the maximum of
a specific (resolved) vibrational satellite. Now scanning
the excitation energy, while keeping the energy difference
between detection and excitation constant, reproduces the
inhomogeneous distribution function. If a persistent spec-
tral hole has been burnt into this distribution (Section 3.3),
the reduced density of resonantly absorbing molecules at
the burning energy is directly displayed in the excitation
spectrum (dashed structure in Fig. 2).
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relative to the excitation energy. For detection, a vibrational ZPL is
chosen, which occurs with high intensity. The amplitude of the signal in
emission is almost proportional to the number of resonantly excited
molecules. The dashed spectral structure shows the modified band after
burning of a persistent spectral hole (see Section 3.3).

2 A more precise description requires the knowledge of the potential
hypersurface. However, for the treatment of a hole burning process by a
phonon induced crossing of a barrier between two minima of the potential
hypersurface, it is usually sufficient to replace this hypersurface by
asymmetric double well potentials. Thereby, only the knowledge of the
asymmetry and the barrier height are necessary [29].
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For the experiments described in this investigation, the
vibrational ZPL with a shift of 306 cm�1 was used (see Sec-
tion 3.1, Fig. 1b) primarily because of the high intensity of
this satellite relative to the background intensity. Accord-
ing to the discussion presented in Section 3.1, the resonant
absorption of T1 substate III is by far the strongest among
the three triplet substates of Ir(btp)2(acac) [12–14]. There-
fore, we infer that this synchronous scanning technique
maps dominantly the inhomogeneous distribution func-
tion (absorption) of the 0 ? III transition, as long as no
vibrational levels of lower lying emitters (e.g.
0! IIIþ �m0) are involved in the excitation process. In order
to avoid complications due to the excitation of such vibra-
tional levels, we performed the hole burning experiments
at the long-wavelength side of the inhomogeneous distri-
bution. This is the first time that this synchronous scan
technique has been reported.

3.3. Persistent spectral hole burning of triplet substates in
different amorphous hosts

Narrow-line and intense excitation within an inhomo-
geneously broadened electronic transition of a light
absorbing species leads to reduced absorption of the sam-
ple at the excitation (laser) energy in the course of the laser
excitation, and thus to the burning of a persistent spectral
hole in the absorption or luminescence excitation spec-
trum[20]. The persistent spectral hole is a consequence of
a photophysical or a photochemical burning mechanism.
In addition to the spectral holes (reduced absorptions),
areas of weakly increased absorption (anti-holes) are also
formed. If the anti-holes lie close to the burning energy,
in the spectral range of the inhomogeneously broadened
electronic transition, a photophysical hole burning mecha-
nism is indicated. This mechanism can be explained by
phonon-induced barrier crossings within asymmetric dou-
ble well potentials2 which are characteristic for disordered
systems [29]. Such a barrier crossing corresponds, for exam-
ple, to a rearrangement of the light absorbing species in its
matrix cage or of any other atom, ion or molecule in the
immediate neighborhood (compare e.g. Ref. [30]). During
the hole burning process, the transfer from one potential
minimum to another one results in a different absorption
energy of the light absorbing species. At low temperature,
this new situation can be stable and a persistent spectral
hole results. Persistent photophysical hole burning can occur
in amorphous materials or in systems with at least local dis-
order [21,29–31]. Photochemical hole burning, on the other
hand, is usually related to anti-holes which occur in more
distant energy regions relative to the burning (laser) energy,
since in this case the molecular structure is changed.

Persistent spectral holes can provide spectral structures
in the absorption range of the purely electronic transition,
which are several orders of magnitude narrower than the
inhomogeneously broadened band. As a consequence,
high-resolution spectroscopy is possible, if the absorption
can be scanned over the range of the burnt hole. Since
the existence of zero-phonon lines is required, most hole
burning experiments are carried out at liquid He
temperatures.

With Ir(btp)2(acac) doped into the amorphous PVB host,
we observed persistent spectral hole burning at T = 1.2 K
(Fig. 3). At a short burning time, e.g. of tb = 130 s, a spectral
hole can be seen only at the energy of the burning laser
(hole A in Fig. 3a). With increasing burning time, the spec-
trum changes. Successively, an additional narrow hole
component develops at the high-energy side and a broad
hole appears at the low-energy side of the laser energy.
The left part of Fig. 3 shows the spectral hole structure in
PVB after three different burning times tb with a burning
intensity of about 10 W/cm2 at 16,500 cm�1. The width
(FWHM) of the resonant hole A increases from 1.7 cm�1

after 130 s to 2.4 cm�1 after 2480 s. Since we observed that
the width of the resonant hole depends only on the dura-
tion of the hole burning and not on the power density of
the burning laser, local heating is not expected to be
responsible for the increase of the width. This increase
rather is attributed to dynamical processes in the double
well potentials in the course of the burning, which lead
to slight spectral line shifts and as a consequence to a line
broadening. The side hole shifted by about 18 cm�1 from
the resonant hole to the high-energy side has a width of
6.4 cm�1. The relatively broad asymmetric hole which
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appears at the low-energy side is shifted by about 17 cm�1.
While the central component is almost saturated after
1080 s, the side components still deepen with further
burning time. Quantitative analysis by fitting with Gauss-
ian line shapes indicates that the central hole component
has about the same area after 130 s burning time as the
high-energy component after 1080 s (for a quantitative
explanation see below).

After sufficient burning time, the measured hole
spectrum shows a triple structure, with the central hole
resonant with the burning laser energy, and two side holes
– one low-energy and one high-energy component. Taking
into account that probing displays the inhomogeneous dis-
tribution of the T1 substate III (see Section 3.1), it can be
concluded that with increasing burning time different sub-
sets of emitter molecules are involved. Burning is most
efficient for molecules with highest absorption cross sec-
tion, i.e. for those molecules with the energy of their sub-
state III at the laser energy. Thus, the central component
can be attributed to burning of molecules absorbing the la-
ser by their 0 ? III transition (compare subset ‘‘A” in
Fig. 3).

Ir(btp)2(acac) complexes with their T1 substate II in res-
onance with the burning laser have their substate III blue
shifted by the corresponding ZFS value of DEIII,II. Therefore,
the high-energy hole component can be attributed to the
burning of Ir(btp)2(acac) complexes which absorb at the la-
ser energy with their 0 ? II transition (compare subset ‘‘B”
in Fig. 3). The measured energy difference of both hole
components represents the energy difference DEIII,II. A va-
lue of about 18 cm�1 is found. A similar value of ZFS is re-
ported in Refs. [12–14]. In these studies, highly resolved
spectra of Ir(btp)2(acac) doped into polycrystalline di-
chlormethane and octane, respectively, were investigated.

The hole component shifted by 17 cm�1 to the red
originates from molecules, which are burnt by absorption
of energy levels above the T1 substate III. The most prob-
able explanation is an absorption (burning) into a local-
ized phonon of the excited substate III (compare subset
C in Fig. 3), since spectral shape and energy of this
low-energy side hole resemble those of typical phonon
side bands [15].

From the longer build-up time of the high-energy hole
component relative to the central component the ratio of
absorption cross sections for the transitions to the involved
triplet substates II and III can be estimated. The hole area
of the central component in PVB after 130 s burning time
is in good approximation the same as the area of the blue
shifted component after 1080 s. Assuming the same hole
burning quantum yields for both subsets of molecules,
the difference of burning times can be attributed to the dif-
ferent absorption cross sections. Accordingly, the absorp-
tion cross section of the transition from the singlet
ground state S0 to substate III can be estimated to be by
a factor of �8 higher than that of the transition to substate
II. This value lies in the range found for the ratios of emis-
sion decay times from the studies of different sites of Ir(bt-
p)2(acac) in CH2Cl2 [13].
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The absorption cross section of the 0 ? I transition of
Ir(btp)2(acac) is several times lower than those of the tran-
sitions to the substates II and III. Therefore, the observa-
tion of the corresponding side holes would require
substantially longer burning times, which was not feasible
with the available experimental equipment. Consequently,
substate I is not displayed in the hole burning spectra.

For completeness, it is remarked that anti-hole areas
were observed within the inhomogeneous distribution of
the electronic transitions of the emitter molecules in the
matrix. For example, an anti-hole is manifested in the
small intensity increase in the spectral range between hole
A and hole B (in Fig. 3 curve for tb = 2480 s). This intensity
increase (representing an increase of the absorption) is
enhanced with further burning, i.e. the anti-hole becomes
more distinct. The occurrence of anti-holes in this
spectral range indicates a photophysical hole burning
mechanism.

Spectral hole burning was also observed with Ir(btp)2-
(acac) embedded in PFO and PVK, respectively. Fig. 4 com-
pares hole spectra for the three matrices, whereby the
spectrum depicted in Fig. 4a is the same as the one shown
in Fig. 3 after 2480 s burning time. The hole in PFO was
burnt with an intensity of about 100 W/cm2 for 10 min
resulting in a width of 2.6 cm�1 of the resonant component
(Fig. 4b). Here, the high-energy component is also shifted
by about 18 cm�1 and has a width of about 8 cm�1. The
separation of the hole components is practically identical
to the one found for Ir(btp)2(acac) doped into PVB. The
low-energy component, however, has its minimum shifted
by about 15 cm�1 and is the least pronounced one in all
matrices investigated. The latter observation is in accor-
dance with a comparatively weak electron–phonon cou-
pling in PFO.

In the PVK matrix, Ir(btp)2(acac) showed significantly
lower burning efficiency than in PFO (Fig. 4c). After
4200 s of burning with a strongly focused laser beam of
about 1000 W/cm2, the resulting central hole exhibits a
width of about 4.5 cm�1. This implies that a factor of about
170 more photons were used per unit area to burn the hole
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in PVK compared to PFO (Fig. 4). This behavior can be
attributed to differences of the double well potentials in
the different hosts. A more detailed explanation requires
further studies.

Concerning the side holes, the spectra of the holes for
the PVK matrix differ from those of the other two matrices
examined here. For the high-energy hole, the blue shift of
the minimum is estimated to be �18 cm�1 relative to the
central component, but its width of �15 cm�1, as deter-
mined by a fit of a Gaussian line shape, is roughly twice
as large as in PFO or PVB. Local heating during burning can-
not be responsible for this larger width as it is also ob-
served with a less intense burning laser. The low-energy
contribution has its minimum at �14 cm�1 red shifted rel-
ative to the central component, which is similar to the cor-
responding shift in PFO.

Interestingly, the half widths of the high-energy hole
components – determined in good approximation as
FWHM widths of Gaussian hole shapes – reveal that the
ZFS values between the T1 substates II and III are distrib-
uted over significant ranges. For an estimation of the corre-
sponding distributions, a convolution of Gaussian
distributions and line shapes is assumed. Then, the half
width (FWHM) of the distribution of the ZFS between sub-
states II and III d(DEIII,II) can be obtained from the half
widths (FWHM) of the high-energy hole d�mhigh and of the
corresponding resonant hole d�mres according to [32]

ðdðDEIII;IIÞÞ2 ¼ ðd�mhighÞ2 � ðd�mresÞ2: ð1Þ

Thus, we find values for d(DEII,III) of approximately
6 cm�1 and 7 cm�1 for PVB and PFO, respectively, and of
�14 cm�1 for PVK. This demonstrates that the inhomoge-
neous distribution of the ZFS values DEIII,II is significantly
broader for PVK than for the other two hosts. Obviously,
Ir(btp)2(acac) exhibits a more pronounced interaction with
PVK than with the other two matrices. Possibly, this is due
to p-interactions of the (btp) ligand of the Ir complex with
the carbazole ring system of PVK. A corresponding interac-
tion is not present in PVB and would also be absent in PFO,
if Ir(btp)2(acac) is hosted near the alkyl chains.
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The low-energy hole component is shallowest among
the three investigated matrices in PFO. This is in accor-
dance with a comparatively weak electron–phonon cou-
pling in this matrix, which is supported by the
observation that the line-narrowed spectra of Ir(btp)2

(acac) in PFO show well resolvable vibrational satellite
lines (Section 3.1). This result is important for future inves-
tigations of other organo-transition metal complexes, if
highly resolved spectra are desired.
4. Assignments and conclusion

The present study shows that persistent spectral hole
burning and phosphorescence line narrowing provide
powerful tools to gain insight into the splitting structure
of the emitting triplet state T1 of Ir(btp)2(acac) into sub-
states, even when the compound is doped into amorphous
matrices, which are frequently applied in OLEDs. The ob-
tained results are in line with the findings of previous
investigations in Shpol’skii and Shpol’skii-like hosts [12].
In these studies, ZFS values were determined for different
discrete sites of Ir(btp)2(acac) in CH2Cl2. DEIII,II values were
found to lie between 12 and 24 cm�1. In the present inves-
tigation, mean values of 18 cm�1 have been found for the
splitting between the substates II and III. With the method
of spectral hole burning, it was not possible to assess the
weakly absorbing substate I. However, the separation be-
tween substate I and the next higher lying substate II is as-
sumed to be also about 3 cm�1, as found for Shpol’skii-like
matrices [12]. In this case the (mean) total ZFS can be esti-
mated to about 21 cm�1 for all three matrices. Indeed,
these values lie well within the range found in the poly-
crystalline Shpol’skii matrices. Prior to our work, this de-
tailed information has not been obtained for triplet
emitters embedded in amorphous hosts.

The amount of DE(ZFS) is correlated with the extent of
MLCT character in the emitting triplet term mixed in
mainly via spin–orbit coupling [17]. Thus, a variation of
DE(ZFS) in dependence of the compounds’ environment
(host cage) indicates a change of the interaction of host
molecules with the electronic states of the dopant. Such
a behavior is not unusual, since the host cage can alter
the geometry of the dopant, cause changes of the ligand
field strength, induce p–p interactions between host and
guest, etc. As consequence, shifts of 1,3pp* and/or 1,3MLCT
states can occur. Due to such changes, state mixings will
be altered and can lead to differently effective SOC. Thus,
for example, smaller singlet admixtures to the emitting
triplet state and also a smaller DE(ZFS) can result. Among
the different matrices studied, PVK induces the strongest
inhomogeneous spread of the splitting between the sub-
states II and III ðDEIII;II). As a consequence, a substantial
fraction of the Ir(btp)2(acac) complexes doped into PVK
have only small splittings around 10 cm�1. Such values
might already be too small to enable luminescence proper-
ties as required for OLED applications. This is indicated,
since for emitter compounds with small ZFS values, spin–
orbit coupling is relatively weak and thus, the important
mixing of singlet character into the triplet substates is
not effective. Therefore, such complexes exhibit compara-
tively small radiative decay rates and often also small
quantum yields [12–14].

It should be remarked that efficient OLED triplet emit-
ters hitherto studied exhibit significant or even large
zero-field splittings of the T1 parent term. In this context,
a value of �10 cm�1 may already be considered as critical.

We suppose that the results obtained for the compound
in amorphous matrices at low temperature hold also at
ambient temperature, if the matrices are considered to be
rigid enough. This seems to be valid for host materials with
a glass transition temperature Tg being significantly larger
than 300 K.

In future investigations, we will use persistent spectral
hole burning as a sensitive probing technique for the ef-
fects of external electric fields [31] on optical transitions
in OLED emitter materials. We expect that the analysis of
electric field induced shifts of the electronic levels will pro-
vide more detailed information on the interaction of the
emitter complex with its closest environment, particularly,
with regard to the fact that emitters in OLEDs are exposed
to high electric fields.
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Asymmetrically 9,10-disubstituted anthracene derivatives 1a/1b have been synthesized
and characterized. The new compounds exhibit a high solubility and can be easily purified
by chromatographic methods. Thin solid films based on these compounds combine intrin-
sic amorphous morphology with pure blue emission and high solid-state photolumines-
cent efficiencies. These materials have been used as solution-processed active emitters
in electroluminescent devices leading to interesting device performances. The effect of par-
tial fluorination of a sub-unit of one of the compounds on the properties of the material is
discussed.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction ments have to be imposed on the emitter design such as
Solution-processible molecular emitters have become
an important research topic in organic light-emitting
diodes (OLEDs) [1–4]. Although appealing device efficien-
cies have been achieved with solution-processed fluores-
cent and phosphorescent molecules both in the bulk and
blend, the design and synthesis of efficient and stable solu-
tion-processible pure blue electroluminescent materials
still remains a challenge. To be applicable in low-cost
and large-area color display, for instance, based on current
inkjet-printing technology, some other special require-
. All rights reserved.

6 15; fax: +86 20

).
desirable solubility in high boiling point solvents [5].
Vacuum-deposited light-emitting diodes using anthra-

cene-based blue luminophores as bulk and host emitters
have been under intensive studies [6–8], revealing pro-
mising device efficiencies and stabilities [7,8]. Thus,
blue electroluminescence derived from solution-processed
anthracene derivatives seem to be extremely valuable.
Recently, we reported a first anthracene-cored second
generation blue emitting dendrimer based on 2-ethylhexyl-
oxy-tethered 3,5-diphenylphenyl dendrons for solution
processing. While significant solubility was obtained, the
lack of intrinsic morphology stability prevented its use as
a favorable solution-processible host blue emitter [4c].

In this contribution novel asymmetrically 9,10-dendr-
onized anthracene derivatives 1a/1b (Chart 1) have been
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designed and synthesized to afford efficient and morpho-
logically stable solution-processed pure blue electrolumi-
nescent emitters.

A solubilizing dendron was introduced at the 9-position
of anthracene of compound 1a in order to provide the de-
sired processability while a 4-(3,6-di(naphthalen-1-yl)car-
bazol-9-yl)phenyl group was attached at the opposite side
of the molecule to promote glass formation, as well as to
facilitate hole-injection and transport. The branched struc-
tures were expected to prevent photoluminescence
quenching often associated with strong intermolecular
interactions in the solid state. In addition to this, the asym-
metric molecular structure can be expected to facilitate
purification by chromatography when compared to the
symmetrical compounds especially those carrying substit-
uents devoid of polar groups [3,4,6]. For compound 1b,
partial fluorination of the structure was expected to possi-
bly facilitate electron injection.

2. Results and discussion

2.1. Synthesis

The syntheses of compounds 1a/1b were outlined in
Scheme 1. Compound 2a was prepared as already reported
[9] and compound 2b was synthesized in 45% yield by
Suzuki coupling of 1-bromo-3,5-diiodobenzene [10] and
2,4-difluorophenylboronic acid. Precursor compounds 3a/
3b were prepared in 85% and 70% yield, respectively, by
Suzuki coupling of compounds 2a/2b with 2-(anthracen-
9-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (9). Bromo
compounds 4a and 4b were obtained in nearly quantitative
yield by treating compounds 3a and 3b with NBS in meth-
ylene chloride [11]. The Suzuki reagents 5a and 5b were
prepared by two different methods. Compound 5a was
obtained in 64% yield by reacting isopropylpinacol borate
(PINBOP) on the lithio-derivative obtained by treatment
of 4a with n-butyllithium at �78 �C. Compound 5b was
synthesized in 55% yield by reacting bis(pinacolato)dibo-
ron (PIN2B2) in DMSO in the presence of Pd(dppf)Cl2. 3,
6-Bis(1-naphthalenyl)carbazole 7 was prepared in 87%
yield by reaction of 1-naphthalenylboronic acid with 3,
6-dibromocarbazole (8). A Ullmann reaction [12], of 7 with
an excess of 1,4-dibromobenzene gave monobromide 6
(69%). Compounds 1a/1b were finally obtained in 67%
and 75% yield, respectively, by reacting 5a/5b with 7 under
conventional Suzuki coupling conditions. The target com-
pounds were easily purified by column chromatography
due to the differences in polarity between the final prod-
ucts and residual starting materials or any of deboronation
products (see Section 4). Another advantage of the present
synthetic route is that 9-mono-dendronized anthracenes
3a/3b can be easily recovered and recycled. The identity
and high purity of 1a/1b were then confirmed by 1H
NMR, microanalysis and MALDI-TOF mass spectrometry.

2.2. Solubility

The new anthracene derivatives show good solubility.
For instance, 25 mg of 1a/1b can be readily dissolved in
1 mL of toluene at room temperature. Good solubility in
appropriate high boiling point solvent is of vital importance
for device fabrication using inkjet printing [5]. In contrast to
the poor solubility observed with a previous anthracenic-
cored t-butyl-tethered second-generation dendrimer [4c],
3,5-bis(4-t-butylphenyl)phenyl proved to be a sufficiently
solubilizing group in the case of 1a. On the other hand,
3,5-bis(2,4-difluorophenyl)phenyl found effective in bring-
ing about solubility to 1b since the prearrangement of two
fluorine atoms at the 2,4-positions in the phenyl ring effi-
ciently suppresses intimate intermolecular packing.

2.3. Optical property

The UV–vis and photoluminescence (PL) spectra of
1a/1b in dilute CH2Cl2 solutions (10�5 mol dm�3) and in
solid films are shown in Fig. 1, and the relevant data are
listed in Table 1. The strong and moderate absorptions of
1a/1b at ca. 258 and 303 nm in solution can be attributed
to the 3,5-diphenylphenyl- [4c] and 1-naphthyl-substi-
tuted carbazolyl moiety, respectively. The multiple absorp-
tion peaks above ca. 330 nm with characteristic vibronic
pattern are associated with the p–p* transitions of the
anthracenyl core [13]. Compounds 1a/1b exhibit bright
blue fluorescence in solution and in the solid state. The
absolute solid PL quantum efficiencies were measured in
an integrating sphere as 0.68 for 1a and 0.58 for 1b under
325-nm He–Cd laser excitation. In addition, the full width
at half maxima (FWHM) for both solution and solid
emission spectra are as narrow as 50–55 nm, implying
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1a/1b could be highly valuable fluorophores for pure blue
light-emitting diodes.

2.4. Thermal and morphological stability

The thermal properties were investigated by thermal
gravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC). Compounds 1a/1b showed high thermal
stabilities with 5%-weight-loss at 520 and 513 �C, respec-
tively. DSC measurements were carried out on carefully
dried samples and heating is avoided [4]. Glass transi-
tions were observed in the first heating run with an out-
standing Tg of 214 �C for 1a and 187 �C for 1b (Fig. 2). In
both cases no crystallization exotherms or melting endo-
therms was noticed upon heating until 350 �C. It has
been noted that an inherent amorphous morphology is
even absent in a spirobifluorene-linked bisanthracene
2,20-bis(10-phenylanthracene-9-yl)-9,90-spirobifluorene [14].
Thus, for soluble molecular materials such as 1a/1b, the
observed high Tgs are remarkable. Apparently, the rigid
bulky 4-(3,6-di(naphthalen-1-yl)carbazol-9-yl)-phenyl,
together with the non-planar 3,5-diphenylphenyl-based
dendron, contribute to the ease of glass formation and
prominent morphological stability of 1a/1b. The intrinsic
amorphous characteristics were further confirmed by
powder X-ray diffraction analysis (XRD). No evidence of
crystallinity was observed in the angle range from 1� to
40�.
2.5. Electroluminescent properties

Compounds 1a/1b were used as hole-transporting and
emitting materials in simple electroluminescent devices.
The emissive layer of 1a or 1b (55 nm) was spun-cast from
toluene solution onto ITO glass slides modified by a 50 nm
thick layer of poly(3,4-ethylenedioxy-thiophene):poly(sty-
renesulfonate) (PEDOT:PSS). A vacuum-deposited 30 nm
thick layer of TPBI (1,3,5-tris(N-phenylbenzimidazol-2-
yl)benzene, HOMO = �6.20 eV, LUMO = �2.70 eV) [15]
acted as an electron transporting and hole blocking layer
and the device was completed by a top electrode involving
CsF (2 nm) and/Al (120 nm).

The analysis of the device performances gave the fol-
lowing results: Vonset = 4.5 V, LEmax = 1.88 cd A�1 (gext =
2.34%), kmax = 448 nm with CIE coordinates (0.158, 0.104)
for 1a; and Vonset = 4.2 V, LEmax = 1.81 cd A�1 (gext = 2.26%),
kmax = 454 nm with CIE coordinates (0.162, 0.122) for 1b
(Fig. 3). The pure blue emission spectra with narrow
FWHM of 64–66 nm were hardly affected in an applied
voltage ranging from of 5 to 14 V (Fig. 4). At a current
density of ca. 20 mA cm�2, LE = 1.63 cd A�1, V = 7.2 V and
L = 308 cd m�2 for 1a while LE = 1.60 cd A�1, V = 6.6 V and
L = 336 cd m�2 for 1b. The lower onset and working
voltages of 1b might be related to the improved electron
injection induced by the strong electron-withdrawing fluo-
rine substituents (though not in direct conjunction with
the main emissive p-backbone) and resultant molecular



Fig. 1. The absorption and PL spectra in dilute CH2Cl2 solutions (10�5 -
mol dm�3) and in the films on quartz for 1a and 1b.

Table 1
Summary of PL and electrochemical data

PL (kem
max, nm) HOMOa (eV) LUMOb (eV)

Solution Solid

1a 427 437 �5.54 �2.54
1b 428 438 �5.56 �2.57

a Estimated from onset oxidation voltages with reference to ferrocene
(4.8 eV vs. vacuum).

b Calculated from HOMO and optical band gap.

Fig. 2. The DSC curves in the first heating run of 1a/1b.

Fig. 4. The EL spectra of 1a/1b und

Fig. 3. The L–V–J characteristics of devices [ITO/PEDOT:PSS/1a(1b)/TPBI/
CsF/Al].
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packing leading to possible enhanced charge transport.
Thus, 1a/1b represent a class of solution processible non-
fluorene-based blue emitters devoid of the complexity of
er different applied voltages.
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spectral instability usually present in blue-emitting 9,9-
alkylated fluorenes [16].

The current properties of blue electroluminescence
using solution-processed 1a/1b, for instance, @ ca. 20
mA cm�2 compare well with some typically non-doped
anthracene-based small molecules reported in multi-lay-
ered vacuum-deposited light-emitting diodes [6–8]. Hope-
fully, the blue EL characteristics can be further improved by
blending into a soluble and amorphous conjugated wider-
band gap polymer or molecular emitter. The insensitivity
to emission quenching and high solid morphological stabi-
lity can allow 1a/1b to be used in a wide range of concentra-
tions while ensuring homogeneous film formation [4a].
3. Conclusions

Asymmetrically 9,10-disubstituted anthracene deriva-
tives combining synthetic accessibility, processibility and
robust intrinsic morphological stability have been synthe-
sized. The characterization of simple solution-processed
electroluminescent devices based on these new materials
shows that they combine efficient and stable blue emis-
sion with high spectral purity. Despite a minor effect on
the HOMO and LUMO energy levels, the introduction of
fluorine atoms into the structure seems to substantially
lower the working voltage. The new compounds reported
here represent an interesting class of solution-processible
anthracene-based molecular blue emitters with high
application potentials and thus should deserve intensive
further research.
4. Experimental

4.1. Materials and methods

All manipulations involving air-sensitive reagents were
performed under an inert atmosphere of dry nitrogen. Tet-
rahydrofuran (THF) was dried over Na/benzophenone and
distilled prior to use. All the intermediates were isolated,
analyzed by TLC (thin layer chromatography) on silica gel
and 1H NMR to ensure as clean an incoming reaction as
possible. All starting materials, unless otherwise specified,
were used as received.

1H NMR spectra were recorded on a Bruker AV 300
spectrometer with deuterated solvents as the internal ref-
erence. Time-of-flight mass spectrometry (TOF-MS) was
performed using a KOMPACT MALDI mass spectrometer
(Shimadzu/Kratos) in the positive ion mode with matrix
of dithranol. The experimentally determined and calcu-
lated masses agree within the range of accuracy of the
instrument and the mass peaks with the lowest isotopic
mass are reported. Elemental analyses were performed
on a vario EL CHNS analyzer. UV–Vis absorption spectra
were obtained on an HP 8453 spectrophotometer. Photolu-
minescence spectra were measured using a Jobin–Yvon
spectrofluorometer JY Fluorolog-3 spectrofluorometer. For
the purposes of TGA and DSC measurements, the sample
was carefully dried to remove any residual aliphatic organ-
ic solvent used in the working-up procedure and to avoid
heating. The absence of solvents was confirmed by 1H
NMR prior to analytical characterizations. Thermal gravi-
metric analysis (TGA) was conducted on a TG 209 F1 (NET-
ZSCH) thermal analysis system under a heating rate of
20 �C/min from 30 to 750 �C. Differential scanning calorim-
etry (DSC) was run on a DSC 204 F1 (NETZSCH) thermal
analysis system. The sample was heated from –60 �C to
350 �C at a rate of 20 �C/min. Powder X-ray diffraction
(XRD) was performed on a Panlytical Xpert PRO X-ray dif-
fractometer at 40 kV/40 mA. The radiation line was Cu Ka
and k = 1.5418 Å. Cyclic voltammetry was carried out on
a CHI660A electrochemical workstation with platinum
electrodes at a scan rate of 50 mV/s against a Ag/AgCl ref-
erence electrode with a nitrogen-saturated solution of
0.1 M n-Bu4NPF6 in CH2Cl2 using ferrocene as internal
standard.

4.1.1. 3,5-Bis(2,4-difluorophenyl)phenyl bromide (2b)
A mixture of 1-bromo-3,5-diiodobenzene (1.8 g, 4.4

mmol), 2,4-difluorophenylboronic acid (1.39 g, 8.8 mmol),
toluene (30 mL), ethanol (15 mL) and Na2CO3 aqueous
solution (2 M, 15 mL) was degassed by N2 bubble for
30 min. Then Pd(PPh3)4 (50 mg, 0.044 mmol) was added
into the mixture rapidly. The reaction was heated at
90 �C for 12 h under N2 atmosphere. After being cooled to
room temperature, the mixture was poured into water
and extracted with dichloromethane. The organic layer
was separated, dried over anhydrous MgSO4, filtered and
concentrated. The residue was purified with silica gel col-
umn chromatography using petroleum ether as eluent to
afford a white solid (0.75 g, 2 mmol) in 45% yield. 1H
NMR (300 MHz, CDCl3, ppm) d 6.9–7.01 (m, 4H), 7.38–
7.46 (m, 2H), 7.54–7.56 (m, 1H), 7.65 (s, 2H). Anal. Calcd
for C18H9BrF4: C, 56.72; H, 2.38. Found: C, 57.03; H, 2.60.

4.1.2. 9-(3,5-Bis(4-t-butylphenyl)phenyl)anthracene (3a)
This compound was synthesized by a method similar to

that for 2b, using 2-anthracen-9-yl-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane and 2a instead. The crude product
was purified with column chromatography using petro-
leum ether as eluent to afford a white solid in 85% yield.
1H NMR (300 MHz, CDCl3, ppm) d 1.36 (s, 18H), 7.35–
7.38 (m, 2H), 7.44–7.49 (m, 6H), 7.65–7.68 (m, 6H), 7.83
(d, 2H, J = 9.0 Hz), 8.01 (s, 1H), 8.06 (d, 2H, J = 8.6 Hz),
8.52 (s, 1H). Anal. Calcd for C40H38: C, 92.62; H, 7.38.
Found: C, 92.21; H, 7.71.

4.1.3. 9-(3,5-Bis(2,4-difluorophenyl)phenyl)anthracene (3b)
This compound was synthesized by a method similar to

that for 2b, using 2-anthracen-9-yl-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane and 2b instead. The crude product
was purified with column chromatography using petro-
leum ether as eluent to afford a white solid in 70% yield.
1H NMR (300 MHz, CDCl3, ppm) d 6.89–6.98 (m, 4H),
7.36–7.57 (m, 6H), 7.60 (d, 2H, J = 1.1 Hz), 7.80–7.83 (m,
3H), 8.05 (d, 2H, J = 8.3 Hz), 8.51 (s, 1H). Anal. Calcd for
C32H18F4: C, 80.33; H, 3.79. Found: C, 80.46; H, 4.02.

4.1.4. 9-(3,5-Bis(4-t-butylphenyl)phenyl)-10-
bromoanthracene (4a)

N-Bromosuccinimide (NBS) (0.8 g, 4.5 mmol) was added
in one portion at room temperature to a mixture of 3a
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(2.11 g, 4.1 mmol) in dichloromethane (30 mL), LiClO4 �
3H2O (25 mg, 0.15 mmol) and silica gel (100 mg) in the
absence of light. The completion of bromination was con-
firmed by TLC. The bromide 4a was obtained as a yellow so-
lid in nearly quantitative yield after purification with flash
column chromatography using petroleum ether as eluent.
1H NMR (300 MHz, CDCl3, ppm) d 1.36 (s, 18H), 7.38 (ddd,
2H, J1 = 8.8 Hz, J2 = 4.4 Hz, J3 = 1.2 Hz), 7.46–7.50 (m, 4H),
7.57–7.62 (m, 4H), 7.65 (dd, 4H, J1 = 8.5 Hz, J2 = 1.9 Hz),
7.81 (d, 2H, J = 8.8 Hz), 8.02 (t, 1H, J = 1.8 Hz), 8.63 (d, 2H,
J = 8.8 Hz). Anal. Calcd for C40H37Br: C, 80.39; H, 6.24.
Found: C, 80.39; H, 6.53.

4.1.5. 9-(3,5-Bis(2,4-difluorophenyl)phenyl)-10-
bromoanthracene (4b)

This compound was synthesized by a method similar to
that for 4a, using 3b instead. The crude product was puri-
fied with column chromatography using petroleum ether
as eluent to afford a yellow solid in nearly quantitative
yield. 1H NMR (300 MHz, CDCl3, ppm) d 6.89–6.99 (m,
4H), 7.40–7.63 (m, 8H), 7.80 (d, 2H, J = 8.8 Hz), 7.84 (t,
1H, J = 1.6 Hz), 8.63 (d, 2H, J = 8.8 Hz). Anal. Calcd for
C32H17BrF4: C, 68.96; H, 3.07. Found: C, 68.44; H, 3.31.

4.1.6. 9-(3,5-Bis(4-t-butylphenyl)phenyl)-10-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane-2-yl)anthracene (5a)

A solution of 4a (2.23 g, 3.73 mmol) in anhydrous THF
(40 mL) was degassed with N2 for 30 min, and then cooled
to –78 �C. n-Butyllithium (2.5 M solution in hexane,
2.2 mL, 5.5 mmol) was added dropwise via syringe under
N2 atmosphere. The solution continued to be stirred for
30 min, and then 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (PINBOP) (1.1 mL, 5.5 mmol) was added
via syringe. The reaction mixture was warmed to room
temperature under stirring. After 24 h, upon concentration,
water was added. The residual was extracted with dichlo-
romethane. The organic layer was separated, dried over
anhydrous MgSO4, and evaporated under reduced pres-
sure. The crude product was subject to column chromatog-
raphy using silica gel and graded petroleum ether/CH2Cl2

eluents from 8:1 to 4:1 (v/v) to afford a yellowish solid
(1.54 g, 2.39 mmol) in 64% yield. 1H NMR (300 MHz, CDCl3,
ppm) d 1.36 (s, 18H), 1.61 (s, 12H), 7.32 (ddd, 2H, J1 = 8.8
Hz, J2 = 4.4 Hz, J3 = 1.2 Hz), 7.45–7.50 (m, 6H), 7.59 (d, 2H,
J = 1.8 Hz), 7.66 (dd, 4H, J1 = 8.6 Hz, J2 = 1.9 Hz), 7.79 (d,
2H, J = 8.6 Hz), 7.99 (t, 1H, J = 1.7 Hz), 8.46 (d, 2H,
J = 8.6 Hz). Anal. Calcd for C46H49BO2: C, 85.70; H, 7.66.
Found: C, 85.31; H, 8.10.

4.1.7. 9-(3,5-Bis(2,4-difluorophenyl)phenyl)-10-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane-2-yl)anthracene (5b)

A two-necked round flask was charged with 4b (1 g,
1.72 mmol), bis(pinacolato)diboron (PIN2B2) (0.654 g, 2.58
mmol), potassium acetate (0.506 g, 5.16 mmol), Pd(dppf)-
Cl2 (42.1 mg, 0.052 mmol). The flask was filled with N2

and evacuated twice. Then anhydrous DMSO (10 mL) was
added into the mixture. The reaction was heated at 80 �C
for 12 h under N2 atmosphere. After being cooled to the
room temperature, the mixture was poured into water
and extracted with dichloromethane thrice. The organic
layer was combined, washed with water repeatedly, dried
over anhydrous MgSO4, filtered and concentrated. The
crude product was subject to column chromatography
with silica gel and graded petroleum ether/CH2Cl2 eluents
from 8:1 to 4:1 (v/v) to afford a yellowish solid (0.6 g,
0.95 mmol) in 55% yield. 1H NMR (300 MHz, CDCl3, ppm)
d 1.61 (s, 12H), 6.91–6.99 (m, 4H), 7.35–7.40 (m, 2H),
7.47–7.56 (m, 6H), 7.79 (d, 2H, J = 8.8 Hz), 7.83 (t, 1H,
J = 1.6 Hz), 8.46 (d, 2H, J = 8.7 Hz). Anal. Calcd for
C38H29BF4O2: C, 75.51; H, 4.84. Found: C, 75.28; H, 4.93.

4.1.8. 3,6-Di(naphthalen-1-yl)carbazole (6)
A mixture of 3,6-dibromocarbazole (3.83 g, 11.8 mmol),

1-naphthalenylboronic acid (4.87 g, 28.3 mmol), toluene
(30 mL), ethanol (15 mL) and Na2CO3 aqueous solution
(2 M, 15 mL) was degassed by N2 bubble for 30 min. Then
Pd(PPh3)4 (80 mg, 0.07 mmol) was added into the mixture
rapidly. The reaction was heated at 90 �C for 12 h under N2

atmosphere. After being cooled to the room temperature,
the mixture was poured into water and extracted with
dichloromethane. The organic layer was separated, dried
over anhydrous MgSO4, filtered and concentrated. The res-
idue was firstly purified with column chromatography
using silica gel and graded petroleum ether/CH2Cl2 eluents
from 8:1 to 4:1 (v/v). Upon evaporation, the solid was re-
fluxed in petroleum ether overnight. After being cooled,
the white solid was filtered, and washed with cold petro-
leum ether twice to afford 6 in 87% yield (4.3 g,
10.3 mmol). 1H NMR (300 MHz, CDCl3, ppm) d 7.39–7.57
(m, 8H), 7.58–7.80 (m, 4H), 7.84–7.88 (m, 2H), 7.92 (d,
2H, J = 8.0 Hz), 8.01 (dd, 2H, J1 = 8.3 Hz, J2 = 0.69 Hz), 8.20
(s, 2H), 8.25 (s, 1H). Anal. Calcd for C32H21N: C, 91.62; H,
5.05; N, 3.34. Found: C, 91.08; H, 5.25; N, 3.62.

4.1.9. 9-(4-Bromophenyl)-3,6-di(naphthalen-1-yl)carbazole
(7)

A mixture of CuI (114 mg, 0.6 mmol), 18-Crown-6
(79 mg, 0.3 mmol), K2CO3 (2.48 g, 18 mmol), 1,3-di-
methyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU)
(1 mL), dibromo-benzene (4.25 g, 18 mmol) and 3,6-
di(naphthalen-1-yl)carbazole (6) (2.53 g, 6 mmol) was
heated at 140 �C for 18 h under nitrogen. After being
cooled to room temperature, the mixture was extracted
with dichloromethane, and the insoluble solid was re-
moved with a short silica column using dichloromethane
as eluent. Upon evaporation, the residual was further puri-
fied with column chromatography using silica gel and
graded petroleum ether/CH2Cl2 eluents from 12:1 to 6:1
(v/v) to afford a pale white solid (2.39 g, 4.2 mmol) in
69% yield. TLC Rf (6:1 petroleum ether/dichloromethane
v/v): 0.45. 1H NMR (300 MHz, CDCl3, ppm) d 7.39–7.55
(m, 10H), 7.57–7.63 (m, 4H), 7.78–7.82 (m, 2H), 7.85–
7.88 (m, 2H), 7.90–7.93 (m, 2H), 7.98–8.00 (m, 2H), 8.25
(d, 2H, J = 0.9 Hz). Anal. Calcd for C38H24BrN: C, 79.44; H,
4.21; N, 2.44. Found: C, 79.37; H, 4.69, N, 2.62.

4.1.10. 9-(3,5-Bis(4-t-butylphenyl)phenyl)-10-(4-(3,6-
di(naphthalen-1-yl)carbazol-9-yl)phenyl)anthracene (1a)

A mixture of 5a (0.3 g, 0.49 mmol), 7 (0.26 g, 0.45
mmol), toluene (10 mL), ethanol (5 mL) and Na2CO3 aque-
ous solution (2 M, 5 mL) was degassed by N2 bubble for
30 min. Then Pd(PPh3)4 (30 mg, 0.026 mmol) was added
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into the mixture rapidly. The reaction was heated at 90 �C
for 20 h under N2 atmosphere. After being cooled to the
room temperature, the mixture was poured into water
and extracted with dichloromethane. The organic layer
was separated, dried over anhydrous MgSO4, filtered and
concentrated. The crude product was subject to column
chromatography using silica gel and graded petroleum
ether/CH2Cl2 eluents from 6:1 to 4:1 (v/v) to afford a light
yellow solid (0.304 g, 0.3 mmol) in 67% yield. TLC Rf (6:1
petroleum ether/dichloromethane v/v): 0.32. 1H NMR
(300 MHz, CDCl3, ppm) d 1.38 (s, 18H), 7.38–7.53 (m,
12H), 7.55–7.61 (m, 4H), 7.67–7.75 (m, 8H), 7.81–8.02
(m, 14H), 8.05–8.10 (m, 3H), 8.34 (d, 2H, J = 1.1 Hz). Anal.
Calcd for C78H61N: C, 92.54; H, 6.07, N, 1.38. Found: C,
92.03; H, 6.38; N, 1.56. MALDI-TOF: m/z 1011.8 (100%)
M+ (calcd. 1011.48).

4.1.11. 9-(3,5-Bis(2,4-difluorophenyl)phenyl)-10-(4-(3,6-
di(naphthalen-1-yl)carbazol-9-yl)phenyl)anthracene (1b)

This compound was synthesized by a method similar to
that for 1a, using 5b and 7 instead. The crude product was
subject to column chromatography with silica gel and
graded petroleum ether/CH2Cl2 eluents from 6:1 to 4:1
(v/v) to afford light a light yellow solid in 75% yield. TLC
Rf (6:1 petroleum ether/dichloromethane v/v): 0.26. 1H
NMR (300 MHz, CDCl3, ppm) d 6.94–7.03 (m, 4H), 7.43–
7.63 (m, 14H), 7.69–7.71 (m, 4H), 7.82 (d, 2H, J = 8.3 Hz),
7.84 (s, 1H), 7.87–7.96 (m, 10H), 8.00 (dd, 2H, J1 = 8.3 Hz,
J2 = 1.8 Hz), 8.08 (d, 2H, J = 8.4 Hz), 8.34 (d, 2H, J = 1.5 Hz).
Anal. Calcd for C70H41NF4: C, 86.49; H, 4.25; N, 1.44. Found:
C, 86.40; H, 4.40; N, 1.68. MALDI-TOF: m/z 972 (100%)
[M + H]+ (calcd. 972.33).

4.2. LED fabrication and characterizations

LED fabrication and characterizations: The fabrication
process of the diodes followed a standard procedure below.
The ITO-coated glass substrate underwent a wet-cleaning
course in an ultrasonic bath sequentially in acetone, deter-
gent, deionized water and isopropanol. After a 50 nm thick
buffer layer of PEDOT:PSS (Baytron P4083, purchased from
Bayer AG) was spin-cast on the pre-cleaned ITO substrate
and dried by baking in a vacuum at 80 �C for 12 h. Then, a
55 nm thick layer of the emissive layer was spin-cast on
the top of the PEDOT:PSS layer from toluene solution. Pro-
filometry (Tencor Alfa-Step 500) was used to determine the
thickness of the films. TPBI (30 nm thick) was deposited by
vacuum deposition. Typically, a thin layer of CsF (2 nm
thick) with a 120 nm thick Al capping layer was deposited
through a shadow mask (defined active area of 0.17 cm2)
in a chamber with a basic pressure of <3 � 10�4 Pa. The
layer thickness was monitored upon deposition by using a
crystal thickness monitor (Sycon). Except the fabrication
of PEDOT:PSS layer, all the processes were carried out in a
N2 atmosphere dry-box (Vacuum Atmosphere Co.). Cur-
rent–voltage (I–V) characteristics were measured with a
computerized Keithley 236 Source Measure Unit. The lumi-
nance of the device was measured with a photodiode cali-
brated by a PR-705 SpectraScan Spectrophotometer
(Photo Research), with simultaneous acquisition of the EL
spectra and CIE coordinates. During the calibration, the EL
device was driven by a Keithley model 2400 programmable
voltage–current source.
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We demonstrate power conversion efficiencies of 1.5% from molecular photovoltaic
devices based on bilayer pentacene/fullerene heterojunctions under 1 sun AM1.5G simu-
lated irradiation. Importantly, we demonstrate the independence of the device perfor-
mance on active area in the range 0.05–0.65 cm2, a critical consideration for future
scaling up to manufacture. A degradation study under constant solar illumination shows
two parallel mechanisms for degradation; a photooxidation resulting in a drop of the gen-
erated photocurrent, and a UV annealing effect reducing the fill factor, both of which can be
eliminated by careful choice of analysis conditions.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Organic semiconductors remain the focus of intense re-
search for photovoltaic (PV) applications due to their po-
tential for low cost, facile manufacture. Heterojunction
molecular devices have traditionally been based on phtha-
locyanine donor layers (in particular CuPc) in conjunction
with fullerene (C60) acceptor layers, however the low exci-
ton diffusion lengths have led to the requirement of blends
to achieve respectable device efficiencies [1,2]. More re-
cently, pentacene has also emerged as a promising candi-
date to replace phthalocyanines due to its significantly
higher exciton diffusion length and charge mobility [3,4].
Whilst devices based on pentacene blends have exhibited
. All rights reserved.

5; fax: +44 24 7652

es).
efficiencies up to 2%, the relative improvement in perfor-
mance over bilayer devices is less significant than that seen
for comparable devices using phthalocyanines as the donor
material [5]. The use of the more easily produced bilayers
in complex device structures such as tandem cells should
therefore provide less of a penalty to overall performance
when using pentacene as the donor material. The need to
protect devices based on pentacene/C60 from degradation
is well known [6], however the precise mechanisms of deg-
radation are rarely studied and a more detailed under-
standing is required to design suitable encapsulation
methods [7].

In this paper we demonstrate efficient pentacene/C60 bi-
layer solar cells optimised for active layer thickness. The
power conversion efficiency (gp) of the best devices reaches
1.5% under true simulated 100 mW cm�2 AM1.5G irradia-
tion, comparable to that reported by other groups [3,4,8].
The device performance was found to be independent of

mailto:t.s.jones@warwick.ac.uk
http://www.sciencedirect.com/science/journal/15661199
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Fig. 1. (a) J–V characteristics of planar heterojunction devices of structure
ITO/ dD pentacene/40 nm C60/10 nm BCP/Al with dD = 29 nm (dashed li-
ne), 43 nm (solid line), 58 nm (dotted line) and 86 nm (dash-dotted line)
and (inset) a schematic energy level diagram for the device. (b) A plot of
JSC (filled squares), VOC (open circles), FF (open triangles) and gp (open
squares) as a function of dD.
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device active area for the range 0.05–0.65 cm2 which pro-
vides optimism for future scaling up of similar devices. A
study of the degradation of the devices was performed un-
der various measurement conditions, and showed the pres-
ence of two distinct mechanisms; a photooxidation
resulting in rapid loss of photocurrent, and a UV annealing
effect leading to poor electrode contact and the appearance
of a kink in the J–V curves. Analysis under vacuum condi-
tions with UV-filtered light led to stable performance over
70 min under constant illumination.

2. Experimental details

All devices were grown by vacuum deposition in a Kurt
J. Lesker Spectros system with base pressure of around
8 � 10�8 mbar. Indium tin-oxide (ITO) coated glass sub-
strates were supplied by Psiotec with a sheet resistance
of 15 X/h, and were solvent cleaned before use. Pentacene
(Aldrich, 94%) and bathocuproine (BCP, Aldrich, 98%) were
twice purified by thermal gradient sublimation before use,
whilst C60 (MER Corp, 99.5%) was used as received. Devices
for the comparison of varying pentacene thickness were
prepared from fresh source material for each growth as
this gave optimised performance. Devices for active area
and degradation analysis were grown from used source
material which gave lower, but reproducible performance.
Layer thicknesses of the organic thin films were measured
during growth on a quartz crystal microbalance (QCM).
The QCM reading was previously calibrated to real layer
thicknesses from atomic force microscope (AFM) step-edge
measurements in tapping mode on a Digital Instruments
Nanoscope IIIa microscope. Al electrodes were deposited
in situ to a thickness of 100 nm through a shadow mask
to form an active area of 8 mm � 2 mm (0.16 cm2) except
where otherwise stated. J–V curves were measured by a
computer-controlled Keithley 2400 sourcemeter, with 1
sun (100 mW cm�2) AM1.5G illumination provided by a
Sciencetech solar simulator with intensity monitored by
a calibrated photodiode. External quantum efficiency
(EQE) measurements were also recorded via the Keithley
sourcemeter, with monochromatic light provided by a Ben-
tham tungsten lamp/monochromator combination.

3. Results and discussion

Fig. 1 shows J–V curves under 1 sun AM1.5G illumina-
tion and the trend in device parameters for a series of pla-
nar heterojunction devices based on an ITO/pentacene/
40 nm C60/10 nm BCP/Al structure grown with varying
thicknesses, dD, of pentacene. The pentacene was grown
at a rate of 0.1 nm/s with no substrate heating. A 40 nm
C60 layer was used as it matches the reported exciton dif-
fusion length, but was also found to be the optimum thick-
ness [9].

Peak performance is observed for a device with
dD = 43 nm, with JSC = 6.7 mA cm�2, VOC = 0.41 V and fill
factor (FF) = 0.54 leading to gp = 1.5%. The JSC value shows
a significant improvement over devices we have reported
previously containing CuPc as their donor layer, and this
can be attributed to the improved exciton transport and
dissociation, higher charge mobility and improved extrac-
tion due to better matching of the donor HOMO energy le-
vel to the ITO electrode [1]. At lower pentacene thickness a
loss in JSC reduces performance (e.g. dD = 29 nm;
JSC = 4.1 mA cm�2, gp = 0.8%) consistent with a thinner ac-
tive layer reducing exciton formation, whilst a similar ef-
fect is observed at higher than optimum thickness (e.g.
dD = 58 nm; JSC = 5.2 mA cm�2, gp = 1.2%) due to increased
numbers of undissociated excitons. The FF is consistently
between 0.50 and 0.55 across the full range of thicknesses.
VOC is seen to remain fairly constant regardless of device
thickness, and this is to be expected in similar devices with
no obvious source of internal field drop. It is interesting to
note that VOC is almost 0.1 V lower than in comparable
CuPc/C60 heterojunctions, an effect due to the decreased
interface gap (donor HOMO – acceptor LUMO difference)
from 0.5 to 0.4 eV, which is considered responsible for
VOC in organic PV devices [10].

The optimum pentacene thickness of�43 nm is approx-
imately consistent with that found by Yoo et al. in a similar
device structure [8], although Mayer et al. report devices
with a lower optimum thickness of dD = 20 nm [11]. The
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power conversion efficiency is comparable to that esti-
mated from EQE measurements by Yoo et al. for AM1.5G
solar irradiation, which is the highest currently reported
for pentacene/C60 heterojunction cells using unmodified
ITO and metal electrodes, and is perhaps surprising after
our devices were exposed to air before J–V characterisa-
tion. A recent report has suggested an advance in efficiency
up to 2.24% in similar devices by modification of the anode
by a self-assembled monolayer [12], a similar effect to that
seen previously in CuPc:C60 heterojunction devices [13].

The EQE as a function of wavelength for a planar hetero-
junction device with dD = 43 nm is shown in Fig. 2. It clo-
sely follows the electronic absorption with the features of
both pentacene and C60 clearly visible. The high JSC leads
to an EQE maximum of �55% at 670 nm, corresponding
to the peak in pentacene absorption.

A wide range of device active areas have been reported
in the literature with contradictory evidence on the effect
this has on device performance [14,15]. Understanding
the effect of active area is critical for future scaling up of
organic PV technology. A series of ITO/43 nm Pentacene/
40 nm C60/10 nm BCP/Al devices were therefore grown
simultaneously with different shadow mask areas during
metal contact evaporation. Fig. 3 shows the effect of device
area (up to 0.65 cm2) on cell parameters JSC, VOC, gp and FF
under 100 mW cm�2 irradiation. The parameters remained
within a 5% deviation across the series, and the scaled ser-
ies resistance, RSA, was also found to be consistent within
the same error margins. The slight deviations can be ac-
counted for by normal fluctuations within a batch of sam-
ples, and it can be concluded that device performance does
not show significant dependence on active area for penta-
cene/C60 heterojunction devices as low as 0.05 cm2. This is
a promising result for the scaling-up of organic PV devices,
at least as far as several square centimetres, and also im-
plies a preference for larger area devices in research to
minimise inaccuracies due to shadow masking resolution.

The stability of devices under constant illumination is a
further critical consideration for eventual manufacture of
organic PVs, and one which is rarely studied. Fig. 4 shows
the change in J–V performance over a period of 70 mins
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Fig. 2. EQE as a function of wavelength for a planar heterojunction device
with dD = 43 nm (solid line) and with the shape of the electronic absor-
ption spectrum for comparison (dashed line).
for a pentacene/C60 planar heterojunction device (a) in
air, (b) under a vacuum of �10�4 mbar, and (c) under vac-
uum with a k = 455 nm high-pass filter in the incident
beam. The devices were all exposed to air after Al deposi-
tion before being transferred to the J–V setup where they
were exposed to a constant illumination of 100 mW cm�2

throughout the 70 min period. Table 1 shows the parame-
ters JSC, VOC, FF and gp at the end of the 70 min period as a
percentage of their starting values for each of the three
analysis conditions.

The devices show much more rapid degradation than
equivalent CuPc/C60 heterojunctions reported previously
[7]. In air a rapid decrease in JSC is observed, dropping to al-
most half its original value within 20 mins – a comparable
drop in JSC was not seen over the full 120 min measure-
ment in the previous CuPc/C60 devices. The gradual forma-
tion of a kink in the J–V curve at positive bias after just a
few minutes leads to a decreasing trend in FF, which itself
results in a decrease in VOC. The overall gp drops very rap-
idly reaching less than 10% its original value within the ini-
tial 40 min.

Under vacuum the photocurrent remains constant, as
seen by the overlap of all curves at negative bias. In the ini-
tial few minutes the performance is seen to increase
slightly, an effect similar to that seen for a CuPc/C60 device
under vacuum [7]. However, the increase is short lived and
within 10 min a kink at positive bias begins to form, equiv-
alent to that seen in air. The drop in FF results in a decrease
in VOC as well as a slight decrease in JSC despite a constant
photocurrent. The overall gp decreases gradually, although
less rapidly than the device in air due to the slower kink
formation and stability of the photocurrent.

The differences between the evolution of J–V curve
shapes under air and vacuum suggest two simultaneous
mechanisms of degradation; (a) an oxygen induced degra-
dation causing a decrease in photocurrent which is not ob-
served for the device under vacuum, and (b) a purely
photo-induced degradation causing the kink at positive
bias that occurs regardless of the presence of oxygen.

Mechanism (a) cannot be explained purely by the pho-
tooxidation of C60 as the effect on photocurrent is far great-
er than that seen in CuPc/C60 devices [7]. Instead the
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Fig. 4. J–V curves for a planar heterojunction device (ITO/43 nm Penta-
cene/40 nm C60/10 nm BCP/Al) (a) in air, (b) under vacuum, and (c) under
vacuum with a k = 455 nm high-pass filter in the incident beam. Devices
were exposed to constant 1 sun illumination and time progression from
0�70 mins is shown by the arrows. Thick lines indicate 0 mins and 70 -
mins, with other solid lines indicating 10 min intervals.

Table 1
The device parameters of a planar heterojunction device (ITO/43 nm
Pentacene/40 nm C60/10 nm BCP/Al) after 70 min of constant 1 sun
illumination analysed in air, under vacuum and under vacuum with a
k = 455 nm high-pass filter in the incident beam

In air Vacuum Vacuum + UV blocked

JSC 14.2 86.7 97.3
VOC 48.7 70.3 95.9
FF 54.1 54.1 96.5
gp 3.8 33.0 90.1

All values are expressed as a percentage of their original values before
analysis.
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degradation of pentacene must be having a significant ef-
fect. Pentacene has been noted to degrade in the presence
of light and air to form a transannular peroxide and a di-
meric peroxide amongst other compounds [16–18]. This
photooxidation of pentacene will lead to a decrease in
absorption and disruption of the crystal network resulting
in decreased charge transport, hence explaining the drop in
photocurrent in the presence of oxygen.

The kinks formed by mechanism (b) are similar to those
seen in Cadmium Telluride (CdTe) solar cells [19]. In this
case the kinks are a result of a barrier between the CdTe
layer and the back Au contact; saturation of the junction
voltage at the barrier under positive bias results in a corre-
sponding saturation of current. During photoelectron
emission microscopy (PEEM) studies Heringdorf observed
that the UV radiation used to generate the photoelectrons
was sufficiently energetic to desorb thin pentacene layers
on a timescale of minutes, probably due to absorption of
the radiation by the substrate leading to an increase in
temperature [20]. For a pentacene layer grown on glass,
significant substrate absorption occurs at 400 nm and be-
low [5]. Under constant simulated solar illumination, a sig-
nificant proportion of the UV radiation will be absorbed by
the glass/ITO substrate causing a similar localized anneal-
ing effect. The resulting reorganisation is likely to take
the form of a change in polymorph to a more thermody-
namically stable form, with an associated decrease in the
d(001) spacing [21]. To accommodate the decreased layer
spacing, the molecules close to the electrode will be drawn
away from the ITO surface (Fig. 5), and this reduction in the
quality of contact between the pentacene molecules and
the ITO will result in a contact barrier similar to that seen
in CdTe. The difference in the rate of appearance of the kink
under air and vacuum may be explained simply by the
experimental setup. To hold a device under vacuum it
was necessary for the incident light to pass through a
sealed Perspex window on the sample holder before reach-
ing the device. This window was found to behave as a
k = 370 nm high-pass filter and will therefore remove a
portion of the UV irradiation reaching the device, reducing
the rate of reorganisation at the pentacene/ITO interface
and resulting in a slower onset of the J–V kink. Further
reduction of the incident UV irradiation by the inclusion
of a k = 455 nm high-pass filter in the incident beam al-
most entirely removes the kink formation and leads to
much more stable device performance over the full
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70 mins, with JSC, VOC and FF remaining within 5% of their
starting values, and gp within 10%.

It is interesting to note the initial performance and J–V
shape during the degradation study. The difference in per-
formance compared to a similar device described in the ac-
tive area study can be attributed to the �30 min the
devices were exposed to air during setup of the experiment
before analysis, allowing oxygen to permeate through the
structure. However, the initial shape of the J–V curves is
good with the difference largely being due to a decrease
in photocurrent. This is consistent with the devices degrad-
ing only by mechanism (a) during the storage time before
analysis when the devices were not subject to UV
irradiation.

4. Conclusions

To summarise, we have demonstrated pentacene/C60

photovoltaic devices optimised for active layer thickness
showing power conversion efficiencies of 1.5%. Further,
we have addressed two key issues surrounding the poten-
tial use of such devices in future PV applications; device
active area and operational stability. We have shown a lack
of dependence of device performance to active area over
the range 0.05–0.65 cm2 which is promising for future
scaling-up. We have also identified two key degradation
mechanisms which result in rapid deterioration of device
performance, photooxidation and UV annealing, and dem-
onstrated more stable device performance under condi-
tions inhibiting both. Whilst it is clear similar general
conclusions may not apply to devices based on solution
cast polymer films due to the vastly different morphologi-
cal effects, the results may prove useful in comparison to
devices based on soluble derivatives of small molecular
materials whose structural properties should more closely
match those as grown by vacuum evaporation.
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Blends of regio-regular poly(3,3000-didodecyl quaterthiophene) (PQT-12) with (6,6)-phenyl-
C70-butyric acid methyl ester (PC70BM) were investigated as active layers for application in
organic photovoltaics (OPV). By optimizing the PQT-12:PC70BM composition ratio and
annealing conditions, power conversion efficiencies (g) of 1.4% could be obtained. Effects
of different preparation parameters on the incident photon conversion efficiency (IPCE),
short-circuit (Jsc), fill factor (FF), open-circuit voltage (Voc) and g are discussed.
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1. Introduction poly(3-hexylthiophene) (P3HT) with fullerene derivatives
Organic photovoltaics (OPV) have become an exciting
area of technology for academia, government research lab-
oratories and industry due to their potential for low cost,
light weight and large area solar cell devices [1]. From a
materials perspective both small molecules and polymers
are currently being investigated. Small-molecules have
the advantage that they can be highly purified and vacuum
deposited in multi-layer stacks, both important for device
lifetime and efficiency. Polymers are generally of lower pur-
ity than small molecules but can more easily address larger
device sizes at potentially lower costs by using solution-
based deposition techniques such as dip, spin and spray
coating, ink jet and screen printing. With regard to solution
processing, one system that has gained significant attention
in recent years is based on spin coated films of regio-regular
. All rights reserved.

: +65 6872 7528.
(A. Sellinger).
stadt, Germany.
[(6,6)-phenyl-C61-butyric acid methyl ester (PC60BM)]. Ini-
tial device power conversion efficiencies (g) were quite low
(�0.2%) [2], but with many research groups working on this
over the past 10 years, recent g values of �5% have been
achieved [3–5]. Despite these encouraging results, this sys-
tem suffers from several problems, including PC60BMs poor
absorption in the visible spectrum, and most significantly
rather low open-circuit voltages (�0.5–0.6 V).

P3HT has become a promising material in the field of or-
ganic solar cells over the previously extensively studied
poly (p-phenylene vinylene) (PPV):PC60BM system [6,7] be-
cause of its beneficial properties such higher hole mobility
(0.10 cm2/vs) [8], enhanced photostability [9] and an im-
proved optical absorption in the visible region. Recently an-
other thiophene based polymer: poly(3,3000-didodecyl
quaterthiophene) (PQT-12) was reported to have nearly
twice the transistor mobilities (0.18 cm2/vs) as compared
to P3HT [10]. In addition the highest occupied molecular
orbital (HOMO) is lower compared to that of P3HT (HOMO-
PQT�12 = �5.24 eV, HOMOP3HT = �5.00 eV) leading to even
better ambient stability [11]. For example, it was found that
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Fig. 1. The chemical structures of (a) PQT-12 and (b) PC70BM.
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organic field effect transistors (OFETs) fabricated from PQT-
12 have a much greater stability in air than corresponding
devices fabricated from P3HT [12]. Since the Voc of organic
solar cells is limited by the difference of the HOMO level of
the electron donor and the LUMO level of the electron
acceptor, solar cells using PQT-12 as electron donor should
reach higher open-circuit voltages than those based on
P3HT [11]. Hence, due to its lower HOMO and higher mobil-
ity, together with a similar broad absorption spectrum as
P3HT, PQT-12 offers the potential to be used in organic so-
lar cells with higher efficiencies and higher stability than
those based on P3HT.

Currently, PC60BM is the most commonly investigated
acceptor for solution processed organic solar cells, with
only few others being reported [7,13–16]. One drawback
of PC60BM is its low absorption in the visible range. To ad-
dress this shortfall, it has been shown that PPV-based solar
cells with improved light absorption, leading to enhanced
Jsc values, can be achieved by using the fullerene derivative
PC70BM instead of PC60BM [7]. This is explained by
PC70BMs stronger absorption in the visible range as com-
pared to PC60BM.

In the present work we report the effect of composition
and annealing temperatures on the performance of solu-
tion processed solar cells made from blend films of regio-
regular-PQT-12 and PC70BM (Fig. 1). Since both materials
are used together for the first time to our knowledge, a de-
tailed study on the optimum composition ratio was per-
formed. It is well known that the optimum composition
ratio for polymer solar cells is extremely important. For
example in regio-regular-P3HT: PC60BM bulk heterojunc-
tion devices, considerably lower fullerene contents
(1:0.8) yield optimum solar cell efficiencies [17] compared
to MDMO-PPV: PC60BM where ratios of 1:4 are optimal.
Furthermore, it has been determined that annealing signif-
icantly increases device efficiency – a parameter that was
also a focus in our study [5].

2. Experimental

For device fabrication, a �70 nm thick layer of poly(eth-
ylene dioxythiophene) doped with polystyrene sulfonic
acid (PEDOT:PSS) was spin-coated onto commercial glass
substrates covered with indium-tin-oxide (polished
140 nm ITO on SiO2 covered soda lime glass, Merck). The
PEDOT:PSS (HC Starck) films were dried on a hot plate un-
der a nitrogen atmosphere for 10 min at 120 �C. The active
layer was prepared from 2.4 wt.% solutions (24 mg/ml) in
chlorobenzene. The weight ratios of PQT-12 (American
Dye Source) as electron donor and PC70BM (American
Dye Source) as electron acceptor were varied between
2:1, 1:1, 1:1.5, 1:2, 1:2.5, 1:3 and 1:4. Separate solutions
of PQT-12 and PC70BM were stirred at 50 �C for a few hours
before the solutions were mixed to form the blend solu-
tions. The PQT-12 solutions were not completely solubi-
lized in chlorobenzene until heated to 70 �C prior to
combining the solutions. The blend solutions were stirred
overnight at 50 �C and remained clear. The blend solutions
were filtered through 0.22 lm-pore size PVDF syringe dri-
ven filters (Millipore) and were used to spin-coat the active
layers at 2000 revolutions per minute (RPM) for 60 s. The
thin films were annealed on a hot plate for 10 min and
the devices completed by evaporating a 20 nm Ca layer fol-
lowed by 100 nm of Ag at pressures below 8 � 10�6 mbar.
The effective solar cell area as defined by the geometrical
overlap between the bottom ITO electrode and the top
cathode was 0.1425 cm2. The incident photon to collected
electron efficiency (IPCE) as a function of wavelength was
measured with a home built system consisting of an Oriel
300 Watt Xe-lamp in combination with an Oriel Corner-
stone 130 monochromator and a SRS 810 Lock-In amplifier
(Stanford Research Systems). The number of photons inci-
dent on the device were calculated for each wavelength by
using a calibrated Si-photodiode as a reference. The white
light measurements were performed using a solar cell sim-
ulator (Steuernagel 535, Germany) and a Keithley 2400
Source/Measure unit. Details of our characterization set
up used to measure white light efficiency (AM 1.5 spec-
trum, 100 mW/cm2) have been previously reported [18].
All device preparation and characterization were per-
formed under a nitrogen atmosphere.

3. Results and discussion

The highest quantum efficiency (IPCE = 28% at 475 nm)
was obtained for a ratio of 1:2 (PQT-12:PC70BM) as shown
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in Fig. 2. The spectral response extends from about 320 nm
(PC70BM absorption) to 650 nm, indicating that both PQT-
12 as well as PC70BM contribute to the photocurrent.

It has previously been shown that PQT-12 exhibits li-
quid crystalline properties with phase transitions between
120 �C and 140 �C [19]. From our differential scanning cal-
orimeter (DSC) studies on PQT-12, two transitions were
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found at �110 �C and �140 �C. Based on these results, five
different annealing temperatures were selected – room
temperature (RT), 110 �C, 140 �C, 160 �C, and 180 �C – to
study the influence on the device performance. Fig. 3
shows the (a) power conversion efficiency (g), (b) fill fac-
tor (FF), (c) short-circuit current density (Jsc), and (d)
open-circuit voltage (Voc) as a function of PC70BM weight
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percentage (wt.%) in PQT-12:PC70BM solar cells after
annealing at different temperatures. For all investigated
annealing temperatures, the 1:2 PQT-12:PC70BM ratio
yielded the best performance. The device parameters un-
der illumination with white light (AM 1.5, 100 mW/cm2)
are summarized in Table 1. The best performance was ob-
tained for the device annealed at 140 �C, which reached
Voc = 0.70 V, FF = 0.38, Jsc = 5.3 mA/cm2 and g = 1.4%.

As expected a slightly higher Voc compared to
P3HT:PC60BM solar cells was achieved due to the lower
HOMO level of PQT-12 compared to P3HT. The obtained
efficiency is similar to previous work in which PC60BM
and a PQT-12 based polymer (PQT-DD) were used as an
acceptor and donor, respectively [20]. However in that re-
ported work, the highest power conversion efficiency was
obtained on as-deposited films (g = 1.84%), with annealing
above 50 �C significantly reducing the device performance
due to macro-phase separation.
Table 1
Comparison of device parameters of ITO/PEDOT:PSS/PQT-12: PC70BM/Ca/
Ag organic solar cells with different annealing temperatures processed
from chlorobenzene

Annealing temperature (�C) Voc (V) FF (%) Jsc (mA/cm2) g (%)

RT 0.70 33.4 2.71 0.64
110 0.55 35.6 3.20 0.63
140 0.70 37.6 5.30 1.40
160 0.70 35.6 4.20 1.05
180 0.69 35.3 4.04 0.99

Annealing time was 10 min under N2 atmosphere.
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Although the open-circuit voltages reported here are
higher than for P3HT:PC60BM based solar cells, the power
conversion efficiencies have not yet reached the levels of
the P3HT system yet, indicating that the nanostructures
are not optimal. It is known from extensive studies on
P3HT: PC60BM solar cells that the nanostructures formed
upon evaporation of the solvents has a dramatic influence
on the device efficiency [21]. An optimum nanostructure
fulfills two criteria: first, the phase separation should be
sufficiently small (<10 nm) to ensure that all photogener-
ated excitons can be dissociated at the interfaces. Second,
a percolating path is needed to transport the dissociated
charges to their respective electrode.

It has been frequently reported that annealing leads to
improved device performance for organic solar cells as well
as for organic transistors. In the case of organic transistors,
it has been shown that annealing leads to better ordering
of the materials resulting in higher carrier mobilities. How-
ever, the key factor leading to enhanced efficiencies in an-
nealed OPVs is more difficult to identify. This is because
unlike transistors, a blend of two materials are annealed
in organic solar cells. Due to the low entropy of mixing,
the two components begin to phase separate upon solvent
evaporation. Once the solvent is evaporated, a meta-stable
phase separated morphology is formed. Annealing at tem-
peratures exceeding the glass transition temperature of at
least one of the active materials enables the chains/mole-
cules to take an energetically more favorable ordering
(typically the formation of larger domains) leading to a
change in nanostructure. Thus it was investigated if
the higher efficiency after annealing is primarily caused
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by enhanced ordering of the PQT-12 chains leading to
higher mobilities or by changes in the nanostructure influ-
encing the percolation of the charge carriers.

In Fig. 4 the influence of annealing temperature on the
absorption (Abs.) and photoluminescence (PL) spectra is
shown for 1:2 (PQT-12:PC70BM) blend films. In the Abs.
spectra for pure PQT-12 thin films (Fig. 4a), clear differ-
ences in the shape of the peaks can be observed as a func-
tion of temperature. For example, the intensity of the peak
at �535 nm is reduced to a larger extent than that of the
�580 nm peak. This suggests a higher degree of ordering
Fig. 6. Topographic atomic force microscopy (AFM) images of 1:2 (PQT-12:
(a) RT, (b) 110 �C, (c) 140 �C and (d) 180 �C.
as a function of temperature [11]. In the blend film
(Fig. 4b), no difference in the Abs. spectra can be observed
as a function of annealing, suggesting no influence on high-
er ordering of either material is taking place. Thus anneal-
ing is more likely to affect the nanostructure/morphology
of the blend, rather than inducing enhanced order in
PQT-12 that would result in a red shifted absorbance. In
the PL spectra (Fig. 4c), the PL is completely quenched for
the as-prepared film and for all annealing temperatures
below 140 �C. Above 140 �C the PL signal of PQT-12 re-
emerges, indicating that larger domains are formed
PC70BM) blend films prepared from different annealing temperatures
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preventing excitons from reaching the PQT-12/PC70BM
interfaces, which in turn reduces the Jsc. This temperature
range corresponds to the crystalline-isotropic transition
point of PQT-12 as determined by DSC.

To further study the crystallization, XRD studies of pure
PQT-12, pure PC70BM and the blend film were performed.
The PQT-12 film is amorphous as deposited with ordering
appearing after annealing above 140 �C – peak appears at
2h = 4.9� (Fig. 5a). The as-deposited 1:2 blend film shows
the presence of crystallinity with a peak observed at
2h = 5.7� (Fig. 5b), corresponding to the crystallization peak
of the PC70BM. No changes of the XRD signal of the blend
layer on the annealing steps could be observed. It can be
concluded that the presence of the PC70BM suppresses the
ordering of the PQT-12 even after annealing above the tran-
sition temperature of 140 �C, as no peaks in the 2h = 4.6–
4.9� range can be observed. This finding only partially
corresponds to what is found for P3HT:PC60BM blends. For
this combination it has been reported that PC60BM addition
will induce disorder in the well arranged P3HT polymer
chains [22]. However, annealing of the P3HT-PC60BM blend
films will result in diffusion of PC60BM molecules out of the
P3HT:PC60BM matrix [23,24] leading to better order and a
red shift in the P3HT absorption spectrum.

Therefore, it can be concluded that a change of the
blend nanostructure/morphology, rather than enhanced
ordering of the PQT-12, is primarily responsible for the
observed efficiency dependence on the annealing steps.
This also explains why there is only a minor influence
of annealing on the fill factor (Table 1 and Fig. 3b),
which is often influenced by the mobilities of the charge
carriers.

Atomic force microscopy (AFM) measurements were
performed to study the layer morphology upon annealing
the 1:2 blend films as shown Fig. 6. Excellent miscibility
between PQT-12 and PC70BM was observed in the case of
as-deposited blend films. No nanostructure could be iden-
tified for the film annealed below 140 �C, indicating a mix-
ture of both phases on a scale much below the exciton
diffusion length, which is thought to be <10 nm. This is
in agreement with the observation of complete PL quench-
ing at lower annealing temperatures. Beginning at 140 �C
observable features are formed, and after annealing at
180 �C the whole layer is dominated by clearly identified
nanostructures with domains measuring between 10 nm
and 40 nm. The larger phase separation leads to a lower
PL quenching, as discussed before.

It can be concluded that upon annealing at 140 �C the
domain sizes are just big enough to facilitate percolating
charge transport, but still small enough that significant
amounts of photogenerated excitons can reach the inter-
face. However the exact nanostructure formed cannot be
determined with AFM. Furthermore, AFM can only image
the surface topology which may be different from the bulk
structure.
4. Conclusion

We have shown that commercially available PQT-12
and PC70BM semi-conducting materials can be carefully
combined to produce efficient organic solar cells. The effect
of blend composition and device annealing was studied
with the highest power conversion efficiencies achieved
for a 1:2 composition by weight. Addition of more PC70BM
(1:3 and 1:4 compositions) significantly reduced the effi-
ciency, while device annealing of the 1:2 blend more than
doubles the power conversion efficiency from as-deposited
devices 0.64% to 1.40% at 140 �C. Based on the results
provided here, it is concluded that the efficiency of the
PQT-12:PC70BM blend solar cells is limited primarily by
morphology resulting in absent percolating pathways to
the respective electrodes. Further processing optimization
and thin film cross section studies are proposed to investi-
gate the layer nanostructure in more detail.
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a b s t r a c t

This study addresses the problem of patterning-induced degradations to organic light-
emitting diodes (OLEDs) by using a thin (10 Å) atomic-layer-deposited (ALD) Al2O3 film
as both an electron-injection layer and a protecting layer for the electroluminescent mate-
rial, poly[1-methoxy-4-(20-ethyl-hexyloxy)-2,5-phenylene vinylene] (MEH-PPV). With the
ALD Al2O3 film, the OLEDs not only withstood an aggressive photolithographic patterning
process without any degradation but unprecedentedly showed increased luminous effi-
ciency (by 100%) and lowered turn-on voltage (by 19%) afterward. Although the ALD pre-
cursor, trimethylaluminum (TMA), was found to damage the MEH-PPV layer through
electrophilic addition to the vinylene groups of MEH-PPV during the deposition of the
Al2O3 film, its damaging effect was eliminated by pre-treating the MEH-PPV surface with
isopropyl alcohol (IPA), whose hydroxyl groups scavenged TMA throughout the ALD pro-
cess. The performance of the photo-patterned OLEDs was further improved by using a
high-conductivity hole-injection layer, which increased accumulation of holes at the EL–
buffer interface to enhance electron injection. The method reported herein improves the
applicability of photolithography to OLED fabrication, promising to resolve the issue of pat-
terning that has in part impeded OLED’s commercialization.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Although organic light-emitting diodes (OLEDs) are
finding increasing use in flat panel displays [1–4], their
applications in displays are still limited due in part to the
lack of an economical yet adequate method for patterning
the electroluminescent (EL) materials into fine pixels. Pat-
terning methods currently used for manufacturing or dem-
onstrating OLED displays include evaporation through
shadow masks and ink-jet printing [5–7], both of which
are relatively slow [8,9], incompatible with many EL mate-
rials [10], and limited in pattern resolution [9,11]. Photoli-
thography, the standard patterning method used in the
displays industry, would also be ideal for OLEDs, but it
has been shown incompatible with OLEDs due to the sus-
. All rights reserved.

x: +886 2 2363 4562.
ceptibility of the EL materials to the typical solvents or
reactive gases used in a photolithographic process
[12,13]. On the other hand, an OLED device can use a thin
insulator layer at the interface between the cathode and
the EL layers, such as MgO [14], SiO2 [15] and Al2O3

[16,17] to enhance the injection of electrons. The insulator
layer, commonly referred to as the buffer layer, operates by
reducing the effective barrier for electron injection and by
blocking holes from the cathode [18–20], thereby lowering
the operating voltage and improving the EL efficiency.

The objective of this study is to develop a photolitho-
graphic patterning (photo-patterning) technique for OLEDs
that does not compromise the OLED performance. The ap-
proach adopted in this study is to use a buffer layer to both
protect the EL layer of an OLED device during photo-pat-
terning and to enhance the performance of the patterned
device (see Fig. 1 for a schematic drawing of the proposed
patterning process). Given that an effective buffer layer

mailto:ftsai@ntu.edu.tw
http://www.sciencedirect.com/science/journal/15661199
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Fig. 1. Schematic drawings of the buffer-protected patterning process
demonstrated in this study.
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must be thin, typically in the range of 5–20 Å [21,22], it
must have complete and uniform coverage over the EL
layer to provide adequate protection throughout the pat-
terning process. We used atomic layer deposition (ALD)
to form Al2O3 films as the buffer layers, taking advantage
of ALD’s low defect density, high conformality, and low
deposition temperatures to maximize the surface coverage
of such thin films and to avoid thermally degrading the EL
layer [23–25]. The content of this study is as follow: First,
the minimum thickness of the ALD Al2O3 film required to
protect the EL layer was determined by ultrasonicating
Al2O3-coated EL films in a solvent and then inspecting their
appearances. Second, the effects of the added Al2O3 layer
on the characteristics of the OLED devices were evaluated,
and the ALD process was modified, to ensure that the Al2O3

layer served as an effective buffer. Third, the OLED charac-
teristics were evaluated again with devices patterned
using a typical photolithography process. Finally, methods
for further improving the characteristics of the photo-pat-
terned OLEDs were explored.
2. Experimental

2.1. Device fabrication and characterization

The OLED device used in this study was segmented
monochromatic display with poly[1-methoxy-4-(20-ethyl-
hexyloxy)-2,5-phenylene vinylene] (MEH-PPV) as the EL
material. The cross-sectional structure for the control de-
vices was indium tin oxide (ITO)/poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS)/MEH-
PPV/Al. For the experimental devices, an Al2O3 buffer layer
was inserted between the MEH-PPV layer and the Al cath-
ode. The substrates were ITO-coated glass with a sheet
resistance of 15 X/sq (purchased from Rite Displays). The
substrates were cleaned by ultrasonication by turns in tri-
chloroethylene, acetone, methanol and isopropyl alcohol,
followed by rinsing with deionized water and blow-drying
with nitrogen. Each of the sonication steps was carrier out
at 50 �C for 15 min. Subsequently, PEDOT:PSS (Baytron P
VP AI 4083, purchased from Bayer AG and used after filter-
ing through a 0.2 lm filter) was spin-coated at 1500 rpm
onto the substrates. The samples were then transferred
into a glove box and baked at 160 �C for 60 min. MEH-
PPV (Mn = 70,000–1,00,000 g mol�1, purchased from Sig-
ma-Aldrich and used as received) in anhydrous toluene
(7 mg ml�1 and filtered through a 0.2 lm filter) was then
spin-coated at 1100 rpm onto the PEDOT:PSS layer and
baked at 70 �C for 30 min. A 250-nm-thick aluminum film
was formed onto the MEH-PPV layer as the cathode by
thermal evaporation through a shadow mask at 10�6 Torr.
The devices were then encapsulated with a glass lid using
photo-curable epoxy resin as sealant. The current–voltage–
luminance characteristics of the devices were measured
with a Keithley 2400 source meter and a Minolta CS-100
chromameter.

2.2. Spectral characterization and contact angle
measurement

Ultraviolet–visible (UV–Vis) absorption spectra of MEH-
PPV films were collected with a Jasco V-570 spectrometer.
The MEH-PPV films (30 nm in thickness) were spin-coated
at 3000 rpm on glass substrates from a 2 mg mL�1 solution
in anhydrous toluene. Infrared spectra were collected with
a Thermo Nicolet Nexus 470 Fourier transform infrared
(FTIR) spectrometer, with the MEH-PPV films on KBr tab-
lets. Water contact angles were measured using a Ramé–
Hart contact angle goniometer (Model 100), where the ses-
sile drop of 2–3 ll in volume was dispensed with a micro-
syringe and the contact angle was measured within 30 s
after its formation.

2.3. Atomic layer deposition

Atomic layer deposition of Al2O3 was applied to the
MEH-PPV layer using a Cambridge NanoTech Savannah
100 ALD system, with trimethylaluminum (TMA) and
H2O as the precursors. A typical deposition run consisted
of a number of identical cycles, each consisting of the fol-
lowing steps: a 0.02 s pulse of TMA, a 5 s purge with N2,
a 0.1 s pulse of H2O, and another 5 s purge in N2. We also
used cycles with H2O pulsed before TMA to study the effect
of the precursor sequence. The deposition temperature
was 75 �C, the chamber pressure 0.1 Torr, and the N2 flow
20 sccm. For the ALD process with the IPA pretreatment,
anhydrous IPA was spun onto the MEH-PPV films at
400 rpm for 10 s, followed by the ALD process with TMA
pulsed first. A cycle produced 1.2 Å of Al2O3, as determined
using a Dektek Model 3030 profilometer. The evaporated
Al2O3 films tested along with the ALD films were thermally
evaporated from an Al source in high vacuum and then oxi-
dized naturally in the ambient air for 10 min.
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2.4. Photo-patterning process

Shipley S1813 positive-tone photoresist was spin-
coated at 3000 rpm onto the MEH-PPV layer and baked
for 120 s at 90 �C, followed by a 10 s exposure to a
365 nm UV light (Hsin Han Electronic R-700) through a
photomask. The UV-exposed samples were developed in
Shipley MF-319 developer for 30 s, rinsed in anhydrous
methanol for 1 min, and then dried at 80 �C for 120 s. The
Al2O3 buffer on the UV-exposed area was dissolved in the
developer as well, and its underlying MEH-PPV was subse-
quently wet-etched with anhydrous toluene (120 s). After
the etch step, the photoresist was stripped by sonication
in anhydrous acetone for 120 s, and then dried at 100 �C
for 30 min.

3. Results and discussion

To preliminarily verify the surface coverage of the ALD
buffer layer over the MEH-PPV layer, several MEH-PPV film
samples were overcoated with an ALD Al2O3 layer of vari-
ous thicknesses, immersed in toluene for 10 min, and then
visually inspected. The ALD layers with thicknesses P10 Å
kept the MEH-PPV samples intact; in contrast, an MEH-PPV
sample overcoated with a 12 Å evaporated Al2O3 film,
which was tested as a reference along with the ALD-coated
samples, completely disintegrated upon the immersion in
toluene. This result suggests that the excellent surface cov-
erage of ALD would allow Al2O3 films with P10 Å thick-
ness to protect an underlying MEH-PPV film through the
solution-based photo-patterning process.
Fig. 2. Current density and luminance vs. applied bias for OLED devices:
without the ALD buffer (squares), and with the ALD buffer (circles).

Table 1
Characteristics of the OLED devices

Device Turn-on voltage (V)

No buffer, not patterned 4.8
With ALD buffer, not patterned 7.7
With IPA-pretreated ALD buffer, not patterned 3.0
With IPA-pretreated ALD buffer, patterned 3.9
With IPA-pretreated ALD buffer and

high-conductivity PEDOT:PSS, patterned
2.8
Despite the ALD Al2O3 films’ confirmed surface cover-
age, they failed to show the expected benefits of a buffer
layer: the devices with a 10-Å ALD Al2O3 layer overcoated
on the MEH-PPV layer had significantly higher turn-on
voltage, lower luminance, and lower luminous efficiency
than the control (see Fig. 2 and Table 1). It should be noted
that control’s low luminance and low luminous efficiency
are intrinsic to the device structure (ITO/PEDOT:PSS/
MEH-PPV/Al), and they are comparable to the optimal de-
vice characteristics reported by other researchers for the
same device structure [26–28]. The adverse effects of the
ALD Al2O3 layer are attributed to its disrupting the conju-
gation of MEH-PPV, which is evidenced by the blue shift
and the weakened absorption occurring in the UV–Vis
spectrum of MEH-PPV upon the application of the ALD
Al2O3 layer (see Fig. 3). The affected MEH-PPV became
insulating due to the disrupted conjugation, and therefore
the device characteristics deteriorated drastically. By ana-
lyzing the UV–Vis spectra (Fig. 3) of MEH-PPV samples pro-
cessed with different ALD conditions, we determined that
exposure to TMA was the sole cause of the disruption of
conjugation. As can be seen in Fig. 3, the MEH-PPV sample
exposed only to TMA showed identical degradation in its
UV–Vis spectrum to that of the Al2O3-coated sample
(which was exposed to both TMA and H2O), while the
MEH-PPV sample exposed only to H2O did not show
detectable change in its UV–Vis spectrum. The significant
change in the UV–Vis spectrum caused by the ALD Al2O3

layer indicates that the TMA exposure affected not only
the top surface but also the bulk of the MEH-PPV layer.
Maximum luminance (cd/m2) Luminous efficiency (cd/A)

78 1.4 � 10�2

19 9.3 � 10�3

242 3.0 � 10�2

217 2.8 � 10�2

322 4.2 � 10�2

Fig. 3. UV–Vis absorption spectra of MEH-PPV films: pristine (solid lines),
with a 10 Å ALD Al2O3 film deposited with TMA first (filled squares), with
a 10 Å ALD Al2O3 film deposited with H2O first (unfilled triangles), exp-
osed only to H2O (unfilled circles), and exposed only to TMA (unfilled
diamonds).



Fig. 4. IR spectra of MEH-PPV films: (a) pristine (b) TMA-exposed (150
consecutive 0.02-s pulses). The peak at 969 cm�1 corresponds to the vi-
nylene double bonds of MEH-PPV, as illustrated in the margin.

Fig. 6. Images from water contact angle measurements on MEH-PPV
surface: (a) pristine (contact angle = 87�), and (b) IPA-pretreated (contact
angle = 50�).
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This was to be expected from the elevated temperature
used in the ALD process, which accelerated the permeation
of TMA vapors into the MEH-PPV layer.

We further determined that the mechanism of the con-
jugation disruption is through electrophilic addition of
TMA to the vinylene C@C groups of MEH-PPV, which can
be seen by comparing the FTIR spectra shown in Fig. 4 of
an MEH-PPV film before and after TMA exposure: The
TMA-exposed spectrum showed significantly weakened
vinylene absorption band (969 cm�1). This mechanism is
consistent with the fact that TMA, being a strong Lewis
acid, has high reactivity for electrophilic addition to unsat-
urated bonds. The TMA exposure also created a new FTIR
spectral feature at �860 cm�1 corresponding to the Al–O
bond, which was formed by oxidation of the added TMA
by O2 or H2O upon the sample’s exposure to air [29]. It
should be noted that the significant change in the FTIR
spectra upon the TMA exposure indicates again the deep
penetration of the TMA vapors into the MEH-PPV layer.

The TMA attack on the MEH-PPV layer was reduced, but
not eliminated, by introducing H2O before TMA in the ALD
cycles, as can be seen from the smaller blue shift and less
weakening of the UV–Vis spectrum produced by the H2O-
first process than that of the regular TMA-first process
(see Fig. 3). The H2O-first process impeded the TMA attack
by initially providing to the MEH-PPV surface a layer of
adsorbed H2O molecules, which shielded the MEH-PPV
Fig. 5. Schematic drawings of the
layer from TMA in the subsequent process. However, the
shielding effect of the H2O-first process was modest due
to the hydrophobicity of the MEH-PPV surface, which lim-
ited the amount of the initially adsorbed H2O molecules.

The problem of incomplete shielding of the H2O-first
process was resolved by pre-treating the MEH-PPV surface
with isopropyl alcohol (IPA) immediately before the ALD
process. The hydrophobic alkyl groups of IPA ensured its
full adsorption onto the also hydrophobic MEH-PPV sur-
face, while its hydroxyl groups served as reactive sites for
capturing TMA during the ALD process, as illustrated in
Fig. 5. The mechanism proposed in Fig. 5 agrees with the
results of contact angle measurements on the MEH-PPV
surface (see Fig. 6): the water contact angle reduced from
87� to 50� upon the IPA pretreatment, indicating that IPA
effectively converted the hydrophobic MEH-PPV surface
into a hydrophilic one. The IPA pretreatment completely
prevented the TMA-induced damages, allowing ALD-pro-
cessed MEH-PPV films to show identical UV–Vis spectra
to that of the pristine film (Note: spectra of the IPA-pre-
treated, ALD-processed MEH-PPV samples was indistin-
guishable from that of the pristine sample and are not
shown.). Furthermore, OLED devices with a 10-Å IPA-pre-
treated ALD Al2O3 buffer layer indeed showed the expected
benefits of the buffer layer, i.e., decreased turn-on voltage
and increased efficiency compared with the devices with-
out the Al2O3 buffer (see Fig. 7 and Table 1).

The 10-Å IPA-pretreated ALD Al2O3 buffer layer was also
effective in protecting MEH-PPV films through the photo-
patterning process, as evidenced by the identical UV–Vis
IPA-pretreated ALD process.



Fig. 7. (a) Current density and luminance vs. applied bias, (b) luminous
efficiency vs. current density for the OLED devices: without the ALD bu-
ffer and not patterned (squares); with the ALD buffer and patterned (ci-
rcles); with the ALD buffer but not patterned (triangles), and with the ALD
buffer and high-conductivity PEDOT:PSS and patterned (stars). Note that
the ALD buffer was deposited with the IPA pretreatment.
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spectra of the photo-patterned MEH-PPV films to that of
the pristine film (Note: the patterned spectra were indis-
tinguishable from the pristine and are not shown.). More
important, the OLED devices fabricated with the photo-
patterned, ALD-coated MEH-PPV films showed higher
luminous efficiency and lower turn-on voltage than the
control devices which were not photo-patterned and
without the buffer (Fig. 7 and Table 1). The above results
confirm that the ALD-buffer-assisted photo-patterning
process is capable of both patterning and improving OLED
devices. It should be noted that the photo-patterning pro-
cess did compromise part of the improvement yielded by
the ALD buffer, but the net effect was still positive (Fig. 7
and Table 1).

The EL efficiency could be further improved (by 50%)
and turn-on voltage further lowered (by 28%) by increasing
the conductivity of the hole injection layer (HIL), PED-
OT:PSS, as shown in Fig. 7 and Table 1. The conductivity
of the HIL was increased by �2 orders of magnitude by
adding 5 wt.% of glycerol into the PEDOT:PSS solution
[30]. The mechanism of this further improvement is ex-
plained as follow. In hole-dominated OLEDs such as the
MEH-PPV-based devices studied here, a large portion of
holes reach the cathode without participating in radiative
recombination with electrons, thus resulting in loss of
luminous efficiency. When an insulating buffer is used,
holes are prevented from quenching at the cathode, and
they in turn accumulate at the EL–buffer interface. The
accumulated holes create interfacial dipoles that enhance
electron injection from the cathode by lowering the injec-
tion barrier, while their proximity to the cathode enables
them to readily capture and recombine with the injected
electrons; consequently, the turn-on voltage is lowered
and the EL efficiency is improved [31–33]. Increasing the
conductivity of the HIL increases the accumulation of holes
at the EL–buffer interface, thereby strengthening the bene-
fits of the insulating buffer layer. We expect that more
improvement can be realized with HIL with even higher
conductivity, which is the subject of our on-going effort.

4. Conclusion

We demonstrated a practical solution to the heretofore
unavoidable problem of patterning-induced degradations
for OLEDs. OLEDs with MEH-PPV as the EL material were
photo-patterned without degradation by using an ultra-
thin (10 Å) ALD Al2O3 film overcoated on the EL layer to
protect against damages induced by the solution-based
photo-patterning process. Besides providing protections,
the Al2O3 film served as an effective buffer layer to im-
prove luminous efficiency (by 100%) and to lower turn-
on voltage (by 19%) of the photo-patterned OLEDs.
Although the ALD precursor, TMA, disrupted the conjuga-
tion of MEH-PPV by electrophilic addition to its vinylene
moiety during the deposition of the Al2O3 film, this reac-
tion was prevented by pretreating the MEH-PPV layer with
IPA immediately before the ALD process, where the pre-ad-
sorbed IPA molecules reacted with TMA to shield the
underlying MEH-PPV surface. The device characteristics
of the photo-patterned OLEDs were further improved by
increasing the conductivity of the HIL, which increased
hole accumulation at the EL–buffer interface to enhance
electron injection.
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a b s t r a c t

We investigated the effect of water in ambient air on the hysteresis phenomena of penta-
cene field-effect transistors with polymer/SiO2 gate dielectrics. The polarity of the polymer
surface was controlled by using three different polymers: poly(styrene), poly(4-hydroxy
styrene), and poly(4-vinyl pyridine). Water diffusion into the interface between the penta-
cene and the gate dielectric was driven by the polarity of the polymer surface, resulting in
considerable hysteresis and degradation of device performances. The observed hysteresis
behaviors can be explained in terms of donor- and acceptor-like trap formation by water
molecules that have diffused between the pentacene and the gate dielectric. The different
effects of these traps on hysteresis depending on the functional groups at the polymer sur-
face were also investigated.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction was caused by slow polarization that occurred due to
Recently, organic field-effect transistors (OFETs) have
received considerable interest because of their potential
applications in low cost, large area and flexible electronics.
The charge carrier mobility of OFET devices with a penta-
cene active layer has been shown to be comparable to
those of amorphous silicon transistors (�3 cm2 V�1 s�1)
[1]. However, the utility of organic circuits has been hin-
dered by the hysteresis phenomenon that is frequently ob-
served during device operation. Therefore, minimizing the
hysteresis effect in these circuits is a research priority in
this area. When polymer layers were used as gate dielec-
trics, the hysteresis observed during device operation
. All rights reserved.

x: +82 54 279 8298.
application of an electric field to a film comprised polymer
molecules with polar groups on either the main or side
chain, and/or to a film containing ionic impurities [2,3].
Also, the functional groups at the polymer surface, which
can influence semiconductor/dielectric interface properties
such as semiconductor morphology [1,4] and charge traps
[5], results in specific hysteresis in accordance with the ap-
plied gate bias and operational environment. In particular,
oxygen and water molecules in the air induce charge traps
either in the semiconductor or at the semiconductor/
dielectric interface, leading to a degradation of the device
performance [6–11].

In the present study, we investigated the hysteresis
phenomena of pentacene FETs by measuring the electrical
characteristics of pentacene FETs with polymer/SiO2

bilayer gate dielectrics having different surface properties
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(polarity and functionality) in various operational environ-
ments, including a vacuum (�10�3 Torr), oxygen (99.9%),
dry air (relative humidity (RH) �0%) and ambient air (RH
�40%). The surface properties of the gate dielectric were
controlled by applying three different ultra-thin polymer
layers (�15 nm) on the SiO2 dielectric. These systematic
studies revealed that both the presence of water in the
atmosphere and the polarity arising from the functional
groups at the polymer surface determine the severity of
hysteresis during device operation. Moreover, the observa-
tion of greater hysteresis in ambient air than in a vacuum
can be accounted for in terms of the formation of long-
lived donor- and acceptor-like traps by water molecules
that have diffused into the interface between the semicon-
ductor and gate dielectric, a process that is driven by the
functional groups at the polymer surface.

2. Experimental

Poly(4-vinyl pyridine) (PVP), polystyrene (PS) and
poly(4-hydroxyl styrene) (PHS) thin layers (see Fig. 1a–c
for their chemical structures) were spin-cast onto ther-
mally grown 300-nm-thick SiO2 substrates, followed by
Fig. 1. Chemical structures of the polymer gate dielectrics employed in this ex
present in the AFM images of (c) and (d), respectively.

Fig. 2. Transfer characteristics of pentacene FETs in the linear regime (drain volta
operational environments, specifically vacuum (�10�3 Torr), oxygen (99.9%), dry
annealing for 1 h at 90, 100, and 120 �C, respectively. The
three types of polymer/SiO2 bilayer gate dielectrics exhib-
ited very smooth surfaces with root-mean-square rough-
nesses (Rq) of 3.6–4.5 Å, respectively, obtained by means
of atomic force microscopy (AFM, Digital Instruments Mul-
timode SPM, tapping mode, see Fig. 1d–f). The thickness of
the polymer films measured by using an ellipsometer (J.A.
Woollam. Co. Inc.) was of about 10–15 nm. A 50-nm-thick
pentacene active layer (Aldrich), patterned through a sha-
dow mask, was deposited onto the gate dielectrics at a rate
of 0.1–0.2 Å/s by organic molecular beam deposition. Final-
ly, the source/drain electrodes were defined on the penta-
cene film by thermally evaporating gold through a shadow
mask. The channel length (L) and width (W) were 100 and
1000 lm, respectively. The electrical characteristics of the
pentacene FETs were sequentially measured in vacuum
(�10�3 Torr), oxygen (99.9%), dry air (RH �0%) and ambi-
ent air (RH �40%) using Keithley 2400 and 236 Source Me-
ter instruments. Prior to the electrical measurement, the
devices were outgassed under vacuum (�10�3 Torr) in
the measurement chamber for at least 30 min, and then
exposed to the operational environment for 30 min. The
overall capacitance (Ci) for all three of the bilayer gate
periment are (a) PVP, (b) PS and (c) PHS. Their surface morphologies are

ge, VD = �8 V) using the polymer/SiO2 bilayer gate dielectrics with various
(RH �0%) and ambient air (RH �40%): (a) PVP, (b) PS and (c) PHS devices.
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dielectrics, measured using an Agilent 4284 precision LCR
meter, was 10 nF/cm2.

3. Results and discussion

Fig. 2 shows the influence of operational environment
on hysteresis in the linear regime (drain voltage VD = �8 V)
transfer characteristics of the devices with PVP, PS and
PHS/SiO2 bilayer gate dielectrics, and Fig. 3 shows a com-
parison of the device performance when the three devices
were operated in the different environments. The PVP and
PHS devices showed considerable hysteresis in ambient air
but little hysteresis in the other environments (Fig. 2a and
c). Also, operation in ambient air led to a degradation of the
drain current (ID), which resulted in a reduction in charge
Fig. 3. Variation of the device performance characteristics for each operational en
voltage (Vth) were calculated in the linear regime. All electrical parameters wer

Fig. 4. AFM images in (a), (b) and (c) show the morphologies of pentac
carrier mobility (l) and changes in device performance
indicators such as the turn-on voltage (Vturn-on), threshold
voltage (Vth) and subthreshold swing (SS). On the other
hand, compared to operation in a vacuum, devices oper-
ated in oxygen showed slightly increased ID and SS, and
shifts in Vturn-on and Vth toward more positive voltages.
These effects of oxygen on device performance are attrib-
uted to the acceptor-like traps created by oxygen in both
pentacene films and pentacene/polymer interfaces, which
attract electrons from the pentacene layer, thereby
increasing the hole density in the channel region [6–8].
However, on going from a vacuum to an oxygen atmo-
sphere, the hysteresis was not enlarged (see Fig. 2a and
c), indicating that the hysteresis observed in these devices
was not due to oxygen but rather to water molecules in
vironment in the PVP, PS and PHS devices. The mobility (l) and threshold
e extracted from the off-to-on sweep curves.

ene layers (50 nm thick) on PVP, PS and PHS films, respectively.
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ambient air. The influence of water in ambient air on OFETs
has been previously reported [7–11]. It was found that
water molecules in humid air diffuse into the grain bound-
ary of the polycrystalline semiconductor layer and/or the
interface between the semiconductor and gate dielectric,
where they create both donor- and acceptor-like traps,
leading to significant degradation of device performance
[7]. In the present work, however, the PS device did not
exhibit hysteresis in any of the operational environments
(Fig. 2b), and other electrical parameters also showed
almost no dependence on environment (Fig. 3). These
findings indicate that the hysteresis and device perfor-
mance characteristics may be crucially affected by the
absorbed water in the semiconductor and the interface
between the semiconductor and the gate dielectric. In
addition, the diffusion of water molecules is intimately
related to the density of grain boundaries in the pentacene
film because small molecules migrate into the channel
region through such defects [12]. As shown in Fig. 4a–c,
the density of grain boundaries on the pentacene surface
is similar for all of the polymer/SiO2 bilayer gate dielec-
trics; thus the grain boundary effect can be excluded in
our study.

To demonstrate how the functional groups at the poly-
mer surface interact with diffusing water molecules, we
investigated the surface energies of the polymers by mea-
suring the contact angles of two test liquids, namely water
and diiodomethane. Surface energy is a direct indication of
intermolecular force, and consists of the sum of dispersion
and polar components which are calculated by the follow-
ing equation [13]:

1þ cos h ¼
2 cd

s

� �1=2 cd
lv

� �1=2

clv
þ

2 cp
sð Þ

1=2 cp
lv

� �1=2

clv
;

where cs and clv are the surface energies of the sample and
test liquid, respectively, and the superscripts d and p refer
to dispersion and polar components, respectively. Also, the
values of clv, cp

lv and cd
lv for the test liquids and the proce-

dure to solve the equation are provided in Ref. [13]. In par-
ticular, the polar component (cp

s ) of the surface energy is
attributed to polar forces arising from permanent and in-
duced dipoles, as well as hydrogen-bonding, whereas the
dispersion component ðcd

s Þ is due to instantaneous dipole
moments [13]. Therefore, the interaction between a poly-
mer surface and diffusing water molecules will exhibit a
greater dependence on cp

s rather than cd
s . Table 1 shows

the measured contact angles of the test liquids, as well as
the surface energy and polarity vp (i.e. the ratio of the polar
component to the total surface energy) for the polymer/
SiO2 bilayer gate dielectrics. The cp

s and vp of the PS poly-
mer are remarkably smaller than those of the PVP and
Table 1
Surface energy and polarity of polymer/SiO2 bilayer gate dielectrics

Gate dielectric Contact angle (�) cp
s (mJ m�2)

Water Diiodomethane

PS 90 31 0.55
PHS 56 37 17.58
PVP 49 13 18.49
PHS polymers, indicating that the surface of the PS film is
more non-polar than those of the PVP and PHS films. In
other words, the functional group of PS, the phenyl moiety,
interacts only weakly with water molecules compared
with the pyridine group in PVP and the phenol in PHS.
On the other hand, the pyridine and phenol functional
groups of PVP and PHS interact strongly with water mole-
cules through hydrogen-bonding. These results indicate
that the surface polarity arising from the functional group
in the polymer plays an important role in determining the
device performance in ambient air.

The similar surface polarities of the polymers in the PVP
and PHS devices mean that the diffused water molecules
give rise to hysteresis loops in the same (anticlockwise)
direction (Fig. 2a and c). However, significantly different
features were observed in the hysteresis depending on
the functional groups at the polymer surface: In the off-
to-on gate sweep of the PVP device in ambient air, a large
shift of the transfer curve toward positive VG direction is
observed, whereas the on-to-off gate sweep curve is
slightly moved toward the opposite direction, as compared
with non-humid conditions (Fig. 2a). When the hysteresis
of the PHS device in ambient air is compared with that un-
der non-humid conditions, by contrast, the transfer curve
is hardly altered during the off-to-on gate sweep, but is
shifted toward negative VG when the gate voltage is swept
from on to off (Fig. 2c). These deviations of the transfer
curves in ambient air from those under non-humid condi-
tions can be attributed to the water molecules that have
diffused into the interface between the semiconductor
and gate dielectric, which can act as both acceptor- and do-
nor-like traps at the interface. According to the report by
Gu et al., acceptor-like traps can result in hysteresis during
the off-to-on gate sweep because negative charges accu-
mulate at the interface by filling the acceptor-like traps
with electrons for positive VG, inducing more holes than
those required by the VG and Ci to balance the stored neg-
ative charges [14]. On the contrary, the donor-like traps are
occupied by holes induced by the negative VG applied dur-
ing the off-to-on gate sweep. The long life-times of the
donor-like traps result in keeping the traps filled during
the on-to-off gate sweep, thereby reducing ID during the
on-to-off gate sweep. In other words, the donor-like traps
contribute to hysteresis during the on-to-off gate sweep
[14].

Therefore, in the case of the PHS device in ambient air,
the acceptor-like trap effect due to water molecules is
smeared during the off-to-on gate sweep because water
molecules have the same effect as the hydroxyl groups of
PHS which can function as acceptor-like traps [15], making
the donor-like trap effects dominate in comparison to the
cd
s (mJ m�2) csðc

p
s þ cd

s Þ (mJ m�2) vpðc
p
s =csÞ

43.28 44.19 0.012
32.10 49.18 0.357
39.05 57.59 0.321
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non-humid conditions (Fig. 2c). On the other hand, the PVP
device in ambient air shows hysteresis caused by the dif-
fused water molecules, which act as both acceptor- and do-
nor-like traps: the transfer curve of the PVP device in
ambient air is shifted toward positive VG in the off-to-on
sweep and toward negative VG in the on-to-off sweep, as
compared with non-humid conditions. In this case, the
acceptor-like trap effect on hysteresis (shift toward the po-
sitive VG direction) is larger than the donor-like trap effect
(shift toward the negative VG direction) (Fig 2a). The de-
crease of ID in the PVP device was smaller than that in the
PHS device in ambient air because the acceptor-like traps
created by the water molecules were more dominant than
the donor-like traps in the PVP device (see Fig. 2a and c).

4. Conclusion

In conclusion, we have demonstrated the influence of
water in ambient air and the functional groups at the poly-
mer surface on the hysteresis of pentacene FETs. The polar-
ity of the polymer surface can determine the interaction
with diffused water molecules, resulting in considerable
hysteresis and a degradation of device performance. More-
over, the charge traps arising from water molecules have
different effects on the hysteresis depending on the func-
tional groups at the polymer surface.
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a b s t r a c t

We determined the interface dipole energies between interfacial layers with different
thicknesses coated on indium tin oxides (ITOs) and tris(8-hydroxyquinoline) aluminum
using ultraviolet and synchrotron radiation photoemission spectroscopy. After O2 plasma
treatment on 20-nm thick metal coated ITO, the work function and interface dipole energy
increased. In 2-nm thick metal coated ITO, no change in the interface dipole energy was
found though the work function increased. According to the valence band spectra, 2-nm
thick metals are fully oxidized, but 20-nm thick metals are partially oxidized after O2

plasma treatment. Therefore, it is considered that the contribution of the surface dipole
by the deposition of Alq3 on 2-nm thick metal is lower, resulting in a lower interface dipole.
Thus, the thickness of interfacial layer has a great impact on the formation of interface
dipole.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction organic materials [8–10]. The concepts of interface dipole
Because the thin film architecture of organic based elec-
tronic devices such as organic light emitting diodes
(OLEDs) [1,2], organic thin film transistor [3], and organic
photovoltaic devices [4] encompasses multiple inorganic–
organic and organic–organic junctions, the properties of
which have a strong impact on device performance. For
this reason, much of the effort in organic electronic devices
has been focused on understanding and modifying the
electronic properties of the interfaces. It is generally re-
ported that a vacuum level alignment rule can not apply
to the interface between metal and organic layer due to
the existence of interface dipole [5–7]. Various models
and mechanisms have been advocated to elucidate the for-
mation of the interface dipole at the interface of metal with
. All rights reserved.

x: +82 54 279 5242.
and band bending were, respectively, considered in some
papers [11–15]. Other kinds of papers considered only
the concept of interface dipole without considering the
band bending [16–18]. The exact mechanism is not estab-
lished until now.

The clean metals with few hundreds nanometer thick-
ness were coated on glass to find the general relationship
between metal work function and interface dipole energy
[19]. In order to investigate realistic contacts, the metal
surfaces covered with contaminants, such as carbon and
oxygen, have been also used in the experiments [20,21].
The sign of interface dipole is generally negative and its
magnitude linearly increases with the metal work func-
tion, corresponding to the lowering of the vacuum level
by depositing the organic layer [19]. The electrical proper-
ties of OLEDs were enhanced by employing a few-nano-
meter-thick interfacial layers on indium tin oxide (ITO)
anodes and by treating them with O2 plasma prior to

mailto:jllee@postech.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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the deposition of hole transport layer [22–26]. Such
enhancement could contribute to the reduction of the
hole injection barrier due to the increase in work function
by the plasma treatment completely. According to our
previous result, the thickness of hole injection layer affect
the formation of interface dipole between hole injection
layer and hole transport material [26]. In a cathode re-
gion, various kind of interlayer were used to reduce the
electron injection barrier [27,28]. However, the role of
interlayer in reducing an electron injection barrier and
the effect of interlayer thickness were not understood
well.

In the present work, we investigated the formation of
interface dipole between metal oxide and tris(8-hydroxy-
quinoline) aluminum (Alq3), and derived the general rela-
tionship between the metal work function and the
interface dipole energy in OLEDs. The metal oxide layer
was prepared by exposing a metal layer to O2 plasma. Syn-
chrotron radiation photoemission spectroscopy (SRPES)
and ultraviolet photoelectron spectroscopy (UPS) were
employed to observe the change of the energy level with
in situ deposition of Alq3 on metal layers. From this, the
general relationship of interface dipole energy between
O2 plasma treated metal surfaces and organic materials is
discussed.

2. Experimental

The glass coating with ITO (150-nm thick, �20 X/sq.)
was used as the starting substrate. The samples were
cleaned in sequence with the acetone, isopropyl alcohol,
and de-ionized water, and then dried with high purity
nitrogen gas. In order to compare this experiment with
previous one, we used similar metals with high work func-
tion such as Ir, Ru, Rh, and Ag which were used before [26].
These metals were deposited by e-beam evaporator on ITO
coated glass substrate with thicknesses of 20 and 2 nm.
Then, the samples were treated with O2 plasma for 1 min
with a power of 150 W in order to form a metal oxide. In
order to measure SRPES spectra, the samples were sealed
under vacuum condition and delivered to 4B1 beam line
in Pohang Accelerator Laboratory. After breaking the vac-
uum condition in the air, the samples were loaded into a
vacuum chamber and the organic material, Alq3, was in
situ deposited on the samples using a thermal evaporator.
The evaporation of organic material was performed in a
separately connected preparation chamber to which or-
ganic sources are attached. The organic material coverage
was determined by measuring with a thickness monitor
and comparing the area of the metal core level spectra.
The secondary electron emission spectra, core level spec-
tra, and valence band spectra were obtained in the main
chamber using a He I excitation (21.2 eV) and an incident
photon energy of 650 eV. The onset of photoemission was
measured with a negative bias (�20 V) on the sample to
avoid the work function of the detector. The incident pho-
ton energy was calibrated with the core level spectrum of
Au 4f. Atomic Force Microscopy (AFM) was used to detect
the change of film morphology after deposition of
interlayer.
3. Results and discussion

Fig. 1 shows O 1s SRPES spectra of Ag samples before
and after O2 plasma treatment. In order to separate the
chemical bonding states including those in the spectra,
the spectral line shape was simulated using a suitable
combination of Gaussian and Lorentzian functions. O 1s
spectra in 20-nm thick Ag was shown in Fig. 1a. The O 1s
peak separated into two components. The peak centered
at 530.7 eV in 20-nm thick Ag before O2 plasma treatment
was due to chemisorbed oxygen contaminants. The other
peak centered at 531.7 eV indicated O–Ag bond formed
by air exposure before SRPES measurement [29]. After O2

plasma treatment on 20-nm thick Ag, the peak intensity
of O–Ag bond increased about four times and the peak
indicating the chemisorbed oxygen disappeared. Further-
more, the new peak located at 532.6 eV appeared, indicat-
ing the oxidation of Ag surface by plasma treatment. The
peak shifted about 0.3 eV toward the lower binding energy
after O2 plasma treatment, suggesting the increase in work
function. In the case of relative amount of carbon contam-
ination on 20-nm thick Ag, it decreased from 64% to 46%
after O2 plasma treatment (not shown here). Fig. 1b shows
the O 1s spectra in 2-nm thick Ag. Before O2 plasma treat-
ment, O–Ag bond and chemisorbed oxygen bond were
shown. The intensity ratio of O–Ag bond to chemisorbed
oxygen bond is about 2.6, which is higher than that in
20-nm thick Ag (about 2.2). It is considered that ITO layer
beneath 2-nm thick Ag affected the formation of O–Ag
bond, which was detected by SRPES measurement due to
thin thickness. After O2 plasma treatment, the intensity
of O–Ag bond increased and new peak appeared, indicating
the oxidation of Ag. These results suggested that O2 plasma
treatment transformed the Ag layer into the AgOx layer.
Furthermore, it is shown that the relative amount of car-
bon contamination on 2-nm thick Ag decreased from 68%
to 49% after O2 plasma treatment (not shown here).

The changes of SRPES spectra with in situ deposition of
Alq3 on O2 plasma treated 20-nm thick Ag layer are shown
in Fig. 2. Before the deposition of Alq3, only Ag 3d peaks
were detected. After the deposition of 2-nm thick Alq3,
the intensity of Ag 3d peaks decreased and new peaks of
N 1s and Al 2p appeared. When the thickness of Alq3

reached 4 nm, Ag 3d peaks were not observed and the
intensities of N 1s and Al 2p increased. This result indi-
cated that the SRPES data at 4-nm thick Alq3 did not mean
interface properties between Ag and Alq3, but Alq3 proper-
ties. Therefore, the 4 nm was chosen as final thickness for
calculating the interface dipole energy.

In order to observe the change of chemical composition
during the deposition of Alq3, the spectral line shape was
simulated using the method mentioned above. Fig. 3a
shows the change of Ag 3d peak during the deposition of
Alq3 on 20-nm thick Ag. The peak centered at 368.4 eV be-
fore the deposition of Alq3 indicated Ag–Ag bond and the
peak centered at 367.7 eV indicated Ag–O bond [29]. The
intensity of Ag–Ag bond is higher than that of Ag–O bond.
After the deposition of 2-nm thick Alq3, the peak intensity
of Ag 3d decreased about 70%. After the deposition of 4-nm
thick Alq3, Ag 3d peak disappeared, meaning that Ag layer



Fig. 1. The change of O 1s SRPES spectra in Ag samples before and after O2 plasma treatment. After O2 plasma treatment, the peak intensity indicating O–Ag
bond increased and new peak appeared, indicating the oxidation of Ag surface. The peak shifted about 0.3 eV toward lower binding energy after O2 plasma
treatment, suggesting the increase in work function.

Fig. 2. Changes of SRPES spectra with the deposition of Alq3 on O2 plasma treated 20-nm thick Ag layer. The thickness of Alq3 when Ag 3d peaks were not
observed and the intensities of N 1s and Al 2p increased is 4 nm. This result indicated that the 4 nm thickness is good enough to calculate the interface
dipole energy between Ag and Alq3.
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was wholly covered with Alq3. The change of Ag 3d peak
during the deposition of Alq3 on 20-nm thick AgOx is
shown in Fig. 3b. The ratio of Ag–O bond to Ag–Ag bond be-
fore the deposition of Alq3 is 0.83, which is higher than that
in 20-nm thick Ag (0.23). This result indicates that Ag was
oxidized after O2 plasma treatment. As the 2-nm thick Alq3

layer was deposited, the peak intensity of Ag 3d decreased
about 67%. After the deposition of 4-nm thick Alq3, Ag 3d
peak disappeared.
Fig. 4a shows the changes of work function with in situ
deposition of Alq3 on 20-nm thick Ag layers. The onset of
secondary electron binding energy was determined by
extrapolating solid lines from the background and straight
onset in the UPS spectra [30]. The work function was calcu-
lated by subtracting the onset of secondary electron bind-
ing energy from He I excitation energy. The graph was
drawn with the calculated work function as horizontal
axes. At as-deposited state, the work function of 20-nm



Fig. 3. The change of Ag 3d peak during the deposition of Alq3 on (a) 20-nm thick Ag and (b) 20-nm thick AgOx. AgOx was fabricated by O2 plasma treatment
on Ag for 1 min with a power of 150 W.

Fig. 4. The change of the onset of secondary electron spectra after deposition of Alq3 on (a) 20-nm thick Ag and (b) 20-nm thick AgOx. The work function
was calculated by subtracting the onset of secondary electron binding energy in UPS spectra from He I excitation energy (21.2 eV).
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thick Ag is 4.4 eV. With the deposition of Alq3, the onset of
secondary electron shifted about 0.4 eV, meaning the de-
crease in work function. Here, following the convention
in surface science, the change of work function is consid-
ered as positive when the vacuum level is raised by depo-
sition. And, the interface dipole energies are calculated by
the change of work function during the deposition of or-
ganic layer without considering band bending. This means
that the interface dipole energy corresponds to �0.4 eV.
The changes of work function with the deposition of Alq3

on 20-nm thick AgOx layers are shown in Fig. 4b. At as-
deposited state, the work function is 5.0 eV. This result is
consistent with previous reports which stated that O2 plas-
ma treatment increases the work function. With deposi-
tion of Alq3, the onset of secondary electron shifted about
0.6 eV, indicating that the interface dipole energy between
20-nm thick AgOx and Alq3 is �0.6 eV. It should be noted
that O2 plasma treatment on the 20-nm thick Ag
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increased both the work function and the interface dipole
energy.

Fig. 5a shows the changes of valence band spectra with
in situ deposition of Alq3 on 20-nm thick Ag. The valence
band maximum (VBM) was also determined by extrapolat-
ing solid lines from the background and straight onset in
the UPS spectra [30]. Before the deposition of Alq3, the
VBM was located at 0 eV, showing the metallic valence
band. As Alq3 was deposited on Ag, the VBM shifted about
2.2 eV toward the high binding energy, indicating that the
energy difference between the highest occupied molecular
orbital (HOMO) and the Fermi level (EF) of Alq3 is 2.2 eV.
Because the band gap of Alq3 (BGAlq3) depend on the mea-
suring methods, it is impossible to estimate the electron
injection barrier between Ag and Alq3 exactly [31,32].
Therefore, the injection barrier for electrons from 20-nm
thick Ag to Alq3 could be expressed to be BGAlq3 �2.2 eV.
Fig. 5b shows the changes of VBM with in situ deposition
of Alq3 on 20-nm thick AgOx. The metallic valence band
is still maintained even though the sample was treated
with O2 plasma. After in situ deposition of 4-nm thick
Alq3, the VBM was about 1.8 eV from the EF, meaning that
the energy difference between HOMO and EF is 1.8 eV.
Therefore, the electron injection barrier at the interface
of 20-nm thick Ag with Alq3 was thought to be BGAlq3

�1.8 eV.
The changes of SRPES spectra with the deposition of

Alq3 on 2-nm thick AgOx layer are shown in Fig. 6. Before
the deposition of Alq3, In 3d peaks were detected due to
thin Ag layer. After the deposition of 2-nm thick Alq3, the
intensity of In 3d peaks decreased and new peaks of N 1s
and Al 2p appeared. When the thickness of Alq3 reached
4 nm, In 3d peaks were not observed and the intensities
of N 1s and Al 2p increased. This result is due to that 4-
nm thick Alq3 is good enough to calculate the interface di-
pole energy between Alq3 and 2-nm thick Ag.
Fig. 5. The change of valence band spectra after the deposition of Alq3 on (a)
extrapolating solid lines from the background and straight onset in the UPS spe
Fig. 7a shows the change of Ag 3d peak during the depo-
sition of Alq3 on 2-nm thick Ag. Before the deposition of
Alq3, the peaks for Ag–Ag bond and Ag–O bond were ob-
served. The ratio of Ag–Ag bond is higher than that of
Ag–O bond. The relative ratio of Ag–O bond to Ag–Ag bond
is 0.54, which is higher than that in 20-nm thick Ag (0.23).
It is considered that ITO located beneath 2-nm thick Ag
layer affected the oxidation of Ag, increasing the intensity
of Ag–O bond. After the deposition of 2-nm thick Alq3, the
peak intensity of Ag 3d decreased about 60%. After the
deposition of 4-nm thick Alq3, Ag 3d peak disappeared,
meaning that Ag layer was wholly covered with Alq3. The
change of Ag 3d peak during the deposition of Alq3 on 2-
nm thick AgOx is shown in Fig. 7b. The ratio of Ag–O bond
to Ag–Ag bond before the deposition of Alq3 is 1.3, which is
higher than that in 2-nm thick Ag (0.54). This result indi-
cates that Ag was oxidized after O2 plasma treatment. As
the deposition of Alq3, the peak intensity decreased about
73%. After the deposition of 4-nm thick Alq3, Ag 3d peak
disappeared.

Fig. 8a shows the changes of work function with in situ
deposition of Alq3 on 2-nm thick Ag layers. At as-deposited
state, the work function is calculated to be 4.4 eV. With the
deposition of Alq3, the onset of secondary electron shifted
about 0.3 eV, meaning the decrease in work function.
Without considering band bending, this means that the
interface dipole energy corresponds to �0.3 eV. The
changes of work function with deposition of Alq3 on 2-
nm thick AgOx layers are shown in Fig. 9b. At as-deposited
state, the work function is calculated to be 5.0 eV. With the
deposition of Alq3, the onset of secondary electron shifted
about 0.3 eV, indicating that the interface dipole energy
between 20-nm thick AgOx and Alq3 is �0.3 eV. It should
be noted that O2 plasma treatment on 2-nm thick Ag in-
creased the work function, but no change in interface di-
pole was found.
20-nm thick Ag and (b) 20-nm thick AgOx. The VBM was determined by
ctra.



Fig. 6. Changes of SRPES spectra with the deposition of Alq3 on O2 plasma treated 2-nm thick Ag layer. The thickness of Alq3 when Ag 3d peaks were not
observed and the intensities of N 1s and Al 2p increased is 4 nm. This result indicated that the 4 nm thickness is good enough to calculate the interface
dipole energy between Ag and Alq3.

Fig. 7. The change of Ag 3d peak during the deposition of Alq3 on (a) 2-nm thick Ag and (b) 2-nm thick AgOx. AgOx was fabricated by O2 plasma treatment
on Ag for 1 min with a power of 150 W.
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Fig. 9a shows the changes of valence band spectra with
in situ deposition of Alq3 on 2-nm thick Ag. Although the
Ag layer was not treated by O2 plasma, the VBM before
the deposition of Alq3 located at 0.3 eV, indicating the for-
mation of band gap. It is considered that ITO located be-
neath 2-nm thick Ag layer affected the oxidation of Ag
layer. After the deposition of Alq3, the VBM shifted about
2.2 eV toward high binding energy, meaning that the en-
ergy difference between the HOMO and EF of Alq3 is
2.2 eV. Therefore, the electron injection barrier was calcu-
lated to be BGAlq3 �2.2 eV. The changes of valence band
spectra of 2-nm thick AgOx with the deposition of Alq3
are shown in Fig. 9b. Before the deposition of Alq3, the
VBM was located at 1.3 eV due to the band gap of AgOx.
After the deposition of 4 nm of Alq3, the VBM shifted about
1.6 eV toward high binding energy, meaning that the en-
ergy difference between the HOMO and EF of Alq3 is
1.6 eV. This means that the electron injection barrier from
2-nm thick AgOx to Alq3 is BGAlq3 �1.6 eV.

In order to find the generalized relationship of interface
dipole energy at the interface of O2 plasma treated metal
with Alq3 layer, same experiments were carried out with
other metals. Fig. 10a shows the interface dipole after the
deposition of Alq3 on 20-nm thick metal coated ITO as a



Fig. 8. The change of the onset of secondary electron spectra after deposition of Alq3 on (a) 2-nm thick Ag and (b) 2-nm thick AgOx. The work function was
calculated by subtracting the onset of secondary electron binding energy in UPS spectra from He I excitation energy (21.2 eV).

Fig. 9. The change of valence band spectra after the deposition of Alq3 on (a) 2-nm thick Ag and (b) 2-nm thick AgOx. The VBM was determined by
extrapolating solid lines from the background and straight onset in the UPS spectra.
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function of metal work function. It seems that the work
function obtained from this experiment is lower than that
in literature. This result indicated that 20-nm thick metals
have many kinds of crystal structures. After O2 plasma
treatment, the metal work function increased due to the
formation of metal oxide on the surface of metal and the
interface dipole energy increased. This result is consistent
with the previous report that the higher metal work func-
tion, the higher interface dipole [33]. The interface dipole
energy after the deposition of Alq3 on 2-nm thick metal
coated ITO is shown in Fig. 10b. After O2 plasma treatment,
the metal work function also increased. However, the
interface dipole energy maintained the same value inde-
pendent of O2 plasma treatment. It should be noted that
the change of interface dipole energy between Alq3 and
2-nm thick metal coated ITOs was not observed although
the work function of 2-nm thick metal coated ITOs in-
creased after O2 plasma treatment. The AFM images of
ITO and 2-nm thick Ir coated ITO are shown in the inset
of Fig. 10b. The area is 2 � 2 lm2. It seems that whole sur-
face of ITO is covered with Ir layer, suggesting that 2 nm is
thick enough to cover whole surface.

Based on these experimental observations, the effect of
O2 plasma treatment on the formation of interface dipole
can be explained as follows. The work function of 20-nm
thick Ag and the interface dipole energy at the Ag/Alq3

interface were calculated to be 4.4 eV and �0.4 eV (Fig.
4a). After O2 plasma treatment, the work function in-
creased about 0.6 eV and interface dipole also increased
to be �0.6 eV (Fig. 4b). In case of 2-nm thick Ag, the work
function increased by 0.6 eV after O2 plasma treatment, but
the interface dipole energy increased as small as 0.05 eV



Fig. 10. The interface dipole energy after the deposition of Alq3 on (a) 20-
nm thick metal and (b) 2-nm thick metal as a function of metal work
function. The kinds of metals used in this experiment are Ir, Ru, Rh, Ag,
and their oxide states. The oxide states were prepared by exposing the
metal layers to O2 plasma for 1 min under 100 mTorr with a power of
150 W. The interface dipole energies are calculated by the change of
secondary cutoff during the deposition of Alq3 without considering band
bending. The AFM images of ITO and 2-nm thick Ir coated ITO are shown
in the inset of (b).
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(Fig. 8). Similar results are shown in other metals. In 20-nm
thick metal coated ITOs, metal work function increased by
a and interface dipole (D) formed by the deposition of Alq3

also increased from �D to �(D + b) with O2 plasma treat-
Fig. 11. The schematic band diagram in the case of (a) 20-nm thick metal inte
function increased about a after O2 plasma treatment. In 20-nm thick metal int
injection barrier about a–b. The sign of a and b was considered as a positive nu
ment, as shown in Fig. 11. It is considered that the higher
work function of metal substrate is, the more sensitive
electron density tail exists, inducing the higher interface
dipole [34]. However, the value of D in 2-nm thick metal
coated ITOs is independent of increase in work function
(a) by O2 plasma treatment, as shown in Fig. 12.

According to the electron tail reduction model, the me-
tal work function in a metal–organic system could be al-
tered with a surface dipole, which originates from the tail
of free electrons and depends on the number of free elec-
trons [34]. The contribution of this surface dipole could
be modified by the presence of an adsorbate. The contribu-
tion of the surface electron tail should be reduced because
the metal oxide has fewer free electrons (�1020/cm2) than
the metal (�1022/cm2) [35]. According to the valence band
spectra shown in Figs. 5b and 9b, 2-nm thick Ag is fully oxi-
dized, but 20-nm thick Ag is partially oxidized after O2

plasma treatment. It means that the number of free elec-
trons in 2-nm thick Ag is lower than that of 20-nm thick
Ag. Therefore, the contribution of the surface dipole by
the deposition of Alq3 on 2-nm thick metal is lower, result-
ing in a lower interface dipole. As a result, interface dipoles
in O2 plasma treated 2-nm thick metal coated ITOs coin-
cide with the interface dipoles in bare samples. The similar
or reduced interface dipole energies were also reported be-
tween UV/O3 treated Au and organic materials due to the
formation of Au oxide layer [36]. Consequently, oxide layer
plays a role in increasing the work function of electrode
with identical interface dipole, leading to the increase in
electron injection barrier from /e

B to /e
B þ a, as shown in

Fig. 12.

4. Conclusion

In conclusion, we investigated the effect of O2 plasma
treatment on the formation of interface dipole. The inter-
face dipole energy was determined by in situ measure-
ments of work function and EF using SRPES. When the
surface of 20-nm thick Ag was treated with O2 plasma,
the work function increased about 0.6 eV and the interface
rlayer and (b) O2 plasma treated 20-nm thick metal interlayer. The work
erlayer, the interface dipole also increased about b, changing the electron
mber.



Fig. 12. The schematic band diagram in the case of (a) 2-nm thick metal interlayer and (b) O2 plasma treated 2-nm thick metal interlayer. The work
function increased about a after O2 plasma treatment. In 2-nm thick metal interlayer, the interface dipole did not changed, increasing the electron injection
barrier about a. The sign of a and b was considered as a positive number.
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dipole energy also increased about 0.2 eV, indicating the
increase in electron injection barrier about 0.4 eV. When
2-nm thick Ag was treated with O2 plasma, the work func-
tion increased about 0.6 eV, but the interface dipole energy
(�0.3 eV) at the Ag/Alq3 interface almost did not change.
Therefore, the work function increase (0.6 eV) in the 2-
nm thick Ag by O2 plasma treatment caused the increase
of the electron injection barrier by about 0.6 eV. Similar re-
sults were found in Ir, Ru and Rh cases. The interface dipole
between organic material and 20-nm thick metal coated
ITOs increased after O2 plasma treatment. However, the di-
pole energies of both the O2 plasma treated 2-nm thick
metal coated ITOs and bare 2-nm thick metal coated ITOs
were the same with each other. These results indicated
that the thickness of interfacial layer has a great impact
on the formation of interface dipole.
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A polaron–polaron interaction model is suggested to study the spin injection and transport
in an organic semiconductor (OSC) device. The evolutions of spin polarons and spinless
bipolarons are calculated from the drift-diffusion equations, in which both the polaron–
bipolaron transition and the spin-flipping of a spin polaron are included. Then the spin
polarized current is obtained. It is found that the polarons are responsible for the spin
polarized transport in an OSC. Different from the case in a normal inorganic semiconductor,
spinless bipolarons will affect the spin polarization of the OSC device. Finally, effects of the
spin-flip time and the mobility of the carriers on the spin polarization in an organic device
are discussed.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction In addition, the spin–orbit coupling and hyperfine interac-
Organic semiconductors (OSCs) are a class of electronic
materials that have attracted considerable attention in the
last decades. They have revolutionized important techno-
logical applications including large-area electrics, owing
to their processing and performance advantages compared
with conventional semiconductors for low-cost or large-
area device applications [1–4]. Recently, OSCs find their
another application as spin transport materials. Their soft
lattice structure and capability of reconstructing the struc-
ture also provide an opportunity to form a good interface
with ferromagnetic metal (FM) or half-metal contacts,
reducing the probability of spin scattering at the interface.
. All rights reserved.

cs, Shandong Univer-
21.
tion are very weak in the OSCs, so that the electron spin
diffusion length of an OSC is expected much longer than
that of a usual inorganic material [5]. A new field called or-
ganic spintronics is emerging out and attracting the atten-
tion of both physical and chemical scientists [6–16]. In
2002, Dediu’s group has observed spin injection into thin
films of the conjugated organic material sexithienyl (T6)
on nanostructured planar hybrid junction La0.7Sr0.3MnO3/
T6/La0.7Sr0.3MnO3 at room temperature [6]. The spin diffu-
sion length in T6 is about 200 nm at room temperature.
Xiong et al. have also observed spin injection and transport
in a La0.7Sr0.3MnO3/Alq3/Co organic spin valve. The mea-
sured magnetoresistance can be as high as 40% at low tem-
perature [7]. Majumdar et al. have observed as much as
80% magnetoresistance (MR) at 5 K and 1.5% MR at room
temperature in the structure of La0.67Sr0.33MnO3/poly 3-
hexylthiophene/Co organic spin valve [8]. They also found

mailto:xsj@sdu.edu.cn
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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that there is a thin spin-selective tunneling interface be-
tween LSMO and the polymer, which improves the spin
injection. On the theoretical side, Yu et al. studied the
influence of weak magnetic field for spin transport process
in magnet/polymer/magnet structures [9]. Xie et al. sug-
gested a model for Re1�xSrxMnO3/polymer structure and
studied the spin density distribution of the system from
the Su–Schrieffer–Heeger-like Hamiltonian [10]. They indi-
cated that the carriers in OSCs contain spin polarons and
spinless bipolarons. We used the spin-dependent diffusion
model [9,11–13] of the electrochemical potential to study
the spin polarized injection and transport in the structure
of FM/OSC hetero junction and FM/OSC/FM trilayers
[14,15]. By supposing that polarons and bipolarons coexist
in OSCs with a given proportion r defined as r = np/
(np + nbp), we found that spin polarons are the effective
carriers of the spin polarized current. A large spin polariza-
tion can be realized even that the spin polarons are minor-
ity of carriers in the OSCs.

However, in present investigations polarons and bipola-
rons were supposed to exist independently. In fact, due to
temperature, pressure, impurity or external fields and so
on, polarons and bipolarons in OSCs can transit each other.
Two polarons with opposite spins can annihilate into one
spinless bipolaron, while one spinless bipolaron can be
decomposed into two polarons [17]. The stability and tran-
sition of polarons and bipolarons have been widely studied
both from theoretical and experimental aspects [18,19]. In
this paper, we do not research the transition origin of pola-
rons and bipolarons. Instead we focus on the spin polarized
transport in an OSC by considering the transition of spin
polarons and spinless bipolarons. We will suggest a new
mechanism about the polaron and bipolaron transition in
a spin non-equivalent OSC and then build the evolution
equations for polarons and bipolarons separately. Section
2 will provide a description of the model and the deriva-
tion of the relevant formulae, Numerical results are pre-
sented and discussed in Section 3, and conclusions are
drawn in Section 4.

2. Model and method

We consider an OSC with a FM as contact. The spin
polarized current injects from the semi-infinite FM contact
(x < 0) into the semi-infinite organic layer (x > 0) as shown
in Fig. 1, which will result in a non-equilibrium distribu-
tion of spins. We suppose that the spin-up electrons are
the majority carriers and the spin-down electrons the
minority ones. When they are injected into the organic
Fig. 1. A schematic diagram of the ‘‘FM/OSC” hetero structure.
layer, both the spin-up and spin-down electrons will
evolve into either spin polarons or spinless bipolarons.
Our theoretical investigation is based on the drift-diffusion
model [20,23]. We assume that: (1) spin-up and spin-down
polarons may transfer each other by reversing the spin; (2)
a spin-up polaron may combine with a spin-down one to
form a spinless bipolaron and vice versa. Therefore, the
evolution equations may be written as,

on"ð#Þ
ot
¼ 1

e
div~j"ð#Þ � ð

n#
s#"
� n"

s"#
Þ þ s"ð#Þð~r; tÞ; ð1aÞ

oN
ot
¼ 1

2e
div~jN þ sNð~r; tÞ; ð1bÞ

where e is the electron charge, n"(;) the density of spin-up
(spin-down) polarons, and N the density of bipolarons. The
spin-flip time s"; indicates the average time of a spin-up
polaron flipping its spin and s#" that of a spin-down polar-
on. s"ð#Þð~r; tÞ is the source of spin polarons and sNð~r; tÞ that
of spinless bipolarons, which result from the transition be-
tween polarons and bipolarons within the OSC.~j"ð#Þ is the
current density of spin-up (-down) polarons and ~jN that
of bipolarons, which can be described by

~j"ð#Þ ¼ r"ð#Þ~Eþ eDnrn"ð#Þ; ð2aÞ
~jN ¼ rN

~Eþ 2eDNrN; ð2bÞ

where r"(;) = en"(;)ln and rN = 2eNlN are the conductivities
of polarons and bipolarons respectively. ~E is the applied
external electric field. Dn, ln, DN and lN are the diffusion
coefficients and mobilities of polarons and bipolarons
which obey Einstein relations Dn/ln = k0T/e and DN/lN =
k0T/2e respectively, where k0 is Boltzmann constant and T
the temperature. We neglect the spin dependence of the
diffusion coefficients and mobilities of polarons in present
investigation.

As stated above, polarons and bipolarons are not inde-
pendent but transit each other during their transport,
which provide the sources of the carriers in the organic
layer. Considering the spin non-degeneracy in present sys-
tem, we propose the rate equation for polarons and bipola-
rons as,

s"ð#Þ ¼ �kn"n# þ bN; ð3aÞ
sN ¼ kn"n# � bN: ð3bÞ

The first term on the right of Eq. (3a) describes the proba-
bility that a spin-up (-down) polaron encounters a spin-
down (-up) polaron to annihilate into a spinless bipolaron.
The second term describes the reversed process that a
bipolaron decomposes into a spin-up and a spin-down po-
laron. Parameter k and b express the transition strength,
which are dependent on the temperature. For a spin-
degenerate system, we have n" = n; and Eq. (3) gives the
result of Refs. [21,22].

Substituting Eqs. (2) and (3) into Eq. (1), we finally ob-
tain the evolution equations for spin polarons and spinless
bipolarons along the x-direction,

on"ð#Þ
ot
¼ Dn

o2n"ð#Þ
ox2 þ lnE

on"ð#Þ
ox
þ n"ð#Þln

oE
ox

� n#
s#"
� n"

s"#

� �
� kn"n# þ bN; ð4aÞ
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oN
ot
¼ DN

o2N
ox2 þ lNE

oN
ox
þ NlN

oE
ox
þ kn"n# � bN: ð4bÞ
3. Results and discussion

First let us consider the polaron and bipolaron transi-
tion in an isolated OSC system. The sources mean the cre-
ation rates of the carriers and Eq. (3) can be solved
analytically with initial condition n"(t = 0) = n1,
n;(t = 0) = n2 and N(t = 0) = n3

n" ¼
Bþ

ffiffi
A
k

q� �
e�CtþC0 þ

ffiffi
A
k

q
� B

1� e�CtþC0
; ð5aÞ

n# ¼
Bþ

ffiffi
A
k

q� �
e�CtþC0 þ

ffiffi
A
k

q
� B

1� e�CtþC0
� n1 þ n2; ð5bÞ

N ¼ 1
2
ðn1 þ n2Þ þ n3 �

1
2
ðn" þ n#Þ; ð5cÞ

where A ¼ k
4 n2 � n1 þ b

k

� �2 þ bðn1 þ n3Þ, B ¼ 1
2 n2 � n1 þ b

k

� �
,

C ¼ 2
ffiffiffiffiffiffi
Ak
p

and C0 ¼ ln n1þB�
ffiffi
A
k

p

n1þBþ
ffiffi
A
k

p . There is a conservation con-

dition during the transition, i.e., n1 � n" = n2 � n; = N � n3.
It can be found from Eq. (5) that, after a long time evo-

lution, the system will approach a equilibrium distribution
of polarons and bipolarons. From experimental measure-
ments [24,25], it has been known that polarons and bipola-
rons may coexist in most of conducting polymers. In theory
[19], it was indicated that a bipolaron is energetically favor-
able to two isolated polarons in most polymers, which sug-
gests a positive value of parameter k and a small positive
value of b. Here we take k = 5.6 � 10�10 cm3/s and
b = 1.7 � 107 s�1. The evolution of carriers density with
time is shown in Fig. 2. We supposed that the majority car-
riers are spin-up polarons with a density of n1 = 3.0 �
1016 cm�3 , the minority ones are spin-down polarons with
n2 = 2.0 � 1016 cm�3 and there are no bipolarons with
n3 = 0 at the beginning. It is found that, with time evolution,
the densities of both spin-up polarons and spin-down pola-
rons decrease and, at the same time, the density of bipola-
ron increases, which means that the transition between
polarons and bipolarons takes place. The transition ap-
Fig. 2. The evolution of carriers density with time. The parameter is k -
= 5.6 � 10�10 cm3/s, b = 1.7 � 107 s�1.
proaches a dynamic equilibrium or saturation of the carri-
ers density after a duration of Tp–bp = 50 ns in present
parameters. The duration time Tp–bp is sensitive to the value
of k. It is obtained that Tp–bp will be as long as seconds to
reach a transition equilibrium if parameter k is smaller than
10�18 cm3/s as taken in Refs. [21,22]. Parameter b mainly
affects the saturation densities of polarons and bipolarons.
A small value of b means that most of the spin minorities
(spin-down polarons) will couple with spin majorities
(spin-up polarons) to composite spinless bipolarons and
at the same time the decomposition of bipolarons is small.

Now let us consider the injection and transport of spin
carriers from a ferromagnetic contact to an organic semi-
conductor in an FM/OSC system based on Eq. (4), which
could not be solved analytically. We take a numerical cal-
culation by applying a constant driving electric field
E = 5.0 � 104 v/cm within the organic region and so
oE/ox = 0. In addition, it is assumed that the injected elec-
trons are completely spin polarized and are transited into
spin-up polarons as soon as they are injected into the or-
ganic layer at the interface. So that we set the initial and
boundary conditions as n"(x = 0, t = 0) = 5.0 � 1016 cm�3,
n;(x = 0, t = 0) = 0 and N(x = 0, t = 0) = 0. This assumption
may be rational for a half-metal (CMR, Colossal Magnetic
Resistance, such as La1�xSrxMnO3) contact if we neglect
the spin-flip at the interface. All the other parameter values
are listed in the captions of the corresponding figures.

To analyze the spin characteristic of the injected
charges in the OSC, we define the spin polarization
P = (n" � n;)/(n" + n;), which is similar to that in a normal
inorganic semiconductor, but with a different meaning
due to the existence of bipolarons in the OSCs. As the bipo-
larons have not any contribution to the spin polarization,
they are not included in the denominator of the definition.
For example, if all the spin minorities (spin-down pola-
rons) compose with the spin majorities (spin-up polarons)
into bipolarons, there will no free spin-down carriers left in
the channel. So we should have the spin polarization
P = 100% which is consistent to the definition.

The evolutions of spin-up, spin-down polarons and
spinless bipolarons in the OSC layer are shown in Fig. 3a.
Due to the spin-flip effect and the polaron–polaron interac-
tions, although there is only the injection of spin-up pola-
rons, spin-down polarons and spinless bipolarons will be
created during the transport. The densities of these carriers
will reach a dynamic balance at a distance of about 250 nm
from the interface, which reflects the spin relaxation in an
organic semiconductor. It should be mentioned that the
spin relaxation in an OSC is different from that in a normal
inorganic semiconductor. In an OSC, the spin relaxation
contains two factors: one is the spin-flipping of spin pola-
rons, and the other is the transition between spin polarons
and spinless bipolarons. Due to the spin-flip effect, the
minorities (spin-down polarons) will be created in the
transport along with the annihilating of majorities (spin-
up polarons), which will affect the spin polarization of
the injected current. In addition, due to the polaron–polar-
on interaction, some spin opposite polarons will annihilate
into spinless bipolarons (or its inversed process), which
will further affect the spin polarization. The spin polariza-
tion is shown in Fig. 3b. Apparently, it decays into the OSC.



Fig. 3. The distribution of carrier densities (a) and spin polarization P (b)
in the OSC layer. The solid, dashed, dot lines in fig. (a) indicate the spin-up
polaron, spin-down polaron and bipolaron, respectively. The parameters
are ln ¼ lN ¼ 5:0� 10�4 cm2=V s, k = 5.6 � 10�10 cm3/s, b = 1.7 � 107 s�1,
s"; = s;" = 5.0 � 10�7 s.

Fig. 5. The distribution of spin polarization P in the OSC layer for the
different mobility. The solid, dash and dot lines indicate the different
mobilities, i.e., l = 5.0 � 10�4 cm2/V s, l = 8.0 � 10�4 cm2/V s and l =
1.0 � 10�3 cm2/V s, respectively. The other parameters are same as those
in Fig. 3.
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It is interesting to note that, from the present definition
about the spin polarization, the appearance of bipolarons
will increase the spin polarization. Effect of bipolaron den-
sity on the spin polarization P in OSC layer is shown in Fig.
4. If there are not any bipolarons during the transport, the
spin polarization decays exponentially, which is consistent
with that in a normal inorganic semiconductor injection if
we substitute electrons in an inorganic semiconductor
with spin polarons in an OSC. As the creation of bipolarons
will change the distribution of spin polarons and therefore
affect the spin polarization, it is found that the spin polar-
ization will deviate from the exponential. There is an
inflexion at x0 in spin polarization curve P(x), which means
that at this point, the transition between polarons and
bipolarons reach a dynamical equilibrium. The density of
bipolarons keeps unchanged after x0, as showed in the in-
set of Fig. 4. It also means that after x0, bipolarons has no
Fig. 4. The distribution of spin polarization P with the different bipolaron
density. The different bipolarons density which is shown in the inset is
obtained by adjusting the value of the parameter k and b, the solid line for
k = 0.0 cm3/s and b = 0.0 s�1, the dash line for k = 5.6 � 10�10 cm3/s and
b = 1.7 � 107 s�1, and the dot line for k = 3.0 � 10�9 cm3/s and b = 1.7 -
107 s�1, respectively. The other parameters are same as those in Fig. 3.
apparent effect on the spin polarization. Therefore, the
enrollment of bipolarons in OSCs makes the spin transport
more complex than that in normal semiconductors. In a
normal inorganic semiconductor, there are only spin carri-
ers, electrons or holes. At any point of the channel, one may
recognise the spin-up and spin-down carriers with a spin
detector. Then the spin polarization can be calculated.
But in an OSC, one only could recognise the spin-up and
spin-down polarons, and the spinless bipolarons could
not be measured with a spin detector.

It has been indicated that a polaron moves faster than a
bipolaron. We take different mobilities of polarons from
bipolarons as ln = 2lN = l and investigate the effect of
mobility on spin polarization. The results are shown in
Fig. 5. It is found that a large mobility result in a long spin
diffusion in an OSC, which is consistent to that in a normal
inorganic semiconductor. It should be mentioned that, due
to bipolarons, the inflexion of spin polarization curve will
be apart from the interface, which means that the distance
Fig. 6. The distribution of spin polarization P in the OSC layer for the
different spin-flip time of the polarons when s"; = s;" = s. The solid, dash
and dot lines indicate the different spin-flip times, i.e., s = 5.0 � 10�7 s,
s = 1.0 � 10�6 s and s = 2.0 � 10�6 s respectively. The other parameters
are same as those in Fig. 3.
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of the effect of bipolarons on the spin polarization will in-
crease with its mobility during the transport. The influence
of the spin-flip time on the spin polarization is shown in
Fig. 6. It is found that, consistent with the case of an inor-
ganic semiconductor, a long spin-flip time will be helpful
to the spin polarization in OSC. And the distance of the ef-
fect of bipolarons on the spin polarization will increase
with its spin-flip time during the transport.

4. Summary

In summary, we investigated spin injection and trans-
port from ferromagnetic contact to an OSC based on the
drift-diffusion equations, where all the possible spin fac-
tors are included. Especially, a polaron–polaron interaction
model is suggested to understand the polaron–bipolaron
transition. This model considers the spin dependence in
an organic spin device. Different from the case in an inor-
ganic semiconductors, the relaxation of spin in the OSCs
contains two factors: one is the spin-flip effect, and the
other is the transition between polarons and bipolarons.
By supposing that the injected electrons from the ferro-
magnetic contact are transited into fully spin polarized
polarons when they enter an OSC, we obtain the evolutions
of polarons and bipolarons during their transport in the
OSC. It is found that the appearance of bipolarons de-
creases the density of the spin carriers (polarons) and so af-
fects the spin polarization of the system. Polarons and
bipolarons will reach a dynamical equilibrium in density
during their transport. And then the spin polarization is
dominated mainly by the spin-flipping of polarons. We
also found that a large mobility or a long spin-flip time
of spin polarons will result in a large spin diffusion length
in the OSC.
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We demonstrate one high-efficiency blue fluorescent material, N-(4-((E)-2-(6-((E)-4-
(diphenylamino)styryl)naphthalen-2-yl)vinyl)phenyl)-N-phenylbenzenamine, with an
emissive peak of 472 nm and the hole-transporting property speculated from different
devices. It can function either as the single emissive layer or as the dye doped in N,N0-dic-
arbazolyl-4-40-biphenyl (CBP). The former shows a maximum current efficiency and lumi-
nance of 7.06 cd/A (0.04 mA/cm2) and 16930 cd/m2, in contrast to 11.5 cd/A (4.35 mA/cm2)
and 25690 cd/m2 for the latter. The better performance of the latter can be attributed to
the bipolar carrier transport property of CBP and the hole-blocking and electron-transport-
ing characteristic of 4,7-diphenyl-1,10-phenanthroline (BPhen), which resulting in a good
balance of holes and electrons. Moreover, the Commission Internationale De L’Eclairage
coordinates of the latter change slightly from (0.162, 0.3) to (0.148, 0.268) upon increasing
the voltage from 3 V to 14 V.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Organic light-emitting devices (OLEDs) are currently
attracting considerable attention for use in flat panel dis-
plays and as solid state lighting sources. In order to achieve
highly efficient OLEDs [1–4], it is essential to synthesis the
red, green and blue emissive materials with the good perfor-
mances. So far, the high-performance red and green emis-
sive materials have successfully been explored, whereby
the blue emissive materials remain a problem to match
other colors. In order to explore the high-efficiency blue
emissive materials, a heavy metal atom has been introduced
to compose the phosphorescent compound and then utiliz-
. All rights reserved.

oratory of Photoelec-
a.
ing the spin-orbit coupling transfers all excited states on the
phosphor to the radiative triplet manifold, thus improving
the efficiency of the devices with this emitter. For example,
iridiumðIIIÞbis½4;6difluorophenyl�ðpyridinatoN;C20 )picoli-
nate (FIrpic) [5] shows the maximum external quantum and
current efficiency of 16% and 30.6 cd/A, respectively. How-
ever, the widespread use of the phosphorescent materials
is limited in OLEDs by the relatively large energy barrier
between the host and the blue phosphorescent dye [6],
which is a need for the efficient exothermic energy transfer
from host to guest [7]. As a consequence, research works
are also focused on the exploitation of blue fluorescent
compounds.

Recently, Idemitsu Kosan Co. Ltd. [8] has been invented
a serial of blue bis-styryl derivatives, which exhibite good
performances and widely used not only in industry but
also academics. Lee et al. have reported an unsymmetrical

mailto:yulinhua@tjut.edu.cn
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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mono(styryl)amine fluorescent dopant, diphenyl-[4-(2-
[1,10;40,100]terphenyl-4-yl-vinyl)-phenyl]-amine (BD-1). By
doping BD-1 in 2-methyl-9,10-di(2-naphthyl)anthracene
(MADN), they produced one of the best deep blue devices
with a current efficiency of 5.4 cd/A and a Commission
Internationale De L’Eclairage (CIE) coordinate of (0.14,
0.13) [9].However, this high efficiency is obtained by the
doping approach, which exposes some problems. For in-
stance, while the guest and host molecules are initially
homogeneously mixed, guest molecule may self-aggregate
leading to phase separation during operation and/or upon
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Fig. 1. (a) Cyclic voltammograms of the N-BDAVBi films on a platinum electrode
and electronic energy levels of the N-BDAVBi films. (b) I–V characteristics of De
heating. Phase separation increases the host–guest dis-
tance beyond available distance R (1–10 nm) or capture ra-
dius of a guest molecule for efficient host–guest energy
transfer, thus rendering energy transfer ineffective [10].
This process can further degrade device stability, especially
under high temperature operation. Based on these short-
comings, many efforts have been concentrated on explore
the blue emitters which can function as the single active
layer without a need for a host. 2,5,20,50,200,500-hexastyryl-
[1,10;40,100]terphenyl (HSTP), which is reported by Duan
groups [11], is just one blue materials like this. By
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optimizations of devices with HSTP as the emissive layer, it
shows a CIE coordinate of (0.16, 0.13), maximum bright-
ness of 15830 cd/m2, and current efficiency of 4.88 cd/A.
If we can find a blue emitter, which can be used either as
the single emissive layer or the dye in the host, we can ex-
pect to design the OLEDs with different structures to meet
the various needs.

In this article, we report a sky blue fluorescent material,
N-(4-((E)-2-(6-((E)-4-(diphenylamino)styryl)naphthalen-2-
yl)vinyl)phenyl)-N-phenylbenzenamine (N-BDAVBi), with
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Fig. 2. (a) Current efficiency as a function of thickness of the N-BDAVBi lay
characteristics of Device D with the 20-nm-thick N-BDAVBi layer.
both high efficiency and multi-function. This blue material
is purchased from Rubipy Scientific Inc. The devices with
N-BDAVBi as single layer or as the dye doped in the host
present the maximum current efficiency of 7.06 cd/A at
0.04 mA/cm2 and 10.5 cd/A at 1.03 mA/cm2, respectively,
corresponding to the emissive peak of 472 nm. In this
work, N,N0-bis(naphthalene-2-yl)-N,N0-bis(phenyl)-benzi-
dine (b-NPB) is used as the hole-transporting layer, while
bis(2-methyl-8-quinolinolato)(para-phenylphenolato) alu-
minium(III) (BAlq) and 4,7-diphenyl-1,10-phenanthroline
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(BPhen) is used as the hole-blocking and electron-transport
layer. N,N0-dicarbazolyl-4-40-biphenyl (CBP) and (8-
hydroxyquinoline) aluminum (Alq3) is used as the host
and electron-transporting layer, respectively.

2. Experimental

All the organic layers were deposited onto a pre-cleaned
ITO glass substrate (sheet resistance 35 X/h) by thermal
evaporation in a BOC Edwards Auto 500 Thermal Evapora-
tion Coating System at a pressure of approximately
3 � 10�4 Pa. This was followed by an evaporated LiF buffer
layer and an Al cathode (without breaking the vacuum).
The deposition rates and thicknesses of the various layers
were monitored using a quartz crystal oscillator. The evap-
oration rates were 0.2–0.3 nm/s for the organic layers and
the LiF layer, and 1 nm/s for Al cathode. Electrolumines-
cent spectra and CIE coordinates of the devices were mea-
sured by a PR650 spectra scan spectrometer. The
luminance versus current and current density versus volt-
age characteristics were recorded simultaneously with the
measurement of the EL spectra using a Keithley model
2400 programmable voltage-current source. Absorption
and photoluminescence (PL) spectra of the organic materi-
als are measured with JASCO V-570 and FluoroMax-P spec-
trometer. The energy levels of the materials are
determined by Ecochemie lAutolab III electrochemical sta-
tion through cyclic voltammogram measurements and the
absorption spectra of the solid films. The electrochemical
cyclic voltammetry (CV) was conducted on Ecochemie
lAutolab III electrochemical station employing a Pt disk
as the working electrode, Ag/Ag+ electrode (0.01 M AgNO3)
as the reference electrode, and a Pt wire as the counter
electrode. The reference electrode was calibrated with fer-
rocene (EFc/Fc+ = 0.07 V vs Ag/Ag+). Tetrabutylammonium
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Fig. 3. Absorbance spectra of N-BDAVBi and Photolu
perchlorate (TBAP) was the supporting electrolyte, and
the scan rate was 50 mV s�1. All the measurements were
carried out at room temperature in air without any device
encapsulation.

3. Results and discussion

The electrochemical behavior of N-BDAVBi is investi-
gated by cyclic voltammetry (CV), which is used to mea-
sure the redox potentials and evaluate the HOMO and
LUMO energy level and the band gap energy of this mate-
rial. The CV experiments were carried out under the pro-
tection of argon with the solid film of N-BDAVBi cast on
the platinum disk working electrode using their acetoni-
trile solution (10 mg mL�1) at room temperature. The on-
set potential is determined by taking the middle value
between the peaks of the oxidation and reduction wave.

In our experiment, the HOMO level for N-BDAVBi is
estimated using the oxidation potential whereas the LUMO
energy is extrapolated from this value by using the optical
band gap ðEopt

g ¼ 1240=konsetÞ (Fig. 1(a)) [12]. Thus, the
HOMO and LUMO of this material were estimated accord-
ing to the following equation [13]: HOMO ¼ �ðEox

onset�
EFc þ 4:8Þ (eV); LUMO ¼ HOMO� Eopt

g (eV). In which,
EFc=Fcþ ¼ 0:32 VvsAg=Agþ. The results are summarized in
Fig. 1 (a).

In order to ascertain the carrier transport property of N-
BDAVBi, we fabricate three devices sorted by inserting N-
BDAVBi to different positions. Three device structures are
listed as follows: (A) ITO/N-BDAVBi (80 nm)/LiF/Al, (B)
ITO/N-BDAVBi (40 nm)/Alq3 (40 nm)/LiF/Al, and (C) ITO/b-
NPB (40 nm)/N-BDAVBi (40 nm)/LiF/Al. As shown in Fig. 1
(b), surprisingly, Device B and C present almost the same
I–V characteristics, which indicates the good carrier trans-
port properties of N-BDAVBi because the hole mobility of
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NPB ((3–6) � 10�4 cm2/V s) [14] is almost two order of
magnitude of the electron mobility of Alq3 ((3–4) � 10�6

cm2/V s) [15]. However, no emission is observed for Device
A, but a maximum current efficiency of 1.76 cd/A for De-
vice B is found, in contrast to only 0.01 cd/A for Device C.
This means N-BDAVBi favors the hole transport. The bad
performances of Device A and C can be attributed to the
residual holes injecting to the cathode, causing the cathode
quenching [16].
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BAlq in chloroform solution and film); (b) the EL spectra of Device E with differ
Considering the preferable hole transport property of
N-BDAVBi, we explore Device D (ITO/b-NPB (40 nm)/N-
BDAVBi (x nm)/BAlq (30 nm)/LiF/Al) to investigate the per-
formance of the neat N-BDAVBi layer by introducing BAlq
as the hole-blocking and electron-transporting layer. From
the inset of Fig. 2 (a), one could find that the current effi-
ciency is improved on increasing the thickness of the N-
BDAVBi from 5 nm to 20 nm, and then keeps constant with
the 40-nm-thick N-BDAVBi layer. These results suggest
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Table 1
Electroluminescent characteristic of Device D-G

Type x (nm) y Maximum current efficiency
(cd/A)

Current efficiency at 10 mA/cm2

(cd/A)
Maximum luminance
(cd/m2)

CIE at 3000
cd/m2

Device Da 5 3.40 3.22 5 894 (0.186,0.386)
Device D 10 3.78 3.41 10 990 (0.174,0.350)
Device D 20 7.06 4.49 16 930 (0.189,0.392)
Device D 40 5.10 3.65 10 320 (0.184,0.433)
Device Eb 2 wt% 4.97 4.64 16 750 (0.174,0.313)
Device E 5 wt% 4.45 4.13 21 700 (0.183,0.371)
Device E 8 wt% 4.32 4.01 19 310 (0.179,0.371)
Device Fc 10.5 8.12 20 100 (0.156,0.324)
Device Gd 11.5 10.4 25 690 (0.148,0.291)

a Device D: ITO/b-NPB (40 nm)/N-BDAVBi (x nm)/BAlq (30 nm)/LiF/Al.
b Device E: ITO/b-NPB (40 nm)/N-BDAVBi: BAlq (y wt%, 30 nm)/BAlq (10 nm)/Alq3 (20 nm)/LiF/Al.
c Device F: ITO/b-NPB (40 nm)/N-BDAVBi: CBP (2 wt%, 30 nm)/BAlq (10 nm)/Alq3 (20 nm)/LiF/Al.
d Device G: ITO/b-NPB (40 nm)/N-BDAVBi: CBP (2 wt%, 20 nm)/BPhen (30 nm)/LiF/Al.
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that the optimal thickness of N-BDAVBi layer is 20 nm. In
sequence, we fixed the N-BDAVBi thickness of 20 nm and
obtain the maximum current efficiency and luminance of
7.06 cd/A at 0.04 mA/cm2 and 16 930 cd/m2 at 489 mA/
cm2 (Fig. 2 (b)), respectively. This conforms that N-BDAVBi
can effectively transport charge. However, the CIE coordi-
nates change obviously from (0.205, 0.400) to (0.187,
0.379) as the voltages increase from 6 V to 14 V.

Generally, the efficiency can be enhanced by doping the
fluorescent dye into the emissive layer, which has been
broadly reported by other groups [17–19]. For this doping
approach, two primary mechanisms, host–guest energy
transfer and direct charge trapping followed by exciton
formation at the guest, are relative to exciton formation
and emission in OLEDs [20]. As shown in Fig. 3, the absorp-
tion spectra of N-BDAVBi overlaps well with the PL spectra
of BAlq, which make the energy transfer from BAlq to N-
BDAVBi possible. The only peak of 468 nm in the PL spectra
of 2 wt% N-BDAVBi: BAlq in chloroform solution (Fig. 4 (a)),
indeed, confirms this perfect energy transfer. In another
hand, we fabricate Device E with the structure of ITO/b-
NPB (40 nm)/N-BDAVBi: BAlq (y wt%, 30 nm)/BAlq
(10 nm)/Alq3 (20 nm)/LiF/Al. Since BAlq is usually used to
block the holes and transport the electrons, the holes
may mostly accumulate at the b-NPB/BAlq interface due
to 0.6 eV barrier between the highest occupied molecular
orbital (HOMO) of N-BDAVBi and BAlq. Fortunately, no b-
NPB but the pure N-BDAVBi emission is observed in the
spectra of Device E with the dye concentration of 2 wt%
at the current density of 400 mA/cm2 (Fig. 4 (a)). Such
interesting phenomena can be explained in two aspects
by supposing the existence of b-NPB emission or not. If
we admit the existence of b-NPB emission, the efficient en-
ergy transfer must occur from b-NPB exciton to N-BDAVBi
at the b-NPB/BAlq interface. In Fig. 3, we find the overlap
between b-NPB and N-BDAVBi, which demonstrating this
probability of energy transfer. In contrast, providing the
absence of b-NPB emission, the holes must be effectively
transported to the emissive layer. From the proposed en-
ergy level scheme in Fig. 4 (a), the holes tend to inject from
b-NPB to N-BDAVBi because of the -0.1 eV barrier com-
pared with the 0.5 eV barrier at the b-NPB/BAlq interface,
thus resulting in the direct recombination of carriers in
the blue dye. This is also supported in the J–V characters-
tics of Device E: the higher the dye concentration, the bet-
ter the J–V characterstics (Fig. 4 (a)). In summary, both
mechanisms work together and contribute to the pure blue
emission.

Fig. 4 (b) depicts the EL spectra of Device E with differ-
ent dye concentration at the current density of 20 mA/cm2.
As the N-BDAVBi concentration increases from 2 wt% to
8 wt%, the corresponding voltage reduces from 12.6 V to
12 V then to 11.4 V, as well the blue peak presents a red
shift from 472 nm to 480 nm. In addition, the maximum
current efficiency drops from 4.97 cd/A to 4.45 cd/A and
then to 4.32 cd/A. The relative low efficiency of Device E
(compared with Device D) may be ascribed to the 0.2 eV
barrier between the LUMO of N-BDAVBi and BAlq (which
reduce the number of the electrons transport to N-BDAV-
Bi), as well the preferable electron transport property of
BAlq, thus leading to the lack of enough holes recombining
with the electrons in the emissive layer. In order to verify
this, we adopt the bipolar host of CBP to configure Device
F: ITO/b-NPB (40 nm)/N-BDAVBi: CBP (y wt%, 30 nm)/BAlq
(30 nm)/LiF/Al. Fortunately, a good overlap between the PL
spectra of CBP and the absorption spectra of N-BDAVBi is
observed as well (Fig. 3). This suggests the possible energy
transfer from CBP to N-BDAVBi should be expected to en-
hance the efficiency naturally. As shown in Table 1, this de-
vice presents a maximum current efficiency of 10.5 cd/A at
1.03 mA/cm2, thereby revealing the lack of holes in Device
E. In addition, the improved efficiency may be attributed to
the bipolar carrier transport property of CBP and the pref-
erable electron-transporting characteristic of BAlq, which
resulting in an improved balance of holes and electrons.
In this device, 30-nm-thick BAlq layer alleviates the holes
transporting to the cathode effectively, which has been re-
ported in our another paper [21].

From the data in Table 1, Device F shows the purer blue
color than the nondoped Device D. Similar improvement of
color purity and stability, due to the doping approach, has
been reported by Shoustikov et al. [22] as well. The de-
tailed reasons for these improvement are still unkown for
us. A probable explanation is contributed to the improved
charge balance. In order to clarify this, we introduce 4,7-di-
phenyl-1,10-phenanthroline (Bphen) (which has a electron
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mobility of 5 � 10�4 cm2/V s and LUMO of 6.2 eV [23]) to
improve the electron injections and block the holes, there-
by constructing Device G with the structure of ITO/b-NPB
(40 nm)/N-BDAVBi: CBP (2 wt%, 20 nm)/BPhen (30 nm)/
LiF/Al. This device shows the slightly changed CIE coordi-
nates from (0.162, 0.3) to (0.148, 0.268) upon increasing
the voltage from 3 V to 14 V. Furthermore, Device G exhib-
its the maximum current and power efficiency of 11.5 cd/A
and 7.3 lm/W at 4.35 mA/cm2, respectively, thereby indi-
cating the improved charge balance. The improved charge
balance is also proved by the improved J–V–L characteris-
tics in Device F and G as compared to Device D (not shown
here).

4. Conclusion

In summary, we demonstrate a high-efficiency blue
fluorescent material, N-BDAVBi. This compound shows a
blue peak of 472 nm in EL spectra and prefers the hole
transport. Moreover, it can be used as the neat emissive
layer with the maximum current efficiency and luminance
of 7.06 cd/A and 16 930 cd/m2. By doping N-BDAVBi in CBP,
we obtain a maximum current efficiency of 11.5 cd/A at
4.35 mA/cm2 and the relative stable colors.
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We present results from a systematic study on the influence of the conjugated polymer
(CP) on the performance of planar light-emitting electrochemical cells (LECs) with a device
structure of Au/{CP + poly(ethylene oxide) (PEO) + KCF3SO3}/Au. We have employed six dif-
ferent CPs, and we demonstrate that in order to attain a fast turn-on time and a strong light
emission intensity, it is critical that the p-type doping (oxidation) potential of the CP is sit-
uated within the electrochemical stability window of the {PEO + KCF3SO3} electrolyte. We
also find that a high ionic conductivity of the active material correlates with a small phase
separation between the CP and the {PEO + KCF3SO3} electrolyte, and that a doping concen-
tration of �0.1 dopants/CP repeat unit is a generic feature of the progressing doping fronts
in all investigated devices. Finally we report the first observation of a light emission zone
positioned in close proximity to the positive anode in a CP-based LEC.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Light-emitting electrochemical cells (LECs) have at-
tracted increasing interest recently, mainly because they
offer efficient light emission at low voltage from poten-
tially easy-to-fabricate devices, but also because their com-
plex and fascinating turn-on process has stirred a lot of
debate regarding even its fundamental nature. Two main
types of LECs exist: small-molecule based LECs, [1–14]
and conjugated-polymer based LECs [15–34]. The former
are commonly based on an ionic transition metal complex
as the single-component active material, while the latter
typically contain a three-component active material mix-
ture, comprising a conjugated polymer (CP), an ion-solvat-
ing and ion-transporting material, and an alkaline salt.
. All rights reserved.

. Edman).
We have recently set out on a quest to investigate and
establish the desired properties of the various components
in CP-based LECs for the attainment of optimized opera-
tion. We have established and reported that the physical
and electrochemical properties of the electrolyte (i.e., the
dissolved salt together with the ion-solvating and ion-
transporting material) and the electrode material play a
crucial role. For instance, we find that the size of the alka-
line-salt cation directly correlates to the device turn-on
time and the light emission intensity [35,36], and that
the electrochemical stability window of the electrode
material is relevant in the context of elimination of unde-
sired electrochemical side reactions [37]. In this paper,
we extend these studies to include the core component
of such devices, viz., the CP.

Our view of the optimum turn-on process of a CP-based
LEC is as follows: when a voltage equal to or larger than the
band-gap potential of the CP is applied between the two

mailto:ludvig.edman@physics.umu.se
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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electrodes (V P Eg/e), the dissolved ions redistribute in the
resulting electric field to form electrical double layers
(EDLs) at the electrode/active material interfaces [38].
The voltage drop over these (sub-nm-) thin EDLs is of such
a magnitude that it compensates for the difference in en-
ergy between the work function of the electrode and the
appropriate energy level of the CP, thus allowing for effi-
cient oxidation of the CP (hole injection) at the anodic
interface and efficient reduction of the CP (electron injec-
tion) at the cathodic interface. The injected electronic
charge carriers are thereafter electrostatically compen-
sated by the migratory motion of dissolved ions. The pro-
cess of injection of holes/electrons onto the CP together
with the subsequent electrostatic compensation of ions is
termed electrochemical p-type/n-type doping.

At a certain doping concentration, the CP exhibits a rel-
atively distinct transition from being an electronic insula-
tor to become an electronic conductor, with the
consequence that the metal electrodes now are in contact
with a layer of highly conducting doped CP. Accordingly
the electrochemical action (i.e., the injection of electronic
charge carriers from an electronically conducting phase
to an electronically insulating and ionically conducting
phase) now takes place at the interface between the doped
CP and the undoped CP (i.e., at the doping front) instead of
at the metal interface. The p-type and n-type doping fronts
continue to move towards each other in the inter-electrode
gap, until they make contact to form a p–n junction. At this
point the device has turned on, and subsequently injected
electrons and holes can recombine under the emission of
light at the p–n junction.

However, it is important to emphasize that the above
outlined scenario represents the turn-on process of an
ideal LEC, and that a number of non-desired effects can
take place in a real device. For instance, it is possible that
the balanced electrochemical reactions at the anodic and
cathodic interfaces during device turn-on not correspond
to p-type doping and n-type doping, respectively, of the
CP, but instead involve an irreversible side reaction involv-
ing the electrode or the electrolyte material. Moreover, it
Glass substra

Light e

te

Fig. 1. Schematic of the employed planar LEC device structure deposited on a
electrode configuration.
has been demonstrated in a number of publications that
the CP and the electrolyte phase separate [39–44], and it
is not completely clear how this phase separation influ-
ences the turn-on process of an LEC.

In this paper, we have employed planar LECs with ex-
tremely large mm-sized inter-electrode gaps to enable
for a direct optical probing of the device turn-on process;
see Fig. 1 for a schematic of the planar device structure.
We have consistently employed Au as the electrode mate-
rial and KCF3SO3 dissolved in poly(ethylene oxide) (PEO) as
the electrolyte, so that a direct correlation between device
data and the chemical structure of the CP can be obtained.
We have also characterized the active materials (i.e., the CP
blended with the electrolyte) as regards to phase separa-
tion, electronic structure and electrochemical reversibility,
and correlated these results with the acquired device data.
We find that the ionic conductivity of the active material,
as expected, benefits from a small phase separation be-
tween the CP and the electrolyte. More surprising, how-
ever, is that we find that an electrochemical side reaction
involving the {PEO + KCF3SO3} electrolyte in several cases
hinders, and in some cases even eliminates, the p-type
doping process of the CP and the subsequent device turn
on and light emission in LEC devices. We rationalize these
findings by demonstrating that the p-type doping potential
of the CP in these specific cases exceeds the oxidation sta-
bility potential of the electrolyte, which in turn provides an
important guideline for the selection of appropriate CP/
electrolyte combinations.

2. Experiment

2.1. Materials

MEH-PPV (Mw = 150,000 g/mol; Aldrich) is commer-
cially available and was used as received. The procedures
for the synthesis of BEH-PPV, BUEH-co-MEH-PPV, BUEH-
PPV, BOP-PPV and BEHP-co-MEH-PPV are available in the
literature [45–48]. The chemical structures of the CPs are
presented in Fig. 2. Poly(ethylene oxide) (PEO, Mw = 5 �
mission

Active material

Electrode

transparent glass substrate, with the electrodes positioned in a bottom-
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Fig. 2. Chemical structures of the conjugated polymers.
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106 g/mol; Aldrich) was used as received, and the KCF3SO3

salt (99.995%; Aldrich) was dried for 12 h in a vacuum oven
at T = 473 K before use.

2.2. Device preparation and measurements

Master solutions were prepared by dissolving each CP
in chloroform (>99%, anhydrous; Aldrich) in a 10 mg/ml
concentration, and PEO and KCF3SO3 separately in cyclo-
hexanone (99%; Merck) in a 10 mg/ml concentration. Blend
solutions were prepared by mixing the master solutions in
a mass ratio of CP:PEO:KCF3SO3 = 1:1.35:0.25. The blend
solutions were thereafter stirred on a magnetic hot plate
for 5 h at T = 323 K.

The 1.5 � 1.5 cm2 glass substrates were cleaned by sub-
sequent ultrasonic treatments in detergent (Extran MA 01,
Merck), acetone and iso-propanol. Au electrodes with a
thickness of 100 nm were deposited onto the cleaned glass
substrates, using thermal evaporation from a W-boat at a
pressure (p) of p � 1 � 10�4 Pa. The inter-electrode dis-
tance of 1 mm was established with an Al shadow mask.

The active material films were deposited onto the elec-
trode-coated substrates by spin-coating the blend solution
(at 800 rpm for 60 s, followed by 1000 rpm for 10 s). The
resulting devices were thereafter dried on a hot plate at
T = 323 K for >5 h. All device preparation took place inside
two interconnected glove boxes filled with Ar gas (O2,
H2O< 2 ppm) and an integrated thermal evaporator. A
schematic of the planar device structures positioned on a
glass substrate is presented in Fig. 1. The thickness of each
type of active material film was established by making a
scratch in the film using a razor blade and measuring the
resulting height step with an atomic force microscope
operating in tapping mode. The surface morphology of
the films was characterized with an optical microscope.

The device under study was transferred to an optical-
access vacuum cryostat for opto-electronic characteriza-
tion. Before the measurement, the device was dried in-situ
in the cryostat at T = 360 K and p < 10�3 Pa for >1 h. The
voltage was sourced and the resulting current measured
with a computer-controlled source-measure unit (Keithley
2400). Images of a device during operation were recorded
under UV illumination in a dark room through the optical
window of the cryostat, using a digital camera (Cannon
EOS 20D) equipped with a macro lens (150 mm, f/2.8).

2.3. Cyclic voltammetry

Glass substrates were cleaned by subsequent ultrasonic
treatment in detergent, acetone and isopropanol. Au elec-
trodes (thickness: 60 nm; area: 1.0 � 0.5 cm2) were depos-
ited onto the cleaned glass substrates by thermal
evaporation at p � 1 � 10�4 Pa. CP films were deposited
onto the electrode-coated substrates by spin-coating a
2 mg/ml CP-in-chloroform solution at 800 rpm for 60 s.
The CP-coated Au electrodes were thereafter dried on a
hot plate at T = 333 K for 12 h.

For the cyclic voltammetry (CV) measurements, Au or
CP-coated Au was used as the working electrode (WE),
Pt was used as the counter electrode, and a silver wire
was used as the pseudo-reference electrode. The electro-
lyte was either 0.1 M tetrabutylammonium hexafluoro-
phosphate (TBAPF6, P99%; Fluka) in CH3CN (P99.8%;
Aldrich) or {0.1 M KCF3SO3 + 2 M PEO (Mw = 400, Poly-
sciences)} in CH3CN; the molarity of PEO corresponds to
the number of moles of ethylene oxide repeat units per li-
ter of CH3CN.

A freshly prepared electrolyte solution, a pristine WE,
and carefully cleaned counter and pseudo-reference elec-
trodes were invariably used for the CV measurements.
The CV sweeps were driven and measured by an Autolab
PGSTAT302 potentiostat. Directly after each (cathodic or
anodic) CV scan, a calibration scan was run with a small
amount of bis-(g-cyclopentadienyl)iron(II) (ferrocene,
P98%; Fluka) added to the electrolyte (�10�4 M ferrocene
concentration in CH3CN). All potentials in the CV measure-
ments are reported vs. the ferrocene/ferrocenium ion (Fc/
Fc+) reference redox system. The onset potentials for oxida-
tion and reduction were calculated as the intersection of
the baseline with the tangent of the current at the half-
maximum of the peak. All sample preparation and CV mea-
surements were performed under inert atmosphere in an
Ar-filled glove box.
3. Results

In order to allow for a comprehensive characterization
and analysis of the LEC performance as a function of conju-
gated polymer, we have extracted a number of data from
device measurements and then correlated these findings
with results obtained with CV and optical microscopy.
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3.1. Device data

Fig. 3 presents the current density as a function of time
for planar Au/{CP + PEO + KCF3SO3}/Au devices during
operation at V = 5 V and T = 360 K, and Fig. 4 shows photo-
graphs of the same devices recorded at times indicated by
matching Roman numerals in Fig. 3. The photographs were
recorded under UV illumination in a dark room, since the
UV-excited photoluminescence of the CPs is quenched by
doping, and the electrochemically doped regions accord-
ingly can be distinguished as dark regions under UV illumi-
nation [36,49–51].

The devices based on MEH-PPV (Figs. 3a and 4a) exhibit
the shortest turn-on time (tturn-on; defined as the time at
which the p- and n-doped regions have met and formed a
continuous p–n junction; see Table 1), the highest maxi-
Fig. 3. Current density as a function of time for planar Au/{CP + PEO + KCF3 SO
devices were operated at V = 5 V and T = 360 K. The roman numerals in the graphs
‘‘pn” represents the time for for the initial p–n junction formation, ‘‘nE” represen
the positive electrode, and ‘‘nS” represents the time at which the n-type doping
mum current density, relatively balanced bipolar doping
(as evidenced by the formation of both significant p-type
and n-type regions in Fig. 4a), and the strongest light emis-
sion from a relatively centered p–n junction in the inter-
electrode gap. It is notable that visible p-type doping is
‘‘immediately” apparent after the application of voltage at
t < 1 s, while the onset of n-type doping is significantly de-
layed; and that the initial n-type doping, in contrast to the
initial p-type doping, exhibits clearly defined finger-like
features. These observations suggest that an electrochemi-
cal reaction other than n-type doping of MEH-PPV (i.e., a
‘‘side reaction”) takes place at the negative cathode during
the initial operation (thus the delay in n-type doping onset),
and that the products of this cathodic side reaction partially
block the interface of the negative cathode (thus the finger-
like appearance of the initial n-type doping features). This
3}/Au devices, where the CP is identified in the inset of each graph. The
identify the times at which the photographs in Fig. 4 were recorded, while
ts the time for the apparent contact between the n-type doping front and
front motion stops.



Fig. 4. Photographs of planar Au/{CP + PEO + KCF3SO3}/Au devices recorded during operation at V = 5 V and T = 360 K. The CPs are organized in the same
order as in the other figures, i.e.: (a) MEH-PPV, (b) BEH-PPV, (c) BUEH-co-MEH-PPV, (d) BUEH-PPV, (e) BOP-PPV, and (f) BEHP-co-MEH-PPV. An
electrochemically doped CP is apparent as a dark region originating from an electrode interface (marked with a dashed line).

Table 1
Device and cyclic voltammetry data as a function of conjugated polymer

Conjugated
polymer

tturn-on

(s)
r
(S/cm)

cp

(dopants/cm3)
xp

(dopants/r.u.)
cn

(dopants/cm3)
xn

(dopants/r.u.)
/p

(V vs. Fc/Fc+)
/n

(V vs. Fc/Fc+)

MEH-PPV 120 3.0 � 10�4 3.1 � 1020 0.14 4.2 � 1020 0.18 0.1 �2.3
BEH-PPV 310 2.0 � 10�4 4.8 � 1020 0.26 8.6 � 1020 0.46 0.5 �2.3
BUEH-co-MEH-PPV 440 2.8 � 10�4 19 � 1020 0.81 8.0 � 1020 0.34 0.5 �2.3
BUEH-PPV –a 2.9 � 10�4 –a –a 14 � 1020 0.62 0.7 �2.4
BOP-PPV –a 2.0 � 10�4 -a –a 14 � 1020 1.0 0.7 �2.2
BEHP-co-MEH-PPV –a 4.1 � 10�4 –a –a 20 � 1020 1.1 0.7 �2.2

a No p-type doping was observed in these devices, and it was accordingly not possible to calculate the turn-on time for the p–n junction formation and the
p-type doping concentration.
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topic has been described in detail in a separate publication
[52], but here we want to call specific attention to the ab-
sence of a similar electrochemical side reaction at the posi-
tive anode for the MEH-PPV-based devices.
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The devices based on BEH-PPV (Figs. 3b and 4b) exhibit
a qualitatively similar behavior as the devices based on
MEH-PPV, but the turn-on time is slower by a factor of
2.6 (see Table 1), and both the maximum current density
and the light intensity are significantly lower. The onset
of n-type doping is significantly delayed, as was the case
for the MEH-PPV devices, but it is notable that also the on-
set of p-type doping is slightly delayed (the first traces of
p-type doping are apparent at t � 5 s).

Both MEH-PPV and BEH-PPV devices exhibit well-be-
haved current density–time curves (see Fig. 3a and b),
with an initial decay in current corresponding to the for-
mation of electric double layers at the two electrode/ac-
tive material interfaces. This initial decay is followed by
a time period of gradually increasing current up to the
time of the p–n junction formation. It is during this time
period that the doped regions increase in size and tra-
verse the interelectrode gap (see Fig. 4a and b), and the
increasing current is a reflection of the facts that a major-
ity of the overpotential (defined as the applied potential
subtracted by the band-gap potential) is dropping over
the undoped region, and that the ionic conductance of this
undoped region increases when its size decreases [53].
The continued increase in current and brightness after
the initial p–n junction formation, and the subsequent fi-
nal and irreversible decrease in current and brightness,
are reflections of further electrochemical doping after
the initial p–n junction formation and device failure via
degradation of the material in the p–n junction region
[54], respectively.

If we now turn to the BUEH-co-MEH-PPV based devices
(Figs. 3c and 4c) a different behavior is observed. The turn-
on time is slower, the maximum current density and the
light intensity are lower, the p-type doping is very limited
and its onset delayed until t � 130 s, and, most notably, the
current density–time behavior is drastically different. After
the initial double layer formation, the current shifts from
increasing with time to decreasing with time before the ini-
tial p–n junction formation. Moreover, the weak and scat-
tered light emission is observed from a p–n junction in close
proximity to the positive anode. The last observation is note-
worthy, since previously investigated planar LECs to our
knowledge invariably have exhibited a p–n junction either
positioned in close proximity to the negative cathode or
positioned in the center of the inter-electrode gap
[29,49,53,55–60].

For the final three devices based on BUEH-PPV (Figs. 3d
and 4d), BOP-PPV (Figs. 3e and 4e), and BEHP-co-MEH-PPV
(Figs. 3f and 4f) the common trends are that the maximum
current density is very low, and that both p-type doping
and light emission are absent. For the BUEH-PPV based de-
vices, n-type doping is observed to traverse the entire in-
ter-electrode gap, but the current reaches a maximum
before the n-type front makes contact with the positive an-
ode. For the BOP-PPV and BEHP-co-MEH-PPV based de-
vices the n-type doping only traverses approximately two
thirds of the inter-electrode gap, after which the n-type
doping progression stops and eventually disappears. The
current in the latter two devices is essentially constant
during the early stages of the n-type doping progression,
where after it begins to decrease.
From the data presented in Figs. 3 and 4, it is possible to
calculate values for the ionic conductivity of the active
material (r) and the concentration of dopants in the doped
regions. The immediate current density (j0) after voltage
(V) is applied over a pristine device is related to the ionic
conductivity of the active material by the following equa-
tion (where d is the inter-electrode distance):

r ¼ j0 � d
V

: ð1Þ

The average concentration of p-type and n-type dopants
(ci, i = p, n) in the doped regions up to the time of the initial
p–n junction formation (tpn) can be calculated by integrat-
ing the current from the initial appearance of doping (ti) to
tpn (note that tpn < tturn-on, since the latter corresponds to
the formation of a continuous p–n junction) and dividing
the resulting charge with the volume of the CP in the cor-
responding doped region (VCP

i Þ and the elementary charge
(e):

ci ¼
1

VCP
i � e

�
Z tpn

ti

Idt: ð2Þ

Moreover, if we postulate that the density of all constitu-
ent materials is 1 g/cm3 and employ the procedure out-
lined in Ref. [35], we find that the number of p-type
dopants per CP repeat unit (r.u.) range from xp = 0.14 to
0.81 dopants/r.u. in the investigated CPs, while the density
of n-type dopants range from xn = 0.18 to 1.1 dopants/r.u.
The value for the p-type doping concentration in MEH-
PPV, xp = 0.14 dopants/r.u., is in good agreement with pre-
vious reports, while the n-type doping concentration in
MEH-PPV, xn = 0.18 dopants/r.u., is lower than in the first
two of three previous reports [35,37,52]. The discrepancy
in the latter case is caused by the lack of correction for
the delayed n-type doping onset in the two earlier studies.

It is notable that the doping concentration values are
based on the assumptions that no side reaction takes place
between ti and tpn and that all doping is confined to the
volume defined by the inter-electrode gap. Furthermore,
it is not possible to calculate a p-type doping value or a
turn-on time for p–n junction formation for BUEH-PPV,
BOP-PPV and BEHP-co-MEH-PPV based devices since no
p-type doping could be detected. The calculated data for
r, cp, xp, cn and xn, as well as the measured values for
tturn-on, are presented as a function of CP in Table 1.

3.2. Morphology data

Fig. 5 presents optical micrographs of the {CP + PEO +
KCF3SO3} active material blends used in the LECs. We find,
in agreement with previous reports [39,40,43,44], that
these PEO based ternary materials phase separate into a
CP phase (with a darker appearance) and a {PEO + KCF3SO3}
phase (with a lighter appearance). It is clear that the surface
morphology is strongly dependent on the CP. MEH-PPV
based blends exhibit a comparatively minor phase separa-
tion on a �1-lm scale, while the BUEH-PPV and BEHP-co-
MEH-PPV based blends exhibit a slightly larger phase
separation. The largest phase separation on the �5-lm
scale appears in the blend materials based on BEH-PPV,



Fig. 5. Optical micrographs of the {CP + PEO + KCF3SO3} films, where the CP is identified in the inset of each graph.
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BUEH-co-MEH-PPV, and BOP-PPV. The amount of phase
separation in the {MEH-PPV + PEO + KCF3SO3} active mate-
rial is in good agreement with a previous report employing
AFM [39].

3.3. CV data

Fig. 6 presents CV data for the six different CPs, using a
working electrode (WE) of Au coated with a thin film of CP
and an electrolyte comprising TBAPF6 in CH3CN. Fig. 7 pre-
sents two ‘‘background” measurements performed with a
WE of solely Au (and no CP film) and an electrolyte com-
prising either TBAPF6 in CH3CN (top graph) or {PEO + KCF3-

SO3} in CH3CN (bottom graph). The first system in Fig. 7,
employing a Au WE and a TBAPF6 electrolyte, demon-
strates no signs of neither reduction nor oxidation events,
and it can thus be considered electrochemically inert in
the probed voltage range. Accordingly, we conclude that



Fig. 6. CV data recorded using Au coated with a thin film of CP as the working electrode (the CP is indicated in the inset of each graph). The electrolyte was
0.1 M TBAPF6 in CH3CN, the counter electrode a Pt wire, the pseudo-reference electrode a Ag wire, and the scan rate 25 mV/s.
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the oxidation and reduction peaks in Fig. 6 (detected with
Au coated with a thin film of CP as the WE and a TBAPF6

electrolyte) correlates to p-type doping (oxidation) and
n-type doping (reduction) of the CP, respectively. The sec-
ond background measurement in Fig. 7, employing a Au
WE and a {PEO + KCF3SO3} electrolyte, exhibits a strong
and irreversible reduction peak with an onset at �1.7 V
vs. the Fc/Fc+ couple and a clearly distinguishable and irre-
versible oxidation peak with an onset at +0.5 V vs. the Fc/
Fc+ couple. We assign both these peaks to irreversible elec-
trochemical ‘‘side reactions” involving the {PEO + KCF3SO3}
electrolyte, and the specific consequences of the cathodic
side reaction involving the electrolyte for the operation
of MEH-PPV based LECs have been discussed in a previous
publication [52].

With this information at hand we return to Fig. 6. We
find that all investigated CPs exhibit clearly distinguishable
p-type and n-type doping peaks, albeit of significantly dif-
ferent magnitude, but that the apparent reversibility of the
electrochemical reactions (as manifested by the existence
and size of the de-doping peaks) depends strongly on the
CP. However, we also observe that those electrochemical
doping reactions that appear to be irreversible (based on
the absence of a de-doping peak) invariably are accompa-
nied by dissolution of the doped CP into the CH3CN solvent,
and we therefore refrain from drawing any conclusions as
regards to the reversibility of the doping reactions.

To summarize, the most important and relevant informa-
tion extracted from the CV measurements, in the context of
the previously presented LEC device data, are that all inves-
tigated CPs are capable of both p-type and n-type doping,
and that the {PEO + KCF3SO3} electrolyte exhibits an irre-
versible oxidation reaction in the probed voltage range.
Fig. 8 presents the onset potentials for the p-type doping (so-
lid circles) and n-type doping (open squares) reactions for
the CPs as well as the voltage range in which the irreversible
oxidation of the {PEO + KCF3SO3} electrolyte can be a factor
(dashed region). The values for the p-type doping potential
(/p) and the n-type doping potential (/n) for all investigated
CP are also included into Table 1.



Fig. 7. CV data recorded using an electrolyte solution of 0.1 M TBAPF6 in
CH3CN (top graph) and {2 M PEO + 0.1 M KCF3SO3} in CH3CN (bottom
graph). The working electrode was a Au film, the counter electrode a Pt
wire, the pseudo-reference electrode a Ag wire, and the scan rate was
25 mV/s.

Fig. 8. Electrochemical p-type doping (oxidation) and n-type doping
(reduction) potentials for the different CPs. The dashed region represents
the voltage range at which the {PEO + KCF3SO3} electrolyte can be
irreversibly oxidized. The data were extracted from the CV results
presented in Figs. 6 and 7, and are reported vs. the Fc/Fc+ couple.
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4. Discussion

In the LEC literature it is often stated that it is advanta-
geous with a small phase separation between the CP and
the electrolyte in the active material, since this can be
expected to correspond to a high ionic conductivity and a
fast device turn-on time. In agreement with this statement,
we find that the three devices with the smallest phase sep-
aration (i.e., those based on MEH-PPV, BUEH-PPV and
BEHP-co-MEH-PPV; see Fig. 5) exhibit the highest ionic
conductivity (see Table 1), and that the three devices with
the largest phase separation (i.e., those based on BEH-PPV,
BUEH-co-MEH-PPV, and BOP-PPV) exhibit a lower ionic
conductivity.

However, it is notable that we find no correlation be-
tween the ionic conductivity and the device turn-on time,
and that we could not even detect a p–n junction forma-
tion and light emission from the three devices based on
BUEH-PPV, BOP-PPV and BEHP-co-MEH-PPV (see Fig. 4).
A direct optical observation of devices during operation re-
veals that the origin to this undesired behavior is the ab-
sence of p-type doping. A complementary CV study
demonstrates that all investigated CPs are capable of both
electrochemical p- and n-type doping (Fig. 6), but that the
CP in the three devices that did not turn on exhibit the
highest p-type doping potential, and, importantly, that this
potential exceeds the potential at which the electrolyte is
irreversibly oxidized (see Fig. 8).

For the three functional LECs based on MEH-PPV, BEH-
PPV and BUEH-co-MEH-PPV, which exhibit p–n junction
formation and light emission, the trend is that a lower p-
type doping potential of the CP corresponds to a better de-
vice performance. MEH-PPV has the lowest p-type doping
potential, and devices based on this CP exhibit the fastest
turn-on time, the highest current density, and the stron-
gest light-emission; while BUEH-co-MEH-PPV has the
highest p-type doping potential of the three, and accord-
ingly such devices exhibit the slowest turn-on time, the
lowest current density, and the weakest light emission.
Moreover, even though we did observe p-type doping in
devices based on all three of these CPs, we note that it is
only for MEH-PPV that we could detect p-type doping
‘‘immediately” after the application of voltage. For BEH-
PPV and BUEH-co-MEH-PPV, the onset of p-type doping
is delayed, and we attribute this delay, and the overall
poorer device performance, to that the electrochemical
side reaction involving the electrolyte is in effect also in
these devices, but that p-type doping becomes the domi-
nant electrochemical reaction during the later stages of de-
vice operation.

We further propose that the result of the anodic electro-
chemical side reaction in 5 of the 6 investigated devices is
the formation of a hole (and possibly ion) blocking degra-
dation layer, and that the insulating property of the degra-
dation layer is manifested in the shape of the current
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density–time curves (see Fig. 3). We illustrate the latter
point with the two extreme examples. For BEH-PPV, the
degradation layer is only partially blocking since the cur-
rent is observed to increase with time (after the initial dou-
ble-layer formation), which demonstrates that the net
effect of the electrochemical reactions is an increase in
the total conductivity of the active material. For BEHP-co-
MEH-PPV, on the other hand, the degradation layer be-
comes completely blocking with time since the current is
observed to monotonically decrease to zero with time,
which is the expected result if one of the electrochemical
reactions at the electrodes result in the formation of a to-
tally blocking degradation layer.

We now turn our attention to the doping concentra-
tions in the doped regions at the time of the p–n junction
formation (see Table 1). It is interesting to note that a very
high doping concentration value ranging between 0.14 and
1.1 dopants/r.u. (�1020 dopants/cm3) is a consistent fea-
ture in all investigated devices. We speculate that this high
doping level, which apparently is a prerequisite for front
motion in these devices, is related to a distinct increase
in the electron/hole mobility at a certain doping concentra-
tion threshold. In this context, we find it interesting that
Harima et al. and others report that the hole mobility in
a number of different CPs exhibit a distinct increase of sev-
eral orders of magnitude at a doping concentration value of
�0.1 dopants/r.u. [61–65] We are currently looking further
into this fascinating subject, and we hope to be able to
present our results in a future publication.

Finally, it is relevant to comment on the applicability of
the herein presented results acquired on surface cells with
extremely large (mm-sized) interelectrode gaps for the
operation of more common-place sandwich cells with sig-
nificantly smaller (sub-lm sized) interelectrode gaps. First,
we propose that the main result of this study – the impor-
tance of employing device constituents that are electro-
chemically inert in the voltage range spanned by the
oxidation and reduction potential of the CP – is applicable
also for the operation of thin sandwich cells. We base this
statement on the fact that the electrochemical reactions in
LECs take place at interfaces between an electrode/doped
CP and an undoped CP, and that the structure of these
interfaces to a good approximation should be independent
on the size of the interelectrode gap. Moreover, the herein
studied wide-gap devices were invariably operated at a
low applied voltage of 5 V, which is of a similar magnitude
as the voltage used to drive sandwich cells. This implies
that both the structural environment and the E-field at
the interface at which the electrochemical reactions take
place are rather similar in sandwich and surface cells. Sec-
ond, the observed connection between a high ionic con-
ductivity and a small phase separation between the CP
and the electrolyte component in the active material is
independent on the size of the interelectrode gap, and as
such applicable for the operation of thin sandwich cells.
Third, the fact that a high doping concentration (�0.1 do-
pants/CP repeat unit) is necessary in order for a doping
front to progress in a wide-gap surface cell LEC should in
principle also be applicable for the operation of thin sand-
wich cells. However, the fact that the exact thickness (and
structure) of the p–n junction in surface cells is unknown is
a complicating factor, since it could very well be that the
thickness is of a similar, or even larger, size than the entire
inter-electrode gap in thin sandwich cells. In such a sce-
nario, it is unclear whether the observed high doping con-
centrations in the doped regions of surface cells exist in
thin sandwich cells. This latter point also reinforces that
further experimental, analytical and modelling studies on
the detailed structure of the p–n junction region are
needed in order to further improve the understanding
and performance of LECs.
5. Conclusions

Our results clearly highlight the fact that LECs are elec-
trochemical devices, and as such are highly sensitive to
non-desired electrochemical reactions involving other de-
vice constituents than the CP, notably the electrolyte and
the electrodes. The six investigated CPs all fulfill the base-
line criteria for LEC operation in that they are capable of
both p- and n-type electrochemical doping. However, when
we optically probe planar wide-gap Au/{CP + PEO + KCF3-

SO3}/Au devices fabricated from these six CPs during oper-
ation at V = 5 V, we find that only three devices exhibit p–n
junction formation and light emission, while the other
three only exhibit n-type doping and no signs of p-type
doping. Using CV, we establish that the CPs in the functional
devices consistently have a lower p-type doping potential
than the CPs in the non-functional devices, and that the
critical oxidation stability potential of the {PEO + KCF3SO3}
electrolyte is located in the same voltage range. Conse-
quently, we propose that the operation of the non-func-
tional LEC comprises n-type doping of the CP at the
cathode and irreversible oxidation of the electrolyte at the
anode. We also find that a small degree of phase separation
between the CP and the {PEO + KCF3SO3} electrolyte com-
ponents in the active material corresponds to a high ionic
conductivity, and that the doping concentrations in the
doped regions of all investigated LECs exhibit values of
the order of �0.1 dopants/CP repeat unit.
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a b s t r a c t

We have synthesized a novel fully soluble and low-temperature processable polyimide
gate insulator (KSPI) through the one-step condensation polymerization of the monomers
5-(2,5-dioxytetrahydrofuryl)-3-methyl-3-cyclohexene-1,2-dicarboxylic anhydride and
4,4-diaminodiphenylmethane. Fully imidized KSPI was found to be completely soluble in
organic solvents such as N-methyl-2-pyrrolidone (NMP), dimethylacetamide (DMAc),
c-butyrolactone, dimethylsulfoxide (DMSO), and 2-butoxyethanol. Thin films of KSPI can
be fabricated at only 150 �C and a pentacene OTFT with KSPI as a gate dielectric was found
to exhibit a field effect mobility of 0.22 cm2/V s. To obtain a high performance organic thin-
film transistor (OTFT), the KSPI surface was modified in our new technique by hybridiza-
tion with a non-polar side chain containing a polyimide insulator (PI). The carrier mobility
of a pentacene OTFT with a hybridized polyimide gate insulator (BPI-3) was found to be
0.92 cm2/V s. Our new low-temperature processable polyimides show promise as gate
dielectrics for OTFTs.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Flexible organic electronic devices containing organic
thin-film transistors (OTFTs) have received much attention
of late due to the potential of this technology in smart
cards, radio frequency identification (RFID) tags, nonvola-
tile memories, sensors, and driver circuits in flexible dis-
plays [1–10]. The significant advantage of using organic
materials in electronic devices is the possibility of fabricat-
ing mechanically flexible devices on flexible substrates.
However, in order for this so-called flexible technology to
move forward, flexible gate dielectric materials must be
developed and the performance of devices containing such
materials must be optimized. However, most studies of
OTFTs have employed silicon dioxide/heavily doped silicon
as the insulator/gate pair. To realize flexible organic elec-
. All rights reserved.

ax: +82 42 861 4151.
n), mhyi@krict.re.kr
tronics, not only the organic semiconductor [11–15] but
also all other components of the TFT need to be replaced
with organic materials. There is therefore increasing inter-
ests in using polymeric materials as gate dielectrics in
OTFTs [16–23]. The requirements of an OTFT polymeric
gate dielectric are as follows: (1) a relatively high dielectric
constant, (2) good heat and chemical resistance, (3) they
should form pinhole-free thin films with a high breakdown
voltage and long-term stability, and (4) their interfacial
properties should be comparable to those of organic semi-
conductors. Most research into polymeric gate dielectrics
has attempted to improve the performance of OTFTs by
reducing the leakage current and threshold voltage or by
increasing the current modulation ratio and mobility
through modifications of the surface properties and varia-
tion of the dielectric constant of the gate insulator. Several
polymeric gate dielectrics, such as poly(vinyl phenol) (PVP)
[16,17], poly(methyl methacrylate) (PMMA) [18], poly-
(vinyl alcohol) (PVA) [19,20], benzocyclobutene (BCB)
[21], and polyamic acid (PAA) based polyimide (PI)

mailto:taekahn@krict.re.kr
mailto:mhyi@krict.re.kr 
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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[22–26], have been investigated. Of these materials, PIs are
currently considered promising gate dielectrics because of
their good chemical resistance and mechanical properties.
However, a major obstacle to the use of PI materials is their
high processing temperature. We recently reported a new
hybridization method for the modification of the surfaces
of PI gate dielectrics. With this approach, a PI gate dielec-
tric was fabricated that can be thermally treated at a min-
imum of 230 �C to fabricate a thin film for use in an OTFT
[22]. To apply a polymeric gate insulator on a plastic sub-
strate, the processing temperature for producing a thin
film of that gate insulator should be below 200 �C. Thus,
the processing temperature (of 230 �C) required to convert
a polyamic-acid-based PI film into a fully imidized PI film
is too high for flexible organic electronics applications.

In this paper, we report the synthesis and characteriza-
tion of a new fully soluble polyimide (KSPI) for use as a gate
insulator in OTFTs. KSPI was successfully synthesized with a
simple one-step condensation polymerization [27] of the
monomers 5-(2,5-dioxytetrahydrofuryl)-3-methyl-3-
cyclohexene-1,2-dicarboxylic anhydride and 4,4-diamino-
diphenylmethane. The fully imidized KSPI is soluble in N-
methyl-2-pyrrolidone (NMP), dimethylacetamide (DMAc),
c-butyrolactone, dimethylsulfoxide (DMSO), and 2-butoxy-
ethanol, and KSPI thin films can be fabricated with an
annealing temperature of 150 �C. We fabricated pentacene
OTFTs with KSPI and showed that the performance of these
OTFTs can be improved by modifying the surface of the gate
insulator with our hybridization technique. The new soluble
polyimide (KSPI) was hybridized with a non-polar side chain
containing polyimide (PI) [22] in the feed ratio KSPI/PI = 98/
2 (BPI-3). The OTFT characteristics and electrical properties
of this fully soluble polyimide gate insulator are discussed.
2. Experimental

2.1. Materials and measurements

4,4-Diaminodiphenylmethane was purchased from
Mitsubishi Kasei Chemical Co. (Japan) and 5-(2,5-diox-
ytetrahydrofuryl)-3-methyl-3-cyclohexene-1,2-dicarbox-
ylic anhydride was purchased from TCI Chemical Co. (Japan).
Both compounds were dried at 100 �C for 24 h in a vacuum
oven prior to use. m-Cresol was received from Junsei Chem-
ical Co. (Japan) and freshly distilled under reduced pressure
before use. All other chemicals required for the synthesis
and purification of the monomers and polymer were also
commercially available and used without any further purifi-
cation. The active layer selected in this study was pentacene
(98% purity), which was purchased from Aldrich Chemical
Co. and used without any further purification. The solution
viscosity of the polymer was measured with a Cone & Plate
viscometer (Thermo HAA-KEDC 50) at 25 �C in air. The
inherent viscosity of the polymer was measured with Ubbe-
lohde viscometer at a concentration of 0.5 dL/g in NMP at
30 �C. To investigate the molecular weight of the synthe-
sized polymer, high temperature gel permeation chroma-
tography (GPC) analysis was conducted on a Waters Model
150C ALC/GPC equipped with Styragel columns in DMF solu-
tion at 80 �C. The 1H NMR spectrum was recorded with a
Bruker AMX 300 MHz spectrometer. Dimethylsulfoxide
(DMSO) was used as the solvent for recording the NMR spec-
trum. The elemental analysis of the newly synthesized poly-
imide gate insulator polymer was performed on a FISONS
EA-1108. The FT-IR spectrum was obtained with a Bio-Rad
Digilab Division FTS-165 spectrometer after dispersing the
sample in KBr. The thermal properties of the synthesized
polymer were investigated with differential scanning calo-
rimetry (DSC) and thermogravimetric analysis (TGA) per-
formed under nitrogen at a heating rate of 10 �C/min with
a Du Pont Model 910 analyzer and a Perkin–Elmer TGA 7
analyzer, respectively. The thicknesses of the polymer films
were determined with an alpha-step (KLA-Tencor a-step DC
50) surface profiler. All atomic force microscopy (AFM)
images of the polymer surfaces were obtained with a Digital
Instrument Nanoscope IV operating in tapping mode in air
using a low-force imaging technique (a small tip-sample
contact area), which is useful in the high-resolution imaging
of polymers. The surface tension was calculated from the
contact angles of water and diiodomethane on the polymer
films, which were determined with a PEONIX 300 contact
angle analyzer. The output (Ids vs. Vds) and transfer (Ids vs.
Vgs) characteristics of the OTFT devices were measured with
an Agilent E5272 semiconductor parameter analyzer. The
capacitance was measured with a HP 4294A LCR meter. All
these electrical measurements were carried out in air with-
out any encapsulation.

2.2. Synthesis of the soluble polyimide (KSPI)

In a 500 mL three-neck flask containing 100 mL m-cre-
sol, 5-(2,5-dioxytetrahydrofuryl)-3-methyl-3-cyclohex-
ene-1,2-dicarboxylic anhydride (14.2 g, 54.0 mmol) and
4,4-diaminodiphenylmethane (10.7 g, 54.0 mmol) were
dissolved by using a mechanical stirrer. Once the two
monomers were completely dissolved, the reaction mix-
ture was slowly heated to 70 �C over 2 h with an oil bath
and maintained at that temperature for 2 h. The reaction
temperature was increased to 200 �C over a 2 h period
and finally fixed at 200 �C at which temperature the reac-
tion mixture was refluxed. When the solution viscosity
reached to 5000 cps (which required about 30 min after
the temperature had reached 200 �C), the reaction was
stopped by removing the oil bath and cooling the solution
to room temperature. The polyimide (KSPI) was precipi-
tated by adding reaction mixture dropwise to the ice-
cooled excess methanol. The mixture was washed several
times with methanol and filtered, and the KSPI was dried
under vacuum. The KSPI was dissolved in m-cresol, and
the KSPI was precipitated again by dropping it into an ex-
cess methanol. The mixture was filtered and the residue
was collected. The procedure was repeated twice more to
yield a yellowish solid. The polymer yield was 91%
(21.0 g). FT-IR (KBr) vmax (cm�1): 3467, 3038, 2922, 1709
(C@O stretching of carbonyl), 1510 (C@C stretching of phe-
nyl), 1380 (C–N stretching of imide), 1172, 813, 765, 665.
1H NMR (DMSO, ppm): d 7.33–7.09 (br m, 8H, Aromatic
H), 5.48 (br s, 1H, CH of cyclohexene), 4.01 (br s, 2H,
CH2), 3.76–3.55 (br m, 1H, alpha CH of cyclohexene),
2.90–2.87 (br m, 4H, CH and CH2 of succinimide, and beta
CH of cyclohexene), 2.17–1.90 (br m, 6H, gamma CH2 and
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delta CH of cyclohexene, and CH3). Anal. Calcd. for
C26H22O4N2: C, 73.23; H, 5.20; O, 15.01; N, 6.57. Found. C,
72.58; H, 5.22; O, 15.44; N, 6.46.

2.3. Metal–insulator–metal (MIM) device fabrication

To determine the capacitance and gate leakage of the
soluble and hybridized polyimide gate insulators, metal–
insulator–metal (MIM) capacitor structures were prepared
on patterned ITO coated glass substrates. Fully soluble KSPI
and hybridized insulators (KSPI/PI in various ratios) were
spin coated on top of the bottom ITO electrode and then
the films were annealed at 90 �C for 10 min and at 150 �C
for 30 min. The MIM devices were then completed by
evaporating the top gold electrodes. The final thicknesses
of all films were controlled to 300 nm. The active area of
each MIM device was 50.24 mm2.

2.4. Organic TFT device fabrication

A top-contact OTFT device geometry was used in all the
electrical characterizations. Indium tin oxide (ITO) coated
glass was used as the substrate and the ITO was patterned
(2 mm wide stripes) to produce the gate electrode with a
conventional photolithographic method: coating with a
photoresist, ultraviolet light exposure, then developing
and etching. The patterned ITO substrate was cleaned using
a typical cleaning process for electronic applications: soni-
cation in detergent, deionized water, acetone, and isopro-
panol in that order for 20 min at room temperature. KSPI
was dissolved in a c-butyrolactone/2-butoxyethanol co-
solvent at a concentration of 8 wt%. In addition, a hybrid-
ized polyimide solution (KSPI/PI = 98/2) was prepared in
the same co-solvent at the same concentration. The KSPI
and hybridized BPI-3 solutions were spin-coated on top of
the gate electrodes as gate insulators and the films were
then annealed at 90 �C for 10 min and at 150 �C for
30 min. The final thickness of the polyimide gate insulator
was adjusted to about 300 nm. A 60 nm thick layer of
pentacene was deposited on top of the gate insulator
through a shadow mask by using thermal evaporation at
a pressure of 1 � 10�6 torr. The evaporation rate of penta-
cene was 1 Å/s and the substrate temperature was 90 �C.
The OTFTs were then completed by using thermal evapora-
tion to add 50 nm thick source and drain gold electrodes on
top of the pentacene layer through a shadow mask, creating
transistors with a channel length (L) and a width (W) of 50
and 1000 lm respectively.
one-step polymerization
1) room temp.~70 C, 2h (in m-cresol)
2) 70~200 oC, 2h
3) 200 oC, 0.5h
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Scheme 1. Chemical structures and synthetic routes for PI and KSPI.
2.5. Organic TFT devices on plastic substrates

Pentacene OTFTs on a polyethersulfone (PES) plastic
substrate were also fabricated using KSPI and BPI-3. Gold
(50 nm) was deposited on each polyethersulfone
substrate through a shadow mask, thus creating a
patterned gold electrode as the gate electrode. The poly-
imide insulator coating, pentacene evaporation, and
source and drain electrode formation processes were car-
ried out as for the fabrication of the OTFT devices on glass
substrates.
3. Results and discussion

3.1. Syntheses and characterizations of the polymers

The synthetic routes and chemical structures of KSPI
and PI are presented in Scheme 1. KSPI was synthesized
with a one-step condensation polymerization [27] in
m-cresol. The synthesis of PI has been reported previously
by our group and was carried out as described [22]. PI can
be classified in two categories namely, polyamic-acid-
based PI which requires a high processing temperature
(above 230 �C) and fully soluble PI-the final imidized state.
To produce soluble PI, either long alkyl side chains should
be introduced or the main chain of the polymer should be
modified to adopt a kinked structure. KSPI is a fully soluble
polymer. Actually, the 5-(2,5-dioxytetrahydrofuryl)-3-
methyl-3-cyclohexene-1,2-dicarboxylic anhydride unit in
KSPI is a key monomer which makes it soluble in organic
solvents. In that monomer, dicarboxylic anhydride is
linked to 3-methyl-3-cyclohexene forming a kinked struc-
ture. The linkage can make PSPI become soluble in the fully
imidized state. The unit 5-(2,5-dioxytetrahydrofuryl)-3-
methyl-3-cyclohexene-1,2-dicarboxylic anhydride is a
key monomer in the synthesis of KSPI, making it soluble
in organic solvents. In that monomer, dicarboxylic anhy-
dride is linked to 3-methyl-3-cyclohexene forming a
kinked structure. The linkage can make KSPI soluble in
the fully imidized state.

KSPI was found to be soluble in organic solvents such
as N-methyl-2-pyrrolidone (NMP), dimethylacetamide
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(DMAc), c-butyrolactone, dimethylsulfoxide (DMSO), and
2-butoxyethanol. The number-average molecular weight
(Mn) and the weight-average molecular weight (Mw) of
KSPI were determined with high temperature gel perme-
ation chromatography using polystyrene standards and
DMF as an eluent, and found to be 40,000 g/mol and
85,000 g/mol, respectively, with a polydispersity index of
2.13. The inherent viscosity of KSPI was found to be
0.56 dL/g. The structure of KSPI was determined with FT-
IR and 1H NMR spectroscopy. The 1H NMR spectrum (not
shown here) of KSPI was found to contain signal broaden-
ing, but the chemical shifts are consistent with the struc-
ture of KSPI. The assignments for the 1H NMR spectrum
of KSPI are documented in Section 2. The amide proton
peaks of poly(amic acid) were not detected at 10.0–
10.5 ppm for KSPI, which means that the synthesis of KSPI
with the one-step polymerization resulted in a fully imi-
dized and completely polymerized main chain structure
[27]. Fig. 1 shows the FT-IR spectrum of KSPI. The very
sharp peak at 1380 cm�1 in the FT-IR spectrum is due to
the imide C–N stretching of KSPI [28]. This peak confirms
that imidized and completely polymerized KSPI was ob-
tained with the one-step condensation route. Carbonyl
(C@O) and phenyl (C@C) stretching peaks are also present
at 1709 and 1510 cm�1, respectively. The thermal proper-
ties of KSPI were investigated with TGA and DSC analysis.
Fig. 2 shows the TGA thermogram (the inset shows the
DSC curve) of KSPI. KSPI has excellent thermal stability
up to almost 400 �C. The 5% weight loss temperature for
KSPI was found to be 424 �C. In addition to its high thermal
stability, KSPI also exhibits good mechanical properties.
The glass transition temperature was found to be 264 �C.
Compared to other polymeric materials that are used as
gate insulators such as poly(vinyl phenol) (PVP) [16,17],
poly(methyl methacrylate) (PMMA) [18], and poly(vinyl
alcohol) (PVA) [14,15], KSPI has a higher Tg even though
it is fully soluble in organic solvents. The lifetime and reli-
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able operation of OTFT devices are probably closely related
to Tg and the thermal stability of the gate insulator poly-
mer. We believe that KSPI is a better candidate than these
other soluble polymeric materials for gate insulators be-
cause of its superior thermal and mechanical properties.

3.2. Thin-film characterizations

Firstly, we investigated the surface morphology and the
coating properties of the new soluble polyimide gate insu-
lator, KSPI, and of the hybridized polyimide insulators. We
have previously described surface modifications with the
hybridization method of two different types of polymers
[22]. Thin films of the following hybridized insulators with
various KSPI/PI ratios (blending ratio, wt%) were fabricated,
in order to investigate the hydrophobicity and morphology
of their surfaces: KSPI/PI (98/2) (BPI-3), KSPI /PI (95/5)
(BPI-2), and KSPI /PI (90/10) (BPI-1). Fig. 3 shows the sur-
face morphologies of KSPI and the hybridized polymer thin
films. The KSPI film has good surface roughness with a
root-mean-square value of about 0.28 nm. As in our previ-
ous results [22], there are unusual wormlike patterns in
the AFM images of the surfaces of the hybridized films.
These patterns indicate that there is phase inversion in
the hybridized films, as discussed in our previous report.
However, the surface roughness of the films of BPI-2 and
BPI-1 is unsatisfactory, above 1.7 nm (as shown in Fig. 3),
and significant leakage current (not shown here) from their
metal–insulator–metal devices was observed. These re-
sults are somewhat different to our previous results [22]
for hybrids of polyamic acid (PAA) and PI. We suggest that
the different annealing temperatures of the hybridized
films and the different chemical structures of the main
polymers (KSPI and PAA) in these hybrids result in these
differences. Thus there is only a narrow KSPI/PI blending
ratio range that results in hybridized films that can be
utilized as thin-film gate insulators in OTFTs. A KSPI/PI
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blending ratio of 98/2 was found to provide the optimal
gate insulator film. Thus the BPI-3 hybridized insulator
(KSPI/PI = 98/2) was investigated in more detail and used
as a gate insulator in OTFT device for comparison with
KSPI.

To investigate the potential of KSPI and BPI-3 as gate
insulators, we firstly checked whether their leakage cur-
rents are sufficiently low and their breakdown voltages
sufficiently high by testing the corresponding metal–insu-
lator–metal devices. Their leakage current densities and
breakdown voltages were found to be less than 7.0 �
10�11 A/cm2 at 50 V and above 2 MV/cm, respectively,
which are satisfactory properties for gate insulators used
in OTFTs. The capacitances of KSPI and BPI-3 were found
to be 88.4 pF/mm2 and 90.2 pF/mm2, respectively. The
root-mean-square roughness of the surfaces of the films
were found to be almost identical, 0.28 nm and 0.39 nm,
respectively, as shown in Fig. 3. However, the water con-
tact angles and surface tensions of KSPI and BPI-3 are
somewhat different, as expected. The surface tensions of
KSPI and BPI-3 were calculated from the contact angles
of water and diiodomethane and found to be 56.26 and
44.00 dyne/cm, respectively. The contact angle of water
on BPI-3 is larger than that of KSPI. This means that by
blending KSPI with a PI with a long alkyl side chain to cre-
ate BPI-3 a more hydrophobic surface is produced. This
surface modification approach is completely different from
previously reported methods such as primer treatments
using hexamethyldisilazane (HMDS) [29,30] or octadecyl-
trichlorosilane (OTS) [31–33] or the insertion of a buffer
layer [34,35]. Our approach only requires a single spin-
coating of the hybridized solution to complete the surface
modification.

In our previous study, we used polyamic acid (PAA) as
the main component of the hybridized polymer, with an
annealing temperature of almost 250 �C required to con-
vert the film to its fully imidized state [22]. In the BPI-3
system, the two polymers are completely soluble in the fi-
nal imidized state so BPI-3 films can be produced by
annealing at only 150 �C. This means that KSPI and BPI-3
insulators can be utilized in OTFTs with plastic substrates.
The surface and electrical properties of the two films are
summarized in Table 1.

Surface properties are known to influence the mecha-
nism of the initial growth of pentacene and thus the
performance of OTFTs [22,24,33,36]. AFM and X-ray dif-
fraction (XRD) experiments were performed in order to
investigate the effects of the surface properties of the gate
insulators on the morphology of pentacene. AFM images of
60 nm thick pentacene on the gate insulators are shown in
Fig. 4. The AFM images of 60 nm thick pentacene layers on
KSPI reveal a dendritic structure with a grain size of around
0.5–1.5 lm (see Fig. 4a). The corresponding XRD pattern in
Fig. 5a contains a series of sharp (00k0) peaks indicating
that the pentacene film is highly ordered. The first peak
at 5.68� (the thin-film phase) corresponds to a lattice
parameter of 15.56 Å. However, no peak arising from a
bulk phase was observed, indicating that the pentacene
film on KSPI consists exclusively of the thin-film phase.
On the other hand, the AFM image of 60 nm thick penta-
cene on BPI-3 does not indicate the presence of dendritic
structures and its grain size is significantly lower, less than
0.5 lm (see Fig. 4b). The corresponding XRD pattern of
pentacene in Fig. 5b also indicates the presence of both
thin-film and bulk phases, at 5.71� and 6.07�, respectively.
The measured Bragg refraction angles of 5.71� and 6.07�
correspond to tilts of the c axis of the pentacene molecules
with respect to the surface normal of 15.0� and 25.6�,
respectively, indicating that the bulk phases are more
tilted than the thin-film phase. The peak due to the bulk
phase (6.07�) of pentacene on BPI-3 indicates that a signif-
icant fraction of the pentacene molecules are more tilted,
which possibly increases the adhesion of the pentacene
layer on the BPI-3 film. This increased adhesion has posi-
tive effects on the mechanism of the initial growth of
pentacene and leads to the formation of a more stable



Fig. 3. AFM images (5 lm � 5 lm) of the gate insulators: (a) 100/0 (KSPI/PI in wt%, KSPI), (b) 98/2 (BPI-3), (c) 95/5 (BPI-2), and (d) 90/10 (BPI-1).

Table 1
Summary of the characteristics of KSPI and BPI-3

Gate insulator Properties

Surface roughness (nm) Surface tension (dyne/cm)a Capacitance (pF/mm2)b Dielectric constant

KSPI 0.28 56.20 88.4 3.63
BPI-3 0.39 44.00 90.2 3.99

a Calculated from the contact angle of water and diiodomethane on the gate insulator film.
b Measured at 10 kHz.
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interface on the BPI-3 insulator and to improved OTFT per-
formance. Similar phenomena have been reported for the
polyamic-acid-based hybrid insulator [22] and for an octa-
decyltrichlorosilane (OTS) treated gate insulator [32,33].



Fig. 4. AFM images (5 lm � 5 lm) of pentacene (60 nm) deposited on (a) KSPI and (b) BPI-3 insulators.
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3.3. TFT characteristics

Top-contact pentacene OTFTs with KSPI and BPI-3 as
gate insulators were fabricated and their electrical charac-
teristics were analyzed. The output characteristics (drain
current vs. drain voltage, Ids vs. Vds) of the pentacene OTFTs
(length L = 50 lm and width W = 1000 lm) with KSPI and
BPI-3 are shown in Fig. 6 for various gate voltages. The
OTFTs exhibit typical p-type characteristics with clear
transitions from linear to saturation behavior. At a given
negative gate voltage (Vgs), Ids initially increases linearly
with small negative Vds and then saturates due to a pinch
off of the accumulation layer. As the negative gate voltage
(Vgs) increases, the device fabricated with a BPI-3 insulator
exhibits a much higher drain current (Ids) than the device
with KSPI as an insulator. Fig. 7 shows the transfer charac-
teristics (drain current vs. gate voltage, Ids vs. Vgs) of the
OTFTs with KSPI and BPI-3 where Vg was swept from +20
to �50 V and Vds was set at �40 V. As shown in Fig. 7,
the leakage current of the OTFTs with BPI-3 is lower by
about one order of magnitude, 8.62 � 10�11 A, compared
to 2.24 � 10�10 A for the OTFT with KSPI, and the sub-
threshold slope (SS) was also reduced from 3.78 to
2.27 V/dec. AFM studies (see Fig. 3) suggest that the BPI-
3 system forms a film exhibiting a phase-inversion state.
In other words, the BPI-3 system seems to be composed
of a double-layer insulator structure which arises from
the difference between the surface energies of the two
polymers (KSPI and PI) in the hybrid state. The higher
surface energy may facilitate the attachment of KSPI onto
the ITO-patterned glass surface, and a PI thin layer is then
formed on top of the KSPI layer. Therefore, the KSPI insula-
tor can be covered with a PI polymer containing a non-
polar side chain. A similar concept and comparable
phenomena were reported for surface-induced self encap-
sulation based on different solubilities of the hybrid poly-
mers [37]. Consequently, the BPI-3 insulator can be
obtained in the form of a more robust film relative to KSPI,
which could be one of the reasons for the improved off cur-
rent of the OTFT device.

The lower SS of the pentacene OTFT with BPI-3 indi-
cates that there is a more stable interface and good contact
between pentacene and BPI-3, which results from the
modification of the surface of the gate insulator with the
hybridization method. Since the interface charge state
between an organic gate insulator and an organic semicon-
ductor is one of the factors influencing SS [38,39], we
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believe that the lowered SS can be explained by the forma-
tion of a more stable interface between pentacene and the
BPI-3 than between pentacene and KSPI. The field effect
carrier mobility (l) was extracted from a plot of I1=2

ds vs.
Vgs in the saturation regime by using the following
equation:

Ids ¼
WCi

2L
lðVgs � VTÞ2

where Ci and VT are the capacitance per unit area of the
gate insulator and the threshold voltage, respectively.
The carrier mobilities of the pentacene OTFTs with KSPI
and BPI-3 were found to be 0.22 and 0.92 cm2/V s, respec-
tively. It is interesting to note that when the hybridized
insulator (BPI-3) is used instead of KSPI as the gate insula-
tor, the mobility increases by a factor of more than four
even though the pentacene crystal size on BPI-3 is smaller
(as shown in Fig. 4) and there is less dendritic structure
than on KSPI. The overall device performance is improved
dramatically by using the hybridized BPI-3 instead of KSPI
as the insulator. The electrical characteristics of the penta-
cene OTFTs with KSPI and BPI-3 are summarized in Table 2.
The performance of an OTFT can be affected by the grain
size, orientation, and crystallinity of the organic semicon-
ductor. It is clear that these properties are usually deter-
mined by the surface properties of the gate insulator, the
evaporation rate of the semiconductor, the substrate tem-
perature, the annealing process, etc [7,40,41]. If other
properties are held constant a decrease in the grain size
(increasing the grain boundary density) is usually thought
to reduce the OTFT carrier mobility. This is contrary to our
results and to some reports from other groups [7,33,40–
42] that the grain size of pentacene is smaller on pri-
mer-treated gate insulators than on nontreated gate insu-
lators, even though the overall performance of OTFTs with
primer-treated gate insulators is better. In XRD studies,
the peak due to the bulk phase of pentacene (at 6.07�)
on our hybridized insulator indicates that a significant
fraction of the pentacene molecules are lying flat on the
insulator surface. Flat-lying pentacene was also observed
when this material was deposited onto Cu [43,44], which
implies an improved adhesion of pentacene to the insula-
tor surface and contact between individual pentacene
grains. We therefore conclude that the surface morphol-
ogy and energy of the gate insulator are a further impor-
tant influence on OTFT carrier mobility, because of their
dramatic effect on the formation of the interface between
the gate insulator and the semiconductor, which arises
due to changes in the initial growth mechanism of
pentacene.

In order to investigate the potential of the use of KSPI
and BPI-3 in flexible OTFTs, we also fabricated and charac-
terized OTFTs with KSPI and BPI-3 on polyethersulfone
(PES) plastic substrates. The maximum processing temper-
ature of KSPI and BPI-3 is only about 150 �C, so we were
able to successfully fabricate flexible OTFTs using KSPI
and BPI-3 as gate insulators on PES substrates. Patterned
gold gate electrodes were used. Fig. 8 shows the transfer
characteristics (drain current vs. gate voltage, Ids vs. Vgs)
of the flexible OTFTs with KSPI and BPI-3 on PES substrates,
where Vg was swept from +20 to �50 V and Vds was set at
�40 V. The overall device performances (summarized in
Table 2) of the flexible OTFTs such as the field effect mobil-
ity, the on/off ratio and the off current are somewhat worse
than those of OTFT devices fabricated on glass substrates.
However, the OTFT device with BPI-3 exhibits a better field
effect mobility and a significantly lower subthreshold
slope (SS) than the device with KSPI (in Table 2). The lower
SS of the flexible OTFT with BPI-3 clearly indicates that a
better interface between pentacene and BPI-3 is created
by modifying the surface of the gate insulator with hybrid-
ization method. However, the off-current level of the BPI-
3-based devices was slightly increased with respect to that
of the KSPI-based ones. The reason for this is unclear. We
believe that the increased off current observed for the de-
vices formed on PES can be explained by the relatively bad
surface roughness of the gate insulators formed on this
plastic substrate. The handling of the plastic substrate in
the preparation of a flexible OTFT is also a key influence
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Table 2
Summary of the electrical characteristics of the pentacene OTFTs with KSPI and BPI-3 on glass and plastic substrate

Gate insulator Performance parameter

Substrate Mobility (l)b (cm2/V s) ION/IOFF
c Subthreshold slope (SS) IOFF (A) Threshold voltage (Vth)d (V)

KSPI (50/1000)a Glass 0.22 6.9 � 104 3.78 2.24 � 10�10 �17.6
BPI-3 (50/1000)a Glass 0.92 5.7 � 105 2.27 8.62 � 10�11 �20.8
KSPI (50/1000)a Plastic 0.15 1.0 � 104 6.86 6.30 � 10�10 �24.5
BPI-3 (50/1000)a Plastic 0.25 1.4 � 104 5.54 8.40 � 10�10 �25.7

a The ratio of length (L, lm) to width (W, lm).
b Calculated from the plot of Ids vs. Vgs in the saturation regime by using the following relationship between the drain current and gate voltage: Ids =

(WCi/2L)l(Vgs�VT)2. Ci is the capacitance of KSPI and BPI-3.
c The on/off ratio.
d VT of the device in the saturation regime was determined from the plot of the square root of the drain current (Ids) vs. the gate voltage (Vgs) by

extrapolating the measured data to Ids = 0.
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on its performance, so we are currently optimizing the pro-
cessing conditions used in the fabrication of flexible OTFTs
with our newly developed gate insulators.

4. Conclusions

We have prepared a novel soluble polyimide gate insu-
lator (KSPI) with a one-step condensation polymerization
and fabricated high performance OTFTs with a hybridized
gate insulator (BPI-3) on glass and plastic substrates. KSPI
is completely soluble in organic solvents in the fully imi-
dized state and forms thin films at an annealing tempera-
ture of 150 �C. An MIM device containing KSPI was found
to exhibit low leakage current density and a high break-
down voltage. A pentacene OTFT with a KSPI gate insulator
was found to exhibit good TFT performance with a mobil-
ity of 0.22 cm2/V s. By carrying out the hybridization of
KSPI with a PI with a long alkyl chain, we were able to
modify its surface properties, which dramatically improve
the formation of its interface with pentacene. The hydro-
phobic surface resulting from the incorporation of the PI
with a long alkyl side chain results in an increase in the
number of flat-lying pentacene molecules and increases
the adhesion between the pentacene layer and the gate
insulator, which has a positive effect on the initial growth
of pentacene and results in an improvement in device per-
formance. The increased mobility and reduced SS of OTFTs
with the hybridized insulator (BPI-3) on both glass and
plastic substrates indicate that a stable interface is formed
between the gate insulator and the semiconductor. Unlike
conventional surface modification techniques, such as pri-
mer treatments, our hybridization approach provides a
very simple and facile method for modifying the surface
properties. Our new low-temperature processable and
fully soluble polyimide (KSPI) and hybridized polyimide
polymer (BPI-3) are promising materials for gate insulators
in flexible OTFTs.
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a b s t r a c t

We have studied the performance improvement of organic thin-film transistor (OTFT) with
a solution based TIPS pentacene (6,13-bis(triisopropylsilylethynyl)pentacene) by inkjet
printing. The TIPS pentacene with 1.0 wt.% solution in 1,2-dichlorobenzene was used for
printing of an active layer of OTFT. The OTFT printed at room temperature shows a shoul-
der-like behavior but it disappears for the OTFT printed at the substrate temperature of
60 �C. The OTFT on plastic exhibited an on/off current ratio of �107, a threshold voltage
of �2.0 V, a gate voltage swing of 0.6 V/decade and a field-effect mobility of 0.24 cm2/Vs
in the saturation region.

� 2008 Elsevier B.V. All rights reserved.
Printable thin-film transistors (PTFTs) are of increasing
interest for low cost, large-area electronic applications
such as active-matrix display, electronic paper and flexible
microelectronics [1–3]. Inkjet printing attracts much atten-
tion in device fabrication due to its many advantages
including non-contact patterning, low temperature pro-
cess, low cost, low material waste so that flexible and
unbreakable and light-weight plastic display is possible
using PTFT. Devices like organic light-emitting diodes
(OLEDs), thin-film transistors, and microlenses have been
fabricated by inkjet printing [4–6].

Among the solution based organic semiconductor mate-
rials, alkyl substituted oligothiophenes and pentacene der-
ivates with bulky side chains exhibit a good TFT
. All rights reserved.

: +82 2 961 9154.
performance [7,8]. Pentacene is one of the most widely
studied organic semiconductor for organic thin-film tran-
sistors (OTFTs) even through pentacene cannot be pre-
pared by solution process such as spin coating and inkjet
printing due to its limited solubility. However, substitution
with appropriate solubilizing ethynyl functions at the
6,13-carbon position of pentacene can lead to enhance-
ment in solubility because it promotes extended p-elec-
tron delocalization from the pentacene nucleus [9].

Recently, a solution processed 6,13-bis(triisopropylsily-
lethynyl) pentacene (TIPS pentacene) semiconductor was
reported to give a field-effect mobility of 1.21 cm2/Vs of
the OTFT by drop-casting process [9]. This value is similar
in magnitude to that obtained from a vapor-deposited film
of the same material, likely due to the strong templating
effect of the silyl group [8]. On the other hand, the
OTFT with inkjet printed TIPS pentacene exhibited the
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field-effect mobility of 0.06 cm2/Vs [10]. Therefore, the ink-
jet process should be optimized to achieve a high-perfor-
mance TIPS pentacene TFT.

In this study, we report the optimization of organic
thin-film transistor made of TIPS pentacene using inkjet
printing. Especially, overlap jetting and substrate tempera-
ture affect the performance significantly. The OTFT printed
on plastic exhibited an on/off current ratio of �107, a field-
effect mobility of 0.24 cm2/Vs, a gate voltage swing of
0.6 V/decade and threshold voltage of �2.0 V, indicating
that the printable TFT can be applied to make flexible ac-
tive-matrix displays.

Fig. 1 shows the schematic cross-section of a bottom
contact TIPS pentacene OTFT used in the present work.
As a gate electrode, AlNd (100 nm) was deposited on
polyethersulfone (PES) substrate and patterned by photoli-
thography. Gate insulator, photo-definable poly(4-vinyl-
phenol) (P-PVP), spin coated from the P-PVP precursor,
was patterned by photolithography process without dry
etch process. Then, the sample was cured in a vacuum oven
to harden the pattern [11]. It was found that the thickness
and dielectric constant of P-PVP were 600 nm and 3.6,
respectively. Au (50 nm) layer was deposited on the gate
insulator and patterned for source/drain electrodes. To de-
fine a small pixel and keep the organic semiconductor in-
side of the TFT channel, a bank pattern was formed using
poly(vinylalcohol) (PVA) which was patterned by photoli-
thography process. Then, we treated gate dielectric surface
with O2 plasma to make it clean and hydrophilic surface.
Finally, TIPS pentacene was coated by inkjet printing. The
W/L, a ratio of channel width to channel length, of the
OTFTs was fixed to 236 lm/6 lm for all the OTFTs studied
in this work. After the characterization of the initial perfor-
mance of TIPS pentacene TFT, the OTFT was passivated
with 1-lm thick parylene-C. It was deposited on the OTFT
and patterned by photolithography.

We synthesized the TIPS pentacene by 1-step reaction
with starting material of 6,13-pentaquinone [12]. TIPS
pentacene has bulky triisopropylsilethynyl groups at the
6,13-positions of pentacene molecule, the substituent is
separated from the pentacene molecule by a rigid alkyne
spacer used to hold the bulky groups away from the aro-
matic core to allow the closest possible approach between
the aromatic rings. Therefore, it increases p-orbital overlap
and reduces the inter-planar spacing compared to unsub-
stituted pentacene [12,13].

In order to make ink for printing, TIPS pentacene
should have a high solubility and aromaticity in an organic
Fig. 1. A cross-sectional view of an OTFT studied in the present work.
solvent. Boiling point, viscosity, and aromaticity are impor-
tant properties of solvent for solution process. Aromaticity
is related with the property of organic semiconductor. For
aromatic solvents such as dichlorobenzene and xylene, the
solvent molecules solvate the p-electron conjugated seg-
ments of the organic molecules, so that organic semicon-
ductors with better p-stacking and thus high electrical
conduction are obtained. However, for non-aromatic sol-
vents such as tetrahydrofuran and chloroform, the solvent
molecules solvate non-conjugated segments of polymer
and therefore the films with lower electrical conduction
are obtained. The TIPS pentacene can be affected by solvent
because it is composed of several benzene rings.

The solvent affects the morphology and crystallinity of
TIPS pentacene film [14–16]. In the present work, TIPS
pentacene (MW 639 g/mol) was dissolved in 1,2-dichloro-
benzene having a high boiling point (179 �C) and aromatic-
ity with a good solubility.

Inkjet printing was performed with a piezoelectric head
of a Litrex Corp. 80 L (model No.). The printer can support a
substrate of up to 200 � 200 mm2 and has an optical mod-
ule which can inspect the substrate condition and analyze
the volume, velocity, angle deviation of in-flight drops. Pie-
zoelectric head used in this work was a SE-128 by Spectra,
Inc. Its nozzle diameter and pitch are 35 lm and 508 lm,
respectively. Volume and velocity of a droplet, proper volt-
age waveform and frequency were optimized through a
number of jetting test in advance. The optimized parame-
ters were the droplet of 30 pl, driving voltage of 80 V, pulse
width of 150 s, frequency of 500 Hz and printing speed of
20 mm/s to make stable droplets with good repeatability
and absence of satellite drops before printing onto the sub-
strate. We also tried to minimize the landing error (variation
of displacement) of droplets by tuning the directionality of
droplets and accurate alignment of substrate.

We printed TIPS pentacene solution at different sub-
strate temperatures from 26 to 60 �C. After printing an ac-
tive layer, the OTFT substrate was cooled down to 26 �C
with the cooling rate of �0.5 �C /min. Printing process
and measurement of the TFT performances were carried
out at room temperature under ambient air condition.
Fig. 2. XRD intensity for the printed TIPS pentacene films at different
substrate temperatures: (a) 26 �C; (b) 60 �C.



Fig. 3. Optical images of four different OTFT channels printed at 26 �C.

Fig. 4. Optical images of four different OTFT channels printed at 60 �C.
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In our previous work, we investigated the dependence
on substrate temperature during printing process using
DH4T. The crystallites could not be found on the channel
region by optical microscopy when jetted at 60 �C because
the surface was smooth and thus the film could cover the
whole channel region uniformly [17].

In this study, we used an overlap jetting method. When
we jetted several drops with a separate printing method,
the jetted position of each drop was not exactly the same
Fig. 5. AFM images of the printed TFTs at different su

Fig. 6. The performance of the TIPS pentacene OTFT printed at 26 �C by overl
due to the alignment deviation and thus the interface ap-
pears between the drops.

Therefore, we changed the method of printing from the
separate printing of single drops to the overlapping jetting
of several drops at a TFT channel. The TIPS pentacene solu-
tion printed is being dried on the TFT channel, resulting in
the formation of thin-film. The advantages of the overlap
jetting appear in the literature [17].
bstrate temperatures of (a) 26 �C and (b) 60 �C.

ap jetting method: (a) transfer; (b) output; (c) mobility characteristics.
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Fig. 2 shows the intensity of X-ray diffraction (XRD) for
the TIPS pentacene films printed by inkjet at the substrate
temperatures of 26 and 60 �C. Single crystal TIPS-penta-
cene has a triclinic structure with unit cell parameters
of a = 7.5650 Å, b = 7.7500 Å, c = 16.835 Å, a = 89.15�,
b = 78.42�, c = 83.63�. From Bragg’s law (2dsinh = nk,
k = 1.54 Å), the peak at 2h = 5.4� corresponds to a layer sep-
aration of 16.3 Å which is identical to that of the c-axis unit
cell. The XRD results show the good molecular ordering for
the inkjet printed film. A sharp and strong peak at 5.4�
indicates a well organized molecular structure with verti-
cal intermolecular spacing of 16.3 Å, which is similar to
that (16.83 Å) appeared in the literatures [18,19]. Note that
all the peak intensities are higher for the TIPS pentacene
film printed at 60 �C.

On the other hand, the TIPS pentacene film printed at
26 �C has higher (003) peak intensity as compared to that
of (001). In contrast, the OTFT printed at 60 �C has higher
(001) peak intensity than that of (003). Therefore, it is
concluded that the crystallite of TIPS pentacene is affected
by substrate temperature during printing process such that
Fig. 7. The performance of the TIPS pentacene OTFT printed at 60 �C by overl
the film printed at 60 �C has better ordering than that
made at 26 �C.

We checked the coverage of the organic semiconductor
on the TFT channel. Fig. 3 shows the optical images of four
different TFT channels jetted with the same jetting condi-
tions on the TFT channels prepared simultaneously, indi-
cating that the film coverage is not uniform. The films
printed at 26 �C are randomly positioned on the channel.
On the other hand, the films are more uniformly formed
at the channel at 60 �C as shown in Fig. 4. Note that the
drying time was �5 min and �1 min when the substrate
temperature was 26 and 60 �C, respectively. This appears
to be related with the uniform formation of film over the
channel region at 60 �C because fast evaporation leads to
film formation near the drop point.

To confirm thickness uniformity and morphology, we
measured AFM images of the TFTs printed. Fig. 5 shows
the AFM images of the TFTs printed at 26 and 60 �C, respec-
tively. We took Fig. 3a and Fig. 4a to see the AFM images.
The TIPS pentacene printed at 26 �C shows non-uniform
coverage over the TFT channel, but more uniform coverage
ap jetting method: (a) transfer; (b) output; (c) mobility characteristics.



Table 1
The characteristics of the TIPS pentacene TFTs measured after fabrication
(initial value), after 120 h in air, and after parylene-C deposition in vacuum

Initials After 120 h After passiyation

Vth (V) �2.0 �0.6 0.05
lfe (cm2/Vs) 0.24 0.16 0.11
Ion/Ioff �107 �107 �107

S (V/dec) 0.6 1.0 0.6
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over the channel can be seen at 60 �C. The coverage de-
pends on the evaporation rate of solvent and it increases
with increasing temperature.

Figs. 6 and 7 show the performances of the OTFTs
printed at 26 and 60 �C, respectively, with transfer (a), out-
put (b) and mobility (c) characteristics. The OTFT printed at
26 �C exhibited the field-effect mobility (lfe) of 0.11 cm2/
Vs in the saturation region, an on/off current ratio (Ion/Ioff)
of 107, a threshold voltage (VT) of �1.8 V and the gate volt-
age swing(S) of 0.8 V/dec. On the other hand, the OTFT
printed at 60 �C exhibited the lfe of 0.24 cm2/Vs, the Ion/Ioff

of 107, the VT of �2.0 V and S of 0.6 V/dec. The performance
can be improved remarkably by elevating the substrate
temperature. The field-effect mobility of the printed OTFT
is comparable to that of vacuum deposited OTFT [20].

Another difference in their electrical performance is the
shoulder-like behavior shown in the Fig. 6a. It disappears
when the jetting was done at 60 �C. This might be caused
by the contamination of back surface of the OTFT because
of shorter drying time at higher temperature.

Table 1 summarizes the changes in the electrical perfor-
mance after being stored for 120 h in air and after paryl-
ene-C deposition. The field-effect mobility decreased, and
threshold voltage shifted to positive direction due to the
adsorption of O2 and H2O from ambient air that diffused
into the organic semiconductor, and then degraded the
electrical performance of OTFT significantly [21–23]. After
parylene-C passivation process, the gate voltage swing
recovers to the original value of 0.6 V/dec. Some water
and/or water related impurities appear to be diffused out
from the active layer because it was deposited in vacuum.
After parylene-C passivation, the OTFT exhibited the lfe of
0.11 cm2/Vs, an Ion/Ioff of 107, a VT of 0.05 V and the gate
voltage swing of 0.6 V/dec. The stability of the performance
of the TIPS pentacene can be seen in air until 120 h. In
addition, the effect of parylene-C deposition in vacuum
can be checked in the present work because its deposition
was carried out in vacuum. The exposure of the OTFT in
vacuum for the parylene-C deposition shifts the Vth, which
appears to be due to the desorption of water and oxygen
vapors. The result indicates that the passivation with par-
ylene-C can be used for the application of TIPS pentacene
TFT for organic electronics.
In conclusion, we studied the optimization of printing
conditions for TIPS pentacene TFT. By overlap printing at
60 �C, the shoulder-like behavior in the transfer character-
istics disappears. We achieved the OTFT exhibiting the lfe

of 0.24 cm2/Vs, VT of �0.25 V, S of 0.45 V/dec. and Ion/Ioff of
�107 by introducing overlap printing of TIPS pentacene
solution at 60 �C. After the passivation with parylene-C,
the OTFT exhibited the lfe of 0.11 cm2/Vs with Ion/Ioff of
107. Therefore, the TIPS pentacene OTFT using inkjet print-
ing can be applied to make low cost flexible electronics.
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The electrical properties of poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS) thin films deposited from aqueous dispersion using different concentrations
of sorbitol have been studied in detail. Although it is well known that sorbitol enhances
the conductivity of PEDOT:PSS thin films by three orders of magnitude, the origin and con-
sequences of sorbitol treatment are only partly understood and subject of further study. By
thermal annealing of spin coated PEDOT:PSS/sorbitol films and simultaneously monitoring
the conductivity, we demonstrate that the strong increase in conductivity coincides with
evaporation of sorbitol from the film. Hence, sorbitol is a processing additive rather than
a (secondary) dopant. Scanning Kelvin probe microscopy reveals that sorbitol treatment
causes a reduction of the work function from 5.1 eV to 4.8–4.9 eV. Sorbitol also influences
the environmental stability of the films. While the conductivity of the pristine PEDOT:PSS
films increases by about one order of magnitude at �50% RH due to an ionic contribution to
the overall conductivity, films prepared using sorbitol exhibit an increased environmental
stability with an almost constant conductivity up to 45% RH and a slight decrease at 50%
RH. The higher stability results from a reduced tendency to take up water from the air,
which is attributed to a denser packing of the PEDOT:PSS after sorbitol treatment.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The electronic properties of conducting polymers are of
interest for physical concepts and technological applica-
tions. Accordingly, the development of highly conducting
polymers with good stability and processability has been
the focus of many recent studies [1]. Currently, a variety
of conducting polymers is available for various applica-
tions, such as polyaniline, polypyrrole, and polythiophenes
[2]. In this direction, poly(3,4-ethylenedioxythiophene)
(PEDOT) has been found to exhibit a relatively high con-
ductivity and appears to be the most stable conducting
polymer currently available [3,4]. PEDOT itself is an insol-
uble material but when it is synthesized in the presence of
. All rights reserved.

k).
poly(4-styrenesulfonate) (PSS) an aqueous dispersion can
be obtained that can be cast into thin films. In the films
the polycationic PEDOT chains are incorporated into a
polyanionic PSS matrix to compensate the charges (Fig.
1). Thin films deposited from an aqueous PEDOT:PSS dis-
persion have been utilized in a wide range of applications
[3–5], for example in antistatic coatings [6], as electrode
in light-emitting diodes (LEDs) [7], photovoltaics (PV) [8],
memories [9], sensors [10], and as active material for elec-
trochromic devices [11], field-effect transistors [12] and
circuits in general [13].

Thin PEDOT:PSS films are extremely hygroscopic [14]
and post-deposition treatments in air by thermal anneal-
ing are generally unstable due to the fast water uptake.
For example, reported conductivities measured in air are
roughly one order of magnitude lower compared to those
measured under an inert environment [14,15].
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Fig. 1. Chemical structure of PEDOT (bottom) and PSS (top).
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Addition of sorbitol, a polyhydroxy alcohol, to the aque-
ous PEDOT:PSS dispersion is known to enhance the con-
ductivity of the thin films by several orders of
magnitude, depending on its concentration [14]. The dra-
matic effect of sorbitol as processing additive arises from
a further reorganization and stabilization of the PEDOT
and PSS chains during subsequent thermal annealing of
the films by a plasticizing effect [16]. While this method
to enhance the conductivity has been previously studied,
the reasons for the remarkable behavior are still under de-
bate [16–22].

Apart from a change in conductivity, sorbitol treatment
may also affect other properties of PEDOT:PSS relevant to
device operation, e.g. the electrode work function v. For
PEDOT:PSS thin films, a range of work functions has been
reported from 4.7 to 5.4 eV [23–26] and it has been found
that this level can be tuned to minimize the hole-injection
barrier at the anode [27] in organic LEDs [28,29] and PV
cells [30]. The spread in work function values is assumed
to be related to differences in the top layer, which may
contain an excess of PSS [14,31–33]. Since the PSS-rich
top layer may be modified by the addition of high-boiling
solvents [14,31,33] or (non-) intentionally by other pro-
cessing conditions [34], an effect of sorbitol treatment on
the work function may be expected.

Here we investigate the conductivity and environmen-
tal stability of PEDOT:PSS thin films treated with different
sorbitol concentrations. We combine in situ conductivity
and water-uptake measurements during thermal treat-
ment and exposure to humidity to further investigate the
various properties of pristine and sorbitol-treated PED-
OT:PSS thin films [14,35]. Using scanning Kelvin probe
microscopy (SKPM) we find that sorbitol treatment also
causes a reduction in work function from 5.1 to 4.8 eV. Fur-
thermore, the increased conductivity by sorbitol-treatment
is accompanied by an enhanced environmental stability to-
wards uptake from water. This effect is attributed to a den-
ser packing of the sorbitol-treated films, reducing the
water uptake, in combination with a morphology that is
less susceptible to swelling. The results presented here
have immediate implications for device making.
2. Experimental

Soda lime glass substrates (3 � 3 cm2) were grooved
into pieces of 1 � 1 cm2 on the back side with a diamond
pen. They were cleaned with soap and then sonicated in
baths of acetone and isopropanol for 20 min each and
rinsed with deionized water after each process. Residual
organic contaminations were removed using a 30 min
UV-ozone treatment (UV-Ozone Photoreactor, PR-100,
Ultraviolet Products). Four electrodes (1 � 6 mm2 with
1 mm spacing) were deposited on the cleaned glass sub-
strates using a shadow mask by evaporation of 5 nm of
chromium, followed by 95 nm of gold.

A commercially available aqueous PEDOT:PSS disper-
sion (Baytron P VP Al 4083 from H.C. Starck) has been used.
Different amounts of D-sorbitol (97%, Sigma–Aldrich) were
added to the aqueous dispersion; 2.5, 5.0, or 10 wt-% (of
the total solution). The solutions were stirred for at least
24 h at room temperature, filtered using a 5 lm filter,
and deposited in air by spin coating, which resulted in
90–100 nm thick films as measured by a profilometer (Al-
pha-step 200, Tencor Instruments). For comparison, we
used PEDOT:PSS without sorbitol, referred to as ‘pristine’,
and in this case the film thickness was about 60 nm. Next,
the 3 � 3 cm2 substrates were cut into pieces of 1 � 1 cm2

for electrical measurements.
For thermal annealing experiments, samples were

transferred to a glove box (O2 and H2O < 1 ppm) and placed
on a temperature-controlled metal plate. The conductivity
was monitored in 10 s intervals by an Agilent 4156C semi-
conductor analyzer under constant bias during the entire
annealing process, i.e. heating up to 200 �C, constant at
200 �C for 2 min, and cooling down.

The humidity experiments were carried out in a glove
box that was modified to control the relative humidity
up to 50% by flushing N2 through demineralized water (de-
gassed with He) into the box. Prior to increasing the
humidity, samples were thermally annealed at 200 �C for
2 min and then rapidly cooled on a piece of metal. Only
when the conductivity had stabilized after 1–2 h, the
humidity levels were increased, first up to 30% for each
sample (0, 2.5, 5 and 10 wt-%) and then up to 50% of rela-
tive humidity, using fresh samples.

Temperature dependent conductivity measurements
were performed for a pristine sample mounted in a vac-
uum loading (10�5 mbar) cryostat (Oxford Instruments).
Temperature was controlled in the 77–300 K range by an
Oxford ITC 601 controller that maintained a temperature
stability of ±0.1 K. Electrical measurements were per-
formed by a Keithley 2410 source meter. The annealed
sample was mounted in a cryostat (Oxford Instruments)
in a glove box (O2 and H2O < 1 ppm) such that the sample
was never exposed to air after bake-out.

From a comparison of 2- and 4-terminal measurements
the contact resistance was found to be negligible for all our
samples.

Work functions were measured by scanning Kelvin
probe microscopy (SKPM) using a Veeco MultiMode AFM
placed inside a glove box. Olympus OMCL-AC240TM-B2
Pt coated tips (spring constant k � 2 N/m) were used.
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SKPM combines classical Kelvin probe with AFM and al-
lows one to measure the local surface potential Vsp, which,
for a metallic tip and sample with work functions vtip and
vsample respectively, is given by qVsp = vtip � vsample with q
the elementary charge. By referencing the work function
of the tip to that of highly oriented pyrolytic graphite
(HOPG) (vHOPG = 4.475 ± 0.005 eV [36]), the work function
of the sample could be determined.

Direct insertion probe mass spectrometry analyses
were carried out using a Shimadzu chromatograph (GCMS
– QP5000) PEDOT:PSS were deposited into a quartz micro-
tube, about 1–2 ll, and dried in ambient. The quartz micro-
tube containing the sample was connected to the heating
probe and subsequently inserted into the high vacuum
(10�6 mbar) chamber for the MS analysis.

Water uptake was studied by thermal gravimetric
analysis (TGA) and quartz crystal microbalance (QMB)
experiments. TGA was measured with a Q500 Thermo-
gravimetric Analyzer (TA Instruments) at a heating rate
of 10 �C/min under a moisturized atmosphere created by
fluxing 60 ml/min of N2 through deionized water into the
oven. For TGA experiments, free-standing 20 lm thick
films of pristine and 10 wt-% of sorbitol-added PEDOT:PSS
were prepared by casting the solutions on cleaned glass
substrates. Here, the UV-ozone treatment step was left
out in order keep the surface as hydrophobic as possible.
Both samples were dried in air at 120 �C for about 20 min
and 60 min for pristine and 10 wt-%, respectively, until
dark blue lustrous films were obtained. By doing so, the re-
moval of the film from the glass substrates was relatively
easy. For the QMB, the pristine sample was deposited di-
rectly onto the piezoelectrical micro-crystal and dried. This
experiment was conducted in an N2 environment and the
change in mass was recorded while varying the humidity
level between 0% and 49% RH.
3. Results

3.1. Effect of thermal annealing

The conductivity of PEDOT:PSS films was monitored in
real-time in dry N2 environment, while gradually increas-
ing the temperature at a rate of �10 �C/min to 200 �C, fol-
lowed by 2 min at 200 �C, and subsequent natural cooling
to room temperature in about 3 h (Fig. 2).

For pristine PEDOT:PSS the conductivity increases upon
annealing by about one order of magnitude from
�4 � 10�4 to 3 � 10�3 S/cm (Fig. 2a). Subsequent cooling
to room temperature, results in a decrease to about
10�3 S/cm. Rapid thermal annealing, i.e. 2 min at 200 �C,
followed by rapid cooling on a piece of metal affords virtu-
ally the same conductivity at the end. Hence, the annealing
rate has no significant influence on the final conductivity.

For the sorbitol-treated films the behavior is signifi-
cantly different (Fig. 2b). Temperatures below 120 �C do
not induce significant changes in the conductivity,
although the values oscillate between �10�4 and 10�7 S/
cm. These fluctuations also occur in the majority of the sor-
bitol-treated samples before annealing (inset of Fig. 2b,
t < 100 min) and are not due to instrumental noise. At
about �100 �C the fluctuations disappear and at �120 �C
the conductivity starts to increase dramatically to saturate
at �160 �C at a value close to 10 S/cm, i.e. 3–4 orders of
magnitude higher that for the as-cast films. During the
remaining part of the thermal cycle (up to 200 �C, 2 min,
at 200 �C, and natural cooling) the conductivity remains
at these high levels. In accordance with previous results
[14], the conductivity after annealing is only weakly
dependent on the amount of sorbitol in the range 2.5–
10 wt-%.

We note that the fluctuations in conductivity below
120 �C for sorbitol-treated films are not observed for pris-
tine films (inset of Fig. 2a). The detrimental effect of sorbi-
tol on the conductivity before annealing is different from
previous observations where the simple addition of a mix-
ture of high boiling solvents had a much bigger effect in the
conductivity enhancement than the following annealing
step [31]. We attribute the fluctuations at room tempera-
ture to spontaneous rearrangements in the PEDOT:PSS
films facilitated by the plasticizing effect of sorbitol, which
may induce changes in the percolation pathways [37].

The dramatic changes in the conductivity for sorbitol-
treated PEDOT:PSS thin films during by thermal annealing
procedure are caused by the presence of sorbitol and rem-
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nant water enabling morphological changes in the PED-
OT:PSS films. Experiments in which PEDOT:PSS samples
were heated while monitoring the molecules that evapo-
rate from the film using mass spectrometry revealed that
the evaporation of sorbitol (and residual water) sets in
around 80 �C and reaches a maximum at �120 �C, as evi-
denced from a strong increase of the m/z = 103 peak at
80 �C, characteristic of a sorbitol fragment (Fig. 3). The dis-
appearance of the m/z = 103 peak in the mass spectrum
above 160 �C indicates that virtually all sorbitol is removed
from the films at this temperature. After the first run, the
samples were allowed to cool down in vacuum and a sec-
ond round of measurements was conducted using the
same temperature profile. These measurements (not
shown) revealed minor traces of the remaining sorbitol,
very close to noise level.

These experiments demonstrate that sorbitol acts as a
processing additive rather than as (secondary) dopant.
Since the maximum rate of sorbitol loss coincides with
the onset of the conductivity increase, we propose that
the increased free volume in the film due to the removal
of sorbitol and water, in combination with the large ther-
mal energy during annealing and the plasticizing action of
the remaining solvent mixture enables the PEDOT and PSS
clusters to rearrange towards a more relaxed and com-
pact morphology. The latter is supported by AFM and
STM studies on these films, in which the lamellar
arrangement of PEDOT and PSS appears to be enhanced
by sorbitol treatment [16,38]. The fact that at 160 �C sor-
bitol and water have almost completely evaporated from
the film corroborates the above interpretation of the data
in Fig. 2b.

3.2. Work function

To determine the effect of sorbitol treatment on the
work function of PEDOT:PSS we measured the surface po-
tential Vsp of the films by scanning Kelvin probe micros-
copy (SKPM). The surface potential relates to the work
function as qVsp = vtip � vsample, where vtip and vsample are
50 75 100 125 150 175 200

0

1x105

2x105

3x105

m
/z

= 
10

3 
io

n 
cu

rr
en

t (
a.

u.
)  0 wt-%

 2.5 wt-% 
 10 wt-% 

Temperature (ºC)

Fig. 3. Ion current of the m/z = 103 fragment, characteristic of sorbitol, as
function of temperature for PEDOT:PSS samples treated with sorbitol (0,
2.5, and 10 wt-%) The temperature was increased at a rate of 10 �C/min.
the work functions of the tip and sample, respectively.
The measured work functions of PEDOT:PSS thin films
range from 4.8 to 4.9 eV after sorbitol treatment as com-
pared to 5.1 eV for the pristine PEDOT:PSS sample as
shown in Fig. 4a.

The shift in work function is consistent with a removal
of the PSS-rich surface layer that is present in pristine PED-
OT:PPS films as explained in the band diagrams of Fig. 4b–
c. The (positive) sign of the work function change upon
addition of sorbitol leads to the conclusion that the PSS-
rich top layer results in an inward directed surface poten-
tial dipole as indicated in Fig. 4b [39]. Compared to the
situation without this dipole layer (Fig. 4c), the work func-
tion is effectively increased, the magnitude of the shift D
depending on the surface layer thickness. Hence, upon
reduction of the surface layer thickness by sorbitol treat-
ment, the work function will decrease, i.e. the surface po-
 

Fig. 4. (a) Work function of PEDOT:PSS thin films spin cast from solutions
with different sorbitol concentrations. The work function of ITO is shown
as comparison. (b, c) Schematic representation of the band diagrams d-
uring SKPM on PEDOT:PSS thin films. (b) pristine PEDOT:PSS with a PSS-
rich surface layer and (c) sorbitol-treated PEDOT:PSS without PSS surface
layer. v0

s , vs and vtip, are, respectively, the work functions of ‘bulk’ PED-
OT:PSS, sorbitol-treated PEDOT:PSS thin film, and the tip. D is the surface
dipole due to the PSS-rich surface layer, which effectively enhances the
film work function to v0

s þ D.
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tential will increase, as observed in the SKPM measure-
ments. From the total absence of lateral variation in the
surface potential (not shown), we conclude that the re-
moval of the PSS top layer is homogeneous.

3.3. Effect of humidity

The change in physical, optical, and electrical properties
of polymers with respect to the change of the relative
humidity (RH) of the environment has been studied in
many different aspects [40–43]. In general, water vapor is
absorbed by the polymer when the RH increases. Evidently,
if any electrical property of a material responds strongly to
environmental changes, the material may be used in sen-
sor applications [44]. On the other hand, it has been shown
that uptake of water by PEDOT:PSS leads to a degradation
of the device performance in solar cells that use PEDOT:PSS
as an electrode material [45].

The change in conductivity as a function of RH for PED-
OT:PSS thin films prepared from sorbitol-treated films is
shown in Fig. 5a–c. Before introducing water vapor, all
samples were thermally annealed for 2 min at 200 �C. Each
panel in Fig. 5 shows two curves representing sweeps from
zero to medium (up to 30%) and high (up to 50%) levels of
RH. The graphs demonstrate that exposure of the samples
to humidity induces a reduction in conductivity. By com-
paring the pristine sample (Fig. 4d) with the samples pro-
cessed from sorbitol/water mixtures (Fig. 5a–c) it is clear
that their sensitivity to humidity is remarkably different.

The conductivity of the pristine sample (10�3 S/cm)
first decreases by a factor of 2.5 when increasing the RH
to 30% (Fig. 5d). This is almost the same amount by which
the conductivity was increased initially by thermal
annealing (Fig. 2a). When the RH is then kept constant
at �30% for 1.5–2 h the conductivity decreases slightly
and is not recovered when returning to RH = 0%. When
increasing the RH further to 50%, a steady increase in con-
ductivity is observed above 30% to reach a value of
10�2 S/cm that exceeds the initial value by about one or-
der of magnitude, suggesting ionic conduction [46]. At
RH = 50% the conductivity decreases with time and when
reducing the RH to 0%, a further decrease is observed to
�2 � 10�5 S/cm.

The three sorbitol treated samples (Fig. 5a–c) show a
very different behavior and their relative change in con-
ductivity is much smaller than for pristine sample, indicat-
ing enhanced environmental stability. This is attributed to
a reduced uptake of water, as will be explained in the next
section. Up to 30% RH, conductivities decrease slightly
(�5%) by water uptake. Exceeding �30% RH, conductivities
start to increase and reach a maximum value around 45%
RH, suggesting again an ionic contribution to the overall
conductivity. However, at this point, the increase in con-
ductivity is not very high and the value barely exceeds
the initial level. At maximum and constant RH level,
�50%, conductivities are lowered and some scatter is ob-
served. Being at RH = 50% for 1.5 – 2 h causes the conduc-
tivities to reach their minimal values. During drying under
N2 atmosphere to RH = 0%, a slight recovery of the conduc-
tivities is observed, but the values always end up below the
initial ones. The exact reason for this effect is unclear at
present, but it seems likely that the water absorbed by
the samples causes morphological changes that are irre-
versible with drying at room temperature.

Thermal annealing of the films when the RH returned to
0% causes different effects. For the sorbitol-treated sam-
ples, thermal annealing causes a further, albeit slight,
reduction of the conductivity (red dots in Fig. 5a–c) when
the maximum RH was 30%, but a substantial increase
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(red stars in Fig. 5a–c) for a maximum RH of 50%. The abso-
lute values after annealing, however, are virtually identical.

3.4. Water uptake

In order to understand the (lack of) environmental sta-
bility of conductivity as described in the previous section
TGA of pristine and 10 wt-% samples was carried out under
a wet atmosphere to measure the release and subsequent
uptake of water. In the experiments the changes in weight
of the samples were monitored during two repetitive ther-
mal cycles involving annealing at 200 �C for 6 min and sub-
sequent cooling, followed by a longer period at room
temperature.

The TGA curves in Fig. 6 show that both samples lose al-
most 25% of mass when increasing the temperature. Dur-
ing subsequent cooling a gain in mass occurs due to the
re-uptake of water, which is essentially reversible, as wit-
nessed by the second annealing step. Unlike the pristine
sample, the 10 wt-% sample does not completely recover
its initial mass, W0, after the first annealing, which is due
to the evaporation of sorbitol.

During the water uptake, the slope (rate of mass gain) is
�6 times higher for the pristine sample than for the 10 wt-
% sample. Also the water uptake, ([Ww �Wd]/Wd) � 100%,
where Ww and Wd are the weights of the wet and dry sam-
ples, is much larger for the pristine sample than for the
10 wt-% sample. The values found are 35% and 13%, respec-
tively. These observations are in line with the proposed
denser morphological packing of the sorbitol-treated sam-
ples, reducing the water uptake capacity and thereby
improving environmental stability.

The time scale of the experiments discussed above
mainly results from the thickness of the used films. For a
much thinner film of �100 nm, as used in most devices,
water uptake takes place in seconds rather than minutes
as revealed by quartz crystal microbalance experiments
shown by the inset of Fig. 6. More importantly, this exper-
iment also shows that the water uptake of thin films can be
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totally reversed without annealing, i.e. by purging dry N2.
In particular, this implies that any changes in the conduc-
tivity after exposure to humidity and subsequent drying
with N2 or by pumping cannot be due to the presence of
water itself.

3.5. Temperature dependence

In order to further investigate structural effects of the
post-deposition treatments and exposure to moisturized
environment on electrical transport properties, we have
measured the temperature dependence in the 77–300 K
range of the D.C. conductivity for a pristine sample before
and after thermal annealing, and after subsequent expo-
sure to 30% RH (Fig. 7).

For all conditions, the temperature dependence of the
conductivity can be described by Mott’s 3D variable range
hopping (VRH) [47] expression r ¼ r0 exp½�ðT0=TÞa�. Here,
r0 is the conductivity at infinite temperature, T0 is the
characteristic temperature and a = 1/(1+D) = 1/4 in D = 3
dimensions as previously found [14,37]. The fact that
Mott’s 3D VRH applies to these each of these subsequent
processing conditions confirms that the transport in dry
films is electronic in nature. The slopes in Fig. 6 reflect
the T0 parameter, which is given by T0 = b/(N(EF)n

03kB) in
Mott’s 3D VRH model, where b is a numeral factor, kB the
Boltzmann constant, N(EF) the density of states around
the Fermi level and n

0
the effective localization length

[37,48]. As a result, changes in the slopes in Fig. 7 can be
assigned to microscopic changes in the material upon
annealing. These changes are reversible since the T0 value
prior to any treatment (T0 = (6.90 ± 0.35) � 106 K) and after
annealing and subsequent exposure to 30% RH
(T0 = (7.21 ± 0.28) � 106 K) are statistically equal. The value
after annealing (T0 = (9.34 ± 0.27) � 106 K), however, is
higher. It must be noted that since the films were mea-
sured in a vacuum of 10�5 mbar, variations in T0 cannot
arise from substantial differences in the amount of water
present in the film as established in the previous section.
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Recalling that conduction in these materials takes place by
hopping between PEDOT-rich grains of �20 nm size [15], it
is hard to imagine reversible changes in the total number
of sites per unit volume N0. Therefore we tentatively attri-
bute the observed differences in T0 to subtle changes in the
effective localization length, most likely induced by slight
de- and remixing of the PEDOT and PSS phases upon the
various treatments.

4. Discussion

To clarify the complex effects of the humidity depen-
dency presented in this paper, we recall that spin coated
PEDOT:PSS films possess a phase segregated morphology,
consisting of conductive PEDOT-rich grains surrounded
by a shell formed by excess PSS [15,38]. PSS is a highly
hydrophilic polymer electrolyte, having anionic immobile
sulfonic acid groups and a proton (or Na+ impurities,
�300 ppm) as mobile counter ion (Fig. 1). Hence, in PSS, io-
nic transport may occur through protons (or Na+ [14]) that
jump from one sulfonic acid group to another. When the
PEDOT:PSS film is hydrated, those cations are expected to
become mobile above a certain threshold. In Fig. 5, this
seems to occur around 30% RH and a conductance channel
parallel to the conventional electron (or hole) hopping con-
duction is opened. This proposition implies that below this
threshold, humidity dependent changes in the conductiv-
ity must be due to changes in the conventional electron
hopping channel. This seems indeed to be the case, since
the reduction in conductivity when going from 0% to 30%
RH in Fig. 5d is equal in magnitude to the gain in conduc-
tivity upon annealing in Fig. 7. In the discussion of Fig. 7 it
was shown that the conduction both prior and after
annealing follows Mott’s VRH law, i.e. it is electronic in
nature.
The relative magnitude of the ionic conduction channel,
which for sorbitol-treated samples also seems to open
around 30% RH is largest for pristine samples. However,
the absolute magnitude of the ionic conduction channel
is larger by an order of magnitude for the sorbitol-treated
samples. Hence, the ionic conductivity does not scale with
the presence of the segregated PSS top layer [24], being
most pronounced for the 0 wt-% sample, as discussed in
Section 3.2 [19,24,32,33]. The larger ionic conductivity of
sorbitol-treated films corroborates our previous observa-
tion that the width of the PSS lamellas separating the gran-
ular PEDOT layers seems to be enhanced by sorbitol
treatment [38]. Because of the acidic and hydrophilic nat-
ure of PSS, one expects that the ionic current is mainly car-
ried in the PSS, with the lamellas acting as the main
transport channels.

5. Conclusion

We have studied and further clarified the role of sorbi-
tol as a typical high-boiling processing additive on the con-
ductivity of PEDOT:PSS thin films under thermal annealing
and exposure to humidity. The well-established conductiv-
ity enhancement of thin PEDO:PSS films caused by adding
sorbitol to the aqueous dispersion occurs during thermal
annealing and coincides with the evaporation of sorbitol
from the films. The increased conductivity after annealing
is accompanied by a lowering of the work function and
by a remarkable increase in environmental stability after
thermal annealing, as evidenced from a reduced water up-
take, which we attribute to a denser packing of the PED-
OT:PSS material. Up to 30% RH, the conductivity of
PEDOT:PSS is dominated by conventional variable range
hopping of electrons, which is negatively affected by the
uptake of water. Exceeding 30% RH, a parallel ionic channel
starts to contribute to the total conductivity.

Acknowledgments

We thank Dr. Albert van Breemen of TNO Science and
Industry for generously providing materials, samples and
for fruitful discussions and Dr. X. Lou and J. L. J. van Dongen
for their assistance with mass spectrometry experiments.
A. M. Nardes acknowledges the Alban Program (the Euro-
pean Union Programme of High Level Scholarships for La-
tin America, ID#E03D19439BR) for the financial support.

References

[1] V. Saxena, B.D. Malhotra, Curr. Appl. Phys. 3 (2003) 293.
[2] T.A. Skotheim, J. Reynolds (Eds.), Handbook of Conducting Polymers,

third ed., CRC, Boca Raton, FL, 2007.
[3] L. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik, J.R. Reynolds, Adv.

Mater. 12 (2000) 481.
[4] S. Kirchmeyer, K. Reuter, J. Mater. Chem. 15 (2005) 2077.
[5] L. Groenendaal, G. Zotti, P.H. Aubert, S.M. Waybright, J.R. Reynolds,

Adv. Mater. 15 (2003) 855.
[6] F. Jonas, W. Krafft, B. Muys, Macromol. Symp. 100 (1995) 169.
[7] M.M. de Kok, M. Buechel, S.I.E. Vulto, P. van de Weijer, E.A.

Meulenkamp, S.H.P.M. de Winter, A.J.G. Mank, H.J.M. Vorstenbosch,
C.H.L. Weijtens, V. van Elsbergen, Phys. Status Solidi A 201 (2004)
1342.

[8] C.J. Ko, Y.K. Lin, F.C. Chen, C.W. Chu, Appl. Phys. Lett. 90 (2007)
063509.



734 A.M. Nardes et al. / Organic Electronics 9 (2008) 727–734
[9] F. Verbakel, S.C.J. Meskers, R.A.J. Janssen, Chem. Mater. 18 (2006)
2707.

[10] S.C.J. Meskers, J.K.J. van Duren, R.A.J. Janssen, F. Louwet, L.
Groenendaal, Adv. Mater. 15 (2003) 613.

[11] A. Kumar, D.M. Welsh, M.C. Morvant, F. Piroux, K.A. Abboud, J.R.
Reynolds, Chem. Mater. 10 (1998) 896.

[12] B. Yoo, A. Dodabalapur, D.C. Lee, T. Hanrath, B.A. Korgel, Appl. Phys.
Lett. 90 (2007) 072106.

[13] B. Chen, T. Cui, Y. Liu, K. Varahramyan, Solid-State Electron. 47
(2003) 841.

[14] J. Huang, P.F. Miller, J.S. Wilson, A.J. de Mello, J.C. de Mello, D.D.C.
Bradley, Adv. Funct. Mater. 15 (2005) 290.

[15] A.M. Nardes, M. Kemerink, R.A.J. Janssen, J.A.M. Bastiaansen, N.M.M.
Kiggen, B.M.W. Langeveld, A.J.J.M. van Breemen, M.M. de Kok, Adv.
Mater. 19 (2007) 1196.

[16] S. Timpanaro, M. Kemerink, F.J. Touwslager, M.M. de Kok, S.
Schrader, Chem. Phys. Lett. 394 (2004) 339.

[17] J.Y. Kim, J.H. Jung, D.E. Lee, J. Joo, Synthetic Met. 126 (2002)
311.

[18] F.J. Touwslager, N.P. Willard, D.M. de Leeuw, Synthetic Met. 135–
136 (2003) 53.

[19] L.A.A. Pettersson, S. Ghosh, O. Inganäs, Organ. Electron. 3 (2002) 143.
[20] S.K.M. Jönsson, W.R. Salaneck, M. Fahlman, J. Electron Spectrosc.,

Relat. Phenom. 137–140 (2004) 805.
[21] J. Ouyang, C.-W. Chu, F.-C. Chen, Q. Xu, Y. Yang, Adv. Funct. Mater. 15

(2005) 203.
[22] X. Crispin, F.L.E. Jakobsson, A. Crispin, P.C.M. Grim, P. Anderson, A.

Volodin, C. van Haesendonck, M. van der Auweraer, W.R. Salaneck,
M. Berggren, Chem. Mater. 18 (2006) 4354.

[23] J.C. Scott, G. Malliaras, W.D. Chen, J. Breach, J. Salem, P. Brock, S.
Sachs, C. Chidsey, Appl. Phys. Lett. 74 (1999) 1510.

[24] G. Greczynski, T. Kugler, M. Keil, W. Osikwicz, M. Fahlman, W.R.
Salaneck, J. Electron. Spectrosc., Relat. Phenom. 121 (2001) 1.

[25] A.J. Makinen, I.G. Hill, R. Shashindhar, N. Nikolov, Z.H. Kafafi, Appl.
Phys. Lett. 79 (2001) 557.

[26] N. Koch, A. Kahn, J. Ghijsen, J-J.J.-J. Pireaux, J. Schwartz, R.L. Johnson,
A. Elschner, Appl. Phys. Lett. 82 (2003) 70.

[27] F. Zhang, A.P. Peisert, M. Knupfer, L. Dunsch, J. Phys. Chem. B 108
(2004) 17301.
[28] P.K.H. Ho, J-S.J.-S. Kim, J.H. Burroughes, H. Becker, F.Y.L. Sam, T.M.
Brown, F. Cacialli, R.H. Friend, Nature 404 (2000) 481.

[29] H. Frohne, D.C. Muller, K. Meerholz, Chem. Phys. Chem. 3 (2002) 707.
[30] H. Frohne, S.E. Shaheen, C.J. Brabec, D.C. Muller, N.S. Sariciftci, K.

Meerholz, Chem. Phys. Chem. 3 (2002) 795.
[31] S.K.M. Jönsson, J. Bigerson, X. Crispin, G. Greczynski, W. Osikowicz,

A.W. Denier van der Gon, W.R. Salaneck, M. Fahlman, Synthetic Met.
139 (2003) 1.

[32] J. Hwang, F. Amy, A. Kahn, Org. Electron. 7 (2006) 387.
[33] H.J. Snaith, H. Kenrich, M. Chiesa, R.H. Friend, Polymer 46 (2005)

2573.
[34] N. Koch, A. Vollmer, A. Elschner, Appl. Phys. Lett. 90 (2007) 043512.
[35] J. Huang, P.F. Miller, J.C. de Mello, A.J. de Mello, D.D.C. Bradley,

Synthetic Met. 139 (2003) 569.
[36] W.N. Hansen, G.J. Hansem, Surf. Sci. 481 (2001) 172.
[37] A.M. Nardes, M. Kemerink, R.A.J. Janssen, Phys. Rev. B. 76 (2007)

085208.
[38] A.M. Nardes, M. Kemerink, R.A.J. Janssen, Adv. Funct. Mater. 18

(2008) 865.
[39] Although PEDOT:PSS is quasi metallic, it is actually a semiconductor,

which means that locally net charge densities can be formed. Only
partial screening of the surface dipole by mobile cations (mostly
Na+) is expected, since, at a typical Na concentration of 300 ppm, the
screening length is large compared to the surface layer thickness of a
few nm.

[40] H.S. Kang, H.-S. Kang, J.K. Lee, J.W. Lee, J. Joo, J.M. Ko, M.S. Kim, J.Y.
Lee, Synthetic Met. 155 (2005) 176.

[41] Y. Kudoh, K. Akami, Y. Matsuda, Synthetic Met. 98 (1998) 65.
[42] Y. Kudoh, K. Akami, H. Kusayanagi, Y. Matsuda, Synthetic Met. 123

(2001) 541.
[43] W.A. Daoud, J.H. Xin, Y.S. Szeto, Sensor Actuat. B 86 (2005) 330.
[44] D. Nilsson, T. Kugler, O. Svensson, M. Berggren, Sensor Actuat. B 86

(2002) 193.
[45] K. Kawano, R. Pacios, D. Poplavskyy, J. Nelson, D.D.C. Bradley, J.R.

Durrant, Sol. Energy Mater. Sol. Cells 90 (2006) 3520.
[46] C. Carlberg, X. Chen, O. Inganäs, Solid State Ionics 85 (1996) 73.
[47] N. Mott, E.A. Davis, Electronic Processes in Non-Crystalline

Materials, Clarendon Press, Oxford, 1979.
[48] J. Zhang, B.I. Shklovskii, Phys. Rev. B 70 (2004) 115317.



Organic Electronics 9 (2008) 735–739
Contents lists available at ScienceDirect

Organic Electronics

journal homepage: www.elsevier .com/locate /orgel
Determining carrier mobility with a metal–insulator–semiconductor
structure

P. Stallinga a,*, A.R.V. Benvenho a, E.C.P. Smits b, S.G.J. Mathijssen b, M. Cölle b,
H.L. Gomes a, D.M. de Leeuw b

a Universidade do Algarve, Center of Electronics, Opto-electronics and Telecommunications, Campus de Gambelas, 8005-139 Faro, Portugal
b Philips Research Laboratories, Professor Holstlaan 4, 5656 AA Eindhoven, The Netherlands

a r t i c l e i n f o
Article history:
Received 23 April 2008
Received in revised form 9 May 2008
Accepted 10 May 2008
Available online 21 May 2008

PACS:
85.30.De
85.30.Kk

Keywords:
Charge-carrier mobility
Admittance spectroscopy
MIS diode
1566-1199/$ - see front matter � 2008 Elsevier B.V
doi:10.1016/j.orgel.2008.05.007

* Corresponding author.
E-mail address: pjotr@ualg.pt (P. Stallinga).
a b s t r a c t

The electron and hole mobility of nickel-bis(dithiolene) (NiDT) are determined in a metal–
insulator–semiconductor (MIS) structure using admittance spectroscopy. The relaxation
times found in the admittance spectra are attributed to the diffusion time of carriers to reach
the insulator interface and via Einstein’s relation this yields the mobility values. In this way,
an electron mobility of 1:9� 10�4 cm2=Vs and a hole mobility of 3:9� 10�6 cm2=Vs were
found. It is argued that the low mobility is caused by an amphoteric mid-gap trap level.
The activation energy for electrons and holes from these traps is found to be 0.46 eV and
0.40 eV, respectively.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The charge-carrier mobility (henceforth simply called
‘mobility’, or l) is an important parameter of semiconduc-
tor materials and is the major determining factor for the
speed of electronic devices. The mobility is defined as the
relation of the drift velocity of the carriers to the electric
field, v ¼ lE [1]. In semiconductors there are two types
of carriers, electrons and holes, and they can have different
mobilities, in crystalline materials mostly due to different
effective mass (for example, in silicon the electron and hole
mobility are about 1500 and 500 cm2/Vs, respectively). In
spite of its simple definition, because of the difficulty of
measuring velocity, accurate determination of the mobility
of the carriers is not easy and indirect ways are used, each
with its own advantages and disadvantages. The most pop-
. All rights reserved.
ular are current–voltage, time-of-flight, Hall measure-
ments and field-effect-transistor.

Hall measurements are inadequate for low-mobility
materials because of the tiny quantities that then have to
be measured. In standard I–V curves, the mobility cannot
be measured because, in the ohmic regime, the current de-
pends on the product of charge density and mobility. Inde-
pendent determination of mobility is impossible. This
problem can be circumvented by measuring in the so-
called space-charge limited current regime, which depends
only on mobility [2–4]. However, when the mobility de-
pends on electric field (for instance in the presence of
traps, as in Poole–Frenkel conduction) the extraction is
more complicated, because across the device the field
is not constant and therefore also not a constant mobility
is measured [4]. Blom et al., have used the I–V technique
in systems with electron traps exponentially distributed
in energy. Mobility values could then only be given for
the hole-conduction SCLC regime [5].

mailto:pjotr@ualg.pt
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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Fig. 1. Left: Schematic cross section of the MIS device consisting of (left to
right): a silicon (‘‘metal”) electrode, a silicon-oxide insulating layer
(dox ¼ 200 nm), NiDT organic semiconductor (ds ¼ 50 nm), and gold
electrode (A). The external bias V is applied to the silicon substrate
relative to the gold electrode. Right: Nickel-bis(dithiolene) family. For the
current work, the member used has R ¼ NMe2.
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In time-of-flight measurements, a high electron–hole
density is created close to one surface of the sample by a
light pulse. One type of carrier is then driven by an electri-
cal field to the other surface. The current transient is mon-
itored, and the characteristic time is a measure for the
mobility. In highly disordered materials, the transients
get distorted and extraction of the mobility more compli-
cated [6].

A more popular technique, especially for low-mobility
materials, is with a (thin-film) field-effect-transistor
(TFT). The mobility is directly proportional to the deriva-
tive of a so-called transfer curve of drain–source current
vs. gate–source bias. However, when traps are present,
the transfer curves become highly non-linear and mobility
starts being a function of bias and/or temperature, depend-
ing on the distributions of traps and conductive states [7].
In view of this, it is not clear how to define a way that will
result in a unique mobility value.

Here we present a way to determine the mobility in an
alternative way by means of a metal–insulator–semicon-
ductor (MIS) diode structure. The method resembles
time-of-flight, but the measurements are not done in the
time domain, but in the frequency domain. Instead of mea-
suring current transients, impedance/admittance spectra
are acquired. The advantage of using MIS structures above
regular diodes is that they do not have DC conductance
which otherwise might mask the relevant admittance data.
As a comparison, Martens et al., have endeavored to deter-
mine the electron and hole mobility by a similar technique,
but instead in an LED structure [8,9], later again studied by
Tsang et al. [10] (and even more recently by Schmeits [11]
and an elaborate example by Nguyen et al. [12]). These de-
vices need dual injection of carriers, i.e., both electrons and
holes simultaneously. The analysis becomes thus compli-
cated and leaves room for doubt, see for example their dif-
ferent correction factors (0.29 and 0.56, respectively) to
convert the relaxation time of admittance spectroscopy
to time-of-flight and thus mobility. In contrast, the MIS
structure can easily be put in a one-carrier-type state
(either holes or electrons) and this facilitates the analysis,
as will be shown here.
2. Experimental

Fig. 1 shows a schematic picture of an MIS device used
in this work. It consists of a ‘‘metal” for which we used, for
technological reasons, a highly doped nþ-silicon single
crystal. For the insulating layer, silicon oxide of thickness
dox ¼ 200 nm, thermally grown on the silicon substrate,
with a relative permittivity (dielectric constant) of
eox ¼ 3:9 [1], was used. The semiconductor used is a mem-
ber of the family of organic materials nickel-bis(dithiolene)
(NiDT), see Fig. 1 ðR ¼ NMe2Þ, which show ambipolar
charge transport and, because of the planar nature of the
molecules, can have a relatively high mobility (measured
by the field-effect in a TFT) [13–15], though also low
mobilities have been reported, especially when exposed
to air [16]. The layer was deposited by spin-coating, with
thickness ds=50 nm. According to literature, this material
has electron and hole mobility of ln ¼ 2:0� 10�5 and
lp ¼ 2:5� 10�4 ðcm2=VsÞ, respectively, as derived from
the field-effect in FETs [15]. On top of the organic layer, a
gold electrode (typical area A ¼ 1:3� 10�5 m2) was
deposited by shadow mask. The oxide capacitance is thus
typically Cox ¼ eoxe0A=dox ¼ 2:2 nF, where e0 is the permit-
tivity of vacuum, and the semiconductor layer capacitance
equals Cs ¼ eorge0A=ds ¼ 17:4 nF, where a value for the
relative dielectric constant of es ¼ 5 was used for NiDT; a
typical value for organic materials. The combined geomet-
ric capacitance is thus Cgeo ¼ ðC�1

s þ C�1
ox Þ

�1 ¼ 2:0 nF. The
difference between the maximum and minimum attain-
able capacitance is thus of the order of 200 pF.

The nickel-bis(dithiolene) was obtained from Sensient
GmbH (Germany) and has an energy gap of Eg ¼ 0:9 eV,
an ionization potential of Ip ¼ Evac � EHOMO ¼ 5:2 eV, and
an electron affinity of v ¼ Evac � ELUMO ¼ 4:3 eV, where
Koopmans’ theorem was used linking the energies and lev-
els [17], and E means energy and the subscripts ‘‘vac”,
‘‘HOMO” and ‘‘LUMO” denote vacuum, highest-occupied-
molecular-orbit (equivalent to valence band) and lowest-
unoccupied-molecular-orbit (equivalent to conduction
band), respectively. Considering the high resistivity of the
material and the low mobility, we expect deep traps to
be present that pin the Fermi level (EF) somewhere halfway
the forbidden gap. Gold has a work function of 5.1 eV [1].
The energy gap of silicon is 1.12 eV at room temperature
and its Fermi level is estimated to lie 100 meV below the
conduction band, which, in turn is situated 4.05 eV below
the vacuum level, v ¼ Evac � EC. With these values we are
able to reconstruct the band diagram which is schemati-
cally shown in Fig. 2. The resistivity of the oxide is much
higher than that of the organic layer so that nearly all the



Fig. 3. Equivalent circuit used to simulate the electrical frequency
behavior. For low frequencies the capacitance is equal to the oxide
capacitance Cox, while for high frequencies the capacitance is equal to the
serial sum of Cox and Cs . R does not represent the DC resistance of the
organic layer but is merely a parameter that describes the frequency
behavior, according to Eq. (3).

Fig. 2. Schematic band diagram of the device shown in Fig. 1. Values
in eV.
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built-in voltage and applied external biases are absorbed
by the oxide. It is assumed that gold is forming an ohmic
contact with the organic material. For this reason we have
omitted a Schottky barrier at this end of the device in the
figure, although on basis of the numbers given above there
should be a tiny one (of approx. 0.1 eV and built-in voltage
of 0.35 V).

Electrical measurements were performed on a Keithley
487 Picoammmeter (I–V curves) and a Fluke PM 6306 RCL
Bridge (impedance spectroscopy). Measurements were
performed in low-vacuum (10�3 mbar) in a metal cryostat.
All measurements were performed at room temperature
(T ¼ 300 K), unless otherwise specified. Positive bias signi-
fies that the silicon electrode has a higher potential with
respect to the gold counter-electrode.

3. Theory

When the organic layer is conductive by accumulation
of holes or electrons, the capacitance is equal to the oxide
capacitance Cox. However, for the capacitance to have this
value, the charges must have enough time to arrive at this
interface. For high AC probing frequencies, the charges
cannot follow the field oscillations. The time it takes for
the charges to reach the interface is given by diffusion,
for instance (for holes)

s ¼ d2
s

Dp
¼ q

kT
d2

s

lp
ð1Þ

with Dp the hole diffusion coefficient, q the elementary
charge, lp the hole mobility and k Boltzmann constant.
Here Einstein’s relation [18] was used that couples the dif-
fusion coefficient and the mobility, Dp ¼ lpkT=q. A similar
equation exists for electrons. Eq. (1) defines a cut-off
frequency

fc ¼
1

2ps
¼

lpkT

2pqd2
s

ð2Þ

For AC-probing frequencies well below this cut-off fre-
quency, the measured capacitance is equal to the oxide
capacitance Cox, while far above it, the charges do not enter
the organic layer and the capacitance settles at the geo-
metric capacitance value Cgeo. This can also be electrically
modeled by an equivalent circuit consisting of a
capacitance and a resistance in series with a second
capacitance, as shown in Fig. 3. The resistance R of the cir-
cuit does not represent the DC resistance of the organic
layer, but merely models the frequency behavior, with

s ¼ RðCox þ CsÞ ð3Þ

At the frequency of Eq. (2), where the capacitance drops,
the loss (defined as L ¼ G=x, with G the conductance and
x ¼ 2pf the angular frequency) has a maximum. In sum-
mary, the spectrum of loss has a maximum at a frequency
where simultaneously the capacitance drops. This fre-
quency is a direct measure for the diffusion coefficient –
and thus the mobility – if the device dimensions are
known, see Eq. (2).
4. Results and discussion

For strong-bias, the organic layer is filled with electrons
or holes and the resistivity of the organic layer is much
lower than that of the insulator. The applied bias is mainly
absorbed by the insulating layer and the voltage drop and
electric field in the organic material are negligible. Fig. 4
shows a characteristic C–V plot which demonstrates how,
under strong-bias, the capacitance at low frequencies is
equal to the oxide capacitance Cox. For positive bias the or-
ganic layer is full of electrons and this we call ‘accumula-
tion of electrons’, whereas for strong negative bias holes
are pulled into the organic layer and there exists ‘accumu-
lation of holes’. For small biases, the device is depleted, the
organic layer neither has holes nor electrons and the
capacitance reaches a minimum equal to Cgeo. It is interest-
ing to compare the device to a standard (doped) MIS de-
vice. A standard MIS goes from accumulation to
inversion. The transition is abrupt when going to inversion,
but stretched when going into accumulation and an asym-
metric peak results [1]. Our undoped device, ideally,
should go abruptly from accumulation of holes to accumu-
lation of electrons and the dip in the C–V plot should be
very narrow. The C–V plot of Fig. 4 is indeed symmetric,
but the switch from accumulation of holes to accumulation
of electrons is not instantaneous. This might be due to a
presence of amphoteric deep levels. They can be charged
either positively or negatively, thereby contributing to
space charge and allowing for band bendings and stretch-
ing of the transition. More important, most of the applied
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bias is absorbed by the oxide layer and large voltages must
be applied in order to cause any changes in the semicon-
ductor layer. This further broadens the dip.

The minimum capacitance of Fig. 4 corresponds to the
geometric capacitor formed by the silicon and gold elec-
trodes ‘filled’ with the oxide and organic layers, as de-
scribed in the experimental section. It happens for a bias
of around �5 V, showing that at 0 V the organic layer is
not completely devoid of free electrons.

As described in the theoretical section, the capacitance
can be equal to the oxide capacitance Cox only if the prob-
ing frequency is low enough. Otherwise the measured
capacitance is the geometric capacitance Cgeo. Fig. 5 shows
an example of a spectrum of a device. The figure also
shows a simulation of the spectrum based on the equiva-
lent circuit given in Fig. 3. Apart from the high-frequency
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Fig. 5. Example of a spectrum of loss (�) and capacitance (�) at a bias of
V ¼ �28 V. For low frequencies the charges have enough time during an
AC cycle to reach the interface and the measured capacitance is equal to
Cox, while for high frequencies the capacitance is the geometric capac-
itance Cgeo, i.e., charges do not move into the organic layer. The turning
frequency is given by Eq. (2). At this frequency the loss has a maximum.
The solid lines are simulations with Cox ¼ 3:1 nF, Cs ¼ 30 nF and
R ¼ 7:5 kX.
dispersion which we attribute to cables and other instru-
mental artifacts, the fit is quite well and we can see how
the capacitance drops from Cox to Cgeo at a frequency where
the loss has a maximum. From this frequency we can
determine the (hole) mobility. The spectrum of Fig. 5 has
a maximum at 640 Hz (s ¼ 250 ls). Eq. (1) with ds ¼
50 nm then gives a hole diffusion coefficient Dp ¼ 1:0�
10�11 m2=s, which translates via Einstein’s relation into a
hole mobility of lp ¼ 3:9� 10�6 cm2=Vs.

Fig. 6 shows the position of the maximum of the loss as
a function of bias. At strong negative bias the frequency is
constant and this gives the hole mobility as discussed
above. In the same way, for strong positive bias the
electron mobility can be determined. The frequency of
the maximum in loss is here 31.8 kHz (s ¼ 5 ls) and this
yields an electron mobility of Dn ¼ 5� 10�10 m2=sÞ
ln ¼ 1:9� 10�4 cm2=Vs.

The mobility is rather low and this hints at a huge abun-
dance of deep localized states, also known as traps. When a
large density of traps exists, charges spend most of their
time on these localized states. To contribute to current
they have to be promoted to the appropriate band. The
effective mobility is then a weighed average of the trap
mobility lT and band mobility l0. In other words, assum-
ing the trap mobility is zero, the effective mobility is deter-
mined by the fraction of the time (a) a charge spends in the
bands, l ¼ al0. This fraction depends on the temperature
and this allows for the determination of the trap depth.
Assuming the trap to be discrete and the mobility of
charges residing there to be zero and a Boltzmann distribu-
tion over the levels, the activation energy of mobility is
equal to the trap depth [7]. Since the frequency of the max-
imum in loss scales linearly with mobility (Eq. (2)), this is
equal to the activation energy of this frequency.

Fig. 7 shows an Arrhenius plot of frequency of the max-
imum of loss as a function of temperature. From the slope
we determine that the mobility of holes has an activation
energy of EAp ¼ 400 meV and the mobility of electrons an
-50 -40 -30 -20 -10 0 10 20 30 40 50
 0

10

20

30

Bias (V)

Fr
eq

ue
nc

y 
(k

H
z)

Holes

Electrons

Fig. 6. Frequency of maximum of loss as a function of bias as shown in
Fig. 5. The solid line is a guide to the eye. At strong positive or negative
bias, the frequency is stable and this allows for the determination of the
mobility via Eq. (2).
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activation energy of EAn ¼ 460 meV. Considering the fact
that the band gap of NiDT is approximately 0.9 eV, this
places the responsible traps close to mid-gap, see the en-
ergy diagram in the figure. This is in-line with the observa-
tion of an amphoteric trap mentioned earlier.

To summarize the experimental results, we have shown
here how admittance spectroscopy is used to determine
both the electron and hole mobilities in the same NiDT de-
vice. Compared to literature, the found mobilities are much
lower. Moreover, we find the electron mobility higher than
the hole mobility while it has been reported reverse [15].
The reason for this is unknown. However, it is very com-
mon that mobilities measured with different techniques
result in widely different values.

What is actually measured by this technique is not the
mobility, but the diffusion coefficient. They are linked by
Einstein’s Relation, which has its limitations. As an exam-
ple, it is valid only when multiple occupancy of the elec-
tronic levels is allowed, with uncorrelated particles, like
in band conduction. When the particle movements are cor-
related, the Einstein Relation is no longer valid and diffu-
sion is more rapid than predicted by Einstein’s Relation
[19]. Another reason can be that Einstein’s Relation is vio-
lated in non-equilibrium systems [20].

The combination of parameters (film thickness and
mobility) puts the interesting frequencies in the range of
the experimental set-up used. For materials with
mobilities in the order found here the presented method
is a valuable additional tool in the determination of the
carrier mobility. For higher quality materials, such as
crystalline silicon, the cut-off frequency falls above the
measurement window, while for low-mobility materials
or thick devices, the response becomes too slow and the
frequency range inconvenient.

An alternative interpretation of the data which we have
considered is assigning the spectral peaks to interface
states. When the Fermi level is resonant with these states
at the interface, the capacitance is increased and a peak
in loss is observed at a frequency determined by the ener-
getic distance of these states to the relevant band to which
they communicate and with an amplitude proportional to
the density of these states. Changing the bias moves the
Fermi level at the interface and other interface states are
probed. In this way the energetic profile of these states
can be mapped [21]. However, the devices reported here
do not behave in accordance to these theories and we find
the analysis described here more probable.
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We report on the comparison of photophysical and photovoltaic properties of three differ-
ent soluble alkyl derivatives of the low bandgap poly(2,5-thienylene vinylene) (PTV), syn-
thesized using the dithiocarbamate precursor route. The solubility of the precursor
material in dichlorobenzene is enhanced by the addition of hexyl, dihexyl and dodecyl
sidegroups to the polymer chain. The materials were characterized in solid state by means
of absorption, ellipsometry and atomic force microscopy of films made from both the pris-
tine alkyl-PTVs and alkyl-PTVs:([6,6]-phenyl C61-butyric acid methyl ester) (PCBM) mix-
tures in a 1:1 ratio. The materials showed an optical bandgap below 1.7 eV, derived from
the absorption spectrum of the polymers. Field-effect transistors made of these materials
showed hole mobilities in the range of 10�7 to 10�6 cm2/Vs. Bulk heterojunction solar cells
made with the polymer:PCBM blend reached efficiencies above 0.6%.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, organic photovoltaic (OPV) devices are
gaining interest as power conversion efficiencies (g) ap-
proach 5% [1–6]. The increased efficiency achieved in the last
years, together with the potential reduction of production
costs that this class of devices offer, make them particularly
interesting for mass-production of low-cost self-powered
electronics.

Bulk heterojunction solar cells are one of the most
promising concepts to produce OPV devices. These devices
are composed by a mixture of two organic materials that
. All rights reserved.

ymer and Molecular
.
tto).
are deposited from solution and act as the active layer of
the solar cell. Recently, the focus of most of the research
has been on the poly(3-hexylthiophene) (P3HT) and
([6,6]-phenyl C61-butyric acid methyl ester) (PCBM) mix-
ture, as this combination can yield devices with g > 4%
[5–7]. The absorption of P3HT, however, does not allow
to optimally harvest the red part of the incident solar spec-
trum. Therefore, designing new materials shifted to the red
and near infrared regions could be beneficial [8]. In fact, to
generate more current the optical bandgap of the absorb-
ing material should be less than 1.8 eV [9,10].

New materials with a bandgap lower than that of P3HT
have already shown that this approach can increase the
efficiency of the solar cells to 5.5% and is expected to reach
values up to 7% [11,12]. Other polymers with low bandgaps
are under investigation, in order to broaden this class of

mailto:Claudio.Girotto@imec.be
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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materials. Poly(2,5-thienylene vinylene) (PTV) is one of
these materials, and has already been employed in thin
film transistors owing to its high charge carrier mobility
[13,14].

Various synthetic routes have been proposed in the last
two decades for the PTV family, but the high reactivity of
intermediates or even the monomer itself precluded the
development of a reproducible, versatile and high yield
polymerization process [15]. Several attempts were also
conducted to synthesize alkyl-substituted PTVs [16–18],
but only a few reports were focused on the photovoltaic re-
sponse of these materials and these showed limited perfor-
mance [19].

Nevertheless, this electron rich conjugated polymer still
attracts interest due to its low oxidation potential, which
should stabilize the charge-separated state and therefore
be advantageous in polymer solar cells [17]. For this rea-
son, we recently introduced the use of the dithiocarbamate
(DTC) precursor route as a successful synthesis route for
the PTV derivatives, demonstrating good yield, low poly-
dispersity, low chemical defect content and satisfactory
molecular weight [15,20,21].

In previous reports, this material shows an onset of
absorption at around 750 nm (1.65 eV) and solar cells
made with this material show short-circuit currents (JSC)
up to 4 mA/cm2 and an overall efficiency of 0.6%, markedly
higher than the values found in literature [22,23]. A more
recent work shows that higher molecular weight seems
to have an effect on the performance of bulk heterojunc-
tion solar cells, that could be enhanced to 0.76% [21]. In
these studies, PTV depositions were typically made via a
soluble precursor polymer, since PTV is not soluble and
therefore not processable. After deposition, the precursor
polymer was then converted with a heat treatment into
the conjugated polymer by elimination of the leaving
group, generally rendering it insoluble in the solid state
[24].

These promising results obtained with solar cells based
on the precursor material suggested to extend the DTC pre-
cursor route to side chain functionalized PTVs using lith-
ium bis(trimethylsilyl)amide (LHMDS) in order to obtain
soluble PTV derivatives [15,20]. The synthesis produced
three derivatives consisting of either hexyl, dihexyl or
dodecyl alkyl side chains (Fig. 1).

The influence of the side chain functionalization has
been shown to be crucial for the characteristics of a poly-
mer, as has been demonstrated by several studies for the
S
(

)n

C HH C1313 6 1366

S
(

)n

C HC H 12 25

S
(

)n

Fig. 1. Chemical structure of the PTV derivatives studied in this work.
Three different sidegroups have been added to the PTV conjugated
polymer to enhance its solubility. (a) Hexyl-PTV. (b) Dihexyl-PTV. (c)
Dodecyl-PTV.
poly(3-n-alkylthiophene) (P3AT) class, showing that the
length of the alkyl group influences the electronic, electro-
chemical, and optical properties of the materials [25–27].
The focus of this paper is, then, on the comparison of the
optical, electrical and solar cell devices characteristics of
the three soluble PTV derivatives with different side chain
we obtained from the DTC precursor route.

2. Experimental

2.1. Synthesis of PTV derivatives

The soluble alkyl-PTV derivatives used in this work
were synthesized according to procedures described in lit-
erature [15]. The polymerization results of the three mate-
rials are reported in Table 1.

2.2. Device preparation

Solar cell structures were prepared according to the fol-
lowing procedure. Indium–tin-oxide (ITO) coated glass
substrates, purchased from Merck Display Technologies
with 20 X/h, were first patterned and then cleaned thor-
oughly with a sequence of detergent, de-ionized water,
acetone and boiling isopropanol, each step for 10 min in
an ultra sonic bath. The cleaned substrates were purified
further by oxygen plasma treatment with an oxygen pres-
sure of 0.26 Torr and a power of 100 W for 10 min. The
substrates were then spin coated with a 0.45 lm filtered
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) solution, purchased from HC Starck, at
3000 rpm for 30 s to produce a 30 nm thick layer. The sub-
strates were subsequently heated on a hotplate in air at
120 �C for 10 min to remove excess water.

The further steps of the production process and the cur-
rent/voltage characterization occurred in a glove box under
a controlled nitrogen environment. The active layer con-
taining a mixture of one of the PTVs derivatives and PCBM,
purchased from Solenne bv, was spin coated from a dichlo-
robenzene solution, which was prepared under N2 environ-
ment and stirred on a hotplate at 50 �C for at least 24 h.

LiF (0.6 nm) and Al (100 nm) top electrodes were depos-
ited by thermal evaporation in ultra high vacuum
(10�8 Torr) through a shadow mask to define eight sepa-
rate cells on each substrate. The active areas were mea-
sured using an optical microscope, resulting in a range
between 3.1 and 3.4 mm2.

Field-effect transistor structures were made by spin
coating the organic layer on n++ Si/Al substrates. The
substrate itself was used as gate, with 100 nm of thermally
Table 1
Polymerization results for the three PTV derivatives used in this work:
weight average molecular weight (Mw), number average molecular weight
(Mn) and polydispersity (PD)

Polymer Mw Mn PD

Hexyl-PTV 54,000 9600 5.6
Dihexyl-PTV 71,400 7700 9.3
Dodecyl-PTV 79,500 13,400 5.9
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grown oxide as gate dielectric and patterned Au source and
drain electrodes in a bottom contact configuration. The
channel width was 5000 lm, the channel length was
10 lm. Mobilities were extracted from the saturation
regime.

2.3. Measurements and characterization

The photovoltaic characteristics were measured under
nitrogen atmosphere using an Agilent 4156C parameter
analyzer under 100 mW/cm2 AM1.5 simulated illumina-
tion using a LOT-Oriel Group Europe solar simulator with
a 1000 W Xenon arc lamp, filtered by a Newport OD 0.8
neutral density filter.

UV–visible absorption spectra were obtained using a
Shimadzu UV-1601PC UV–visible spectrophotometer.
Thin polymer films were spin coated onto previously
cleaned quartz slides from the same solutions used for
the solar cells structures. A Headway Research Inc. spin
coater was used to spin coat the films at 1000 rpm for
60 s.

Atomic force microscopy (AFM) images were recorded
on a Picoscan PicoSPM LE scanning probe microscope in
tapping mode.

Ellipsometry measurements were performed with a
GES5 Variable Angle Spectroscopic Ellipsometer (VASE)
from SOPRA.
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Fig. 2. Solid state absorption spectra of the three PTV derivatives and
their mixtures with PCBM. Solid lines show the spectra of pristine hexyl-
PTV (M), dihexyl-PTV (s) and dodecyl-PTV (h) films, while dashed lines
represent their mixtures in 1:1 ratio with PCBM.
3. Result and discussions

3.1. Solvent and spin coating parameters

The solubility of the PTV derivatives was found to be
similar for tetrahydronaphthalene and 1,2-dichloroben-
zene, and both solvents showed analogous results. For this
reason, 1,2-dichlorobenzene was chosen for the compari-
son between the three different polymers. Hexyl-PTV
showed the most critical solubility, indicating that a side
chain longer than hexyl was necessary to keep the polymer
in solution. Solubility was enhanced only at very high solu-
tion temperatures (T > 150 �C), but was nevertheless lim-
ited to 10 mg/ml. At this concentration, particles were
still visible and the solution needed to be filtered with a
0.45 lm PTFE filter.

Doubling the hexyl side chain improved the solubility of
the polymer: dihexyl-PTV was easily solvable up to 20 mg/
ml and more, showing a clear solution without aggregates.
Longer side chains increased the amount of polymer that
could be dissolved as well: dodecyl-PTV reached almost
the same solubility level as the dihexyl-PTV, although
showing a few unsolved clusters. Nevertheless, in order
to keep consistency in the experiments, all these solutions
underwent the same filtration process.

Due to the low polymer concentration, the viscosity of
the solutions was low, limiting the choice of parameters
for spin coating. In order to get a film thicknesses of
approximately 100 nm, samples had to be spin coated at
a low speed of 1000 rpm, resulting in 60 nm thickness for
the hexyl-PTV and 130 nm for both the dihexyl- and dode-
cyl-PTV.
3.2. UV–vis absorption and ellipsometry

The solid state optical absorption spectra of the three
pristine polymers and their mixture with PCBM at 1:1
weight ratio are shown on Fig. 2.

The three polymers were dark blue and exhibited simi-
lar absorption profiles, as expected, but revealed a shift in
the absorption peak kmax from 607 (hexyl-PTV) to 622 and
630 nm (dodecyl- and dihexyl-PTV, respectively). The ef-
fect of the substituent appeared to be not simply steric,
as longer side chains led to red-shifting of the absorption,
as already observed for P3AT films [25]. The optical band-
gaps confirmed the red shift for dihexyl-PTV, resulting in
onsets at 739 nm (1.68 eV, hexyl- and dodecyl-PTV) and
749 nm (1.66 eV, dihexyl-PTV).

The three polymers presented prominent shoulders at
energies higher than the absorption peak. Similar charac-
teristics are found in P3HT and are typically ascribed to
p–p interactions [28,29], thus we suggest that the PTV
derivatives could be affected by significant self-organiza-
tion as well. Secondary additional shoulders are present
at energies lower than the absorption peak. The smooth
shoulders in the spectrum of hexyl-PTV, at 577 and
684 nm, were more pronounced in dodecyl-PTV, and even
red-shifted to 583 and 693 nm in dihexyl-PTV. This sug-
gested that a longer single side chain may promote solva-
tion of the polymer, leading to expanded chain structures
with longer p-conjugation lengths and improved side-
chain ordering, as observed for P3ATs [25,29]. The presence
of two side chains, as in the case of dihexyl-PTV, may en-
hance even more this property.

The addition of PCBM in hexyl-PTV did not vary the
absorption of the polymer and just superimposed the
absorption spectra of the two materials. When mixed to di-
hexyl- and dodecyl-PTV, PCBM smoothed the peaks and
the shoulders of the polymer absorption spectrum, com-
bined it with a strong absorption to the UV range, and
added a constant background absorption, especially per-
ceptible above 700 nm. This absorption can be ascribable
to light scattering induced by a nanoscale phase separa-
tion of the polymer:PCBM mixture, not visible in the
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hexyl-PTV:PCBM film, due to its homogeneity. Since mor-
phology of the active layer is crucial for high efficiency
solar cells, these differences could already suggest that
the device performance would be seriously affected by
the miscibility of the PTV derivatives with PCBM.

The ellipsometry measurements shown in Fig. 3 con-
firmed the results obtained from UV–vis spectra, showing
a red shift in the k-value with the same trend above men-
tioned. Noticeably, favored by the intrinsic characteristics
of ellipsometry, the scattering component measured with
UV–vis spectroscopy in the case of dihexyl- and dodecyl-
PTV mixed with PCBM was not present in these measure-
ments, confirming that this signal is derived from the
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Fig. 5. Topography (top) and phase (bottom) atomic force microscopy scans
nanoscale intermixing of the blend rather then being a
property of the materials themselves. Additional informa-
tion could be drawn concerning the absorption coefficient,
equal for pristine dihexyl-PTV and dodecyl-PTV and mark-
edly higher for hexyl-PTV. The cause of this difference
could be ascribed again to the introduction of the inert al-
kyl substituent with increased segmental volume, result-
ing in a dilution of the polymer backbone concentration
in the film [30]. Considering the mixtures in PCBM, this ef-
fect gave noticeable reduction of the extinction coefficient
k in the case of dihexyl- and dodecyl-PTV.

3.3. AFM imaging

Morphology analysis of films obtained from spin coat-
ing of pristine polymers and polymers:PCBM mixtures by
AFM is reported in Figs. 4 and 5, respectively. Small differ-
ences in the morphology of the films were noticed for the
three different polymers. The film composed of hexyl-PTV
(root mean square roughness (RMS) = 0.36 nm) was
smoother than the films of dodecyl-PTV (RMS = 0.76 nm)
and that of dihexyl-PTV (RMS = 1.44 nm); the smooth hex-
yl-PTV film is indicative of an amorphous film, providing
further evidence to confirm the effect of side groups to
the stacking of polymer chains.

When mixed with PCBM (Fig. 5), the hexyl-PTV film
shows little evidence of phase separation, which did not
change substantially the surface roughness (RMS =
0.69 nm). Dodecyl-PTV:PCBM surface morphology re-
mained almost unvaried as compared to the pristine film
(RMS = 0.85 nm), and showed a slightly heterogeneous
phase distribution. Dihexyl-PTV exhibited the most
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Table 3
Results from photovoltaic measurements under illumination

Cell VOC [mV] JSC [mA/cm2] FF [%] g [%]

Hexyl-PTV 520 0.98 30 0.15
Dihexyl-PTV 580 1.93 54 0.61
Dodecyl-PTV 520 1.03 31 0.17
Precursor-PTV* 350 3.9 40 0.5

* is derived from the work of Nguyen et al. for a 1:1 ratio with PCBM
[22,23].
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pronounced phase separation, while still keeping a homo-
geneous interface (RMS = 1.19 nm). These observations
should correlate with an improvement in JSC and efficiency
for bulk heterojunction devices with dihexyl-PTV, thanks
to the positive effect of segregation on charge separation
and transport, as has been reported by Ma et al. for the
P3HT:PCBM blend system [5].

3.4. Current–voltage and mobility measurements

Good transport properties of the individual composites
of the active layer are important for efficient photovoltaic
performance of a specific blend [11]. Hole mobility ob-
tained from field-effect transistors is a useful measure-
ment that facilitates the screening and development of
materials that can potentially be interesting for solar cell
applications [31]. Moreover, this technique has effectively
been used for the characterization of P3AT with different
side chain lengths to characterize the dependence of the
transport properties on the alkyl group, confirming P3HT
as a good candidate for OPVs due to its optimal properties
[26,27].

We also use this technique to verify the transport prop-
erties of both intrinsic PTV films and their mixtures with
PCBM. Measurements show values in the range 10�5 to
10�7 cm2/Vs, lower than that obtained previously with
the precursor material [13,14]. Mobilities improve for di-
hexyl-PTV and dodecyl-PTV when the polymers are mixed
with PCBM, increasing by values between 3 and 10, while
the mobility of hexyl-PTV is decreased by the introduction
of PCBM in the solution [32,33]. The complete data ex-
tracted from measurements are reported in Table 2.

Solar cells were made with the different PTV derivatives
mixed with PCBM in 1:1 ratio by spin coating from dichlo-
robenzene solution. Every run included one sample pro-
duced with each PTV derivative and one P3HT:PCBM
reference sample. From the analysis of the results, it was
concluded that the best power conversion efficiency could
be obtained from blends of dihexyl-PTV. Fig. 6 shows the
best set of solar cells, produced with the three different
PTV derivatives, measured in dark and under illumination,
while Table 3 summarizes the results. Compared to the de-
vices made by Nguyen et al., the increased open-circuit
voltage (VOC) obtained with the soluble derivatives dis-
closes a characteristic of the conjugated polymer that
was not revealed by the precursor route [22,23].

Hexyl-PTV shows limitations in both current generation
and extraction, being characterized by a large series resis-
tance. The reduced thickness of the active layer (60 nm)
Table 2
Results from field-effect transistor measurements: field-effect mobility (l)
and threshold voltage (VT)

Cell l [cm2/Vs] VT [V]

Hexyl-PTV 8 � 10�7 �5.5
Dihexyl-PTV 7 � 10�6 �4.6
Dodecyl-PTV 2.8 � 10�6 �5
Hexyl-PTV:PCBM 1.8 � 10�7 �6
Dihexyl-PTV:PCBM 2.3 � 10�5 �1.8
Dodecyl-PTV:PCBM 2.3 � 10�5 �0.7
could explain the low short-circuit current (JSC), but is in
contradiction with the problems in charge collection. The
low mobility of the material, nevertheless, could be the
limiting factor for these devices.

Dodecyl-PTV performance is characterized by an s-
shaped curve that limits the fill factor (FF): this is usually
ascribed to a thin current-limiting layer due to impurity
doping of the absorber or corrosion of the top contact
[34]. Since all our samples were produced with the same
procedure and were kept in the same controlled environ-
ment during the whole process, we exclude problems with
the cathode and assume that the dodecyl-PTV could con-
tain some impurities from the synthesis process or could
have been contaminated by external agents before the
preparation of the solutions, since the other two materials
never showed this characteristic in the iv-curves.

Dihexyl-PTV devices are characterized by the highest
FF, above 50%, and VOC, ranging between 580 and
590 mV. JSC is still limited but improvements could be
achieved with thicker depositions (actual thickness:
130 nm), optimized ratio in the mixture with PCBM and
enhanced morphology of the active layer at the nanoscale
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level, by thermal annealing or by varying the choice of the
solvent.

4. Conclusions

Three different soluble PTV derivatives have been tested
and their photovoltaic response has been investigated. The
insoluble PTV, typically processed from its soluble precur-
sor, has been successfully rendered soluble by the addition
of three different side chains, namely a hexyl, a dihexyl and
a dodecyl group.

Materials have been characterized by absorption, ellips-
ometry and atomic force microscopy, and field-effect tran-
sistors and solar cells have been produced. Hexyl-PTV
shows a critical solubility, and its overall performances
are limited to hole mobility in the order of 8 � 10�7 cm2/
Vs and photovoltaic power conversion of around 0.15%.
Dodecyl-PTV is easily soluble up to 20 mg/ml and shows
an increased hole mobility, while still demonstrating lim-
ited photovoltaic response due to possible contamination.
Dihexyl-PTV is the most promising of the three materials,
with a power conversion efficiency exceeding 0.6%.

Further investigations could extend this first compari-
son between these materials to the optimization of the ra-
tio in the mixture with PCBM in order to enhance the
performance of the devices. In addition, thermal annealing
treatments and the use of different solvents could improve
the morphology of the active layer, a crucial factor for
highly efficient solar cells.
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Heterojunction organic photovoltaic devices were fabricated using C60 as the electron
acceptor and several pentacene derivatives with triisopropylsilylethynyl functional groups
as the electron donor. The open circuit voltage (Voc) of functionalized pentacene-based cells
is significantly higher (0.57–0.90 V) than for cells based on unsubstituted pentacene
(0.24 V), due to the higher oxidation potentials of these pentacene derivatives. The perfor-
mance of pentacene derivative cells is limited by lower current densities than the reference
pentacene/C60 cell. The absorption spectra of films and solutions of pentacene derivatives
closely resemble one another, leading us to conclude that these films are amorphous in
nature. Weak intermolecular coupling in the derivative films results in lower charge mobil-
ity and shorter exciton diffusion lengths relative to pentacene.

Published by Elsevier B.V.
1. Introduction the solar spectrum, efficient exciton diffusion to the inter-
Organic photovoltaics based on molecular semiconduc-
tors have attracted significant scientific and commercial
interest due to their potential use for low cost flexible solar
cells. The primary device architecture used in molecular
solar cells is a multi-layer structure where charge photo-
generation occurs at interfaces between electron donor
and acceptor molecules [1,2]. Materials employed in solar
cells should ideally have strong absorption overlapping
r B.V.

. Palilis), paul.lane@
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310 Aghia Paraskevi,
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face and high charge carrier mobility. Fused acenes com-
prise a class of materials that have recently been used in
organic photovoltaics. Tetracene [3,4] and pentacene [5–
9] have been used in cells with efficiencies of �2% under
simulated solar illumination. Pentacene is a particularly
promising material due to its strong absorption in the vis-
ible part of the solar spectrum [10] and high field-effect
mobility, as high as 3 cm2/V s in thin film transistors
[11]. The performance of pentacene-based solar cells has
been limited by their relatively low open circuit voltage
(Voc), a direct consequence of the small offset between
the highest occupied molecular orbital (HOMO) of penta-
cene (4.9 eV) [12] and the lowest unoccupied molecular
orbital (LUMO) of C60.

Recently, Anthony and co-workers modified the chemi-
cal structure of pentacene in order to change its optical and
electronic properties [13–15]. They sought to increase the
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Fig. 1. Chemical structures of (a) TIPS, (b) TP-5, (c) EtTP-5, and (d) schematic diagram of the photovoltaic cells.

748 L.C. Palilis et al. / Organic Electronics 9 (2008) 747–752
intermolecular p-orbital overlap in the crystalline form in
order to improve carrier mobility, lower the energy of the
HOMOs in order to increase the open circuit voltage of so-
lar cells, and modify the absorption spectrum in order to
harvest more solar light. To this end, triisopropylsilylethy-
nyl functional groups were added at the 6,13-positions of
pentacene and 1,3-dioxolane moieties were fused to the
terminal benzenoid rings of the pentacene molecule. The
chemical structures of (a) 6,13-bis(triisopropylsilylethy-
nyl)-pentacene (TIPS), (b) 6,14-bis(tri-isopropylsilylethy-
nyl)-1,3,9,11-tetraoxacyclopenta[b,m]pentacene (TP-5)
and (c) 2,2,10,10-tetraethyl-6,14-bis(tri-isopropylsilyle-
thynyl)-1,3,9,11-tetraoxacyclopenta[b,m]pentacene (EtTP-
5) are shown in Fig. 1. These pentacene derivatives have
been used as fluorescent dopant molecules in organic
light-emitting diodes [16–18]. More recently, Lloyd et al.
investigated multi-layer, solution-processed solar cells
using TIPS as an electron donor [19]. In this study, we re-
port on the fabrication and characterization of organic so-
lar cells using this series of pentacene derivatives as
electron donors. Our approach differs from that of Lloyd
et al. in that all layers in our cells are formed by vacuum
sublimation. We obtain significantly higher Voc from the
derivative-based cells than for reference pentacene-based
cells and correlate this increase with their higher oxidation
potentials. Despite the lower short circuit photocurrent
(Jsc) of the derivative-based cells, a power conversion effi-
ciency of 0.74% was obtained from a dioxalane-based
pentacene with high Voc, comparable to that of a reference
cell (0.82%).

2. Experimental

The synthesis of TIPS and TP-5 was previously reported
[13]. EtTP-5 was prepared by the addition of triisopropylsi-
lyl acetylide to the corresponding quinone [20], followed
by deoxygenation with aqueous stannous chloride/10%
H2SO4. C60 was purchased from SES (Houston, TX) while
both pentacene and 2,9-dimethyl-4,7-diphenyl-1,10-phe-
nanthroline were purchased from Aldrich (Milwaukee,
WI). All materials were purified twice via vacuum
train sublimation prior to use. The oxidation potential
measurements were performed by cyclic voltammetry in
dichloromethane solution vs ferrocene as the internal
standard.

Fig. 1d shows the multi-layer device architecture we
employed for organic photovoltaics. Indium tin oxide
(ITO) coated by poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) was used as the anode.
The �40 nm thick PEDOT:PSS layer was spin-cast from a
pre-filtered aqueous solution onto ozone-cleaned ITO-
coated glass substrates (ITO thickness = 100 nm, sheet
resistance = 15 X/square) and then annealed in air at
130 �C for 10 min. Pentacene or one of its derivatives acted
as the electron donor and hole transport material and C60 as
the electron acceptor and electron transport material. A
10 nm thick layer of 2,9-dimethyl-4,7-diphenyl-1,10-phe-
nanthroline, also known as bathocuproine (BCP), was
deposited on top of the C60 layer to prevent exciton quench-
ing at the C60/cathode interface. The organic layers were
sequentially deposited onto the ITO/PEDOT:PSS substrates
by vacuum thermal evaporation under a background pres-
sure of <10�6 Torr at a rate of�0.5–1 Å s�1. The thickness of
the pentacene layer was varied between approximately 10
and 40 nm while that of C60 was fixed at 40 nm. Finally, a
�130 nm thick metal Mg:Ag cathode (10:1 by weight)
was co-deposited through a shadow mask from separate
evaporation sources. The active device area was 4 mm2.
Optical absorption spectra were measured with an HP
8423 UV–vis spectrophotometer.

The photovoltaic devices were spectroscopically and
electrically characterized in an inert atmosphere, N2 glove
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box (O2 and H2O < 1 ppm) at room temperature, immedi-
ately following their fabrication. The current–voltage char-
acteristics, both in the dark and under simulated AM 1.5
solar illumination at 100 mW/cm2 (1 sun), were measured
by a Keithley multimeter. The series resistance was calcu-
lated by a linear regression to the dark JV curve above 1 V.
A good fit to the Schockley equation, modified for series
and shunt resistance, could not be obtained for these de-
vices. The solar light intensity was measured with a cali-
brated silicon photodiode and varied using neutral
density filters. The spectral response of the cells was char-
acterized by incident photon-to-current efficiency (IPCE)
measurements.

3. Results and discussion

Fig. 2 shows the extinction spectra of (a) thin films and
(b) dilute toluene solutions of the pentacene derivatives;
the thin film extinction spectrum of pentacene is shown
for comparison. TIPS has a peak at k � 650 nm with an
extinction coefficient close to 20,000 cm�1 and vibronic
side bands at 554 and 602 nm. The extinction spectra of
both TP-5 and EtTP-5 are similar to that of TIPS in the
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Fig. 2. (a) Thin-film extinction spectra of the pentacene derivatives TIPS
(green, circles), TP-5 (red, squares), and EtTP-5 (blue, triangles). The
extinction spectra of pentacene is shown for comparison (black line). (b)
Solution extinction spectra of TIPS (green, circles), TP-5 (red, squares), and
EtTP-5 (blue, triangles). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
red and contain an intense, sharp peak in the blue;
a = 74,000 cm�1 at k = 470 nm for TP-5 and a = 62,000
cm�1 at k = 458 nm for EtTP-5. There is a similar, but much
weaker absorption feature in the blue for TIPS (a = 9700
cm�1 at k = 442 nm). The oscillator strength of this transi-
tion is dramatically affected by the dioxolane moiety. By
comparison, the pentacene absorption spectrum is red-
shifted from that of the derivatives and is much stronger.
The significant red-shift of the pentacene film absorption
compared to its solution spectrum has been proposed to
be a direct result of strong intermolecular interactions
[5]. This coupling results in increased absorption in the
red portion of the solar spectrum, which enhances photo-
current generation. In contrast, the thin film and solution
spectra of the pentacene derivatives are remarkably simi-
lar, suggesting that solid state interactions are relatively
weak in these films. The solid state spectra are slightly
broader than the solution spectra and only the absorption
spectrum of TP-5 has a limited red-shift (�20 nm) from
solution to thin film. Ostroverkhova et al. [21] studied
the morphology and photoconductivity of TIPS films pre-
pared under different conditions and showed that it is pos-
sible to obtain larger crystalline domains, particularly by
crystallization from solution. Such films exhibit signifi-
cantly red-shifted absorption, with an absorption edge at
�750 nm. Films prepared by sublimation under vacuum
onto a heated substrate also showed evidence of crystalli-
zation. The limited red-shift and absence of new features
strongly suggest that the films sublimed onto an unheated
substrate are essentially amorphous, though the presence
of some crystallinity cannot be completely ruled out.

Fig. 3 shows the dark current density–voltage (J–V)
characteristics for the various photovoltaic cells with a
40 nm thick layer of pentacene or one of its derivatives.
The pentacene derivative-based cells have significantly
higher series resistance (Rs) than the pentacene-based cell.
Cells based on pentacene exhibited a low Rs of 4.0 X cm2

compared to 21.7 X cm2 for TIPS, 29.8 X cm2 for TP-5 and
26.2 X cm2 for EtTP-5. The lower current density of devices
made with pentacene derivatives vis-à-vis pentacene re-
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Fig. 3. Dark current density–voltage characteristics for the pentacene/C60

(black line) and derivative/C60 photovoltaic cells [TIPS (green, circles), TP-
5 (red, squares), and EtTP-5 (blue, triangles)]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)



Table 1
Photovoltaic parameters of our solar cells obtained in the dark (Fig. 3) and
under AM1.5 (100 mW/cm2) solar illumination (Fig. 4)

Electron donor Eox (V) Voc (V) Jsc (mA/cm2) ff g (%)

Pentacene 0.100 0.24 7.59 0.46 0.82
TP-5 0.217 0.57 2.32 0.37 0.50
EtTP-5 0.180 0.69 1.68 0.29 0.34
TIPS 0.390 0.90 1.42 0.33 0.42

The layer thicknesses are 40 nm for the electron donor, 40 nm for C60, and
10 nm for BCP. The oxidation potential data for the pentacene derivatives
are listed for comparison.
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flects the relative hole mobility in these films. The room
temperature hole mobility of pentacene exceeds 1 cm2/
V s, [11], whereas Park et al. [22] measured a field-effect
hole mobility of 0.02 cm2/V s for TIPS sublimed onto a sub-
strate at room temperature. Higher field-effect mobility
from TIPS has been observed when grown from solution
onto a functionalized substrate [23], although this struc-
ture differs significantly from that of a photovoltaic cell.
More recently, transient THz absorption studies by
Ostroverkhova et al. have also shown that the charge car-
rier mobility of a crystalline film of TIPS can be as high as
one-third that of pentacene [21]. The much lower current
densities obtained here are in agreement with the conclu-
sion drawn from the absorption spectra – pentacene deriv-
ative films prepared by sublimation onto an unheated
substrate have weak intermolecular coupling.

Fig. 4 shows the J–V characteristics of the various penta-
cene-based devices under AM1.5 illumination; Table 1
summarizes their performance. The power conversion effi-
ciency g and the fill factor (ff) of the cells were calculated
using

g ¼ JscVocff=P0 ð1Þ

where Jsc is the short circuit current density, Voc is the open
circuit voltage, ff is the fill factor and P0 is the incident light
intensity. The fill factor is defined as the ratio between the
maximum output power (Pmax) and the product of Jsc and
Voc. The pentacene device shows good performance with
Voc = 0.24 V, Jsc = 7.6 mA/cm2, ff = 0.46, and g = 0.82%. The
small Voc, almost half that of the more commonly reported
copper phthalocyanine (CuPc)/C60 cell (�0.45 V) [2], re-
flects the lower ionization potential of pentacene (4.9 eV)
[12] compared to CuPc (5.1 eV) [24]. The efficiency of the
pentacene/C60 cell is comparable to that of similar device
architectures, though the open circuit voltage is slightly
lower than that reported by Mayer et al. (0.30 V) [5] and
Yoo et al. (0.36 V) [6]. These variations arise from slightly
different structures and fabrication conditions, particularly
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Fig. 4. Illuminated J–V characteristics (AM1.5, 100 mW/cm2) for the
pentacene/C60 (black line) and derivative/C60 photovoltaic cells [TIPS
(green, circles), TP-5 (red, squares), and EtTP-5 (blue, triangles)]. (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
the use of a different cathode, Mg:Ag in our case and either
aluminum [6] or cesium fluoride capped by aluminum [5]
in other studies. In comparison, the cells based on the
pentacene derivatives showed a lower performance in
terms of the overall cell efficiency being equal to 0.34%
for EtTP-5, 0.42% for TIPS, and 0.50% for TP-5. Lloyd et al.
achieved an efficiency of 0.52% from a cell using solution-
processed TIPS [19], comparable to what we report here.
The lower efficiency of cells based on pentacene deriva-
tives is mainly due to the lower Jsc, and is also affected
by the lower fill factor, owing to the larger Rs of the deriv-
ative-based cells. All the cells based on the pentacene
derivatives showed a significant increase of Voc, compared
to that of pure pentacene (0.24 V), ranging from 0.57 V for
TP-5, 0.69 for EtTP-5, and 0.90 V for TIPS. The open circuit
voltage for the TIPS/C60 cell is among the highest reported
to date for small molecule-based organic photovoltaics
[2,25]. Examples of electron donors yielding values of Voc

approaching 1 V in cells with C60 include 4,4-bis[N-1-nap-
thyl-N-phenyl-amino]biphenyl (a-NPD) [26] and sub-
phthalocyanines [27]. We note that the photocurrent
density and dark current density are similar above Voc for
all devices, suggesting that there is no significant photoen-
hanced conductivity. Jsc is proportional to the illumination
intensity, indicating that exciton-exciton annhilation was
not a significant loss mechanism in these cells.

Fig. 5 shows a qualitative correlation between Voc and
the oxidation potential of pentacene and the derivatives.
TIPS has the highest oxidation potential of 0.39 V while
pentacene the lowest of 0.10 V, measured relative to a fer-
rocene standard. Gas phase photoemission measurements
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Fig. 6. (a) IPCE spectra of solar cells based on pentacene (black line) and
its derivatives [TIPS (green, circles), TP-5 (red, squares), and EtTP-5 (blue,
triangles)]. (b) Comparison of the IPCE spectrum of a TP-5 based cell
(symbols) to the calculated absorbance of a TP-5/C60 bilayer film (dashed
line) and a simulated IPCE spectrum taking into account the exciton
diffusion length of TP-5 (solid line). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 2
Dependence of the photovoltaic cell parameters of TP-5 and EtTP-5 based
solar cells on the thickness of the pentacene derivative layer

Electron donor (thickness) Voc (V) Jsc (mA/cm2) ff g (%)

TP-5 (12 nm) 0.45 1.81 0.41 0.33
TP-5 (23 nm) 0.56 2.46 0.41 0.56
TP-5 (38 nm) 0.57 2.32 0.37 0.50
EtTP-5 (12 nm) 0.72 2.40 0.43 0.74
EtTP-5 (23 nm) 0.72 1.97 0.40 0.57
EtTP-5 (38 nm) 0.69 1.68 0.29 0.34

All devices have 40 nm thick C60 and 10 nm thick BCP layers.
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show a similar trend with the vertical ionization energy
being higher for TIPS (6.38 eV) than for TP-5 (6.20 eV) or
EtTP-5 (6.01 eV) [28]. It is worth noting that there is not
a 1:1 correspondence between Voc and the oxidation
potentials of the various pentacene derivatives. This can
be partly attributed to the effect of polarization energy in
the solid state, which can be as high as a few tenths of
eV. The injection conditions at the interface between PED-
OT:PSS and electron donor should also be considered. Voc

depends on the amount of injected holes according to Eq.
(2), which is a rearrangement of the Shockley equation [2]

Voc ¼
nkBT

q
ln 1þ Iph � Voc=Rsh

I0

� �
ð2Þ

where kB is the Boltzmann constant, q the electron charge,
T the temperature in Kelvin, Iph the photocurrent and I0 is
the reverse saturation current. Increased hole injection
from the anode would result in a larger dark current
opposing the photocurrent. The shunt resistance of the
pentacene derivative cells, determined by a linear fit to
the reverse bias dark current, exceeded 105 X cm2 and thus
the leakage current will be of order lA/cm2, two orders of
magnitude lower than the photocurrent. Hence, the shunt
resistance only plays a minor role in determining the open
circuit voltage of these cells.

Fig. 6a compares the IPCE spectra of the various cells.
Pentacene cells show the highest efficiency of 72% at
660 nm suggesting that exciton diffusion and charge trans-
fer are efficient processes. The strong contribution of
unsubstituted pentacene is consistent with the long exciton
diffusion length (P50 nm) that has been reported [6]. On
the other hand, all pentacene derivatives have much lower
efficiencies, 16% or less within the longer-wavelength
absorption bands, where excitons are generated in the
pentacene layers. The IPCE spectra of the pentacene deriv-
ative cells follow the absorption spectrum of C60 with some
additional contributions in the red. It is quite surprising
that there is no evidence of the strong absorption in the
blue for TP-5 and EtTP-5 in the IPCE spectra of devices
based on these derivatives. These spectra demonstrate that
the primary charge generation pathway is absorption by
C60 followed by charge transfer at the organic heterojunc-
tion. Fig. 6b compares the IPCE spectrum of the TP-5 device
with the calculated absorption of a bi-layer film consisting
of 40 nm of C60 and 40 nm of TP-5. The two spectra diverge
where TP-5 absorbs strongly between 400 and 500 nm. The
sharp absorption peak of TP-5 permits a rough estimation
of the diffusion length by taking the absorbance as a func-
tion of the depth profile of the bi-layer structure (neglecting
thin film interference effects). A very short exciton diffusion
length should result in a dip in the IPCE spectrum at
k = 470 nm, as the TP-5 layer will filter light from the het-
erojunction. Likewise, an exciton diffusion length compara-
ble to the film thickness, should result in a peak at this
wavelength. A good fit to the IPCE spectrum between 400
and 500 nm could be obtained for an exciton diffusion
length of 18–20 nm (Fig. 6b). We propose that the weaker
intermolecular coupling in the derivative films inhibits
exciton diffusion, in which case thicker layers increase the
series resistance, but do not yield additional photocurrent.
This hypothesis was confirmed by examining the effect
of the thickness of the pentacene derivative layer on cell
performance. The thicknesses of the C60 and BCP layers
were fixed at 40 nm and 10 nm, respectively. Table 2 com-
pares Voc, Jsc, and g for TP-5 and EtTP-5 based pentacene/
C60 cells with different TP-5 and EtTP-5 layer thicknesses.
Voc is unaffected by the thickness of the EtTP-5 layer, indi-
cating that the offset between the HOMO of EtTP-5 and
LUMO of C60 plays a determining role in this system. The
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fill factor and current density, however, decrease
monotonically with cell thickness. Increased absorption
by EtTP-5 is more than offset by poor carrier extraction
owing to the particularly low hole mobility of this material.
Thus, the primary role played by EtTP-5 is to sensitize
charge photogeneration at the organic heterojunction.
The maximum efficiency (g = 0.74%) therefore occurs for
the thinnest (13 nm) EtTP-5 layer. For TP-5, the maximum
efficiency is (g = 0.56%) for a thickness of 24 nm, in good
agreement with the estimated diffusion length. For the
thinnest cell, efficiency is limited by light absorption of
TP-5 and as its thickness increases, the series resistance
limits the cell efficiency. These maximum efficiencies are
slightly below that of the reference pentacene cell (0.82%).
4. Conclusions

In summary, we have demonstrated organic solar cells
based on a series of pentacene derivatives functionalized
by triisopropylsilylethynyl and dioxolane substitution.
High open circuit voltages and reasonable power conver-
sion efficiencies were obtained for solar cells based on
these materials. Voc of these cells correlates nicely with
the oxidation potential of the donor pentacene derivative.
The power conversion efficiency of these cells reached
0.74% and was limited by the series resistance and photo-
current generation efficiency. We attribute these effects to
the amorphous nature of pentacene derivative films pre-
pared by sublimation onto unheated substrates. As im-
proved charge transport within the pentacene derivative
layer has been demonstrated [21,23], significant improve-
ments in efficiency may be expected with optimization of
both the deposition conditions and the device architecture.
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High-mobility rubrene single-crystal field-effect transistors are built on highly water- and
oil-repellent fluoropolymer gate insulators. Roughness is introduced at the surface once to
provide good adhesion to metal films and photoresist polymers for stable electrodes.
Before constructing interfaces to crystals, smoothness of the fluoropolymer surface is
recovered by annealing at a moderate temperature to maximize carrier mobility. Mobility
values estimated in the saturation region reproducibly exceeded 15 cm2/V s for all the 10
devices, reaching 30 cm2/V s for the best two devices. The results demonstrate that the
water-repellency and smoothness of the dielectric polymers are favorable for the excellent
transistor performance.

� 2008 Elsevier B.V. All rights reserved.
Organic semiconductors are attracting considerable
attention in the industry owing to their applicability to
low-cost and flexible electronic devices such as field-effect
transistors. In order to accelerate development of the or-
ganic field-effect transistors (OFETs) toward commercial
use for matrix controlling devices of ultra-thin displays,
for example, tremendous efforts are being made to im-
prove their reproducibility and stability in ambient atmo-
sphere as well as their current-amplifying performances
themselves. Although material development is by all
means essential along this line, equally important is
searching for gate insulating materials, as the interfaces
between the semiconductor and gate dielectric insulators
play the central part in their operation. Very recently, it
was reported that devices with fluoropolymer dielectric
insulators showed significant improvement in bias-stress-
. All rights reserved.

. Takeya).
ing and subthreshold properties, as compared with the
common OFETs with SiO2 gate dielectrics [1–3]. The use
of the water- and oil-repellent fluoropolymer can be favor-
able in the device stability, as moisture and other contam-
inants are reported to provide trap levels at the interface
between semiconductors and gate dielectrics [4]. The
drawback of the fluoropolymer insulators, however, is dif-
ficulty in some device fabrication processes, such as photo-
lithography and deposition of metal electrodes, because of
their high water- and oil-repellency itself.

In this paper, we report a method to essentially im-
prove the device fabrication processes, so that the photo-
lithography technique works on the fluoropolymer gate
insulators and highly air-stable OFETs are available with
a-few-micrometer scale channels. The method incorpo-
rates the processes of (1) dry etching the fluoropolymer
surface to stabilize the source and drain contacts by
improving adhesion of the metals and (2) annealing at
a temperature above the glass transition temperature

mailto:takeya@chem.sci.osaka-u.ac.jp
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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after preparation of the metal electrodes to minimize the
roughness of the gate dielectric surface, so that
scattering of the carriers induced near the interface be-
comes less probable.

To make the best use of the dielectric surfaces with
minimized trap density, we examine the device perfor-
mances using rubrene single-crystal transistors, for which
we reported very high carrier mobility incorporating care-
fully deposited silane-based self-assembled monolayers
at the interfaces [5]. As a result of these processes, the sin-
gle-crystal OFETs (SC-OFETs) exhibit excellent perfor-
mance as transistor devices with a maximum mobility l
of 30 cm2/V s in the saturation regime. We note that the
result marks the best performance factor of real current
amplification among any OFETs ever reported, though we
measured even higher values to represent potential mate-
rial property disregarding the contact resistances at source
and drain electrodes, using the method of the four-termi-
nal measurements [5]. Hystorically, SC-OFETs have been
used to demonstrate the maximum intrinsic properties of
the organic semiconductors as they exclude complications
due to grain boundaries, providing an insight into the fun-
damental mechanism of carrier transport [6–9]. In addition
to such approaches, recently emerging are attempts to
push forward the SC-OFETs for applications to realize an
ultimate performance preserving the high intrinsic proper-
ties of transporting carriers in semiconductor materials.
For example, integration techniques are being developed
to grow organic single-crystals simultaneously at many
positions on patterned electrodes in a substrate [10],
which contrast conventional methods of preparing SC-
OFET samples manually one by one [11–13]. Therefore, it
becomes to make more sense these days to discuss SC-
OFETs as candidates for practical use in the future.

We purchased a solution of fluoropolymer resin CytopTM

(CTL-813NMX) from Asahi Glass Company, and spin-coated
it on 500-nm thick SiO2/n-Si substrates. The films were
dried at 90 �C for 10 min and annealed in an oven at
200 �C for 1 h to evaporate the solvent completely. Then,
the surface of the fluoropolymer film was dry-etched with
CHF3 and oxygen-gas plasma for 2 min, using a SAMCO
RIE-10N reactive ion chamber to facilitate the subsequent
processes of photolithography and deposition of metal
electrodes by improving the adhesion. The use of the mixed
gas is effective in ashing away organic impurities and
removing the residual inorganic impurities during the reac-
Fig. 1. Scanning electron microscope images of the CytopTM films:
tive ion-etching process. Fig. 1a and b shows scanning elec-
tron microscopy (SEM) images of the fluoropolymer
surfaces before and after the dry etching process, respec-
tively. More surface features (i.e. roughness) are observed
after the etching process, which enhance the adhesion.

Source and drain electrodes of Au/Cr were fabricated to
a total thickness of 20 nm on the fluoropolymer films by
vacuum deposition and through the lift-off technique.
Because of the strong adhesion to rough surfaces, the elec-
trodes adhere to the polymer well, and thus can withstand
the lift-off process even in an ultrasonic bath. After forming
the electrodes, the substrates were annealed above the
glass transition temperature of the polymer (at 120–
200 �C) for 20 min to recover their original repellency.
The flatness of the resultant film can be seen in the SEM
image shown in Fig. 1c. We measured the water contact
angle on the film at each stage of the process to determine
the water repellency. The contact angle of the as-coated
polymer was 111�. It decreased to 96� after the etching
process and recovered to 107� upon annealing. The final
thickness of the gate insulators was typically �1 lm, as
measured with a profilometer for all the devices. The rela-
tive dielectric constant � of the CytopTM was �2.15, as
determined through independent ac impedance measure-
ments. The relatively low � value may be advantageous
for accumulating high-mobility carriers, because of less
significant polaronic coupling to dynamic polarization at
the fluoropolymer surface [14].

Thin platelets of rubrene single-crystals are grown to a
thickness of about 2 lm by physical vapor deposition [15].
Sublimation is repeated at least twice to purify the crystals.
The thin crystals are electrostatically laminated on the
substrates to obtain bottom-contact rubrene SC-OFETs
[12]. The channel width W and length L are both fixed to
100 lm for all the devices. We note that the channel is re-
stricted to the square region between the electrodes by
removing the area from the channel using laser-etching
equipment [16]. We measured the transfer and output
characteristics of the devices using an Agilent E5270 semi-
conductor parameter analyzer under ambient conditions.

The main panel of Fig. 2a shows the output characteris-
tics of a typical rubrene SC-OFET sample with a fluoropoly-
mer film measured in the crystallographic b axis direction
at various gate voltages VG. The drain current ID exhibits a
saturating trend with increasing drain voltage jVDj above
jVGj. In order to evaluate the mobility l in the saturation
(a) as formed, (b) after dry-etching, and (c) after annealing.
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regime, ID is measured as function of VG. Sweeping VG back
and forth gives almost no hysteresis. This indicates that the
bias-stress effect in the fluoropolymer devices is negligible,
which agrees with the results reported in [2]. Using the
standard equation

l ¼ L
W

2
Ci

o
ffiffiffiffiffi
ID
p

oVG

� �2

ð1Þ
the mobility l of the present device is estimated to be
�17 cm2/V s, taking the rate of o

ffiffiffiffiffi
ID
p

=oVG at weak gate elec-
tric fields. Ci is the capacitance of the gate dielectric per
unit area. Almost the same value is evaluated for the linear
region, which is shown in Fig. 2c. As we have argued previ-
ously [5,9], in high-mobility SC-OFETs, the rate of oID/oVG

tends to decrease as the applied VG increases, since the
carriers are more confined to the interface to the gate insu-
lators and suffer from scattering by random potentials at
the surface of the amorphous insulators. Thus, the esti-
mated l also reflects the extent of carrier distribution in-
side the crystals, in addition to the amount and energy
levels of shallow traps at the interfaces. The l values for
eight devices prepared by the same procedure are in the
range of �15–20 cm2/V s, indicating the good reproducibil-
ity of the fluoropolymer devices. On the basis of the
logarithmic plot in Fig. 2b, the normalized subthreshold
swing SCi is typically 6 V/nF decade and the on–off ratio
is �104, demonstrating the high switching performance
of the present devices. The main panel of Fig. 3 shows
the same plot as Fig. 2b for one of the two samples, in
which the device platform was prepared in a slightly dif-
ferent way. The fluoropolymer substrates were annealed
after photolithography but before deposition of the Au/Cr
electrodes, which sacrifices the adhesion of the metal to
the fluoropolymer surfaces. Though the resistance to the
lift-off process decreases, this method prevents thermal
deformation of the Au/Cr electrodes on the polymer sur-
faces. Using Eq. (1), l is estimated to be as high as
�30 cm2/V s in the saturation region. The l of the other
sample is estimated to be �28 cm2/V s. The fact that these
values are much higher than those of the previous eight
samples suggests that some microscopic inhomogeneity
of the dielectric surface related to the metal deformation
is responsible for the mobility of the carriers in the rubrene



756 M. Uno et al. / Organic Electronics 9 (2008) 753–756
crystal transistors. We also prepared several devices as ref-
erences on the rough polymer surfaces skipping the
annealing process. The l values are all less than or equal
to 10 cm2/V s for these devices, which indicates that the
micromorphology of the fluoropolymer surface is responsi-
ble for the performance of the SC-OFETs. The output char-
acteristics plotted in the inset of Fig. 3 also show current
saturation, though the saturating trend is not as obvious
as that inFig. 2b.

In our devices with SiO2 gate dielectrics, l in the satu-
ration region was much lower than that in the linear
region, though the maximum mobility of the linear region
(measured by the two-terminal method) reached�18 cm2/
V s for one of the SiO2 SC-OFETs [5]. One can find non-ideal
properties of the current saturation in the literature for
other high-mobility rubrene SC-OFETs with l values as
high as 19 cm2/V s [17]. Given that the pinch-off region
near the drain electrode responsible for current saturation
is defined by the presence of high-concentration impurities
in SiO2–silicon metal-oxide-semiconductor field-effect
transistors [18], the mechanism to form the pinch-off in or-
ganic semiconductors is non-trivial because of the absence
of explicit impurities. Thus, the experimental results on the
organic single-crystal transistors raise the question of how
compatible high-mobility carrier transport with mini-
mized impurity scattering and the ideal current saturation
with a well-defined pinch-off region in the channel are.
The present fluoropolymer OFET is a successful example
of a high-mobility device with fairly good saturation. It is
to be further investigated for compatibility, for the satura-
tion properties are crucial in such applications as a current
source in the back panels of organic displays. We also note
that the mobility value exceeds 15 cm2/V s for all 10 flu-
oropolymer devices. As compared to our previous SiO2 de-
vices, which were highly influenced by moisture and other
contaminants, the fluoropolymer SC-OFETs show much
better reproducibility. Thus, the incorporation of a fluoro-
polymer gate dielectric layer in SC-OFETs facilitates exper-
iments such as the evaluation of electronic properties of
newly synthesized compounds for organic transistors [19].

In conclusion, we have established a method to incorpo-
rate water- and oil-repellent fluoropolymer gate dielectrics
in high-performance organic single-crystal transistors: the
formation of stable metal electrodes and the use of photo-
lithography have become possible by intentionally intro-
ducing surface roughness. By recovering the surface
smoothness through post-annealing, a high-mobility of
up to 30 cm2/V s was achieved in the saturation region,
which directly leads to excellent current amplification per-
formance in real devices. In addition to high reproducibil-
ity, the technique of interfacing organic single-crystals and
fluoropolymer layers enables reliable platforms for experi-
ments, for example, the assessment of newly synthesized
organic materials and investigation of the ultimate carrier
mobility at the surfaces of organic semiconductors.
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leading to the formation of stable anions and dianions [19].
This property of PDIs makes them attractive materials in
chemiluminescence, near-infrared emitters and electro-
chromic devices [14,16,20]. The majority of studies on
optical and electrochemical properties of PDIs are carried
out in solution [16,19,21] and the number of solid state
electrochemistry studies are limited [15,22–25]. Addition-
ally, macroscopic oxide films are under intensive investiga-
tion due to their use in optoelectronic applications such as
dye-sensitized solar cells, electrochromic and electrolumi-
nescent displays [26–33]. The electrochemistry of self-
assembly films of polyether derivatives of PDIs was previ-
ously reported by Gregg [25], but we could find no report
on the electrochemistry of polyether substituted PDI doped
nanocrystalline metal oxide films.

On the other hand, the research field of electrochromic
materials includes organic, inorganic, and polymeric mate-
rials as well as several hybrid materials [34,35]. The most
common applications of EC materials include a variety of
displays, smart windows, optical shutters, and mirror de-
vices. Electrochromic materials include organic small mol-
ecules, such as the bipyridiliums (viologens), which are a
class of materials that are transparent in the stable dicat-
ionic state. Electrochromism is observed for the thin films
of polyviologens and N-substituted viologens such as hep-
tyl viologen [34]. Recently, improved electrochromic prop-
erties have been observed with composite systems, where
organic molecules are adsorbed on mesoporous nanoparti-
cles of doped metal oxides [35,36–38]. To the best of our
knowledge, electrochromic effect of perylenediimides ad-
sorbed on mesoporous surfaces was not reported. Previ-
ously, we reported spectroelectrochemical properties of
perylenemonoimidemonoanhydride derivatives but not
for perylenediimides [38,39].

In this paper, series of PDI derivatives are synthesized,
electrochemical and spectral behavior of PDIs on nanocrys-
talline metal oxide particles are investigated. The stability
of mono and dianionic species on mesoporous metal oxide
surface is presented. PDI 1–4 include polyether side chain
ending with amino groups and PDI 5 includes phenyl
substituted polyether side chain attached from phenyl
units to perylene core. Free amino substituents are chosen
for their reactive features that allow functionalization and/
or they provide a site for attaching on different substrates.
Phenyl substituted polyether derivative is chosen for its
low fluorescent feature and compare with PDI 1–5. In order
to determine the solid state behavior of synthesized dyes,
the optical and electrochemical properties are studied on
semiconductor (nc-TiO2), insulator (nc-Al2O3), amorphous
Si surfaces and self-assembly films and that compared with
their solutions in CHCl3 The chemical structures and their
names of synthesized PDIs are given in Scheme 1.

2. Experimental section

2.1. Chemicals and instruments

Perylene-3,4:9,10-tetracarboxylic dianhydride (PDA),
tetraethylene glycol di(p-toluene sulphonate) (TEGdTs),
pentaethylene glycol di(p-toluene sulphonate) (PEGdTs),
sodium (Na), ethanolamine, 1-amino-2-propanol, triethyl-
ene glycol monomethyl ether, aluminum oxide (neutral)
and silicagel 60 for column chromatography, tetrabutyl-
ammonium hexafluorophosphate ([TBA][PF6]), titanium
(IV) isopropoxide [Ti(OiPr)4], poly(ethyleneoxide) (MW
100.000), glacial acetic acid, tetraethyl orthosilicate (TEOS)
were obtained from Fluka. Potassium carbonate (K2CO3),
dimethyl formamide (DMF), p-nitrophenol (p-NO2PhOH),
hydrazine monohydrate (NH2NH2.H2O), imidazole, thionyl
chloride (SOCl2), benzene, and pyridine were obtained
from Merck. Organic solvents chloroform (CHCl3), dichlo-
romethane (CH2Cl2), acetonitrile (MeCN), ethanol (EtOH),
methanol (MeOH), 2-propanol (iPrOH), tetrahydrofuran
(THF), ethyl acetate (EtOAc), toluene (C6H5CH3) were of
spectroscopic grade and used as received. Ferrocene (Fc)
was from Aldrich and used as standard for the determina-
tion of LUMO energy levels of synthesized PDI derivatives.

PDI derivatives were analyzed by using Nicolet Magna
550 FTIR spectrophotometer, Bruker DPX-400 and
400MHz HP Digital FT–NMR spectrometer, Analytic Jena
S 600 UV spectrophotometer, PTIQM1 fluorescence spec-
trophotometer and Picoquant Time-Harp 100 instrument
equipped with PDL 800-B laser/LED pulse lamb. CH Instru-
ments 660B model potentiostate was used for electro-
chemical measurements under nitrogene atmosphere at
various scan rates. Tencor Alpha Step 500 profilometer
was used in thickness measurements of the films.

2.2. Synthetic methods

PDIs were synthesized according to the published liter-
ature procedures [41a–d].

2.3. Preparation of PDI doped nanocrystalline titania film
(NT)

The nanocrystalline TiO2 films were prepared according
to the procedure described in literature [42a]. The auto-
claving process was carried out at 235 �C, instead of
200 �C and colloidal solution condensed to 10% by weight
of TiO2. Anatase TiO2 colloids were obtained from a sol-
gel hydrolysis by autoclaving and condensation of Ti(OiPr)4

in acetic acid solution. 160 ml of H2O and 51 ml glacial ace-
tic acid were mixed in a flask and stirred at 0 �C. 6 ml of
iPrOH and 24 ml Ti(OiPr)4 were mixed in a dropping funnel.
The Ti(OiPr)4 / iPrOH solution was dripped into acetic acid-
H2O mixture, which was previously prepared and kept at
0 oC, at a rate of 1–2 drops/s. The mixture was refluxed
for 4 h and then recovered colloidal solution was placed
into an autoclave chamber equipped with a Teflon beaker
and heated at 235 �C for 12 h. After this treatment the col-
loidal solution was sonicated and evaporated to a final con-
centration of 10% of TiO2 by weight. In order to act as a
binding agent poly(ethyleneoxide), 20% by weight with re-
spect to the amount of TiO2, was added to this final colloi-
dal solution. The paste was coated onto microscope glass
slides by doctor blade technique. TiO2 films were dried at
room temperature and then sintered at 450 �C for 30
min. Final thickness of porous TiO2 films were�5 lm. Dop-
ing of the PDIs onto TiO2 films were performed by soaking
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glass slides into 0.5 mM MeCN solution of PDIs and keep-
ing in the solution for 3 h. PDI adsorbed TiO2 films finally
washed with fresh MeCN.

2.4. Preparation of PDI doped silica films (PS)

TEOS (22.4 ml, 0.1 mol) and dry EtOH (11.2 ml) were
mixed in a flask and stirred for 10 min under N2 atmo-
sphere (Solution A). A mixture of 7.2 ml H2O (0.4 mol)
and 1 ml HCl (37%) were added to absolute EtOH (11.2
ml) in a flask and stirred for 10 min (Solution B). Solution
A was added dropwise to Solution B that was under vigor-
ous stirring. Synthesized PDIs were dissolved in this sol–
gel solution to obtain 0.5 mM final dye concentration. After
obtaining an individual complete dissolution of each PDI, 1
ml Triton-X 100 surfactant was added to sol–gel solution in
order to prevent the films from cracking. After stirring for 5
min, resulting silica sol-gel solution was coated onto
microscope glass slides by dip coating. The films were
dried at 100 �C for 30 min. Final thickness of silica films
were measured and found to be �4.5 lm.

2.5. Preparation of PDI doped nanocrystalline alumina film
(NA)

Nanocrystalline Al2O3 (alumina) films were prepared by
Yoldas et. al. route [42b]. Aluminium tri-iso propylate (51 g
0.25 mole) hydrolyzed in 450 ml (25.5 mole) hot water at
75–80 �C under vigorous stirring. 1.46 ml (0.0175 mole)
HCl (36.5%) added into solution and peptized for 3 days
Scheme 1. N,N0-Bis{2-[2-(2-{2-[2-(2-amino-1-methylethoxy) ethoxy]ethoxy}et
N,N0-bis(2-{2-[2-(2-{2-[2-(2-amino-1-methylethoxy)ethoxy]ethoxy}ethoxy)etho
bis{2-[2-(2-{2-[2-(2-aminoethoxy)ethoxy]ethoxy}ethoxy)ethoxy]ethyl}-3,4:9,10
aminoethoxy)ethoxy]ethoxy}ethoxy)ethoxy] ethoxy}ethyl)-3,4:9,10-perylene
ethoxy]ethoxy}phenyl)-3,4:9,10-perylene tetracarboxydiimide, (PDI 5).
at 90 �C. At the end a clear solution (sol) was obtained.
The sol was concentrated to 17.5% Al2O3 (w/w) at 50 mbar
and 50 �C with rotary evaporator. 8% PEG 20000 was added
to obtain a better film and stirred overnight to get homoge-
neous paste. The paste was coated on the conductive FTO
coated glass electrodes by doctor blade technique. Scotch
3M Polymer tape was used as a spacer. Prepared films were
heated at 500 �C for 30 min. Thickness of the films was
found as 8 lm.

2.6. Preparation of self-assembly PDI films (SA)

THF solutions of the PDIs with a concentration of 15–20
mg PDI/ml THF were used for spin-coating (1600 rpm).
Glass microscope slides were used as support material.

3. Results and discussion

Synthesized PDIs were waxy and very soluble in com-
mon organic solvents ranging from alcohols to toluene.
Their solubility in polar and protic solvents was better than
aprotic and non-polar ones. This might be because of the
polar side chains of the dyes and their capability of making
hydrogen bonds with protic solvents.

3.1. Absorbance and luminescence properties of PDIs

The absorption and fluorescence spectra of the PDIs
were recorded in four different organic solvents
(C6H5CH3, CHCl3, MeOH, and MeCN) and four different thin
hoxy) ethoxy] propyl}-perylene-3,4:9,10- tetracarboxydiimide, (PDI 1);
xy]ethoxy}propyl)-3,4:9,10-perylene tetracarboxydiimide, (PDI 2); N,N0-
-perylene tetracarboxydiimide, (PDI 3); N,N0-bis(2-{2-[2-(2-{2-[2-(2-

tetracarboxydiimide, (PDI 4); N,N0-bis(4-{2-[2-(2-methoxyethoxy)



Fig. 1. (A) Absorption spectra of PDI 3 in CHCl3, PS, SA, NA and NT films and (B) fluorescence emission spectra of PDI 3 in CHCl3, and the films (PS: silica film,
SA: self-organized film, NT: nanocrystalline titania film, and NA: nanocrystalline alumina film).
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films (NT, PS, self-assemblied (SA), and NA) at room tem-
perature. Fig. 1A shows the absorption spectra of PDI 3 in
CHCl3 solution and films. The UV–vis absorption spectra
of the PDIs in solution have three bands at 459, 488 and
522 nm, which are characteristic for all symmetric PDI
derivatives [1–5]. The maximum absorption and fluores-
cence emission wavelengths of the PDIs have slightly
blue-shifted (about 5–6 nm) with increasing solvent polar-
ity. Strong broadening of absorption peaks due to exciton–
phonon coupling was observed in the case of film and the
absorption maximum shifts blue by 0.21 eV (from 522 to
488 nm) due to the p-orbital overlaps between dye mole-
cules [44]. The broadening of the absorption spectrum
was mostly dominant in NT films when compared to NA,
PS and SA films. The absorption maxima are changed from
522 to 488 nm whenever the dye environment is changed
from CHCl3 solvent to film matrix. Although the nature of
this shift is not very well known, it is related to the inter-
molecular interactions and aggregation tendency of these
dyes in thin films [45–48]. The ratio of absorbances of
522 to 488 nm band decreases, which often indicates
aggregation of these dye molecules [48].

The fluorescence emission spectra (Fig. 1B) of PDIs were
obtained in CHCl3 solutions (kexc = 488 nm) and in thin
films. The emission spectra of the PDI derivatives were
all the same except the SA and NT films. In SA and NT films,
the three emission bands that are characteristic for PDIs
were seen. The emission spectra of SA films were broad-
ened and strongly red-shifted, whereas the emission in
NT films was almost disappeared (Fig. 1B).

The fluorescence quantum yields (Uf) of PDIs in CHCl3

were calculated according to the published procedure
and N-DODEPER was used as the reference [43]. The Uf

of the PDIs in CHCl3 was determined as 0.95–1.0 for PDI
1–4, however for PDI5 this value was calculated as 0.024.
Determinations of fluorescence quantum yields of the dyes
in solution are relatively easy in comparison to thin films.
In thin films many corrections, such as self-quenching of
the emission and the total internal reflection of the emis-
sion due to high refractive indices must be done for accept-
able determination of quantum efficiencies. On the other
hand, Tirapattur et al. calculated the fluorescence quantum
yield by using time-resolved fluorescence measurements
obtained in both phases (solution and thin films) assuming
that the fluorescence decay constants (kf) are similar in
both phases [49,50]. But this approach may not be valid
since the fluorescence decays are multi exponentials.

Fig. 2 shows fluorescence decay curves (bir tane decay
var) of PDI 3 in CHCl3 solution. The fluorescence lifetimes
(sf) were measured to be 5, 17, 2.8 and 1.7 ns in solution
(CHCl3), and in the SA, PS and NA films, respectively (Table
1). The fitting procedure applied to the fluorescence decay
profiles yield acceptable statistic (X2 < 1.2) with a single-
exponential function in CHCl3 solutions and multi expo-
nentials in thin films.

The red-shift observed for PDIs in SA films was about
90 nm. Liu et al. observed that PDIs including polyether
side chains form highly ordered thin films [51]. The strong
tendency of PDIs to form p–p stacking arrangement may
yield strong interactions between PDIs in the films result-
ing in a red-shift in spectra and a longer fluorescence life-
time [52]. Similar red-shifted emission band was observed
for PDI polymers by De Witte et al. [53]. The fluorescence
lifetime of SA films are measured to be between 15.7–
18.2 ns, which are significantly longer than those in CHCl3.
The longer fluorescence lifetime in SA films is in agreement
with literature and explained by the formation of excimer
type species in films [48,53] The experimental data clearly
points that the presence of new species which could be an
excimer type of aggregates or complexes of PDIs in SA
films. The fluorescence spectra of PDIs in PS and NA thin
films are similar to those in solutions but lower in fluores-
cence intensity. Furthermore, the fluorescence lifetimes of
PDIs in PS and NA thin films are shorter than those of in
solution and measured to be 2.8 and 1.7 ns for PS and NA
films, respectively. Shorter lifetimes are consisted with



Fig. 2. The fluorescence decay curve of PDI 3 (in CHCl3, concentration <10�5).

Table 1
Spectroscopic data for the PDIs in solution and thin films

PDI sf (ns) Uf

CHCl3 SA PS NA CHCl3

1 4.74 18.2 2.85 1.78 0.99
2 4.99 16.3 2.78 1.76 0.95
3 4.72 15.7 2.81 1.82 1.00
4 4.67 17.3 2.92 1.77 0.99
5 0.06 – – – 0.024

sf values are fluorescence lifetimes and Uf values are quantum yields.
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lower intensity of fluorescence, pointing that rate of nonra-
diative transitions, regardless of their nature, are faster
than the radiative transitions. The low Uf of PDI 5 arises
from the electron-rich aromatic substituent, which leads
to a strong fluorescence quenching, as reported and de-
scribed in literature [32,33,54–58]. It must be noted that,
the fluorescence lifetime of PDI 5 in PS and NA films were
not reported because of poor statistics even with multi-
exponential decay curves.

Extremely weak fluorescence intensity of the synthe-
sized PDIs may be attributed to the strong electrostatic
interactions between TiO2 and dye molecules [59]. It also
indicates the possibility of efficient photo-energy/electron
transfer processes from the excited PDI molecules to the
nanostructured TiO2 surface. Bossman et al. reported that
RuðbpyÞ2þ3 complexes located near TiO2 do not emit light
[60]. HOMO and LUMO energy levels of RuðbpyÞ2þ3 (�5.9
and �3.9 eV) [40] are very similar to those of PDIs, (�5.9
and �3.8 eV) [54]. The quenching mechanism of our dyes
can be explained by the injection of excited electrons to
electron traps below the band edge of TiO2. Thus the in-
jected electrons recombine by non-radiative processes
resulting in a very weak emission and very fast fluores-
cence decay that is faster than our instrument response.
Solid state electrochemical studies support our approach
and these results will be discussed in following sections.

3.2. Electrochemistry of PDIs in solution

Determination of HOMO and LUMO energy levels is cru-
cial for the selection of anodic and cathodic materials in or-
ganic electronics [61]. Electrochemical potentials provide
these information. The electrochemical measurements of
PDIs were performed by the use of 0.1 M [TBA][PF6] as
electrolyte in MeCN/CHCl3: 5/1 solvent mixture. Glassy
carbon electrode (GCE) was used as working, platinum
wire as counter and Ag/AgCl as reference electrodes. Calcu-
lation of LUMO and HOMO energy levels were based on the
value of 4.8 eV for ferrocene with respect to vacuum level
and following equations were used [62]

ELUMO ¼ �eðE1=2ðred:;dyeÞ—E1=2ðFcÞ þ 4:8Þ;
EHOMO ¼ �eðE1=2ðox:;dyeÞ—E1=2ðFcÞ þ 4:8Þ:

The onset potentials (Ered.1 and Ered.2) were determined
from the intersection of two tangents drawn at the rising
reduction current and background current in the cyclic vol-
tammograms. The first reduction peak was used to calcu-
late the LUMO energy level as it belongs to the reduction
of neutral molecule whereas the second peak belongs to
the reduction of monoanion of parent molecule. HOMO en-
ergy values of PDIs were estimated from oxidation poten-
tials. The electrochemical band gap values are calculated
by subtracting the onset potential of the first reduction
and the first oxidation.

Two reversible reductions of PDIs are observed on the
voltammograms. The redox potentials and HOMO–LUMO
energy levels of the dyes are given in Table 2. The cyclic
voltammogram of PDI 1 in CHCl3 solution (as inset) is
shown in Fig. 3. Two reversible reduction peaks around
�0.57 and �0.77 V and one irreversible oxidation peak



Table 2
Peak potentials of PDIs in CHCl3 and films

PDI Eox. (V) Ered.1 (V) Ered.2 (V) LUMO (eV)c HOMO (eV)c Band gap (eV)

CHCl3 CHCl3 SA NT NA CHCl3 SA NT NA CHCl3 CHCl3 CHCl3

1 +1.68 �0.57 �0.81 �0.85 �0.84 �0.77 �1.07 �1.15 �1.06 �3.95 �6.07 2.25a 2.12b

2 +1.72 �0.56 �0.82 �0.83 �0.86 �0.75 �1.05 �1.16 �1.09 �3.96 �6.14 2.24a 2.18b

3 +1.73 �0.54 �0.80 �0.85 �0.85 �0.72 �1.05 �1.13 �1.05 �3.93 �6.12 2.25a 2.19b

4 +1.79 �0.53 �0.79 �0.85 �0.82 �0.74 �1.07 �1.15 �1.10 �3.95 �6.07 2.25a 2.12b

5 +1.60 �0.58 �0.76 �0.88 �0.86 0.72 �1.09 �1.19 �1.08 �3.88 �6.06 2.25a 2.18b

a Optical band gaps.
b Electrochemical band gaps.
c (Fc/Fc+ is 0 and 42 V vs Ag/AgCl).
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around 1.68 V are observed for PDI 1. The peak separations
between two reduction potentials are 14–20 mV. DEp val-
ues are 79 mV for first reduction and 82 mV for second
reduction. Integration of peak shapes shows that each
reduction refers to one electron process. No significant
change at the peak currents is observed after several cycles
(15 times). LUMO energy values of PDIs in solution are cal-
culated to be between �3.88 and �3.96 eV. The electro-
chemical and optical band gap values are in good
correlation and observed to be between 2.1 and 2.3 eV (Ta-
ble 2). Although the LUMO energy levels, calculated from
the redox potentials for liquid phase seem to be favorable
for photovoltaic applications, the solid state electrochem-
istry data is required to support it. That is why the position
of conduction band edge of TiO2 is dependent on the
amount the ions adsorbed at inner Helmholtz double layer
of TiO2/electrolyte interface [63]. The amount of ions, ad-
sorbed at Helmholtz layer, maybe, is affected by the ad-
sorbed dye on TiO2 surface. The electrochemistry of the
thin films will be discussed in Section 3.3.

3.3. Electrochemistry of thin films

Solid state electrochemistry is a useful tool to under-
stand whether there is an interaction between electroac-
Fig. 3. Cyclic voltammogram of NT (PDI 1), NA (PDI 1) and SA (PDI 5)
films. The inset is cyclic voltammogram of PDI 1 in solution (supporting
electrolyte is 0.1 M [TBA][PF6] in MeCN/CHCl3:5/1).
tive groups of organic molecule and metal oxide surfaces
or not. NA, SA and NT films were prepared on FTO glasses
and used as working electrode. Fig. 3 shows cyclic voltam-
metry of SA, NT an NA films. Since PDI 1–4 are soluble in
common solvents, the SA films of them are not stable in
electrolyte and just only one cyclic scan can be performed
with high scan rates (P200 mV/s). However, the very low
solubility of PDI 5 in CH3CN allowed us to make the spec-
troelectrochemical experiments in SA films. Therefore, the
results in SA films were given and discussed only for PDI 5.

The redox potentials of films shows approximately
25 mV negative shift when compared with solution phase.
This shift may be explained by the limited percolation of
electrolyte cations. TBA+ cations are quite large and its per-
colation inside the film is more difficult than that of smal-
ler cations, such as Li+, Na+ etc. Gregg et al. reported that,
because of its large size and the nonreactive alkyl groups
on its periphery, TBA+ neither adsorbs on the TiO2 surface
nor reacts chemically with it [64]. On the other hand, poly-
ether side chain oxygen atoms with unpaired electrons
may be attractive centers for electrolyte cations. Electro-
static interactions between electrolyte cations and un-
paired electrons on oxygen atoms may decrease the
mobility of cations. In order to understand this approach
better, amino precursor (PEGDA1), which contains pentae-
thyoxy chain and non-electroactive in studied potential re-
gion, is doped onto TiO2 film and electrochemical behavior
of the films are monitored. Fig. 4 shows the cyclic voltam-
mograms of bare TiO2, bare alumina and PEGDA1 doped
TiO2 films. The alumina films show a weak background
current but it is negligible in comparison with that of
TiO2 film. The TiO2 films show a capacitive current starting
from �0.60 V. Because of the electron traps below bulk
conduction band edge of TiO2, the electrons flow from
F:SnO2 electrode to TiO2 particles. These accumulated elec-
trons are immobile unless they are thermally excited to the
conduction band [65]. The capacitive current of TiO2 film
slightly increases when doped with PEGDA1. As mentioned
above, polyether side chains including oxygen atoms may
act as attractive centers for electrolyte cations. Although
TBA+ cations do not like TiO2 surface, the etheric oxygens
may facilitate their movement though the film surfaces
that results in more capacitance.

CV measurements were also carried out by using LiClO4

as electrolyte and the results (not shown here) supported
our approach. Influence of electrolyte cations on redox
behavior is another topic for future studies. Here, we fo-



Fig. 4. Cyclic voltammogram of bare TiO2, alumina and amino precursor
(PEGDA1) doped TiO2 film.

Fig. 5. Cyclic scans of PDI 5 at 200 (a), 100 (b), 50 (c) and 25 (d) mV/s scan
rate.
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cused on the influence of the film matrix on redox behav-
iors. Therefore, the potentials in 0.1 M TBAPF6 were
considered.

As expected, SA and NA films show two reversible
reductions. The reduction peaks are separated by
�30 mV. The peak separations are �15 mV larger than that
of solution phase. This can be attributed to a dimer anion
(dimer�) formation between monoanion and neat perylene
molecules after the first reduction step. Thus, the forma-
tion of dianion becomes more difficult (requires more neg-
ative voltage) in SA and NA films. The NT films show
different behavior during voltammetric time scale. The
second reduction onset voltage shifts slightly to more neg-
ative potentials than those of SA and NA films. Moreover,
the first reduction is reversible but the reversibility of the
second reduction changes depending on the scan rate. Inte-
gration of the peaks shows that approximately 30% of
monoanion does not convert to dianion. The onset poten-
tial of capacitive current on NT films is nearly at the same
potential with that of PDIs and the electron accumulation
on TiO2 particles continues during the voltammetric scan.
The first reduction onset of PDI may not be influenced by
the accumulated electrons due to the small amount of
accumulation. However the amount of accumulated elec-
trons increases by the increasing negative voltage and this
may supply some negative charge for positively charged
non-reduced carbonyl groups. Thus the second reduction
potentials of PDI might be expected to shift more negative
potentials than those of SA and NA films. Reversibility of
the reduction waves depends on the scan rate in NT films.
The reduction waves are almost fully reversible at high
scan rates (>100 mV/s). However, the oxidation waves dis-
appear when the scan rate is decreased (Fig. 5). At very low
scan rates, desorption of adsorbed PDI is also observed. The
cyclic scans at various (5, 10, and 25 mV/s) scanning rates
shows that the desorption starts below�1.0 V that approx-
imately corresponds to the second reduction peak of PDI.
We applied �1.0 V for 3 min to a 2 cm2 TiO2 film in order
to desorb enough amount of dye to the solution phase that
will allow cyclic scan. The cyclic voltammogram of the des-
orbed dye gave only one reversible reduction peak at
around �0.5 V. It indicates that a degradation process ex-
ists after the second reduction. Gosztola et al. observed
some degradation of PDI dianion during bulk electrolysis
in OTTLE cell and they attributed that some residual oxy-
gen in OTTLE cell can lead a photodegradation process
[20]. Since SA and NA films did not show such degradation
in our working condition, it is clear that TiO2 plays an ac-
tive role. We think that the PDIs, presented in this study,
are not convenient for Greatzel type organic dye-sensitized
photovoltaic applications since the onsets of capacitive
current of TiO2 and the first reduction of PDI are nearly
at the same potential. That is why the onset of capacitive
current is related with the Fermi level of TiO2 and it is clear
that the LUMO energy level of PDIs lies under the conduc-
tion band of TiO2. It is a known the fact that the LUMO level
of dye must be located slightly above the conduction band
edge of n-type semiconductor for electron injection [26].

3.4. Spectroelectrochemistry of thin films

The changes in absorption spectra of the films depend-
ing on applied voltage were also characterized. Spectro-
electrochemical measurements were carried out with NT
and NA films. The working electrode was F:SnO2 – metal
oxide – PDI with �1 cm2 area. The counter and quassi-ref-
erence electrodes were prepared by stripping 5 mm of
F:SnO2 coating in the middle of the F:SnO2 coated glass,
and coating the separated parts by platinum and silver
paste, respectively. The working electrode and counter/
quassi-reference electrode were sealed with surlyn agent
at 110 �C. Nitrogen saturated supporting electrolyte was
filled from previously prepared holes to system under vac-
uum. The prepared systems were placed into the holder of
UV–vis spectrophotometer and connected to potentiostat.

Both NA and NT films display striking electrochromism
during the reduction process. A color change from red to
blue and from blue to violet is observed while the potential
decreases from 0 to �1.8 V. Blue color appears at the first



Fig. 6. Absorption spectra of NT–PDI 1 (a), NA–PDI 1 (b) and SA–PDI 5 (c) films with respect to applied voltage.
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reduction potential which correspond to monoanion. The
color change from blue to violet (dianion) appears down
to �1 V. Several cycles were carried out at high scan rates
(>100 mV/s) and complete color change is observed in both
NA and NT films. However, due to possible degradation of
the dye at NT films, color loss occurs at scan rates lower
than 100 mV/s. At more positive potentials (�0 V) com-
pared to the offset of monoanion re-oxidation potential,
color change from violet to red is observed in NT films.
No additional peak corresponding to color change ob-
served. That means, the electrons do not move to F:SnO2

electrode, probably remain in TiO2 traps, thus no current
(or peak on cyclic scale) appears. The form of cathodic
and anodic current in bare TiO2 electrode supports our ap-
proach (Fig. 4). While the cathodic scan shows a linear in-
crease, the anodic scan shows peak-like discharge of
accumulated electrons. The offset of anodic scan is ob-
served to be more negative than the onset of the cathodic
scan. It indicates that the discharge of accumulated elec-
trons occurs faster than accumulation. Thus, most of the
traps become empty before the complete oxidation of
monoanions of PDI. On the other hand, the color change
is reversible in NA films. The complete color change from
blue (monoanion) to red (neutral) terminates close to
0 V. In agreement with color change, the oxidation peak
tail appears up to 0 V in NA films (Fig. 3). These observa-
tions also indicate that TiO2 particles mostly capture a cou-
ple of electrons given by monoanion under the negative
voltage. Fig. 6 shows the absorption spectra of NA and NT
films with respect to the applied voltage conditions. New
absorption peaks at 631, 674, 710, 773, 796 and 956 nm
grow up to �1.0 V. These are characteristic monoanion
peaks as reported by other authors, with the exception that
the peak at 631 nm does not decline by the applied voltage
below �1.0 V [20,25,66]. As mentioned above, �30% of
monoanion remains in NT films. Therefore the absorption
peaks related to monoanion is observed below �1.0 V
which is onset potential for dianion formation. By the for-
mation of dianions, the peaks at 523, 563 and 590 nm are
observed. The maximum absorption band of dianion in
NA films appears at 523 nm, while this value is 563 nm
in NT films. The peak at 523 nm is characteristic maximum
absorption band for dianion of PDI in solution [20]. As dis-
cussed above, the degradation of PDI starts by the forma-
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tion of dianion. The decrease of the characteristic absorp-
tion maxima is due to the degradation of PDIs. The NA
films show similar absorption bands of dianion formation
in solution. The peaks corresponding to neutral species still
appear during the monoanion formation in NA and NT
films. It is most probably due to the formation of dimeric
species between monoanion and neutral species.

The absorption spectra of SA films (for PDI 5) show struc-
tureless and broad peaks especially for dianion. The absorp-
tion spectra of monoanion show more or less definable
broad peaks. By the formation of monoanion, the absorption
peaks of neutral PDI become broad and new broad peaks ap-
pear at 700 and 820 nm. The peaks become more compli-
cated by the formation of dianion. Self-assembly films of
PDIs which are chemically reduced show similar results
[45].

4. Conclusion

In this study, electrochemical and spectroscopic proper-
ties of polyether derivatives of PDIs adsorbed on metal
oxide surface are presented. Electrochromism of PDIs is
clear and stable on NA films. The observation of red and
blue color in the systems presented in this study, especially
in NA films, maybe an advantage for the design of RGB
molecular electrochromic devices. On the other hand, the
onset potential of the first reduction LUMO of PDIs and
the onset potential of capacitive current (Fermi level) of
TiO2 are almost equal. It indicates the LUMO level of PDIs
is under the conduction band of TiO2. Therefore, these dyes
may not be convenient for photovoltaic applications.

Acknowledgements

We acknowledge partial funding by the European Com-
mission (FP6 MOLYCELL project-SES-CT-2003-502783),
Scientific and Technical Research Council of Turkey (TUBI-
TAK, NATO A-2 support funds) and Alexander von Humbolt
Foundation of Germany. We appreciate the project support
funds of the State Planning Organization of Turkey (DPT).

References

[1] H. Langhals, S. Sprenger, M.T. Bradherm, Liebigs Ann. (1995) 481.
[2] H. Langhals, W. Jona, Eur. J. Org. Chem. (1998) 847.
[3] K.D. Belfield, K.J. Schafer Jr., M.D. Alexander, Chem. Mater. 12 (2000)

1184.
[4] A.M. Van de Craats, J.M. Warman, P. Schlichting, U. Rohr, Y. Greets, K.

Müllen, Synth. Met. 102 (1999) 1550.
[5] P. Pösch, M. Thelakkat, H.W. Schmidt, Synth. Met. 102 (1999) 1110.
[6] W. Huang, D. Yan, Q. Lu, Y. Huang, Eur. Polym. J. 39 (2003) 1099.
[7] Y. Shibano, T. Umeyama, Y. Matano, H. Imahori, Org. Lett. 9 (2007)

1971.
[8] T. Edvinsson, C. Li, N. Pschirer, J. Schöneboom, F. Eickemeyer, E. Sens,

G. Boschloo, A. Herrmann, K. Müllen, A. Hagfeldt, J. Phys. Chem. C
Lett. 111 (2007) 15137.

[9] H. Icil, S. Icli, J. Polym. Sci. A: Polym. Chem. 35 (1997) 2137.
[10] M.J. Ahrens, L.E. Sinks, B. Rybtchinski, V. Liu, B.A. Jones, J.M. Giaimo,

A.V. Gusev, A.J. Goshe, D.M. Tiede, M.R. Wasielewski, J. Am. Chem.
Soc. 126 (2004) 8284.

[11] S. Mackinnon, M.Z.Y. Wang, J. Polym. Sci. A: Polym. Chem. 38 (2000)
3467.

[12] H. Dincalp, S. Icli, J. Photochem. Photobiol. A: Chem. 141 (2001) 147.
[13] C. Karapire, C. Timur, S. Icli, Dyes Pigments 50 (2003) 135.
[14] M.E. Williams, R.W. Murray, Chem. Mater. 10 (1998) 3603.
[15] G. Tamizhmani, J.P. Dodelet, Chem. Mater 3 (1991) 1046.
[16] W. Lu, J.P. Gao, Z.Y. Wang, Y. Qi, G.G. Sacripante, J.D. Duff, P.R.
Sundararajan, Macromolecules 32 (1999) 8880.

[17] C.W. Struijk, A.B. Sieval, J.E.J. Dakhorst, M. Van Dijk, P. Kimkes, R.B.M.
Koehorst, H. Donker, T.J. Schaafsma, S.J. Picken, A.M. Van de Craats,
J.M. Warman, H. Zuilhof, E.J.R. Sudhölter, J. Am. Chem. Soc. 122
(2000) 11057.

[18] R.A. Cormier, B.A. Gregg, J. Phys. Chem. B 101 (1997) 11004.
[19] S.K. Lee, Y. Zu, A. Herrmann, Y. Geerts, K. Müllen, A.J. Bard, J. Am.

Chem. Soc 121 (1999) 3513.
[20] D. Gosztola, M.P. Niemcyzk, W. Svec, A.S. Lukas, M.R. Wasielewski, J.

Phys. Chem. A 104 (2000) 6545.
[21] W.E. Ford, H. Hiratsuka, P.V. Kamat, J. Phys. Chem 93 (1989) 6692.
[22] K.J. Cho, H.K. Shim, Y.I. Kim, Synth. Met. 117 (2001) 153.
[23] J. Danziger, J.P. Dodelet, N.R. Armstrong, Chem. Mater. 3 (1991) 812.
[24] D.K. Slattery, C.A. Linkous, N.E. Gruhn, J.C. Baum, Dyes Pigments 49

(2001).
[25] B.A. Gregg, R.A. Cormier, J. Phys. Chem. B 102 (1998) 9952.
[26] B. O’Reagan, M. Gratzel, Nature 353 (1991) 737.
[27] M. Graetzel, Nature 414 (2001) 338.
[28] Q. Wang, S. Zakeeruddin, .M. Cremer, J. Baeuerle, P. Humphry-Baker,

R.M. Graetzel, J. Am.Chem. Soc 127 (2005) 5706.
[29] P. Bonhote, E. Gogniat, F. Campus, L. Walder, M. Graetzel, Displays 20

(1999) 137.
[30] Y.S. Huang, L. Kavan, I. Exnar, M. Graetzel, J. Electrochem. Soc. 142

(1995) L142.
[31] W. Gopel, K.D. Schierbaum, Sens. Actuators B 26 (1995) 1.
[32] M.T. Möller, S. Asaftei, D. Corr, M. Ryan, L. Walder, Adv. Mater. 216

(2004) 1558.
[33] R. Cinnsealach, G. Boschloo, S.N. Rao, D. Fitzmaurice, Sol. Energ.

Mater. Sol. Cells 55 (1998) 215.
[34] C.A. Bignozzi, M. Biancardo, P.F.H. Schwab, Semiconductor

photochemistry and photophysics, in: V. Ramamurthy, K.S.
Schanze (Eds.), Molecular and Supramolecular Photochemistry, vol.
10, Marcel-Dekker, New York, 2003.

[35] A.A. Argun, P.H. Aubert, B.C. Thomson, I. Schwendeman, C.L. Gaupp, J.
Hwang, N.J. Pinto, D.B. Taner, A.G. MacDiarmit, J.R. Reynolds, Chem.
Mater. 16 (2004) 4401.

[36] M. Biancardo, P.F.H. Schwap, R. Argazzi, C.A. Biagnozzi, Inorg. Chem
42 (2003) 3966.

[37] D. Corr, U. Bach, D. Fay, M. Kinsella, C. McAtamney, F. O’Reilly, S.N.
Rao, N. Stobie, Solid State Ionics 165 (2003) 315.

[38] U. Bach, D. Corr, D. Lupo, F. Pichot, M. Ryan, Adv. Mater. 14 (2002)
845.

[39] M. Kus, S. Demic, C. Zafer, G. Saygili, H. Bilgili, S. Icli, Eur. J. Phys.:
Appl. Phys. 37 (2007) 277.

[40] K. Ocakoglu, C. Zafer, B. Cetinkaya, S. Icli, Dyes and Pigments 75
(2007) 385.

[41] (a) D.J. Chadwick, I.A. Cliffe, I.O. Sutherland, J. Chem. Perkin Trans. I
565 (1984) 1707;
(b) C.J. Pedersen, J. Am. Chem. Soc. 89 (1967) 7017;
(c) J.P. Dutasta, J.P. Declerg, C.E. Calderon, B. Tirant, J. Am. Chem. Soc.
111 (1989) 7136;
(d) B.H. Langhals, W. Jona, F. Einsield, S. Wahnlich, Adv. Mater. 10
(1998) 1022.

[42] (a) M.G. Kang, N.G. Park, Y.J. Park, K.S. Ryu, S.H. Chang, Solar Energ.
Mater. Solar Cells 75 (2003) 475;
(b) B.E. Yoldas, J. Am. Ceram. Soc. Bull. 54 (1975) 286.

[43] C. Karapire, C. Zafer, S. Icli, Synth. Met. 2145 (2004) 51.
[44] Y. Luo, J. Lin, J. Coll. Int. Sci. 297 (2006) 625.
[45] R.O. Marcon, S. Bronchsztain, Langmuir 23 (2007) 11972.
[46] B. Janey, S.K. Asha, J. Phys. Chem. B 110 (2006) 20937.
[47] E.M. Calzado, J.M. Villalvilla, P.G. Boj, J.A. Quintana, R. Gomez, J.L.

Segura, M.A. Diaz-Garcia, J. Phys. Chem. C. 111 (2007) 13595.
[48] R. Gomez, D. Veldman, R. Blanco, C. Seoane, J.L. Segura, R.A.J. Janssen,

Macromolecules 40 (2007) 2760.
[49] S. Tirapattur, M. Belletete, N. Drolet, M. Leclerc, G. Durocher, Chem.

Phys. Lett. 370 (2003) 799.
[50] S. Tirapattur, M. Belletete, N. Drolet, M. Leclerc, G. Durocher,

Macromolecules 35 (2002) 8889.
[51] (a) S.G. Liu, G. Siu, R.A. Cormier, R.M. Leblane, B.A. Gregg, J. Phys.

Chem. B 106 (2002) 1307;
(b) R.A. Cormier, B.A. Gregg, Chem. Mater. 10 (1998) 1309.

[52] C. Burgdorff, H.G. Löhmannsröben, R. Reisfeld, Chem. Phys. Lett. 197
(1992) 358.

[53] P.A.J. De Witte, J. Hernando, E.E. Neuteboom, E.M.H.P. van Dijk, S.C.J.
Meskers, R.A.J. Janssen, N.F. van Hulst, R.J.M. Nolte, M.F. Garcia-
Parajo, A.E. Rowan, J. Phys. Chem. B. 110 (2006) 7803.

[54] D. Uzun, M.E. Ozser, K. Yuney, H. _Icil, M. Demuth, J. Photochem.
Photobiol. A: Chem. 156 (2003) 45.



766 M. Kus et al. / Organic Electronics 9 (2008) 757–766
[55] Y. Liu, S. Xiao, H. Li, Y. Li, H. Liu, F. Lu, J. Zhuang, D. Zhu, J. Phys. Chem.
B 108 (2004) 6256.

[56] H. Quante, Y. Geerts, K. Müllen, Chem. Mater. 9 (1997) 495.
[57] M.O. Vysotsky, V. Bohmer, F. Wurthner, C.C. You, K. Rissanen, Org.

Lett. 4 (2002) 2901.
[58] K.D. Belfield, M.V. Bondar, O.V. Przhonska, K.J. Schafer, J. Photochem.

Photobiol. A: Chem. 151 (2002) 7.
[59] G. Ramakrishna, H.N. Ghosh, J. Phys. Chem. B 105 (2001) 7000.
[60] S.H. Bossman, C. Turro, C. Schnabel, M.R. Pokhrel Jr., L.M. Payavan, B.

Baumeister, M. Wörner, J. Phys. Chem. B 105 (2001) 5374.
[61] A.R. Watkins, J. Phys. Chem. 78 (1974) 2555.
[62] D.O. Cowan, R.L.E. Drisko, J. Am. Chem. Soc. 192 (1970) 6281.
[63] B.A. Gregg, S.G. Chen, R.A. Cormier, Chem. Mater. 16 (2004) 4586.
[64] B.A. Gregg, Si-G. Chen, S. Ferrere, J. Phys. Chem. B 107 (2003) 3019.
[65] H.G. Agrell, G. Boschloo, A. Hagfelt, J. Phys. Chem. B 108 (2004)

12388.
[66] R.O. Marcon, S. Brochsztain, Langmuir 23 (2007) 11972.



768 M. Grobosch, M. Knupfer / Organic Electronics 9 (2008) 767–774
We observe the formation of a very large interface di-
pole of �1.2 eV for the interface between a-6T and clean
Pd, which is confined to a thin interfacial region and a bar-
rier for hole injection of about 0.7 eV. Our core level photo-
emission spectroscopy results indeed indicate a chemical
reaction between the thermally deposited a-6T and the
palladium surface due to the decomposition of a small
amount of a-sexithiophene molecules upon adsorption
on the palladium surface after the first deposition step.

To complete our knowledge about the interface be-
tween the organic semiconductor a-sexithiophene and
polycrystalline palladium as metal electrode, we have also
performed X-ray photoemission spectroscopy as well as
ultraviolet photoemission spectroscopy at the interface be-
tween a-6T and contaminated palladium substrates. Con-
taminations will often occur in the fabrication of devices,
which is in many cases not carried out under good vacuum
conditions, and the knowledge of the impact of contamina-
tions on the energy level alignment is important to under-
stand the corresponding device performance. For this
interface we determine a reduced interface dipole of
�0.4 eV and hole injection barrier of 0.5 eV. Our combined
X-ray photoemission spectroscopy and ultraviolet photo-
emission spectroscopy studies show no evidence of a
chemical interaction for this kind of interface.
2. Experimental details

For our combined X-ray photoemission (XPS) and ultra-
violet photoemission spectroscopy (UPS) studies we have
used a commercial PHI 5600 spectrometer, which is
equipped with two light sources. Photons with energy of
1486.6 eV from a monochromatized Al Ka source for XPS
and photons from a helium discharge lamp with energy
of 21.21 eV for UPS measurements are provided. All ul-
tra-violet photoemission spectroscopy measurements
were done by applying a sample bias of �5 V to obtain
the correct, sample determined, secondary electron cutoff.
The recorded spectra were corrected for the contributions
of He satellite radiation. The total energy resolution of
the spectrometer was determined by analyzing the width
of the Pd Fermi edge to be about 350 meV (XPS) and
100 meV (UPS), respectively. The binding energy (BE) scale
was aligned by measuring the Fermi edge (0 eV) and the
Pd35/2 emission feature (335.1 eV) of a polycrystalline pal-
ladium substrate. Applying several cycles of Ar+ sputtering
(3 keV, 10�8 mbar), the polycrystalline palladium foils
were cleaned. Additionally, we have checked the surface
composition of the sputter cleaned substrates by using X-
ray photoemission spectroscopy and did not monitor any
sign of contaminations. To probe the contaminated palla-
dium electrodes we have treated polycrystalline palladium
foils in an ultrasonic bath with acetone for 15 min and
rinsing with ethanol for 1 min before putting it into the ul-
tra-high vacuum chamber. The so prepared palladium foils
we have also characterized by XPS taking a full range spec-
tra. As a result, we found an overall composition of the con-
tamination layer of carbon (75%), oxygen (20%), and
nitrogen (5%) on the ex-situ treated palladium foils. The
thickness of the contamination layer is about 1–2 nm.
In a preparation chamber (base pressure
5.5 � 10�10 mbar), which is directly attached to the spec-
trometer system, thin a-sexithiophene (purchased from
Sigma Aldrich) films with different thicknesses have been
prepared by in situ thermal evaporation with a typical
evaporation rate between 1 Å/min. und 2.5 Å/min. on the
clean as well as on the contaminated palladium substrates.
Subsequently, the films were transferred to the analyzer
chamber (base pressure 1 � 10�10 mbar) without breaking
the vacuum and characterized taking a full range XPS spec-
trum. The number of impurities in the films was very small
and below the detection limit of the XPS due to the ultra-
high vacuum conditions during the preparation process
of the organic films. To estimate the thickness of every
individual a-sexithiophene overlayer we have monitored
the attenuation of the intensity of the Pd35/2 substrate
peak due to the organic film. Considering the procedure
of Seah and Dench [14] we have calculated the mean free
path of the electrons in the a-6T films to be about 2.5 nm
for the kinetic energy of 1152 eV for the Pd35/2 signal from
the substrate and a density of 1.5 g/cm3 for a-sexithioph-
ene [15,16]. We point out that this procedure to determine
the thickness of the organic layers is only correct for a
layer-by-layer growth. If the organic films does not grow
uniformly this methods underestimates the film thickness.
3. Results and discussion

3.1. XPS: Clean Pd surface

On the left hand side of Fig. 1, we present the evolution
of the carbon C1s emission feature with a gradual increase
in the thickness of the a-sexithiophene overlayer. We ob-
serve for many film thicknesses a clear fine structure in
the C1s core level spectra. Going from very low coverage,
where the fine structure is lost, this structure becomes
more and more pronounced with an increase in the film
thickness. The C1s core level consists of two components
assigned to the two different carbon sites in the a-6T mol-
ecule. The contribution (CC) at the lower binding energy
side is attributed to carbon atoms that are bound to other
carbon atoms only. The component placed at higher bind-
ing energies (CS) corresponds to carbon atoms attached to
sulphur atoms in the thiophene ring. The binding energy of
the C1s core level excitation as measured using the CC as
well as the CS-component is constant at about 284.5–
285.4 eV and 285.2–285.1 eV, respectively. These energy
positions as well as the observation of the fine structure
in the C1s emission feature are in good agreement with
previously reported values for thiophene based organic
materials [17–22]. We observe a higher spectral weight
for the CS-component in comparison to the CC-component
on going from a thickness of 0.9 nm up to the thickest a-
sexithiophene films. This observation can be directly fol-
lowed by analyzing the peak shape as a function of film
thickness. An analysis of the spectral weight ratio between
the CC and CS component in the C1s core level for the thin-
nest a-sexithiophene film indicate that on average 2.2 S
atoms per molecule are bonded to the Pd surface. We could
also observe a change in the peak shape between thin and



Fig. 1. Left panel: Evolution of the C1s emission feature with increasing a-6T layer thickness on Pd. Right panel: Evolution of the S2p peak of a-6T with
progressive deposition of a-sexithiophene onto the polycrystalline palladium.

Fig. 2. Core level photoemission spectra for the Pd3d feature dependent
on the increasing a-sexithiophene overlayer thickness.
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thick a-6T films. These points are an indication for a chem-
ical reaction between the a-sexithiophene molecules and
the palladium substrate in the first molecular layer.

Furthermore, we have determined the behaviour of the
S2p spectra dependent on the a-6T film thickness going
from low coverage to thick films shown in the right panel
of Fig. 1. The spectra reveal that there are two types of sul-
phur-containing species present at this interface especially
for the thin a-6T films. We were able to distinguish these
two species by fitting the spectra width with two pairs of
spin-orbit components S2p3/2 and S2p1/2. For the fit we as-
sume a Gaussian: Lorentzian (70:30) line shape, an area ra-
tio of 2:1, as well as an energy splitting fixed at 1.18 eV
which reflects the multiplicity of these energy levels [23].
The results of these fits are depicted in the bottom spec-
trum (for 0.5 nm a-sexithiophene film thickness) on the
right hand side in Fig. 1. The first spin-orbit doublet at
the higher binding energy side is located for all overlayer
thicknesses at almost constant binding energy at about
164.2–164.1 eV for S2p3/2 as well as at about 165.4–
165.3 eV for the S2p1/2 spin-orbit component. These energy
positions are in good agreement with previous studies
using photoemission spectroscopy, which were performed
on thiophene containing organic molecules [18–20,24–27].
The observed binding energy of the S2p3/2 component at
�164 eV [25] is in very good agreement with previously re-
ported results for flat lying thiophene based organic mole-
cules on metallic substrates [18,28–30]. From this point we
conclude that the a-sexithiophene molecules adsorb on
the Pd surface with the molecular axis parallel to the sur-
face plane. The energy width of this spin-orbit doublet is
independent of the film thickness with a FWHM (full width
at half maximum) of about 0.7–0.8 eV. The second species,
which can be observed up to a film thickness of about
1.5 nm, has S2p3/2 and S2p1/2 components at 162.3–162.5
and 163.5–163.7 eV, respectively, 1.9 eV lower than the
main line in the S2p core level of a-6T. The full width at
half maximum for the additionally observed doublet is also
constant at 0.7–0.8 eV independent of the thickness of the
organic overlayer. Only for the thinnest film of a-6T
(0.5 nm) the FWHM amounts to 0.9 eV. The energy of the
S2p3/2 (�162 eV) component represents the typical bind-
ing energy of S atoms atomically bonded to the palladium
substrate [31–33]. In contrast to the adsorption of S2 and
SO2 on different palladium surfaces (see Ref. [31,32]) we
did not observe a large change in the energy position of
the Pd3d core level emission feature and we did not ob-
serve a broadening of the Pd3d features upon the adsorp-
tion of the a-6T molecules on polycrystalline palladium.
We show the Pd3d core level emission feature in Fig. 2,
which exhibits a very slight change in the energy position
only by about 0.1 eV after the first deposition step.
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Afterwards the binding energy remains constant at
335.2 eV for the Pd35/2 component. In addition, the FWHM
is constant at about 0.6 eV. From this, we conclude that
only a small amount of sulphur atoms is atomically bonded
to the palladium surface due to the decomposition of the
a-sexithiophene molecules on defect sites of the polycrys-
talline palladium surface. Our conclusion is in consensus
with the results of Terada et al. [29], who have investigated
the adsorption for submonolayer thiophene on Pd(111)
and Pd(110) surfaces by S K-edge soft X-ray adsorption
fine structure spectra. They report a small amount of atom-
ically bonded sulphur atoms on Pd(111) and Pd(100) sur-
faces due to a decomposition upon the adsorption of
thiophene molecules, possible on the step edges. The
appearance of an additional S2p feature in the core level
data for thiophene based organic materials were also ob-
served for other metal surfaces [34]. Liu et al. [34] have
published results for the adsorption of sulphur-containing
molecules like thiophene on the Au(111) surface investi-
gated using a combination of thermal desorption spectros-
copy and synchrotron-based high-resolution soft X-ray
photoelectron spectroscopy. They show that also for the
adsorption of thiophene on a Au(111) surface a S2p3/2

weak feature additionally appears at a binding energy near
161 eV, which they attribute to atomically bonded sulphur
on defect sites of the Au(111) surface. They also men-
tioned that this effect would be larger for polycrystalline
gold surfaces.

The constant binding energy of the two S2p species as
well as of the Pd3d core level emission feature in this work
is consistent with a description, in which only a small frac-
tion of the sulphur atoms is strongly bonded to the palla-
dium atoms due to the decomposition of the a-6T
molecules upon the adsorption after the first deposition
step. The additional sulphur species, which is clearly re-
vealed in the XPS data can not be associated to a known
bulk binary phase, such as the common PdS phase. This
reasoning can be justified with the very small quantity of
sulphur atoms in the according coverage of a-6T up to
1.5 nm.

3.2. UPS: Clean Pd surface

To complete our knowledge about the interface be-
tween the organic semiconductor a-sexithiophene and
clean polycrystalline palladium we now turn to our va-
lence band photoemission studies at this interface. In the
left panel of Fig. 3 we show the valence spectra for a-6T
on polycrystalline Pd as a function of increasing organic
film thickness. For the clean polycrystalline palladium sur-
face we find a work function U = 5.1 eV within an absolute
error of 0.1 eV. This is in good agreement with previously
published results for polycrystalline palladium surfaces
[13]. After the initial deposition of a-6T we can observe
an abrupt and rigid shift of the work function by about
1 eV. We deduce that the a-6T/Pd interface is character-
ized by a very large interface dipole confined to a thin
interfacial region. Furthermore, we can observe only a
slight shift in the work function with a further increase
in the a-sexithiophene film thickness. After the film thick-
ness has reached a value of 2 nm it remains essentially
constant. Such an abrupt shift in the work function upon
the initial deposition of the organic material is additionally
a clear indication for the formation of a first, most likely
closed monolayer of a-6T on palladium. In the past such
abrupt shifts in the work function were reported for thio-
phene based organic materials on gold [18,19,27,35,36]
and on silver [20] as well as for other organic overlayers
grown layer-by-layer on metal substrates [37]. From the
panel (a) in Fig. 3 it is clearly visible that the main valence
band features of a-sexithiophene are fully developed at a
film thickness larger than 2 nm whereas at lower coverage
the contributions from the Pd substrate must be taken into
account. The valence band spectra of the sputter cleaned
polycrystalline palladium surface show a prominent Fermi
edge, which defines the binding energy axis. The lowest ly-
ing peak structures of a-6T arise at 1.3, 2.0, and 3.6 eV. Our
results are in good agreement to former publications on
the valence band structure of a-6T [18,38–40]. By using
the spectral onset of the lowest lying valence band feature
a direct measure of the hole injection barrier across this
interface is possible. The low binding energy emission edge
of the valence band onset was determined by linear
extrapolation. Across the a-6T/palladium interface we find
a hole injection barrier UBh of 0.7 eV. Moreover, we esti-
mate the electron injection barrier to be about 1.9 eV tak-
ing into account the exiton binding energy Eb in a-6T of
about 0.4 eV [41,42] and the onset of the electron-hole
excitation Eeh of about 2.2 eV [43,44] to determine the
band gap of a-6T to be Eg = Eeh + Eb = 2.6 eV. Our valence
band photoemission spectra show no evidence for chemi-
cal interactions like the formation of new features related
to interface induced electronic levels. To have a look closer
to the possible existence of interface states for the thin
a-sexithiophene film thicknesses due to a chemical interac-
tion at the interface, we have additionally removed the va-
lence band signal coming from the palladium substrate by
subtracting of the signal of the clean Pd surface. We did
not find any evidence of interface induced electronic levels
resulting in new features. This is in contrast to our results
for core level photoemission spectroscopy on the C1s and
S2p emission features, where we find a chemical reaction
between sulphur atoms of a-sexithiophene and the poly-
crystalline palladium substrate for very low coverage. We
attribute this to two points, which are: (i) the fact, that only
a small fraction of the sulphur atoms is strongly bonded to
the palladium atoms, as concluded from our core level pho-
toemission experiments and (ii) the small fraction of sul-
phur atoms, which are directly bonded to the palladium
surface for low coverage only results in a drop in the den-
sity of states of the Pd 4d population near the Fermi edge
but not in the formation of new electronic levels in the en-
ergy gap of the organic semiconductor a-6T, i.e. those with
low binding energy. This is in agreement with published re-
sults for S2 on palladium surfaces, e.g. S2 on Pd(111) [32]
and S2 and SO2 on Pd/Rh(111) surfaces [31].

The energy level alignment for the metal/organic inter-
face between clean palladium and the thiophene based or-
ganic semiconductor a-sexithiophene is summarized on
the left hand side in Fig. 4 (panel a) for a film thickness
of 2 nm. This thickness is large enough to avoid the impact
of image charge screening on the interface electronic levels



Fig. 3. UPS spectra of a-6T on polycrystalline palladium as a function of the overlayer thickness. The dotted line indicates the position of the Fermi level at a
binding energy 0 eV. Left panel (a): Valence band photoemission spectra (UPS) of a-6T on clean palladium. Right panel (b): Valence band photoemission
spectra (UPS) of a-6T on ex-situ prepared contaminated palladium.

Fig. 4. Schematic energy level diagrams of the clean 6T/Pd interface (left side) and the contaminated 6T/Pd interface (right side) as obtained from
photoemission spectroscopy investigations.
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[45]. The interface is characterized by the presence of a
large interface dipole of about �1.2 eV and a hole injection
barrier of 0.7 eV. We point out that such high interface di-
poles have been reported previously for other interfaces
between thiophene based organic materials and metal
electrodes [18,19,27,36,46–48]. Commonly, for many other
organic/metal interfaces such quite large interface dipoles
are also found [4–6]. In the literature several possible con-
tributions to the interface dipole are discussed [4–
6,10,11,49]. These contributions can be: (i) reduction of
the metal work function upon the adsorption of the organ-
ic material [50–53], (ii) appearing of chemical interaction
between the a-sexithiophene molecules and the palladium
surface, and (iii) an induced density of interface states,
which defines the charge neutrality level (CNL) of the or-
ganic semiconductor, while there is a tendency to align
the Fermi level and the charge neutrality level [9,49,54–
56].
More insight can be gained by a comparison of our data
to those obtained for an interface with gold. The results of
the photoemission studies of the 6T/Au interface discussed
here have been published previously [18,36]. This compar-
ison to the interface with gold as metal contact [18,36]
shows the same interface dipole of �1.2 eV. In contrast to
this similarity, a larger hole injection barrier of 1.2 eV is
found for 6T/Au, in comparison to 0.7 eV for the 6T/Pd
interface. In spite of the fact that the two interfaces 6T/
Au and 6T/Pd have a very similar work function of the me-
tal contact they show different electronic interface proper-
ties, which can be explained to be a consequence of the
strength of the chemical reactions at the interfaces. At
the interface between a-sexithiophene and gold relatively
small chemical interactions take place. Such interfaces can
be described within the model of the induced density of
interface states (IDIS) [9,54–57]. In the context of this
model for weakly-interacting interfaces, the interface
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dipole as well as the hole injection barrier is related to the
tendency at metal/organic interfaces to align the charge
neutrality level and the metal work function [9,54–56].
This is driven by a finite density of states, which is induced
in the gap of the organic semiconductor by weak interac-
tions, and which also determines the position of the charge
neutrality level. There is a tendency for the CNL and the
metal work function to align and this tendency is screened
by the induced density of states. In previous publications it
has been demonstrated that this scenario can successfully
explain the interface electronic characteristic of a number
of organic/metal interfaces [9,54–57]. In contrast, at the
interface between a-sexithiophene and palladium the
chemical interactions, which can be observed in the way
of interfaces states most likely pin the interface Fermi level
and thus they also predominantly determine the interface
energy level alignment.

3.3. XPS and UPS: Contaminated Pd surface

In a separate experiment, we have studied the interface
between the organic semiconductor a-6T and contami-
nated palladium substrates using photoemission spectros-
copy in order to gain insight into the impact of
contaminations on the interface reaction and the energy
level alignment. Our X-ray photoemission studies reveal
a surface composition of ex-situ cleaned palladium sub-
strates with 75% carbon, 20% oxygen, and 5% nitrogen. In
Fig. 5, we show the emission in the Pd3d5/2 and Pd3/2 re-
gion on the left hand side as well as the Pd3p3/2 and O1s
core level in the right panel. The obvious broadening as
well as the changed peak shape of the Pd3d emission fea-
ture of the contaminated palladium surface in comparison
to the clean palladium substrates indicates the presence of
two more peaks in Pd3d emission region. The surface of the
ex-situ prepared palladium foils is characterized by a mix-
ture of three Pd3d5/2 peaks located 335.2 eV (A), 335.9 eV
(B) and 336.9 eV (C). The first contribution (A) at the lower
binding energy side of the Pd3d5/2 peak at 335.2 eV we as-
sign to metallic Pd in agreement with previously reported
results [23,58–60]. The first contamination induced Pd3d
emission at higher binding energy side with the spin-orbit
doublet Pd35/2 and Pd33/2 at 336.9 eV and 342.1 eV (C),
respectively is shifted by 1.7 eV from the position of metal-
Fig. 5. X-ray photoemission spectra of a contaminated palladium surface. Left p
spectra of the Pd3p3/2 and O1s emission region. The components A–C for both p
lic Pd (335.2 eV). This contribution to the Pd3d emission
feature of a contaminated palladium surface is assigned
to oxidized palladium. The chemical shift of this oxygen in-
duced contribution attributed to PdO agrees well with ear-
lier studies on oxidized Pd [58,59,61–64]. The observed
chemical shift of 1.7 eV in this study is not consistent with
a chemical shift previously reported for either PdO2 (2.1–
2.9 eV) or higher palladium oxides (3.5–3.6 eV)
[23,58,61,62]. The second oxygen induced Pd35/2 feature
(B), which appears at 335.9 eV, is shifted towards higher
binding energy by 0.7 eV. We assign this emission feature,
in agreement to the work of Kim et al. [58] to PdOads.

On the right hand side in Fig. 5 we show the X-ray spec-
tra of Pd3p3/2 and O1s. The O1s emission (A) is not well re-
solved from the broad Pd3p3/2 peak and occurs as a
shoulder at 530.9 eV. This value agrees well with the bind-
ing energy for metal oxides and absorbed oxygen [59,62].
Two contributions to the Pd3p3/2 signal are determined
in our study at 532.2 eV (B) and 533.6 eV (C) attributed
to pure metallic Pd and to the oxygen induced PdO [59].
The observed chemical shift of �1.4 eV is rather similar
to the one of the Pd3d emission feature. From these results,
we conclude that the ex-situ cleaned contaminated palla-
dium surface has been covered with carbon, nitrogen,
and oxygen resulting in a contaminated and oxidized Pd
layer at the surface.

In Fig. 6 we present the evolution of the S2p emission
feature with a gradual increase in the thickness of the a-
sexithiophene overlayer on top of contaminated palladium
substrate. The S2p spin-orbit doublet appears at 163.3 eV
for the S2p3/2 component and is shifted towards higher
binding energy by �0.3 eV with an increase in the a-sexi-
thiophene film thickness. The observed binding energy of
the S2p3/2 and the S2p1/2 component at 163.9–164.2 eV
and 165.1–165.4 eV agrees well with previous reported re-
sults for thiophene based organic materials studied by
photoemission spectroscopy [18–20,24–27] as well as with
the results for the interface between a-6T and clean palla-
dium. For thicker a-6T (thickness > 2.5 nm) films the bind-
ing energy of the S2p3/2 and the S2p1/2 components
remains constant between 164.1–164.2 eV and 165.3–
165.4 eV, respectively. In addition, the energy width of this
spin-orbit doublet is independent of the film thickness
with a FWHM (full width at half maximum) of about
anel: XPS spectra of the Pd3d5/2 and Pd3d3/2 core level. Right panel: XPS
anels are discussed in the text.



Fig. 6. Core level photoemission spectra for the S2p emission feature
dependent on the increasing overlayer thickness for the interface a-6T/
contaminated Pd.
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0.7–0.8 eV. From our core level spectroscopy data, we con-
clude a chemical reaction free interface between a-sexithi-
ophene and contaminated palladium substrates. The shift
in the binding energy of the S2p feature might be intro-
duced by the presence of the palladium surface oxide layer.
The absence of interactions as compared to the clean Pd
surface can be rationalized by the presence of the contam-
ination layer that decouples Pd and a-6T and thus prevents
chemical reactions.

The valence band spectra of the interface of contami-
nated palladium and the organic semiconductor a-sexithi-
ophene are presented on the right hand side (panel (b)) in
Fig. 3. In comparison to the clean palladium surface the va-
lence band spectrum of the ex-situ cleaned palladium foils
is not characterized by a prominent Fermi edge. Due to the
contamination layer at the contaminated Pd surface the
density of states of the Pd4d population near the Fermi
edge is suppressed as revealed in the top spectrum in
Fig. 3 (panel) (b). Moreover, we observe a decreased work
function of 4.4 eV for the contaminated palladium surface
corresponding to a work function reduction by 0.7 eV com-
pared to clean palladium due to the contamination layer.
With a rising film thickness of a-6T, new features due to
photoemission from the molecular orbitals of the a-sexi-
thiophene appear. At 2.5 nm coverage of a-6T the charac-
teristic valence band structure of a-sexithiophene is fully
developed. The lowest lying peak structures of a-6T arise
at energy positions of 1.1 eV, 1.8 eV, and 3.4 eV. The va-
lence band spectra for the interface with contaminated
palladium substrates agree to the literature [18,20,38–
40,65] and to the observed valence band spectrum a-6T
on clean palladium. Also in the case of the contaminated
palladium substrate we use the spectral onset of the lowest
lying valence band feature to measure the hole injection
barrier by linear extrapolation. We determine the barrier
for hole injection across the 6T/contaminated palladium
interface to be 0.5 eV and the electron injection barrier to
be 2.1 eV. We find no evidence of chemical reactions like
the formation of new features related to induced electronic
levels in our valence band photoemission spectra. This fact
is in agreement with core level spectroscopy results above
where we find also no evidence of chemical reactions.

The energy level alignment of the corresponding inter-
face is presented in the right diagram in Fig. 4 (panel
(b)). We observe a reduction of the interface dipole and
of the hole injection barrier as compared to the interface
between a-6T and clean Pd. This observation is in agree-
ment with what have been reported by Wan et al. [66]
for gold recently and for further interfaces of a-6T with dif-
ferent contaminated metal substrates [67]. We assign the
reduction of the interface dipole by 0.8 eV from �1.2 eV
for the interface a-6T/clean Pd to �0.4 eV for a-6T/con-
taminated Pd predominantly to the reduction of the metal
surface dipole [10] as a consequence of the contamination
layer. This parallels a reduction of the metal surface work
function upon the deposition of rare gases [68]. The origin
of the remaining interface dipole and charge injection bar-
rier for the contaminated palladium substrates might still
be related to the tendency for the organic charge neutrality
level (CNL) and the metal work function to align at metal/
organic interfaces [54–56]. On the other hand, at the inter-
face between a-6T and contaminated palladium, the con-
tamination layer results in a separation of the two
materials such that there is only little overlap of the metal
and the organic wave functions. From this point of view,
the induced density of states might be essentially elimi-
nated by introducing the contamination layer. Conse-
quently, the remaining interface dipole could also be due
to a pinning of the Fermi level by electronic states of the
organic semiconductor that extend into the gap above
the highest occupied molecular orbital or by the existence
of band bending as a consequence of valence band tails in
the gap, probably because of disorder or defects, as has
been discussed recently [69–71].
4. Summary

We have presented a combined valence band and core
level photoemission study of the interface between the or-
ganic semiconductor a-sexithiophene and polycrystalline
palladium. In this study, we have analyzed the interface
to clean, and ex-situ prepared and consequently contami-
nated palladium surfaces. For the interface with clean Pd
our X-ray photoemission experiments reveal a decomposi-
tion of a small quantity of a-6T molecules upon the
adsorption on the polycrystalline palladium surface after
the first deposition. Furthermore, our data allow the deter-
mination of the energy level diagram at the a-6T/Pd inter-
face. We have found a very large interface dipole of about
�1.2 eV as well as a hole injection barrier of 0.7 eV, while
the barrier for electron injection was obtained to be about
1.9 eV. In the case of the contaminated palladium, we find
oxidation of the Pd surface due to the ex-situ treatment of
the palladium foils. Our core level spectroscopy data as
well as valence band spectroscopy results show no evi-
dence of chemical reactions at this interface. The results
of the ultraviolet photoemission spectroscopy demonstrate
that under ex-situ cleaning conditions the work function of
the palladium substrate is much smaller than that of the
atomically clean material. The energy level alignment at
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the interface to contaminated Pd shows a smaller interface
dipole of �0.4 eV as well as a reduced injection barrier of
0.5 eV. We attribute this due to the separation of the two
materials at the interface and a consequent little overlap
of the corresponding wave functions. We mainly ascribe
the interface dipole to the consequences of electronic
states of the organic semiconductor that extend into the
gap above the highest occupied molecular orbital, due to
disorder or defects.
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structures from ordered polymer chains [10,15,16]. P3HT
fibers, obtained from highly concentrated solution, are re-
ported to increase the photovoltaic performance of poly-
mer/fullerene solar cells [17]. In general it is possible to
control the formation of a phase separated morphology
with crystalline P3HT and PCBM domains inside the active
layer of bulk-heterojunction solar cells can be achieved by
following ways:

(1) By choosing the appropriate solvent with required
boiling point for either slow or high evaporation rate
[11,18,19].

(2) By reducing the drying speed of spin-coated films
[20–22].

(3) By melting of bilayers [23].
(4) By thermal annealing of produced films with or

without applied external voltage [12,13,24].
(5) By using chemical additives [2,25,26].

The observed correlation between domain formation
and photovoltaic device performance indicates that a cer-
tain degree of phase separation of the two organic compo-
nents (polymer and PCBM) is beneficial and increases the
power conversion efficiency of organic solar cells. How-
ever, the alternative and simpler method of controlling
the morphology of the blends is possible by adding a third
material to the blend of polymer and PCBM. It has been al-
ready shown before, that the photoconductivity response
is strongly increased in polymer/fullerene composites by
adding a small amount of the alkyl thiol to the solution
prior to the film deposition [1]. Also strongly improved
photovoltaic performance and efficiency enhancement
through improved morphology and interpenetrating net-
work was observed in organic solar cells fabricated from
the low band gap polymer poly[2,6-(4,4-bis-(2-ethyl-
hexyl)-4H-cyclopenta[2,1-b;3,4-b0]-dithiophene)-alt-4,7-
(2,1,3-benzothiadiazole)] (PCPDTBT) and PCBM blends [2].

In order to further to optimize the performance of or-
ganic solar cells fabricated from polymer/fullerene mix-
tures with alkyl thiols it is necessary to understand the
influence of the additive to the molecular rearrangement
as well as to the optical and electrical properties of the
blends. We have chosen to use P3HT and PCBM for solar
cells fabrication because these are well known and widely
studied materials for efficient organic photovoltaic devices.

In this paper, we use comparative optical and electrical
techniques to probe the properties of organic solar cells
fabricated from regioregular P3HT and PCBM bulk-hetero-
junction by adding alkyl thiols. We have studied four dif-
ferent solar cells: (1) as produced films of P3HT and
PCBM (untreated, no alkyl thiol), (2) thermally annealed
films (treated, no alkyl thiol), (3) as produced films with al-
kyl thiol (untreated, with alkyl thiol) and (4) thermally an-
nealed films with alkyl thiol (treated, with alkyl thiol).

Incident photon to current conversion efficiency (IPCE)
is measured for all films together with the photovoltaic re-
sponse. The morphology was studied using AFM, whereas
current–voltage (I–V) characteristics were measured to-
gether with the charge extraction using linear increase of
voltage (CELIV) and photo-CELIV technique to determine
the electrical properties of these four different types of
bulk-heterojunction solar cells. The results clearly show
that alkyl thiol addition can substitute the post production
treatment for increasing the efficiency.
2. Results and discussion

In Fig. 1 the optical absorption coefficient as a function
of wavelength is shown for all four different solar cells. The
increase in optical absorption upon post production treat-
ment by annealing and simultaneous applying a constant
current during treatment as has been already shown be-
fore [27–29]. The red-shift of the absorption is clearly seen
for treated cells as well as for cells with alkyl thiol additive.
The difference in absorption in treated and untreated solar
cells, with alkyl thiol additive, is negligible indicating the
final optimum structure can be achieved by the additive
alone. Characteristic vibronic peaks, which are barely visi-
ble in untreated films, are clearly pronounced in treated
cells and cells with alkyl thiol (at around 517 nm,
556 nm and 603 nm). The increased optical absorption al-
lows harvesting more energy for treated cells and cells
with alkyl thiol, therefore, apart from improved transport
and recombination properties, these cells are expected to
have better photovoltaic performance.

Current–voltage (I–V) characteristics for all cells under
illumination with a solar simulator are shown in Fig. 2.
To allow a comparison, the fabrication procedures were
kept the same for all four types of cells. Untreated solar
cells have the worst performance with the lowest short cir-
cuit current (5.2 mA/cm2) and low fill factor. However,
these cells demonstrate a relatively higher open circuit
voltage (0.64 V), but, due to a low short circuit current
and a low fill factor, their power conversion efficiency is
only around 0.9%. Open circuit voltage has been observed
to increase using the post production treatment in earlier
reports [24]. This was not observed in our studies. Our
as-produced untreated solar cells show slightly higher effi-
ciency (0.9%) as compared to the earlier reported cells
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making this difference plausible. The difference in photo-
currents between treated cell and cells with alkyl thiol is
rather small, except that treated cells have lower fill fac-
tors and therefore slightly lower efficiency (2%) as com-
pared to cells with alkyl thiol additive (2.4–2.5%).

Significant improvement of power conversion efficiency
in treated cell and cells with alkyl thiol might arise from
two effects:

(1) the increased absorption,
(2) the improved charge carrier transport and/or

reduced losses, when charge carrier lifetime must
be longer than the slower carrier transit time.

We have measured the incident photon to collected
electron efficiency (IPCE) in all four types of cells and the
results are shown in Fig. 3. Earlier studies have already
shown the IPCE depends on post production treatment
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Fig. 3. Incident photon to current efficiency of 4 different RR-P3HT/PCBM
bulk-heterojunction solar cells: as produced (thin line), annealed (thick
dashed line), thiol added (thick line), thiol added and annealed film (thick
dash dot line).
and can be up to 70–80% [24,27–30]. In all samples studied
here, the IPCE is increasing at short wavelengths following
the increase in optical absorption in polymer/PCBM blend,
reaches a maximum and suddenly decreases following the
edge of the absorption curve. The same characteristic
absorption peaks seen in the optical absorption spectra
(Fig. 1) are also clearly seen in the IPCE spectra. The IPCE
values for the untreated cell are much smaller compared
the rest of the cells, reaching a maximum of around 35%,
whereas cells with treatment or alkyl thiol additives reach
up to slightly below 80% IPCE. IPCE results do not allow
distinguishing between improved carrier mobility and in-
creased charge carrier lifetime, since both parameters
would increase the IPCE. From the IPCE studies it can be
concluded that the improvement is not only due to the in-
creased optical absorption, but probably also due to im-
proved transport and/or reduced recombination losses
(e.g. due to longer charge carrier lifetime).

Charge transport in bulk-heterojunction solar cells usu-
ally strongly depends on the nanomorphology of the poly-
mer/PCBM films, where the interpenetrating network
formed between polymer and PCBM is created from poly-
mer and PCBM rich phases [9,12,14,27–30]. Tapping mode
AFM images (2.5 lm � 2.5 lm) of all studied cells are
shown in Fig. 4. In cells without alkyl thiol the coarse mor-
phology is stronger in treated films, with the surface
roughness staying similar (on the same 5 nm scale). Both
treated and untreated cells with alkyl thiol show much
coarser surface as compared to the cells without alkyl thiol.
Apparently, as it has already been shown before [2], poly-
mer and PCBM rich phases is advantageous for charge
transport and photovoltaic performance for films with al-
kyl thiol additive. As has been already shown before, the
fact that addition of alkyl thiols strongly influences the
structure of the interpenetrating network most likely is
the reason for the improved IPCE and power conversion
efficiency. The electron and hole transport to the elec-
trodes might be improved, since pronounced polymer
and PCBM phases will create well defined pathways for
the transport of the respective charges.

Dark current–voltage (I–V) curves recorded for all 4 dif-
ferent solar cells are shown in Fig. 5a. The dark current,
shown in the region of negative applied voltage, represent-
ing the reverse bias (positive voltage on Al, negative on
ITO), is similar for all cells. The current in forward bias is
much larger compared to the reverse bias current. The rec-
tification ratio for the treated cells and for cells with alkyl
thiol is more than two orders of magnitude, whereas for
untreated cells the rectification ratio is one order of magni-
tude less compared to other cells.

Due to the different nanomorphology of the interpene-
trating network, the dark conductivity is expected to in-
crease in the cells with higher conversion efficiency,
because of improved conductivity of the films (assuming
the injection is not limited by the contact). This effect
has been already observed in the case of postproduction
treatment [24,30]. The dark injection current (at large for-
ward bias) is much lower in untreated cells without alkyl
thiol, suggesting that either the carrier mobility or equilib-
rium carrier concentration is smaller compared to treated
cells and cells with alkyl thiol:



Fig. 4. Tapping mode AFM images of 4 different RR-P3HT/PCBM bulk-heterojunction solar cells: as produced (1), annealed (2), thiol added (3), thiol added
and annealed film (4). The RMS surface roughness for all solar cells is 0.2 nm (cell 1), 0.6 nm (cell 2), 7.1 nm (cell 3), and 4.3 nm (cell 4).
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ðj ¼ enlnEþ eplpEÞ; ð1Þ

where j is the current density, e is electron charge, n and p
are the electron and hole concentration, respectively, ln

and lp are the electron and hole mobilities, respectively,
and E is the electric field). In principle, another possibility
for a smaller dark current in forward bias in untreated cells
without alkyl thiol could be due to a contact limited injec-
tion. The post production thermal treatment and/or the al-
kyl thiol addition could have altered the contact properties
between the interpenetrating network and the electrode.
However, treated cells without alkyl thiol (which also have
high dark injection current) were annealed without the
aluminum electrode, which was thermally evaporated
afterwards. Therefore, at least Aluminum electrode inter-
face cannot be responsible for the lower dark current in
forward bias in the untreated cells.

In Fig. 5b the same dark current–voltage curves with
subtracted built-in voltage (taken from the open circuit
voltage of the I–V curves under illumination) are plotted
5.0x10 -4 1.0x10 -3 1.5x10 -3

0.0

2.0x10-5

4.0x10-5 4
2
3

C
ur

re
nt

 [A
/c

m
2 ]

Time [s]

 1 no thiol
 2 no thiol (treated film)
 3 with thiol
 4 with thiol (treated film)

tmax

1

5.0x10-5 1.0x10-4 1.5x10-4

-8.0x10-4

0.0

8.0x10-4

1.6x10-3

C
ur

re
nt

 [A
/c

m
2 ]

Time [s]

Laser pulses

Increasing tdel

a

b
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for all four different type of films. (b) Photo-CELIV current transients
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shaped voltage pulses. The extraction maximum time shift is guided with
an arrow.
in log–log scale in order to characterize the current–volt-
age dependence. For voltages above 1 V the current seems
to approach a square dependence but deviates at larger
voltages in treated cell and cells with alkyl thiol. As it will
be shown later from Fig. 6a, at given geometry and intrin-
sic conductivity, a space charge limited current already
dominates at 1 V in all our cells, due to low intrinsic carrier
concentration (SCLC condition is reached when the charge
on the electrodes (CU) is larger than the charge present in-
side the film, Q > CU).

The straight line in Fig. 5 shows the calculated SCLC cur-
rent for sample 1 and sample 3, where the carrier mobility
is taken at longest delay times from the photo-CELIV tech-
nique (shown below in Fig. 7) because of the dispersive
nature of charge transport in organic materials. The follow-
ing equation was used to calculate SCLC [31]:

j ¼ 9
8

ee0l
U2

d3 ; ð2Þ

where e and e0 are the relative and vacuum’s dielectric per-
mittivity respectively, U is applied external voltage and d is
the film thickness. The dark current measured in untreated
solar cells (Fig. 5b) is lower as compared to treated cell and
cells with alkyl thiol, so is the carrier mobility (at longer
times) as shown in Fig. 7. The calculated SCLC values and
current measured from I–V curves are in rather good agree-
ment within the experimental error, showing that the
photo-CELIV experiment rather well estimates the stea-
dy-state carrier mobility. It is important to note that usu-
ally in steady-state space-charge-limited conduction
models [31] a carrier transport with carrier mobility inde-
pendent on the electric field is assumed, which is rarely the
case in disordered materials like in solution processed
films.

In order to find out whether the increased dark current
in treated cell and in cells with alkyl thiol is due to higher
carrier intrinsic concentration (due to doping, impurities or
similar effects) or due to improved charge carrier mobility,
we have studied the cells using dark charge carrier extrac-
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tion by linearly increasing voltage (dark CELIV) technique
[32]. This technique allows to measure the charge carrier
concentration and the mobility simultaneously [33]. The
dark CELIV current transients are shown in Fig. 6a. In CELIV
experiments a triangle-shaped voltage pulse is applied in
reverse bias. The film acts as a capacitor, and the current
is measured with an Oscilloscope’s load resistance forming
all together a differentiating RC circuit. The current re-
sponse would show a constant current pulse if the capaci-
tor would be ideal without mobile charges between the
capacitor plates. However, if there is an intrinsic carrier
concentration inside the film, the dark current response
would be seen as a conductivity current on top of the con-
stant capacitive displacement current step. The charge
mobility can then be estimated from the current extraction
maximum and charge concentration is estimated and by
integrating the current over time [32,33]. The current tran-
sient response shown in Fig. 6a is different for the un-
treated cells without alkyl thiol and the other cells. At
the initial time the current is rapidly increasing in the trea-
ted cell and cells with alkyl thiol, whereas later the current
decreases forming an extraction maximum (tmax). The
extraction current in the untreated cell is much smaller
and the extraction maximum is at longer times showing
less equilibrium charge with slower mobility in the un-
treated solar cells.

From Fig. 6a the equilibrium (intrinsic) charge concen-
tration is estimated 5.6 � 1014 cm�3 in the untreated sam-
ple (1), 1.3 � 1015 cm�3 in the treated sample (2),
3.8 � 1015 cm�3 in the untreated sample with thiol (3),
and 1.7 � 1015 cm�3 in the treated sample with thiol (4).
The charge present in the film are calculated to be below
4 � 10�10 C, whereas the charge due to the geometrical
capacitance at 1 V is around 3 � 10�9 C (for contact area
around 5 mm2). Therefore, the charge on the electrodes
for all samples (samples were made with similar geome-
tries) at 1 V is much larger than the equilibrium intrinsic
charge stored in the film, which justifies using the model
of a space charge limited current (as discussed above). This
observation is in agreement with high purity organic semi-
conductors where the steady state SCLC is easily reached at
rather low applied external electric field [34,35].

For measuring the mobilities of photogenerated charge
carriers, we have used the photo-CELIV technique [36].
This technique is able to probe dispersive transport which
is typical in all disordered materials. As an additional
advantage, the charge carrier mobility can be measured
in <100 nm thin films, where typical time-of-flight (TOF)
technique is not applicable [37]. The main advantage of
this method is that it allows measuring the carrier mobil-
ity and density simultaneously. The charge carriers are
photogenerated with a short laser light pulse prior to their
extraction with a triangle-shaped voltage pulse. The delay
between the laser and triangle voltage pulses (tdel) is
changed and the current transients are recorded in the
oscilloscope for different delay times. Experimentally
measured photo-CELIV transients were recorded for all
four types of solar cells and where the transients for un-
treated solar cells without thiol are shown in Fig. 6b.
The charge carrier mobility is then estimated using the
following equation:
l ¼ 2d2

3At2
max

; ð3Þ

where A is the slope of triangle-shaped voltage pulse.
Fig. 7 shows the charge carrier mobilities for all four

types of films experimentally measured from the photo-
CELIV current transients. Mobility is plotted as a function
of time, which is the sum of both the delay time between
the laser pulse and triangle voltage pulse and the extrac-
tion maximum. The carrier mobility in the untreated film
without alkyl thiol has a very strong time-dependence,
whereas the carrier mobilities in the other films show a
rather time-independent behavior. Interestingly, the car-
rier mobility at very short time is very similar in all films.
In untreated films, this similar value might arise from the
unfinished carrier relaxation in the broad density of states
(DOS). The relaxation of the photogenerated charge carri-
ers and the carrier mobility saturates when DOS has a
Gaussian distribution, as described by Bässler’s theory of
charge transport in disordered organic materials [38,39].
At longer times, when the carrier mobility approaches
the dynamic equilibrium, the difference between the un-
treated film and the rest of the films becomes larger.

In CELIV experiments the measured current is deter-
mined as a sum of both faster and slower carrier mobilities
as shown in Eq. (1), therefore, the plotted mobility in Fig. 7
is presumably from the faster carriers [40]. The dark injec-
tion current will be mostly dominated by carriers with fas-
ter mobility, so we can use the photo-CELIV mobility to
calculate the SCLC current which is shown as a line in
Fig. 5b).
3. Conclusions

Addition of alkyl thiols to P3HT/PCBM solar cells results
in improved photovoltaic performance and efficiency com-
pared to pristine untreated and even to thermally annealed
cells. Therefore, substitution of postproduction treatment
of bulk-heterojunction solar cells can simplify the solar cell
fabrication process. Solar cells fabricated with alkyl thiol
show red-shifted absorption compared to untreated and
even to thermally annealed cells. In addition, the optical
absorption coefficient increases in the cells with alkyl thiol.
Both effects allow for a better overlap with the solar spec-
trum and for a larger portion of energy absorbed. IPCE
spectra and current–voltage characteristics show a large
difference between untreated solar cells without alkyl thiol
and the cells with the additive. In this study the power
conversion efficiency in unoptimized solar cells with alkyl
thiol was found to be 2.5% whereas for the untreated P3HT/
PCBM cells around 0.9% (under AM1.5 standard illumina-
tion conditions) were obtained. We found that thermal
treatment and alkyl thiol addition strongly increases dark
current, which is mainly due to improved charge carrier
mobility, as seen from time resolved carrier mobility mea-
surements with photo-CELIV. Untreated solar cells show
much a strong decay of carrier mobility with time. Treated
cells and cells with alkyl thiol mobility is nearly time-inde-
pendent suggesting reduced losses. The relaxed carrier
equilibrium mobility is in rather good agreement with



A. Pivrikas et al. / Organic Electronics 9 (2008) 775–782 781
the steady state space charge limited current in the cur-
rent–voltage characteristics. The improved carrier equilib-
rium mobility is explained by the differences in the
morphology of the cells. Treated cells and cells with alkyl
thiol, show improved interpenetrating network and well
defined pathways for the electron and hole conduction to
the electrodes.
4. Experimental

Bulk-heterojunction solar cells were prepared accord-
ing to the following procedure: indium tin oxide (ITO)
coated glass substrates with surface resistance of
�15 square�1 (purchased from Merck) were cut to square
pieces 1.5 cm � 1.5 cm and approximately half of ITO was
chemically etched away. Substrates were then first
mechanically cleaned using Kodak lens cleaning tissue
and afterwards washed in the ultrasonic bath using organic
solvents and dried in a nitrogen flow. A thin layer of high
quality poly(3,4-ethylenedioxythiophene)-poly(styrene-
sulfonate) (PEDOT:PSS) in aqueous solution (purchased
from Bayer AG) was spin-coated on the substrates using
2000 RPM spin-coater speed. The thickness of PEDOT is be-
low 50 nm. Substrates with PEDOT were annealed on the
hotplate for several minutes at 120 �C. The photoactive
layer of polymer and PCBM was spin-coated on top with
typical thicknesses of 100–200 nm. Four different photoac-
tive layers were used in the experiment: first 10:8 mg/ml
ratio of P3HT and PCBM in toluene was prepared, well dis-
solved in the ultrasonic bath. The solution was separated
into two glass bottles and 5% by volume of n-octylthiol
was added to one of the solutions. Both solutions were fil-
tered through 0.45 lm filter and deposited on to the pre-
pared substrates: 2 samples were made from pristine
solution and 2 samples from solution with n-octylthiol.
One sample from each pair was later thermally annealed
on the hotplate at 120 �C for several minutes. During all
measurements the samples were kept at room tempera-
ture. For visualization of the postproduction treatment
and alkyl thiol addition effects the experiments were per-
formed for all four fabricated bulk-heterojunction solar
cells. To finalize the preparation of solar cell, the top elec-
trode consisting of 0.5 nm LiF and subsequently Al was
evaporated in the vacuum below 10�5 mbar. The size of
the active area of the solar cells was between 3 mm2 and
12 mm2.

For film preparation spincoater obtained from Specialty
Coating Systems Inc. model P6700 was used. Optical
absorption spectra and absorption coefficient were mea-
sured using Cary 3G UV–Visibile Spectrophotometer and
film thickness (as well as film morphology) was deter-
mined Veeco Nanoscope DI 3100 AFM. Current–voltage
curves were measured with a Keithley SMU 236 in the dark
and under an illumination intensity of 1000 Wm�2 with a
Steuernagel Lichttechnik GmbH solar simulator providing
the AM1.5 sun spectrum. In the IPCE measurements were
using standard setup. During the CELIV measurement the
triangle-shaped voltage pulses were generated using Agi-
lent 33250A arbitrary pulse generator controlled by Stan-
ford Research Systems DG535 pulse generator. In the
photo-CELIV measurements Coherent Infinity 40–100
Nd:YAG 5ns 532 nm laser was used together with support-
ing optics. Custom written Labview control program con-
trolled the timing between the laser and triangle voltage
pulses.
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Fig. 1. Molecular structure of PTCDA.
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Recently, Vázquez et al. proposed the induced density of
interface states (IDIS) model which is developed for the
weakly-interacting O/M interface, especially organic/Au
(O/Au) interface, to describe the energy level alignment
[3–5]. Several simplified assumptions are made, i.e. (i)
the energy levels of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) are broadened to form continuous levels, which
is called the IDIS, in the original HOMO–LUMO gap by
the interaction with the 6s-state of Au. (ii) The relative en-
ergy of the charge neutrality level (CNL), which is defined
as the topmost occupied level in the IDIS by two electrons
originally occupying the HOMO, is independent of the sur-
face. They reported that there is little difference between
Au(111) and polycrystalline Au. (iii) The VL shift is given
so that some electrons are transferred between the metal
and the IDIS to achieve the equilibrium by the change of
the electron occupation and the potential built up by the
electron transfer.

Hence, the VL shift (D) is given in the IDIS model as

D ¼ �ð1� SÞðUM � ECNLÞ; ð1Þ

where UM is the work function of the metal, ECNL is the
energy of the CNL and S is the slope parameter defined as

S ¼ dUB

dUM
¼ 1

1þ 4pe2DðEFÞd=A
; ð2Þ

where UB is the barrier for electron injection, i.e. the en-
ergy separation between the metal Fermi level (EF) and
the LUMO, e is the elementary charge, D(EF) is the local
density of state at the EF, d is the distance between the
charges induced in the metal and the organic molecule
and A is the area associated with a PTCDA molecule. We
note that in their articles [5–7], the sign of D is defined po-
sitive as the work function decreases, and the values of
ECNL and UM are measured with respect to the VL, and
are negative. Since the definition of the sign of D in their
articles is opposite to the original definition of D [1], we
changed the sign of the right-hand side of Eq. (1) from that
in Refs. [5–7] to avoid confusion. The original definition of
negative D for VL lowering and Eq. (1) will be used
throughout the following part of this article. The slope
parameter changes in the range of 0 < S < 1.

More recently, these authors have incorporated the
contribution of the push-back effect into their framework
[6,7]. Thus, the updated model explains the interface di-
pole formation by the following processes: (i) the VL shift
due to the push-back effect, (ii) the level broadening to
form the IDIS and (iii) the charge transfer.

In spite of its rather simple assumptions, this model
shows fairly good agreement with the experimental data
for the O/Au interfaces, and we admit that it is a great contri-
bution to the discussion on the origin of the interface dipole
layer for these interfaces. However, it has been still unclear
whether the IDIS model can be generally applied to various
metal substrates. Within the framework of the IDIS model,
ECNL on other metals are expected to be almost the same as
on Au, because (i) only the valence s-orbital is taken into ac-
count in the IDIS model, and the d-orbital is not taken into
account, (ii) the interactions between these s-orbitals and
the frontier orbitals (HOMO and LUMO) of the organic mol-
ecules are very similar since the character of the s-orbital is
common, which is well known for small molecule adsorp-
tion, e.g. carbon monoxide (CO) and H2 [8–10], on noble
and transition metals and (iii) ECNL does not depend on d
[4]. It was also reported that D(EF) becomes larger as d be-
comes smaller [4]. However, the magnitude of S does not
vary so much because of the compensating variations of
D(EF) and d. Therefore, from Eq. (1), a linear relation between
D and UM can be expected. Actually, the observed D simply
depends on UM as previously reported for perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA, see Fig. 1) for
the combination of Au with simple metals such as Sn, In
and Mg [11]. Thus, the IDIS model may be applicable for
the simple metals in which the d-bands locate very deep be-
low the EF (Sn, In, etc.), or which have no d-electron (Mg, Al,
etc.), since the effect of the d-band can be neglected.

On the other hand, some recent experimental works
have shown very different results about the interfacial
electronic structure depending on the metal surface (e.g.
Ag(111) [12–15,17], Ag(110) [12], Cu(111) [15,17] and
Au(111) [15–17]). They reported that the molecular orbi-
tals (MOs) of PTCDA are significantly modified by the inter-
action with the metal surface [12–15,17]. It was also
reported that the metal d-band plays an important role
in the formation of the interface states at the O/M inter-
face, and thus in the energy level alignment [12]. There-
fore, it is clear that the IDIS model cannot be simply
applied to these interfaces, and that further studies are
necessary to develop an improved model which takes into
account the metal d-band.

As an example for such interaction with the metal d-
band, we consider the H2 adsorption on noble and transition
metals [8–10]. The hydrogen 1s-state is broadened into res-
onances and shifted down in energy by the interaction with
the broad continuum of metal sp-bands, and the broadened
adsorbate state interacts with the metal d-band states
resulting in the formation of the bonding and anti-bonding
states. For these systems, it is well known that three param-
eters, (i) the centroid of the metal d-band states (ed), (ii) the
filling of the metal d-band (fd) and (iii) the coupling matrix
element (Vad) between the adsorbate states and the metal
d-band states, govern the interaction energy between the
adsorbate state with the filling fa at the energy ea and the me-
tal d-band state with the filling fd at the energy ed as

Ed-hyb ¼ �Cðfa; fdÞ
V2

ad

jea � edj
þ aV2

ad; ð3Þ

where C(fa, fd) only depends on the number of electrons in
the adsorbate state and the metal d-band state. The first
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term gives the hybridization energy leading to the attrac-
tion if the anti-bonding state is not completely filled, while
the second term gives the repulsion due to the orthogonal-
ization between the adsorbate states and the metal d-band
states. We can see that ed is a key parameter to investigate
such interaction with the metal d-band. For a given adsor-
bate fa is fixed, and for noble metals fd is also fixed; the
interaction energy Ed-hyb between the adsorbate states
and the metal d-band states is governed by the delicate
balance of jea � edj and V2

ad.
The physical picture for the hydrogen/metal interface

described above is applied not only to hydrogen but also
to any atom or molecule [8]. Then we consider the case
of organic molecule adsorption on noble metals in the sim-
ple model shown in Fig. 2. We should consider the whole
interactions between the adsorbate states and the metal
states to precisely investigate the interfacial electronic
structure. Since the magnitude of the interaction, however,
depends on the inverse of the energy separation between
the corresponding states, HOMO and LUMO are the most
important for the interaction with the metal d-band.
Therefore, HOMO and LUMO should be taken into account
as the adsorbate states, while for the case of H2 adsorption
only the hydrogen 1s-state is taken into account in Ref. [8].
As in the case of the 1s-state of hydrogen, the original
molecular states (Fig. 2a) are broadened into resonances
and shifted down in energy by the interaction with the
broad continuum of the metal sp-bands (Fig. 2b). Then,
these broadened states interact with the metal d-band
states resulting in the formation of the bonding and anti-
bonding states (Fig. 2c). We note that the energy shift,
the split width of the energy levels and the interface EF po-
sition depend on the system. As shown in Fig. 2, we can ex-
pect that both the HOMO-derived bonding and the anti-
Fig. 2. Schematic illustrations of the interactions between the metal d-
band and the HOMO and LUMO of the organic molecule: (a) original
molecular states; (b) formation of the broadened molecular states by the
interaction with the broad continuum of the metal sp-bands; (c)
formation of the bonding and anti-bonding states by the interaction with
the metal d-band states. The interface EF position depends on the system.
The interfacial interaction is governed by the occupation of the anti-
bonding state originated from the hybridization between the LUMO and
the metal d-band states.
bonding states are completely filled for the noble metal
interfaces. On the other hand, the occupation of the
LUMO-derived anti-bonding state depends on the metal,
that is, the interface Fermi level varies with metal. There-
fore, the hybridization between the LUMO of organic mol-
ecule and the metal d-band states is dominant for
determining the interfacial interaction. From these expec-
tations and from Eq. (3), two important parameters that
determine the interfacial interaction at the organic/noble
metal interface are derived: (i) the energy separation be-
tween the LUMO of organic molecule (eLUMO) and the cen-
troid of the metal d-band states (ed-LUMO = jeLUMO � edj),
which results in the attractive effect due to the hybridiza-
tion and (ii) the coupling matrix element (Vad) between the
adsorbate states and the metal d-band states, which results
in the repulsive effect due to the orthogonalization.

However, there has not been such research in which the
role of the metal d-band in the formation of the interfacial
electronic structures for organic/noble metal interfaces is
considered in terms of two factors of the attractive and
repulsive interactions described above. Its examination will
shed light on the mechanism of the energy level alignment at
the interfaces of these metals. In this paper, we report the
detailed analysis of the electronic structure (such as the VL
shift and the formation of the interface states) at the inter-
faces between PTCDA and noble metals (Au, Ag and Cu) from
the view point of the role of the metal d-band.

2. Experimental

The sample of PTCDA purchased from Aldrich was puri-
fied by using two times of vacuum sublimation. Polycrys-
talline metal substrates were prepared by vacuum
deposition of respective metal on a Si(111) substrate in
the preparation chamber (base pressure <8.0 � 10�7 Pa).
PTCDA was vacuum deposited on the polycrystalline metal
substrates. The film thickness and the deposition rate
(�0.1 nm/min) were monitored by a quartz crystal oscilla-
tor by assuming that the density of the film is similar to
that of the single crystal (1.70 g/cm3). UPS measurements
were performed in the measurement chamber (base pres-
sure <6 � 10�8 Pa) using a He discharge lamp
(hm = 21.22 eV) and synchrotron radiation (SR) (hm = 20–
40 eV) as the excitation sources. The SR experiments were
carried out at the beam line BL8B2 of the UVSOR facility at
the Institute for Molecular Science. The monochromatic SR
is obtained by the plane-grating monochrometer [18]. En-
ergy analyses of photoelectrons were performed using
high-resolution electron energy analyzers; AR65 (Omicron,
DE � 100 meV) in the laboratory and ARUPS10 (VG,
DE � 150 meV) in the UVSOR. The sample was biased
(�4.0 V) to accelerate the slow secondary electrons when
the low energy electron cutoff was measured.
3. Results and discussion

Fig. 3 shows the film thickness dependence of the VL
energy ðEF

vacÞ of the PTCDA film relative to the EF of the me-
tal substrates. The values of EF

vac for the film thickness of
0 nm correspond to the UM. The VL shift (D) in the 1 ML



Fig. 4. (a) Vacuum level aligned energy diagram before contacting with
the metal for estimating ed-LUMO. (b) Energy diagram after contacting with
the metal. The vacuum level shifts by D due to the formation of the
interface dipole layer. (c) Plots of D as a function of UM. The values are
listed in Table 1.

Fig. 3. Energy change of the vacuum level at the PTCDA/metal interfaces
depending on the film thickness of PTCDA. The energy of the vacuum level
is relative to the Fermi level of the clean metal substrates.
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region at the PTCDA/Au, Ag and Cu interfaces is �0.52, 0.27
and 0.29 eV, respectively (summarized in Table 1). The
negative interface dipole layer, which lowers the EF

vac, is
formed at the PTCDA/Au interface, while the positive ones
are formed at the PTCDA/Ag and PTCDA/Cu interfaces.
Duhm et al. previously reported that the D for PTCDA on
the (111) surfaces of Au, Ag and Cu is �0.45, �0.10 and
�0.15 eV, respectively [15]. Their results are inconsistent
with our results. This discrepancy may come from the dif-
ferences in the substrates, that is, between the single crys-
tal substrate and the polycrystalline one. As already noted
about Eq. (1), D is defined negative for work function de-
crease, following the original definition of D [1] (see Fig.
4a and b). We note that 0.5 nm film thickness corresponds
to the 1 ML region.

The observed values of D are plotted as a function of UM

in Fig. 4c. If the IDIS model is applicable for these inter-
faces, we can expect a linear relation between UM and D
as described in Eq. (1). However, the results do not show
the linear relation indicating that the IDIS model cannot
explain the dipole layer formation at these interfaces.
Table 1
Experimentally obtained and estimated energy parameters

UM D ed ed-LUMO

Au 5.31 �0.52 3.56 4.98
Ag 4.24 0.27 4.30 4.58
Cu 4.58 0.29 2.67 3.40

UM and D are the observed values of the metal work function and
the vacuum level shift; ed is the reported value of the centroid energy of
the metal d-band with respect to the Fermi level [10] and ed-LUMO is the
estimated energy separation between the LUMO of PTCDA and the ed.
All values are written in eV.
The UPS spectra in the vicinity of the EF of the metal for
the PTCDA/Au, Ag and Cu interfaces are shown in Fig. 5.
The abscissa is the electron binding energy relative to the
EF. The spectra were taken in the normal emission condi-
tion. We observed the formation of the interface states at
the 1 ML PTCDA/Ag and Cu interfaces (indicated by the
vertical bars), while there was no indication of such a for-
mation in the case of Au. These results agree well with the
reported electronic structures for the PTCDA/Au(111),
Ag(111) and Cu(111) interfaces [12,15]. The interface
states for the Ag(111) and Cu(111) interfaces are more
clearly observed than those for the polycrystalline Ag and
Cu interfaces, and we found that the interface states
formed at the Ag(111) and Cu(111) interfaces cannot be
explained by the IDIS model, that is, the observed interface
states are not the broadened states but the split states.
From these results, we can expect that the picture de-
scribed in Fig. 2 is realized for the PTCDA/Ag and Cu inter-
faces. Therefore, we have to consider the effect of the metal
d-band which is not taken into account in the IDIS model.

In order to consider the attractive interfacial interac-
tion, we estimate the value of ed-LUMO. As shown in Fig.
4a, eLUMO is deduced as

eLUMO ¼ I � Eg �UM; ð4Þ

where I is the ionization potential of PTCDA deduced from
the HOMO peak of the thick PTCDA film, Eg is the reported
peak-to-peak HOMO–LUMO gap (Eg = 3.2 eV [3]) and the
values of ed are taken from Ref. [10]. They are summarized



Fig. 5. Normal emission UPS spectra for (a) PTCDA/Au, (b) PTCDA/Ag and (c) PTCDA/Cu interfaces, respectively. The bottom, middle and top spectra show
the clean metal substrates, the 1 ML PTCDA film and the thick PTCDA film, respectively. The abscissa is the electron binding energy with respect to the Fermi
level.
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in Table 1. The magnitude of the attractive interaction,
which depends on 1=ed-LUMO (Eq. (3)), for the PTCDA/Cu
interface is expected to be the largest, while that for the
PTCDA/Au interface is expected to be the smallest. The ob-
served values of D are plotted as a function of 1=ed-LUMO

shown in Fig. 6. Although the values of D for the Ag and
Cu interfaces are found to be almost identical, D for the
Au interface is quite different from those on Ag and Cu.

One may ask why the PTCDA/Au interface is so different
from the PTCDA/Ag interface despite the values of ed-LUMO

for the PTCDA/Au and Ag interfaces not being different so
much as seen in Fig. 6 and Table 1. As a factor examining
this, we consider the coupling matrix element (Vad) be-
tween the adsorbate states and the metal d-band states
which increases with the principal quantum number (n).
Since the orthogonalization energy (eorth) between the
adsorbate states and the metal d-band states increases
monotonically with V2

ad [8], the eorth for the 5d-metal
Fig. 6. Plots of D as a function of 1=ed-LUMO. The values are listed in Table 1.
(Au) is considerably larger than the 3d and 4d metals (Cu
and Ag). Thus, the repulsive interaction for the PTCDA/Au
interface is expected to be large, while that for the
PTCDA/Ag and Cu interfaces is expected to be small.

Since the magnitude of the interaction should have a
relation with the adsorption states of the molecules, we
consider the adsorption states of the PTCDA molecule on
the metal substrates. The average carbon bonding distance
(dC) of the PTCDA molecule on Au(111), Ag(111) and
Cu(111) deduced from the results of the X-ray standing
wave (XSW) experiments was reported to be 0.327, 0.286
and 0.266 nm, respectively [19,20]. By defining

P
r to be

the sum of the van der Waals radii (rvdW) of the metal atom
and the carbon atom forming PTCDA [21], we can judge the
adsorption states by comparing

P
r and dC. The values of

dC, rvdW and
P

r are listed in Table 2. We can see that
PTCDA molecules are physisorbed on Au because

P
r � dC,

while they are chemisorbed on Ag and Cu because
P

r > dC,
if we use the value of dC for the (111) surface also for the
polycrystalline surface. These results are consistent with
our estimation by the magnitude of 1=ed-LUMO and V2

ad de-
scribed above, and also consistent with the temperature
programmed desorption results [22,23]. The 1 ML film of
the PTCDA molecule on Au(111) desorbs at the sample
temperature above 673 K [22], while no intact molecular
desorption of the 1 ML film occurs for PTCDA on Ag(111)
Table 2
Molecular adsorption parameters

rvdW (nm)
P

r (nm) dC (nm)

Metal Carbon

Au(111) 0.166 0.336 0.327
Ag(111) 0.172 0.170 0.342 0.286
Cu(111) 0.140 0.310 0.266

rvdW is the van der Waals radii [21];
P

r is the sum of the rvdW of the metal
atom and the carbon atom and dC is the average carbon bonding distance
of the PTCDA molecule on the metal surface determined by the XSW
experiments [19,20].
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[23]. For PTCDA on Cu(111), similar results with PTCDA/
Ag(111) are expected, because the strong chemical inter-
action is also observed [12].

According to the discussion made above, since ed-LUMO

and V2
ad for the PTCDA/Au interface are large, the interac-

tion between PTCDA and Au is very weak (physisorption).
According to the study of the physisorbed Xe atom on
the metal surface [2,24], the possible origins of the inter-
face dipole for the physisorbed system are the rearrange-
ment of the surface charge due to the push-back effect
and the mirror effect. Therefore, we suppose that the ori-
gins of the interface dipole for the PTCDA/Au interface
are the repulsive orthogonalization interaction (the push-
back effect and the mirror effect), that is, D � Dorth. On
the other hand, since ed-LUMO and V2

ad for the PTCDA/Ag
and Cu interfaces are small, the attractive hybridization
interactions (chemical interaction) between PTCDA and
Ag, Cu are rather strong. These chemical interactions cause
the formation of the interface states and resulting charge
re-distribution, which results in the dominant origin of
the positive D formations, that is, D � Dchem. Therefore, it
is natural that the nonlinear relation between D and UM

is observed in Fig. 4c since the origins of the interface di-
pole are completely different between the PTCDA/Au inter-
face and the PTCDA/Ag and Cu interfaces. Note that free
PTCDA molecule is nonpolar, but the distortion into the
nonplanar configurations on Ag(111) and Cu(111) due to
the chemical interaction [19,20] may cause some perma-
nent dipole. In our study, however, since we used the poly-
crystalline metal substrates on which there is no definite
adsorption structure, we cannot discuss the permanent di-
pole formation induced by the molecular deformation sep-
arately. Therefore, we include the molecular deformation
effect in Dchem.

The observed correlations among ed-LUMO, Vad, dC and
eorth are schematically described in Fig. 7. We found that
two factors, (i) the energy separation between the LUMO
of PTCDA and the metal d-band states (ed-LUMO), which re-
sults in the attractive effect due to the hybridization, and
(ii) the coupling matrix element (Vad) between the adsor-
bate states and the metal d-band states, which results in
the repulsive effect due to the orthogonalization, are
important for determining the interfacial electronic struc-
ture. Consequently, the interactions at the PTCDA/noble
metal interfaces are governed by not only one factor such
Fig. 7. Schematic view of the correlation among ed-LUMO, Vad, dC and eorth.
These parameters increase with n. The dominant origins of D are
determined by the delicate valence of these factors.
as UM but also a variety of factors which are related to
the d-band states such as ed-LUMO and Vad.

Finally, we mention the charge injection barrier. The
ionization potential and the electron affinity of the 1 ML
PTCDA film on Ag and Cu are different from those of the
neutral PTCDA since the electronic structures of the 1 ML
PTCDA film on Ag and Cu are modified by the interaction
with the metal. Therefore, the charge injection barrier be-
tween the metal and the 1 ML PTCDA film is governed by
the interface states formed at the PTCDA/metal interface.
On the other hand, the charge injection barrier between
the metal and the thick PTCDA film is governed by the en-
ergy position of the HOMO and the LUMO. As shown in Fig.
3, the Fermi level for the PTCDA/Ag interface is the closest
to the LUMO. Therefore, the electron injection barrier for
the PTCDA/Ag interface is expected to be the smallest
among the Au, Ag and Cu interfaces.

4. Conclusion

We examined the role of the metal d-band in the energy
level alignment at the PTCDA/noble metal (Au, Ag and Cu)
interfaces, and found that two factors, (1) the energy sep-
aration between the LUMO of PTCDA and the centroid of
the metal d-band states (ed-LUMO) and (2) the coupling ma-
trix element (Vad) between the adsorbate states and the
metal d-band states, are important for determining the
interfacial electronic structure. The attractive hybridiza-
tion energy between the LUMO of PTCDA and the metal
d-band states is proportional to 1=ed-LUMO, and the repulsive
orthogonalization energy increases with V2

ad. Thus, the
hybridization (orthogonalization) interaction for the
PTCDA/Ag and Cu interfaces is strong (weak) because of
its small value of ed-LUMO and V2

ad, which results in the
chemisorption and the formation of the interface states
for these interfaces. On the other hand, the hybridization
(orthogonalization) interaction for the PTCDA/Au interface
is very weak (very strong) because of its large value of ed-

LUMO and V2
ad, which results in the physisorption for this

interface. Therefore, we conclude that the push-back effect
and the mirror effect originated from the orthogonalization
are dominant for the interface dipole formation for the
physisorbed PTCDA/Au interface. On the other hand, the
formation of the interface states and resulting charge re-
distribution is dominant for the interface dipole formation
for the chemisorbed PTCDA/Ag and Cu interfaces. From
these results, we found that the metal d-band state-related
parameters, ed-LUMO and Vad, should be taken into account
when we consider the origins of the vacuum level shift at
the O/M (here, M denotes noble and transition metals)
interfaces, and that the IDIS model in which the metal d-
band is not taken into account cannot explain the interfa-
cial phenomena at these interfaces.
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on the other hand PL intensity variation under an applied
field gives an estimate of the built in field near the
interface. In addition, thermally activated processes can
also cause changes in PL intensity. A bias dependent PL
can be used to study the different competing mechanisms
of exciton generation, diffusion and dissociation [14,15].
Thus a bias dependent PL spectrum is of critical impor-
tance as it gives information regarding the electro-lumi-
nescence (EL), photoconduction and photovoltaic effects.
EL efficiency is a determining factor for the performance
of PLEDs and is directly related to PL efficiency [16], as both
originate from the same intermediate state, i.e. excitons
[17].

LiF:Al electrodes are widely used for the enhancement
of the efficiency of PLEDs and PSCs. However, the underly-
ing mechanisms are still under investigation. Several
mechanisms have been suggested thus far [18-22], includ-
ing (i) the lowering of work function of Aluminum; (ii) dis-
sociation of LiF and subsequent chemical reaction (doping)
of the organic semiconductor; (iii) formation of a dipole
layer leading to a vacuum level offset between the organic
layer and the Al; and (iv) protection of the organic layer
from the hot Al atoms during thermal deposition. Despite
of these proposed mechanisms the exact role of LiF is not
yet completely understood. Although a good deal of efforts
have been devoted to clearly explain the role of LiF in the
efficiency enhancement of PLEDs, but the underlying
mechanisms for the PSCs efficiency improvement by LiF
inclusion has not yet been discussed in much detail.

In this article, we report the effect of coating Al on to
P3HT. The blue shift in the peak energy and a relative in-
crease in the shoulder peak at higher energy in PL emission
have been explained on the basis of increase in the degree
of intrachain disorder, resulting in a relatively higher pop-
ulation of intrachain excitons. We further report the differ-
Fig. 1. Shows the Schematic diagram of (a) (Sample A) Island deposition of LiF (1
B) Island deposition of LiF (1 nm) followed by Al (30 nm) on a P3HT coated glass s
portion shows the depletion layer formed at the Al/P3HT interface) (d) (Sample D
having ITO/P3HT/Al configuration (f) (Sample F) a diode cell having ITO/P3HT/L
ent types of PL quenching pattern obtained for the two
types of schottky cells fabricated with and without a thin
layer of LiF. The difference has been explained on the basis
of the nature of interface of P3HT with Al alone and that of
Al in the presence of a thin layer of LiF.

2. Experiment

Six different types of samples namely A, B, C, D, E and F,
have been fabricated as shown in Fig. 1 (a, b, c, d, e and f)
for the purpose of PL measurements. Prior to sample fabri-
cation, glass substrates (for samples A, B, C and D) and ITO
coated glass substrates (for samples E and F) were cleaned
using NH3 and H2O2 followed by sonication in chloroform
and iso propanol solution. Samples A and B were spin
coated at {1500 (30 s), 3000 (10 s)} rpm with a thin film
of regioregular (rr) P3HT (Merck Lisicon SP001, having an
average Molecular weight of 44000, and 96% regioregular-
ity) from its chloroform solution on to the cleaned glass
substrate followed by annealing at 100 �C (under vacuum
for 2 h). Samples A were divided into two lots. First lot
was coated with 2.5 nm Al (under vacuum, P = 2.0 �
10�6 Torr). The second lot was coated with 1 nm LiF prior
to coating 2.5 nm Al under identical conditions. Similarly
Sample B was divided into two lots, first lot was coated
with 30 nm Al while the second lot was coated with
1 nm LiF followed by 30 nm Al. Sample C was divided into
three lots, while first lot was spin coated with regioregular
(rr) P3HT (as obtained from Merck) at {1500 (30 s), 3000
(10 s)} rpm, the second lot was spin coated with non-regio
controlled (nrc) P3HT (synthesized, using FeCl3 method
[31,38], having a regioregularity of 88%) at {1500 (30 s),
3000 (10 s)} rpm [31] and the third lot was spin coated
at {1500 (30 s), 3000 (10 s)} rpm with regiorandom (rrnd)
P3HT (used as obtained from Aldrich, having 1:1 HT:HH
nm) followed by Al (2.5 nm) on a P3HT coated glass substrate (b) (Sample
ubstrate (c) (Sample C) Half coated with Al (30 nm) on the top (the hashed
) Half coated with Bottom Al (30 nm) electrode (e) (Sample E) a diode cell

iF:Al configuration.



Fig. 2. (a) Shows the typical biasing arrangement under the reverse bias
conditions (b) Shows the effect of increasing reverse bias on the depletion
layer width leading to PL quenching.

Fig. 3. PL Quenching effect due to island deposition of Al and LiF:Al on
pristine P3HT film.
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coupling). While the first lot of sample C was half coated
30 nm thick Al on to the top of the film, However, sample
D was half coated with 30 nm thick Al prior to spin coating
at {1500 (30 s), 3000 (10 s)}rpm the rr P3HT film, as is also
clear from Fig. 1c and d. On one hand all the lots of Sample
C were used to study the effect of intrachain disorder on
the absorption and emission spectra. The first lot of Sample
C coated with rr P3HT was also used to compare with Sam-
ple D for the effect of coating Al on top and bottom of the
film as will be discussed in detail in the next section. Fig. 1e
and f show the schematic diagram of the sample fabricated
for the bias dependent PL spectra of the schottky cell. It
should be noted that the Cells E and F were fabricated in
ITO/P3HT/Al and ITO/P3HT/LiF:Al type device configura-
tions, as is also shown in Fig. 1e and f, respectively. Both
LiF and Al were deposited by thermal evaporation. For
the fabrication of ITO based sandwich cells, ITO coated
glass substrates were patterned by etching in dilute HCl
solution with Zinc powder to fabricate the ITO bottom
electrodes, which were subsequently spin coated at
{1500 (30 s), 3000 (10 s)}rpm with chloroform solution of
rr P3HT. The Thickness of these films was later determined
to be 200 nm. All the film Thicknesses were measured
using Dektak Surface Profiler. Thicknesses of sample A
and B were determined to be 79 and 55 nm, respectively,
while both samples C and D were of identical thickness
of 60 nm.

PL measurement was done under ambient conditions
using photonic multi channel analyzer (Hamamatsu
PMA-11), kept at a distance of 70 cm from the sample. A
He–Cd Laser (300 mW, CW, 442 nm, Kimmon IK4121R)
was used as a light-pumping source. The intensity of pho-
tons incident on the sample was later calculated to be
0.15 W/cm2 incident at an inclination of about 30 degrees
to the normal. In situ electrical bias was applied on the
cells using Keithley 6517 A electrometer. ITO was biased
as a cathode under the reverse bias direction, as is shown
in Fig. 2a. Care was also taken to avoid over exposure of
the sample to the laser beam. It should also be noted that
all the samples except sample D were illuminated from the
glass side. However, Sample D was illuminated from the
film side. The details of which will be discussed in the next
section.

3. Results and discussion

Fig. 3 shows the effect of an island deposition of LiF
(1 nm) and LiF (1 nm) followed by Al (2.5 nm) on rr P3HT
film. It was observed that coating LiF and Al both sepa-
rately onto a P3HT film results in the quenching of the PL
signal [24]. The PL emission intensity IPL is given by

IPL ¼ gPLgCIabs ð1Þ

where gPL, gC and Iabs denote the PL efficiency [25,26,39],
efficiency of the detector and the intensity of the light ab-
sorbed, respectively. It should be noted thatgPL itself is given
by the relation under the similar assumptions as in [26,39].

gPL ¼
KR

KR þ KNR

� �
ð2Þ

where KR and KNR denote the radiative and non radiative
decay rate constants of excitons. The observed effects in
Fig. 3 can be explained on the basis of the fact that deposi-
tion of a small amount of external species leads to an in-
crease in the non radiative decay paths near the
interface, which then leads to decrease in the PL efficiency
resulting in the observed PL quenching. Our previous
report [24] also indicates that the PL quenching was ob-
served by coating the Al and LiF over layers on a P3HT film
separately. Although the extent of PL quenching was differ-
ent in the two cases. It was observed that coating LiF leads
to increase in the KNR while coating Al leads to PL quench-
ing due to dissociation of excitons near the Al/P3HT inter-
face due to high built in field of the depletion layer.
Similarly Fig. 3 shows that increasing the population of
the impurities i.e. coating LiF (1 nm) and then further coat-
ing Al (2.5 nm) resulted in increasing level of PL quenching.
However, when the thickness of Al was increased from
2.5 nm to 30 nm the PL intensity increased as can be seen
in Fig. 4. This effect has been observed due to double exci-
tation of the film by the incident laser beam due to a strong
reflection occurring from the top coated Al layer [26]. It is
important to note that unlike Fig. 3, In Fig. 4 the PL counts
for P3HT/LiF:Al samples were higher than that of P3HT/Al
samples. Fig. 4 also shows an increase in the high energy
shoulder peak occurring due to the Al coating on to the
top of pristine P3HT film. Another significant point is the
blue shift shown by the peak PL emission (E = 1.702 eV)
spectra due to Al coating.



Fig. 4. The effect of coating 30 nm thick Al on pristine and LiF (1 nm)
coated P3HT films on the PL of P3HT.
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In order to ascertain the exact origin of this behavior
another experiment was performed in which both top
and bottom Al coated samples, namely samples C and D
were fabricated. While sample C was illuminated by laser
light from the glass facing side contrary to the sample D
which was illuminated from the film facing side. This
was done primarily because the bottom Al layer (sample
D) would screen the intensity of the laser light and would
also largely block the PL emissions from the underlying
P3HT bulk layer, if illuminated from the glass side. It is a
general observation that intensity of PL signal is also corre-
lated with the degree of roughness near the interface. As
can be clearly seen from Fig. 5, the PL counts for pristine
P3HT film was higher in the case of sample C compared
to that of sample D. It should be noted that both sample
C and D showed an increase in the PL intensity, a clear
cut evidence of dual excitation of the bulk in the two cases.
However, unlike sample C, Sample D did not show any in-
crease in the high energy shoulder peak, clearly indicating
that such an effect is taking place due to the thermal depo-
Fig. 5. Effect of top and bottom coating of Al (30 nm) on the PL spectra of
P3HT films taken from glass side (glass facing) or from film side (film
facing).
sition of Al over the pristine P3HT films. The results were
similar to the one observed by Thakur et al. [37], although
in their case they studied the effect of coating gold (Au) on
Pristine P3HT film. In another similar report Brown et al.
[30] also observed that the high energy peak in the PL
emission occurs due to the intrachain excitons [33,34]
and that the intrachain excitons are highly affected by
the intrachain disorder contrary to the interchain excitons.
Thus it can be concluded that coating Al on to the top of a
film results in an increase in the intrachain disorder due to
the thermal energy transfer from the hot Al atoms coated
on P3HT film during the thermal evaporation process. It
is known that the spin coated P3HT films are composed
of microcrystalline domains embedded in an amorphous
matrix. Inside these domains the polymers p -stack in
one direction and form lamella of interlocking chains in
the other direction. Usually the alkyl side chains try to ori-
ent themselves in a least strained position (energetically).
Although this type of rearrangement is less pronounced
in spin coated P3HT films as compared to dip coated or
casted P3HT films [34-36]. However, as a result of this en-
ergy transfer between Al and immediate P3HT, polymer
chains tend to have a more strained structure of the hexyl
group attached to the polymer backbone, resulting in an
increase in the intrachain disorder. Also, since some of
these chains may be part of a micro crystalline domain,
thus an intrachain disorder may result in a decrease of de-
gree of p-stacking of these microcrystalline domains and
hence of the films at the macro level, resulting in the blue
shift of the PL emission peak occurring at 1.702 eV, as
shown in Fig. 4. However, the absence of any such blue
shift in Fig. 3 in which island deposition of Al and LiF:Al
was done is probably due to the fact that the thickness of
Al and LiF in these cases were too less to result in any ob-
servable changes.

In order to have detailed insight about the intrachain
disorder effects on PL, we further fabricated three types
of films, first was coated with rr P3HT, the second one
was coated with non-regio controlled (nrc) P3HT and
the third with rrnd P3HT (as obtained from Aldrich).
The normalized absorption and emission spectra of these
films have been shown in Fig. 6. It is clearly evident from
Fig. 6. Normalized absorption and emission spectra of rr P3HT, nrc P3HT
and rrnd P3HT films.



Fig. 7. Plot of PL quenching QPL versus the reverse bias voltages V for cell
E and F.
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this figure that the p–p* transition band of the films was
blue shifted [31] in the increasing order of their regio ran-
domness, suggesting that higher degree of regioregularity
leads to decrease in the band gap. This effect is attributed
to the lesser degree of p conjugation on the parent chain
in rrnd P3HT. Even the Band edge appears to be blue
shifted in the increasing order of regio randomness of
these P3HT films. Another striking feature is that the
absorption of rr P3HT has three distinct peaks occurring
at (E = 2.13, 2.33 and 2.50 eV), respectively. Pandey et al.
[31] have demonstrated that the lowest energy peak in
the absorption spectra (at 2.13 eV) corresponds to 0–0
transition and is related to the conformational order in
the chains, while the peak at 2.33 eV corresponds to 0–
1 transition and is related to the interchain ordering or
the p-stacking of the various chains. While the main peak
near 2.50 eV corresponds to the 0–2 transition. Compared
to the rr P3HT these peaks were less pronounced in nrc
P3HT and nearly vanished in rrnd P3HT film. It should
also be noted that a clear blue shift in the absorption
spectra was obtained for rrnd P3HT. However, only a little
blue shift was obtained in nrc P3HT. This is probably due
to high degree of regio regularity in these samples despite
of being synthesized by FeCl3 method.

Further if we look at the PL emission spectra of these
films, we find that there is almost no shift in the emission
spectra of rr P3HT and nrc P3HT, on the contrary a large
blue shift was obtained in the emission spectra of rrnd
P3HT as compared to that of rr P3HT. Further it must be
noted that the 0–0, 0–1 and 0–2 transitions for the emis-
sion spectra of rr P3HT and nrc P3HT occur at E = 1.89,
1.7 and 1.5 eV, respectively. However, the corresponding
0–0, 0–1 and 0–2 transitions for rrnd P3HT occur at
E = 2.07, 1.98 and 1.74 eV, respectively. As can also be seen
from Fig. 6 that the intensity of shoulder peaks at 1.5 eV
and 1.89 eV increase in the case of nrc P3HT compared to
the rr P3HT. Brown et al. [30] have emphasized that the
high energy peak at E = 1.89 eV is highly affected by the
intrachain disorder, i.e. the degree of regioregularity of
the polymer. Thus, the relative increase of the high energy
peak as can be seen from the normalized PL spectra of the
two films from Fig. 6 is owing to the lower degree of regio
regularity on a single polymer chain in nrc P3HT. However,
Brown et al. also pointed out that the peak in the emission
spectra corresponding to interchain excitons (at
E = 1.702 eV) doesn’t get affected by the local order that
is the regioregularity, as clearly corroborated by the
Fig. 6. In the case of rrnd P3HT the highest energy peak
at E = 2.07 eV corresponding to 0–0 transition has rela-
tively higher intensity as compared to the 0–1 transition
at E = 1.98 eV. This is because the intrachain disorder is
highest in rrnd P3HT and hence the 0–0 transition in rrnd
P3HT has a higher intensity as compared to 0–1 transition.
Kaneto et al. [32] presented the PL spectra of an electro-
chemically synthesized polymer, which showed very low
contributions from the interchain emissive state. At the
same time it must be noted that the emission at
E = 1.5 eV is also relatively increased in the case of nrc
P3HT. This peak relates to the conformational order and
as we know that the conformational order decreases in
the nrc P3HT film resulting in relatively higher values of
observed PL intensity (at E = 1.5 eV). In another interesting
work Tanaka et al. [34] have demonstrated a clear cut
change in the characteristic PL emission spectra by the fine
control of the blending ratios of rr and rrnd P3HT.

In order to clearly understand the difference in the
nature of interface we fabricated two types of cells E
and F, for the purpose of study of the bias dependent pho-
toluminescence quenching in the two cells. Fig. 2b shows
the effect of increasing reverse bias voltage results in
increasing the depletion layer thickness from w0 (at 0 V)
to w (V) at any reverse bias voltage V and hence resulting
in PL quenching due to lessening of the thickness of active
P3HT layer. It should be noted that although the depletion
width at zero bias for cell E (w0)E, has been found to be
slightly less than the depletion width at zero bias for cell
F (w0)F. However, the higher value of PL counts in cell E is
primarily due to the significant difference in the value of
the parameter v as has been defined in Ref. [26].
Although at present the exact origin of this behavior is
not completely understood.PL quenching QPL [26-28,39]
as defined by Eq. (3)

Q PL ¼ ðIPLð0Þ � IPLðVÞÞ=IPLð0Þ ð3Þ

where IPL (0) and IPL (V) denote the PL intensity at zero
bias and at a bias V, respectively. Fig. 7 shows the
quenching pattern for cell E and F and exhibits that a rel-
atively higher level of quenching was observed in cell E as
compared to that in cell F with the increasing reverse bias
voltage. Similar results have been observed by Markov
et al. [23] also. Although there are reports of PL quench-
ing due to injected charge carriers [39–41] but such an ef-
fect is negligible in the present case as our discussion
here concerns only with the reverse bias regime. There-
fore, from Eq. (3) it is clear that the quenching directly re-
lates to the amount of light absorbed by the bulk of
semiconductor. Using the similar analysis as was given
in Ref. [26], the depletion width dependence of bias volt-
age was plotted for cells E and F using the bias depen-
dence of quenching of these cells. The change in the
depletion width dw(V) has been found to be related to
QPL as is given by Eq. (4),



Fig. 8. Change in depletion width dw as a function of voltage for cell E and F.
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dwðVÞ ¼ 1
a

ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAþ 2BÞ2 þ 4BQPL

q
� A

2B

������

������
ð4Þ

where the constants A and B were determined as described
in Ref. [26,39]. The plot of dw(V) against the applied bias V
for the two cells has been shown in the Fig. 8. The change
in the depletion width as a function of voltage was found
to be more prominent in the cell E as compared to cell F.
Thus it can be concluded that the presence of LiF near
the interface limits the extent of modulation of the deple-
tion layer with the applied reverse bias voltage. Fig. 8
shows a clear cut deviation of the depletion width from
Eq. (5) [26,29], that itself has been derived assuming a
uniform charge carrier density. However, in a polymeric
semiconductor like P3HT the charge carrier density is
non uniform, thus resulting in the observed deviation. Tak-
shi et al. also demonstrated similar observations in Ref.
[29].

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2esðVbi—VÞ=qNA

p
ð5Þ

where w denotes the depletion layer width. es, q, Vbi, NA

denote the dielectric permittivity, charge of an electron,
Fig. 9. Photocurrents as a function of reverse bias voltages for cell E and F.
Inset shows the forward bias currents for cell E and F.
built in potential and Acceptor charge density, respec-
tively. Fig. 9 on the other hand shows higher level of
photocurrents in cell F as compared to that for the cell
E. The photocurrents are found to increase with the
increasing application of reverse bias voltage for the
two cells. Here, it must be noted that the improvement
in the PLEDs is mainly due to the improved injection of
the electrons from the cathode into the LUMO of n-type
semiconductor. However in our study only p-type mate-
rial i.e. P3HT was used, and the IV characteristics reflect
the hole transport. The holes are injected from ITO into
the HOMO of P3HT and from there into the Fermi level
of Al. Thus, a decrease in the forward bias current was ob-
served for cell F as is shown in inset of Fig. 9, although
the built in voltage Vbi was found to increase upon the
LiF coating.

Brabec et al. [21] studied the effect of LiF in Bulk het-
ero junction solar cells. It was observed that including a
thin layer of LiF improved the solar cell efficiency of the
PSCs considerably. In their final conclusion they attrib-
uted this effect to either the orientation of LiF or chemical
reactions leading to charge transfer across the interface,
thus resulting in the formation of dipole moment across
the junction. However, the absence of memory currents
in LiF coated photo induced memory devices [24] clearly
rules out any such possibility. Thus, we conclude that it
is the orientation of LiF near the interface that results in
the dipole moment across the junction. At the same time
it is this dipole moment of LiF that leads to high localized
field as is shown by the offset level D in the band diagram
in Fig. 10. The lesser values of depletion width of the cell
F probably resulted due to the less steep band bending of
P3HT in cell F as is shown in the Fig. 10. However, the
high localized field near the interface in cell F resulted
in higher values of photocurrents, as photocurrents are
generated by the field assisted dissociation of excitons.
A highly localized Field near the interface ensures effec-
tive dissociation of excitons. Thus we conclude that it is
the dipole moment of the LiF molecule itself that leads
to a highly localized field, resulting in the improvement
of the Solar cell efficiency.
Fig. 10. Band diagram for the cell E and F at zero bias condition.
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4. Conclusion

Finally we would like to conclude two main points. First
is that the Al coating on to the top of polymer pristine film
has identical effects as that observed by decreasing regio
regularity of the polymer chain. Both of these effects actu-
ally originate from the intrachain excitons which are
highly dependent on the local order on a chain. The second
point is that the depletion layer is less modulated in cell F
compared to cell E. Although an overall high Electric field is
developed near the interface in cell F. Inclusion of LiF im-
proves the solar cell efficiency of PSCs due to the fact that
LiF is a strong ionic molecule having high dielectric con-
stant, which results in a strong localized electric field due
to the dipole formation by these molecules, further result-
ing in the observed lower values of depletion layer and
higher values of the photocurrents in LiF:Al modified cath-
ode type Schottky devices.
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spirofluorene-linked anthracene [25], heteroatom- and
aromatic amine-substituted spiro compound [26], pyr-
ene-substituted spiro compound [27] and difluorene-
indenofluorene compound [28].

In this paper, we report the synthesis of new host and
dopant materials 2-(10-biphenylanthracene)-spiro[fluo-
rene-7,90-benzofluorene] (BH-3B) and 2-[40-(phenyl-
4-vinylbenzeneamine)phenyl-spiro[fluorene-7,90-benzo-
fluorene] (BH-3BD) by Suzuki reaction. Various properties
such as UV–Vis absorption, photoluminescence, electrolu-
minescence including EL efficiency and color purity were
evaluated.
2. Experiment

2.1. Material and measurements

9-(4-Biphenylanthracene)-10-boronic acid was synthe-
sized according to the method previously reported [7–9].
Tetrakis(triphenylphosphine)palladium(0) and potassium
carbonate (Aldrich Chem. Co.) were used without further
purification. Tetrahydrofuran was distilled over sodium
and calcium hydride. 1-(2-Bromophenyl)naphthalene (1)
was prepared by the method previously reported
[29,30]. Diphenyl-[4-(2-[1,1;4,1]terphenyl-4-yl-vinyl)-
phenyl]-amine (BD-1) was used as one of the dopants.

1H NMR and 13C NMR spectra were recorded on a Bru-
ker, Avance 500 (500 MHz) spectrometer. Photolumines-
cence (PL) spectra were recorded on a fluorescence
spectrophotometer (Jasco FP-6500) and UV–Vis spectra
were obtained by a UV–Vis spectrophotometer (Shimadzu,
UV-1601PC). Energy levels were measured with a low-en-
ergy photo-electron spectrometer (Riken-Keiki AC-2). The
FT-IR spectra were obtained with a Biorad Excaliber FTS-
3000MX spectrophotometer and elemental analyses were
performed using a CE Instrument, EA1110. The DSC mea-
surements were performed on a Mettler DSC 822e under
nitrogen at a heating rate of 10 �C/min. Low and high res-
olution mass spectra were recorded using a JEOL, JMS-
AX505WA spectrometer in FAB mode.

2.2. Synthesis of 2-bromo-spiro[fluorene-7,90-benzofluorene]
(2)

To a two-necked flask (250 mL), was placed a solution of
1-(2-bromophenyl)naphthalene (10 g, 35.3 mmol) dis-
solved in THF (50 mL). The reaction flask was cooled to
�78 �C and n-BuLi (2.5 M in hexane, 16.8 mL) was added
dropwise slowly. The whole solution was stirred at this
temperature for 1 h, followed by addition of a solution of
2-bromo fluorenone (10.8 g, 41.7 mmol) dissolved in THF
(30 mL) under argon atmosphere. The resulting mixture
was gradually warmed to ambient temperature and
quenched by saturated, aqueous NaHCO3 (80 mL). The reac-
tion mixture was extracted with dichloromethane. The
combined organic layers were dried with magnesium sul-
fate, and filtered. After the solvent was evaporated under re-
duced pressure, the yellow powdery product was obtained.

The above solid product was placed in a two-necked
flask (100 mL) and dissolved in acetic acid (30 mL). Cata-
lytic amount of aqueous HCl (5 mol%, 12 N) was then
added and the whole solution was refluxed for 12 h. After
having been cooled to ambient temperature, the purifica-
tion by silica gel chromatography using dichloromethane/
n-hexane (1/1) gave a white powdery product. Yield 73%.
Mp 152 �C. 1H NMR (500 MHz, CDCl3) d 8.85-8.83 (d, 1H,
Ar-H in fluorene), 8.44–8.43 (d, 1H, Ar-H in fluorene),
7.92–7.90 (d, 1H, Ar-H in benzofluorene), 7.85–7.83 (d,
1H, Ar-H in fluorene), 7.73–7.70 (t, 2H, Ar-H in benzofluor-
ene), 7.64–7.62 (d, 1H, Ar-H in benzofluorene), 7.57–7.54
(t, 1H, Ar-H in fluorene), 7.50–7.46 (t, 2H, Ar-H in benzo-
fluorene), 7.39–7.36 (t, 1H, Ar-H in fluorene), 7.17–7.15
(t, 1H, Ar-H in benzofluorene), 7.12–7.09 (t, 1H Ar-H in flu-
orene), 6.82–6.78 (m, 2H, Ar-H in benzofluorene), 6.70–
6.69 (d, 1H, Ar-H in fluorene). FT-IR (KBr, cm�1) 3055
(aromatic C-H), 1580 (aromatic C@C), 657 (aromatic C–Br).

2.3. Synthesis of 2-(10-biphenylanthracene)-spiro[fluorene-
7,90-benzofluorene] (BH-3B)

Compound 2 (5.0 g, 11.18 mmol) and 9-(4-biphenylan-
thracene)-10-boronic acid (5.01 g, 13.41 mmol) and tetra-
kis(triphenylphosphine)palladium(0) (0.68 g, 0.59 mmol)
were dissolved in THF (100 mL) in a two-necked flask un-
der nitrogen atmosphere for 30 min. A solution of potas-
sium carbonate (1.63 g, 11.18 mmol) dissolved in distilled
water (50 mL) was added dropwise over a period of
20 min. The resulting solution was refluxed overnight at
80 �C. The reaction mixture was extracted with dichloro-
methane and water. The organic layer was evaporated with
a rotary evaporator. The resulting powdery product was
purified by column chromatography from n-hexane to give
a white crystalline solid. Yield 60%. Mp 350 �C. 1H NMR
(500 MHz, CDCl3) d 8.75–8.33 (2d, 2H, Ar-CH-benzofluor-
ene), 8.12–7.99 (2d, 2H, Ar-CH-benzofluorene), 7.88–7.73
(2d, 2H, Ar-CH-benzofluorene), 7.71-7.45 (m, 8H, Ar-CH-
anthracene), 7.66–7.64 (m, 4H, Ar-H in fluorene), 7.63–
7.49 (2d, 2H, Ar-CH-benzofluorene), 7.41–7.39 (d, 1H,
Ar-H in fluorene), 7.39–7.38 (t, 1H, Ar-H in fluorene),
7.21–7.18 (m, 4H, –Ph–Ph), 7.18–7.15 (m, 5H, –Ph–Ph),
7.02–6.84 (2d, 2H, Ar-CH-benzofluorene), 6.79–6.78 (d,
1H, Ar-H in fluorene). 13C NMR (CDCl3) d 148.6, 147.5,
141.0, 138.8, 131.8, 129.4, 129.1, 129.0, 127.5, 127.3,
127.2, 127.0, 126.9, 125.2, 125.1, 124.4, 120.4, 77.4, 77.2,
76.9, 66.5 ppm. FT-IR (KBr, cm�1) 3059, 3040, 3012 (aro-
matic C–H), 1578 (aromatic C@C). MS (FAB) m/z 694.0
[(M + 1)+]. Anal. Calcd. for C55H34 (694.86): C, 95.07; H,
4.93. Found: C, 94.53; H, 4.87. UV–Vis (THF) kmax (Absorp-
tion) = 369, 388 nm, kmax (Emission) = 432, 447 nm.

2.4. Synthesis of 2-[40-(phenyl-4-
vinylbenzeneamine)phenyl]-spiro[fluorene-7,90-
benzofluorene](BH-3BD)

Compound 3 (5.0 g, 12.13 mmol), N-[4-[2-(4-bromo-
phenyl)vinyl]phenyl]-N,N-diphenylamine (4.3 g,
10.11 mmol) and tetrakis(triphenylphosphine)palla-
dium(0) (0.58 g, 0.51 mmol) were dissolved in THF
(100 mL) under nitrogen atmosphere for 30 min. To an
above solution, was added a solution of potassium carbon-
ate (1.40 g, 10.11 mmol) dissolved in distilled water
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(50 mL) dropwise over a period of 20 min. After the result-
ing solution was refluxed overnight at 80 �C, the reaction
mixture was extracted with dichloromethane and water.
After the organic layer was evaporated with a rotary evap-
orator, the resulting powdery product was purified by col-
umn chromatography from n-hexane to give a yellow
crystalline solid. Yield 58%. Mp 308.3 �C. 1H NMR
(500 MHz, CDCl3) d 8.88–8.86 (d, 1H, Ar-H in benzofluor-
ene), 8.46–8.44 (d, 1H, Ar-H in benzofluorene), 7.94–7.88
(m, 2H, Ar-H in benzofluorene), 7.72–7.34 (2d, 2H,
–Ph–CH@CH–), 7.63–7.62 (m, 2H, Ar-H in fluorene), 7.55–
7.38 (t, 1H, ArH in fluorene), 7.38–7.34 (d, 1H, Ar-CH-
vinyl), 7.32-6.77 (m, 4H, Ar-H in fluorene), 7.25–7.07 (2d,
4H, –Ph–CH@CH–), 7.22-7.15 (m, 6H, Ar-H in benzofluor-
ene), 7.18-6.97 (m, 10H, –N(Ph)2), 7.24–6.85 (2d, 4H,
–Ph–N(Ph)2). 13C NMR (CDCl3) d 149.7, 148.5, 147.7,
140.6, 136.7, 129.5, 129.4, 128.2, 128.1, 128.0, 127.5,
127.3, 126.9, 126.7, 124.6, 124.2, 123.7, 123.2, 122.5,
120.6, 120.3, 77.4, 77.2, 66.5 ppm. FT-IR (KBr, cm�1)
3059, 3040, 3012 (aromatic C-H), 1580 (C@C), 1491
(C-N). Anal. Calcd. for C55H37N (711.89): C, 92.79; H, 5.24;
N, 1.97. Found: C, 91.12; H, 5.17; N, 1.88. UV–Vis (THF):
kmax (Absorption) = 375 nm, kmax (Emission) = 469, 476 nm.

2.5. Synthesis of 4-[2-naphthyl-40(phenyl-4-
vinylbenzeneamine)]phenyl (BD-1N)

A solution of naphthalene-1-boronic acid (3.39 g,
19.7 mmol), 4-bromo-40-(1,2-diphenylvinyl)biphenyl
(7.0 g, 16.4 mmol) and tetrakis(triphenylphosphine)palla-
dium (0) (0.95 g, 0.82 mmol) were dissolved in THF
(150 mL) in a two-necked flask under nitrogen atmosphere
for 30 min. To an above reaction mixture, was added a
solution of potassium carbonate (2.27 g, 16.4 mmol) dis-
solved in distilled water (50 mL) dropwise over a period
of 20 min. The resulting solution was refluxed overnight
at 80 �C. The reaction mixture was extracted with dichloro-
methane and water. The organic layer was evaporated with
a rotary evaporator. The resulting powdery product was
purified by column chromatography from hexane to give
a yellow crystalline solid. Yield 73%. Mp 204.8 �C. 1H
NMR (500 MHz, CDCl3) d 7.96–7.94 (d, 1H, Ar-H in naph-
thalene), 7.90–7.89 (d, 1H, Ar-H in naphthalene), 7.85–
7.84 (d, 1H, Ar-H in naphthalene), 7.61-7.59 (d, 2H,
–CH@CH–), 7.53–7.47 (m, 4H, –Ph–CH@CH–), 7.44–7.40
(m, 4H, Ar-H in naphthalene), 7.16–6.83 (m, 10H,
–N(Ph)2), 7.12–6.92 (m, 4H, –Ph–N(Ph)2). 13C NMR (CDCl3)
d 147.7, 147.6, 139.9, 136.8, 130.6, 129.5, 128.5, 127.8,
127.6, 127.0, 126.8, 126.4, 126.2, 126.0, 125.6, 124.7,
123.7, 123.2, 77.4, 77.2, 76.9 ppm. FT-IR (KBr, cm�1)
3059, 3040, 3012 (aromatic C–H), 1580 (aromatic C@C),
1491 (C–N). MS (FAB) m/z 473.0 [(M + 1)+]. Anal. Calcd.
for C36H27N (473.61): C, 91.30; H, 5.75; N, 1.97. Found: C,
91.25; H, 5.72; N, 2.11. UV–Vis (THF): kmax (Absorp-
tion) = 369.5 nm, kmax (Emission) = 442, 452 nm.

2.6. OLED fabrication and measurement

Prior to device fabrication, ITO with a resistance of
12 X/h on glass was patterned as an active area of
4 mm2(2 mm � 2 mm). The substrates were cleaned by
sonication in deionized water, boiled in IPA for 20 min,
and dried with nitrogen. Finally, the substrates were dry
cleaned using plasma treatment in an O2 and Ar environ-
ment. Organic layers were deposited sequentially by ther-
mal evaporation from resistively heated alumina crucibles
onto the substrate an a rate of 1.0 Å/s. The thicknesses of
N,N0-bis-[4-(di-m-tolylamino)phenyl]-N,N0-diphenylbiphe-
nyl-4,40-diamine (DNTPD, HIL), bis[N-(1-naphthyl)-N-
phenyl]benzidine (NPD, HTL), host:5% dopant (EML) and
aluminum tris(8-hydroxyquinoline)(Alq3, ETL) layer were
about 400, 200, 300 and 200 Å, respectively. Before the
deposition of metal cathode, LiF was deposited onto the or-
ganic layers with the thickness of 10 Å. A high-purity alu-
minum cathode was deposited at a rate of 1 � 5 Å/s with
the thickness of 2000 Å as the top layer. After the evapora-
tion chamber was vented with nitrogen gas, the device was
immediately transferred to a glove-box upon fabrication. A
thin bead of epoxy adhesive was applied from a syringe
around the edge of a clean cover glass. To complete the
package, a clean cover glass was placed on the top of the
device. The epoxy resin was cured under intense UV radia-
tion for 3 min. The current–voltage characteristics of the
encapsulated devices were measured on a programmable
electrometer having current and voltage sources (model
Keithley 237). The luminance and EL spectra were mea-
sured with a PR650 system (Photo Research Co. Ltd.).

3. Results and discussion

3.1. Synthesis and characterization

2-(10-Biphenylanthracene)-spiro[fluorene-7,90-benzo-
fluorene] (BH-3B) was prepared through Suzuki reaction
of 2-bromo-spiro[fluorene-7,90-benzofluorene] (2) with
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9-(4-biphenylanthracene)-10-boronic acid using palla-
dium catalyst as shown Schemes 1 and 2. The general
synthetic routes of the two dopant materials, 2-[40-(phe-
nyl-4-vinylbenzeneamine)phenyl-spiro[fluorene-7,90-ben-
zofluorene] (BH-3BD) and 4-[2-naphthyl-40(phenyl-4-
vinylbenzeneamine)]phenyl (BD-1N) are shown in Scheme
3. The conversion of 2 into spiro[fluorene-7,90-benzofluor-
ene]-2-boronic acid (3) was achieved by a two step synthe-
N
Br
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HO

HO
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OH

OH
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NN
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Scheme 3.

Table 1
Thermal properties data of new spiro host and dopant materials

Temperature
(�C)

BH-3Bd BD-1e BD-1Nf BH-3BDg

Thermal
properties

Tg
a 282.4 — 68.93 —

Tc
b — — 97.7 —

Tm
c 350 306.9 204.8 308.3

a Glass transition temperature.
b Crystallization temperature.
c Melting temperature.
d 2-(10-biphenylanthracene)-spiro[fluorene-7,90-benzofluorene].
e Diphenyl-[4-(2-[1,1;4,1]terphenyl-4-yl-vinyl)-phenyl]amine.
f 4-[2-naphthyl-40(phenyl-4-vinylbenzeneamine)]phenyl.
g 2-[40-(phenyl-4-vinylbenzeneamine)phenyl-spiro[fluorene-7,90-

benzofluorene].

Table 2
Optical and EL properties new host and dopant materials

Properties Materials Units

Optical properties Abs (THF)a kmax (nm)
Em (THF)b

Em (SF)c

Uf
d %

EL properties Blue host: BH-3B at 7 V EQE(%)
mA/cm2

cd/A
lm/W
cd/m2

CIE-x
CIE-y

a Absoption in THF.
b Emission in THF.
c Emission in solid film.
d Fluorescence quantum efficiency, relative to 9,10-diphenylanthracene in cyc
sis: lithiation of 2 with an excess of n-BuLi, followed by
treating it with triisopropyl borate. BH-3BD and BD-1N
prepared by reacting 4-bromo-40-(1,2-diphenylvi-
nyl)biphenyl with 3 and naphthalene-2-boronic acid via
the Suzuki reaction, respectively. BH-3B, BH-3BD and BD-
1N were characterized by 1H NMR,13C NMR, FT-IR, GC-MS
and elemental analysis.

3.2. Thermal properties

The thermal properties of the BH-3B, BH-3BD and
BD-1N were investigated by differential scanning calorim-
etry (DSC). DSC was performed in the temperature range of
25–500 �C. The DSC results are summarized in Table 1. The
DSC thermograms of BH-3B and BH-3BD exhibited endo-
thermic melting peaks (Tm) during the first heating scan
at 350 and 308.3 �C, respectively. BH-3BD shows higher
glass transition temperature (282.4 �C), which is compara-
ble to BD-1N at 68.9 �C. This result indicates that rigid and
bulky spiro[fluorene-7,90-benzofluorene] group having tet-
rahedral spirobifluorene skeleton in BH-3B might mitigate
the intermolecular cohesion among the molecules in the
solid state. As a consequence, BH-3B is able to form homo-
geneous and stable amorphous film by thermal evapora-
tion which is a basic requirement for material to be used
as host material in OLEDs.

3.3. Optical properties

UV–Vis absorption and photoluminescence spectral
data of BH-3B, BH-3BD and BD-1N were shown in Fig. 1
and Table 2. BH-3B showed an UV–Vis absorption maxi-
mum at 369 nm and on-set at 388 nm (corresponding band
gap is 3.02 eV). The emission spectrum shows a broad peak
centered at 432 nm. The emission spectra of the BH-3B
thin film, prepared by spin-coating from a toluene solution
onto a quartz plate, was similar to those in dilute solution
but exhibit a red-shifts of 35 nm (kmax = 447 nm). Fig. 1(b)
and (c) depicts the absorption and PL spectra of dopants
BH-3BD and BD-1N, which have resemblance to BD-1, in
dilute solution and solid thin film. They show absorption
maxima at around 375 nm and 369 nm, respectively. The
emission spectrum of the solid thin film shows red-shifted
BH-3B BD-1 BD-1N BH-3BD

388 383 369.5 375
432 454 452 469
447 472 442 476.5

69 71 75 78
1.7 3.6 2.9 3.9

19.46 24.82 23.19 24.46
2.11 3.06 2.13 3.43
0.94 1.37 0.95 1.54

411.2 760.7 496 840
0.15 0.15 0.16 0.15
0.10 0.14 0.12 0.14

lohexane (Uf = 90%).
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Fig. 1. Normalized absorption and photoluminescence spectra of (a) BH-3B, (b) BH-3BD, and (c) BD-1N in solution and thin solid film.
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by 7.5 nm for BH-3BD and blue-shifted by 10 nm for BD-1N
in comparison to its PL spectrum in dilute solution. The
solution fluorescence quantum efficiency (Uf) of host and
dopant materials, all of which fall in the range of were
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determined relative to 9,10-diphenylanthracene in cyclo-
hexane (Uf = 0.90) [31].

3.4. The estimation of the HOMO and LUMO energy levels

A low-energy photoelectron spectrometer was used to
obtain information about HOMO energy values of host
and dopant materials. The HOMO energy level of BH-3B
is approximately 5.80 eV. The band gaps were determined
to be 3.02 eV from the absorption edge of the optical
absorption spectrum of BH-3B thin solid film on quartz
substrate. The LUMO energy level of BH-3B was estimated
to be 2.78 eV. The energy levels of BH-3B, BH-3BD, BD-1N
and BD-1 materials used to fabricate OLEDs in the present
study are shown in Fig. 2. BH-3BD have slightly higher
LUMO levels than BD-1 and BD-1N leading to an additional
injection barrier for electrons: the LUMO of BH-3BD lies at
2.59 eV, while the LUMOs of BD-1 and BD-1N are located
around 2.57 and 2.53 eV, respectively. This causes the in-
creased driving voltage for OLEDs with BD-1N.

3.5. EL properties

In this study, an EL device was fabricated using DNTPD
as a hole injection layer, a-NPD as the hole transport layer,
Alq3 as the electron transport layer, BH-3B host:5% dopant
as an emitting layer, ITO as the anode, LiF as the buffer
layer, and Al as the cathode to form a structure of ITO/
DNTPD/NPB/BH-3B:5% dopant/Alq3/Al-LiF.

In Fig. 3, the EL spectra of the devices derived from blue
host BH-3B doped with BD-1, BD-1N and BH-3BD dopants
were compared. The device provides a main EL peak at
around 444 � 456 nm at 7 V. The EL spectrum of device
without dopant was very similar with those of devices
doped with three other dopants. The emitting color of de-
vice with BH-3B:5% dopant as emitting layer showed the
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deep blue emission (x,y) = (0.15, 0.14), (0.16, 0.12) and
(0.15, 0.14) at 24.82, 23.19 and 24.82 mA/cm2, respec-
tively, in CIE (Commission Internationale de l’Eclairage)
chromaticity coordinates as shown in Fig. 4. It was ob-
served that undoped device displayed a better color purity
but poor efficiency. The CIE coordinates are (0.15, 0.10) at
19.46 mA/cm2.

The EL emission spectra from emitting layers of BH-3B
as the host and 0%, 3%, 5% or 7% BD-1N as the dopant at
7 V are measured. The CIE coordinates of the four devices
made of 7%, 5%, 3%, 0% BD-1N were (0.15, 0.10), (0.15,
0.12), (0.16, 0.12) and (0.17, 0.14), respectively. The best
brightness was 731 and 3200 cd/m2 at 7 and 10 V, respec-
tively, for the BH-3B:7% BD-1N. This value is more than 1.8
times the luminance of the device without the dopant at
7 V, indicating that increase of the dopant concentration
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Fig. 4. CIE 1931 coordinates diagram of devices: (1) BH-3B, undoped
(0.15, 0.10), (2) BH-3B:5%BD-1 (0.15, 0.14) (3) BH-3B:5%BD-1N (016,
0.12), (4) BH-3B:5%BH-3BD (0.15, 0.14).
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enhances the EL properties of the BH-3B emitting layer
doped with BD-1N. The current density vs. EL efficiency
characteristics of the doped devices showed a similar pat-
tern to that of undoped device. As the content of BD-1N
was increased from 0% to 7%, the EL efficiency was in-
creased from 2.11 cd/A to 2.92 cd/A at 20 mA/cm2.

3.6. Luminance-voltage characteristics

The threshold voltage for luminescence is about 4 V in
the device with an emitting layer made of BH-3B:5% BH-
3BD having a thickness of 300 Å. Fig. 5 shows the lumi-
nance-voltage characteristics of the BH-3B doped with 5%
BD-1, BD-1N and BH-3BD. The maximum luminance values
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Fig. 5. Brightness–voltage curves of the device using BH-3B host.
of 2140, 4072, 2436 and 5407 cd/m2 at 10 V were ob-
served, respectively. ITO/DNTPD/NPB/BH-3B:5%BH-3BD/
Alq3/Al-LiF device showed EL spectrum at 455.6 nm and
luminance was increased to 5407 cd/m2 from 2140 cd/m2

(the device without dopant). This result suggests that
BH-3BD can be a promising dopant material for blue EL
device.

3.7. Current density vs. EL efficiency characteristics

Application of a voltage between the electrodes should
induce the injection of charges into the organic layer (holes
from the anode and electrons from the cathode); their
recombination will create excitons; a fraction of them will
decay radiatively. The dependence of the current density
on the voltage for the devices obtained from BH-3B doped
with BD-1, BD-1N and BH-3BD is shown in Fig. 6.

The operating voltage of the device obtained from BH-
3B:5%BH-3BD at a luminance of 840 cd/m2 was 7 V with
a current density of 24.46 mA/cm2, which was comparable
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to that of the undoped device 411.2 cd/m2 at a current den-
sity of 19.46 mA/cm2 as listed Table 2. Fig. 7 shows the
dependence of efficiency on the current density of four de-
vices. It can be seen that BH-3B doped with BH-3BD shows
the highest efficiency and a little decrease of efficiency as
the current density increased from 0 to 200 mA/cm2, e.g.,
a weak current induced fluorescent quenching. It reached
a current efficiency of 3.43 cd/A (1.54 lm/W).

ITO/DNTPD/NPB/BH-3B:5%BD-1/Alq3/Al-LiF device
showed deep blue EL spectrum at 452 nm and efficiency
of 3.06 cd/A, but the device obtained from 5% BH-3BD
exhibited relatively higher efficiency 3.43 cd/A as shown
in Fig. 8. Based on the result, it was found that spiro-type
host and dopant materials are efficient to improve EL effi-
ciency in the structure of BH-3B:5% BH-3BD/Alq3 device.

4. Conclusion

New blue light-emitting spiro-type host and dopant
materials were prepared to construct a blue, organic
light-emitting diode. The devices made using BH-3B as
the host and BD-1, BD-1N and BH-3BD as the dopant
showed blue light emission with a maximum PL emission
at around 432, 454, 452 and 469 nm. An OLED made using
BH-3BD as a dopant with the structure of ITO/DNTPD/
a-NPD/BH-3B:5% BH-3BD/Alq3/Al-LiF was fabricated and
characterized. The device has a maximum luminance of
5407 cd/m2 at a current density of 197.18 mA/
cm2(2.74 cd/A) at 10 V. The CIE coordinates are x = 0.15,
y = 0.14. Lifetime measurement tests are now in progress.
These results will be present elsewhere in the future.
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Fig. 1. UV–Vis–NIR absorption spectra of CuI (dashed line), undoped
NPB (dot-dashed line) and CuI 20 wt% doped NPB films (solid line),
respectively.

Fig. 2. Current density–voltage characteristics of the hole only devices
[Ag (50 nm)/NPB:CuI X% (80 nm)/NPB (20 nm)/Ag (50 nm)] with the
doping concentration of 0 wt% (rectangle), 20 wt% (circle) and 25 wt%
(triangle), respectively.
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injection barrier. Also halide materials with strong electron
affinity such as antimony pentachloride (SbCl5) [16], ferric
chloride (FeCl3) [17] or Iodine (I2) [18] showed enhance-
ment in hole injection.

In this paper, we report a new p-type dopant of copper
iodide (CuI) to enhance the hole injection from a Ag metal
anode. High efficiency TEOLEDs were realized using the
doped HIL. Relatively low melting temperature (606 �C)
of CuI than other metal oxides (800 �C for MoO3 and
1470 �C for WO3) facilitates coevaporation with organic
materials.

2. Experimental

Thermally grown SiO2 (3000 Å) on Si wafer was used as
the substrate and cleaned with acetone and isopropyl alco-
hol. The TEOLEDs were fabricated by thermal evaporation
under 10–7 torr without breaking vacuum. A patterned sil-
ver (50 nm) electrode was prepared as the bottom contact
anode by thermal evaporation through a shadow mask.
The organic multilayer structure was formed by sequen-
tially depositing organic layers on the anode, which con-
sists of 10 nm thick CuI doped NPB as the hole injection
layer (HIL), 20 nm thick undoped NPB as the hole transport
layer (HTL), 25 nm thick N,N0-dicarbazolyl-4,40-biphenyl
(CBP) doped with 6 wt% tris-(2-phenylpyridyl)iridium(III)
(Ir(ppy)3) as the emitting layer (EML), 7 nm thick 2,9-di-
methyl-4,7-diphenyl-1,10-phenanthroline (BCP) as the
hole blocking layer (HBL), and 44 nm thick tris-(8-hydroxy-
quinoline)aluminum (Alq3) as the electron transport layer
(ETL), respectively. Ytterbium (1 nm) and silver (20 nm)
were used as the cathode to achieve efficient electron injec-
tion and semi optical transmittance. Finally 45-nm-thick
Alq3 was deposited as the capping layer to enhance the
out-coupling efficiency of the device. The fabricated devices
were encapsulated prior to the measurement.

The current density–voltage–luminance (J–V–L) charac-
teristics of the devices were measured by a Keithley 2400
semiconductor parameter analyzer and a Photo Research
PR-650 spectrophotometer. The absorption spectra were
measured by UV–Vis–NIR spectrophotometer Cary 5000.
Angular distribution of intensity and spectra were mea-
sured by an optical fiber and a S2000 miniature fiber optic
spectrometer (Ocean Optics).
3. Results and discussion

Fig. 1 shows the UV–Vis–NIR absorption spectra of the
CuI, undoped NPB and 20 wt% CuI doped NPB films. The
absorption spectrum of the undoped NPB film shows only
absorption peak by p–p* transition near 400 nm wave-
length. In contrast, the absorption spectrum of the CuI
doped NPB film shows additional absorption peaks at
around 506 nm and 1430 nm, which indicates the forma-
tion of charge transfer (CT) complexes [11,13,15]. En-
hanced hole injection from the Ag anode to HTL through
CuI doped NPB HIL was confirmed using hole only devices
with the device structure of Ag/NPB:X% CuI (80 nm)/NPB
(20 nm)/Ag (50 nm). Fig. 2 shows J–V characteristics of
the hole only devices consisting of 0, 20 and 25 wt% CuI
doped HILs, respectively. The devices with a CuI doped
HIL exhibit significantly enhanced the hole injection com-
pared to the device without the CuI doped layer. The turn-
on voltage for hole injection was reduced by about 1 V and
current density is dramatically enhanced at low voltage
region.

To understand the formation of CT complexes of CuI
with hole transporting materials, we doped CuI in the three
different hole transport materials of NPB, 4,40,40 0-tris-(N-
(2-naphthyl)-N-phenyl-amino)triphenylamine (2-TNATA)
and 1,1-bis-(4-methylphenyl)-aminophenyl-cyclohexane
(TAPC). Fig. 3 shows the difference absorption spectra be-
tween CuI doped (20 wt%) HIL and undoped HIL. Appar-
ently 2-TNATA and NPB films doped with CuI form
charge transfer complexes effectively. However, TAPC
shows little change in absorption by the doping. This
behavior can be easily understood based on the energy lev-
els of the materials. NPB and 2-TNATA have high HOMO le-
vel of 5.4 eV and 5.0 eV, respectively. On the other hand
TAPC has much lower HOMO level of 5.8 eV [19]. These re-



Fig. 3. The difference of absorbance between 20 wt% CuI doped HIL
(50 nm) and undoped HIL (50 nm) for NPB (rectangle), 2TNATA (circle)
and TAPC (triangle) as the hole transporting materials, respectively.

Fig. 4. (a) Current density–voltage–luminance characteristics and (b)
current efficiency–luminance of the TEOLEDs adopting CuI doped NPB
HILs with the doping concentration of 0 wt% (inverse triangle), 10 wt%
(rectangle), 20 wt% (circle) and 25 wt% (triangle).
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sults indicate that the Fermi level of p-type CuI is located
between the HOMO levels of NPB and TAPC, which is con-
sistent with the recent report of the Fermi level of CuI [20].

Fig. 4a shows current density–voltage–luminance char-
acteristics of the TEOLEDs consisting of Ag/NPB:X% CuI
(10 nm)/NPB (20 nm)/CBP:6 wt% Ir(ppy)3 (25 nm)/BCP
(7 nm)/Alq3 (44 nm)/Yb (1 nm)/Ag (20 nm). The undoped
20 nm thick NPB layer was inserted between HIL and
EML to prevent the quenching of exciton at the interface
between the doped NPB and EML. The device without CuI
doped HIL requires high voltage to inject current through
the device and no light was detected up to 10 V, indicating
that the hole injection is very small if the doped injection
layer is absent. However much improved luminance in
the devices with CuI doped HIL indicates that hole injec-
tion becomes efficient by the doping. Turn-on (at 1 cd/
m2) and operating voltage (at 1000 cd/m2) were 2.9 V
and 5.6 V, respectively. The current efficiency as a function
of luminance is shown in Fig. 4b. All the devices with CuI
doped NPB layer showed high current efficiencies. The
maximum current efficiency of 69 cd/A was achieved from
the device with the 20 wt% CuI doped HIL at 0.14 mA/cm2.
The efficiency corresponds to the external quantum effi-
ciency of 17.5% as the angular dependence of emission
intensity from the device is Lambertian. The current effi-
ciency was enhanced by about 10% if the glass cap is re-
moved. Roll-off of the efficiency was not significant in
the device with the efficiency of 64.6 cd/A at 1000 cd/m2,
and 57.5 cd/A even at 5000 cd/m2. The highest luminance
efficiency was obtained by setting the normal direction
resonant wavelength at about 20 nm longer than the peak
wavelength of the intrinsic emission as described by Wu
et al. [2]. The devices with different doping concentrations
in NPB resulted in lower current efficiency, which can be
interpreted based on optical effect related to the shift of
recombination zone and less charge balance in the devices
coming from the variation of hole injection current. The EL
emission spectra and J–V characteristics do not change
much with doping concentration. However, increasing
doping concentration can lead to the shift of the recombi-
nation zone toward the hole blocking layer because the
hole transport becomes faster with increasing doping con-
centration as shown in Fig. 2. Our optical calculation
showed that the external quantum efficiency increases sig-
nificantly as the recombination zone shifts toward the HBL
without changing the emission spectrum. Therefore, the
external quantum efficiency is improved with increasing
doping concentration. If the hole transport is too fast, how-
ever, the recombination zone can penetrate into the HBL to
reduce the efficiency again, which is the case for 25% dop-
ing. These are the reasons why the 20% doping gives the
highest efficiency.

Angular dependence of emission spectrum and inten-
sity of TEOLEDs is important because they are sensitive
to the dimension of the devices and related to the viewing
angle problem. Fig. 5 shows the electroluminescence spec-
tra measured at the current density of 20 mA/cm2 at differ-
ent viewing angles of 0�, 20�, 40� and 60� off from the
normal direction for the device with CuI 20 wt% doped
HIL. The peak wavelength shifts from 537 nm at 0� to
516 nm at 60�. This spectrum shift with viewing angle
might be originated from the microcavity effect of TEOL-
EDs [21]. It is interesting to note that the angular distribu-
tion of the EL intensity of the CuI doped TEOLEDs is similar
with the Lambertian distribution as shown in the inset of
Fig. 5, while usual TEOLEDs have a distribution with en-
hanced intensity in the forward direction. The spectrum
shift and angular distribution of the emission could be im-



Fig. 5. Spectra of TEOLEDs at different viewing angles. Inset: angular
distribution of EL intensity for the TEOLEDs.
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proved by an optimization of the reflectance of the cathode
and the thickness of each organic layer.

4. Conclusion

In summary, we have developed a new p-type dopant of
CuI and demonstrated high efficiency top-emitting OLEDs
using CuI doped NPB as the HIL. Hole injection from the
Ag metal anode to NPB was dramatically enhanced by
the formation of charge transfer complex between NPB
and CuI. The device with 20 wt% CuI doped HIL showed
high current efficiency of 69 cd/A, EQE of 17.5% at
0.14 mA/cm2 and operating voltage of 5.6 V at 1000 cd/
m2. The angular distribution of EL intensity is close to the
Lambertian.
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affinities [4], and hybrid blends of polymers with inorganic
materials [5].

Devices formed from blending materials give good effi-
ciencies, but controlling the morphology in a reproducible
way during processing and long-term device operation
presents challenges [6]. Indeed the best bulk heterojunc-
tion devices are comprised of poly(3-n-hexylthiophene):
fullerene blends in which complicated solvent and anneal-
ing processes are used to achieve the optimized perfor-
mance. One strategy that has been studied to improve
the stability of the active film is to covalently tether the do-
nor and acceptor [7–9], although there is no strong evi-
dence that this leads to improved device performance.
The materials studied here differ from these tethered do-
nor and acceptors, which are mostly connected by non-
conjugated linkers and hence considered as individual
chromophores, in that the donor and the acceptor are in
conjugation. Although there have been polymers that have
electron donating and electron withdrawing units within
the polymer main chain these latter polymers have been
synthesized to have a low optical transition energy [10–
15]. In contrast, the polymers for this work have been de-
signed to enhance intramolecular exciton dissociation. The
preparation of poly(1,4-phenylenevinylene)s (PPVs) that
have electron donating and withdrawing groups in a para
arrangement on the phenyl ring of the polymer backbone
and their use in simple photovoltaic devices have been
previously reported [16]. With these new polymers it
was found that the presence of the electron donating and
withdrawing groups in conjugation led to a quenching of
the luminescence and here we use LEPR to unambiguously
identify the products of photoinduced charge separation.
The electron accepting unit was a nitro group attached to
the 7-position of the fluorenyl side group. In addition, con-
trol polymers without the nitro group were also studied. In
the materials containing a nitro group, light induced EPR
showed that photoexcitation resulted in positive polarons
on the polymer backbone and the generation of localized
radical anions centered on the nitro group. In contrast, only
a weak positive polaron center was observed for the poly-
mers without the nitro groups. This indicates that having
electron donating and withdrawing groups in conjugation
can give an intramolecularly charge separated state.

Electron magnetic resonance methods can identify
paramagnetic electronic states, and may provide detailed
information on the local structure. For the S = 1/2 centers
relevant to this work, spectra can be analyzed using the
spin-Hamiltonian [17],

Ĥ ¼ lBB � g � Ŝþ
X

i

ðŜ � A � Îi þ gn;ilNB � ÎiÞ ð1Þ

which includes the electronic Zeeman term, hyperfine
interactions, and nuclear Zeeman interactions, respec-
tively, and where lB is the Bohr magneton and lN the nu-
clear magneton, and the sum includes relevant magnetic
neighbor nuclei. The sample is exposed to highly mono-
chromatic microwave photons, typically in the 9–10 GHz
range, and an external magnetic field is swept. Performing
the experiment at higher microwave frequencies increases
the field values required to observe resonance and results
in an improved ability to resolve different g-values. Split-
tings in the spectrum arising from the hyperfine interac-
tion between the electron spin and magnetic nuclei are
normally independent of the microwave frequency used.

Previous EPR and electron nuclear double resonance
studies on PPV have established the existence of a center
associated with delocalized p orbitals on the polymer
chain [18,19]. Similar light induced spectra assigned to
polarons have been observed for modified PPV materials,
for example MEH-PPV [20], CN-PPV [20], and MDMO-PPV
[3]. Measurements at 9.5 and 25 GHz on partially oriented
PPV [19], and at 95 GHz on MDMO-PPV [3], have reported
the polaron center to be axial with gjj ¼ 2:0034 and
g? ¼ 2:0024, giving giso = 2.0027 (giso = 1/3(gx + gy + gz)).
The g-values provide characteristic information about the
particular paramagnetic center. The deviation from the
free-electron value of ge = 2.0023 depends on the detail of
the electronic state containing the unpaired spin density,
including the admixture of excited states, and the degree
of spin-orbit coupling. The nature and number of magnetic
nuclei (for example I = 1/2 proton or I = 1 nitrogen) in the
local environment of the unpaired electronic spin, along
with the degree of coupling between the electronic spin
and the magnetic nuclei, can result in hyperfine splitting
of the EPR line. If this is unresolved it contributes to line
broadening. The EPR linewidths for the polaron have been
shown to be consistent with those expected from unre-
solved proton hyperfine splitting given the degree of local-
ization on vinyl and phenyl sites [20]. A radical anion EPR
center has been unambiguously identified only for the con-
jugated polymer: fullerene blends. In this case localization
within the distorted fullerene gives characteristic rhombic
symmetry g-values with an isotropic value slightly less
than the free electron value [3].
2. Experimental

In this study four PPV derivatives were investigated
(Fig. 1). All the derivatives contained fluorenyl and alkoxy
groups in a para arrangement across the phenyl ring of the
polymer backbone, and two of the polymers had the flu-
orenyl units modified by the attachment of a nitro group
in the 7-position. The materials were poly{2-[(9,9-di-n-
propyl-9H-7-nitrofluoren-2-yl)]-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene} (NDPFEH-PPV) and NDPF2EH-PPV,
where an additional fluorenyl unit is added to make a long-
er side chain. The control materials without the nitro group
were poly{2-[(9,9-di-n-propyl-9H-fluoren-2yl)-5-(2-ethyl-
hexyloxy)-1,4-phenylenevinylene]} (DPFEH-PPV) and
DPF2EH-PPV for the polymer with the extra fluorenyl moi-
ety in the sidechain.

Optical absorption measurements were performed on
thin film samples using a Cary Varian UV–vis absorption
spectrometer. Photoluminescence quantum yield (PLQY)
measurements followed the method of Greenham and
coworkers. [4], and used a 407 nm GaN laser as the illumi-
nation source.

Continuous wave (CW) 9.5 GHz EPR experiments used a
Bruker EMX with a super-high-Q resonator (ER4122SHQ)
with ER072 electromagnet. Field swept, echo-detected,
pulsed EPR measurements were performed with a Bruker
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Fig. 1. Chemical structures for the materials studied, (a) NDPF2EH-PPV,
(b) NDPFEH-PPV, (c) DPF2EH-PPV, and (d) DPFEH-PPV.

Fig. 2. Absorption spectra for DPFEH-PPV (solid), NDPFEH-PPV (dash),
DPF2EH-PPV (dash-dot), and NDPF2EH-PPV (dash-dot-dot).

Table 1
Solution photoluminescence quantum yield (PLQY) results for the four
polymers, NDPFEH-PPV, NDPF2EH-PPV, DPFEH-PPV, and DPF2EH-PPV,
studied

NDPFEH NDPF2EH DPFEH DPF2EH

PLQY (%) 3 ± 1 6 ± 1 19 ± 2 30 ± 2
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ELEXSYS E580 spectrometer at 9.8 and 33.7 GHz using
dielectric ring resonators (ER4118X-MD5-EN and
EN5107, respectively). Field swept measurements were
made at 20 K. All light induced spectra used a 407 nm,
4 mW, GaN laser. Reference measurements were made
on the two spectrometers using 1.6 mm diameter Coal
and DPPH standard samples. The Hall field of the ER072
magnet was calibrated using an NMR magnetometer
placed at the resonator position using two crossed laser
beams. Both thin cast films and solution samples were
studied, but were found to give identical dark and light-in-
duced EPR spectra, the results presented here are from
�5 mg/mL frozen solutions. The solvent used was choloro-
benzene. Simulation of the spectra using Eq. (1) were made
with the package EasySpin [17].

3. Results and discussion

The UV–visible absorption spectra for the four PPV
derivatives are shown in Fig. 2. The spectra show broad
absorption over the wavelength range 200–525 nm. In
general for PPV based polymers there are two main
absorption bands. The short wavelength region at around
210 nm corresponds to localized p–p* transitions, and
the longer wavelength absorptions are due to delocalized
p–p* transitions. In DPFEH-PPV, the absorption maximum
at 209 nm is due to the localized p–p* transitions, those at
280 nm and 313 nm correspond to the chromophore con-
taining the phenyl ring of the polymer backbone and the
fluorenyl unit, and the broad absorption around 455 nm
is due to the delocalized p–p* transitions of the polymer
backbone. The optical absorption spectra of NDPFEH-PPV
also shows components due to the localized p–p* transi-
tions (202 nm), the chromophore comprising the phenyl
ring and fluorenyl unit (359 nm), and the delocalized p–
p* transitions (454 nm). The chromophore peak is red
shifted compared to DPFEH-PPV due to the presence of
the nitro group. DPF2EH-PPV also shows absorption fea-
tures due to localized (213 nm) and delocalized (460 nm)
p–p* transitions, and has a peak at 337 nm assigned to
the chromophore comprising the phenyl unit and fluorenyl
moieties. This peak is red shifted compared to that of
DPFEH-PPV due to the extra fluorene unit. NDPF2EH-PPV
follows the same trend, with the chromophore peak red
shifted relative to DPF2EH-PPV due to the presence of the
nitro group.

The photoluminescence quantum yield (PLQY) results
from thin films given in Table 1 shows the luminescence
for nitro group containing polymers was suppressed by
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approximately a factor of five compared to those without
the electron accepting unit. The reduction in PLQY in
solution could be either due to rapid loss of energy via
non-radiative pathways such as energy dissipation by
vibrational modes or photoinduced charge separation for
NDPFEH-PPV and NDPF2EH-PPV. The PLQY values for the
materials containing the longer side chain were a factor
of two greater than the shorter side chain polymers, sug-
gesting a decreased charge separation for the materials
with longer side chains. It is interesting to note that the
PLQY for both nitro substituted polymers is only �20% of
their unsubstituted counterparts.

Fig. 3 shows the light and dark 9.8 and 33.7 GHz echo-
detected field swept pulsed EPR spectra for the nitro group
containing NDPFEH-PPV in frozen solution. The light in-
duced spectra for DPFEH-PPV (no nitro groups) at approx-
imately the same concentration are shown in Fig. 4, with
that for DPF2EH-PPV (an extra fluorenyl moiety but no ni-
tro groups) included as an insert. Fig. 5 shows the light in-
duced spectra for NDPF2EH-PPV (which contains the extra
Fig. 3. Field swept pulsed EPR spectra for NDPFEH-PPV at 9.7 and 33.7 GHz. To
difference spectra and simulation (dashed line).
fluorenyl moiety and nitro group in the sidechains). A nar-
row Gaussian line attributed to positive polarons was ob-
served in the light induced spectra for all samples, with
the signal intensity much greater for the polymers with
the nitro groups with respect to their non-nitrated equiva-
lents. The spectra from the nitro group containing poly-
mers, NDPFEH-PPV and NDPF2EH-PPV, also showed an
additional broad component, see Figs. 3 and 5.

The LEPR spectra from DPFEH-PPV and DPF2EH-PPV (no
nitro groups) at 9.8 and 33.7 GHz were simulated assum-
ing a single S = 1/2 center using a Gaussian lineshape.
Simultaneous fitting spectra recorded at the two micro-
wave frequencies allowed both the frequency dependent
g-value anisotropy, gjj � g?, and the frequency indepen-
dent contributions to be determined. The g-value anisot-
ropy for DPFEH-PPV and DPF2EH-PPV was found to be
�0.0005, see Fig. 4 and Table 2, and is slightly less than val-
ues obtained for PPV materials in previous studies [3,19].
The isotropic g-value for the polaron center observed for
NDPFEH-PPV was determined to be 2.0031 ± 0.0002, simi-
p panels dark and 407 nm illuminated spectra (grey line), bottom panel



Fig. 4. Light induced EPR spectra for DPFEH-PPV at 9.7 and 33.7 GHz,
simulation (dashed line). Insert shows the spectrum for DPF2EH-PPV.

Fig. 5. Light induced EPR spectra for NDPF2EH-PPV at 9.7 and 33.7 GHz,
simulation (dashed line).

Table 2
Simulation parameters for light induced EPR spectra, g-values and
linewidths

Center gx gy gz DB (mT)

NDPFEH
Polaron 2.0028 2.0028 2.0033 0.55
Radical anion 2.0051 2.0032 2.0027 0.80

NDPF2EH

Polaron 2.0028 2.0028 2.0034 0.55
Radical anion 2.0050 2.0035 2.0035 0.80

DPFEH

Polaron 2.0028 2.0028 2.0033 0.75

E.A. Thomsen et al. / Organic Electronics 9 (2008) 809–815 813
lar values were observed for the four derivatives studied
here (see Table 2). The experimental linewidth,
0.80 ± 0.05 mT at 9.7 GHz, is dominated by unresolved pro-
ton hyperfine structure fitted with a frequency indepen-
dent value of 0.75 mT. This is slightly larger than values
reported by Kuroda et al. [20] of 0.45 ± 0.01 and
0.66 ± 0.02 mT for CN-PPV and MEH-PPV, respectively,
but similar to those given by De Cuester et al. [3] for
MDMO-PPV (0.8 mT for the parallel component, and
0.6 mT for the perpendicular component).

For the non-nitrated derivatives (DPFEH-PPV and
DPF2EH-PPV) the polaron spectra were fitted using the
same g-value anisotropy as for the nitro group containing
materials (NDPFEH-PPV and NDPF2EH-PPV), but with a
smaller frequency independent width of 0.55 mT, as shown
in Table 2. This quite marked reduction in the linewidth
indicates a reduction in the contribution of unresolved pro-
ton hyperfine coupling. It has been reported that the dom-
inant contributions to this are from the backbone vinylene
sites [20]. The presence of the side chain nitro group alters
the distribution of the polaron spin density.
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The LEPR spectra for NDPFEH-PPV and NDPF2EH-PPV
could be satisfactorily simulated using two centers; the po-
laron, and a radical center mainly localized on nitrogen, see
Figs 3 and 5 and Table 2. Initial attempts to simulate the
complete spectrum by assuming the broad component
was due to proton hyperfine splittings or by assuming a
single delocalized center with spin density on a nitrogen
atom were unsuccessful [21,22]. The fits at the two fre-
quencies shown assumed the broad component was due
to a second nitro group radical center with 14N hyperfine
tensor principle values of 25, 15 and 64 MHz, giving an iso-
tropic hyperfine constant of 35 MHz. This value is consis-
tent with previous reports of radical anion centers
Fig. 6. Normalized double integral area of continuous wave LEPR spectra
for NDPFEH-PPV, (a) against temperature, (b) against time from the start
of the 407 nm illumination, the time at which the illumination was
turned off is marked.
containing a nitro group, which are typically in the range
28–35 MHz [21,22]. The simulations shown in Figs. 3 and
5 required a 55% contribution from the nitrogen radical an-
ion center. That is, for each positive polaron created on the
polymer backbone a radical anion was formed. The fact
that these measurements were carried out in solution
unambiguously identifies that the quenching of the lumi-
nescence is due to intramolecular charge separation. Inter-
estingly the same results were observed for films of the
polymers indicating that intermolecular interactions in
the solid state has only a minor if any effect on the charge
separation processes in either the non-nitrated or nitrated
polymers.

Fig. 3 also shows the presence of a dark spectrum from
NDPFEH-PPV, and a comparable signal was observed for
NDPF2EH-PPV (not shown). No dark spectrum was re-
solved for the control polymers DPFEH- and DPF2EH-PPV.
The microwave frequency dependence shows that the
spectral width is dominated by hyperfine interactions.
The large magnitude of these interactions required to sim-
ulate the spectrum are not consistent with p–electron pro-
ton coupling expected in PPV materials [23]. These
observations suggest the dark paramagnetic centers are
associated with the nitro groups. A possible explanation
could be the existence of different resonance contributions,
including one where there is a radical cation on the nitro-
gen and a radical on an oxygen. It should be noted that the
light induced centers are generated only in the illuminated
surface layer, while the dark signal is detected from the to-
tal bulk volume of the sample and could be due to a low
level impurity phase.

The decrease in the double integrated CW LEPR spec-
trum area with temperature shown in Fig. 6a for
NDPFEH-PPV is consistent with the expected Curie behav-
ior. The linewidth remained constant through the temper-
ature range studied. No additional physical processes are
required to account for the temperature dependence, for
example enhanced recombination. Fig. 6b shows the time
evolution of the LEPR signal after the start of illumination,
and after it was terminated. The LEPR signal was observed
to reach a maximum after approximately 40 min. At 20 K
there is evidence for a small, approximately 5%, drop in
intensity immediately after the illumination is turned off
but the majority of the signal is persistent due to deeply
trapped carriers. These observations are similar to those
reported for CN-PPV and MEH-PPV [20].
4. Conclusions

In conclusion, functionalizing PPV derivatives with a ni-
tro group results in intramolecular charge separation of the
exciton. This is shown by the light-induced electron para-
magnetic resonance results which detected both the posi-
tive polaron, and a radical anion mainly localized on the
nitro group of the modified side chain. Approximately
equal amounts of the two centers were observed to result
from the photoexcitation. The control PPV derivatives,
DPFEH- and DPF2EH-PPV, showed only the polaron center
but with a markedly reduced intensity. The reduction in
the EPR linewidth for the polaron centers in NDPFEH-PPV
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and NDPF2EH-PPV compared to the control polymers pro-
vides evidence that the presence of the nitro group alters
the polaron spin density distribution. The PPV derivatives
NDPFEH- and NDPF2EH-PPV provide examples of an alter-
native method of charge separation for organic photovol-
taic applications.
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extend our studies to other insulators, in particular poly-
methylmethacrylate (PMMA) and pentacene, and compare
the devices to those based on fatty acid LB films. Although
pentacene is normally used as a semiconductive layer in
devices such as organic transistors [17], under certain pro-
cessing conditions (flash evaporation) the resulting thin
films possess small grain structures and are more electri-
cally resistive [18].
functionalization

With APTMS.

Immersion into Au

solution.
SiO2 SiO2 SiO2

functionalization
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Fig. 1. Schematic representation for the chemical self-assembly deposi-
tion process of Au nanoparticles.
2. Experimental details

The following materials were purchased from Sigma–
Aldrich: H2O2, H2SO4 (purity 95%), NaBH4 (99.99%),
HAuCl4�3H2O (99.9%), (3-aminopropyl)-trimethoxysilane
(APTMS), polymethylmethacrylate (PMMA – molecular
weight 93,000), arachidic acid (purity 99%), pentacene
and sodium citrate. Cadmium chloride was obtained from
BDH. All glassware used in the preparation of Au nanopar-
ticles was cleaned using freshly prepared piranha solution
(70/30 H2SO4/H2O2) and rinsed thoroughly in deionised
water to remove any organic residues from the surface.

The preparation of the gold nanoparticle solution in-
volved adding 1 ml of 1% aqueous HAuCl4 � 3H2O to
100 ml of deionised water under vigorous stirring. After
1 min, 1 ml of 1% aqueous sodium citrate was added, fol-
lowed by 1 ml of 0.075% NaBH4 in 1% sodium citrate 1 min
later. The solution was stirred for a further 5 min and then
stored in the refrigerator at about 4 �C [19]. The resulting
gold nanoparticles were approximately 5 nm in diameter,
including the thickness of the organic capping layer.

Silicon wafers (p-type with resistivity 8–11 X cm, and
n-type with resistivity 10–30 X cm, both (100) orientation
and obtained from NSC Electron) were used as the sub-
strates. Substrate cleanliness was essential to achieve
reproducible electrical behaviour for the MIS structures.
The silicon wafers were cleaned prior to use by ultrasonic
treatment in acetone, propanol and water for 10 min each.
The wafers were then placed in freshly prepared piranha
solution for 30 min to remove organic impurities and
rinsed thoroughly with deionised water. Wet etching using
10:1 HF was used to remove any native oxide from the sil-
icon. Finally, the wafers were rinsed thoroughly with
deionised water and dried with N2 gas.

A thin oxide layer of 4.5 nm was thermally grown in dry
oxygen at 850 �C for 10 min. An Ohmic back contact was
established by the thermal evaporation of 200 nm Al fol-
lowed by annealing at 350 �C for 20 min in a nitrogen
ambient. To deposit Au nanoparticles, the oxidized wafers
were placed in a dilute solution of APTMS (0.1 ml of APTMS
in 1 ml methanol) for at least 16 h before rinsing with
methanol. The wafers were subsequently immersed in
the Au solution for 20 min and were again rinsed with
water. Fig. 1 shows a schematic diagram of the self-assem-
bly process. The thickness of the self-assembled APTMS
layer was about 1 nm [11].

Thin organic insulating layers of 40 nm thicknesses
were formed using spin-coating in the case of PMMA
(8 mg ml�1 in chloroform, 6000 rpm spinning speed),
Langmuir–Blodgett (LB) deposition for cadmium arachi-
date (CdAA) and flash evaporation for pentacene (evapora-
tion rate 1.5 nm s�1). The LB film deposition used a
Molecular Photonics LB715 trough situated in a class
10,000 microelectronics clean room. The subphase was
purified water obtained from a reverse osmosis/deioniza-
tion/UV sterilization system. The film deposition was
undertaken at a subphase pH of 5.8 ± 0.2 and a tempera-
ture of 20 ± 2 �C. A cadmium arachidate monolayer was ob-
tained by spreading arachidic acid on a water subphase
containing 5.0 � 10�4 M cadmium chloride (in practice,
this floating layer was a mixture of the fatty acid and its
salt). The deposition surface pressure was 22 mN m�1.

Following the deposition of the organic insulator, Al top
contacts were thermally evaporated (1 mm diameter,
thickness 100 nm). Control devices of Al/SiO2/Si and Al/
insulator/SiO2/Si were also fabricated. Double sweep capac-
itance–voltage (C–V) characteristics of the MIS structures
were recorded at room temperature using an LCR bridge
(HP4192).
3. Results and discussion

3.1. Spin-coated PMMA dielectric

Fig. 2a shows the normalized C–V characteristics of MIS
structures based on a p-type Si substrate and using 40 nm
PMMA thin films as the insulator. All the measurements
were performed at 400 kHz and at a voltage scan rate of
50 mV s�1. In each measurement, the scan was started from
the inversion region and swept towards accumulation
(although starting from the accumulation region did not sig-
nificantly alter the device behaviour). The C–V curve for the
reference Al/SiO2/p-Si sample reveals the usual accumula-
tion–depletion–inversion characteristics of an MIS struc-
ture; with a flat band voltage of approximately �1.2 V.
Negligible hysteresis is evident at the voltage sweep rate
used. The measured value of the accumulation capacitance
for the reference device was 3 nF. This was consistent (with-
in experimental errors) with the oxide thickness and the de-
vice area. Some preliminary tests on the reproducibility of
the reference Al/SiO2/Si structures have been undertaken.
Devices fabricated on the same silicon substrate showed a
maximum variation in SiO2 thickness of 2% and 5% variation
in the value of flat band voltage. However, a much greater
variation in the thickness of SiO2, up to 20%, was found for
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Fig. 2. C–V characteristics at 400 kHz for MIS capacitors with and without
gold nanoparticles using PMMA as insulator and (a) p-Si and (b) n-Si as
the semiconductor. (a) Normalized capacitance data and (b) absolute
capacitance values.
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devices fabricated on different silicon substrates. This is
associated with the accuracy of the temperature of the oxi-
dation furnace, the exact position of the silicon wafer in
the furnace and the flow rate of oxygen. Accordingly, mea-
sured flat band voltages of the reference Al/SiO2/Si structures
exhibited variations from �1.2 V to �2.8 V for structures
based on p-type Si and from�0.5 V to 2 V for n-type Si based
structures. Therefore, reference and memory devices were
always fabricated on the same silicon substrate to enable va-
lid comparisons between device structures to be made.

The capacitance data for the Al/PMMA/SiO2/p-Si struc-
ture also show clear accumulation–depletion–inversion re-
gions with little hysteresis on reversing the direction of
voltage scan. The measured value of the accumulation
capacitance was 850 pF, as expected with the increased
insulator thickness. There is very little difference in the flat
band voltages for the PMMA and SiO2 structures (a close
inspection reveals, perhaps, a very small shift in the C–V
curve to a more negative voltage for the PMMA device).
This indicates that the PMMA dielectric has little incorpo-
rated charge.

The addition of Au nanoparticles (to form an Al/PMMA/
Au/SiO2/p-Si structure) results in a distinct change in the
flat band voltage to about �2.5 V; this device also exhibits
hysteresis in its C–V curve. The voltage shift in the C–V
curve indicates the presence of positive charges within
the dielectric (i.e., a more negative voltage has to be ap-
plied to the top metal electrode to achieve the flat band
conditions in the semiconductor). This could be associated
with either the Au nanoparticles or the self-assembled
APTMS layer. Perhaps, the latter is the more likely explana-
tion, as the nanoparticle preparation requires this layer to
be positively charged. Increasing the sweep voltages to
higher values (+/�8 V) resulted in a larger hysteresis win-
dow (data not shown for this device).

The clockwise nature of the hysteresis for MIS devices
based on p-type semiconductors is usually associated with
ion drift or polarization of the insulator. However, the lack
of significant hysteresis with the reference structures
strongly indicates that charge storage in the nanoparticle
layer is responsible for the hysteresis effects. This is consis-
tent with our previous results with LB film insulators [9].
We therefore suggest that, in accumulation, electrons are
injected from the top electrode to the Au nanoparticles,
which subsequently become negatively charged. The oppo-
site effect occurs in inversion and electrons are extracted
from the nanoparticles to the top electrode. Although
charge injection might be expected to occur via the SiO2

layer (leading to a counter-clockwise hysteresis) the carrier
transport distance is greater than 5 nm when the additional
thicknesses of the organic nanoparticle capping layer and
the self-assembled APTMS layer are taken into consider-
ation. This is too large for effective tunnelling and carrier
transport through the PMMA dominates. Counter-clock-
wise hysteresis has been observed during this investigation
by using thermally grown SiO2 layer at 800 �C for 20 min
(data not shown). Although the measured thickness of the
oxide layer was about 7 nm, AFM images of the film surface
showed many voids (in some cases greater than 1 lm)
compared to the relatively smooth features of the oxide
used in structure in Fig. 2a. This is almost certainly the re-
sult of the lower oxidation temperature used (800 �C in-
stead of 850 �C). Consequently, when a positive voltage
was applied to the MIS structure, electrons were injected
from the inversion layer on the p-Si surface into the Au
nanoparticles through this ‘leaky’ oxide.

Fig. 2b shows the C–V curves for MIS devices fabricated
on n-type Si. These data are shown in the form of absolute
capacitance values versus voltage. The results are consistent
with those described above for the p-Si substrates. Signifi-
cant hysteresis is observed only when Au nanoparticles
are included in the MIS device, as shown in Fig. 2b. In this
case, the hysteresis is counter-clockwise, but again suggests
charging of the nanoparticles through the gate insulator: in
the inversion region (negative gate bias) the nanoparticles
are charged, and in accumulation they are discharged. An
interesting feature in Fig. 2b is the shift in the C–V curve
to a more positive voltage on addition of the Au nanoparti-
cles. This is opposite to the observation for the p-type sub-
strate and suggests some incorporated negative charge
associated with the nanoparticles. These are perhaps par-
tially charged during the MIS device fabrication.

3.2. Cadmium arachidate LB film dielectric

Capacitance versus voltage data for MIS devices with
a LB film insulator are depicted in Fig. 3; Fig. 3a for
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p-Si substrates and Fig. 3b for n-type substrates. The main
features are very similar to those in Fig. 2, i.e., hysteresis
effects are only evident for the nanoparticle-containing
structures, although the details (degree of hysteresis, flat
band voltage shifts) are somewhat different for the two dif-
ferent types of device structure.

The C–V curves in Fig. 3a (p-Si substrate) are similar to
those we reported previously [9]. A large negative shift in
the flat band voltage is revealed with the cadmium arach-
idate insulator, suggesting that this layer is positively
charged. This phenomenon is also evident for the n-type
substrate, Fig. 3b, but to a lesser extent. In the case of the
n-Si substrate, the C–V curve is shifted towards positive
voltage on incorporation of the nanoparticles, an effect
noted above for the Al/PMMA/Au/SiO2/n-Si structure, Fig.
2b. The result is an MIS device with the hysteresis centred
on approximately 0 V, which should prove useful for mem-
ory operation.

3.3. Evaporated pentacene dielectric

High speed (flash) evaporation of pentacene has been
reported to result in comparatively insulating films [18].
The results of using this material as the insulating layer
in our MIS structures are shown in Fig. 4. Again, negligible
hysteresis effects were observed in our reference devices,
e.g., Fig 4a for an n-Si substrate. This suggests a relatively
clean (in an electronic sense) interface between the semi-
conductor and the dielectric. The interface between the
SiO2 layer and pentacene has been reported to cause rela-
tively large hysteresis effects in devices in which penta-
cene is exploited as a semiconductor, i.e., field effect
transistors [20]. However, in the case of the MIS device
used in this study, the most important interface will be
that between the silicon semiconductor and the silicon
dioxide layer. Our results suggest that either charge carri-
ers do not move freely between the silicon (or the top elec-
trode) and the SiO2/pentacene interface or that there are
relatively few trapping states between the SiO2 and the
flash-evaporated pentacene. The shape of the hysteresis
curves are much ‘squarer’ than those for the other organic
insulators used in this work. This may reflect the higher
charge transport mobilities for carriers in the pentacene
layer, leading to rapid charge and discharge of the Au
nanoparticles.

Fig. 4b shows the effect of scanning the voltage between
different limits. As shown in the inset to Fig. 4b, the hyster-
esis window of the C–V curves increases linearly with
increasing voltage sweep in the measured range (3–9 V).
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For example, the memory window is about 1.5 V for ±3 V,
and 2.5 V for ±9 V (scan rate of 50 mV s�1 used in all cases).
At lower voltage sweeps (below ±3 V), the memory win-
dows becomes very small; the memory device exhibits
no hysteresis at sweep voltages below ±1.3 V since the C–
V curves cannot reach the accumulation region (accounting
for the fact that the curve inset in Fig. 4b does not pass
through the origin). The amount of charge stored in the
nanoparticles Q can be estimated from Q = CDVFB, where
DVFB is the flat band voltage shift; this gives a figure for
the number of charge carriers stored of 3.6 � 1012 cm�2

for a sweep voltage of ±9 V.
The charge storage characteristics of the nanoparticle-

containing MIS structures can be observed by monitoring
the capacitance with time following charging the devices
for few seconds and then applying a bias voltage. A charg-
ing voltage of �4 V (accumulation region) was applied for
3 s to the device whose C–V behaviour is depicted in Fig.
4b. The capacitance was then measured at a bias voltage
of 3.5 V over a period of about 3 h. Fig. 5 shows the change
in normalized capacitance of the device. The charge loss
over the first 3 min is estimated to be 3.5% min�1. The
capacitance then reached a constant value (about 87% of
the charging capacitance) after 6 min. The relatively small
subsequent change in the capacitance after 3 h demon-
strates that the MIS memory device has a good retention
time, and indicates that there is very low leakage current
in the memory capacitor. The origin of the fast decay in
capacitance during the first few minutes has been attrib-
uted to the Coulomb repulsion between electrons confined
in nanoparticles [21]. The subsequent slow change in
capacitance may be due to the movement of charges from
the Au nanoparticles to the bulk silicon of the MIS device
through the SiO2 layer.

4. Conclusions

Metal–insulator–semiconductor memory structures
have been fabricated incorporating self-assembled gold
nanoparticles as the charge storage elements. Three differ-
ent organic insulators, each deposited using a different
method, have been used as the dielectric in the MIS struc-
tures. Using C–V measurements, all the devices exhibited
memory characteristics, with a memory window depend-
ing on the range of the sweep voltage. Relatively wide
memory windows with square-shaped hysteresis curves
were achieved for Al/pentacene/Au/SiO2/Si structures,
regardless of the silicon substrate type. This was attributed
to the good charge transport properties of the pentacene
(compared to the other insulators used in this work). How-
ever, wide hysteresis windows centred around 0 V were
also observed for Al/PMMA/Au/SiO2/n-Si and Al/CdAA/Au/
SiO2/n-Si MIS structures. These results augur well for the
development of memory devices based on charge storage
in nanoparticles, although further work is clearly needed
on the storage lifetimes and on the long-term stability of
the structures.
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by using a small-size rubbing device. The nanorubbing pro-
cess, which consists in the deformation of a polymer thin
film by scanning an Atomic Force Microscopy (AFM) tip
operating in contact mode, has been first used to align
polyimide layers. The structural anisotropy resulting from
nanorubbing was demonstrated to be sufficiently strong
to induce efficient liquid crystal orientation even at a mod-
erate load force [9,10].

In this paper, we report on the application of the nano-
rubbing technique to P3HT thin films. Our aim is to study
the effect of chain orientation on the field-effect transistor
(FET) properties by nanorubbing P3HT thin deposits that
constitute the active layer in the FET channel. It has been
shown previously that charge transport in polymer FETs
is highly dependent on the orientation of the crystalline
domains relative to the carrier transport direction (from
source to drain) [11]. We critically test the nanorubbing
technique and find that, indeed, FETs display different
properties, depending on the orientation of the alignment
process [12].

2. Experimental section

2.1. Thin film preparation

RR–P3HT with a regioregularity of 99.8% was obtained
from Aldrich. P3HT thin films were prepared by dip-coating
clean silicon substrates into chloroform solutions (5 mg/ml)
of RR–P3HT; the substrate is immersed one time and stays
30 s in the polymer solution; the retracting speed is
70 mm/min. Typical film thicknesses are in the 5–10 nm
range, as determined by ellipsometry and AFM. The FETs
are designed in the bottom-gate bottom-contact configura-
tion. The devices were fabricated from a doped silicon sub-
strate, which plays the role of the gate supporting a 100 nm
thick SiO2 dielectric. The SiO2 layer capacitance Ci was mea-
sured to be 33 nF/cm2. The source and drain electrodes were
deposited by electron-beam evaporation of 70 nm Pd with a
1 nm thick Ti adhesion layer. Typical channel width (W)
dimensions are 25- and 100-lm with corresponding chan-
nel length (L) sizes of 1- and 30-lm. The P3HT active layers
were formed by dipping those structures in chloroform
solutions, following the above described protocol.

2.2. Nanorubbing

The nanorubbing process was performed with a Nano-
scope IIIa AFM microscope working in contact mode. The
tips are made of antimony-doped silicon with a spring con-
stant of 2 ± 0.5 N/m. [13] Typically 10 consecutive rubbing
scans were carried out with the AFM tip in order to induce
a sufficient deformation on the P3HT deposits. The loading
force applied by the tip on the film during nanorubbing is
approximately 200 nN, as calculated from the approach–
retract curves.

2.3. AFM imaging

The AFM imaging was performed in ‘‘Tapping-mode”
(TMAFM). In this mode, the cantilever holding the probe
tip oscillates close to the resonance frequency (ca.
300 kHz) above the sample surface so that the tip is in
intermittent contact with the surface at the lower end of
the oscillation. Since no lateral force is applied by the tip
on the surface during TMAFM operation, no further surface
modification is expected to occur in those conditions. The
phase of the oscillating tip is very sensitive to the nature
of the interaction with the surface. It has been shown that
the phase lag is related to the mechanical response of the
material when the amplitude is only slightly damped upon
contact with the surface. [14–16] Therefore, simultaneous
acquisition of the phase and the height image provides a
map of the local mechanical response. The AFM images
were recorded with a Nanoscope IIIa microscope operated
at room temperature in air using commercial cantilevers
made of antimony-doped silicon with a spring constant
of 30 N/m. The images were digitally sampled at the max-
imum number of pixels (512) in each direction, and the
Nanoscope image processing software was used for image
analysis. Unless otherwise stated, image treatment was
limited to a ‘‘flattening” operation, whereby a first-order
surface representing height variations related to a possible
tilt of the sample is subtracted from the original image.

2.4. FET characterization

The drain current Id vs. drain bias Vd (output) and Id vs.
gate bias Vg (transfer) characteristics have been collected
in ambient conditions with an Agilent 4156C Precision
Semiconductor Parameter Analyzer.

3. Results and discussion

In a typical experiment, we have unidirectionally
rubbed, with the AFM tip in contact mode, a (10 �
10) lm2 area on a P3HT film prepared by dip-coating.
Afterwards, the morphology of the rubbed regions was
investigated by TMAFM. Fig. 1a shows height and phase
images in an area across the modified region. The rubbed
area is barely visible in the height image (left) and appears
more clearly in the phase image (right). This phase contrast
originates from local differences in tip-sample interactions,
which indicates that the nanorubbing process induces a
modification in the polymer mechanical response. Since
rubbing favors polymer crystallization via chain alignment
[17] and we observe a clear optical signature of P3HT chain
alignment in the rubbed areas (see below), it is most likely
the change in TMAFM phase signal over the rubbed areas is
due a local increase in stiffness, as a result of P3HT chain
ordering.

Upon closer inspection, we observe that the rubbed area
presents, both in the height and phase images, a regular
pattern made of grooves parallel to the rubbing direction
(Fig. 1b). From the Fourier transform of the height image
(see inset), the period of the pattern is found to be about
40 nm. This value is directly related to the experimental
conditions of the rubbing process. The (10 � 10) lm2 area
was scanned by 256 parallel lines and the lateral shift be-
tween two lines is therefore (10,000 (nm)/256 = 39 (nm)),
which corresponds to the period of the pattern formed in



Fig. 1. (a) (10 � 10) lm2 and (b) (2.5 � 2.5) lm2 TMAFM height (left) and phase (right) images of a nanorubbed area. The vertical gray scale is 10 nm and
20� for the height and phase image, respectively. Inset: Fourier transform of the height image.
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the rubbed zone. Under the conditions used here (10 rub-
bing scans with a load of 200 nN), the vertical amplitude
of the pattern is 1.5 ± 0.5 nm.

Based on these observations, it therefore becomes pos-
sible to generate patterns with a well-defined periodicity,
by selecting the size of the rubbed area and the resolution
of the scanning during the rubbing operation. Two exam-
ples are shown in Fig. 2. In image Fig. 2a, a square of
(5 � 5) lm2 was rubbed with a resolution of 32 lines/scan.
Accordingly, the grooves period is around 150 nm
(5000 (nm)/32 = 156 (nm)). A closer look reveals that the
lines are not perfectly parallel, but correspond to a very
tight zig–zag pattern. This is even clearer upon further
reducing the resolution to 16 lines/scan (Fig. 2b). This re-
flects the actual tip displacement during the rubbing: the
tip scans back and forth in the fast scan direction while
slowly moving in the orthogonal direction (Fig. 2c), giving
rise to the zig–zag pattern. Nevertheless, for more realistic
rubbing conditions (256 lines/scan) used for FET character-
ization, the lines can be considered to be parallel.

In order to highlight a possible orientation of the poly-
mer chains within the rubbed zone, the samples were ana-
lyzed with optical microscopy between crossed polars. As
an example, two P3HT films with four (10 � 10) lm2

rubbed square areas are shown in Fig. 3; all the nanorub-
bed domains appear with a high birefringence. In addition,
complete extinction of these squares is observed when
the polars are oriented either parallel or perpendicular
to the rubbing direction. These observations clearly testify
the orientation of the polymer chains induced by the rub-
bing process.

When using a single polar, we observe that the rubbed
areas appear darker when it is oriented parallel to the rub-
bing direction while they are brighter when the orientation
is perpendicular to the rubbing direction. This difference in
the light absorption indicates that the chains are oriented
along the rubbing direction, since it is well known that
the first optical transition in conjugated polymers is polar-
ized along the chain axis [18]. The polymer chains orienta-
tion is most probably due to the combination of the shear
stress induced by the tip displacement and the ability of
the regioregular polymer to crystallize.

Since regioregular P3HT is partly crystalline [19], we
propose that the anisotropy appearing upon rubbing is
due to the alignment of preexisting crystalline domains
and/or to the stretching and crystallization of chains in



Fig. 2. (a) (10 � 10) lm2 TMAFM phase image of a nanorubbed P3HT film with a resolution of 32 lines/scan. The vertical gray scale is 30�. (b) (4 � 4) lm2

TMAFM phase image of a nanorubbed P3HT film with a resolution of 16 lines/scan. The vertical gray scale is 15�. (c) Scheme of the tip scan pattern. The dark
regions in images (a) and (b) correspond to the zones where the tip has rubbed the film surface.

Fig. 3. Optical micrographs between crossed polars for P3HT films with four (10 � 10) lm2 rubbed squares. The crossed polars are oriented as shown by the
white arrows.
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the amorphous regions. In a control experiment, nano-
rubbing has been carried out on thin films of regio-
random P3HT, which cannot crystallize due to the
random arrangement of the hexyl side groups. In that case,
neither changes in the surface morphology nor birefrin-
gence are observed, which is consistent with the absence
of polymer chain orientation. In the regiorandom system,
the polymer chains that are stretched by the tip displace-
ment most probably relax back to the coiled state very
quickly afterwards.

In order to study the effect of chain orientation on the
device electrical properties, we applied the nanorubbing
technique to P3HT thin films defining the channel of FETs.
The rubbed area includes the P3HT channel and a part of
the electrodes, because the polymer layer, deposited by
dip-coating, covers the devices entirely. The TMAFM height
image (top left) in Fig. 4a shows the P3HT channel as the
dark horizontal region comprised between the source and
drain electrodes, which appear in gray. The corresponding
phase image (top right) shows no contrast between the
channel and the electrodes, consistent with the fact that
the whole device surface is covered with P3HT. The pattern
generated by the rubbing is clearly observed in the close-
ups (Fig. 4b); it is very similar to that obtained on the ‘free’
P3HT films.

Fig. 5 displays optical micrographs of a P3HT FET with a
nanorubbed zone across the channel. Rubbing has been
performed over a (25 � 25) lm2 area, with the scan direc-
tion along the electrodes, as indicated by the arrow in the
right micrograph. Between crossed polars, the electrodes
appear in pale blue and the rubbed area is very bright (yel-
low over SiO2 and blue over Pd source and drain elec-
trodes) when the rubbing direction is at 45� with respect
to the polars (left image), which indicates that also in this
system the rubbed polymer is birefringent. Consistently, a
complete extinction of the rubbed square is observed when
the rubbing direction is either parallel or perpendicular to
the polarization directions, testifying to the polymer chain
orientation within the rubbed domain and so within the
P3HT channel.
4. FETs properties

The typical output (a) and transfer (b) characteristics
of P3HT FETs fabricated with W = 25 lm, L = 1 lm and



Fig. 4. (a) (35 � 35) lm2 and (b) (15 � 15) lm2 TMAFM height (left) and phase (right) images of a channel-rubbed field-effect transistor. Images (b)
correspond to green squared areas in images (a). The vertical gray scale is 7 nm for height images and 25� for phase images.

Fig. 5. Optical micrographs between crossed polars of a P3HT field-effect transistor with the channel structured by nanorubbing. The crossed polars are
oriented as shown by the white arrows.
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pristine SiO2 dielectrics [20,21] are given in Fig. 6. These
transistors display short channel effects [22,23], in other
words inability of the drain current to saturate above the
pinch-off. We have consequently determined the field-ef-
fect mobility at both low and high drain voltages, as
shown hereafter. The on/off current ratio of our FETs is



Fig. 6. Output (a) and transfer (b) characteristics of P3HT FETs with W = 25 lm, L = 1 lm and pristine SiO2 dielectrics. (c) and (d) Transfer behavior of P3HT
FETs with W = 100 lm, L = 30 lm and hexamethyldisilazane-treated SiO2 dielectrics. Insets display their respective output response. Before rubbing
(continuous curves) and after rubbing (dashed curves).
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below 1000, similar to previous reports, which affirmed
unintentional doping of the P3HT when processed in
ambient conditions [24,25]. This unfortunately precludes
the extraction of certain parameters, such as maximum
transconductance and cut-off frequency, i.e., a more in-
depth analysis of the electrical changes induced by the
nanorubbing process. Note that the transfer characteris-
tics (Fig. 6b) show a pronounced hysteresis, typical of
thick SiO2 dielectrics, which indicates a relatively high
density of traps at the organic/dielectric interface and
within the dielectric [26]. As proper treatment of the
dielectric reduces the hysteresis, we have also tested de-
vices with W = 100 lm, L = 30 lm, and hexamethyldisi-
lazane-coated 100-nm-thick SiO2 dielectrics. Their
corresponding current–voltage characteristics are given
in panels (c) and (d) of Fig. 6. Indeed, they display lower
hysteresis with respect to pristine SiO2 devices together
with a well-defined saturation of the Id � Vd curves (see
insets).
Table 1
Electrical properties of the homogeneous and nanorubbed P3HT FETs (along the e

Device Vth (V) llin

W = 25 lm L = 1 lm Homogeneous 12 2.6 �
Nanorubbing// 7 6.4 �

W = 100 lm L = 30 lm Homogeneous �6 2.0 �
Nanorubbing// �10 3.0 �
To quantify the impact of nanorubbing process on the
FET characteristics, we have determined the linear mobil-
ity llin using the equation Id = W/L�Ci�llin�(Vg � Vth)�Vd,
where the threshold voltage Vth has been extracted from
plots of Id=g1=2

m vs. Vg. Here gm = oId/oVg is the transconduc-
tance. Given the presence of superlinearities at low Vg in
the output characteristics of the L = 1 lm FETs, the ex-
tracted values for the linear mobility might be question-
able. We therefore provide the field-effect mobility also
at high gate voltages, using the equation Id = W/
2L�Ci�lsat�(Vg � Vth sat)2. The Vth sat has been extracted
from plots of I1=2

d vs. Vg. Table 1 compares all these param-
eters for the homogeneous and nanorubbed devices (along
the electrode direction). We observe two times or higher
mobilities for the nanorubbed FETs, comparable with pub-
lished data for standard bottom-contact P3HT devices [27].
From the transfer plots we have also extracted the source-
drain series resistance (Rsd), using the technique detailed
by Rhayem and collaborators [28] and found values in
lectrode direction)

(cm2/V s) Rsd (MX) Vth sat (V) lsat (cm2/V s)

10�3 5 �4 7 � 10�3

10�3 1 2 20 � 10�3

10�3 50 0 1 � 10�3

10�3 35 0 2 � 10�3



Nanorubbing // 

Source

Drain

Nanorubbing ⊥

Source

Drain

Fig. 7. Schematic representation of the P3HT chain arrangement when the nanorubbing is performed parallel (left) and perpendicular (right) to the source–
drain axis. The polymer chains and the electrodes are not to scale. The double arrows indicate the rubbing direction.
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the MX range, consistent with previous reports on P3HT
films deposited by spin coating [29,30]. This indicates that
the nanorubbing process provides a gentle modification of
the metal/polymer charge–injection interface. Finally, we
have checked that the mobility value does not depend on
the direction of the dip-coating operation, i.e., either paral-
lel or perpendicular to the electrodes. In other words, in
the conditions we used, the dip-coating does not induce
significant orientation of the P3HT film.

After rubbing the P3HT channel along the electrode
direction (i.e., as indicated in Fig. 5), the transistors oper-
ate nicely, with improved parameters (see Table 1). In
contrast, when the nanorubbing is performed perpendic-
ular to the electrode direction, the mobility has consis-
tently been found lower and approaching 10�4 cm2/V s.
This contrast in mobility is most probably related to
the difference in chain orientation induced by the rub-
bing. It has been shown previously [8] that rubbing
P3HT films leads to a global orientation of the chains at
the surface, with the (100) plane perpendicular to the
polymer layer. This means that the plane of individual
polymer molecules is parallel to the surface. Let us note
that such arrangement is not the most favorable for
charge transport in the plane of the polymer film (a
‘edge-on’ organization has been shown to lead to the
highest mobilities) [11]. When rubbing is carried out per-
pendicular to the source–drain axis, the chains are there-
fore arranged flat on the surface and perpendicular to the
transport direction (Fig. 7, right). In such configuration,
charge transport in the source-drain direction implies
chain-to-chain hopping over a large distance (because
of the presence of the alkyl groups), which is consistent
with the low mobility observed. In contrast, when nano-
rubbing is performed parallel to the source–drain axis,
the chains are oriented parallel to the transport direction
(Fig. 7, left). Intramolecular transport is favoured and
only a few inter-chain hopping events are necessary for
charges to cross the channel. This is consistent with the
twofold increase in mobility with respect to the homoge-
neous layer, in which the chain orientation is random.
This behavior is similar to that recently observed when
the chain orientation is promoted in poly(3,30 0 0-didode-
cyl-quaterthiophene) by embossing the polymer layer in
the liquid-crystalline state [31]. Finally, we note that
additional mechanisms could affect the mobilities of
nanorubbed transistors. Precisely, the surface roughness
induced to the polymer films constituting the FET chan-
nel by the rubbing process is likely to induce a nonuni-
formity in the electric field and, hence, a modification
of their respective field-effect mobilities. This side effect
cannot be ruled out and might play a role in our exper-
iments. Yet, we believe that it should be strongly related
to the magnitude of the corrugation (depth of the nanog-
rooves) as well as the periodicity of the surface deforma-
tion, and this has been not observed in the experiments.

5. Conclusions

We have applied the nanorubbing process, which uses
an AFM tip operating in contact mode, to structure regio-
regular P3HT thin films. Rubbing induces a slight deforma-
tion on the surface, showing up as grooves to the fast scan
direction, along with a modification of the mechanical re-
sponse corresponding most probably to shear-induced ori-
entation of crystalline domains. Polarized optical
microscopy clearly indicates that the P3HT chains are ori-
ented along the rubbing direction. Consistently, thin films
of regiorandom P3HT, which cannot crystallize, show no
morphological modifications and no optical anisotropy
upon nanorubbing.

In order to study the effect of chain orientation on the
electrical properties of P3HT devices, we applied the nano-
rubbing technique to structure the P3HT film deposited in
the channel of FETs. When nanorubbing is carried out par-
allel to the source–drain axis, the electrical performances
of the devices (such as the linear and saturation mobilities)
are improved with respect to FETs employing isotropic
P3HT films. In contrast, when nanorubbing is performed
perpendicular to the source–drain direction, the mobility
decreases. These effects are related to the polymer chain
orientation: in the latter case, the chains are perpendicular
to the transport direction and the charge transport implies
chain-to-chain hopping over large distance, which leads to
low mobilities. When the nanorubbing is performed paral-
lel to the source-drain axis, the chains are parallel to the
transport direction, intramolecular transport is favored,
leading to higher mobilities.
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may provide an explanation for the huge variation in the
reported switching times.

Pristine MIM diodes (Fig. 1) consisted of an Al bottom
electrode, a sputtered layer of Al2O3 (10 nm), a spirofluo-
rene polymer (80 nm), and a Ba/Al (5 nm/100 nm) top elec-
trode that forms an Ohmic contact with the polymer. The
devices with an active area of 9 mm2 were encapsulated
to exclude O2 and H2O. In all cases, positive bias voltage re-
fers to the bottom electrode being poled positive with re-
spect to the top electrode. The memories were ‘formed’
by applying a 15 V pulse, which was terminated immedi-
ately after the current through the device reaches a com-
pliance level of 10 mA. The J-V characteristics after
forming are presented in Fig 1. They show a symmetric,
voltage controlled negative differential resistance (NDR).
Reliable switching is obtained at the top and bottom of
the NDR [21,22]. Using a pulse with 4–6 V amplitude, the
memory switches to the low resistance ON state. A pulse
with 8–10 V amplitude, corresponding to the end of the
NDR regime, switches the memory to the high resistance
OFF state.

Already in 1967, Simmons and Verderber studied the
switching dynamics of SiOx memories. The J-V characteris-
tics were measured using a saw tooth bias profile. At low
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Fig. 1. (top) J-V characteristics of a device scanned from 0 V ? +10 V ? �10 V ?
low resistance ON and high resistance OFF state in pulse experiments. (bottom)
repetition frequencies a clear NDR was observed. With
increasing frequency the magnitude of the NDR gradually
decreases, and vanishes at about 1 kHz. They concluded
that a dead time was responsible for the disappearance
of the NDR [22,23]. After programming, a waiting time of
at least 1 ms is needed to switch the resistance again.
The J-V characteristics of similar saw tooth measurements
on our memories are presented in Fig. 2. In perfect agree-
ment with Simmons and Verderber, the NDR disappears
at a repetition rate of about 1 kHz. The data shows that
when the programming voltage is cycled too fast the de-
vice remains always in the OFF state, as will be shown
later.

Before investigating the dead time, we measured single
switching events using a waiting time >10 s between
events. In these experiments, the device with a capacitance
of 2.7 nF is coupled directly to a pulse generator (50ohm)
when applying the programming pulse. This gives a time
constant for charging of the dielectric (sDC) of 1.4 �
102 ns. The current density is measured before and after
switching using a low reading bias of 1 V. The current den-
sity as a function of pulse length for switching from the
high resistance OFF state to the low resistance ON state
is shown in Fig. 3A, and from the ON to the OFF state in
10
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Lay-out of the memory diode.
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Fig. 3B. In these experiments, the initial state has been pre-
pared by a pulse of fixed length (100 ms). Fig. 3A shows
that a minimum pulse length of 200 ns is needed to induce
a change in resistance. Fig. 3B shows that the switching
time from the ON to the OFF state is 400 ns. These times
are of the same order of magnitude as sDC and therefore,
it may well be possible to achieve switching times shorter
then 400 ns by, e.g. lowering sDC through reduction of the
electrode area. The fastest switching times reported for or-
ganic memories are on the order of 10 ns [5].

Subsequently, the dynamics of repeated switching
events were investigated using a fixed programming pulse
length of 0.5 ms and varying the delay time between the
programming cycles. The voltage sequence is shown in
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Fig. 4. Using a high bias of 8 V, the memory is switched
OFF. After 1 ms, the memory is switched back to the ON
state. This pulse sequence is repeated after a variable delay
time. In these experiments, the device is coupled to the
pulse generator via a resistor (1 kX), resulting in a sDC of
3 ls. The current density is measured after each pulse with
an oscilloscope using a low reading voltage of 1 V. Fig. 4
shows the current density in the first cycle (open symbols)
and the second cycle (closed symbols) as a function of de-
lay time between the cycles. Repeated OFF–ON switching
is presented in Fig. 4C. For times longer than 3 ms the cur-
rent densities in the first and second cycles are identical;
the closed symbols overlap the open symbols. For shorter
delay times the memory can be switched in the first cycle
(open symbols) but not anymore in the second program-
ming cycle (closed symbols). This demonstrates the pres-
ence of a dead time of about 3 ms for OFF–ON switching.
Similarly, Fig. 4D shows a dead time of about 1.5 ms for re-
peated ON–OFF switching. The difference between re-
peated OFF–ON and repeated ON–OFF switching is not
yet understood. We note that the dead times obtained
from the pulse measurements agree very well with the
dead time obtained using a saw tooth bias profile and are
several orders of magnitude longer than sDC Therefore,
the millisecond dead time can only be due to an intrinsic,
slow process within the active layer(s) of the diode and
puts a limitation on the access time of the memory.

In systems exhibiting voltage controlled NDR, domains
with high and low resistivity form spontaneously, leading
to an inhomogeneous distribution of charge density inside
the material [24]. The domain boundaries relocate when
changing the applied voltage [25] and the ‘‘dead time” can
now be interpreted in terms of a time needed for domain
boundary relocation and redistribution of charge density,
in such a way that a next switching event can occur. The
huge variation in reported switching times can be explained
by the different measuring protocols. Measurements of sin-
gle switching events yield microsecond switching times.
The use of repeated switching cycles invariably leads to mil-
lisecond switching times dominated by the dead time.

We note that the occurrence of a dead time is a key
ingredient to observe unipolar switching. At high bias the
memory is programmed in the high resistance OFF-state.
When the bias voltage is ramped down on a time scale
smaller than the dead time, the memory cannot switch
back to the ON-state. The OFF-state is preserved. Thus, a
dead time is a prerequisite for unipolar memory operation.
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Fig. 1. The schematic structure of the PN-hetero-boundary organic light-
emitting transistor with the split-gate structure.
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the electron injection electrode, and by judiciously selecting
the right material for the gate insulator [7,8].

These approaches are interesting from a scientific view-
point. However, when a single material system takes
charge of both the luminescence and the charge transpor-
tation functions, either the luminescence performance or
the electric performance is sacrificed, because, in many
cases, the quantum yield of luminescence and electrical
performance of material are related to trade-off. Moreover,
it is also a problem that the EL efficiency of OLET is lower
than that of general organic light-emitting diodes (OLEDs)
when most carrier doses not contribute EL, if there is a sig-
nificant difference between the mobility of the electron
and the hall. To increase the EL efficiency and reduce the
driving voltage by improving electrical performance of
the devices, externally controllable carrier balance and en-
ough high quantum yield of luminescence at recombina-
tion/light-emitting site are required.

Specialized OLETs were earlier reported by the authors
with a horizontal PN-hetero-boundary combined with
electron and hole transport materials along the carrier
channels (PN-OLETs) [1]. In this device structure, the car-
rier recombination and thus photon generation happen at
the interface between two organic semiconductor materi-
als with different polarity or at a thin light-emitting layer
inserted between them. It is by deliberate insertion of
PN-boundary that the carrier balance and EL efficiency
can be enhanced. Moreover, the role of light-emission
and charge transport is split up with multiple materials,
resulting in a decrease of the driving voltage. The EL effi-
ciency may improve, because enough distance exists be-
tween the light-emitting area and the metal electrodes
absorbing the light. In addition, by applying the hole-
source with the patterned p-type semiconductor to an
injection electrode of minority carriers, the diverging cur-
rent by hole as miner carrier at the low gate voltage region,
which can be seen with a general ambipolar transistor, is
expected to be suppressed and the on/off ratio of the cur-
rent and the luminance maintained high.

However, during actual investigation of PN-OLET there
was a problem in the controllability of the current and the
EL intensity by the gate. The light-emitting surface of the
PN-OLETs consists of the liner-emitting area arranged to
move side by side. Consequently, it was necessary to narrow
down the width of this liner-emitting area, namely channel
length, and to arrange it in a high density to obtain high EL
intensity from the light-emitting surface. Yet, when the
length of the channel was actually shortened, it was found
that the on/off ratio of the current and the EL intensity de-
creased significantly. It was realized that this problem orig-
inated in a similar effect to the short channel effect caused
by the influence of parasitic resistance in the device.

Hence, in this research, an attempt was made to im-
prove the carrier balance and the on/off ratio of the current
and the luminance by controlling injection of each carrier
independently with the split-gate structure [9]. It was
proved that the on/off ratio of the current and the lumi-
nance could be improved from 10 or less with the single-
gate structure up to 1000 with the split-gate structure
without substantial change in the maximum luminance
and the external quantum efficiency.
2. Experiment

The conceptual structure of the PN-OLET with the split-
gate is shown Fig. 1.

The fabrication process of our device is as follows. First,
a 100 nm-thick aluminum–tantalum alloy gate electrode,
split into two, was formed with photolithography on the
insulating substrate, and then a 250 nm-thick layer of
SiO2 was formed on the gate electrode through chemical
vapor deposition. Next, the 50 nm-thick electron-
source––a comb-shaped mesh––and hole-source were
formed on the gate insulator to the split of gate located be-
tween the two sources. The gap-length of the split-gate
and the channel length of the transistor are l lm and
3 lm, respectively. The line-density of the light-emitting
area was 166 line/mm.

The horizontal PN-boundary structure was fabricated by
photolithographic lift-off patterning of thin-films of organic
semiconductor on the electrode substrate aforementioned.
This patterning was done using the alkaline water as a lift-
off solvent, instead of the organic solvent, to minimize the
damage to the organic semiconductor film. The details of
the patterning process of organic films were given in an ear-
lier report [1]. By this technique, fine slit pattern of penta-
cene, with at least 0.5 lm-width, could be formed so far,
although more minute patterns were considered possible.
Therefore, this lift-off patterning can possibly be applied
not only to fabrication of PN-hetero-boundary OLETs, but
also to the isolation processing of organic thin-film transis-
tors (OTFTs) for preventing current leakage between adja-
cent devices in integrated circuits, in high-definition pixel
patterning for OLEDs display, and so on.

The organic semiconductor pattern, which covered one
of the comb-shaped source electrodes, consists of a 3 nm-
thick copper phthalocyanine (CuPc) film stacked on
47 nm-thick pentacene film as p-type material. The CuPc
layer was inserted to decrease the influence of interfacial
barrier on continuous deposition of the organic EL layer,
and to decrease the driving voltage. Subsequently, 15 nm-
thick N,N0-bis(3-methylphenyl)-N,N0-diphenylbenzidine
(TPD) as hole transport layer, 2.5 nm-thick 2 wt% 4-(dicya-
nomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-
pyran (DCM) doped tris(8-hydroxyquinolinato)alumi-
num(III) (Alq3) as a light-emitting layer and 12.5 nm-thick
Alq3 as an electron transport layer were formed on the
whole area of the substrate with the patterned CuPc/penta-
cene. Finally, 50 nm-thick N,N0-dihexyl-1,4,5,8-naphtha-
leneterracarboximide (C6-NTC), as an n-type organic
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semiconductor, was formed after the deposition of 3 nm-
thick 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(bathocuproine: BCP), which was inserted for avoiding the
quenching of the excitons at the interface of Alq3 and C6-
NTC that disturbs the EL from the Alq3 layer [10].

The energy level diagram along the expected charge
pass in the device was shown in Fig. 2. By the large LUMO
level gap at the interface of TPD/Alq3 and the large HOMO
level gap at the interface of Alq3/BCP, it is expected that the
electron and the hole are confined into the Alq3 layer and
contribute to the EL from the Alq3 layer. Moreover, the
step-like profile of HOMO on the hole injection side (left
side) seems to contribute to smooth transportation of the
hole. On the other side, the ragged profile of LUMO on
the electron injection side (right side) seems to causes a
high operation voltage as considered in the discussion part.

The optical and electrical properties of the devices were
measured in probe station TTP4 (Lake Shore Cryotronics,
Inc.) under 1 � 10�3 Pa pressure. For source–source cur-
rent (Iss) and the luminance (L) measurement, the combi-
nation of semiconductor parameter analyzer 4155C
(Agilent Technologies, Inc.) and low-power detector 818-
UV (Newport Corporation) was employed.

In this study, the device was driven by sweeping the po-
tential of the hole-source like a drain electrode in driving
for measurement of static characteristics of OTFTs, when
the electron-source was fixed to the ground potential.
Then, the potential of the electron-gate was changed at
regular intervals. During each setting of the electron-gate
potential, the source–source voltage (Vss) sweeping, and
similarly, the potential of the hole-gate were kept constant.
We expected balanced carrier injection and high on/off ra-
tio of the current and the luminance to be achieved by the
appropriately selected hole-gate potential.

The device was designed to be suitable for n-type driv-
ing polarity. Applying the hole-source with the patterned
p-type semiconductor to an injection electrode of minority
carriers is important to achieve high on/off ratio of the Iss

and emission intensity, and to keep down the diverging
current of minority carriers at the low gate voltage region,
as normally observed in conventional organic ambipolar
transistors. Why the n-type semiconductor for a top layer
was used, rather than the p-type, was because the naph-
thaleneterracarboximide derivatives as n-type semicon-
ductor, by virtue of their unique charge transmission
mechanism [11], showed sufficient electric performance,
Fig. 2. The energy diagrams along the expected carrier pass in the
PN-OLETs.
even if the molecular orientation was disordered under
the influence of the ragged surface of the lower layer.
3. Discussion of results

The Vss dependence of the Iss and the L of the conven-
tional single-gate PN-OLETs and the split-gate PN-OLETs
with hole-gate voltage of +60 V were shown in Fig. 3a
and b, respectively. Both PN-OLETs were fabricated on
the same substrate, and all the organic active layers were
deposited at the same time. By introducing the split-gate,
the Iss and the L at a low electron-gate voltage were suc-
cessfully suppressed while those at a high electron voltage
were kept almost constant. Incidentally, the L of about
100 cd/m2 was obtained at 15 V in the Vss with turn-on
voltage of less than 10 V.

By the way, in the typical organic ambipolar transistor,
it is anticipated that the accumulation of the hole occurs
only when the potential of the hole-source becomes higher
than that of the hole-gate. However, this is not coherent to
our experimental result that the EL was observed by the Vss

of 10 V or less. This discrepancy between typical organic
ambipolar transistors and our device might originate in
the patterned and multilayered complex organic semicon-
ductor layer of our device. To clarify the operation mecha-
nism of our device, we plan to study the characteristic of
the split-gate transistors with simpler semiconductor layer
structure in the future.

The ratios of Iss and L at the electron-gate voltage of
�10 V (off) and at +30 V (on) of split-gate PN-OLET were
shown in Fig. 4a and b. In both 15 V and 30 V in the Vss,
the on/off ratio improved exponentially with change in
the hole-gate voltage into positive direction, and the on/
off ratio of 1000 or more was achieved at +60 V in the
hole-gate voltage for both the Iss and the L. On the other
hand, the on/off ratio became less than that of the single-
gate PN-OLET with change in hole-gate voltage into nega-
tive direction. The criterion of suitable hole-gate voltage
was based on the assumption that the off-current and the
off-luminescence observed at low electron-gate voltage
originated mainly and unexpectedly in the hole current.
Therefore, the objective of controlling the off-current was
achieved by fixing the hole-gate voltage to positive poten-
tial that depresses the accumulation of the hole.

The Vss dependences of the external quantum efficiency
(gext) of conventional single-gate PN-OLETs and split-gate
PN-OLETs were shown in Fig. 5a–c. When the Vss was var-
ied, a single peak appeared in the gext. Such phenomenon
may originate from an inversion of the amount of accumu-
lated electrons and holes in response to variance in the po-
tential of gate and hole-sources. This inversion caused by
the device is characteristic of ambipolar OTFTs in which
one of the charge currents draws the saturation curve,
when the other charge current exponentially increases
with change in the Vss. The timings of the inversion of
the amount of carrier depend on the relation between
the potentials of different electrodes. Hence, in conven-
tional single-gate PN-OLETs, the Vss, at which the peak gext

appears, changes depending on the gate voltage, especially
at the low gate voltage region. Such a trend was observed



Fig. 3. The dependence on the source to source voltage for the source–source current and the luminance of (a) the conventional single-gate PN-OLETs and
(b) the split-gate PN-OLETs with hole-gate voltage of +60 V.
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in the split-gate type device too. Additionally, in the split-
gate type device, the electron-gate dependency of peak po-
sition rises when the potential of the hole-gate changes
into positive direction and falls when the potential of the
hole-gate changes into negative direction. This experimen-
tal result implies that the amount of hole carrier at the low
electron-gate voltage region decreases as the potential of
hole-gate increases in the positive direction, and as a result
the off-current is depressed.

The major problem in improving the device perfor-
mance of PN-OLETs is that the gext of PN-OLETs is signifi-
cantly lower than that of OLEDs of the same EL materials.
When the split-gate structure was introduced to PN-OLET,
considerable improvement was expected in the EL effi-
ciency in terms of achieving independent control of the po-
tential of the two gates. However, as shown in Fig. 4, not
only was there practically no difference in the single-gate
device, but also the control of the potential of the hall gate
was not fully independent. The incompleteness of confine-
ment of exciton that contributes to the luminescence of the
EL layer is considered possibly responsible for the low EL
efficiency, because the EL layer is thinner than OLEDs
(especially Alq3 layer). However, no substantial change in
gext was observed when the thickness of the EL layer was
doubled or halved. It follows, therefore, that the chief cause
for low EL efficiency could be something else.

Surprisingly, the parasitic resistance that exists in the
present PN-OLETs structure is now considered the possible
cause for low EL efficiency. Based on the energy diagram
(Fig. 2), it is believed that there has been a significant volt-
age drop between the electron-source and the hole-source
in the EL layer, because the resistance of the organic semi-
conductors, such as pentacene and C6-NTC, is small as
compared to that of the emitting layer such as TPD and
Alq3. The EL layer located at the interface of the electron-
source/the n-type material is possibly deleterious to the
device performance. It is conjectured that the EL layer at
the electron-source/the n-type material interface causes a
big parasitic resistance, because the EL layer has a reverse
bias against the direction of the charge migration at that
interface. The parasitic resistance at this point changes
the ideal electric field distribution in the device signifi-
cantly and disturbs the control of the carrier balance by
the gate and/or degenerate the EL efficiency by generating,
for instance, the unexpected charge pass. For studying
these problems, it is necessary to fabricate a device with



Fig. 4. The on/off ratios of Iss and L at the electron-gate voltage of �10 V
(off) and at +30 V (on) in the split-gate PN-OLETs.

Fig. 5. The dependence on the source to source voltage for the external
quantum efficiency of (a) the single-gate PN-OLETs, (b) the split-gate PN-
OLETs with the hole-gate voltage of +60 V and (c) �20 V.
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no EL layer on the electron-source/the n-type material
interface. Accordingly, a new fabrication process is being
developed where this extra layer is not formed. By elimi-
nating parasitic resistance, the split-gate structure is ex-
pected to contribute to the improvement of not only the
on/off ratio, but also the carrier balance.

4. Conclusions

In this research, the on/off ratio of the Iss and the L of the
original device structure were successfully improved by
introducing the split-gate structure into the PN-OLETs. This
split-gate structure can be expected to contribute to im-
prove not only the on/off ratio but also the EL efficiency
by improving the charge balance in the PN-OLETs with
the parasitic-resistance-less structures that are being
developed by the author. In addition, it is emphasized that
the split-gate structure may prove useful not only for PN-
OLETs but also for general MOS-type OLETs that have the
single material systems for active layer.
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standard planar structure has remained virtually un-
changed and still is the most widely used device geometry.
Planar OFETs can have either a top gate (TG) or bottom gate
(BG) configuration, yet processing an OFET with both top
and bottom gate present enables the study of a whole
new device structure. Moreover, the dual gate OFET (DG-
OFET) could further improve the performance of organic
TFTs, without adding a significantly higher complexity to
the processing of devices.

One of the main bottlenecks for the practical applica-
tions of OFETs in the electronic industry is the instability
of the materials during operation under environmental
conditions and the limited control of the electrical param-
eters of the device. A very important issue is the control of
the threshold voltage (VTH), which becomes crucial for
proper operation, low power consumption and increasing
the noise margin, especially in complicated organic cir-
cuitry. The first issue is often solved either by using an
environmentally stable organic semiconductor [7,8] or by
coating the device with a passivating material. The second
issue is often more difficult and can be achieved, to a lim-
ited extend, by modifying the surface of the dielectric with
self-assembled monolayers [9]. A DG-OFET solves both
problems at once: the top insulator acts as a passivating
layer by protecting the semiconductor from ambient, and
the top gate can be used to accurately control the threshold
voltage. The use of DG-OFET devices has already been
exploited to significantly improve the noise margin in or-
ganic circuitry [10]. Furthermore, the DG-OFET has the po-
tential to expand the possibilities of what has already been
achieved and thoroughly studied with common organic
TFT devices.

Dual-gate transistors, and even triple gate FETs, have al-
ready been researched extensively in the field of inorganic,
e.g. silicon, electronics [11]. Modeling and analysis of or-
ganic dual-gate transistors however has only been recently
developed [12–16], mostly on devices with evaporated
pentacene as semiconductor rather than polymer semicon-
ductors cast from solution. Recently, a linear dependence
between the threshold voltage of the bottom channel
(VTH) and the applied top gate (VGT) was proposed and ob-
served, with the slope of the linear fit equal to the ratio be-
tween the capacitances of both dielectric layers [14]. In
this work, DG-OFETs (Fig. 1) processed from solution with
p-type polymeric semiconductors and polymeric top
dielectrics are investigated. We demonstrate that a single
linear relationship between VTH and VGT is incomplete for
Fig. 1. Schematic structure of the dual-gate organic field-effect transistor.
a DG-OFET with both the top and bottom channels active,
since the influence of the top gate potential on the bottom
channel is screened by the charge carriers in the top chan-
nel and vice versa. Furthermore the transfer characteristics
of the DG-OFET will be discussed in which a transition re-
gion is clearly observed when both channels are properly
working.
2. Experimental procedure

The DG-OFETs were processed using heavily n-doped
silicon wafers as bottom gate electrode, with a 200 nm
thick thermally grown silicon oxide layer as bottom insula-
tor with a capacitance of 17 nF cm�2. Gold source and drain
electrodes were patterned on top of the oxide layer by con-
ventional lithography. An interpenetrating finger structure
was used with channel lengths varying from 5 to 40 lm
and a constant channel width of 10,000 lm. The oxide
layer was treated with the primer hexamethyldisilazane
(HMDS) in order to make the surface hydrophobic to im-
prove wetting and prevent charge trapping at the interface
[17]. The described FET-substrates were provided by
Philips Research Laboratories Eindhoven.

The polymer semiconductors used were poly(4,40-dide-
cylbithiophene-co-2,5-thieno[2,3-b]thiophene) (PDTT)
[18], poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylene
vinylene) (MEH-PPV), both synthesized at the University
of Groningen, and regioregular poly(3-hexylthiophene)
(rr-P3HT, electronic grade; 98.5% regioregular; Rieke Met-
als, Inc.). rr-P3HT was dissolved in distilled toluene, ded-
oped with hydrazine at 60 �C and precipitated in
methanol. The fraction collected was Soxhlet extracted
for at least 64 h with methanol, n-hexane, dichlorometh-
ane and finally with chloroform. The chloroform fraction
was precipitated in methanol, dried under vacuum and
stored in a glove box under N2 atmosphere. All polymers
are shown in Fig. 2.

PDTT, rr-P3HT and MEH-PPV were dissolved in 1,2-
dichlorobenzene, chloroform and toluene, respectively,
and spin coated on top of the prefabricated substrates.
The PDTT films were annealed at 125 �C on a hotplate for
30 min. Subsequently, the dielectric film was spin coated
on top of the semiconductor. The dielectrics used were
polystyrene (PS) and polymethylmethacrylate (PMMA)
dissolved in methylethyl ketone (MEK). The dielectrics
were spin coated at different speeds in order to achieve dif-
ferent layer thicknesses. Finally, 60 nm Ag was evaporated
through a shadow mask as top gate electrode. Transfer and
output characteristics of the DG-FETs were recorded in
vacuum (<10�5 mbar) and in the dark at room tempera-
ture, using a Keithley 4200 semiconductor parameter ana-
lyzer. The lowest current limit measurable by the Keithley
4200 is 1–10 nA.
3. Results and discussion

The fundamental principles of the operation of the DG-
OFET do not differ from that of a common organic TFT. In a
single gate OFET (SG-OFET) the charges are induced by the
gate potential at the semiconductor/insulator interface



Fig. 2. Chemical structure of: (a) poly(4,40-didecylbithiophene-co-2,5-thieno[2,3-b]thiophene) (PDTT); (b) regioregular poly(3-hexylthiophene) (rr-P3HT)
and (c) poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV).
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forming a conducting channel. The induced charges are
mostly confined in the first 5 nm from the interface [19],
hence the conduction is dominated by this thin channel
rather than by the bulk. This implies that the two channels
in DG-OFETs with semiconductor layers thicker than
�15 nm will thus remain independent and will not merge.
The formation of the channel, in addition to creating a con-
ducting path between the source and drain electrodes, also
screens the gate potential similar to the operation of a
plate capacitor. This means that when a channel is in the
accumulation regime, the gate that causes the accumula-
tion is fully screened by the charges within the first 5 nm
and the second channel will not feel the presence of this
gate.

Sweeping single gate potentials in a dual-gate device,
leaving the other gate floating, will therefore give sepa-
rate and independent characteristics for the two chan-
nels. The results for the single-gate measurements of a
typical DG-OFET with PDTT (25 nm) as the semiconduc-
tor and PS (430 nm) as top dielectric are shown in Fig.
3. The figure shows the output and transfer characteris-
tics of the top and bottom channels of the DG-OFET
measured independently. The currents of both channels
are of the same order of magnitude, hence the conduc-
tion in the channels is similar. The mobilities calculated
from the transfer characteristics in the linear regime
are also similar since the capacitances of both dielectrics
are comparable. The mobilities found (for VD = �5 V and
VG � VTH = �20 V) are 7.3 � 10�3 cm2 V�1 s�1 for the bot-
tom channel and 2.2 � 10�3 cm2 V�1 s�1 for the top chan-
nel. The threshold voltage of the bottom channel is
�5.3 V at VD = �5 V and �6.0 V at VD = �45 V. The
threshold voltage of the top channel is +3.0 V at
VD = �5 V and +3.9 V at VD = �45 V. Crucial for analyzing
the true properties of a dual-gate device is that a DG-
OFET is obtained in which both channels exhibit similar
mobilities. We also note that in Fig. 3a and b the satura-
tion of the output characteristics occurs earlier than ex-
pected: for VG = �40 V the source-drain bias that marks
the onset of saturation is around �30 V rather than
�40 V. This is explained by the fact that one gate is
not connected. Consequently, this floating gate will have
an effective potential which lies between the source and
drain bias, depending on the leakage resistances between
source-gate and drain-gate, The potential of the floating
gate results in an additional electrostatic coupling. Fig.
4 shows the forward and backward scans of the transfer
characteristics of two DG-OFETs with different materials
and layer thicknesses, when the bottom gate potential
is swept while keeping the top gate potential constant
at different top gate potentials. There is almost no hys-
teresis present in the scans of both of the devices.

From Fig. 4 we extract the bottom channel threshold
voltage (VTH). The threshold voltage is defined as the onset
of strong inversion [20]. Although most organic transistors
only operate in accumulation mode and show no current in
inversion, the classical metal-oxide-semiconductor field-
effect theory is used to extract the VTH from the transfer
characteristics of the transistor in accumulation mode,
where the current depends quadratically on the gate volt-
age: ID � (VG � VTH)2. The square root of the saturation cur-
rent is then plotted against the gate voltage, VG. This curve
is fitted linearly and the intercept on the VG-axis is defined
as the VTH of the transistor. At the threshold voltage the
amount of accumulated charges in and organic semicon-
ductor, QG, is equal to zero and this point defines the onset
of the charge accumulation. The threshold voltage, for the
device depicted in Fig. 4b is plotted as a function of the top
gate voltage in Fig. 5 and clearly demonstrates the shift in
threshold voltage.

The linear relationship previously reported [13–15] is
also found here, yet a more detailed analysis of the data
demonstrates two linear relationships to be present. The
intercept of the two linear fits is close to zero top gate bias.



Fig. 3. Device characteristics of the bottom and top channel in a DG-OFET, measured separately. (a) and (c) are the output and transfer characteristics of the
bottom channel, respectively. (b) and (d) are the output and transfer characteristics of the top channel. The device is a finger FET with L/W = 20/10,000 with
PDTT as semiconductor (thickness 25 nm) and polystyrene as the top dielectric (thickness 430 nm). The mobilities obtained (for VG � VTH = �20 V) are
7.3 � 10�3 cm2 V�1 s�1 for the bottom channel and 2.2 � 10�3 cm2 V�1 s�1 for the top channel.
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This double linear relationship can be readily explained
from the working principle of the DG-OFET having two ac-
tive channels.

The current in the channel is dependent on the amount
of charges, QG, which are induced by the gate potential. If
one of the channels is depleted (or ‘OFF’), screening of
the field does not occur and, consequently, the other chan-
nel will depend on both gates via:

Q G ¼ C2VGT þ C1VGB ð1Þ

where C2 is the capacitance of the layer between the chan-
nel and the top gate, C1 the capacitance of the layer be-
tween the channel and the bottom gate, and VGT and VGB

are the top and bottom bias, respectively. Note that C1 or
C2 can consist of the capacitance of a dielectric layer in ser-
ies with the capacitance of the semiconducting layer. In
these devices, the bottom gate potential is swept while
the top gate voltage is held constant. If the bottom gate
voltage, VGB, is more positive than the threshold voltage
VTH, no appreciable accumulation of charges in the
channels is expected. The point where VGB = VTH marks
the onset for charges to accumulate at the semiconduc-
tor-insulator interface. At this point no charges have accu-
mulated and QG = 0. Then, from rearranging Eq. (1), the
threshold voltage, when sweeping VGB, will depend on
VGT in the following way:

VGB ¼ VTH ¼ �
C2

C1
VGT ¼ �D � VGT ð2Þ

where �D is the slope of the line obtained by plotting VTH

versus VGT. As shown in Fig. 5, we obtain two cases by
sweeping the bottom gate bias and stepping the top gate
bias at fixed values. We note that p-type semiconductors
are used in these devices.

Now several scenarios are possible, depending on the
different regimes of screening within the DG-OFET:

(1) When the top gate potential is held negative, the top
channel is in the accumulation regime. However, by
setting the bottom gate at sufficiently positive val-
ues we can fully deplete the top channel. This is
observed in Fig. 4 for bottom gate voltages larger
than +20 V. Thus when the bottom gate is suffi-
ciently positive both channels are depleted and the
top channel is sensitive for both gate potentials since
no charge in the bottom channel is present to screen
the bottom gate. According to Eq. (1) sweeping VGB



Fig. 4. Forward and backward scans of the transfer curves for two DG-OFET with different capacitance ratios and materials in dual-gate mode. The bottom
gate bias was swept from +40 to �50 V while the top gate bias was held constant. The sweeps were repeated for different top gate biases, varied with steps
of 10 V from +40 to �60 V. The devices shown are: (a) a finger transistor with L/W = 20/10,000 with PDTT as semiconductor (thickness 25 nm) and
polystyrene (thickness 430 nm) as the top dielectric, and (b) a finger transistor with L/W = 20/10,000 with rr-P3HT as semiconductor (thickness 75 nm) and
polystyrene (thickness 450 nm) as the top dielectric. The drain–source voltage was equal to �20 V for both devices.
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to less positive values will lead to the point where
VGB = VTH and charges will start to accumulate in
the top channel while the bottom channel will still
be depleted. The accumulation of charges will occur
in the top channel first because of a constant nega-
tive top gate potential is applied.

Since the accumulation occurs in the top channel from
Eq. (1) it is found that the capacitance C1, between the bot-
tom gate electrode and the top channel, will be equal to the
capacitances of the bottom insulator (CB) and the semicon-
ductor layers (CS) in series: C1 = (1/CB + 1/CS)�1, while the
capacitance C2, between the top gate electrode and the
top channel, will simply be the capacitance of the top insu-
lator layer (CT): C2 = CT. At the onset where VGB = VTH, no
charge carriers have accumulated at the bottom interface
(QG = 0), and from Eq. (2) follows that:

D ¼ CTðCB þ CSÞ
CBCS

ð3Þ
(2) On the other hand, if the top gate bias is held posi-
tive, for a p-type semiconductor, no accumulation
of charges occurs in the top channel close to the
semiconductor/dielectric interface and, conse-
quently, no top channel is formed. The bottom chan-
nel will switch on when VGB = VTH and charges start
to accumulate according to Eq. (1). Then the capaci-
tance C1, between the bottom gate electrode and the
bottom channel is simply the capacitance of the bot-
tom insulator layer: C1 = CB, while the capacitance
C2, between the top gate electrode and the bottom
channel is equal to the capacitance of the top insula-
tor and semiconductor layers: C2 = (1/CT + 1/CS)�1.
Hence from Eq. (2):

D� ¼ CTCS

CBðCT þ CSÞ
ð4Þ

Relationships (3) and (4) confirm the two slopes that were
found experimentally by plotting VTH against VGT. The



Fig. 5. Plot of the bottom channel threshold voltage versus the top gate
bias for a finger transistor with L/W = 20/10,000 with rr-P3HT (75 nm) as
semiconductor and polystyrene (450 nm) as the top dielectric (see Fig.
4b). The drain-source voltage was equal to �20 V. The plot can be fitted
with two linear relationships with slopes D = 0.39 for linear fit 1 and
D* = 0.25 for linear fit 2. The intercept of the two fits indicates a transition
in the slope and is positioned around top gate voltage between �10 V and
0 V, which corresponds to the threshold voltage of the single gate bottom
channel.
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transition point where the slope changes from D to D* is
the point where, due to the top gate potential, the top
channel starts to accumulate charge carriers before the
bottom channel. This onset of charge accumulation is
around a top gate bias of approximately zero volts.

Table 1 summarizes the obtained D values for a series of
dielectric materials, which are in good agreement with the
capacitances calculated from the thickness of the layers. If
the capacitance of the semiconductor, CS, is very high with
respect to CT and CB, we can approximate that:
D � D* � CT/CB, which is the relationship that was previ-
ously found [13–15]. We also extract from Table 1 that
for a top dielectric layer thicker than 1 lm, hence a very
low value of CT, the difference between D and D* becomes
negligible and falls within the error of the measurements.
The same analysis can be performed for sweeping the top
gate potential at a fixed bottom gate bias.

Furthermore, Fig. 4 demonstrates that the drain current
after the switch-on voltage, depends very strongly on the
Table 1
Comparison between the calculated D and D* and the corresponding experimenta

Device CS (F cm�2) CT (F cm�2)
Semiconductor/top dielectric

PDTT(25 nm)/PS (375 nm) 1.1 � 10�7 5.9 � 10�9

P3HT(22 nm)/PS (1250 nm) 1.1 � 10�7 1.8 � 10�9

rr-P3HT(22 nm)/PS (800 nm) 1.1 � 10�7 2.7 � 10�9

rr-P3HT(25 nm)/PS (460 nm) 1.1 � 10�7 4.8 � 10�9

rr-P3HT(25 nm)/PS (410 nm) 1.1 � 10�7 5.4 � 10�9

rr-P3HT(25 nm)/PS (395 nm) 1.1 � 10�7 5.6 � 10�9

rr-P3HT(75 nm)/PS (605 nm) 3.4 � 10�8 3.6 � 10�9

rr-P3HT(75 nm)/PS (560 nm) 3.4 � 10�8 4.0 � 10�9

rr-P3HT(75 nm)/PS (450 nm) 3.4 � 10�8 4.9 � 10�9

MEH-PPV(86 nm)/PMMA (354 nm) 3.1 � 10�8 9.0 � 10�9

The bottom capacitance (CB) is fixed by using 200 nm thermally grown SiOx at 1
change of the bottom gate bias when the fixed top gate
bias is set to values more negative than the threshold volt-
age. Compared to the curves of single gate devices (Fig. 3)
and the curves where the top gate is positive, the increase
(or decrease) in current occurs at much faster rate. This in-
creased change in current can be explained by the penetra-
tion of the unscreened field of the (positive) bottom gate.
The local field in the top channel, controlled by the change
in the bottom gate bias, will vary to a larger extend than
that for a single gate devices since the contribution of the
negative top gate field is also present, leading to a faster in-
crease or decrease in the accumulated charges in the chan-
nel, amd hence a faster increase or decrease in the current.
On the other hand when the top gate is fixed to values
more positive than then threshold voltage it will never in-
duce any accumulation in the channels and the change in
the field in the bottom channel, since the top channel will
not reach accumulation, will be the same as in a single gate
device.

In addition, from the transfer curves in Fig. 4, a flat-
tening can be observed around the point where the bot-
tom gate bias is zero and the top gate bias is negative.
This feature is depicted more clearly by replotting the
data in Fig. 6 as a decrease of the differential of the cur-
rent against the bottom gate bias, dID/dVBG. For the rep-
lotted curves at a negative top gate bias, the
differential dID/dVBG starts to decrease around a bottom
gate bias of zero Volts and continues to decrease until
a bottom gate bias of �15 V. This feature of the DG-OFET
transfer curves marks the transition region. This feature is
similar to the transfer characteristics of a OFET with
doped semiconductor where there are also two channels
present: a proper field-effect interface channel and a
bulk current resulting from dopant density present in
the semiconductor [21]. Despite the similarities in trans-
fer characteristics, the system here analyzed is not signif-
icantly doped, since no intentional dopants were added
and the measurements were performed in high vacuum
and dark, so the second channel arises from a second
interface field-effect channel and not from bulk conduc-
tion. The transition region in the transfer curves is pres-
ent only when the top channel is accumulating charge
carriers, and is caused by the screening of the bottom
gate potential by the charges accumulating in the bottom
channel. When a negative top gate bias and a positive
lly found linear fits for the relationship between VTH and VGT

D Fit 1 D* Fit 2

0.40 0.33 ± 0.03 0.33 0.23 ± 0.03
0.13 0.14 ± 0.01 0.10 0.09 ± 0.02
0.19 0.17 ± 0.02 0.16 0.15 ± 0.08
0.33 0.24 ± 0.02 0.27 0.20 ± 0.03
0.37 0.39 ± 0.05 0.30 0.31 ± 0.08
0.38 0.36 ± 0.05 0.31 0.35 ± 0.06
0.33 0.29 ± 0.05 0.19 0.20 ± 0.04
0.35 0.34 ± 0.02 0.21 0.22 ± 0.03
0.43 0.41 ± 0.03 0.25 0.26 ± 0.04
1.07 1.08 ± 0.01 0.61 0.64 ± 0.02

.7 � 10�8 F cm�2.



Fig. 6. Transconductance dID/dVBG of the transfer characteristics shown in Fig. 4a. For bottom gate bias between 0 and �15 V, a clear decrease in the
transconductance is observed for a fixed negative top gate bias.
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bottom gate bias are applied, there will be no accumula-
tion in the bottom channel; hence no screening of the
bottom gate and the top channel will depend on both
gate potentials. Sweeping the bottom gate bias from high
positive values towards less positive values will lead to
accumulation in the top channel. As explained above,
this happens when VGB = VTH, the point where the sum
of the fields influencing the top channel, which depend
on the gate potentials and the capacitances of the layers
between the gates and the channel, will start accumulat-
ing charges. Current will then start to flow between the
source and the drain electrodes. Keeping the top gate
bias constant, the current will increase according to the
change in bottom gate bias and will depend on the
capacitance of the layers between the top channel and
the bottom gate (CS and CB). The bottom channel will
be insensitive for the top gate potential since the charges
accumulated in the top channel screen the top gate po-
tential. However, when a negative VGB bias is reached
for �VGB > �VTH, the bottom channel will start to accu-
mulate charge carriers and switch on. These charges will
partially screen the influence of the bottom gate poten-
tial on the top channel, causing a decrease in the trans-
conductance of the top channel. This is marked by the
transition region where the bottom channel depends on
the bottom gate only and the top channel will depend
on both gates. Eventually when VGB is negative and suf-
ficiently large, the charges accumulated in the bottom
channel will completely screen the influence of the bot-
tom gate potential on the top channel and the change in
overall drain current will depend only on the change of
the current of the bottom channel. The current in the
top channel will not be modified since VGT is held
constant.

If the top gate bias is positive, no accumulation in the
top channel is feasible; hence no transition region will ap-
pear since the device operation will depend on the bottom
channel only. The bottom channel-only dependence for
very negative VGB is clearly visible from Figs. 4 and 6 where
for both positive and negative VGT, the change in the cur-
rent and its differential converges for VGB < �15 V.
We note that the considerations stated above hold only
for a DG-OFET for two working channels of comparable
conductance, i.e., the mobility in one channel is within
two orders of magnitude of the other channel. If only one
channel is active or if one of the channel is far worse per-
forming than the other (for example a difference in mobil-
ities of four orders of magnitude), then the presence of the
transition region in the transfer characteristics of the DG-
FET will disappear, and only one D-factor for the relation-
ship between VTH and VGT will be found. Obviously, when
only one channel is active and influenced by the gates,
the presence of the second channel is negligible.

4. Conclusions

In conclusion, we have demonstrated that the depen-
dence of the bottom threshold voltage on the top gate bias
presents two linear relationships depending on which
channel of the DG-OFET is switching on first. Furthermore
a decrease in transconductance marks a transition region
caused by the screening of the second channel that
switches on. We demonstrate that the change in the
threshold voltage depends on the top gate bias with two
linear relationships for two different regimes.

If one of the gate potentials is positive and the channel
is in depletion, while the other channel is in accumulation,
then both gate potentials will influence the active channel.

If both channels are in accumulation, the gate potentials
are screened by the accumulated charge carriers closest to
that gate and both channels operate individually: no mu-
tual influences are observed.

For a dual-gate OFET with its top channel in accumula-
tion, we demonstrate a drop in the transconductance when
the bottom gate potential becomes negative. This transi-
tion regime between both linear regimes is marked by a
drop in the transconductance, where the bottom channel
depends on the bottom gate only and the top channel will
depend on both gates. The transition regime results from
the fact that the charges accumulated in the bottom chan-
nel will start to screen the influence of the bottom gate po-
tential on the top channel and the change in overall drain
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current will depend only on the change of the current of
the bottom channel.
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Fig. 1. (a) Band structure of the P3HT:PCBM heterojunction in equilib-
rium (V = 0). Band bending appears near the cathode and holes can
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Models which regard polymer semiconductors as undoped
materials should be then revised to include the effect of
band bending (depletion zones) and minority carrier injec-
tion and storage in the diode bulk.

The central magnitude that informs about carrier accu-
mulation is the capacitance, which can be readily deter-
mined by impedance spectroscopy. This is because in all
solar cells the generation of positive and negative carriers
creates a splitting of Fermi levels that is ultimately respon-
sible for the photovoltage [9]. In silicon solar cells, for in-
stance, the capacitance shows two main components as a
function of the bias [10,11]: a Mott–Schottky characteris-
tic, due to the modulation of the Schottky barrier, at re-
verse and moderate forward bias, and a chemical
capacitance [9], that increases exponentially for intense
forward bias. The first characteristic indicates the presence
of doping whereby the solar cell device is able to accumu-
late substantial minorities. Such carrier storage is manifest
in the second characteristic, the chemical capacitance,
which directly reflects the carrier statistics [9]. In standard
dye-sensitized solar cells (DSC) based on nanostructured
TiO2, the shape of the voltage dependence of the capaci-
tance is somewhat different, since the ‘‘hole conductor” is
a liquid electrolyte with high ionic concentration, so that
the Schottky barrier in the active semiconductor layer is
not found. However, the chemical capacitance is very
clearly observed and shows the density of states of elec-
trons accumulated in the electron-transporting material
(TiO2) [12,13]. The identification of the voltage-dependent
capacitance has become then a major tool for assessing the
energetics in a DSC [14] and for interpreting the recombi-
nation lifetime [15]. The strong accumulation associated
with the unconstrained rise of the Fermi level with bias ap-
pears in high performance solar cells [13], while in many
other cases, the charge storage is inhibited by additional
mechanisms and the solar cell capacitance may become
negative at strong forward bias [10].

Given the general significance of the capacitance for
interpretation of the fundamental transport and recombi-
nation mechanism governing the operation of new classes
of solar cell devices, in this paper we present direct mea-
surements and interpretation of the capacitance under re-
verse and forward voltages of a BHJ structure of the type
ITO/PEDOT:PSS/P3HT:PCBM/Al. Reverse bias capacitance
exhibits Mott–Schottky-like behavior signaling the
formation of a Schottky junction (band bending) at the
P3HT:PCBM-Al contact. Impedance modeling allows to
extract both the recombination time and mobility of
the minority carriers (electrons) at forward bias in the
dark.
occupy HOMO states of the P3HT within the neutral region. (b) Main
dynamic processes occurring in the diode bulk layer for V > Vbi. Holes
(majority carriers) are able to occupy the whole active layer. Electrons
(minority carriers) are injected (1) into the LUMO of the PCBM, diffuse
along the diode bulk (2), and eventually recombine with holes (3). (c)
Equivalent circuit accounting for the diffusion–recombination mecha-
nism used for fitting. Modulation of stored excess minority carriers gives
rise to distributed chemical capacitances cn. Bimolecular recombination
of conduction band electrons and valence band holes are modeled by
resistive elements rrec. Transport of electrons is represented by means of
rt. An additional series resistance is needed to model contact and wire
effects, Rs. Finally a capacitor Cg � ee0A/L represents dielectric contribu-
tion of the diode.
2. Experimental

We have built diodes with structure ITO/PEDOT:PSS/
P3HT:PCBM/Al following the next procedure: RR-P3HT
from Rieke Materials and PCBM from Nano-c were dis-
solved in xylene in a weight ratio of (1:0.75). The solution
was heat up to 65 �C and continuously stirred for 3 h. In
parallel, ITO substrates from Diamond Coatings with a
sheet resistance of 40 X/h were cleaned in 5 min subse-
quent ultrasonic baths of acetone, methanol and isopropa-
nol. They were later introduced in oxygen plasma for
5 min. Baytron P CH8000 from HC Starck was spin-coated
on top of the ITO substrate giving a film thickness of
�50 nm. The resulting film was annealed at 120 �C for
5 min in order to remove any possible water residual on
the film. The P3HT:PCBM film was then spin-cast from
the previously prepared solution at 800 rpm. The active
layer thickness was measured to be L � 200 nm. The film
was pre-annealed at 85 �C for 5 min to remove any solvent
remaining on the film after deposition. Samples were then
taken to a vacuum chamber to thermally evaporate the
aluminium contacts through a shadow mask. The evapora-
tion was done at �3 � 10�6 atm at rates between 2 and
10 Å/s. The active area of the diode, given by the overlap
between ITO and aluminium, is 9 mm2. The finalized de-
vices were immediately encapsulated with an epoxy resin
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and glass. Even though encapsulation took place right after
evaporation, it has to be stressed that devices were briefly
in contact with air. Nevertheless, repetitive measurements
of dark J–V characteristics (inset of Fig. 2a) gave identical
results over several weeks. The impedance measurements
were carried out in the air and room temperature, using
an Autolab PGSTAT-30 equipped with a frequency analyzer
module in the frequency range between 1 MHz and 1 Hz.
Ac oscillating amplitude was as low as 10 mV (rms) in or-
der to maintain the linearity of the response.

3. Results and discussion

It is well-known that P3HT is a conjugated polymer that
in exposure to oxygen and/or moisture results p-doped
[7,8]. Under such conditions, it has been suggested that
the P3HT-Aluminum contact shows a Schottky diode
behavior. Band bending with a corresponding depletion
zone is formed at the contact as indicated in Fig. 1a
[16,17]. For a Schottky diode [18] the junction capacitance,
which appears as a consequence of the modulation of the
depletion layer, exhibits a bias dependence according to
the Mott–Schottky relation
Fig. 2. (a) Mott–Schottky curve (100 Hz) which exhibits a straight line
yielding Vbi = 0.43 V and NA = 3.5 � 1016 cm�3, assuming e = 3 for
P3HT:PCBM. In the inset: J–V characteristics measured in the dark. (b)
Capacitance (100 Hz) as a function of bias. Vertical line separates voltage
regions for which capacitance is determined either by the depletion layer
modulation (V < Vbi) or the storage of minority carriers (V > Vbi).
C�2 ¼ 2ðVbi � VÞ
A2eee0NA

ð1Þ

where Vbi is the built-in potential, V is the applied voltage,
A corresponds to the device active surface (9 mm2), e ac-
counts for the elementary charge, e is the relative dielectric
constant, e0 the permittivity of the vacuum, and NA the
concentration of acceptor impurities. Our experimental re-
sults follow Eq. (1) (Mott–Schottky curve) which exhibits a
straight line over a wide bias voltage range (Fig. 2a) yield-
ing Vbi = 0.43 V and NA = 3.5 � 1016 cm�3, assuming e = 3
for P3HT:PCBM. In this case the depletion region for a re-
verse bias voltage between 0 and 1 V results to be varying
between 63 and 115 nm, compatible with an active layer
thickness of 200 nm. At V = Vbi (flat-band conditions) the
depletion layer adjacent to the P3HT:PCBM/Al contact dis-
appears and the neutral, doped region extends along the
whole diode bulk (Fig. 1b).

As commented in the Introduction, when the Schottky
barrier vanishes at V > Vbi it is expected that the device
capacitance is governed by a chemical capacitance due to
the excess minority carriers Cl [11,19,20], that is related
to the change of the occupancy of electrons in the LUMO
of the PCBM, as follows

Cl ¼ e2 dn
dEFn

ð2Þ

Here the capacitance is given per unit volume, n corre-
sponds to the electron concentration, and EFn accounts for
the electron quasi-Fermi level (see Fig. 1b). According to
Eq. (2), the capacitance should increase as a function of for-
ward bias. For ideal statistics, the increase is exponential
[10]. However, it has been shown in classic Schottky diodes
[21] that under moderate to large forward bias conditions,
minority carrier injection can be limited depending on the
barrier heights at the metal–semiconductor junction. Oxi-
dation of the aluminium cathode (due to the preparation
conditions) leads to the formation of an Al2O3 layer be-
tween the aluminium and the P3HT:PCBM. Electron injec-
tion from aluminium to PCBM might be blocked to some
extent by this tunneling barrier, and could limit charge col-
lection under illumination This injection-limiting effect
yields a peak in the capacitance–voltage characteristics,
and eventually a strong negative capacitance component
[21].

Fig. 2b shows the measured capacitance at low fre-
quency (100 Hz) as a function of the bias. The capacitance
increases in the forward direction, reaching a peak for volt-
ages of approximately 0.6–0.7 V. At this point the capaci-
tance decreases caused by the limitation upon the
concentration of minority carriers in the neutral regions
of the device. Alternative explanations of a large low-fre-
quency capacitance at forward bias point to the occurence
of charge blocking caused by slow injection/extraction at
the contacts [22]. Although these effects cannot be com-
pletely discarded, such interpretations are however based
on increasing capacitance values at forward bias in opposi-
tion to our observations in Fig. 2.

Fig. 3 displays the measured electrical impedance in the
complex plane for different forward bias voltages from 0.5
to 1 V. It can be seen that the impedance spectra are com-



Fig. 3. Impedance spectra measured in the dark at different bias as
indicated. Experimental points and fitting results (solid line) using the
equivalent circuit model of Fig. 1c. Characteristic times are marked. Inset:
detail of the high-frequency interval which signals the transition between
diffusion and recombination responses.

Fig. 4. Electron mobility determined from fitting parameters, using Eq.
(3) and the approximation ln = eDn/kBT. Electron recombination time
(effective lifetime) resulting from fits.
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posed of a large semicircle at low frequencies together
with an almost straight line in the high-frequency part (in-
set of Fig. 3), which is rather independent of the applied
voltage. This type of impedance pattern belongs to the re-
sponses usually encountered in systems in which carrier
transport is determined by diffusion–recombination be-
tween non-absorbing contacts [23]. Injected minority car-
riers (electrons) from the Al contact are able to diffuse
within the bulk neutral region eventually reaching the
PEDOT:PSS film which acts as selective contact. Transmis-
sion line models able to represent such diffusion–recombi-
nation impedance response are well-known [23,24], and
have been integrated in standard software. The impedance
model (Fig. 1c) consists of an equivalent circuit which
comprises distributed resistors rt, standing for the electron
transport, the distributed chemical capacitance cn = Cl and
rrec accounting for the electron recombination resistance.
An additional series resistance is needed to model contact
and wire effects, Rs. Finally a capacitor Cg � ee0A/L repre-
sents dielectric contribution of the diode. The impedance
model described contains two characteristic times related
to the electron diffusion sd = rtcn (transit time), and the
effective lifetime sn = rreccn, respectively [23].

By examining Fig. 3 one can observe that fitting curves
match the impedance spectra in the whole measuring fre-
quencies. The position of the characteristic times is marked
in Fig. 3. Rs � 100 X, and Cg � 1.0 nF in agreement with the
permittivity value assumed. The electron diffusivity
(chemical diffusion coefficient) can be calculated by means
of the relation [23]

Dn ¼
L2

sd
ð3Þ

Here L = 200 nm is the thickness of the diffusion layer.
Assuming that the electron statistics slightly departs from
dilute concentration conditions, the electron mobility
might be readily calculated by using the Nernst–Einstein
relationship as ln = eDn/kBT (being kBT the thermal energy)
[25,26]. Results are summarized in Fig. 4. The electron
mobility extracted from fits exhibits a nearly constant va-
lue approximately equal to 2 � 10�3 cm2 V�1 s�1. This va-
lue is in good agreement with that derived using PCBM
electron-only devices from J–V measurements, for which
current is considered space-charge-limited, and hence
electrical field-driven rather than diffusion-determined
[27]. Electron effective lifetime results within the time
interval 0.3–0.1 ms, decreasing as the bias increases. Such
time presumably refers to losses produced by electron–
hole bimolecular recombination along the absorber layer,
although surface recombination routes cannot be ex-
cluded. Alternative methods to investigate charge carrier
lifetime such as photoinduced absorption [28,29] find val-
ues of similar order.

4. Conclusion

In summary, it has been shown that the P3HT:PCBM-Al
contacts show a behavior consistent with a Schottky diode
in the dark and under reverse bias. Furthermore, the capac-
itance values at forward bias are viewed as a strong indica-
tion that minority charge carriers play a significant role.
With such assumption and measuring ac electrical imped-
ance spectra we propose a model to interprete the diffu-
sion and recombination processes which allows us to
determine both the diffusion and recombination time con-
stants. Electron mobility and effective lifetime can there-
fore be easily computed which permits to reach a deeper
understanding of the mechanisms governing doped BHJ
devices.
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transfer theory coupled with Einstein–Smoluchowski
equation to get the orient-independent averaged mobility
of organic molecular semiconductors. Olivier applied the
Monte Carlo approach coupled Marcus theory to calculate
the mobility of one-dimension pentacene stack model
[22]. In addition, Hannewald coupled the ab initio organic
crystals electron band structure with Hosltein–Peierls
model to well describe the temperate-dependent aniso-
tropic charge-carrier mobilities [7,11,23]. Regard with to
the disordered pi-conjugated polymeric materials, Bässler
et al. [24,25] used Monte Carlo method to simulate char-
ger-carrier hopping transport process in the case of a
Gaussian distribution site energies model (GDM). Recently,
a more powerful approach by numerical solving the steady
state master equation [14,15,26,27] was developed to eval-
uate the mobility of amorphous polymeric semiconduc-
tors. This method can get a stationary solution and
readily consider the effects of charge-carrier density, elec-
tric field and traps on the mobility. To the best of our
knowledge, this master equation approach solves the
charge-carriers mobility of organic crystal do not be re-
ported yet. In this paper, we restrict our research to
charge-carrier mobility of organic molecular crystal in
incoherent hopping region.

This article is organized as follows. In theoretical part,
we briefly introduce electron transfer Marcus theory and
the construction of stationary master equation. Next, the
computational details are illuminated. And then the aniso-
tropic, density-dependent and field-dependent mobilities
in penitence ab-plane are issued. Finally, we conclude the
paper with a summary of all results.

2. Theoretical model

In high temperature limits, the charge transfer (CT) pro-
cesses belong to the incoherent hopping region. The CT
rate Tij from i site to j site usually be expressed by semi-
classical Marcus–Hush equation [28,29]:

Tij ¼ V2
ij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

�hkBTkij

s

exp �ðHii � Hjj � kijÞ2

4kijkBT

 !

ð1Þ

Here, Vij means the electron coupling between the non-adi-
abatic initial state jMe=h

i Mj > and final state jMiM
e=h
j >,

which indicate that the electron or hole-carrier is localized
at molecule i and j, respectively. For simplification, we ap-
plied one-electron approach to calculate the electron cou-
pling Vij [30,31].

Vij ¼< /0;i
H=LjF

0j/0;j
H=L > ð2Þ

/0;i
H=L and /0;j

H=L indicate the isolated (unperturbated) highest
occupied molecular orbital (HOMO)s/the lowest unoccu-
pied molecular orbital (LUMO) on ith and jth molecule.
The F0 is the Fock operator of the dimer system using the
unperturbed density matrix. The detailed procedure is de-
scribed in following computational detail section. This di-
rect coupling from the dimer calculation ignores the
influence of nearby other molecules coherent interaction
on this coupling. In hopping region, it is reasonable to
use this direct Vij to calculate the charge transfer rate. kij
is the reorganization energy of the charge transfer process.
It can be divided into internal reorganization energy kint

ij re-
lated with the ith and jth molecular geometry changes due
to electron redistribution and external reorganization en-
ergy kext

ij related with external environmental polarization
energy relaxation. Hii and Hjj mean the site energies of ini-
tial state and final state.

In the presence of electric field, we assume that electric
field affect on the polaron site energy by linear electric po-
tential gradient [26]. Thus, the Tij approximately is calcu-
lated with following form:

Tij ¼ V2
ij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

�hkBTkij

s

exp �ðHii � Hjj � eE � Rji � kijÞ2

4kijkBT

 !

ð3Þ

E is applied electric field vector and displacement vector
Rij = rj � ri. ri is the center coordinate of molecule i. In
supercell situation, the displacement vector Rji is applied
on periodic boundary condition (PBC) and then the electric
field affect on this PBC applied Rji to get the electric field
induced difference of site energies.

After getting these electron transfer rates, we can con-
struct the following master equation to describe the inco-
herent charge-carrier motions:

opi

ot
¼ �

X

j

½Tijpið1� pjÞ � Tjipjð1� piÞ� ð4Þ

pi is the probability density that i site is occupied by
charge-carrier. 1�pi is the Coulomb penalty factor which
prevents two or more carriers occupy a site simulta-
neously. If we know the detailed charge-carriers injection
rate from electrode to molecular crystal and escape rates
from the molecules to another electrode. By solving these
complicated coupled non-linear equations, we can obtain
all the information about this device such as the mobility
of charge-carriers, the voltage variation in the device and
current density so on. But it is difficult to know the detailed
knowledge of the injection and escape rates which are
quite related with the couples between the electrodes
and active material, fabrication technologies, and other
complicated factors. These factors are out of the range of
this paper. As a simplification, if we only consider that
the carriers motion in internal material and ignore the
complicated charge-carrier injection and escape processes,
we assume that the probabilities of bulk part will soon self-
arrive a pseudo-equilibrium, and then this part can be
thought as time-independent quantity under a certain ap-
plied electric field. Thus, the Eq. (3) can be simplified as the
following steady master equation.

0 ¼ �
X

j

½Tijpið1� pjÞ � Tjipjð1� piÞ� ð5Þ

Solving this non-linear steady state master equation, we
adopt following iterative procedure:

pi ¼
P

jTjipjP
jTij þ

P
jðTji � TijÞpj

ð6Þ

We firstly give some pi densities and can solved the some
new pi densities by Eq. (6), and then replace the old
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densities with the new ones do next iteration until the
densities arrive a converged value. In view of our system
near homogenous and ordered onsite energies, we give
same initial population to every site. Instead of Yu men-
tioned iterative method [32], we readily get the converged
solution pi after about 30 iterative steps related with the
initial densities pi by ordinary iteration procedure (the con-
verge criterion set the density maximum relative error
smaller than 10�5). We think this probably is due to the or-
dered and concrete electron transfer matrix Tij for penta-
cene molecular crystal.

Once we get the solution pi, the average intrinsic mobil-
ity l of charge-carrier can be obtained from following
equation:

l ¼
P

ijTijpið1� pjÞRji � Ê
ptoljEj

ð7Þ

Ê is unit vector of applied electric field. |E| is absolute value
of electric field intensity. ptol is the total carriers population
in investigated bulk cell. Once we get the detailed CT
parameters from quantum chemistry calculations accord-
ing to the molecular crystal structure, then the influence
of electric field and carrier density on the mobility can be
unambiguously solved and discussed at molecule level by
master equation approach.
λ
2

λ
1

Q

E

Neutral

Charged

Fig. 1. The four energy values to be calculated in neutral ground and
charged (hole/electron) states at neutral and charged optimized geom-
etries to deduce the two components of the internal reorganization
energy.
3. Computation details

3.1. Single-crystal structure

In literatures, many different polymorphs are reported.
As an example, we just chose the pentacene single-crystal
structure whose d(001) spacing is 14.1 Å [33] as our study
object. The unit cell a, b and c vector lengths are 6.266,
7.775, 14.53 Å and cell a, b, c angles are 76.475�, 87.682�,
84.684�, respectively. There are two slightly unequal mol-
ecules in primitive cell [000] named A and B molecule.
Their fractional coordinates are (0,0,0) for A and (1/2,
1/2,1/2) for B. The other molecules can be considered as
their respective equivalent molecules by translational
symmetry.

3.2. The electron coupling terms

Here, we calculated all possible non-zero the electron/
hole carriers transfer integrals Vij coupled with [000] cell
A or B molecules, that is, the pairs one molecule is from
the A or B in [000] cell and another is from its most adja-
cent molecule. For transfer integrals related to other cell
molecules, they can be obtained from the translational
symmetry. We firstly obtain the isolated molecular orbits
of the M1 and M2 in [000] cell by two separately self-con-
sistent field (SCF) calculations. Then, based on these iso-
lated molecular orbits and molecular pair relative space
position, we can solve the HOMO/LUMO electron couplings
of this pair by constructing their zeroth-order Fock matrix
without SCF iteration [30,31]. The isolated orbital energies
of HOMO and LUMO are approximately thought as the hole
and electron-carrier site energies.
3.3. The reorganization energies

As we discussed above, the reorganization energies con-
sist of the internal reorganization energies (kint

ij ) and the
external energies (kext

ij ). The former can be regards as a
sum of two separate processes with the two energetic
terms k1 and k2 related to the internal reorganization en-
ergy for a neutral molecule and charged molecule showed
in Fig. 1. For more detail, we need get the energies of neu-
tral molecule at its balance geometry and its charged
molecular balance geometry. The difference of these two
energies is the k1. The same way to solve the k2. Then we
can get the internal reorganization energies for hole and
electron are 83.6 and 125.5 meV. The external reorganiza-
tion energy is related with the lattice relaxation due to the
electron transfer reaction. It is not easy to directly be ob-
tained from the quantum chemical calculation. For organic
solids and weak polar media, the medium contribution to
the relaxation energy is up to 0.1 eV [34]. Based on the ref-
erent [35] calculations, the lattice relaxation of the local-
ized charged state in pentacene-like anthracene
molecular crystal are 15 meV, which are far smaller than
its internal reorganization energy. Thus, in this paper we
actually set the internal reorganization energy as the total
reorganization energy in solid phase.

3.4. Steady state master equation

We build supercell of the ab-plane of pentacene single-
crystal whose size is 10 � 10. This means the size of super-
cell is 10 units a vector lengths, 10 unit b vector lengths
and 1 unit c vector length. The periodic boundary condition
(PBC) is applied in order to keep the total carriers conversa-
tion in studied supercell. In addition, 20 � 20, 30 � 30,
60 � 60 supercells also be used as a test. We found that the
calculated mobilities from larger sizes surfaces are exactly
same as that of 10 � 10 supercell. As for ordered pentacene
ab surface, size 10 � 10 is large enough to express the two-
dimension charge-carrier mobility character.
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3.5. Quantum calculation method

All the quantum chemical calculation are used the
B3LYP hybrid functional with 6-31g(d) basis set and are
performed on Gaussian 03 package [36].

4. The results and discussion

4.1. Electron couplings and site energies

For our chosen pentacene single-crystal, the possible
non-zero coupling terms between the molecular pairs
one from the primitive cell [000] are calculated by the
method mentioned above. Each coupling term are identi-
fied by five labels M1 M2 [na nb nc]. M1 M2 means the
two molecular labels of this electron transfer pathway.
The former molecule M1 is in the primitive [000] cell.
The M2 belongs to [na nb nc] cell, that is, M2 are translated
na unit along a vector, nb unit along b vector and nc unit
along vector c. For example, A B [001] is the coupling be-
tween the A molecule in [000] cell and B molecule in
[001] cell. Under tight binding approximation, we calcu-
lated the cell labels na, nb, and nc from –1 to 1. When abso-
lute value of cell label larger than 2, the couplings are zero.
All the nonzero couplings are listed in Table 1.

Firstly, as for the couplings in right side of Table 1
whose the cell labels nc for molecule M2 are 1 or �1, the
couplings for HOMOs or LUMOs are far smaller than non-
zero those of nc label is 0. The reason is that vector c length
(14.53 Å) is near to twice of vector a (6.266 Å), or b
(7.775 Å) lengths. The translation along vector c makes
the distance of M1 and M2 far larger than translation along
vector a or b. The orbital spatial overlaps for left side pairs
are far less that those of right side. Thus, the charge-carri-
ers prefer to transport in ab-plane with two-dimension
form rather than three-dimension form. And the charge-
carrier mobilities measured by most single-crystal FET
experiments data are near two-dimension. It is also this
reason that we focus our research on the mobility in ab-
palne of pentacene crystal.

Secondly, the coupling terms for nc label is 0 in left side
of Table 1. At first glance, we note the couplings for hole or
electron-carriers are not remarkably different. The largest
coupling for electron-carriers is pair AB [000]
�73.6 meV, while the largest couplings for hole carriers
Table 1
The transfer integrals of the hole-carrier (HOMO) and electron-carrier (LUMO)

CT pathway HOMO (meV) LUMO (meV)

AB [�1�10] �52.7 �73.6
AA [�100] 34.5 �40.2
BB [�100] 31.6 �37.6
AB [�100] 81.6 69.9
AB [0�10] 81.6 69.8
AB [000] �52.7 �73.6
BA [000] �52.7 �73.6
BA [010] 81.6 69.8
AA [100] 34.5 �40.2
BB [100] 31.6 �37.6
BA [100] 81.6 69.9
BA [110] �52.7 �73.6
are pairs AB [�100] and BA [100] and AB [0�10] and
BA [010] 81.6 meV. Here, pairs AB [�100] and BA [100]
and pairs AB [0�10] and BA [010] are equivalent pairs
by translation operate [16]. However, from these coupling
values, we can not conclude hole or electron which one is
more readily transported as charge-carriers. For more de-
tailed character about the couplings, for electron-carriers,
the ratio of the largest coupling AB [000] to the smallest
nonzero coupling BB [�100] in ab-plane is 1.96, while
the ratio for hole carriers is 2.58. This means that the trans-
fer integrals for hole carriers are more dependent on the
direction than those of electron-carriers. We will talk
about this property in later part.

With regard to the site energies, at single electron
approximation, we take the isolated HOMO and LUMO
energies as site energies of hole-carrier and electron-car-
rier. Because the isolated HOMOs orbital energies are
�4.5610 and�4.5029 eV for A and B molecules and LUMOs
orbital energies are �2.2766 and �2.3135 eV for A and B
molecules. Thus, we can set two different site energies
both HOMO and LUMO for A molecule as zero and for B
molecule HOMO as 58.1 meV and �36.9 meV, respectively.
These energy differences for HOMOs and LUMOs are due to
the geometry differences between A and B molecules in tri-
clinic P�1 symmetry pentacene crystal.

4.2. Anisotropy of the mobility in pentacene ab-plane

Once we got the all the electron couplings between
different sites, we can obtain the charge transfer rate
using Marcus theory (Eq. (3)). Then we can solve the
steady state master equation (Eq. (5)) to obtain the solu-
tion of probability density pi. Finally, based on the Eq.
(7), we can get the mobility of charge-carriers. Before
solving the rate of electron transfer, we need know the
detailed quantity of some parameters such as the applied
electric filed vector, temperature, and initial carriers
occupied density pi so on.

As we talked in introduce part, the freestanding organic
single-crystal EFT provide with a power experimental tool
to explore the intrinsic mobility of charge-carriers. Lee
et al. [10] use fan-shaped electrodes on Si/SiO2 substrate
to measure and get the very good anisotropic field effect
mobility of hole carriers in pentacene single-crystal ab-
plane. Unfortunately, the concrete direction of mobility
CT pathway HOMO (meV) LUMO (meV)

AA [�1�11] �0.2 �2.0
BB [�1�11] �0.1 �0.9
AB [�1�11] �0.3 6.6
AA [0�11] �2.8 0.2
BB [0�11] �1.5 0.0
BA [001] �0.3 6.6
AB [00�1] �0.3 6.6
AA [00�1] �2.8 0.2
BB [00�1] �1.5 0.0
AA [00�1] �0.2 �2.0
BB [00�1] �0.1 �0.9
BA [00�1] �0.3 6.6
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can not be decided because the crystal axes of single-crys-
tal pentacene were not measured directly in their experi-
ment. In order to compare the experimental data and
assign the detailed mobility direction angle, we choose
our intensity of electric field as 500 V/cm because the
E = VSD/L = 1 V/20 lm = 500 V/cm [10] and temperature as
300 K. The applied electric field is in ab-plane whose direc-
tion are expressed by the angle (h) between with vector a.
The initial occupied density varies with the different ap-
plied gate voltages [3]. The single-crystal organic FET al-
lows a broad range of charge density to be explored
based on the applied gate voltage. Here, we firstly set
charge density as 0.1 carrier per molecule to study the
anisotropic mobility of pentacene ab-plane.

According to these concrete parameters, we can unam-
biguously obtain the mobility of hole and electron-carriers
at different direction of applied electric field i.e. h angle.
When h is equal to zero, the direction of electric field is
same as that of a vector. The results are showed in Fig. 2.
From the Fig. 2, we can note that both the mobilities of
electron and hole are the elliptical shape with the h angle.
But their direction angles hs related with the maximum
mobility and minimum mobility are quite different for
electron and hole carriers. For example, for hole-carrier,
the h is 150 or its opposite orient 330� related to maximum
mobility 7.78 cm2/Vs and 60 or its opposite orient 240� re-
lated to the minimum mobility 4.69 cm2/Vs. While for
electron-carriers, the 30 or it opposite orient 210 is related
to the maximum mobility 6.87 cm2/Vs and 120 or its oppo-
2

4

6

8

30

210

60

240

90

270

120

300

150

330

180 0

hole mobility
electron mobility
experimental data x2

Fig. 2. Polar plot of the calculated hole mobility, electron mobility and
experimental hole mobility from Ref. [10] are, respectively showed by
circle, cross and square lines. The experimental values are multiplied by 2
for explicit contrast. The modeling electric filed is 500 V/cm and the
density of charge-carriers is 0.1/molecule. The italic bold numbers 2, 4, 6
and 8 scale the mobility by the circle dash line and unit is cm2/Vs. The h is
labeled by the normal number from 0 to 330�.
site orient 300 is related to the minimum mobility
5.13 cm2/Vs. The ratios of maximum mobility to minimum
one is 1.34 for electron-carrier smaller than that of hole-
carrier 1.63. This can be rationalized by the anisotropic
properties of transfer integrals for electron and hole in this
pentacene crystal structure. As we discussed above, the ra-
tios of the largest coupling to the smallest one 1.96 for
electron is smaller than that of hole 2.58. Thus, the hole-
carrier mobility is more dependent with the orientation
that electron-carrier mobility.

In view of the absolute values of electron-carrier and
hole-carrier mobility, we noted that the intrinsic mobility
of hole is slightly bigger than that of electron but basically
they are very close to each other. This character agrees
with the Cornil’s recent conclusion [34].

As a contrast, the experimental hole-carrier mobility at
�10 V gate voltage are also plotted in Fig. 2. Here, we as-
sign the direction angle h of the highest hole mobility as
150� i.e. the open square line. For clear, the experimental
values are multiplied by 2. Compared the Lee’s experimen-
tal polar plot [10], our hole-carrier mobility (circle line)
give basically similar anisotropic character i.e. elliptical
profile though the our absolute values are near six times
of the experimental data. This big difference in values is
probably due to the influence of carrier traps. Moreover
in our calculations, we assume the pure hopping process
in pentacene and neglect influences of lattice vibration
on the charge transfer integrals. But carefully looking into
the experimental and theoretical figures, we can find the
following differences:

(a) The angle between the directions of the highest
mobility and lowest mobility is 180–120 = 60� for
experiment result but our result is 150–60 = 90�.

(b) The ratio of the maximum mobility to the minimum
mobility in experiment is about 1.35/0.45 = 3 larger
than our result 1.63.

(c) The experimental elliptical polar plot profile is not
very smooth. There are two concave parts nearby
its lowest mobility at 120 and 300 degree. But our
anisotropic mobility is very smooth curve.

We think that these differences are probably due to the
presence of texture in their pentacene single-crystal FET
device measurement. It makes the direction of the lowest
hole-carrier mobility exist small departure with out result
and makes the experimental polar plot profile not very
smooth. In our results, the calculated mobilities are intrin-
sic charge-carrier mobilities based on the perfect penta-
cene crystal structure in the absence of any structure
trap or energy trap. In addition, in our theoretical model,
neglect of the fluctuation of charge transfer integrals from
lattice vibration and the electron coherent also probably
results in the different angles discussed in a part and dif-
ferent smoothness of the anisotropy plot for experiment
and our calculations.

As for the reason why the electron mobility in experi-
ment are far smaller than the mobility of hole carriers, it
most probable due to higher density of carrier trap and
easier charge injection ability from electrode to pentacene
for electron-carriers than hole carriers [34].
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4.3. The density-dependent mobility

Scientists currently realized that the charge–carrier
density also is very important factor to effect on the mobil-
ity. Tanase et al. [37] systemically investigated the rela-
tionship of the hole mobility of amorphous polymer and
charge–carrier density in diodes and FETs. The experiment
showed that the mobility can differ up to three-orders of
magnitude between the diode and FET. For single-crystal
molecular materials, the density-dependent mobility was
few investigated by the single-crystal FET devices recently
[21]. In theoretical field, the steady state master equation
provide with a power tool to explore the density-depen-
dent intrinsic mobility. We vary the average charge density
from 10-7 carriers per molecule (very low density region)
to 0.6 carriers per molecule (quite high density region) to
study the charge-carrier mobilities. When the charge den-
sity exceeds 0.6 carriers per molecule, the master Eq. (4)
cannot readily get the converged solution within 100 iter-
ations. The calculated mobilities are showed in Fig. 3. From
the Fig. 3, we can readily note that at low density region
(smaller than 10�3), both mobilities for electron and hole
monotonously almost are independent with the carriers
density while they are remarkably decreased with the
increasing of average charge-carrier density at high density
region (larger than 10�2). This density-dependence for sin-
gle-crystal is different from the relationship of amorphous
polymer [37]. However, these exactly agree with Zhou’s et
al. recent Monte Carlo simulation [38] conclusions that at
high densities, the Coulomb penalty factor 1�pj in (Eq.
(5)) will reduce the carriers mobility in materials with
low intrinsic disorder and enhance the mobility in materi-
als with high intrinsic disorder.

4.4. The electric field-dependent mobility

As we known, the electric field dependence of mobility
is also different for single-crystal and disordered materials
[21]. Time-of-flight mobility measurements showed that
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Fig. 3. The curve of average charge density with the mobility of hole
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electric field is 500 V/cm and h = 0�.
the field dependence in many conjugated polymers
approximates the Poole–Frenkel form i.e. l ¼ l0

expðc
ffiffiffi
E
p
Þ [39]. For molecular crystal, the electric field

dependence is quite different from conjugated polymer
system and observed only in ultrapure crystals along the
directions with the maximum charge mobilities [21,40].
Based on the Eqs. (3) and (4)–(7), we investigated the
intensity of electric field-dependent mobilities of hole
and electron-carriers at different electric field directions
(h angles). We found that the charge-carrier mobilities at
different directional angles h and charge densities are quite
similar. As an example in Fig. 4, we only draw the plot of
the mobilities of hole and electron-carrier with logarithmic
electric field fixing the charge density as 0.1 charge-carrier
per molecule and direction angle h as 0� i.e.~E==~a. From the
Fig. 4, we noted that the mobilities of charge-carrier in
pentacene crystal remarkably decrease when the electric
field are stronger than 5 � 105 V/cm, while at usually ap-
plied electric field region 300–3 � 105 V/cm, the mobilities
of hole and electron-carrier are nearly independent with
the electric field. At hopping region, the electric field
dependence of the mobility in our case can not be de-
scribed by the Poole–Frenkel behavior observed in most
disordered amorphous materials. This is due to our large
site energies gap and small reorganization energies proper-
ties. Here, we regard the A molecular site energies as 0 for
hole and electron-carriers, and set the B molecular site
energies as the HOMO and LUMO energies gap between
A and B molecules i.e. 58.1 and �36.9 meV for hole and
electron-carriers. And the internal reorganization energies
for hole and electron are 83.6 and 125.5 meV. These site
energies gaps are near to the respective reorganization
energies. Unlike homogeneous site energies, the charge
transfer driven force (eE � Rji) induced by electric field do
not consistently increase or decrease charge transfer hop-
ping rate along the electric field direction. Thus, the field
dependence neither looks like the Poole–Frenkel nor Mar-
cus inverted region behavior mentioned in Ref. [22]. How-
ever, if we set the external reorganization energies for
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hole carriers (solid line) and electron-carriers (dash line) where the
average charge density is 0.1 and h = 0�.
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electron and hole as 100 meV which makes the reorganiza-
tion energies are larger than site energies gaps between A
and B site, then we noted that the mobility shows Poole–
Frenkel behavior in low intensity electric field and Marcus
inverted region behavior in strong intensity electric field.
These are very similar with Oliver’s 1D pentacene model
field-dependant results [22] (we do not draw them here).
Comparing with the mobility of electron, the mobility of
hole more remarkably decrease with an increase of the
electric field when the electric field becomes strong en-
ough. It also can be rationalized by the charge transfer mi-
cro-parameters the reorganization energies. In our
situation, the reorganization energy of electron-carrier is
larger than that of hole. Thus, based on the Eq. (3), we
can find that the electric field will more remarkably influ-
ence the charge transfer rate of hole than that of electron
when jeE � Rijj are comparable or larger than the reorgani-
zation energy. In Marcus inverted region [28] increasing
the electric field will more remarkably decrease the elec-
tron hopping rate than hole hopping. Based on the rela-
tionship of the CT rate and the mobility i.e. Eq. (7), we
can understand the strong field will decrease the charge-
carrier mobilities, especially for the mobility of hole
carrier.

5. Conclusion

The two-dimension charge-carrier mobilities of penta-
cene ab-plane are calculated by numerically solving the
steady master equation method. Unlike the experimental
results, the calculated the mobilities of hole-carrier and
electron-carrier are the same order of magnitude in abso-
lute values. The anisotropic mobility of hole-carrier in
ab-plane well agrees with the Lee’s experimental result.
The various properties of transfer integrals for electron
and hole carriers result in the different anisotropic field in-
duced mobilities for electron and hole carriers. The density
and electric field dependences on the mobility are also dis-
cussed in this paper. For pentacene crystal, the usual elec-
tric field and not too high carrier density will not influence
on the mobility values. But at very strong electric field and
huge carrier density region, increasing of them will de-
crease the charge-carrier mobilities. In conclusion, the
master equation method provide with a powerful and effi-
cient method to numerically solve the mobility from the
molecular packing structure. And the dependences of elec-
tric field, charge density and traps (which will be talked
about later) on the mobility all can be clearly issued.
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and thiolated molecules. As a result, it is not a generic
method for all electrodes. Furthermore, the precise envi-
ronmental control (i.e. cleanness of the electrode surface)
is crucial for SAM formation and the reproducibility has al-
ways been a concern for large-scale fabrication.

Poly(3,4-ethylenedioxythiophene) (PEDOT) displays
extraordinary electrical properties and is currently applied
in various electronic products such as antistatic coatings
for cathode ray tubes, hole transport layers for light-emit-
ting diodes, photovoltaic devices, organic thin film transis-
tors, and sensors [17–20]. Here, we show that the work
functions of two commonly used electrodes, Au and in-
dium-tin-oxide (ITO), are modified by surface-electropoly-
merization using ethylenedioxythiophenes (EDOT) or its
derivatives (EDOT–OH and EDOT–COOH as shown in
Fig. 1a). The EDOT monomers with various functional
side-chains were tested to understand the effect of func-
tional groups to the work function tuning. The resulting
work function is tunable by varying the electropolymeriza-
tion condition and polymer side-chain functional groups.
Most importantly, the process is applicable for a wide
range of electrodes, not only limited to Au and ITO. Inter-
estingly, the value of work function of ITO (or Au) elec-
trodes can be adjusted to decrease by 0.6 eV (or increase
by 0.4 eV) when the deposited film is thinner than
40 nm. When the deposied film is thin, the surface dipole
is dominantly resulted from the interaction between elec-
trodes and PEDOT and irrelevant to the side chain of the
EDOT monomers. In contrast, when the film deposited
with thickness greater than 40 nm, the work function is
contolled by the intrinsic property of the functionalized
polymers regardless of the electrode materials.
Fig. 1. (a) Chemical structures of EDOT, EDOT–OH and EDOT–COOH. (b) Measur
with EDOT, EDOT–OH and EDOT–COOH as a function of electropolymerization t
2. Results and discussion

Fig. 1b shows the values of the measured work function
(relative to a reference Au) for sputtered Au and ITO elec-
trodes electropolymerized with EDOT, EDOT–OH and
EDOT–COOH as a function of electropolymerization time
from 0 to 160 s. In our previous studies, we concluded that
the materials deposited on the surface of the electrode are
proportional to the electropolymerization time [21,22].
The original work function of ITO is �4.55 eV and the work
function of the electrode is raised up to 5.05 eV when the
EDOT monomer is electropolymerized for 5 s. Similar
changes in work function are also observed for EDOT–OH
and EDOT–COOH, proving that the method is feasible for
work function engineering on electrodes. We observed that
the initial change in work function for three monomers are
almost identical, indicating that the surface dipoles are
formed on ITO electrodes and they are not strongly related
to the side chains when the polymer film is thin (thick-
ness < 40 nm). Therefore it is likely that the formation of
the surface dipole is due to the interaction between ITO
and PEDOTs (polymer main chain of the polymerized
films). For the Au electrodes, the measured work function
was also similar for three monomers when only thin films
were deposited, where the work functions were decreased
from 5.2–5.3 eV to 4.9–5.1 eV. When thicker films were
deposited after electropolymerization for a longer period
of time, the values of work function are determined by
the composition of polymer films regardless the electrode
materials underneath. The work function values measured
on Au elecrode when PEDOT films were deposited for 160 s
were identical to those on ITO electrodes, which could be
ed work function for sputtered Au and ITO electrodes electropolymerized
ime.
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due to that the penetration depth of electric dipole is short.
Besides, from the point of view of band bending, the Fermi
level alignment between electrodes and PEDOT introduces
a local exchange of charges, where the effect is pronounced
when the PEDOT is very thin. However, when a thick film
of PEDOT is formed, the intrinsic surface property of poly-
mers will dominate the workfunction value [11,23]. There-
fore, thick PEDOT films from three different monomers
clearly showed different work functions.

The AFM images in Fig. 2 show the effect of polymeriza-
tion time on the surface morphology for EDOT–COOH and
EDOT–OH coated Au electrodes. With longer electropoly-
merization time, it was observed that the grain size was
larger and the morphology became very different for both
polymers. The combination of the differences in surface
morphology and the polymer intrinsic properties could
be the reason why the measured work function was differ-
ent with deposited polymer film and deposition time.

ITO is widely used in the organic electronic devices due
to its high conductivity and transparency. Normally, ITO
serves as anode for hole-injection. Therefore increasing
the work function of ITO is able to enhance the injection
of carriers. We have fabricated the diodes with the struc-
ture of Au (thermal evaporated 100 nm)/pentacene
(50 nm)/PEDOT–COOH/ITO (schematically shown in the
inset of Fig. 3a) to demonstrate the effect of work function
shift on the electrical performance of the diodes. Fig. 3b
plots the current density of the diodes driven by different
voltages as a function of electropolymerization time on
ITO electrodes. The device containing PEDOT layer from
electropolymerization of EDOT–COOH for 40 s displays
the highest current density. This obervation agrees with
the experimental data in Fig. 1b that the work function
of ITO after tuning (�5.2 eV) with electropolymerization
is close to the pentacene (literature value: 5.1–5.2 eV)
[24,25]. The matching of work function resulted in a lower
charge-injection barrier, thereby lowering contact resis-
tance between ITO and pentacene [24]. Fig. 3b clearly
shows that the evolution of current density of the diodes
Fig. 2. AFM images for (a) plain Au, and those electrpolymerized with (b) 5 s
electrpolymerized with (e) 5 s (f) 10 s and (g) 40 s of EDOT–OH monomer.
is consistent with our experimental work function data
when the polymerized film is very thin, where the inter-
face dipole between ITO and PEDOT is siginificantly con-
tributing to the charge-injection process. Although Fig. 3b
also demonstates that the current desnity of the diodes
modifed with thicker PEDOT (>40 s electropolymerization)
is consistent with the work function data, other contribut-
ing factors which may reduce the current density such as
increasing thickness of the PEDOT or the interface dipole
between PEDOT and pentacene, are necessary to be taken
into consideration. The effects of these factors warrant fur-
ther studies. In brief, the simple hole-injection barrier, sim-
ply estimated by the work function difference between the
electrode and the pentacene, is able to explain the electri-
cal characteristics for this diode.

3. Experimental

Unfunctionalized EDOT was purchased from Sigma–Al-
drich and the EDOT functionalized with carboxylic acid
group (EDOT–COOH) were synthesized from the known
hydroxymethyl-EDOT (EDOT–OH) [26] incorporating an
ester linkage [27]. (Fig. 1a). Electropolymerization of all
monomers were performed in acidic aqueous microemul-
sion solution containing 10 mM of the respective monomer
and 0.1 M lithium perchlorate (LiClO4), 0.01 M HCl, and
0.05 M sodium dodecyl sulfonate (SDS) as supporting elec-
trolyte. The electropolymerization on electrode surface
was carried out when the electrolysis potential was kept
at 0.9 V (vs. Ag/AgCl) on Au electrodes and 1.0 V on ITO
electrodes. The work function before and after electrolysis
was measured by Kelvin probe method (SKP system) [23],
conducted in air with a 3 mm diameter of stainless head
coated with Au as a reference electrode. The contact poten-
tial difference (CPD) was taken as the averaged value over
30 repeated measurements at one position. The standard
deviation of the experiment was 10 mV. The work function
was calculated relative to a reference Au (5.0 eV). For the
fabrication of diode device, the pentacene was thermally
(c) 10 s and (d) 40 s of EDOT–COOH monomer. AFM images for those



Fig. 3. (a) Current density of the diodes with the structure of Au (thermal evaporated 100 nm)/Pentacene(50 nm)/PEDOT–COOH/ITO. Inset shows the
schematic illustration for the device. (b) The current density of the diodes driven by different voltages as a function of electropolymerization time on ITO
electrodes.
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evaporated onto the ITO electrodes with or without elec-
tropolymerized films.

4. Conclusion

In summary, we demonstrate that the work function of
Au and ITO can be tuned continually by electropolymeriza-
tion using EDOT, EDOT–COOH and EDOT–OH. This method
is controllable and suitable for wide-range selections of
electrodes. A thin layer of polymer (�40 nm) results in a
most pronounced effect on work function change. Further-
more, the diode devices with EDOT–COOH modified on ITO
surface demonstrate the possibility of improving contact
property in organic electronics. It requires more studies to
reveal details of the mechanism of short-range dipole for-
mation and the study of the work function tuning method
to other types of organic devices are currently underway.
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drain electrodes. Also, we discussed the mechanism of
reduction in the contact resistance by examining crystallin-
ity of pentacene on the electrodes, and hole-injection
barrier between pentacene and the electrodes.

2. Experimental

OFETs with bottom-contact configurations were fabri-
cated on heavily doped silicon wafers covered by ther-
mally grown 300 nm-thick silicon-dioxide layers. Poly(4-
methyl styrene) (PMS) (Mw � 72,000, Aldrich) was then
spin-coated on the silicone oxide (with a thickness of
75 nm). Subsequently, a 3 nm-thick titanium film (adhe-
sion layer) was formed on the PMS-coated silicon-oxide
substrate by means of thermal evaporation. The gold
source/drain electrodes (with a thickness of 30 nm) were
then deposited using a shadow mask. The channel length
(L) and width (W) were 200 and 2000 lm, respectively.
Afterwards, a water-based PEDOT:PSS (Baytron� P) solu-
tion (0.25 wt.%) was spin-coated on the gold-patterned
substrates. Since the PEDOT:PSS solution was wetted only
on the hydrophilic gold surface (but dewetted on the
hydrophobic PMS surface), the polymer mixture could
be specifically spin-coated on the gold electrodes with
various thicknesses (between 20 and 100 nm). However,
the thickness effect was found to be minimal due to the
conductivity of PEDOT:PSS (i.e., 0.4 S/cm). A 30 nm-thick
pentacene (Aldrich) film was then deposited as the active
layer using a shadow mask (at 0.1 Å/s and a pressure of
less than 10�6 Torr). The electrical characteristics of the
OFETs were measured in air using Keithley 2400 and
236 source/measure units. Also, the crystallinities and
film structures of the pentacene film on bare gold and
the PEDOT:PSS-coated gold substrates were investigated
by means of atomic force microscopy (AFM, Digital Instru-
ments Multimode SPM) and grazing incidence angle X-ray
Fig. 1. (a) Schematic diagram of a bottom-contact pentacene OFET containing P
region (VD = �4 V) of OFETs with/without PEDOT:PSS-coated gold electrodes; and
electrodes.
diffraction (GIXD) experiments performed with the 10C1
XRS II beamline (wavelength 1.54 Å) at the Pohang accel-
erator laboratory (PAL). The hole-injection barrier be-
tween pentacene and gold (or PEDOT:PSS-coated gold)
was evaluated by means of ultraviolet photoemission
spectroscopy (UPS) performed using the 4B1 PES II beam-
line at PAL upon varying the thickness of the pentacene
film between 0.4 and 25.6 nm.

3. Results and discussion

Fig. 1a shows a schematic cross-section of the OFETs
fabricated using the PEDOT:PSS-coated gold electrodes
whereas Fig. 1b and c shows their transfer and output
characteristics, respectively. The carrier mobility was cal-
culated in the linear regime from the slope of a plot of
the drain current versus the gate voltage by fitting the data
to the following equation: ID = (WCi/L)l(VG � Vth)VD, where
ID is the drain current, l is the carrier mobility, Vth is the
threshold voltage, and VD is the drain voltage (�4 V). The
measured capacitance, Ci, was 7.7 nF/cm2. The carrier
mobility of the pentacene OFETs containing PEDOT:PSS-
coated gold electrodes was 0.218 cm2/V s whereas that of
the devices based on bare gold substrates was 0.031 cm2/
V s. As shown in Fig. 1c, an ohmic-contact behavior was ob-
served for the devices based on PEDOT:PSS-coated gold,
whereas non-ohmic-contact characteristics were mea-
sured for the transistors based on bare gold (due to large
contact resistance).

The contact resistance was evaluated by means of a
four-probe measurement, as described previously [13,14].
The potential probes were patterned on the OFET devices
by depositing 100 nm-thick gold films with a shadow mask
(each probe was approximately 20 lm in width). The
values of the contact resistances, normalized to the chan-
nel width, are summarized in Fig. 2. The OFETs composed
EDOT:PSS-coated gold electrodes; (b) transfer characteristics in the linear
(c) output characteristics of OFETs with/without PEDOT:PSS-coated gold



Fig. 2. Width-normalized film resistance and source/drain contact resis-
tances as a function of the gate bias, VG for OFET devices with/without
PEDOT:PSS-coated gold electrodes.

Fig. 3. (a) AFM image of pentacene on bare gold; (b) AFM image of pentace
PEDOT:PSS-coated gold and bare gold. T represents the thin-film phase and B th
the GIXD pattern were subtracted and the peaks were fitted by using a Gaussia
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of bare gold electrodes showed large contact resistances of
about 1.5 � 106 X cm at the source region and
5.9 � 105 X cm at the drain region (at a gate bias of
�100 V), whereas those containing PEDOT:PSS-coated gold
electrodes exhibited contact resistances of about
7.0 � 104 X cm and 5.5 � 104 X cm, respectively (at the
same gate bias). However, the channel resistance was sim-
ilar for both types of devices. These results indicate that
the increased mobility of the OFETs containing the PED-
OT:PSS-coated gold electrodes originates from the reduced
contact resistance. Since the morphology and crystallinity
of the pentacene film may vary depending on whether
electrodes with or without PEDOT:PSS coating are used,
the effects of these two parameters on the contact resis-
tance were also investigated.

As shown in Fig. 3a and b, the pentacene film is com-
posed of small grains (with dimensions between 50 and
100 nm) when deposited on bare gold and of larger grains
when deposited on the PEDOT:PSS-coated surface, which
implies a higher crystallinity of pentacene on the modified
ne on PEDOT:PSS-coated gold; and (c) GIXD patterns of pentacene on
e bulk phase. The inset shows details of the (110) peaks (the base lines of
n distribution).



Fig. 4. (a) Vacuum level of pentacene and hole injection barrier between bare gold/PEDOT:PSS-coated gold and pentacene upon varying the pentacene
thickness; (b,c) band diagrams of the interface between gold and pentacene and between PEDOT:PSS-coated gold and pentacene.

K. Hong et al. / Organic Electronics 9 (2008) 864–868 867
electrodes. To clarify this result, we performed GIXD exper-
iments on both types of electrodes (see Fig. 3c). On bare
gold, the pentacene molecules were found to lay parallel
to the surface (as inferred from (00k)B in GIXD), consistent
with previous reports [15,16]. Furthermore, these mole-
cules exhibited a predominant bulk-phase structure (hav-
ing a 14.4 Å d-spacing of (00k)B) [15–18] with a small
portion of a thin-film-phase structure (having a 15.6 Å
d-spacing of (00k)T) [19]. On PEDOT:PSS-coated gold, the
pentacene molecules were arranged perpendicular to the
surface, thereby exhibiting a predominant thin-film-phase
structure (with only very few peaks corresponding to the
bulk phase) – a result inferred from (110)T, (200)T, and
(200)B in the GIXD patterns [15,17,18]. From the GIXD pat-
terns, we also calculated the coherence length of penta-
cene (i.e., the distance over which order is maintained).
In the (110) direction, this length was determined to be
about 10.4 nm (bulk phase) and 7.5 nm (thin-film phase)
on the bare gold substrate and 20.8 nm (thin-film phase)
on the PEDOT:PSS-coated surface (the coherence length
for the bulk phase on the PEDOT:PSS-coated electrode
could not be determined because the peak corresponding
to the (110) direction was too small). In all cases, the
coherence lengths were determined from the half-widths
of the (110) peaks by using Scherrer’s formula (see the in-
set of Fig. 3c) [19]. Given that the coherence length is pro-
portional to the size of the domains, much larger domains
are present on the PEDOT:PSS-coated gold surface; these
represent a higher crystallinity of pentacene. We think this
higher crystallinity of pentacene on PEDOT:PSS-coated
gold surface could come from weaker interaction between
pentacene and PEDOT:PSS-coated gold and reduced rough-
ness of gold surface after PEDOT:PSS coating [3,15].

The vacuum level of pentacene and the injection bar-
rier between bare gold/PEDOT:PSS-coated gold and penta-
cene were investigated by means of UPS upon varying the
pentacene thickness up to 25 nm (see Fig. 4a). The band
diagrams of the interface between bare gold/PEDOT:PSS-
coated gold and pentacene are shown in Fig. 4b and c.
The work functions of bare gold and PEDOT:PSS-coated
gold are 5.08 and 5.01 eV, respectively. The hole-injection
barrier between pentacene and bare gold is 0.85 eV,
whereas a much smaller barrier (of 0.14 eV) is observed
between pentacene and PEDOT:PSS-coated gold. This va-
lue is smaller than that reported previously [19], probably
because of the thickness of the pentacene film. The low
hole-injection barrier comes from the very small shift
in the vacuum level which results from the drastically
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reduced induced density of interface states between PED-
OT:PSS-coated gold and pentacene [20–24]. Also, the
0.47 eV smaller ionization energy of pentacene on PED-
OT:PSS-coated gold may significantly contribute to the
lower hole-injection barrier as a result of the increased
crystallinity of the semiconductor on the modified gold
surface [21].

Contact resistance in the drain region is originated from
the lower crystallinity of pentacene on the gold electrode
(with respect to that in the channel region) as a result of
the absence of an energy barrier for the holes to transfer
from the highest occupied molecular orbital of pentacene
to the Fermi level of the electrode. Thus, the reduced con-
tact resistance (from 5.9 � 105 to 5.5 � 104 X cm) observed
in the drain region of the OFETs based on PEDOT:PSS-
coated electrodes (at a gate bias of �100 V) is due to the in-
creased crystallinity of pentacene – a result that was con-
firmed by means of AFM and GIXD experiments. Contact
resistance in the source region arises from both the hole-
injection barrier between pentacene and the gold electrode
and the low crystallinity of the organic semiconductor on
the metal substrate. Therefore, the contact resistance of
OFETs fabricated with bare gold electrodes is higher in
the source region than in the drain region, the difference
being about 9.1 � 105 X cm (at a gate bias of �100 V). This
difference comes from the large hole-injection barrier
(namely, 0.85 eV) between pentacene and bare gold. Thus,
the contact resistance at the source decreases from
1.5 � 106 to about 5.9 � 105 X cm as a result of a reduction
in the injection barrier and further from 5.9 � 105 to about
7.0 � 104 X cm as a result of an increase in the crystallinity
of pentacene upon coating PEDOT:PSS on the gold elec-
trode. The decrease in the contact resistance caused by
the reduction of the hole-injection barrier (i.e.,
9.1 � 105 X cm) is comparable to that due to the increase
in crystallinity (i.e., 5.2 � 105 X cm). However, since the in-
crease in crystallinity significantly contributes to a smaller
hole-injection barrier (from 0.85 to 0.14 eV) by lowering
the ionization energy by 0.47 eV (see Fig. 4) [21], this
parameter appears to be the major origin of the reduction
of the contact resistance.

4. Conclusion

We reduced the contact resistance of pentacene OFETs
by coating PEDOT:PSS on gold electrodes. Through AFM,
GIXD and UPS experiments, we found out that the PED-
OT:PSS-coating improved crystallinity of pentacene on
PEDOT:PSs-coated gold electrode as well as the hole injec-
tion property. By the increased crystallinity and the re-
duced hole injection barrier (from 0.85 to 0.14 eV), the
field-effect mobility of the fabricated pentacene OFET with
PEDOT:PSS-coated gold electrodes was improved from
0.031 to 0.218 cm2/V s. Though the contributions of in-
creased crystallinity and reduced hole-injection barrier to
contact resistance were comparable to each other, the in-
creased crystallinity appears to be the major origin of the
reduction of the contact resistance since the crystallinity
also reduces the hole-injection barrier.
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the degraded PLED showed island-like structures of tens-
of-micrometer size. Based on the SPEM analysis results,
we suggest that the main degradation mechanism of the
PLED is out-diffusion of sulfur (S) towards the cathode,
resulting in effective generation of conduction paths be-
tween the electrodes.

2. Experimental

The staking sequence of the PLED was ITO/50–60 nm
thick poly(3,4-ethylene dioxythiophene) poly(4-styrene-
sulfonate) (PEDOT:PSS)/10 nm thick poly(9,9-dioctylfluo-
rene-co-bis-N,N-(4-butylphenyl)-bis-N,N-phenyl-1,4-phenyl
enediamine) (PFB)/70–80 nm thick poly(9,90-di-2-ethyl-
hexy l-20,30,60,70-tetraoctyloxy-spriofluorene-co-N-octyl-
oxy-phenoxazine (TS9)/BaF2/Ca/Al. The polymers were
spin coated and the cathode materials were thermally
deposited under a vacuum. The PLED was operated under
packaged and air-ambient conditions until the lumines-
cence decreased by 50%. Then, the cathode layers were re-
moved by chemical etching in order to investigate the
chemical states of the surface of the TS9 emission layer
(EML) using SPEM, at the Pohang Light Source [12]. The
base pressure of the SPEM chamber was 2 � 10�10 Torr,
and the sample was mildly sputtered in order to remove
any air contamination on the EML surface. The incident
photon energy was 620 eV. The X-ray was focused by a
Fresnel zone plate, and the diameter of the X-ray focused
on the sample surface was 0.5–1.0 lm. Pristine, or undri-
ven, PLED was also prepared and investigated according
100μm 200μm

(a) pristine PLED, C 1s   (b) degraded P

x-ray len

ITO
glass

PEDOT:PSS
PFB
TS9

Ca/BaF2

Al

Fig. 1. Schematic of SPEM investigation of the PLED and the SPEM images obtai
pristine PLED. (b) C 1s photoelectron image obtained for degraded PLED drive
degraded PLED. The energy window of each photoelectron image is 12.8 eV. The
anode structure for outside electric connection.
to the same procedure. In order to remove the cathode lay-
ers of both the driven and undriven PLEDs, the PLEDs were
chemically etched for 1–2 min using solvent containing
H2SO4 and HCl with volume ratio of 2:1. It is noticeable
that if cathode layers were re-deposited after the chemical
etching, then the electric and luminescent property was al-
most the same as that of unetched PLED. Schematic of the
SPEM investigation is shown in Fig. 1.

3. Results and discussion

In SPEM the photoelectrons generated by the focused
X-rays were collected by an electron energy analyzer. Es-
cape depth or probing depth of the photoelectrons is only
less than 1 nm and, thus, the SPEM images and the
space-resolved spectra are results based on the electrons
generated from the topmost surface of the sample. As ex-
pected, for the pristine PLED, the SPEM images of the sur-
face of the EML showed a uniform contrast, indicating no
sign of degradation (at least on the surface of the TS9
layer): a typical image obtained at the C 1s binding energy
is shown in Fig. 1a. By contrast, for the degraded PLED, the
images obtained at the C 1s and S 2p core-levels showed
island-like structures, as shown in Fig. 1b and c. The obser-
vation of S in the island-like structures was unexpected,
because this implies that S atoms exist at the top surface
of the TS9 layer. The contrast obtained at the S 2p core-le-
vel (c) was more enhanced than that obtained at the C 1s
core-level (b) because, unlike the carbon (C) atoms, the S
atoms exist only in island-like structures (see Fig. 3a)
200μm

LED, C 1s (c) degraded PLED, S 2p

x-rays
analyzer

photoelectrons

y
x

z

s

ned with 620 eV X-ray energy. (a) C 1s photoelectron image obtained for
n to 50% luminescence, or half life. (c) S 2p photoelectron image for the
triangular shape in the left upper edge of the (b) and (c) images is the ITO
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within the probing depth (<1 nm) of SPEM and possibly
also deeper.

It was found that each island-like structure has the
same spectral feature. Fig. 2a–e is detailed SPEM images
of the island-like structure. The images in Fig. 2a and b
were obtained at the S 2p and C 1s core-levels, respec-
tively. The intensity of any SPEM image is affected by the
electron yield, as well as by the conductivity of the insulat-
ing layer or the charging effect. Contrasting images (a) and
(b), the main difference between inside and outside the is-
land-like structure is the existence of the S component and
the lesser charging inside, which allow for a relatively
higher electron yield. Also shown is the sample current im-
age (c), the contrast change of which indicates any change
in the absorption coefficient or electron yield. Thus, the
sample current image (c) and both the S 2p and C 1s
images show similar features.

The chemical states of the island-like structure were ob-
tained by measuring the S 2p and C 1s photoelectron spec-
tra in detail, as shown in Fig. 3a and b. The survey spectrum
(data not shown in the figure) obtained inside the island-
like structure was dominated by the C 1s peak with some
intensity of S 2p peak and traces of O 1s and N 1s peaks.
Outside the island-like structure and for the undriven PLED,
they were respectively dominated by the C 1s peak with
traces of O 1s and N 1s peaks. Since the SPEM probing depth
for the C 1s and S 2p photoelectrons is less than 1 nm, the
spectra thus represent the chemical states of the surface
of the TS9 EML layer. As shown in Fig. 3a, there was no trace
of S in the pristine PLED, ‘A0’, nor any trace outside the is-
Fig. 2. SPEM images obtained from the boxed area of the image in Fig. 1c. (a) S 2
the total electron yield. (d) C 1s image centered at 286.8 eV. (e) C 1s image cente
and for the (d) and (e) images, 0.8 eV.
land-like structure, ‘A’. Only in the island-like structure,
‘B’, and also in ‘C’, was S 2p observed. The S 2p spectrum
could be deconvoluted with two components, each compo-
nent having a spin-orbit doublet. The binding energy of the
main component was 164 eV, and that of the other compo-
nent, �162.3 eV. It has been reported that the S 2p main
peak (S 2p3/2) occurred at �164 eV for the S in the PEDOT
(sulfide (C–S–C)) configuration, and at 168.5 eV for the
PSS (sulfonate (SO�3 and SO3H)) configuration [7,13]. This
difference in binding energy can be explained by the
amount of charge transfer from S to nearby elements hav-
ing different electro-negativities (ENs). For example, com-
pared with the case of sulfonate, where S strongly bonds
with O (EN � 3.5 eV) [14], in sulfide, where S bonds less
strongly with C (EN � 2.5 eV) [14], the lesser charge trans-
fer leads the S 2p peak position to appear at a�4.5 eV-lower
binding energy. When S bonds with H to form the –C–S–H
configuration, the binding energy of the S 2p can be lower
than that of the –C–S–C– configuration due to the weaker
bonding and lower EN of H (EN� 2.2 eV) [14] compared
with that of C. Thus, the S 2p peak at 162.3 eV could be as-
signed to the C–S–H configuration. Xu reported that after
operation, the PSS phase segregates from the PEDOT:PSS
layer towards the anode [7]. Contrarily, Martin reported that
the PSS chain segregates towards the interface of the emis-
sion layer and the PEDOT:PSS layer [6]. Our result indicates
that S out-diffused further to the cathode-fronting surface
of the emission layer and formed sulfide and thiol configura-
tions in the EML layer. It is not yet clear in what configura-
tion the S out-diffused from the PEDOT:PSS layer towards
p image. (b) C 1s image. (c) Sample current image obtained by measuring
red at 285.2 eV. The energy window for the (a) and (b) images is 12.8 eV,
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Fig. 3. (a) S 2p photoelectron spectra obtained for the pristine PLED ‘A0 ’,
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vertical axis.
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the TS9 layer. It is likely that HSO3 and SO�3 , which are singly
bonded with the aromatic ring, dissociated more easily from
the PSS than the S in the PEDOT configuration, in which S
bonds with C in the C–S–C configuration. Then, we may sug-
gest that HSO3 and SO�3 out-diffused towards the cathode,
and that S or HS further dissociated from HSO3 and SO�3 dur-
ing the out-diffusion process because oxygen, the EN of
which is higher than S (EN� 2.5 eV) [14], can bond with sur-
rounding neighbors. Near the interface between the cathode
and the TS9 layer, then, the dissociated S and SH can be sta-
bilized by forming sulfide and thiol configurations. It maybe
suggested that one of the main driving forces of the dissoci-
ation and out-diffusion of the HSO3 and SO�3 is the ‘local heat’
generated by the local and strong current flow; the local heat
generation caused by strong current flow was also regarded
as the main degradation mechanism of the top-emission
OLED [11].

The polymers are not good conductors, and photoelec-
trons are charge-shifted, especially when investigated with
SPEM. Several electron-volts of charging shift was ob-
served when the thickness of the poly(methyl methacry-
late) (PMMA) was about 100 nm [15]. TS9 is comprised
predominantly of C, and thus the C 1s spectral shapes both
outside, A, and inside, B and C, the island-like structure are
similar, as shown in Fig. 3b, except for the slight broaden-
ing of the spectra for B and C due to the additional C–S–C
and C–S–H configurations that have slightly lower binging
energies. The amount of S relative to C, measured from the
S 2p and C 1s spectral intensity, was �5%. Thus, the main
peak positions of the B and C should be almost the same
as that of spectrum A. However, as shown in Fig. 3b, the
difference of the peak position was �1 eV, larger than ex-
pected. This indicates that the charging effect is much
smaller inside the island-like structure. This fact resulted
in the contrast reversal in the C 1s images, measured at
285.2 eV and 286.8 eV as shown in Fig. 2d and e. This indi-
cates that the conduction path length through the island-
like structure became shorter compared with that outside
the island-like structure. This shortness of path between
the cathode and the anode further indicates the generation
of effective conduction-bypass channels for the device cur-
rent, lowering device efficiency and resulting in device
degradation.

4. Conclusions

In conclusion, we provided direct spectromicroscopic
data on the degradation mechanism of a PLED based on
the spin-coated PEDOT:PSS polymer. On the surface of
the emission layer, we found island-like structures con-
taining S in the –C–S–C– and –C–S–H configurations. We
posit that S out-diffused from the PEDOT:PSS layer towards
the cathode, resulting in an increase of conductance effect-
ing current bypass and eventual device degradation. Our
results imply that preventing the out-diffusion of S is one
of the main strategies for improving PLED stability.
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Coupling of optical and electrical properties may be a
direction in this regard. Since a little percent of molecules
changes its conformation upon switching, electronic
absorption of organic films responds poorly [19]. Measure-
ment of photoluminescence spectrum to ‘‘read” a state is
too impractical considering the length of time scale re-
quired to record a spectrum. Since some of the heterostruc-
ture devices yield photovoltage upon illumination [20–23]
measurement of photovoltage or photocurrent may be a
process of probing the states. Since open-circuit voltage
(VOC) or short-circuit current (ISC) of a photovoltaic device
may also be measured without an external bias, the ‘‘read”
process would not influence or interfere the ‘‘write” proce-
dure. In this article, we introduce non-interacting ‘‘write”
and ‘‘read” processes in organic memory devices based
on a heterostructure of organic materials.
Fig. 1. Electronic absorption spectra of CuPc, Rose Bengal, and CuPc/Rose
Bengal heterojunction films on quartz and photoaction spectrum of an
ITO/CuPc/Rose Bengal/Al device with �1.0 V as applied voltage.
2. Experimental

2.1. Materials and devices

Copper phthalocyanine (CuPc) and disodium salt of
4,5,6,7-tetrachloro-20,40,50,70-tetraiodo fluorescein (Rose
Bengal) were purchased from Sigma–Aldrich and were
used without further purification. Devices were fabricated
on stripped indium tin oxide (ITO) coated glass substrates,
which were cleaned and processed following standard pro-
tocol. First CuPc was thermally evaporated on the sub-
strates at a pressure below 10�6 Torr. With CuPc being
insoluble in acetone, Rose Bengal solution in acetone
(2 mg/ml) was spun on CuPc films at a speed of
1500 rpm. Thickness of both the materials was kept at
50 nm each. The bilayer films were annealed in vacuum
at 60 �C. As upper electrodes, aluminum (Al) was thermally
evaporated at a pressure below 10�6 Torr by using a sha-
dow mask (to obtain strips of Al). Apart from the hetero-
structure devices, single layer devices based on the
components, i.e., CuPc (50 nm) and Rose Bengal (50 nm)
films, were also fabricated with the same pair of elec-
trodes. Area of each of the devices, as defined by the over-
lap of ITO and Al strips, was 6 mm2.

2.2. Characterization

All the measurements were carried out in a shielded
vacuum chamber, which had a quartz window. Current–
voltage (I–V) characteristics were recorded with a Keith-
ley 6517A electrometer. Bias was applied with respect
to the Al electrode. Sweep speed of applied voltage was
50 mV/s. A Newport-Stratford solar simulator (model
96000) was used to shine the devices. I–V characteristics
were recorded under dark and various illumination condi-
tions. Intensity of the incident beam was varied in the
10–100 mW/cm2 range with the help of neutral density
filters. To record spectral response of photocurrent or ac-
tion spectrum, a Jobin–Yvon monochromator model H20
was used. UV–vis absorption spectra of different films
deposited on quartz substrates were recorded with a
Shimadzu UV-2550 spectrophotometer. For memory
applications, voltage pulse of suitable amplitude and
width was used to ‘‘write” a state. To ‘‘read” a state, either
the ISC or the VOC of the device was measured as a func-
tion of time.

3. Results and discussion

Since we wanted unrelated ‘‘write” and ‘‘read” pro-
cesses, we aimed to use photogenerated functions as
parameters to read the states. Heterostructures between
two organic materials was hence the direction to follow.
We first characterized the CuPc, Rose Bengal, and their het-
erojunction (CuPc/Rose Bengal) films. Electronic absorp-
tion spectra of the heterojunction and its components are
shown in Fig. 1. While the components show spectra corre-
sponding to their electronic absorption bands, the spec-
trum of the heterojunction was a sum of that of CuPc and
Rose Bengal. The spectrum not only evidenced presence
of the components in the heterojunction film but also iden-
tified the spectral range where photoresponse would have
to be probed and matched.

I–V characteristics of a heterostructure device (ITO/
CuPc/Rose Bengal/Al) under dark and illumination condi-
tions are shown in Fig. 2. Photoresponse of the device along
with those based on its components have been zoomed
and presented in the inset of Fig. 2. The results show that
the degree of photoresponse in the heterojunction-device
is much more than those in ITO/CuPc/Al and ITO/Rose
Bengal/Al devices. The band-diagram, as presented in the
inset of Fig. 2, show that the heterojunction based on CuPc
and Rose Bengal is favorable for the generation of photo-
current. VOC and ISC of the heterojunction reach up to
0.4 V and 0.045 mA/cm2, respectively. The values of ISC in
the devices based on the individual components are sev-
eral orders lower in magnitude. VOC was marginally lower
in the ITO/CuPc/Rose Bengal/Al device as compared to ITO/
CuPc/Al and ITO/Rose Bengal/Al devices. When intensity of
illumination was varied, ISC in all the devices responded
linearly with it.

To ensure that photo-absorption in the dye layers has
indeed contributed to the observed photocurrent, we



Fig. 2. I–V characteristics under dark and illumination (100 mW/cm2)
conditions of a device based on CuPc/Rose Bengal heterojunction film
sandwiched between ITO and Al electrodes. Inset shows the character-
istics of the device along with that of ITO/CuPc/Al (blue down-triangles)
and ITO/Rose Bengal/Al (red up-triangles) under illumination in a log-
linear scale. Energy band-diagram of an ITO/CuPc/Rose Bengal/Al device is
also shown in the inset.

Fig. 3. I–V characteristics of an ITO/CuPc/Rose Bengal/Al device in dark
condition under a voltage loop. Characteristics of devices based on CuPc
and Rose Bengal are shown in the insets with VMax being 9.0 and 2.5 V,
respectively. Arrows mark the direction of voltage sweep.
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recorded photocurrent as a function of incident wave-
length. The spectrum, when compared with the electronic
absorption spectrum of the heterojunction film (Fig. 1),
shows bands corresponding to the components of the de-
vice. Excitons generated at the dye layers have hence be-
came dissociated in electrons and holes; due to the
dissimilar metal electrodes, the carriers travel to the oppo-
site electrode to yield photocurrent in the external circuit.
The relative intensity of the bands, however, did not ex-
actly match with the electronic absorption spectrum. This
could be due to additional effects raised due to exciton dis-
sociation probabilities in CuPc and Rose Bengal layers and
carrier mobilities in them in observing photocurrent in the
external circuit.

Having proven that the devices based on CuPc/Rose
Bengal heterojunctions can act as photovoltaic solar cells,
we studied electrical bistability of the devices. I–V charac-
teristics of an ITO/CuPc/Rose Bengal/Al heterostructure de-
vice under dark condition and under a voltage loop are
shown in Fig. 3. The results show that the device exhibits
electrical bistability in the positive bias direction. Device
current during the sweep towards a positive bias was a
couple of orders in magnitude lower than that during the
sweep from a positive voltage. In other words, a positive
voltage actually switches the conductivity of the hetero-
junction layer to a higher value. Again, at a suitable nega-
tive bias, the heterostructure device switches off to its
low-conducting state.

We further have evaluated the components of the het-
erojunction that could be responsible for the electrical
bistability. To do so, we characterized devices based on
CuPc and Rose Bengal separately. I–V characteristics of
the ITO/CuPc/Al and ITO/Rose Bengal/Al devices in dark
and under multiple voltage loops are presented in the inset
of Fig. 3. While the former device do not evidence any
bistability with VMax up to 9.0 V, the latter one expectedly
exhibits a typical conductance switching. Here device
current switched to a high-value at a threshold voltage
of�2.5 V. Since the high-conducting state is retained even
after withdrawal of bias and up to some positive voltage,
the conductance-switching in Rose Bengal is referred to
as memory-switching phenomenon.

It is intriguing to compare the bistability of ITO/Rose
Bengal/Al and ITO/CuPc/Rose Bengal/Al along devices with
the I–V characteristics of an ITO/CuPc/Al one to shed some
light on the mechanism involved. Since the electrode com-
bination in the three devices are the same, the absence of
bistability in the CuPc case immediately rules out any role
of Al oxide or Al penetration [18,24] in observing conduc-
tance switching. The results furthermore emphasize the
importance of xanthene class molecules (Rose Bengal is a
member of this class of molecules) in conductance switch-
ing and memory applications. Moreover, the direction of
bias at which switching to a high-state occurs differed in
ITO/Rose Bengal/Al and ITO/CuPc/Rose Bengal/Al devices.
Barrier height for carrier injection from the ITO electrode
has hence an immense effect in switching the conductivity
of the molecules.

Mechanism of bistability in Rose Bengal has been ex-
plained in terms of conformational change with or without
electroreduction [1,16]. The molecule is electron-accepting
in nature due to the halide functional groups. In a device,
when electron injection from an electrode is possible, some
of the molecules undergo a change in their conformation.
The molecules’ HOMO and LUMO change resulting in a de-
crease in its band gap. Barrier heights with the electrodes
hence decrease resulting in a higher flow of current across
the device (high-conducting state). At a suitable negative
bias, the molecules switch off to its low-conducting state.
Switching at opposite bias directions in ITO/Rose Bengal/
Al and ITO/CuPc/Rose Bengal/Al devices in fact arises due
to dissimilar barrier heights from the ITO electrode. In
the former case, where switching to a high-state occurs
at a negative bias, electron injection from the ITO electrode
to Rose Bengal is favorable than that from the Al side. In
the ITO/CuPc/Rose Bengal/Al device, ITO is in contact with
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CuPc, which has a higher LUMO and HOMO than the
respective levels of Rose Bengal (inset of Fig. 2). This results
in an increase in the electron barrier-height from the ITO
electrode (while keeping Rose Bengal/Al barrier the same).
Hence, electron injection from the Rose Bengal becomes
favorable in the ITO/CuPc/Rose Bengal/Al device leading
to the observation of conductance switching at a positive
voltage.

Several research groups have exemplified memory phe-
nomenon in devices based on Rose Bengal [1,2,8,24,25]. To
evidence read-only memory (ROM) and random-access
memory (RAM) applications, a bias is applied to ‘‘write” a
state following ‘‘read” process by measuring current under
small voltage pulses. A high- and a low-state are also often
flip-flopped (‘‘write” and ‘‘erase”) with a ‘‘read” process in-
between them to generate a ‘‘write-read-erase-read” se-
quence. Here we aimed to decouple ‘‘write” and ‘‘read”
processes by employing non-interacting functionalities.
To check if VOC and/or ISC can be employed as a parameter
to ‘‘read” the state of the heterojunction device, we first
measured the effect of conductance switching on photo-
voltaic effects. Before and after switching an ITO/CuPc/
Rose Bengal/Al device, its I–V characteristics have been
measured under dark and illumination conditions (Fig. 4).
In the dark condition, there is the usual change (increase)
in device current due to the conductance switching. Under
illumination condition, both ISC and VOC exhibited a clear
increase. The effect of conductance switching on photovol-
taic parameters was repeatable and reproducible over
many cycles.

The responses of ISC and VOC with conductance switch-
ing are itself of interest. Considering the fact that the origin
of VOC in a heterojunction device is a combined effect of
HOMO and LUMO of the components and the electrode
workfunctions, an increase in VOC during the conduc-
tance-switching marks that HOMO and/or LUMO of the
molecule must have changed during switching. This sup-
ports molecular nature of electrical bistability in Rose
Bengal and other similar molecules in the xanthene class.
Fig. 4. I–V characteristics under dark and illumination (100 mW/cm2)
conditions of an ITO/CuPc/Rose Bengal/Al device before and after
conductance switching. A 9.0 V pulse (10 s) was applied to switch the
device.
The increase in ISC in a high-conducting device, on the
other hand, can be due to two aspects: (1) rise in VOC and
(2) decrease in device resistance. The magnitude of in-
crease cannot solely be due to the increase in VOC. Fortu-
nately both the factors contributed positively leading to a
clear increase in ISC.

We next aimed to use photovoltaic parameters,
namely VOC and ISC to ‘‘read” the states of the devices.
Since measurement of none of them requires application
of an external bias, the processes have not interacted the
‘‘write” process. In other words, we have applied a suit-
able voltage pulse to switch the device; we then have
measured VOC and ISC separately for ROM and RAM appli-
cations. Fig. 5a and b, respectively show VOC and ISC of an
ITO/CuPc/Rose Bengal/Al device before and after switch-
ing Rose Bengal as a function of time. The plots show
that while probing the high- and low-states of the de-
vice, both VOC and ISC remained clearly different. The re-
sults hence show that the photovoltaic parameters could
read the states of the device over a considerable period
of time displaying ROM application. The parameters have
also been measured while flip-flopping between the two
states (Fig. 6). Here a high- and a low-conducting state
are written with suitable voltage pulses and the states
are ‘‘read” by measuring VOC and ISC of the device under
illumination. The figure shows that VOC and ISC remained
different for the two states evidencing that both VOC and
ISC can be the ‘‘read” parameter during RAM application
of a memory device.
Fig. 5. ROM application using photovoltage and photocurrent. (a) Photo-
voltage and (b) photocurrent were directly measured after switching the
device to a high-conducting state (9.0 V, 10 s) or to a low-state (�9.0 V,
10 s).



Fig. 6. RAM application using photovoltage and photocurrent. After the
high- and the low-states were flip-flopped, (a) VOC and (b) ISC were
measured in between. Broken lines represent the two states in the figures.
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4. Conclusions

In conclusion, we have fabricated and characterized or-
ganic memory devices based on a heterojunction between
copper phthalocyanine and Rose Bengal. Devices based on
the heterojunction have exhibited electrical bistability. The
combination of the materials in addition has yielded
photovoltage under solar light illumination. When Rose
Bengal of the heterojunction was switched to a high-con-
ducting state by applying a suitable voltage pulse, the
parameters of the photovoltaic cell, namely VOC and ISC

showed an increase in their magnitude. This has prompted
us to club the two effects so that the electrically bistable
device can be switched by a voltage pulse and probed by
measuring photovoltage or photocurrent. Since the latter
parameters can be measured without applying any voltage,
the results exemplify non-interacting ‘‘write” and ‘‘read”
processes in organic memory devices.
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nanoparticle-embedded MIS capacitors with gate insulat-
ing layers made of parylene-C layers were fabricated. Cur-
rent density versus voltage (J–V) and capacitance versus
voltage (C–V) curves of a representative gold nanoparti-
cle-embedded MIS capacitor are characterized and dis-
cussed in this paper.

2. Synthesis and fabrication

Gold nanoparticles were synthesized in toluene using
the colloidal method [9]. A mixture of 30 mL of 30 mM
hydrogen tetrachloroaurate aqueous solution and 80 mL
of 50 mM tetraoctylammonium bromide in a toluene was
vigorously stirred. A freshly prepared 25 mL of 0.5 M so-
dium borohydride aqueous solution was added to the mix-
ture and vigorously stirred for 3 h. Fig. 1a shows the high
resolution transmission electron microscopy (HRTEM) im-
age of gold nanoparticles synthesized by the colloidal
method. Their average diameter is about 5 nm, their shape
is largely spherical, and the gold nanoparticles are sepa-
rated from each other. And their regular arrangement is
closely packed. No aggregation of the gold nanoparticles
was observed. In the HRTEM image, the estimated density
Fig. 1. (a) The top-view HRTEM image of gold nanoparticles (synthesized
by the colloidal method) dispersed on a SiO2/Si substrate and (b) a cross-
sectional TEM image of gold nanoparticles presented between the
tunneling and control layers.
of the gold nanoparticles is 2.86 � 1012 cm�2 and the aver-
age distance between neighboring nanoparticles is about
2 nm.

To determine the electrical characteristics of the poly-
mer gate dielectric material, we have prepared the MIS
capacitor structures with parylene-C layers present in be-
tween the top electrodes and the silicon substrates. Gold
nanoparticles were dispersed by a spin coating method
on SiO2 layers with a thickness of 6.3 nm on top of silicon
(p-type, (100)) wafers and the SiO2 layers were utilized as
the tunneling ones. A 6.3 nm SiO2 layer was grown on a Si
wafer by in situ steam generation oxidation in which oxy-
gen and hydrogen were used as process gases with a flow
rate of 4.98 and 0.2 slm, respectively. The oxidation was
performed at a wafer temperature of 950 �C and at a cham-
ber pressure of 10 Torr. After the dispersion of the gold
nanoparticles, all the samples under study were directly
put in an oven to dry off the solvent at 70 �C. Some selected
from the samples were treated with an UV–O3 process to
remove the surfactants and organic residues presented
on the surface of the gold nanoparticles. Parylene-C layer
was deposited as a control gate dielectric. The parylene-C
layer was deposited by the chemical vapor deposition at
room temperature in 0.1 mTorr. The CVD starting material
was parylene-C dimer (DPX-C, Parylene Korea Co. Ltd.).
First, parylene-C dimmer was vaporized at 150 �C, forming
a dimmer gas. The gas molecules were subsequently
cleaved to the monomer form by heating up to 650 �C.
And the active monomer gas was then introduced to a
deposition chamber where it was dispersed and polymer-
ized spontaneously on the substrate at room temperature
to form a parylene film. The thicknesses of the parylene-
C layers were about 100 nm. The size of top gold electrodes
was 1.93 � 10�3 cm2. In order to confirm well-dispersed
gold nanoparticles of the fabricated MIS capacitor, a
cross-sectional HRTEM of the MIS capacitor was carried
out (shown in the Fig. 1b). A schematic diagram of a repre-
sentative MIS capacitor embedded with gold nanoparticles
and the chemical structure of parylene-C is shown in Fig. 2.
The current density versus voltage and capacitance versus
voltage measurements were performed with a semicon-
ductor parameter analyzer (Agilent 4155 C) and a precision
LCR meter (HP 4285A) at room temperature.
3. Results and discussion

The UV–visible absorption spectrum of the gold nano-
particles dispersed in a toluene is shown in Fig. 3. A broad
surface plasmon band is present at 520 nm in the absorp-
tion spectrum. As the size of the gold nanoparticles de-
creases, the peak position shifts toward the shorter
wavelength region. The broadening of the absorption band
is due not only to the inhomogeneous size distribution but
also to the size shrinkage [10].

A significant limitation that gate insulating materials
including polymer gate insulating materials face is gate
leakage. Leakage current density (J) of the MIS capacitor
is examined here. Fig. 4 shows the leakage current density
versus voltage obtained from a representative MIS capaci-
tor with a 100 nm thick parylene-C layer. Electric field



Fig. 2. A schematic diagram of the MIS capacitor embedded with gold nanoparticles and the chemical structure of parylene-C.

Fig. 3. A UV–visible absorption spectrum obtained from gold nanopar-
ticles dispersed in toluene.

Fig. 4. Current density as a function of the electric field when the gate
bias field sweeps from 0 to 0.5 MV/cm flowing through the gate insulator
of the MIS capacitors.
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varies from 0 to 0.5 MV/cm. A sample without the UV–O3

treatment exhibits the larger current density as a function
of electric field, compared to that with the UV–O3 treat-
ment. This result may be caused by the presence of the
remanent residues. The organic residues are interfered
with a deposition of the parylene-C layer. Fig. 4 also shows
the current density through the gate insulating layer as a
function of the electric field applied across the parylene-
C layer when the electric field sweeps from 0 to 0.5 MV/
cm. The observed leakage current density of the MIS capac-
itor is smaller than other reported polymer and polymer/
inorganic gate insulators (PVA, PVP, P(VDF-TrFE) and
PVP/YOx, etc.) [11–13]. The current density of the cross-
linked PVP is about 0.17 lA/cm2 at an electric field of
0.5 MV/cm. However, the current density of our fabricated
sample is less than 10�7 A/cm2 in magnitude, at the same
electric field. Our room temperature parylene-C deposition
does not give thermal or chemical damages to metal nano-
particles suitable to nodes of memory devices. The deposi-
tion of conventional insulators (especially, SiO2) requires
high temperature processes, giving serious thermal dam-
ages to the surface of gold nanoparticles.

The capacitance versus voltage (C–V) curves taken for a
reference sample without gold nanoparticles and the MIS
capacitor embedded with gold nanoparticles at a fre-
quency of 1 MHz are plotted in Fig. 5. The C–V curve of
the reference sample shows a little flat-band voltage shift
of about 0.1 V (Fig. 5a). Any threshold voltage shifts have
not been shown in the C–V curves of MIS capacitors. How-
ever, if the charge traps exist in the interface of between a
tunneling layer and a control layer or in the center of gate
dielectric layers, the charge carriers can be stored in those
traps and the threshold voltage is shifted by these trapped
charge carriers [14]. In this case, the main concern with the
charge traps is a role of the polymer insulating material as
a gate material. However, the C–V curve of the MIS capac-
itor exhibits a threshold voltage window of 2.1 V when the
gold nanoparticles without UV–O3 treatment are present
as the floating gate layer (Fig. 5b). After the UV–O3 treat-
ment, the threshold voltage shift of the MIS capacitor
was reduced because of the removal of organic residues
around the gold nanoparticles. The window of the C–V loop
indicates the magnitude of the trapped charge carriers in
the floating gate layer. The estimated number of trapped
charges in the gold nanoparticles for a threshold voltage
shift is about 0.64 � 1011 cm�2. And these trapped charge
carriers were injected from the p-type Si substrate.
Furthermore, the dips in the weak inversion of the C–V



Fig. 5. High frequency C–V curves of the fabricated MIS capacitors
without (a) and with gold nanoparticles (b).

Fig. 6. Charge retention characteristics of the MIS capacitor embedded
with gold nanoparticles after applying a gate voltage bias of +7 V for 1 s.

B. Park et al. / Organic Electronics 9 (2008) 878–882 881
loops can be seen in Fig. 5. These dips are related with the
deep depletion of MIS capacitors [15]. The capacitance ap-
proaches the Cmin of the MIS capacitors as the positive gate
voltage increases.

In order to investigate the retention characteristics of
the MIS capacitor embedded with gold nanoparticles,
charge remains versus time (C–t) measurement was per-
formed (Fig. 6). The charge remains is defined as charge re-
mains = fCðtÞ � CFBg=fCð0Þ � CFBg � 100 where C(t) is the
capacitance at measurement time and CFB is the flat-band
capacitance during forward bias sweeping. The MIS capac-
itor embedded with nanoparticles was charged for 1 s at a
bias voltage of +7 V. Then, the C–t measurement was made
under a bias voltage of 0 V applied to the top electrode. The
general feature of the C–t curve consists of two decay re-
gimes; the first is the initial fast decay and the second is
the subsequent slow decay. There are two possible mecha-
nisms explaining the initial fast decay, the lateral charge
loss [16] and the Coulomb repulsion between electrons
confined in nanocrystals [17]. In this case, the first possible
mechanism is excluded since the lateral charge loss of the
floating gate layer cannot be formed due to the separation
between the gold nanoparticles (see the HRTEM image of
Fig. 1). Hence, we suggest that the origin of the initial fast
decay is the Coulomb repulsion between the confined elec-
trons. Furthermore, the subsequent slow decay may be due
to the transfer of electrons from the gold nanoparticles to
the electrode through the control oxide layer. After apply-
ing a bias, the initial decay for the MIS capacitor embedded
with gold nanoparticles over a period of 103 s is about 17%.
However, the subsequent decay is only 3% after 3 � 105 s.
These retention characteristics come from the higher work
function of gold nanoparticles and those of most semicon-
ductor nanoparticles. Gold nanoparticles with high work
function enhance their data retention characteristics,
which are comparable values to that of nonvolatile mem-
ory devices.

4. Conclusions

In summary, gold nanoparticles synthesized by the col-
loidal method were dispersed on an oxidized p-type Si wa-
fer. The estimated charge density of the dispersed gold
nanoparticles was about 0.64 � 1011 cm�2. In the case of
J–V curves obtained for the MIS capacitor, parylene-C insu-
lating material showed good performance as gate insula-
tor, compared with other polymer gate materials. The C–
V curves taken for the MIS capacitor embedded with gold
nanoparticles demonstrated a threshold voltage shift of
about 1.1 V. In addition, the initial charge loss for the MIS
capacitor embedded with gold nanoparticles exhibited a
fast decay rate due to the Coulomb repulsion effect. Never-
theless, the subsequent decay of the capacitance was only
3% after 3 � 105 s. We showed the possibility to fabricate
memory devices using gold nanoparticle-embedded MIS
capacitors based on the low temperature process.
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Fig. 1. The energy levels diagram for TPD and electrode materials (ITO, Al) in thin film structures used in the present study (a). The electrode sequence at
substrate (Quartz) (in brief Al1) and non-substrate (TPD) (in brief Al2) deposited Al for structure (A) (b).
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and structure (B): Quartz/ITO/TPD/Al. They consist of a
semitransparent, vacuum-evaporated, 15 nm-thick Al
layer on a quartz (Q) substrate for structure (A) and a
transparent 20 X/sq ITO glass substrate for structure (B),
a 300 nm TPD, and a 15 nm-thick Al top metal layer. The
electrically active area of the cells was 0.09 cm2. The sur-
face contact conditions of Al electrodes were found to be
an important factor governing the dark current (jdark)–elec-
tric field (F) characteristics. The substrate aluminum elec-
trode (Al1) was evaporated in a vacuum chamber with a
base pressure 5 � 10�6 hPa. The deposition rate was typi-
cally 0.3–0.5 nm/s. Such prepared layers have been kept
for about 2 h under ambient atmosphere to oxidize their
upper segments to Al2O3. A TPD film was evaporated in
the same chamber with a deposition rate of around
0.3 nm/s. A 15 nm-thick aluminum layer (Al2) was then
evaporated on top of TPD and Al2O3 was grown within
close to the surface segments by simple 1 h exposure of
the layer to the air. As a consequence the TPD layer con-
tacted with the substrate electrode (Al1) through the se-
quence of Al2O3/Al, but through the reverse sequence of
Al/Al2O3, with the top electrode (Al2). The situation is illus-
trated in Fig. 1b.
3. Results

Fig. 2 presents typical current density (jdark)–electric
field (F) plots for structure (A) (a) and structure (B) (b) at
different electrode biases. The built in potential correction
(4.9�4.3 = 0.6 eV) for sample (B) has been neglected since
due to the relatively thick samples the resulting field
(<2 � 104 V/cm) yields only an insignificant effect on the
effective field in the samples. Low-field regime theoretical
fits (see Section 4.1) are given by the black point curves. In
addition to an obvious asymmetry for ITO+ and ITO� bias
for structure (B), resulting from a large difference in the
hole (=0.6 eV) and electron (=2.6 eV) injection barrier
heights (see Fig. 1a), a distinct asymmetry in the plots is
seen for structure (A) with Alþ1 and Al�1 biased Al1 electrode.
A difference of about three orders of magnitude in the cur-
rent density and a difference in the jdark–F characteristics
shape suggest that while in the ITO+-biased structure (B)
the hole injection from ITO+ determines the current flow,
the hole injection at the Al+ anode is responsible for the
current flow with the ITO�-biased structure (B) (the barrier
height for the hole injection from Al+ = 1.2 eV). We believe
that the asymmetry for structure (A) comes out from oppo-
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site sequence of Al and Al2O3 layers composing the sub-
strate (Al1) and non-substrate (Al2) deposited electrodes
as depicted in Fig. 1b (for discussion see Section 4.3). In
Fig. 3, the high-field jdark–F segments from Fig. 2 are shown
and compared with the theoretical plots (black point
curves) for both structure (A) and structure (B) at the elec-
trode biases the same as those in Fig. 2. We note that there
is no one common strictly defined electric field strength
(FH) where the high-field regime sets in though it falls
somewhere between 2 and 2.5 � 105 V/cm. A slight shift
towards higher values of FH can be noted at decreasing cur-
rents. For Al�1 case with structure (A) the high-field behav-
ior has not been observed (up to 2.75 � 105 V/cm) because
of a very low-current flow.

4. Analysis of results and discussion

4.1. Injection-limited current

In the absence of surface states the energy barriers that
control carrier injection from a metal (semiconductor) of
work function U to the valence band of an organic solid lo-
cated at an energy Ii below the vacuum level (HOMO) and
conduction level at an electronic affinity level A below the
vacuum level (LUMO) are vh = Ii �U for holes and ve =
U � A for electrons (see Fig. 1a). In the present system ve

(ITO) � 2.6 eV, ve(Al) � 2.3 eV, and vh (ITO) � 0.6 eV, vh

(Al) � 1.3 eV for ITO and Al, respectively. This indicates
that the remarkable injection current can be expected only
for holes with positively biased ITO. The measured
(collected) current (jdark), flowing in direction ‘‘x” perpen-
dicular to the injecting interface, is determined by the
source current (js) and the drift current (jdf) of thermalized
carriers if the diffusion current can be neglected. To ex-
plain electric field (F) characteristics of the current flowing
through an insulating sample, the functional dependence
js(x) must be accounted for as a boundary condition in
the theoretical model of carrier injection [14]. The results
presented in Section 3 can be explained employing a com-
monly used model of the 1D-Onsager theory based on the
external field-dependent escape probability (dissociation
efficiency) of the injected charge from its image counter-
part in the electrode at a given distance x from the con-
tact/insulator interface [15]. These charges bound by the
Coulombic attraction can be considered as an interface
charge pair (CP) state formed by the charge transfer be-
tween contact and insulator. The 1D-Onsager injection
process assumes usually the source current to be a d-like
function defined as
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jsðxÞ ¼ j0 for x � l

and
jsðxÞ ¼ 0 for x > l

ð1Þ

where l is the primary separation of charges in the inter-
face CP state (also known as the thermalization length).
Once injected, the carriers can either recombine with their
electrode image counterparts or contribute to the collected
current if they are able to overcome the Coulombic barrier
formed by a combination of the inter-pair Coulombic
attraction and the applied external voltage, and located
at (see Fig. 4)

xm ¼ ðb=cÞ1=2 ð2Þ

where

c ¼ eF
kT

and b ¼ e2

16pe0ekT
ð3Þ

There is no general analytical solution to the current equa-
tion invoking such a charge carrier formation process. Its
general form [14]

jdark ¼ j0

R l
0 expð�cx� b=xÞdx
R1

0 expð�cx� b=xÞ
¼ j0gðl; FÞ ð4Þ

tells us that the collected current amounts to a fraction
g(l,F) of the source current j0, the function g(l,F) defining
the field-dependent escape probability (dissociation effi-
ciency) of the injected hole from its image counterpart in
the electrode, at the distance l from the interface. However,
for a common situation of xm� l, simple analytical solu-
tions follow from expression (4) in the low-field regime
[2(bc)1/2 < 1] [14]

jdark ¼ j0ðel2
=bkTÞF exp½�ðel=kTÞF � b=lÞ� ð5Þ

and in the high-field regime [2(bc)1/2� 1] [14]

jdark ¼ j0f½l
2ðe=kTÞ3=4

=p1=2b5=4� expð�b=lÞgF3=4

� exp½2ðbe=kTÞ1=2F1=2� ð6Þ
with room-temperature a ¼ 2ðbe=kTÞ1=2 ¼ 8:9� 10�3 (cm/
V)1/2 calculated with the TPD dielectric constant e = 3 [12].

Fig. 2 represents typical current density–electric field
characteristics for our film structures (A) and (B) within
low- and moderate-electric fields reaching in the upper
limit the high-field regime. Within the whole electric field
range, a non-linear relationship between current density
and electric field is observed, except for low-current densi-
ties for structure (A) with negative polarization of the sub-
strate electrode Al�1 , where the experimental dependence
j(F) can well be approximated by a linear plot. Moreover,
the shape and current level for the positive Alþ1 , resemble
closely those with ITO� polarized structure (B). As a guide-
line for the analysis of these jdark(F) characteristics, theoret-
ical plots of both low- and moderate-field (LMF)
approximation (5), and high-field (HF) approximation (6)
are presented in Figs. 2 and 3, respectively. Fig. 2 shows that
LMF approximation persists up to F � 2 � 105 V/cm and
then HF approximation (6) reproduces reasonably the
experimental data (Fig. 3). As adjustable parameters, the
theoretical Eq. (5) contains a constant B0 = j0(el2/bkT) and
the primary injection distance l. The values of lA =
1.38 ± 0.05 nm and of lB = 0.98 ± 0.05 nm were found for
structure (A) and (B), respectively. They, within the exper-
imental accuracy, are very close each other and comparable
with two intermolecular spacings, though a higher value of
l could be expected for lA since the isolating buffer Al2O3

layer reduces the hole attraction by its image counterpart
in the Al anode. These values seem to reflect the general
feature of charge injection in organic solids. A value of
1.2 nm has been obtained for the distance in the singlet
exciton dissociation by electron transfer at an anthracene
crystal/metal interface [16]. The reason for the excessive
theoretical current values within the lowest field region is
discussed in Section 4.2. The fitting parameter aexp for the
high-field regime characteristics (Fig. 3), within 20% agrees
with the theoretical prediction 9 � 10�3 (cm/V)1/2 for struc-
ture (B), but is by a factor of 1.5 smaller than that for struc-
ture (A). The origin of this discrepancy is not quite clear at
present. One can speculate an increase of the effective
dielectric constant caused by its high value (e � 9) for the
Al2O3 layers or a specific disorder (trap) effect at Al/TPD
interface [14]. The metal deposition on organic layers is
known to affect the energetics of the charge injection pro-
cess [17]. Of particular concern are reactive alkali metals
deposited on electron acceptor materials. In contrast, the
Al contact on electron donor materials has been shown to
form rather a physisorbed layer leading only to a little va-
lence level shift, e.g. of�0.1 eV for p-sexiphenyl [18]. Based
on the literature reports of UPS but also on other studies
(e.g. the injection evolution in time and frequency depen-
dence of the contact capacitance [19]), we assumed it to
show only an insignificant activity preserving to a large ex-
tent geometrical properties of TPD/Al contact. Therefore,
we do not expect Al atoms penetrating TPD films to change
the basic injection mechanisms, thus functional shapes of
the current–voltage characteristics. Indeed, the good fits
we obtain with experimental data suggest that the underly-
ing dependencies of the current–voltage characteristics are
correctly described in this paper. However, a local, near-
contact disorder in TPD induced by vacuum evaporation
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of Al still can affect the model fitting parameters like B0, b,
aexp. This could contribute to the observed deviation of aexp

from its theoretical value. The exact value of the electric
field starting the HF approximation of the current–voltage
characteristics might also be affected by the interfacial
electronic structures (see discussion in Section 4.3).

4.2. Effect of electrode recombination

An apparent discrepancy between theory and experi-
ment seen in the lowest field region in Fig. 2 can be ratio-
nalized taking into account the back flux of the injected
carriers which undergo electrode recombination. Such a
process has already been considered to modify the cur-
rent–voltage characteristics in the high-field region, but
the results not verified experimentally [1,14,20,21]. In gen-
eral, the surface recombination rate (gr) is a distance-
dependent quantity, e.g. gr(x) = gr(0) exp(�a2x), where
gr(0) is the recombination rate at x = 0 and a2 is a character-
istic parameter dependent on the type of electrical contact
[1,14]. It can reflect physically probable tunneling mecha-
nism of recombination. But then even an approximate solu-
tion for the current is not tractable analytically and requires
numerical calculations [20]. A way to simplify the surface
recombination description has been demonstrated by Scott
and Malliaras [21]. It consists in the near-surface averaging
the charge density and placing it at the distance xC = (1/4)
rC, where rC = e2/4pe0ekT is the 3D bi-molecular capture ra-
dius at which the charge carrier-image binding energy is
equal to kT. The factor 1=4 takes into account the average
velocity of the carrier motion towards the injecting contact.
At room temperature (kT � 0.025 eV) and for typical dielec-
tric constant e = 3, xC � 4.6 nm, which is �10 times larger
than an intermolecular distance and the primary injection
distance, l. The ‘average’ charge that approaches the inter-
face within xC disappears efficiently (according to Ref.
[21], inevitably) at the interface by a field-enhanced diffu-
sion process that resembles Langevin bimolecular recombi-
nation which often is the case for disordered organic solids
at low-electric fields [22,23]. This charge back flux reduces
the current flowing through the sample. Then, the mea-
sured (jexp) net (jnet) current can be defined as

jnet ¼ jexp ¼ jinj � jrec ð7Þ

where

jrec ¼ enClFðxCÞ ð8Þ

and

FðxCÞ ¼ F � e
16pe0ex2

C

ð9Þ

where nC � n0 represents the charge concentration at x = xC

and is considered as an ‘average’ charge density within the
0–xC region [21].

In order to determine the recombination current we use
Eq. (7) and the data of Fig. 2. Accordingly, its field depen-
dence can be calculated and as such is shown in Fig. 5a.
A broad maximum of jrec is apparent within the (0.5–
1.0) � 105 V/cm field range, an abrupt roll-off (down to
10�12 A/cm2), observed above 105 V/cm, reflects a strong
drop in the charge concentration
nC ¼
jrec

elF
ð10Þ

as shown in Fig. 5b.
The surface recombination rate

RS ¼
jrec

n0e
¼ ceh

4prC
F ð11Þ

is determined by the bimolecular (second order) recombi-
nation rate constant of the carrier (ceh) which, according to
a Langevin-like recombination model [1], is governed by
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the carrier diffusion (D), ceh = 4pDrC. If, in addition, the
validity of the Einstein’s relation is assumed (eD = lkT),
RS becomes simply a drift velocity of the carrier RS = lF.

The non-monotonic field evolution of the recombina-
tion current (Fig. 5a) can be explained by invoking the
probability w(F) of a hole located at x 6 xC to reach the
potential maximum located at the field-dependent xm

(see Eq. (2)). The recombination current is then propor-
tional to the recombination probability

PR ¼ 1�wðFÞ ¼ 1�w0 exp
eFðxC � xmÞ

kT

� �

¼ 1�w0 exp
eFxC

kT
� e

4kT

ffiffiffiffiffiffiffiffiffiffi
eF

pe0e

s" #

ð12Þ

where w0 = exp(D/kT) and D is the barrier height in the ab-
sence of both the external field and the image charge ef-
fect. As the electric field increases from low values with
xm > xC (the case exemplified in Fig. 4 by xm1), w(F) de-
creases and the recombination current is expected to in-
crease. At still increasing field PR reaches its broad
maximum at xm = xC (corresponding to the electric field
F � 0.6 � 105 V/cm) and then decreases as xm < xC (the case
exemplified in Fig. 4 by xm2). This is what we observe for
jrec in Fig. 5a. The origin of the shallow local minimum at
about 0.75 � 105 V/cm is not quite clear and one can spec-
ulate as it would be due to an instability in the measured
current caused by the formation of the injecting contact
[19]. In the high-field regime the recombination current
is expected to strongly drop down and it indeed does so
for F > 105 V/cm. The high-field region approach including
the surface recombination relates the charge density at xC

to the injection current as n0 � w2 jinj(F), where the propor-
tionality factor is given by [21]

wðf Þ ¼ f�1 þ f�1=2 � f�1ð1þ 2f 1=2Þ1=2 ð13Þ

and accounts for the field-dependent surface recombina-
tion velocity through the reduced electric field f = eFrC/kT.
Assuming a similar relation to hold in the whole electric
field range, n0 = Q(F) jinj, yields good agreement of the
experimental Q(F) derived from the data of Figs. 2 and 5
with the theoretical prediction of Cw2 only at high fields,
showing essential discrepancy at low fields as presented
in Fig. 5c. This confirms the crucial role of the surface
recombination for the injection currents at low fields and
only their insignificant modification at high fields
(>0.75 � 105 V/cm) as demonstrated in Fig. 3.

4.3. Asymmetry for substrate and non-substrate deposited Al
electrodes

The asymmetric behavior of structure A (Quartz/Al1/
TPD/Al2), demonstrated in Fig. 2, results from the differ-
ence in electron–hole balance within the sample, holes
being injected from the Alþ1 or Alþ2 anodes and electrons
injected either from the Al�2 or Al�1 cathodes, respec-
tively. The measured current (jexp) in these cases can
be approximated by the hole injection current, jh,
diminished by the volume recombination current, jVR,
jexp � jh�jVR. The electron injection from Al� has been
shown to vary upon its oxidation [24]. The X-ray photo-
electron spectroscopy shows that a 1.5 nm-thick Al layer
exposed to air (oxygen) for more than 5 min converts
completely in Al2O3 [24]. Accordingly, in our structure
(A) the cathode Al1 consists of a sequence Quartz/Al�

(13.5 nm)/Al2O3 (1.5 nm) and cathode Al2 of a sequence
Al� (13.5 nm)/Al2O3(1.5 nm)/air (see Fig. 1b). Conse-
quently, the electron injection at Al2

� can be considered
as the direct thermionic emission into TPD, and the
electron injection at Al�1 requires electron transmission
through the 1.5 nm-thick film of Al2O3 prior entering
TPD. The electron injection barrier height between the
organic film and cathode is determined by the differ-
ence between the work function U of the latter and
the lowest unoccupied molecular orbital (LUMO) A of
the former. In the case of Al and TPD, U = 4.3 eV and
A = 2.3 eV, so the barrier height is a rather large 2 eV.
Hence the thermionic emission of electrons from the
cathode Al�2 is very weak. The total cell current j � jh

(jVR ? 0). Thus, for the Alþ1 bias the current behaves like
that for structure (B) with ITO� cathode, where due to
the high-injection barrier (4.9�2.3 eV = 2.6 eV) practi-
cally no electron injection in TPD can be expected. In
fact, both Alþ1 and ITO� characteristics are quasi-identi-
cal (see Fig. 2a and b). In contrast, when a high-ioniza-
tion potential 8.7 eV Al2O3 layer is added (Al1),
considerable voltage drops across this layer, which can
align the Fermi level of Al with the LUMO of TPD and
enable electron tunneling through the thin Al2O3 layer.
The opposing effects of the voltage drop and the barrier
width render optimization of the thickness of the buffer
layer Al2O3 at which the electron injection reaches a
maximum. This has been found to amount �1.2 nm
[24] close to �1.5 nm in the cathode Al1 of our struc-
ture (A). As a result the electron density in the sample
becomes significantly increased. In turn, the increased
electron density enhances the electron–hole recombina-
tion rate (an increase of the recombination current) that
leads to a significant reduction of the total cell current.
Indeed, the measured current of the Al�1 -biased structure
(A) is much lower and its field dependence follows the
hole injection current from the Alþ1 anode (Fig. 2a) ac-
counted for their surface recombination (see Section
4.2). The bi-molecular electron–hole recombination in
the sample bulk may be a reason of the observed shift
in the critical electric field (FH) where the high-field re-
gime sets in (see Figs. 2 and 3). At low-electron injec-
tion levels, Alþ1 for structure (A) and ITO� for structure
(B), the recombination current can be neglected
(jVR ? 0), we practically deal with single positive cur-
rents (jh) limited by weak injection of holes over a rel-
atively high (1.2 eV) barrier at Al+ anodes. The effect of
the injection barrier on the onset of the high-field re-
gime behavior (a steep increase) of the current has been
already observed in single-layer (280–300 nm thick)
Alq3 and TTN LEDs provided with two Mg electrodes
[25]. A much lower FH for the Alq3 structure correlated
with the lower electron injection barrier (�0.9 eV) at
the Mg/Alq3 interface than that suggested for the Mg/
TTN/Mg structure.
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5. Summary and conclusions

We have been able to observe the hole injection from
both ITO and Al electrodes within low-, moderate-, and
high-electric field regimes of the current flow. A theoret-
ical modeling is presented based on the hole and electron
injection-limited current accounted for the surface and
bi-molecular recombination of injected holes with their
contact image charge or Al-injected electrons, respec-
tively. In addition to an obvious asymmetry in the cur-
rent behavior of Quartz/ITO/TPD/Al structure a distinct
asymmetry has also been observed for Quartz/Al/TPD/Al
structure.

The injection currents have been treated in the approxi-
mation of the 1D version of Onsager’s approach of geminate
recombination modified by the surface and bi-molecular
recombination assuming the validity of Einstein’s relation
for diffusion and drift in the vicinity of Coulomb barrier
placed at x = xm and involving a near-surface demarcation
plane x = xC = (1/4)rC being a 1D equivalent of the 3D Onsag-
er radius rC = e2/4pe0ekT. Theory is in good agreement with
collected experimental data. From the fitting procedures in
the low- and moderate-field regions (<105 V/cm) the
primary injection distance on �1 nm has been inferred – a
reasonable value corresponding to about two intermolecu-
lar spacings characteristic of electron transfer reactions at
the metal/organic solid interface.

This work also provided evidence that the electrons in-
jected at the Al� /TPD interface form negative recombina-
tion centers for oppositely injected hole currents rather
than contribute directly to the currents. This confirms elec-
trons to be almost immobile carriers in TPD, which in the
bi-molecular recombination reduce the hole flux reaching
the cathode and thus the total cell current.

Once having recognized injection of holes from both
ITO and Al electrical contacts, we have shown that
proper accounting of surface and bi-molecular electron–
hole recombination leads to consistent analysis of the
electrical characteristics of thin film structures with
nominally different electrodes and procedures of their
preparation.
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Fig. 1. Variation of UPS spectra of LaCuOSe:Mg/NPB interface with NPB
thickness. (a) Cut-off and (b) valence region.
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[5,6] are better suited for improving the hole-injection
properties because we anticipate that a higher work
function will be compatible with the smaller resistance
in p-type materials. From this view, Mg-doped LaCuOSe
(LaCuOSe:Mg) is an attractive candidate because it is a
transparent p-type semiconductor that shows a degener-
ate conduction with conductivities as high as 910 S cm�1

[7] and large work functions of �5 eV.
Herein we report that a low EHIB of 0.3 eV is formed

at LaCuOSe:Mg/N,N0-diphenyl-N,N0-bis(1,10-biphenyl)-4,40-
diamine (NPB) interfaces. The EHIB values were measured
by ultraviolet photoemission spectroscopy (UPS), and the
interface electrical properties were characterized using
hole-only devices composed of a LaCuOSe:Mg/NPB/Al
structure. These observations substantiated that employ-
ing LaCuOSe:Mg as an anode improves the electrical char-
acteristics; i.e., a low threshold voltage of <0.2 V and a high
current drivability of 250 mA cm�2 at 2 V were obtained.

Epitaxial films of LaCuOSe:Mg fabricated on (001) MgO
single crystals were employed in this study to determine
the fundamental interface properties with a well-defined
structure. The epitaxial films of LaCuOSe:Mg were prepared
on single-crystalline MgO(001) substrates by a reactive so-
lid-phase epitaxy (R-SPE) process [8–10]. In this process, a
thin Cu layer (5 nm in thickness) was initially deposited
on an MgO(001) substrate under a high vacuum of
10�5 Pa at 400 �C by pulsed laser deposition (PLD). An amor-
phous LaCuOSe:Mg layer was then deposited on the thin Cu
layer at room temperature sequentially in the same PLD
chamber. A sintered ceramic disk of LaCuOSe:Mg was used
as the PLD target. The obtained films were annealed at
1000 �C with a small amount of LaCuOSe powder in evacu-
ated silica glass ampoules. The surfaces of the obtained films
were polished by chemical–mechanical polishing (CMP),
which produced an atomically flat, terrace-and-step surface
with root-mean-square roughnesses (Rrms) of 0.6–1.5 nm.
The film thickness was fixed between 30 and 50 nm because
it was confirmed that LaCuOSe:Mg exhibits the largest hole
concentration and the highest conductivity for thicknesses
less than 50 nm [7]. It should be noted that the small thick-
ness of the LaCuOSe:Mg layer causes a somewhat high ser-
ies resistance for hole-only devices, as will be discussed
later. However, the series resistance is small enough to ob-
tain a large injection current, which demonstrates the im-
proved injection properties of the LaCuOSe:Mg/NPB
interface. The electrical conductivity, hole concentration,
and Hall mobility of the LaCuOSe:Mg films used in this study
were >500 S cm�1, >1 � 1021 cm�3, and �3 cm2 V�1 s�1,
respectively, at room temperature. Details of the optical
and electrical properties are reported in Ref. [7].

The LaCuOSe:Mg films were then transferred to a multi-
chamber system equipped with two preparation chambers,
two organic/metal evaporation chambers, an X-ray photo-
emission spectroscopy (XPS)/ultraviolet photoemission
spectroscopy (UPS) chamber, and an electrical/light-emis-
sion measurement chamber connected in an ultra-high
vacuum at 10�6 Pa. Residual atmospheric contaminants
and polishing residues on the surfaces of the LaCuOSe:Mg
films were removed in the preparation chamber by an oxy-
gen plasma treatment (radio frequency (RF) plasma in a
pure O2 gas at 6.0 � 10�1 Pa for 30 s with an RF power of
50 W). Observations of C 1s peak intensities by XPS con-
firmed that carbon contaminants were removed by the oxy-
gen plasma treatment. XPS measurements also revealed
that the oxygen plasma treatment oxidized the LaCu-
OSe:Mg surface, and the valence state of Cu+ at the surface
of LaCuOSe:Mg changed to Cu2+. The LaCuOSe:Mg films
maintained the same high conductivity after the treatment.

Sublimation-purified NPB (Lumtec, Taiwan) was depos-
ited by thermal vacuum evaporation at deposition rates of
0.07–0.15 nm s�1, a pressure of 2 � 10�6 Pa, and a sub-
strate temperature of room temperature. The thickness of
the NPB film was monitored with a pre-calibrated
quartz-oscillator thickness meter. UPS measurements un-
der an ultra-high vacuum (5 � 10�8 Pa) and thin layer
depositions of NPB were alternately repeated by transfer-
ring the sample between the UPS chamber and the deposi-
tion chamber in vacuum to collect UPS spectra as a
function of NPB thickness.

Single-crystalline (sc-) ITO films prepared by PLD [11]
and commercially-available polycrystalline (pc-) ITO films
(Asahi Glass Co., Ltd.) were examined for comparison. Be-
fore the deposition of NPB, the sc- and pc-ITO films were
treated by the oxygen plasma (50 W, 6.0 � 10�1 Pa with
durations of 30 s for sc-ITO and 3 min for pc-ITO), and an-
nealed in vacuum in the other preparation chamber
(250 �C, �5 � 10�6 Pa, 5 min) to obtain conductive ITO
films with large work functions (�5 eV). An Al/NPB inter-
face was also examined by in situ UPS measurements.

Fig. 1 shows the UPS spectra of the LaCuOSe:Mg/NPB
interfaces as a function of NPB thickness (t). The work
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functions were evaluated from the energy difference be-
tween the excitation energy (He I, 21.2 eV) and the cut-
off energy (indicated by vertical bars in Fig. 1a) [12]. On
the other hand, the energy levels of the HOMO of the
NPB films were evaluated as the onset energies of peak A
in Fig. 1b. It was found that the oxygen plasma treatment
increased the work function of the LaCuOSe:Mg film to
�6.0 eV, which is much higher than those of a bulk LaCu-
OSe:Mg surface (�5.0 eV) and ITO film surfaces (4.1–
5.4 eV) [1–4]. Fig. 1a shows that the cut-off energy dropped
sharply from 15.2 to 16.1 eV as t increased only to 0.3 nm.
The HOMO energy gradually shifted to deeper energies
from 0.2 to 0.6 eV as the NPB thickness increased to
4.0 nm. These results indicate that the vacuum level (Evac)
and the HOMO energy of the NPB move to deeper energies
with respect to the Fermi level (EF) of the bulk region in the
LaCuOSe:Mg film.

Fig. 2a shows the energy level diagram built from the
above UPS measurements for a LaCuOSe:Mg/NPB interface.
It is noted that EHIB, which is defined as the energy differ-
ence between EF and the HOMO energy of the NPB film at
the interface, is as low as 0.3 eV. The EHIB values of our sc-
ITO/NPB and pc-ITO/NPB interfaces were 0.6 and 0.7 eV,
respectively, and significant differences were not found be-
tween them. In addition, these values are consistent with
reported ones [2,3], confirming the validity of the data ob-
tained with our apparatus and procedures. Consequently,
we concluded that the oxygen plasma treated LaCu-
OSe:Mg/NPB interfaces realize approximately half the EHIB

of an ITO/NPB interface. It should also be noted that the
HOMO level decreased as the NPB thickness increased in
the vicinity of the interface, which will be discussed later
with the derived carrier concentration shown in Fig. 2b.

Fig. 3 schematically illustrates the energy level align-
ments of the LaCuOSe:Mg/NPB interface before and after
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from second-order derivatives of the HOMO level bending curve and Poisson’s e
contact. EF of the LaCuOSe:Mg (i.e., the work function)
and the HOMO energy of an isolated NPB [14] were located
at 6.0 and 5.2 eV from Evac, respectively. If the Schottky–
Mott rule is assumed (Fig. 3a), then these values predict
a negative EHIB value �0.8 eV, which suggests that an oh-
mic contact may be formed. Unfortunately, the experimen-
tal result showed that a discontinuous energy down shift
(often referred to as ‘vacuum level shift’ [15,16]) of
1.1 eV occurred at the interface upon contact, which re-
sults in a positive EHIB value of 0.3 eV (Fig. 3b).

To evaluate the hole-injection properties electrically,
hole-only devices with an MgO/LaCuOSe:Mg (50 nm in
thickness)/NPB (200 nm)/Al (100 nm) structure were fabri-
cated. Metal contacts for the LaCuOSe:Mg anodes were
formed with Au electrodes, which were vacuum evapo-
rated on the exposed area of the LaCuOSe:Mg layer, as
illustrated in the inset of Fig. 4a. The area of the Al elec-
trode was 1.0 mm2. If positive forward voltages are applied
(i.e., a positive potential for the LaCuOSe:Mg anode), elec-
tron injection from the Al cathode to the NPB layer is
blocked due to the large electron injection barrier (EEIB)
at the NPB/Al interface. The EEIB value of 2.8 eV was esti-
mated from the energy difference between EF of Al and
LUMO* of NPB as shown in Fig. 3b. The LUMO* was deter-
mined from the HOMO level measured by UPS and the
transport gap of NPB [13].

Fig. 4 shows the current density (J)–voltage (V) curves
of the hole-only devices. For LaCuOSe:Mg/NPB/Al (closed
circles in (a) and (b)), J began to rise at �0.2 V, and then in-
creased linearly as the applied voltage increased. The ob-
tained J values (e.g., 250 mA cm�2 at 2 V) were two
orders of magnitude larger than those of ITO/NPB/Al
hole-only devices [17]. We also confirmed similar smaller
currents on our pc-ITO/NPB/Al devices (open circles in
(b)), and found that the J–V curves follow the linear
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relation (E denotes the average electric field ap-
plied in the NPB layer) with a slope parameter (bs/kBT) of
1.3 � 10�3 (the fitting result is shown by the red line in
(a)). The slope parameter agrees roughly with that of the
Schottky model (0.77 � 10�3, calculated using the relative
dielectric constant of NPB of 3.6 [18]). This result indicates
that the hole injection is still limited by the Schottky bar-
rier even in the current ITO/NPB interface. In contrast, such
a Schottky injection was not observed for the LaCuOSe:Mg/
NPB interface. We confirmed that the bottom LaCuOSe:Mg
layer causes a high series resistance (�650 X) due to its
thin thickness (�50 nm). This series resistance is almost
the same as the differential resistance (714 X) of the
LaCuOSe:Mg/NPB/Al device at >0.2 V. These results indi-
cate that the interface does not limit the hole injection in
this device, and hence, the two orders larger currents are
achieved. However, considering the reported mobility
(lNPB) of 4 � 10�4 cm2 V�1 s�1 [19], the obtained current
is too large for a 200-nm-thick intrinsic NPB layer. The
largest current flowing in an intrinsic layer is limited by
space charge formed by injected carriers, and therefore,
can be estimated by the space charge limited current
(SCLC) model. The blue line in Fig. 4b shows the SCLC curve
for the reported lNPB value of 4 � 10�4 cm2 V�1 s�1, which
demonstrates that the SCLC current is much lower than
the observed current. A much higher mobility of
6.7 � 10�3 cm2 V�1 s�1 must be assumed to explain the ob-
served currents (the red line in Fig. 4b), but this mobility
value is unrealistic. Another possibility is that the NPB
layer is slightly doped. In this case, the conductivity of
the NPB layer must be larger than the value estimated from
the apparent conductivities of the LaCuOSe:Mg/NPB/Al
device in the forward bias region (3 � 10�6 S cm�1), which
corresponds to the doped hole concentration of >1016 cm�3

using the reported lNPB value. This model would be plausi-
ble because the conductivity of (ReO3)-doped NPB is
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reported to be 7.5 � 10�6 S cm�1 [17]. Furthermore, the
hole concentration distribution in the NPB layer can also
be estimated from the second-order derivatives of the
HOMO level bending curve /(x) in Fig. 2a by following
Poisson’s equation d2/(x)/dx2 = q(x)/e where q(x) denotes
the background charge (assumed to be the acceptor den-
sity in a fully depleted layer) and e the dielectric constant
of the NPB layer. Fig. 2b gives the obtained result. In the
vicinity of the interface (t < 6 nm), the hole concentration
decreased with increasing the NPB thickness, and leveled
off at �1017 cm�3 at t > 6 nm. It should be noticed that
the HOMO level bending is small, only �0.1 eV, at
t > 6 nm, and the accuracy of the absolute value is not high.
In addition, similar HOMO level shifts can be occurred by a
charging effect during the UPS measurements. In the pres-
ent study, however, we confirmed reproducibility and reli-
ability of the results by repetitive measurements and time
dependence of the spectra, and no indication of the charg-
ing effect was observed. Therefore, we conclude that the
NPB film is doped also at t > 6 nm, but the hole concentra-
tion can be less than 1017 cm3. This discussion is still con-
sistent with the above value of >1016 cm�3 estimated from
the J–V curve. It is speculated that the high-density holes
are generated from copper ions diffused from the LaCu-
OSe:Mg layer. Further investigation is required to reveal
the origin of the high-density current and the HOMO level
bending.

In summary, we achieved a low hole-injection barrier
(0.3 eV) to NPB using an oxygen plasma treated LaCu-
OSe:Mg film as an anode. The hole-only device demon-
strated a low threshold voltage and a high-density
current drivability. The present results demonstrate that
LaCuOSe:Mg has great potential as an efficient transparent
anode for OLEDs and other organic electronic devices.
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Gundlach et al. also observed the complete transition of
the thin film phase into the bulk phase when the penta-
cene film was post-exposed to ethanol, degrading the per-
formance of TFTs severely [19]. However, systematic
studies on the correlation between the onset of the bulk
phase and the electronic transport in pentacene TFTs were
not well established in their work. In this letter, we report
a phase transition in pentacene induced by postannealing
process, correlating it to the film morphology and the elec-
tronic transport. Moreover, we suggest that this transition
from the thin film phase to the bulk phase could be another
main factor causing the mobility degradation after high
temperature annealing other than the physical desorption
of pentacene as previously observed in Refs. [8,9].

Pentacene TFTs based on a bottom-contact configura-
tion have been fabricated on a highly doped n type silicon
wafer (<0.005 Xcm; h100i orientation) as shown in Fig. 1a.
The highly doped silicon and 200 nm of thermal SiO2

serves as the gate electrode and dielectric, respectively. A
120 nm thick layer of palladium was first e-beam evapo-
rated, and patterned to define the source/drain contacts.
Then, pentacene obtained from Aldrich (97% purity) with-
out further purification was deposited onto the gate oxide
by thermal evaporation following the treatment of the
oxide surface with octadecylthrichlorosilane (OTS). The
nominal channel length and width of TFTs, in which
the pentacene active layer is exposed to air without any
encapsulation, is 60 and 300 lm, respectively. The detail
description of the fabrication procedure is provided in
Ref. [2]. Besides pentacene TFTs, thin pentacene films also
were grown on the OTS treated oxide to be used for atomic
force microscopy (AFM) and X-ray diffraction (XRD) mea-
Fig. 1. (a) Schematic cross-sectional view of a bottom-contact pentacene
TFT without encapsulation. (b) Transfer characteristic, measured at RT, of
such a bottom-contact pentacene TFT with a channel length and width of
60 and 300 lm, respectively.
surements, which were processed in the same batch along
with the TFT devices.

From the transfer curve of the bottom-contact penta-
cene TFTs measured at room temperature (see Fig. 1b),
we extract a saturation mobility 0.086 cm2/Vs, and an on/
off current ratio >107 at a drain-source voltage (VD) of
�60 V. For annealing tests, the TFTs were kept for 1 h at
a given annealing temperature, and cooled down to RT
(30 �C) to measure the transfer curves. This procedure
was repeated with the same device for different annealing
temperatures of 50, 70, 100, 120, and 160 �C. The depen-
dences of resulting mobilities on annealing temperatures
for three other TFT samples that were processed together
on the same substrate are well shown in Fig. 2 (left), where
the carrier mobilities are normalized with respect to their
highest mobility value (Nl = l/lmax). The mobility values of
all the samples tend to increase with increasing annealing
temperature, and reach to peak values (Nl = 1) at 70 �C
even though the highest values range from 0.092 to
0.12 cm2/Vs. They then start to decrease beyond that, and
drop close to Nl = 0.6 at 160 �C. The right plot of Fig. 2
shows the XRD patterns that are collected on the penta-
cene films annealed at RT (30 �C), 70, 100, 120, and
160 �C, respectively, which were carried out along with
AFM analysis in order to gain more insight on the degrada-
tion mechanism of transistor mobility at high annealing
temperatures.

The diffraction peaks of the RT sample indexed as (00l0)
indicate that the film consists mainly of the thin film
phase, and is highly oriented in the out-of-plane direction
with periodicity of a lattice spacing d(0010) of 15.4 Å.
There is also seen a second set of diffraction peaks (00l)
corresponding to a d(001) of 14.4 Å of the bulk phase,
but their intensities are negligible when compared to the
thin film phase. The peak patterns remain similar as long
as the annealing temperatures stay below 100 �C. A further
increase of the annealing temperature, however, triggers
the evolution of the bulk phase. This is interestingly consis-
tent with the mobility decrease observed in the TFT de-
Fig. 2. (Left) Normalized carrier mobility (Nl = l/lmax) variation for three
other TFT samples without encapsulation as a function of annealing te-
mperature. (Right) XRD patterns of bare pentacene films without encap-
sulation that were postannealed at RT, 70, 100, 120, and 160 �C for 1 h.
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vices and the onset of the lamellar-like structure seen in
the AFM measurements that will be discussed more
below. The ratio of the first order XRD peak intensities
between the two phases [(001)/(0010)] changes from
0.057 to 0.31 while the annealing temperature increases
from RT to 160 �C. This is different from the observation
made in Refs. [6,9] where only the thin film phase peak
was detected and its intensity was decreased beyond a cer-
tain critical annealing temperature without any evolution
of the bulk phase.

Fig. 3 is AFM pictures illustrating the surface morphol-
ogy of pentacene films that were heat-treated at the given
annealing temperatures for 1 h. Before annealing (RT), the
pentacene film is terrace-like multilayered with a typical
dendritic structure in which the average grain size ranges
from 2 to 4 lm. The film remains morphologically similar
until the annealing temperature reaches to 100 �C whereas
a striking difference in the morphology is revealed when
the annealing temperature exceeds beyond 100 �C. It is
seen that lamellar-like plates start to grow from the film
surface, thus, strongly suggesting that another phase
nucleates. This lamellar-like structure is very similar to
that found in the as-grown pentacene film at high sub-
strate temperatures (Ref. 18), where it was identified as
the bulk phase. The comparison with the XRD results for
the films suggests that this annealing induced phase can
be also interpreted as the bulk phase in pentacene. The cor-
responding height profile reveals that the lamella observed
on the film surface regrows to a thickness of 140 nm at
100 �C annealing temperature. Most of portions, however,
still remain similar. The lamella, then, propagates onto all
over the surface, forming a series of multilayered lamellar
structures when the annealing temperature further in-
creases to 160 �C at which the height of the protrusive lam-
ellas reaches close to 400 nm.

In order to further confirm the correlation between the
onset of the bulk phase and the mobility deterioration after
high temperature annealing, another set of pentacene TFTs
Fig. 3. AFM images of pentacene films annealed at RT (30 �C), 70 �C, 10-
0 �C, and 160 �C.
and films were prepared identical to those described above
except that they are encapsulated with photo-sensitized
polyvinyl alcohol (PVA) by spin coating. The right plot of
Fig. 4 shows the XRD results for the PVA-encapsulated
pentacene films. The peak patterns at RT remains un-
changed except the slight decrease in peak intensity due
to the PVA layer as compared to the PVA-less film, but still
providing clear information on the film crystallite. It is
interesting to note that, with encapsulation, the annealing
induced evolution of the bulk phase is suppressed
to higher temperature (120 �C), and accordingly the
corresponding mobilities measured from three other
PVA-encapsulated TFTs, keep increasing up to 0.064–
0.079 cm2/Vs (Nl = 1) until the annealing temperature
reaches to 120 �C. The mobilities, then, precipitously drop
to Nl = 0.1–0.35 with further increasing temperature up
to 160 �C at which the bulk phase becomes appreciable
in the XRD patterns. These observations made in both sam-
ples with and without encapsulation strongly suggest that
the nucleation of the bulk phase that must be correlated to
the lamellar-structure observed in the AFM pictures is an-
other cause for the deterioration in carrier transport other
than the pentacene desorption during high temperature
postannealing treatment. Moreover, it is clear that encap-
sulation helps to retard the nucleation of the bulk phase
that may induce structural defects, and/or to prevent the
film from re-evaporating, leading to a better thermal sta-
bility to TFT devices.

In order to quantitatively investigate the evolution of
the two polymorphs in pentacene, we calculated the min-
imum crystal size and the quality of each phase perpendic-
ular to the (00l) planes in PVA-less pentacene films using
the paracrytal theory [11]. Both the parameters of interest
can be extracted from the following equation by taking the
slop and the ordinate intercept of the lines, respectively:

ðdsÞ2 ¼ ðdsÞ2c þ ðdsÞ2II ¼
1

L2
h k l

þ p4g4
IIm

4

d2
h k l

; ð1Þ
Fig. 4. The left plot shows the normalized carrier mobility (Nl = l/lmax)
variation as a function of annealing temperature for three other TFT sa-
mples encapsulated. The XRD patterns of pentacene films with PVA en-
capsulation postannealed at RT, 70, 100, 120, and 160 �C, respectively, are
shown in the right plot.



Fig. 5. Variations of (ds)2 as a function of the fourth power of the diffra-
ction order and their linear fits for the thin film phase and the bulk phase
in pentacene films without PVA encapsulation annealed at RT (open data
points) and 160 �C (filled data points). The inset is for the thin film phase
in PVA-encapsulated pentacene films annealed at RT (open data points)
and 160 �C (filled data points).
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and

ds ¼ 2 cos h dh=k; ð2Þ

where ds is the overall broadening, (ds)c and (ds)II are the
broadenings due to the average crystal size and the struc-
tural disorder, respectively, Lh k l is the average crystal size
normal to the (hkl) planes, gII is the mean distance fluctu-
ation between successive (hkl) planes, dh k l is the average
(hkl) plane spacing, h is the diffraction angle, dh is the half
width of the peak at half maximum, and k is the X-ray
wavelength. Fig. 5 shows the variations of (ds)2 as a func-
tion of the fourth power of the diffraction order for both
phases in the PVA-less pentacene films annealed at RT,
and 160 �C, respectively. It is found that with increasing
annealing temperatures, the average crystallite size of the
thin film phase calculated from the plot in Fig. 5 decreases
from 540 to 510 Å while the bulk phase crystallite evolves
up to 360 Å. The crystallite size of the thin film phase in the
PVA-encapsulated pentacene films extracted from the in-
set of Fig. 5 for comparison also exhibits a decrease from
510 to 500 Å as the annealing temperature increases up
to 160 �C. The reduction in the crystal size perpendicular
to the surface plane that occurs more in the PVA-less
pentacene may be ascribed either to physical desorption
or to phase transition from the thin film phase to the bulk
phase. It should be noted that the XRD peak intensity of the
bulk phase measured in the PVA-encapsulated pentacene
is still weak even for the 160 �C annealed sample, indicat-
ing that the bulk phase crystallite created in the film must
be very small. The extracted gII of 1.6% and 2.4% for both
the thin film and bulk phase of the 160 �C annealed film
without encapsulation confirms that the structural perfec-
tion normal to the film surface is rather high regardless of
the crystallite polymorph.

In summary, we have fabricated pentacene based TFTs
to investigate the postannealing effects on the device per-
formance. It is found that the nucleation of the bulk phase
in pentacene that sets in at high annealing temperatures is
another main factor, other than the sublimation of penta-
cene, causing degradation to the mobility of TFTs. The ther-
mal stability of TFT devices can be improved by
encapsulation, which appears to suppress the onset of
the bulk phase in pentacene. Without encapsulation, the
bulk phase crystallite is found to grow up to about 70%
of the as-grown film thickness when the sample is postan-
nealed at 160 �C.
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Fig. 1. Schematic illustration of the bottom-gate and top-contact penta-
cene OTFT with FEP capping.
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mobility. We also investigated the level of threshold volt-
age shift as a function of the coverage of FEP film on the
surface of the pentacene and the effects of further covering
the device with a polymer multilayer to improve air
resistivity.

We used a bottom-gate and top-contact OTFT as shown
in Fig. 1. The glass substrate was washed with detergent
solution rinsed with de-ionized water and placed in tri-
chloroethylene, acetone, and isopropyl alcohol. An alumi-
Fig. 2. Electrical characteristics of the pentacene OTFTs without and with
FEP layer. (a) Drain current (ID) (right y-axis, logarithmic scale) and the
square root of ID (left y-axis) versus gate voltage (VG) curves. The data
points were obtained while the gate voltage was scanned from +10 to
�70 V. (b) Drain current (ID) versus source–drain voltage (VSD) curves.
num gate (50 nm) was deposited onto the glass substrate
by thermal evaporation. Optical PMMA in toluene was then
spin-coated for a gate dielectric layer (1 lm) in air. After
annealing at 80 �C for 1 h, the device was transferred into
an argon-purged glove box. Pentacene (70 nm) and gold
electrode (70 nm) were thermally evaporated on the
PMMA surface in a sequential manner. Subsequently, FEP
was deposited by thermal evaporation on the pentacene
layer, which was located between the source and the drain
electrode (Fig. 1). The rate of deposition was 0.5–0.7 Å/s as
measured by a quartz-crystal deposition monitor (Sycon
Instruments, STM-100/MF). Thermal evaporation was per-
formed in a high vacuum of 5 � 10�6 Torr. All measure-
ments were made in an argon-purged glove box to avoid
the influence of oxygen and moisture. The carrier mobility
in the saturated region was determined by the following
equation:

ID ¼
WCi

2L
leðVG � VTÞ2 ð1Þ

where ID is the drain current; W and L are the channel
width and length, respectively; le is the effective mobility;
Fig. 3. (a) Characteristics of the pentacene OTFT with varying FEP thick-
ness of 0, 1, 2, 3, 5 and 10 nm. Inset is the zoom image of the indicated
area. (b–g) AFM images of the pentacene surface, where FEP is deposited
with different thickness: (b) 0, (c) 1, (d) 2, (e) 3, (f) 5 and (g) 10 nm.



S.-m. Seo et al. / Organic Electronics 9 (2008) 899–902 901
Ci is the capacitance per unit area; VG is the gate voltage;
and VT is the threshold voltage. In our experiment, the car-
rier mobility was kept constant in the saturated region.

Fig. 2a and b shows the current–voltage characteristics
of the device before and after FEP passivation. We calcu-
lated mobility using Eq. (1) at a source–drain voltage of
�40 V. The mobility of the device appeared to be the same
with and without FEP (0.18 cm2 V�1 s�1). Small increases
in on current (from 2.7 � 10�5 to 3.0 � 10�5 A) and off cur-
rent (from 2.5 � 10�11 to 3.1 � 10�11 A) were observed
after passivation. The ratio of on current to off current
was about 106. The threshold voltage shifted from
�14.7 V to �12.5 V. We believe that the main cause of this
shift was the high electronegativity of FEP. FEP is a polymer
with the molecular formula [–(CF2CF2)n CF2C(CF3)F–]n,
with a significant fraction of fluorine atoms included in
the main chain backbone. Since fluorine atoms have the
highest electronegativity of all the elements, they weakly
attract electrons from the adjacent pentacene molecules.
It has been reported that this localization of electrons pro-
duces more positive carriers within the pentacene layer
Fig. 4. Electrical characteristics of the pentacene OTFTs measured before and
logarithmic scale) and the square root of ID (left y-axis) versus gate voltage (VG) c
the gate voltage was scanned from +20 to �70 V. (b) Drain current (ID) versus sou
were obtained before and after one week of exposure to air. (c) ID and the squar
curves for the encapsulated device.
[12] and therefore provides a greater output current capa-
bility than would occur without FEP at the same source–
drain voltage. We also observed a shift in threshold voltage
during low-voltage operation of other organic transistors
including a plasma-treated aluminum gate and a thin
poly(4-vinylphenol) (PVPh) film as a dielectric layer. The
threshold voltage shifted from �0.90 V to �0.72 V during
operation below 4 V.

The characteristic curves shown in Fig. 3a illustrate the
way in which the shift in threshold voltage depended on
the degree of coverage by the FEP film. As a reference,
the threshold voltage of the pentacene transistor was mea-
sured before the deposition of FEP. A thin film of 1 nm FEP
was then deposited onto the pentacene surface, and the
threshold voltage was measured again. By repeating the
deposition on the same sample, we obtained six character-
istic curves as a function of thickness at 0, 1, 2, 3, 5 and
10 nm, respectively. All the characteristic curves with FEP
passivation shifted to the right when compared with the
curve without the FEP layer, showing greater (i.e., more po-
sitive) threshold voltages than the reference sample. The
after exposure to air for one week. (a) Drain current (ID) (right y-axis,
urves for the non-encapsulated OTFT. The data points were obtained while
rce–drain voltage (VSD) curves for the non-encapsulated OTFT. The curves

e root of ID versus VG curves for the encapsulated device (d) ID versus VSD
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shift in threshold voltage resulted in increased current,
which has a positive effect on the operation of p-type
transistors.

The level of shifting increased with increasing FEP film
thickness up to 3 nm; beyond that level, the FEP film thick-
ness effect became saturated. The enlarged images of the
pentacene surface shown in Fig. 3b–g illustrate this effect.
Fig. 3b is an AFM image of the flat substrate. The morphol-
ogy of the surface passivated by FEP with different film
thicknesses is shown in Fig. 3c–g: FEP molecules first form
islands consisting of disordered lumps; with more FEP
deposition, the size of islands grows, increasing domain-
to-domain connectivity. The surface was completely cov-
ered by FEP when the thickness of the film reached 3 nm.
No further shift of the threshold voltage was observed after
full coverage of the surface was reached, showing that the
shifting is more relevant to the coverage of FEP rather than
to film thickness.

In another experiment, we also found that FEP passiv-
ation helps to encapsulate pentacene OTFTs without dete-
rioration. In this experiment, the performance of the
devices was not affected by PMMA coating (10 wt% in tol-
uene) on the FEP-passivated pentacene transistor. Two
FEP-passivated OTFTs were prepared: One was encapsu-
lated with a polymer multilayer [PMMA/poly (urethane
acrylate) (PUA)/poly (ethylene terephthalate) (PET)], and
the other was used as a control. The encapsulation process
for the FEP-passivated pentacene OTFT was as follows. The
PMMA layer (1 lm) was spin-coated on the surface of the
FEP-passivated pentacene OTFT at a speed of 3000 rpm
for 30 s, and then annealed on a hot plate at 80 �C for
1 h. A droplet of UV-curable PUA was placed on the
PMMA-coated surface, slightly pressed against a PET film,
and cured under UV light (365 m, 350 lW/cm2) for 1 min.
The device was then taken out of the argon-purged box
and exposed to an air environment. Fig. 4 demonstrates
the current–voltage characteristics of the encapsulated
and the non-encapsulated devices as measured before
and after exposure to air for 1 week. The characteristic
curves for the non-encapsulated device in Fig. 4a and b
show on current values measured before and after expo-
sure of 1.0 � 10�5 A and 2.1 � 10�6 A, respectively, and
off current values of 3.2 � 10�11 A and 2.7 � 10�8 A,
respectively. Mobility decreased from 0.12 cm2 V�1 s�1 to
0.05 cm2 V�1 s�1, and the on–off current ratios decreased
from 3.2 � 105 to 7.7 � 102. In contrast, as shown in Fig
4c and d, the effect of oxygen and moisture on the encap-
sulated device was negligible. At a source–drain voltage of
�50 V, the mobility values for the encapsulated device be-
fore and after exposure were 0.15 cm2 V�1 s�1 and
0.16 cm2 V�1 s�1, respectively. The on currents before and
after exposure were 1.3 � 10�5 A and 1.4 � 10�5 A, respec-
tively; with off currents of 1.2 � 10�10 A and 8.1 � 10�11 A,
respectively. The on–off current ratios before and after
exposure were also very similar. Thus, there was no notice-
able change in performance of the encapsulated device
after exposure to air for 1 week, whereas the non-encapsu-
lated device showed serious degradation.

In summary, we have demonstrated that the deposition
of non-charged FEP on the pentacene surface shifts the
threshold voltage of the pentacene OTFT upward without
diminishing the on–off current ratio and charge-carrier
mobility. A slight increase of current was observed after
the FEP deposition. The level of shift for the threshold volt-
age was closely related to the coverage of the pentacene
surface by FEP. No further shifting was observed after com-
plete coverage of the surface was reached at a thickness of
3 nm of FEP. We have also demonstrated that the encapsu-
lation of the FEP-covered pentacene OTFT with a multi-
layer of PMMA/PUA/PET leads to prevention of
deterioration of the device in an air environment for a per-
iod of at least 1 week.
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Fig. 1. (a) A schematic diagram of the new sublimation purification system where arrays of partitions is installed inside of the tube, and photographs of (b)
the tube and (c) the new purification system.

200 220 240 260 280

E
nd

ot
he

rm
ic

Temperature (ºC) 

w/o purification

 Conv. method

 New method

O

N N N N

ON

N

N

NBpy-OXD

Fig. 2. Chemical structure of Bpy-OXD, and DSC curves of Bpy-OXD bef-
ore (dot) and after purification by the conventional method (dash) and by
the new method (solid).

Table 1
Summary of DSC and purity data of three kinds of Bpy-OXD

Tm (�C) Purity

From HPLC (%) From DSC (mol%)

w/o Purification 264.3 99.04 98.4
Conventional method 266.8 99.37 99.7
New method 267.4 99.73 99.9
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from impurities is urgently needed for the realization of
low-cost and high-performance organic electronic devices.
In this paper, we report a new concept of sublimation puri-
fication system for the efficient separation of the target
material from impurities; installing arrays of partitions in
the sublimation tube.

Fig. 1 shows the new sublimation purification system
schematically and photographs of the tube and the system.
The five independent heating-bands control the tempera-
ture of the glass tube sectionally for the segregation of
the deposition positions of target materials and impurities.
Two arrays of partitions made of glass were installed inside
of the 110 cm long pyrex tube; shorter one is near the inert
gas inlet and the longer one is in the place of material
deposition. This array of partitions promotes the separated
deposition of target materials from impurities. The source
boat was located at 15 cm far from gas inlet between two
arrays of partitions. The Ar gas flow was controlled from
30 ml/min to 400 ml/min, and the pressure from 80 Pa to
0.1 MPa. With this new system, we have tried to purify
some organic materials such as tris(8-hydroxyquinolinato)
aluminum(III) (Alq3) and 1,3-bis[2-(2,20-bipyridine-6yl)-
1,2,4-oxadiazol-5yl]benzene (Bpy-OXD), and compared
with the result of the conventional method without the ar-
rays of partitions.

In the conventional method, the purified materials are
deposited on the inside wall of the tube rather broadly.
For example, the deposition range of the purified Alq3

was from 10 cm to 30 cm depends on the pressure and
the gas flow, and some other materials seem to be impuri-
ties were deposited about 10 cm far or even continuously
from the purified Alq3 region. In the new method, the
deposition range was from 5 cm to 15 cm for Alq3 mainly
depends on the gas flow; larger the gas flow broader the
deposition range. We could not get any distinct relation
between the deposition range and the pressure. However,
there is no distinct difference in final yield after purifica-
tion between the two purification methods. We are able
to get about 70% materials after one cycle purification from
about 1 g source materials from both of the methods. The
purified materials are deposited on the inside wall of the
tube and on the array of partition simultaneously in the
new method; from 30% to 50% of the purified materials
were deposited on the inside wall of the tube after the sub-
limation. Although the new purification system could not
enhance the final yield, it clearly improved the purity of
the purified materials as below described.
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One of the results for Bpy-OXD was shown in Fig. 2 and
Table 1. Fig. 2 shows the differential scanning calorimetry
(DSC, Seiko Instruments, DSC6200) curves of three kinds of
Bpy-OXD; raw material without further purification pur-
chased from Hodogaya Chemicals, purified one by the con-
ventional purification method without the array of
partitions, and purified one by the new purification meth-
od. From the DSC data, we have calculated the purity of
target materials using the simplified van’t Hoff equation
[12] expressed as follows:

T0 � T ¼ RT2
0x

DHf
� 1

F
ð1Þ

where T0 is the melting point of the pure material, T is the
temperature of the sample during melting, R is the gas con-
stant, DHf is the enthalpy of fusion of the pure material, x is
the mole fraction of impurity, and F is the liquid fraction at
T. The calculation process was explained elsewhere [12].
The calculated purity data were summarized in Table 1.
For the comparison, we have also checked the purity by
high-performance liquid chromatography (HPLC) [13],
which were shown in Table 1 together. From both of data,
it is clear that the new system improve the purity of Bpy-
OXD. Although the difference of purity seems to be very
slight, the difference of EL properties of those materials
was very distinct.

Fig. 3 shows the luminance-voltage curves of EL cells
made of two kinds of Bpy-OXD as the electron transport
layer. From those curves, one can easily grasp that Bpy-
OXD purified by the new system has much better electron
transporting property than that purified by the conven-
tional method. The turn-on voltage was lowered about
1 V to get a luminance of 1000 cd/m2 by using Bpy-OXD
purified by the new system; from 4.7 V to 3.9 V. Because
impurities usually play charge traps or interrupt charge
transporting, the enhancement of material purity by using
the new system resulted in this large enhancement of
luminance in EL cell. Note that the luminance efficiency
of both devices are almost the same of about 11 cd/A.

We have also checked the lifetime of the cells, and Fig. 3
(b) shows the luminance changes under a constant current
density of 75 mA/cm2, where we chose a high current den-
sity to accelerate the test due to decreasing influences of
extrinsic factors like defects of sealing. The half-life time
was increased about 1.5 times (from 50 h to 79 h). Note
that the test devices were encapsulated with a fresh desic-
cant in a highly inert glove box (dew point of below �50 �C
and O2 concentration of 5 ppm). This enhancement can be
explained by the lowering of the driving voltage comes
from the purity enhancement of Bpy-OXD. From these re-
sults, we can conclude that the new purification system
was improved sufficiently to enhance the device perfor-
mance largely by improving the purity of materials.

In summary, we developed a new sublimation purifica-
tion system using arrays of partitions in the tube. Although
the final yield was almost the same with that of the con-
ventional method, the purity of material was improved
as largely as the turn-on voltage of EL device was lowered
about 1 V and the lifetime was increased about 1.5 times.
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Table 1
Crystal and structure refinement data for Be(BTZ)2

Be(BTZ)2

Empirical formula C26H16BeN2O2S2

Fw 461.54
Cryst syst Monoclinic
Space group C2/c
a (Å) 24.522(3)
b (Å) 12.0546(14)
c (Å) 14.7981(17)
b (�) 93.476(2)
V Å3 4366.3(9)
Z 8
F(000) 1904.0
D(calcd.) (mg m�3) 1.404
k (Å) 0.71073
l (mm�1) 0.271
Temperature (K) 273(2)
2h range (�) 1.88–28.58
Final R indices (I > 2r(I)) R1 = 0.0576, wR2 = 0.1045
R indices (all data) R1 = 0.1510 wR2 = 0.1308
Goodness-of-fit on F^2 0.921
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not contribute to light emission, and it can also result in an
enhanced non-radiative recombination due to interactions
between the excitons and charge carriers. Moreover,
charge transport is one of the main limiting factors in
determining the operating voltage and the luminance effi-
ciency. Therefore, understanding the relationship between
molecular structure and charge transport properties of a
material is a key point in providing guideline for device
design.

The charge-transfer rate can be described by Marcus
theory via the following equation [9,10]:

ket ¼
4p2

h
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pkkBT

p t2 exp �ðDG0 þ kÞ2

4kkBT

( )

ð1Þ

where k is reorganization energy, t is transfer integral, T is
temperature, DG0 is the free energy between the initial and
the final sites, and h and kB are the Planck and Boltzmann
constants, respectively. For this study, all sites are equiva-
lent, DG0 is zero. Therefore, in terms of Eq. (1), there are
two major parameters determining the charge-transfer
rate: (i) the intermolecular transfer integral t, which
should be maximized; and (ii) the reorganization energy
k, which needs to be small for the efficient transport.

1. Experimental

1.1. Synthesis and structure characterization

BeSO4 � 4H2O (1.2 mmol) was dissolved in 20 ml of
deionized water in a flask. 2-(2-hydroxyphenyl)benzo-
thiazolate (BTZ) (2.4 mmol) was dissolved in 40 ml of eth-
anol in another flask. The BeSO4 � 4H2O solution was slowly
poured into the BTZ solution under stirring. Be(BTZ)2 was
precipitated after the mixed solution was adjusted to
pH 9–10 using triethylamine at room temperature. The fi-
nal yellow powder was purified by vacuum sublimation
method. 1H NMR (CDCL3, d, ppm): 8.23(2H, m); 8.12 (2H,
m); 7.55(4H, m); 7.31 (2H, d); 7.05(2H, m); 6.88(2H, m);
6.79(2H, m). Anal. Calcd for C26H16BeN2O2S2 (%): C,
67.66; H, 3.49; N, 6.07. Found: C, 67.64; H, 3.40; N, 6.13.
FT IR (in KBr) (cm�1) 3063, 1608, 1547, 1490, 1426, 1336,
1235, 1155, 1030, 951, 745, 671. The 1HNMR spectrum
was recorded on the Switzerland Bruker DRX300 spec-
trometers. Elemental analysis was performed on a Per-
kin-Elmer 240C elemental analyzer. FT-IR spectrum of
the complex dispersed in KBr disks was recorded on Nico-
let 7199B spectrometer. Diffraction intensities for Be(BTZ)2

were collected at 183 K on a Bruker Smart CCD diffractom-
eter (MoKa k = 0.71073 Å). The crystal structure was
solved by direct method with SHELXL97 program and refined
with full-matrix least-squares method.

1.2. Calculation details

All the calculations were performed at the density func-
tional theory (DFT) [11,12] with the Dmol3 program. The
DND (the double numerical plus d-function) basis set and
PW91exchange correlating function of general gradient
approximate (GGA) were chosen (for selected optimized
geometric parameters, see Table 2).
1.3. Device preparation

The OLED structure employed in this study was single
layered. Emitting layer was fabricated by high-vacuum
(10�4 Torr) thermal evaporation onto a glass substrate pre-
coated with an indium-tin-oxide (ITO) layer. Prior to use,
the ITO surface was ultrasonicated in a detergent solution
followed by deionzed water rinse and dip into acetone.
Aluminum was evaporated as cathode.

2. Results and discussion

2.1. Crystal structure

The single crystal of Be(BTZ)2 was grown by vacuum
sublimation in a tube furnace under a base pressure at
390 �C for 5 h. The colorless single crystal was collected
at room temperature, with typical size of
0.20 � 0.20 � 0.10 mm. Crystal data, the details of data col-
lection and refinements were summarized in Table 1. The
crystal data for Be(BTZ)2 are monoclinic, a = 24.522(3) Å,
b = 12.0546(14) Å, c = 14.7981(17) Å, a = 90�,
b = 93.476(2)�, c = 90�; space group C2/c. The anhydrous
Be(BTZ)2 crystals have a monomer structure with one
Be2+ ion center. The single crystal structure is described
in Fig. 1. The selected bond lengths and bond angles are
listed in Table 2. The Be2+ ion are four-coordinated to
two 2-(2-hydroxyphenyl)benzothiazolate and have a dis-
torted tetrahedral geometry. The Be–O distances are
1.571(4) Å/1.573(5) Å, which falls in the typical Be–O
lengths (1.56–1.63 Å). Meanwhile, the Be–N bond lengths
both are 1.743(5) Å, within the 1.65–1.80 Å range of Be–
N bond. The N–Be–N and O–Be–O bond angles of
104.1(2)–115.7(3)� are all of typical values for tetrahedral
geometry. The optimized structure parameters are in good
agreement with the experimental data (in Table 2). Crys-
tallographic data for the structure reported in this paper
have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC-
620423. The data can be obtained free of charge from



Fig. 1. Single crystal structure of Be(BTZ)2.

Table 2
Experimental and optimized structure parameters

Parameter Exptl. Cacld.

O(2)–Be(1) 1.571(4) 1.566
N(1)–Be(1) 1.743(5) 1.724
O(1)–Be(1) 1.573(5) 1.567
N(2)–Be(1) 1.743(4) 1.710
O(2)–Be(1) –O(1) 115.7(3) 115.66
O(2)–Be(1)–N(2) 111.9(2) 110.45
O(1)–Be(1)–N(2) 104.1(2) 104.79
O(2)–Be(1)–N(1) 105.2(2) 105.21
O(1)–Be(1)–N(1) 111.7(2) 112.16
N(2)–Be(1)–N(1) 108.2(2) 108.48

Bond lengths are reported in angstroms and bond angles in degrees.
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www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Center, 12 Union Road,
Fig. 2. Molecular Orbitals amplitude and corresponding
Cambridge CB 1EZ, UK; Fax: +44 1223 336 033;
deposit@ccdc.cam.uk).

2.2. Electronic structure

The features of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
values in HOMO, HOMO � 1, LUMO and LUMO + 1.

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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(LUMO) of Be(BTZ)2 are presented in Fig. 2. The HOMO
density is mostly located on the phenoxide site, in particu-
lar, at C13 and C19 of ligand. Accordingly, the LUMO den-
sity can be found at the phenoxide and thiazolyl rings.
The contribution of Be2+ ion to orbitals is vanishing, indi-
cating that the p–p* transition occurs from phenoxide to
thiazolyl.

The emission color of the organic materials is a function
of HOMO–LUMO energy gap (Eg) of electroluminescent
molecule. In addition, the charge injection barriers are
due largely to energy differences between the work func-
tion of the electrodes and energy of the HOMO or LUMO
(EHOMO or ELUMO) in organic material. The empirical values
of EHOMO or ELUMO can be obtained by cyclic voltammetry,
which is one of the simplest and most practical methods
to give much information needed to reveal the electronic
structures of materials. Oxidation potential (Eox

0 ) and
reduction potential (Ered

0 ) were measured directly by cyclic
voltammetry (Autolab/PG STAT302). The values of Eox

0 , Ered
0

are 1.23 V and �1.75 V, respectively (in Fig. 3). Therefore,
EHOMO is �5.97 eV, and ELUMO is �2.99 eV in terms of Eq.
(2) [13] below the vacuum energy level. Eg is calculated
to be 2.98 eV as Eg = ELUMO � EHOMO.

EHOMO=ELUMO ¼ �ðEox
0 =Ered

0 þ 4:74Þ eV ð2Þ

The calculated values of EHOMO, EHOMO�1, ELUMO, ELUMO+1

and Eg are �5.076 eV, �5.147 eV, �2.778 eV, �2.573 eV
and 2.298 eV, respectively. Theoretical values, within the
Table 3
Calculated variations of structural parameters in both cation and anion
relative to the neutral molecule and their total energy

Parameters Cation Anion

N(1)–Be(1) �0.02 �0.01
N(2)–Be(1) �0.02 �0.01
O(2)–Be(1) 0.01 0.009
O(1)–Be(1) 0.01 0.008
Total energy/Ha �2071.478 �2071.766

Bond lengths are reported in angstroms.
tolerance of calculation, are in agreement with measured
values.

2.3. Charge-transfer property

The structural and electronic properties of both the an-
ion and the cation were studied by DFT in order to reveal
the effect of charge injection on the molecular conforma-
tional stability. The neutral state will become cation when
a hole is injected into and will become anion when an elec-
tron is trapped. The bond strength parameters of opti-
mized neutral state was used as reference and was set to
zero, the others with respect to this reference are listed
in Table 3. The reorganization energy k corresponds to
the sum of geometry relaxation energy upon going from
the neutral state geometry to the charge-state geometry,
or vice versa. The geometry modifications upon cation
are more pronounced (Be–N: 0.02 Å; Be–O: 0.01 Å) than
upon anion (Be–N: 0.01 Å; Be–O: 0.0085 Å). This indicates
that adding a hole has stronger effect than adding an elec-
tron. It is rationalized that the reorganization energy of an-
ion is much smaller than that of cation by the fact of
geometry modifications. In addition, the charge-transfer
integral t is equal to the half of energy splitting values be-
tween EHOMO and EHOMO�1 (for hole carrier) or between the
ELUMO and ELUMO+1 (for electron carrier). The value of th is
0.071 eV and te is 0.205 eV. Thereby, the electron-transfer
rate is larger than hole-transfer rate according to Eq. (1).
From the view of energy, the total energy of neutral state
is �2071.7139825Ha. The total energy of anion is smaller
(as seen in Table 3). Therefore, it is reasonable that the an-
ion of Be(BTZ)2 is of the most stability. This indicates that
electron-transfer property of Be(BTZ)2 is of advantage over
hole-transfer property.

2.4. Optical property

PL and EL spectra are almost identical, as can be seen in
Fig. 4 PL of powder and EL spectra of single layer structured
device of Be(BTZ)2 were measured. PL emission maximum
is located at 456 nm and maximum value of EL emission is
at 460 nm.
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Fig. 4. The PL spectrum (�) of powder and EL spectra (.) of device
(Device structure: ITO/Be(BTZ)2/Al).
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Compared with PL wavelength of Be(BTZ)2 powder, EL
spectrum has a very small red shift of 4 nm and a bigger
FWHM (full wave at half maximum) (PL: 48.9 nm, EL:
61.9 nm). This difference is resulted from the congregated
molecular state. Intermolecular interaction is very weak
for powder due to the larger intermolecular distance. The
CIE coordinates for single layer structured device are
X = 0.1525, Y = 0.1803.

In summary, the single crystal of Be(BTZ)2 was grown
by the vacuum sublimation method. The details of the sin-
gle crystal structure, electronic structure, charge-transfer
and luminescent properties were studied. The conclusions
indicate that the crystal of Be(BTZ)2 is monoclinic, space
group C2/c, a = 24.522(3) Å, b = 12.0546(14) Å,
c = 14.7981(17) Å, a = 90�, b = 93.476(2)�, c = 90�. Accord-
ing to density functional theory calculations on Be(BTZ)2,
the HOMO is located largely on the phenoxide and the
LUMO mainly distributes on the phenoxide and thiazolyl
rings. Be(BTZ)2 is a good electron-transport material. In
terms of the EL spectrum, the wavelength of emission is
localized in blue light region. Therefore, it would be a good
candidate for luminescent material.
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are reported. In recent years, impedance spectroscopy has
showed to be a powerful tool to investigate the behavior of
multilayer devices, disclosing the contributions of the dif-
ferent layers and the related interfaces [10,11]. The struc-
ture of the investigated devices is depicted in Fig. 1a.
Glass substrates covered with 120 nm thick ITO patterned
strips were used for ITO based devices. LSMO films (40 nm
thick) were grown by pulsed electron deposition (pulsed
plasma enhanced configuration – PPD) on SrTiO3 sub-
strates, through a shadow mask with a width of approxi-
mately 1 mm. LSMO films grown by PPD have been
extensively investigated [9,12], showing typical room tem-
perature conductivity of 102 S/cm and Curie Tc tempera-
tures of about 340 K. Magnetic properties of LSMO films
were checked by Magneto-Optical Kerr Effect (MOKE)
Fig. 1. (a) Structure of the investigated devices, (b) real and (c) imaginary
parts of the complex impedance of ITO/Alq3/Al and LSMO/Alq3/Al
devices, compared with the fitting curves obtained by the equivalent
circuits in the inset in Fig. 1b. In the inset in Fig. 1c, the impedance spectra
are reported in a log–log Nyqvist plot.
and found to be in accordance with the existing literature.
For any evaporation run, one ITO and one LSMO sample
were introduced together in the chamber after a rinse in
acetone and isopropanol ultrasonic bath. Before the depo-
sition, the samples were annealed following the proce-
dures established by XPS investigations [12], in order to
remove the surface carbon contamination and to restore
the surface oxygen stoichiometry in LSMO films. Then,
80 nm thick Alq3 (SIGMA–ALDRICH) films were deposited
on ITO and LSMO substrates at room temperature, by sub-
limation from a Knudsen cell at 10�8 to 10�9 mbar and
growth rate of 0.1–0.2 Å/s. Finally, Al films (�60 nm thick)
were evaporated on the top of Alq3 by using a shadow
mask to obtain the final crossbar structure. The device area
was 1 mm2 and, hence, all the reported magnitudes are re-
ferred to this value.

Impedance spectra were collected in vacuum by an Agi-
lent LCR meter, mounting the samples in a cryogenic probe
station or in a closed cycle cryo-generator equipped with
RF probes [13,14]. The oscillating voltage in measuring
process was fixed at 100 mV, in order to test the device re-
sponse in the injection limited current regime where MR
phenomena are usually investigated [8]. We have focused
on Alq3, since, so far, the combination LSMO/Alq3 showed
to provide the most interesting results in organic spintron-
ics, even if an exhaustive explanation for this occurrence is
still lacking. Furthermore, the widely investigated behav-
iour of ITO/Alq3/Al devices, which were used in many
cases to analyze the Alq3 intrinsic electrical parameters,
represents a reliable reference to evidence the features re-
lated to the LSMO/Alq3 interface [11,15–18].

Room temperature real and imaginary parts of the com-
plex impedance, Z(f) = R(f)+jX(f) for two typical ITO/Alq3/Al
and LSMO/ALq3/Al structures are shown in Fig. 1b and c,
respectively. The inset in Fig. 1c represents the same curves
in a log–log Nyqvist plot. For both structures, R(f) spectra
stay constant in the low frequency range even if at different
values. Then, R(f) begin to decrease rapidly as frequency is
increased. The corresponding �3 dB cut-off frequencies
are 400 Hz and 3.5 KHz for LSMO and ITO based devices,
respectively. These differences are also reflected in the po-
sition of local maxima in �X(f) spectra. The non zero values
of R(f) in the upper frequency edge reveal a limiting resis-
tance Rs, which has been estimated to be 300 Ohm for ITO
structures and about 5 KOhm for LSMO ones. For compari-
son, it is clear that the distinguishing features of the
LSMO/Alq3/Al device can only be ascribed to the peculiar
properties due to the combination between LSMO and Alq3.

With the aim to better address this fundamental issue,
the equivalent circuits in the inset in Fig. 1b have been con-
sidered to fit the experimental impedance measurements.
The fitting curves are also reported in Fig. 1b and c. As
shown, the ITO device ac response is well fitted by a single
circuit, involving a parallel resistor R1 and a capacitor C1,
with the Rs in series. This description is in agreement with
previous studies, where the ITO/Alq3/Al response has been
investigated also as function of temperature and applied
bias voltages [15–18]. In our case, R1 (coinciding with
R(f) value at low frequencies) is about 200 KOhm and the
extracted equivalent conductivity (4 � 10�9 S/cm) is very
close to the data reported in Ref. [15].



Fig. 2. (a) Real and (b) imaginary parts of impedance spectra recorded for
LSMO/Alq3/Al device at different temperatures. In the inset in Fig. 2c, the
same spectra are reported in a log–log Nyqvist plot.
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On the contrary (see the dashed lines in Fig. 1b and c),
the same equivalent circuit is not suitable to describe the
impedance measurements of LSMO/Alq3/Al structures,
where, for all investigated devices, the ac response shows
a peculiar behavior in the frequency region above
100 KHz. Indeed, both R(f) and �X(f) spectra exhibit a slope
change at high frequencies, so that adding an extra R2C2

component (continuous line) to the above discussed equiv-
alent circuit improves considerably the fitting. This slope
change is particularly clear in the �X(f) spectrum which
is not sensitive to the value of the in series resistance Rs.
For the investigated devices, R2 was about 1.5 KOhm, while
C2 ranged between 180 pF and 210 pF. By comparison with
the ITO device, it comes out the conclusion that the R2C2

component has to be attributed to the specific electrical
properties of the interface region between LSMO and Alq3.

It seems clear that, despite the nominally similar work
function values (4.8–4.9 eV), ITO and LSMO form consider-
ably different interface regions with Alq3. Once again, this
experimental evidence confirms that the simple energy
barrier heights, coming from the energy gap between the
clean electrode work function and the molecular HOMO
or LUMO values, offer only a simplified scenario to describe
the electrical properties of every specific interface.

The alignment of the energy levels at both ITO/Alq3 and
LSMO/ALq3 interfaces has been recently investigated by X-
ray (XPS) and ultraviolet (UPS) photoemission spectros-
copy studies [19,9]. These accurate analysis disclosed the
occurrence of a significant vacuum level shift (0.9 eV) be-
tween LSMO and Alq3, indicating the presence of a strong
interface dipole. On the contrary, the same effect is much
more limited for ITO/Alq3 interface, where the dipole
strength is only 0.1 eV. Considering the annealing proce-
dure followed for our LSMO films before the deposition
of the organic film [12], we are able to rule out that the
LSMO/Alq3 dipole is due to extrinsic effects such as a con-
tamination layer or unwanted chemical reactions [20].
Although the occurrence of large interface dipoles between
organic and conducting electrodes seems to be a general
feature of many interfaces, their physical origin is still
widely debated in literature and many intrinsic factors
(charge transfer, orientation of permanent dipoles, band
bending, i.e.) have been invoked to provide an explanation
for this phenomenon [21]. To this regard, as far as Alq3 is
concerned, the specific polar properties of the molecule
have usually been cited to justify its widespread capability
to produce interface dipoles. Recent experiments seem to
prompt a basic scenario where a density of intermediate
states, energetically localized between the electrode Fermi
level and the Alq3 LUMO, is induced by the presence of the
interface local dipoles [22]. More specifically, a direct rela-
tion between the interface states energy distribution
parameters and the disorder level of the dipole layer was
also found. This occurrence has been demonstrated to
strongly affect the charge injection process in the related
devices, with the supposed possibility to generate even dif-
ferent conducting states as a function the applied electric
field [23].

Despite the agreement with many experimental stud-
ies, further research is needed to develop this general the-
oretical framework and to clarify, in particular, the role of
the specific electrode surface electronic properties in
affecting the dipole formation and its strength. Recent
models suggest that the interface states induction can be
considerably mediated by the density of states near the
Fermi level of the considered electrode [24]. Although fur-
ther investigations are required, we believe the R2C2 con-
tribution is the electrical representation of the interface
charge distribution and the consequent local field related
to the interfacial dipole. This result reflects the importance
of ac conductivity measurements as a new way of investi-
gating interface physics.

Depending on the sample, R1 parameter values range
between 400 KOhm and 900 KOhm for LSMO devices, thus
resulting always larger than the values evaluated for ITO
devices. Independent DC measurements (not shown here)
confirm this result. Similarly C1 values (between 350 pF
and 400 pF) in LSMO devices are higher than that deduced
for ITO devices (220 pF).

In order to further examine the electrical properties of
the interface between LSMO and Alq3, impedance spectra
of the LSMO/Alq3/Al devices have been also recorded at
different temperatures between 295 K and 35 K. These
measurements reported in Fig. 2a and b evidence the dif-
ferent temperature dependences in the low and high fre-
quency range, where the contribution of series resistance
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Rs and of R2C2 component become dominant. To clarify the
specific temperature dependence of the various compo-
nents, the experimental curves have been fitted by the
equivalent circuit at any investigated temperature.

Fig. 3 reports the obtained R1 and R2 temperature
dependence, while the log–log Nyqvist plot of the experi-
mental impedance spectra between 100 KHz and 1 MHz
and the corresponding fitting curves is shown in the inset
in Fig. 3. Interestingly, the data reveal the complementary
behavior of R1 and R2. The former follows a semiconducting
trend and its value increases up to 5 MOhm at cryogenic
temperatures, supporting the idea that R1 is mainly related
to the organic film electrical properties. On the contrary, R2

temperature dependence is metallic-like and its value is
about 400 Ohm at 35 K. A complementary behavior is also
followed by C1 and C2, since the former decreases of 30%
from room temperature to 35 K and the latter tends to in-
crease of about 20% in the same range.

Following the basic assumption of the proposed circuit
geometry (see Fig. 1b), the R2C2 component is related to the
electrical properties of the interface region between LSMO
and Alq3. The metallic-like temperature dependence of the
parameter R2 is apparently quite surprisingly and, so far,
there are not any available models able to explain it. Nev-
ertheless, such behavior has been reported in many LSMO
based devices, both fully inorganic [25,26] and organic–
inorganic devices. Just as an example, it has been found
that LSMO/polymer based organic light-emitting diodes
showed metallic-like temperature behavior [27], while
the light emission was proportional to the electrical cur-
rent, thus ruling out the short circuits occurrence. While
additional investigations are required in order to reveal
the basis of this behavior, we can speculate on the influ-
ence of the peculiar band structure of the manganite close
to the Fermi level. As the metallic character of LMSO is
strongly increased when the temperature is reduced, it is
expected to lead to considerably higher injection efficiency
at low temperatures. At higher temperatures, the metallic
characteristics become increasingly complicated as the
metal-insulator transition is approached at around 340 K.
Focusing on this subject, it is to remember that the temper-
Fig. 3. Temperature dependence of R1 and R2 for LSMO/Alq3/Al equiva-
lent circuit. In the inset, high frequency impedance spectra (symbols) and
fitting (solid) curves are reported in a log–log Nyqvist plot.
ature dependence of the spin valve effect has not been sat-
isfactorily explained so far. Usually, MR values decrease
drastically with temperature and the phenomenon is ex-
plained by invoking the corresponding LSMO superficial
magnetization reduction. Fine details are elusive and, up
to date, the question seems still open. To this regard, in
Fig. 4, we compare our experimental MR temperature
dependence (symbols) with LSMO superficial magnetiza-
tion variation with temperature (dashed line), as obtained
from existing literature, in particular from the seminal pa-
per of Park et al., in which magnetization in the superficial
5 Å of a LSMO film was measured by spin-resolved photo-
emission spectroscopy [28]. Although the superficial mag-
netization data is indeed coming from a different sample,
this kind of behavior is accepted in the community. As
shown, the quantitative agreement between both trends
is very poor.

In the attempt to overcome this limitation and moti-
vated by recent theoretical studies suggesting the direct
proportionality relation between the spin injection effi-
ciency and the interfacial conductivity in manganite/or-
ganic systems [29], we tentatively present here a
phenomenological model where the interface effect is
combined with LSMO magnetization to explain the MR
behavior with temperature. To this end, the implicit basic
assumptions that both the spin diffusion time inside the
organic and the spin injection efficiency of the Cobalt elec-
trode decrease very weakly with temperature in the inter-
val studied [4], are reasonably satisfied.

Then, magnetoresistance MRth temperature depen-
dence has been directly expressed by MRth = Msup � Gint,
where Msup is LSMO superficial magnetization and Gint is
the interfacial conductance given by 1/R2N. Here, R2N is
the LSMO/Alq3 interfacial resistance normalized at
T = 20 K, as extracted from R2 data in Fig. 3. R1 is not taken
into account in the model, since, as we have demonstrated
above, it represents a contribution coming from the bulk of
the organic semiconductor. The theoretical MRth data (so-
lid line) calculated by our model are also plotted in Fig. 4.

Although this very simple model cannot aim to contain
all the relevant and complex physics of spin injection from
Fig. 4. Experimental (symbols) MR temperature dependence compared
with the theoretical data (solid line) calculated by multiplying superficial
magnetization Msup (dashed line, Ref. [28]) with the normalized interfa-
cial conductance Gint (dash dot line).
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manganites into organic semiconductors, the good quanti-
tative agreement between experimental and predicted
MRth data obtained in this case confirms the importance
of the interfacial resistance in the interpretation of magne-
toresistance data for organic spin valves.

In summary, the electrical properties of the LSMO/Alq3
interface region were investigated by comparing imped-
ance measurements on ITO/Alq3/Al and LSMO/Alq3/Al de-
vices. The presence of an interfacial resistance is associated
with the interfacial dipole between LSMO and Alq3. The
temperature dependence of this resistance evidences the
complex character of the half-metal/organic hybrid sys-
tems and gives some indication of the critical issues for
the development of organic spintronics. In this line, a sim-
ple model is presented to show how this occurrence affects
the final magnetoresistance response of LSMO/Alq3 hybrid
structures. Further studies, in which the intrinsic molecu-
lar dipole and hence the interfacial resistance could be
modified by deposition parameters, are envisaged.
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Fig. 1. Current–voltage characteristics of the fabricated device. The black
and red curves represent writing and reading biases, respectively. The
inset shows the voltage-dependent ON/OFF current ratio curve.
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thin film and Alq3/Al interface and explain the experimen-
tal results obtained. Besides, the simple structure of the
reported device indicates that it can be easily embedded
into the well-developed semiconductor fabrication
processes.

2. Experiments

The bistable device consists of an organic layer inter-
posed between two electrodes. The fabrication process of
the device is described as follows. First, a 150-nm-thick
Alq3 organic layer is deposited on a cleaned 1 Xcm resistiv-
ity n-type silicon wafer by thermal deposition method in a
vacuum below 3 � 10�6 Torr at room temperature. Then an
80-nm-thick aluminum top-electrode is deposited on the
organic layer through a shadow mask. The size of each Al
electrode is 0.64 mm2. The deposition rates of the Alq3 thin
film are 0.05 nm/s, 0.15 nm/s, 0.2 nm/s, and 0.3 nm/s. The
deposition rate is controlled by the setting temperature
of the crucible and the corresponding setting temperature
for each deposition rate is listed in Table 1. The current–
voltage (I–V) characteristics are measured using a Hewlett
Packard 4156A semiconductor parameter analyzer in an
ambient environment. The capacitance–voltage (C–V)
characteristics are recorded by an Agilent 4284A Precision
LCR meter at a frequency of 1 MHz and amplitude of
25 mV. The surface morphology of the Alq3 thin film on
the Si wafer is obtained by using an atomic force micro-
scope (AFM, DI-Veeco Instruments). The composition in
the Alq3/Al and the atomic concentration of the Alq3 are
analyzed using X-ray photoemission spectroscopy (XPS),
while structural information is obtained via gracing inci-
dence X-ray diffraction (GIXRD) analysis.

3. Results and discussion

Fig. 1 shows typical I–V characteristics of the fabricated
Al/Alq3/n-type Si structure. As can be seen, this device
exhibits two different conductance states at an identical
applied voltage. The silicon electrode is kept at 0 V, and
all bias conditions are applied on the aluminum electrode.
At the first bias (black curve in Fig. 1), the voltage sweeps
from 0 V to 10 V. Initially, the device exhibits low conduc-
tance (OFF state). However, with an increased voltage, a
transition from low conductance to high conductance
(ON state) occurs at a threshold voltage of about 5 V, and
then the device is maintained at a high conductance state.
At the next bias (red curve in Fig. 1), the device still holds
at high conductance. Therefore, this device possesses the
nature of bistablity. Furthermore, by applying a negative
voltage form 0 V to �10 V, the device can be switched from
Table 1
Alq3 thin film properties obtained from XPS measurements for different
deposition rates of Alq3 thin film under different setting temperatures

Deposition rate (nm/s) Setting temperature (�C) N (atom%) N/C

0.05 251 6.8 0.075
0.15 267 6.2 0.068
0.2 274 6 0.066
0.3 281 5.9 0.065
high conductance back to low conductance. The plot of ON/
OFF current ratio as a function of reading voltage is shown
in the inset of Fig. 1. It is obvious that the device has a very
wide reading voltage range with large ON/OFF current ra-
tio which may reduce reading errors and increase the reli-
ability of the device. For this reason, the tolerance of this
device is large enough for external surrounding circuitry
to adopt. The corresponding reading currents after ‘‘writ-
ing” and ‘‘erasing” for the first four cycles are shown in
Fig. 2.

At low bias of the first bias, the current is very small be-
cause electrons are obstructed by a barrier formed be-
tween the Si substrate and Alq3. Thus, only a few
electrons can be injected into the organic active layer. Then
most of them are further trapped by the defects in the bulk
Alq3 thin film and at the interface of Schottky junction. As a
result, the device stays at high resistance. By applying a
voltage above the threshold, the barrier can be overcome,
and this enables numerous electrons to be injected into
the active layer and the defects can be filled. Accordingly,
electrons are transported easily into the active layer and
drift unobstructedly towards the other end of the device.
At the next bias, the device exhibits a resistance-like
Fig. 2. The reading currents after ‘‘writing” and ‘‘erasing” of the reported
device for the first four cycles.
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characteristic when the reading voltage is larger than the
energy barrier between Si and Alq3, that is, ohmic relation.
Thus, the ON state can be obtained for any reading voltage
larger than the iso-type hetero-junction barrier between
n-type silicon and Alq3, which is about 0.65 eV from Fig. 1.

The bistable characteristic of the Al/Alq3/n-type Si
structure mainly originates from the defects at the inter-
face of Schottky junction. Fig. 3 shows the C–V characteris-
tic of the device. It can be seen from the curve that the
device is kept at some capacitance value while the applied
voltage is below the threshold. Then, the value changes
into another lower capacitance value when the voltage ex-
ceeds its threshold. The variation of capacitance could be
ascribed to the defects in the bulk Alq3 thin film and at
the interface of Schottky junction. At the initial stage of
the applied voltage, few electrons are trapped by the de-
fects in the low electrical field. Then, more and more elec-
trons are trapped by the defects as the voltage increases.
While the applied voltage is near the threshold, defects
are filled sufficiently to make the device possess a metal-
like property; consequently, the capacitance is converted
Fig. 3. Capacitance–voltage characteristic of the device at a frequency of
1 MHz. The Si electrode is kept at 0 V, and the voltage on the Al electrode
is swept form �5 V to 7 V.

Fig. 4. XPS curves of Al electrode and Al/Alq3 interface of our reported
device.
into a lower value. In addition, the I–V curve of the
Al/Alq3/n-type Si structure with one small Al drop as the
top electrode does not exhibit bistability but rather diode
behavior. This indicates that the interface property be-
tween Al electrode and Alq3 thin film plays an important
role for bistability. A significant chemical reaction occurs
Fig. 5. Electrical properties of the device with different deposition rates of
the Alq3 thin film: (a) deposition-rate dependent threshold voltage, (b)
deposition-rate dependent ON/OFF current ratio, and (c) threshold–
voltage dependent retention time. Data points shown in (a) and (b) are
average values measured from our fabricated devices.
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at the interface when aluminum is thermally deposited on
the Alq3 thin film [15]. The resulting product, supportively
consisting of Al–O interactions, serves as interface traps
and makes carriers be poorly injected through the Schottky
junction interface. For this reason, trapping charges at the
interface between Alq3 and Al primarily control the switch-
ing mechanism. Fig. 4 shows the XPS curves of the Al
electrode and the Alq3/Al interface of the reported device,
which clearly confirms the existence of Al–O compound
at the Alq3/Al interface.

The electrical behavior of the device can be modified by
varying the deposition rate of the organic active layer.
Fig. 5a and b shows the deposition rate effect on the
threshold voltage and ON/OFF current ratio of the device:
both decrease with an increase in the deposition rate of
Alq3 thin film. In addition, as can be seen in Fig. 5c, the
retention time is dependent on the threshold voltage of
the device. Since the threshold voltage can be tuned by
adjusting the deposition rate of the organic thin film, the
retention time can be extended by reducing the deposition
rate of the organic thin film.

Previous reports on the morphology of the organic thin
film indicate that roughness decreases with the deposition
rate [16,17]. That is to say, the effective surface area be-
tween Alq3 and Al can be adjusted by regulating the depo-
sition rate of Alq3. For that reason, a higher deposition rate
introduces a relatively small amount of defects at the
Fig. 6. AFM images of the Alq3 thin film deposited on n-type Si wafer at four d
0.31 nm, and 0.17 nm for deposition rates at 0.05 nm/s, 0.15 nm/s, 0.2 nm/s, and
Schottky junction interface. Fig. 6 shows the AFM images
of the Alq3 thin films deposited at 0.05 nm/s, 0.15 nm/s,
0.2 nm/s, and 0.3 nm/s, respectively. The corresponding
surface roughness means are 0.38 nm, 0.35 nm, 0.31 nm,
and 0.17 nm. These reveal that the deposition rate of the
Alq3 thin film is a major factor in the adjustment of effec-
tive contact surface area between Alq3 and Al. Effective
contact surface area will affect the amount of the interface
defects of the device. As a result, the relative amount of the
defects at the Schottky junction interface can be modified
by controlling the deposition rate of the organic thin film.
Furthermore, Fig. 7 shows gracing incidence X-ray diffrac-
tion curves of the Alq3 thin film deposited at different
rates. It is obvious that all Alq3 thin films are with amor-
phous diffraction patterns. In other words, crystallization
does not occur in all organic thin films. That is, threshold
voltage, ON/OFF current ratio, and retention time are not
related to crystallization quality of thin film. They are clo-
sely related to the film roughness, as shown by the AFM
images in Fig. 6. Besides, it has been demonstrated that
the atomic N/C ratio of the Alq3 thin film changes with
the deposition rate of the Alq3 thin film [16,17]. At a higher
deposition rate, that is, higher temperature condition, the
Alq3 molecule structure disintegrates to release N-contain-
ing species due to the decomposition energy of Alq3 being
smaller than its sublimation energy. It is also shown that
the Alq3 thin film deposited at a lower deposition rate
ifferent deposition rates. Surface roughness means are 0.38 nm, 0.35 nm,
0.3 nm/s, respectively.



Fig. 7. Gracing incidence X-ray diffraction (GIXRD) curves of the Alq3 thin
films for different deposition rates.
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contains a greater atomic concentration of nitrogen and a
higher atomic N/C ratio. The corresponding concentrations
of N and atomic N/C ratios from XPS measurements for dif-
ferent deposition rates of Alq3 thin film are given in Table
1, which clearly indicates the same trend discussed above.
Moreover, the electrons being injected into the Alq3 thin
film undergo a repulsive force generated by the negatively
charged nitrogen atoms which is the result of the electro-
negativity of a nitrogen atom being larger than that of a
carbon or oxygen atom for a neutral Alq3 molecule [18].
Hence, the electrons in the Alq3 thin film with smaller
N/C ratio experience less repulsive force [17]. In other
words, an increase in the deposition rate of the Alq3 thin
film can extend the hopping distance and raise hopping
frequency of electrons in the Alq3 thin film.

From above discussions, two findings can be made to
explain the results obtained in Fig. 5a and b. First, it is obvi-
ous that threshold voltage decreases with increasing depo-
sition rate because of a smaller amount of defects at the
Schottky junction interface at a higher deposition rate. Sec-
ond, the same relationship for the ON/OFF current ratio is
because a smaller amount of nitrogen atoms are available
to prevent the electrons from hopping in the Alq3 thin film,
hence increase the low conductance state current and de-
crease the ON/OFF current ratio at a higher deposition rate.
Additionally, the distribution of defects at the interface
corresponds to the trapping energy [19]. These defects
can be classified roughly into two groups: low trapping en-
ergy defects (Elow) and high trapping energy defects (Ehigh).
Higher deposition rate of Alq3 thin film introduces smooth-
er Alq3 surface roughness, and may produce less Ehigh. A
sample with a smaller threshold voltage, resulting from
higher deposition rate and smaller surface roughness of
Alq3, exhibits shorter retention time probably due to less
Ehigh. The trapped electrons are more easily released from
the Elow defects at the Schottky junction interface. There-
fore, the electrons can not be kept longer in the Elow defects
and the device has shorter retention time, as shown in
Fig. 5c. Consequently, the deposition rate of Alq3 thin film
has a significant effect on the electrical properties of the
organic bistable devices, e.g., threshold voltage, ON/OFF
current ratio, and retention time. The electrical character-
istics of the device can be optimized and tuned according
to our needs for different situations based on the trends
obtained in these experiments. Of course some tradeoffs
must be made.

4. Conclusions

In summary, the current–voltage characteristics of the
organic bistable device, Al/Alq3/n-type Si, are investigated.
This bistability results from the interface defects at the
Alq3/Al junction. Promising results for thermal deposition
with controllable film quality by varying the deposition
rate of Alq3 thin film are also provided. The properties of
Alq3 thin film and Alq3/Al interface are obtained by XPS,
AFM, and GIXRD measurements. Owing to the simple
structure of the device, the organic electronic memory de-
vice can be embedded into the conventional silicon-based
fabrication processes. Furthermore, this device has great
potential for high-density data storage, low-cost memory
applications in future nanoelectronics.
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Fig. 2. (a) Drain current (left) and square root of drain current (right) vs.
gate voltage at a drain voltage of �100 V for top-contact 2A-TFTs
fabricated on the OTS-treated and untreated SiO2. (b) Normal
(5 � 5 lm) and (c) high-pass-filtered (2 � 2 lm) AFM image of a 2A layer
deposited on the OTS-treated SiO2.

922 D. Kumaki et al. / Organic Electronics 9 (2008) 921–924
was measured by the photoemission spectroscopic mea-
surement in air. The mobility of the top-contact 2A-TFT
was improved to 1.0 cm2/Vs by careful treatment of the
gate-insulator surface with octyltrichlorosilane (OTS). We
also report on the reduction of contact resistance of the
bottom-contact 2A-TFT by employing MoOx as the carrier
injection layer for the S–D electrodes. The bottom-contact
2A-TFT with the MoOx/Au electrode showed a high mobil-
ity of 1.0 cm2/Vs, which is comparable to that in the top-
contact 2A-TFT.

Cross sections of the (a) top- and (b) bottom-contact 2A-
TFTs are shown schematically in Fig. 1. We employed a
highly doped silicon wafer with thermally grown SiO2

(200 nm) as the common gate electrode and the gate insu-
lator. After immersing the substrate in a piranha solution at
80 �C for 10 min, it was ultrasonicated for 5 min with de-
ionized water, acetone, and isopropyl alcohol, in that order.
In the bottom-contact 2A-TFTs, two types S–D electrodes
consisting of MoOx/Au and Cr/Au were fabricated on the
substrate. The MoOx layer was deposited by thermal evap-
oration from MoO3 powder at a pressure below
5.0 � 10�5 Pa (deposition rate: 0.05 nm/s). Then, Au was
formed on the MoOx layer in the same vacuum chamber.
The S–D electrodes were patterned by photolithography
and a lift-off process. The Cr/Au electrodes were deposited
by e-beam evaporation and patterned by the same proce-
dure. In the cases of both substrates used for the top- and
bottom-contact TFTs, the SiO2 gate-insulator surface was
treated with the OTS solution (20 mM) for 15 h. These trea-
ted substrates were ultrasonicated in anhydrous toluene,
acetone, and isopropyl alcohol for 10 min and was then
cleaned with the ethanol moisture. Anthracene oligomer
(2A) was purified twice by train sublimation, and it was
deposited as 30-nm thick layer by thermal vapor deposition
at 80 C (deposition rate: 0.01 nm/s). After the deposition of
the 2A layer, for fabricating the top-contact TFT, 50-nm-
thick Au source–drain electrodes were deposited through
a shadow mask on the active layer at a rate of 0.1 nm/s.
The channel length and width (L/W) of the top- and bot-
tom-contact TFTs were 50 lm/1 mm and 50 lm/500 lm.
The electrical characteristics were measured at room tem-
perature by an HP4140 source-meter system. Electrical
characterizations were carried out under vacuum without
exposure to air after the device fabrication.

Fig. 2a shows plots of drain current (ID) and square root
of ID vs. gate voltage (VG) at a drain voltage (VD) of �100 V
n+-Sin+-Si

SiO2 (200 nm)

2A (30 nm)

Au

Cr (2 nm) or
MoOx (2 nm)

OTSSiO2 (200 nm)

(a) Top contact (b) Bottom contact

Au

Au Au

Fig. 1. Schematic cross sections of (a) top- and (b) bottom-contact 2A-
TFTs.
for the top-contact 2A-TFTs with and without OTS treat-
ment. Drain current of the 2A-TFT fabricated on the OTS-
treated SiO2 was nearly one order of magnitude higher
than that of the 2A-TFT fabricated on the untreated SiO2.
The field-effect mobility in the saturation regime was im-
proved from 0.25 to 1.0 cm2/Vs with a current on/off ratio
of 107. Threshold voltages for 2A-TFTs fabricated on the
untreated and OTS-treated substrate were �80 and
�77 V, respectively. Fig. 2b and c shows AFM images of a
2A film with a thickness of 30 nm deposited on the OTS-
treated SiO2. Large grains more than 3 lm and clear step
structures corresponding to the molecular length of 2A
were observed. The improvement of mobility is attributed
to the highly ordered crystal growth due to the low-surface
energy of the SiO2 gate-insulator surface [13].

Although the top-contact TFT shows high mobility of
1.0 cm2/Vs, the bottom-contact TFT is more feasible for
practical application. The bottom-contact TFT is suitable
for high-resolution and integration of OTFTs, because a
photolithographic method can be used in its fabrication
process. It is therefore important to achieve high mobility
in the bottom-contact OTFT. However, we found that the
increase of injection barrier caused by the deep HOMO le-
vel of 2A (5.55 eV) leads to the significant decrease of drain
current in the bottom-contact TFT. Fig. 3a shows the out-
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put characteristics for a bottom-contact 2A-TFT fabricated
on the OTS-treated substrate with Cr (2 nm)/Au (50 nm)
S–D electrodes. Owing to the large injection barrier, drain
current showed a non-linear rise at a low-drain voltage.
In addition, the turn-on voltage shifted nearly 10 V to the
high-voltage side. The decrease of drain current caused
by the large injection barrier in the bottom-contact TFT
will become a serious problem not only in the 2A but also
in other organic semiconductors with a deep HOMO level.
To reduce the injection barrier between the S–D electrodes
and the organic semiconductor, we reported on the bot-
tom-contact OTFT with a MoOx carrier injection layer for
S–D electrodes [14]. The MoOx layer not only enhances
the carrier injection but also acts as an adhesive layer, as
shown in Fig. 1b and Fig. 3b shows the output characteris-
tics for a bottom-contact 2A-TFT with a MoOx carrier injec-
tion layer. It is clear that non-linearity of drain current at
low-drain voltage is significantly improved by employing
the MoOx carrier injection layer. In addition, the drain cur-
rent of the bottom-contact 2A-TFT with a MoOx/Au elec-
trode was increased up to twenty times compared to that
of the Cr/Au electrode. Fig. 4a shows the transfer character-
istics for bottom-contact 2A-TFTs with Cr/Au and MoOx/Au
electrodes. The mobility improved from 0.22 (Cr/Au) to
1.0 cm2/Vs (MoOx/Au), which is comparable to that of the
top-contact 2A-TFT. This result indicates that the high
injection barrier results in the significant decrease of the
mobility calculated from the ID–VG characteristics.

The contact resistance depends on the physical-contact
condition and injection barrier height at the interface be-
tween the organic semiconductor and S–D electrodes.
The high contact resistance of the bottom-contact 2A-TFT
is mainly attributed to the large injection barrier between
the 2A and S–D electrodes. We estimated the HOMO level
of 2A and the work function of electrode materials by pho-
toemission spectroscopy in air (AC-3: Rikenkeiki), as
shown in Fig. 4b. The HOMO level of 2A was 5.55 eV. The
work function of Au was found to be 5.3 eV after UV/O3

cleaning. The MoOx is known to be a wide gap semiconduc-
tor. The position of the valance band was estimated to be
5.6 eV, which was deeper potential than the work function
of Cr (4.6 eV). It can thus reduce the injection barrier and
enhance hole injection. The contact area between the 2A
and MoOx layer is extremely small (2 nm). However, the
injection barrier height in this area affects significantly
the contact resistance, because the effective channel region
in the organic semiconductor layer localizes at a thickness
of few nanometers on the gate-insulator surface [15].
These results also suggest that the increase of the contact
resistance caused by the Cr layer is comparatively large.

In summary, we fabricated top- and bottom-contact
TFTs based on 2,2-bianthryl (2A). The top-contact 2A-TFT
showed high mobility of 1.0 cm2/Vs with a current on/off
ratio of 107 as a result of OTS treatment. Large grains and
clear step structures corresponding to the molecular length
of 2A were observed in the AFM image of a 2A film depos-
ited on the OTS-treated SiO2. Although a high contact resis-
tance due to the deep HOMO level of 2A was observed in
the case of the bottom-contact 2A-TFT with Cr/Au S–D
electrodes, we successfully reduced the injection barrier
by employing the MoOx layer. The mobility was improved
to 1.0 cm2/Vs, which is comparable to the mobility in the
top-contact 2A-TFT.
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Fig. 2. Devices structure of bottom gate, bottom contact configuration
OFETs in this study.
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devices with polymeric semiconductor as well as high
capacitance dielectrics which were all processed by solu-
tion method and cured at low temperature.

In this work, we have initially prepared soluble TiO2

nano-particles as high-k gate dielectric on substrate at
low temperature to enhance the capacitance of OFETs.
For a high performance OFETs, generally, a low-k polymer
at the insulator/semiconductor interface is desirable, as
low interface polarity has been shown to increase carrier
mobility [16,17]. In addition, the polymer could further
smooth the TiO2 dielectric surface and suppress the leak-
age current from grain boundary of TiO2 films. Accordingly,
a layer of the low-k polymer was spin-coated on top of the
TiO2 nano-particles film and a stacked structure (bilayer)
of low-k/high-k dielectrics was fabricated in this study.
With regioregular poly(3-hexylthiophene) (RR-P3HT) as
active semiconductor, good FET characteristics were ob-
tained at low drive voltage.

The polymer FETs were fabricated on N++ type low-
resistance Si wafers as substrate and acts as a common
gate electrode. An oleic acid surface-modified TiO2

nanoparticles (TiO2-oleic) with high solublility in chloro-
benzene or toluene was solution-deposited on wafer as
high-k gate dielectrics. This TiO2-oleic was synthesized
and modified from literatures [18]. The TiO2-oleic were re-
ported as anatase phase (k = 31) and were cylindrical in
shape (20 nm in length and 4 nm wide, measured by trans-
mission electron Microscopy (TEM), Fig. 1a). The high-k
TiO2-oleic layers were obtained by spin-coating of TiO2-
oleic solution (10 wt% in Cl–benzene) at 1000 rpm for
30 s, followed by a baking process at 120 �C in oven for
0.5hr. Subsequently, another layer of the cross-linking
PVP (k = 4.1) was applied on TiO2-oleic film to smoother
the interface and as the low-k materials. The uniformity
of the TiO2-oleic film was examined by using scanning
electron microscopy (SEM) imaging of fracture edge. As
shown in Fig. 1b, the TiO2 layer by solution process exhibit
uniform film with homogeneous nano-particle dispersions,
suggesting a good candidate for high-k insulator for OFETs
devices.
Fig. 1. (a) TEM image of TiO2-oleic nano-particle (b) cross-section
The transistors with bilayer dielectric films with differ-
ent thickness were fabricated (transisor 2: TiO2-oleic
(317 nm)/PVP (317 nm); transisor 4: TiO2-oleic (317 nm)/
PVP (85 nm)). The cross-linked PVP material (the top layer
of bilayer dielectric) shows good dielectric performance
and chemical resistance to many solvents and bases which
typically found in positive photoresist developers, indicat-
ing that the cross-linked PVP in this study were suitable for
use in photolithography and wet etching process. Hence,
we defined the region of electrodes with channel width/
length = 1000 um/10 um on top of the PVP layer by photo-
lithography/Pt-deposition (20 nm)/lift-off process (ace-
tone), leading to a patterned source and drain electrode
with fine accuracy and the surface of underlying PVP films
remain intact. Before spin-deposition of P3HT, the PVP
films were further treated with octyltrichlorosilane (OTS)
or hexamethyldisilazane (HMDS) as a SAM modification
layer [19]. After spin-coating of the P3HT (3 mg/1 mL in
toluene, 500 rpm, 60 s) as semiconductor, a bottom gate,
bottom contact configuration of the unpatterned P3HT-
OFETs was fabricated and shown in Fig. 2. All current–volt-
age (I–V) measurements for our OFETs were performed
al SEM image of TiO2-oleic layer. All scale bars are 100 nm.



Table 1
Summary of dielectric properties (100 kHz) and field effect transistor data

Sample Condition Oleic-TiO2 (nm) PVP (nm) Cox (nF/cm2) u cm2/V s On/off ratio Ss V/dec Vt (V)

Transistor 1 Operated at Vds �40 V – 580 (OTS-treated) 6.3 0.0074 7.90 � 103 5.50 �4.46
Transistor 2 317 317 (OTS-treated) 10.0 0.0260 2.96 � 103 2.60 �6.33
Transistor 3 317 317 (HMDS-treated) 10.0 0.0028 1.90 � 103 4.26 1.54

Transistor 2 Operated at Vds �10 V 317 317(OTS-treated) 10.0 0.0072 5.40 � 102 1.44 1.26
Transistor 4 317 85 (OTS-treated) 28.0 0.0140 1.00 � 103 1.89 1.14

Fig. 3. Leakage currents of the bilayer film: (a) (TiO2-oleic (317 nm)/PVP
(85 nm)) and (b) (TiO2-oleic (317 nm)/PVP (317 nm)).

Fig. 4. Transfer characteristics (solid line) and the leakage current (dashed line) o
(insulator: TiO2-oleic (317 nm)/PVP (317 nm)) with Vd = �40 V (c) transistor 2 wi
with Vd = �10 V.
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with semiconductor parameter analyzer (4156 C, Agilent)
at room temperature in air. To characterize leakage cur-
rents and capacitances of TiO2-oleic/PVP films, we have
made a capacitor structure (MIM) by sandwiching the bi-
layer materials between indium tin oxide (ITO) and Au
electrode. The effective gate capacitances (Cox) were mea-
sured by capacitance analyzer (590 CV, Keithley) at 100 k
MHz and listed in Table 1. We found that transisor 2 and
transisor 4 exhibit the capacitances of 10 nF/cm2 and
28 nF/cm2, respectively, which are close to the theoretical
values for serially connected capacitor layers.

The current-density–voltage (J–V) characteristics of
these MIM structures (ITO/TiO2-oleic (317 nm)/PVP (317
nm)/Au and ITO/TiO2-oleic (317 nm)/PVP (85 nm)/Au) were
investigated and shown in Fig. 3. With a thicker capped layer
of cross-linked PVP, the TiO2-oleic (317 nm)/PVP (317 nm)
have lower current densities (10�5 A/cm2 at 40 V) than that
f (a) transistor 1 (insulator: PVP (580 nm)) with Vd = �40 V (b) transistor 2
th Vd = �10 V (d) transistor 4 (insulator: TiO2-oleic (317 nm)/PVP (85 nm))
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of TiO2-oleic (317 nm)/PVP (85 nm) (10�3 A/cm2 at 40 V) by
two orders of magnitude. Although the current density of
10�3 A/cm2 (at 40 V) is high, the TiO2-oleic (317 nm)/PVP
(85 nm) film have an acceptable current density of 10�5

A/cm2 (at 10 V), a value good enough for a gate insulator
for OFETs operation within 10 V. It should be noted that
the bilayer dielectric structure is necessary in this study be-
cause the MIM structure of ITO/TiO2-oleic (317 nm)/Au
show high leakage current, thus not able to be an insulator
solely in this study.

The surface roughness of the dielectric layers was char-
acterized by an atomic force microscope ((AFM) Nanoscope
IIIa, digital Instruments). The root-mean-square (rms)
roughness of the TiO2-oleic film on silicon wafer is
1.72 nm. When top-coating layer (PVP) was applied on
TiO2-oleic film, the rms was further reduced to 0.61 nm
which was close to that of SiO2 surface on Si substrate.

All of the electrical parameters of the OFETs in this study
were listed in table 1. The devices of transistor 1, 2, and 3
were operated at Vds = �40 V, Vgs = 40 V to �40 V. In addi-
tion, for low voltage operating, the electric properties of
transistor 2 and transistor 4 were measured within 10 V.
The carrier mobility u and the threshold voltage Vt were
determined by using the following Eq. (1):
ffiffiffiffiffiffiffiffiffiffi
ID;SAT

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
WlCOX

2L

r

ðVG � V tÞ ð1Þ

Where ID;SAT is the saturated drain current, Cox is the gate
capacitance per unit area, W and L are the conducting
channel width and length, VG denotes the gate applied
voltage. The mobility was extracted from the slope of the
linear plots of the square root of the drain current versus
the gate voltage (Fig. 4).

All of the transfer characteristics of P3HT-OFETs in this
study are shown in Fig. 4. As to the transistor 2 with OTS-
treated insulator, the mobility in the saturation region and
the threshold voltage were 0.0260 cm2/V s and �6.33 V,
respectively. The on/off ratio was about 2.96 � 103. This
mobility and on/off ratio were similar to unpatterned
P3HT-based OFETs with SiO2 as gate dielectric [6]. For
the HMDS-treated transistor 3, the mobility and the
threshold voltage were 0.0028 cm2/V s and 1.54 V, respec-
tively, with on/off ratio 1.9 � 103. It is obviously that de-
Fig. 5. ID-VG transfer curves of OFETs with bilayer dielectrics. (a) transistor 2 (TiO
PVP (85 nm)).
vices with OTS-treated insulator show better
performance than HMDS one. Transistor 1 was the device
with single layer of cross-linked PVP as gate dielectric.
The mobility and the threshold voltage are 0.0074 cm2/
V s and �4.46 V, respectively, with on/off ratio 7.90 �
103. The mobility of transistor 1 was about 4 times lower
than that of transistor 2.

To achieve high performance, low operating voltage
OFETs, transistor 2 and transistor 4 were tested within
10 V (Vds = �10 V, Vgs = 10 V to�10 V). The transfer charac-
teristics are shown in Fig. 4c and d and output characteris-
tics are shown in Fig. 5. The transistor 2 with capacitance
of 10 nF/cm2 exhibited mobility of 0.0072 cm2/V s and
the threshold voltage was 1.26 V. The on/off ratio was
5.4 � 102. On the other hand, the transistor 4 (capacitance
of 28 nF/cm2) had twice the field-induced current at the
same gate voltage as shown in Fig. 5b. The mobility of tran-
sistor 4 was better than for transistor 2, namely,
0.0140 cm2/V s and the threshold voltage was 1.14 V with
on/off ratio 1.0 � 103. According to the work by Wang et
al., [13] they demonstrated P3HT-OFETs with sputtered
TiO2 and bilayer SiO2/TiO2 as gate insulators which operate
at 10 V and show mobility of 0.005 cm2/V s and 0.032 cm2/
V s, respectively. Although transistors with lower mobility
were obtained in our cases, this is the first example of poly-
meric semiconductor based FETs that were made by a sim-
ple, solution-processable TiO2 gate dielectric which
fabricate at low temperature.

We have also investigated the hysteresis of the P3HT-
OFETs with bilayer TiO2-oleic/PVP gate insulators. The
gate-to-source voltage (VGS) is continuously swept in steps
of 0.12 V, starting from 10 V, passing through �10 V, and
finally arriving at 10 V. The maximum difference of VG for
a constant current in the forward and reverse scans was
designated as the amount of hysteresis (DVhys) [20]. The
polymer gate dielectric OFETs usually result in large hys-
teresis in the I–V characteristics. In our cases, the transistor
4 with thin PVP (85 nm) and the transistor 2 with thicker
PVP (317 nm) both show the similar hysteresis behavior
and the DVhys is 4.10 V and 4.24 V, respectively, as shown
in Fig. 6. The parameters of both the two OFETs include
carrier mobility, subthreshold slope, and on/off ratio are
unaffected by the hysteresis. It is believed that OFETs with
2-oleic (317 nm)/PVP (317 nm)) and (b) transistor 4 (TiO2-oleic (317 nm)/



Fig. 6. The Hysteresis behavior of OFETs with bilayer dielectrics. (a) transistor 2 (TiO2-oleic (317 nm)/PVP (317 nm)) and (b) transistor 4 (TiO2-oleic
(317 nm)/PVP (85 nm)).
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hysteresis may arise from the migration of the negative
ions in the PVP gate insulator and surface polarization
[21,22].

In conclusion, we have successfully demonstrated a
polymeric semiconductor-based transistor with low-k
polymer/high-k metal-oxide (TiO2) bilayer as gate dielec-
tric. The metal-oxide (TiO2) layers are readily processable
from solution and cured at low temperature, instead of tra-
ditionally sputtering or high temperature sintering process,
thus may suitable for a low-cost OFETs manufacture. The
low-k polymer capped on TiO2 layer could further smooth
the TiO2 dielectric surface and suppress the leakage current
from grain boundary of TiO2 films. The resulting unpat-
ented P3HT-OFETs could operate with supply voltage less
than 10 V and the mobility and threshold voltage were
0.0140 cm2/V s and 1.14 V, respectively. The on/off ratio
was 1.0 � 103.
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that most of the material ends up as waste. Reverse gra-
vure (RG) coating, on the other hand, is a roll-to-roll tech-
nique suitable for mass fabrication. This method produces
thin homogeneous multi-layers over large areas for a wide
range of ink viscosities [9,10].

Recently, we presented a low-voltage hygroscopic insu-
lator field effect transistor (HIFET) printed and coated on a
pre-patterned plastic substrate in air [10]. While tradi-
tional organic FETs usually operate at high voltages and re-
quire very smooth substrates for achieving high yield in
the fabrication, the HIFET operates at low-voltage [11,12]
and is rather insensitive to the roughness of the substrate
[13] due to the operation principle [14] and the large thick-
ness of the insulator. This ion modulated transistor is an
excellent candidate for low-cost roll-to-roll manufacturing
and can e.g. be used in humidity sensing applications [15]
and when high switching speed is not necessary.

In this work we present a five-step process for fabricat-
ing all-printed HIFETs on plastic substrates completely by
means of mass fabrication methods in room atmosphere.
The RG coating technique was used to apply the semicon-
ductor and insulator layers, while the electrodes were IJ
printed. The transistors have been fabricated completely
by roll-to-roll compatible printing and coating methods
that are used in the printing industry.

2. Experimental

The HIFET geometry and process steps (Step 1–5) are
shown in Fig. 1a. The substrate, a 50 lm thick Mylar� A
film from DuPont Teijin Films, was washed with distilled
water, acetone and isopropanol before printing. The IJ prin-
ter was a drop-on-demand DimatixTM Materials Printer
(DMP-2800) and the cartridge (DMC-11610) consisted of
16 nozzles with effective diameters of 21.5 lm. In Step 1,
transistor S/D electrodes were fabricated by IJ printing a
silver nanoparticle dispersion from Cabot with a drop spac-
ing of 30 lm. The finger width (see Fig. 1b) of the elec-
trodes was 200 lm, the channel width (W) was 1.5 mm
and the channel length (L) was about 40 lm. A sheet resis-
tance of 1–2 X/h was achieved after sintering the elec-
trodes at 120 �C on a hotplate for 20 min.

A low viscosity (�1 mPa s) semiconductor solution was
obtained by dissolving 1.0 wt.% regioregular poly(3-hexyl-
thiophene) (P3HT) from Plextronics in toluene and p-xy-
Fig. 1. (a) A five-step process flow for the fabrication of all-printed low-voltage or
Semiconductor is denoted as SC, while low- and high-conductive is denoted as LC
devices.
lene (1:1). The solvent mixture was used to combine a
lower evaporation rate (p-xylene) with a higher solubility
(toluene). The insulator solution consisted of 10 wt.% of
poly(4-vinyl phenol) (PVP) from ChemFirst/DuPont mixed
with isopropanol. The viscosity was measured to about
10 mPa s by a Bohlin VOR rheometer. The P3HT- and
PVP-layers were subsequently RG coated (Step 2 and Step
3) with a tabletop Mini-LaboTM test coater at a web speed
(vweb) of 1.6 m/min and a roll speed (vroll) of 0.6 m/min. A
20 mm diameter metal gravure roll with continuous trihe-
lical grooves, 4.7 lines/mm, was used.

For IJ printing the gate electrode, the print head was
optically aligned to print on the transistor channel area.
As gate electrode material the conductive polymer
poly(3,4-ethylene dioxythiophene) and poly(styrene sulfo-
nate) (PEDOT:PSS) was used. In Step 4, a layer of the low-
conductive Baytron P (Jet PE FL from H.C. Starck) was first IJ
printed. This PEDOT:PSS water dispersion had a solid con-
tent of 1.49 wt.%, a viscosity of 8.5 mPa s and a conductiv-
ity of 1.4 mS/cm [16]. The non-crosslinked PVP was
protected by this layer, when the more conductive, but
ethanol containing, Baytron P (Jet HC) was IJ printed in
Step 5. The ink had a solid content of 0.7 wt.%, a viscosity
of 12 mPas and a conductivity of 74 S/cm [16].

All electrical characterizations of the HIFET were done
in air in darkness at a relative humidity of 31–33% using
an Agilent 4142B parameter analyzer and the conductivity
measurements were done in a two probe configuration.
The HIFET was stored in ambient air and in darkness be-
tween the measurements. The thickness of P3HT- and
PVP-layers was determined from the absorption spectra
and the surfaces were imaged with an atomic force micro-
scope (AFM) (Park Scientific). The work function of evapo-
rated silver on a Mylar� A substrate was measured in air as
a function of time with the Kelvin probe technique. To
determine the chemical composition of the IJ printed silver
electrodes and to evaluate the P3HT coating on the elec-
trodes, X-ray photoelectron spectroscopy (XPS) (Physical
Electronics) was used.

3. Results and discussion

The characteristics of an all-printed HIFET measured
two and 48 days after fabrication are shown in Fig. 2. The
transistor switches between on- and off-state with a ratio
ganic transistors and a schematic image of a cross section of the transistor.
and HC and (b) An optical microscope top-view picture of two all-printed



Fig. 2. (a) Output and (b) transfer curves for an all-printed HIFET measured in air two and 48 days after fabrication. The inset in (b) shows the gate current
for the same measurements.

Fig. 3. AFM images of the edge of an IJ printed silver electrode on the
Mylar� A substrate (a) before and (b) after it was RG coated with the
semiconductor.

Fig. 4. The relative work function (DU) of evaporated silver on a Mylar� A
substrate as measured by the Kelvin probe technique in air as a function
of time. The absolute value of the work function increased upon exposure
to air and saturated at a level approximately 0.5 eV above a reference
sputtered gold sample. The measured work function for the annealed IJ
printed silver nanoparticle dispersion is indicated at 0.3 eV.
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of 102. For both measurements the threshold voltage (VT)
was estimated to 0.5 V, by extrapolating the linear part offfiffiffiffiffi

ID
p

in the transfer curve to the x-axis.
Two AFM images of IJ printed silver electrodes on the

Mylar� A substrate are shown in Fig. 3, with and without
the coated P3HT layer. The thickness of the electrodes in-
crease gradually and no sign of the unwanted ‘‘ring stain
effect” is seen [3]. The height of the IJ printed contacts
was measured to 200–400 nm, while the size of the not
fully sintered silver nanoparticles was close to 50 nm. We
noted that, although the thickness of the contacts were al-
most one third of the insulator thickness, no clear increase
in the gate leakage was observed as compared to when
much thinner evaporated gold contacts [10] were used.

The RMS roughness of the Mylar� A substrate was mea-
sured with the AFM to 25-50 nm and only slightly lower
values on the RG coated P3HT surface. However, it has
been shown that the charge transport in the HIFET is as
good on this rather rough substrate as on a smoother sub-
strate [13].

The thickness of the RG coated layers was determined
to 25–35 nm for P3HT and 1.2–1.3 lm for PVP. These val-
ues are consistent with results documented earlier for
the same coating parameters [10]. By e.g. changing the
coating speed or the concentration of the solution, it is pos-
sible to adjust the coating thickness.

Since the S/D electrodes were about ten times thicker
than the P3HT layer, a large contact resistance due to poor
step coverage at the contact edges could have been ex-
pected. This effect was noticed by Richards et al. [17] with
the same geometry when the thickness of the spin coated
semiconductor layer was similar to or smaller than the
evaporated gold electrodes. However, in this work, such ef-
fects were not seen. Despite the rough appearance, the RG
coated P3HT layer covered both the channel area and the
electrodes. The latter was not only observed optically,
but was also supported by XPS measurements on the
P3HT coated silver electrodes, which showed very clear
sulphur peaks but no detectable silver signal, indicating a
complete P3HT coverage to a thickness of several nanome-
tres all over the investigated area (100 lm � 100 lm). The
good P3HT coverage can be explained by the lower surface
tension of the P3HT solution as compared to the surface
energy of the Mylar� A substrate and the silver electrodes
as well as the smoothening properties of the RG coating
method.

The IJ printed S/D electrodes in this work consist of sil-
ver and are thicker than the evaporated gold electrodes
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used in Ref. [10]. To investigate the effect on the contact
resistance from the material change, the work function of
silver electrodes was measured and compared to that of
gold. Kelvin probe measurements in air of evaporated sil-
ver showed a change in the work function during exposure
to air, as can be seen in Fig. 4. The work function of silver
increased rapidly the first hours and saturated at a level
approximately 0.5 eV above a reference gold sample. For
the annealed IJ printed silver the work function was mea-
sured to about 0.3 eV above the gold sample.

According to literature, the work function of sputtered
gold is 5.1–5.2 eV, while silver should have a work func-
tion of approximately 4.3 eV. However, these values orig-
inate from measurements in ultra-high vacuum and on
clean non-oxidized surfaces. The work function of gold
that had been exposed to air has been measured to values
around 4.7 eV [18] and the difference was explained by
the hydrocarbon adsorption on the surface in air. If this
is used as a reference value of the sputtered gold sample,
the absolute work function value of the annealed IJ
printed silver electrodes from the Kelvin probe measure-
ments would then be roughly 5.0 eV. This value is consis-
tent with what others have measured for oxidized silver
[19,20].

The presence of adsorbed oxygen on the silver elec-
trodes was confirmed by the XPS measurement. On the
surface, the atomic concentrations were determined to
about 46% carbon, 34% silver, 14% oxygen and 6% nitrogen,
while no oxygen was detected in the bulk after sputtering
with argon ions. Since the work function of the silver elec-
trodes seem to be almost equal to the ionization potential
of P3HT (5.1 eV), a very low energy barrier should be ex-
pected, which can explain why no Schottky barrier origi-
nating super-linear behaviour at low S/D voltage (VD)
was seen in the transistor characteristics in Fig. 2. Instead
the contact is ohmic and an estimation of the upper value
of the contact resistance in the transistors of less than
100 kX cm (after two days) is obtained by looking at the
drain current (ID) in the linear regime at a gate voltage
(VG) of �1.6 V. Since twice as large slope was measured al-
ready at a gate voltage of �0.8 V on all-printed HIFETs with
a thicker gate electrode [13], the upper value of the contact
resistance can be reduced with a factor of two to less than
50 kX cm. The true contact resistance is, however, most
likely even smaller, since the channel length was rather
long (�40 lm) and the channel resistance therefore can
be explained by the resistance of the semiconductor.

The large charge injection area associated with the cho-
sen top-gate bottom-contact geometry is also a reason why
the contact resistance is significantly smaller than the
channel resistance [17]. There is also a small contribution
to the contact resistance from the charge transport through
the silver oxide and the bulk of P3HT. Silver is easily oxi-
dized, but in contrary to most metal oxides, silver oxide
is slightly conductive with a value of about 50 lS/cm and
the oxide layer protects the metal from further oxidation
[21].

The non-crosslinked PVP layer was dissolved by the
ethanol containing high-conductive Baytron P (Jet HC) for-
mulation. Therefore, a protective Baytron P (Jet PE FL) layer
(Step 4) was introduced between the PVP layer and the
high-conductive Baytron P (Jet HC). The IJ printable PED-
OT:PSS water dispersion Baytron P Jet PE FL is insoluble
after drying, but has a low conductivity. Consequently,
with the two-layer gate electrode, most of the transistors
were working and showing similar transistors characteris-
tics. A different approach was used in Ref. [10], where a
one layer gate contact was IJ printed from an ink consisting
of Baytron P, water and a small amount of a non-polar sur-
factant (Triton X-100). This resulted, however, in a large
hysteresis in the transistor characteristics, but was not
seen in this work when the low-conductive Baytron P (Jet
PE FL) layer was used.

In Fig. 2a, a decrease in the output current is noticed 48
days from fabrication, especially in the linear part of the
curves. No major changes have earlier been observed for
shorter ageing time when stored below 65% relative
humidity in air. The channel conductance (gD) is derived
from the analytical expression of the drain current (ID) in
the linear region:

gD ¼
dlD

dVD
¼ W

L

� �
CilðVG � VTÞ; ð1Þ

where Ci is the dielectric capacitance per unit area and l is
the hole mobility in the active channel. Since W, L and VT

were constant, the decrease in conductance with time is
either due to a decrease in l, Ci or VG. In Fig. 2, the channel
conductivity at VG = 0 V is identical at both measurements.
If assuming that the unintentional doping of P3HT is satu-
rated, which is reasonable when both solutions and fabri-
cation steps are done in air, then l is constant. Therefore,
we do not consider a change in the mobility as a major
contributor to a reduced channel conductance, which also
a constant VT supports. The gate current, on the other hand,
in the inset of Fig. 2b, has decreased between the measure-
ments, while the conductivity of the PEDOT:PSS gate elec-
trode was reduced by a factor of three. Hence, the observed
degradation can be ascribed to a reduced conductivity of
the gate electrode and can, therefore, be solved simply by
IJ printing a thicker or more stable conductive ink on top
of the protective layer. Yet, the reduced gate conductivity
cannot explain all the results, since the saturated drain
currents are equal at both measurements. Consequently,
a difference in the effective capacitance, between the two
measurements cannot be ruled out. Nevertheless, the HI-
FET has been documented to work even after one year in
ambient air [15].
4. Summary

We have presented a five-step method of printing and
coating low-voltage organic transistors in air, where all
fabrication steps are suitable for roll-to-roll manufactur-
ing. Although, the IJ printed S/D electrodes were of silver
and rather thick, the contact resistance was small and
complete semiconductor coverage on the S/D electrodes
was confirmed by XPS measurements. After 48 days of
storing the HIFET in ambient air it still showed low-voltage
behaviour. The channel conductance was, however,
slightly reduced due to a reduced conductivity of the IJ
printed PEDOT:PSS gate electrode. This cost-effective fabri-
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cation method generates organic transistors operating at
low-voltage and with a high yield.
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Charge injection through electrode/semiconductor con-
tacts plays a crucial role for the device performance of
OTFTs. The charge injection strongly depends on the
energy alignment [17–19] and the film morphology of or-
ganic semiconductors [14,15,20–23] at electrode/semicon-
ductor contacts. As good molecular ordering of organic
semiconductors results in the high charge mobility
[1,13,24–27], it is desirable that the distribution of the
molecular ordering is continuous and uniform in the entire
active layer. When an organic semiconductor active layer
contacts bottom metal electrodes, however, the interfacial
interaction of organic semiconductor with electrode con-
tacts usually breaks the molecular ordering and disrupts
the continuity of the molecular ordering distribution bor-
dering the electrodes. The interfacial interaction results
in the inferior device performance of bottom-contact
OTFTs compared to top-contact OTFTs [14,15] (in top-con-
tact OTFTs, the molecular ordering is mainly modulated by
dielectric/semiconductor interfaces and its distribution
may be continuous and uniform in the entire active layer).
To improve the device performance of bottom-contact
pentacene thin-film transistors (TFTs), self-assembled
monolayers (SAMs) of alkanethiol have been used to mod-
ify the surfaces of gold (Au) electrodes, improving the mor-
phology of pentacene bordering the electrodes [15,20,21].
On the other hand, SAMs have been demonstrated to be
a versatile technique for modulation of Shottky barrier
height at metal/semiconductor contacts [28–33]. By chem-
isorbing SAMs of molecules with an intrinsic electric dipole
moment and forming a highly ordered molecular layer on a
metal surface, Schottky barrier height at a metal/semicon-
ductor contact can be raised or lowered to significantly
affect the charge injection. Thus, SAMs may be effective
technique to improve the charge injection at electrode/
semiconductor contacts for TFTs of poly(3,30 0 0-didodecyl-
quaterthiophene) (PQT-12), which is a novel high
per- formance polymeric semiconductor with strong
environmental stability [8].

Recently, high performance PQT-12 TFTs have been
demonstrated in top-contact device configuration with
mobilities up to 0.18 cm2 V�1 s�1 on silane-modified sili-
con substrates [8,13]. In bottom-contact devices with bare
Au electrodes, PQT-12 TFTs showed reduced mobilities of
about 0.02–0.09 cm2 V�1 s�1 on silane-modified silicon
substrates [34,35]. Employing printable metal conductors
from thiol-stabilized Au and organic acid-stabilized silver
nanoparticles precursors as bottom S–D electrodes, PQT-
12 TFTs gave enhanced mobilities of 0.07–0.16 cm2 V�1 s�1

in bottom-contact device configuration [36–38]. It was
suggested that the improved contacts between PQT-12
and printable metal conductors resulted in the improved
performance of bottom-contact devices [36–38]. However,
no study of the electrode/PQT-12 contacts has been re-
ported yet.

Here we report the modification of Au S–D electrode
surfaces by SAMs of an alkanethiol and a perfluorinated
alkanethiol for bottom-contact PQT-12 TFTs. The SAMs
modifications of Au surface can modulate Schottky barrier
height at electrode/PQT-12 contacts and improve the
molecular ordering of PQT-12 adjacent to the Au S–D elec-
trodes. The SAMs modifications led to significant improve-
ments in device performance of PQT-12 TFTs. Despite the
higher hole Schottky barrier, PQT-12 TFTs with Au elec-
trodes surface-modified with alkanethiol SAMs showed
much higher mobilities, up to 0.09 cm2 V�1 s�1, than those
of PQT-12 TFTs with bare Au electrodes (�0.015
cm2 V�1 s�1), due to the improved molecular ordering of
PQT-12 at electrode/PQT-12 contacts. With Au electrodes
surface-modified with perfluorinated alkanethiol SAMs,
PQT-12 TFTs exhibited dramatically increased mobilities
of up to 0.19 cm2 V�1 s�1, which was attributable to the
combined effect of the lower hole Schottky barrier and
the improved PQT-12 molecular ordering.
2. Experimental

1-Decanethiol (96%) (DT) and 1H,1H,2H,2H-perfluoro-
decanethiol (97%) (FDT) were used as received from Sig-
ma–Aldrich without further purification. Bottom-contact
OTFTs were fabricated on a heavily n-doped silicon (Si)
wafer with Au (50 nm) S–D electrodes adhered on a tita-
nium layer (1 nm) and patterned using lift-off technique.
The silicon wafer and its surface SiO2 layer (100 nm)
served as gate electrode and gate dielectric, respectively.
The channel width was maintained as 10,000 lm and
the channel lengths were 20, 40, 60, 80, 100 lm. For
PQT-12 TFTs with bare Au S–D electrodes, the electrodes
were cleaned successively with ultrasonication in acetone,
methanol, and de-ionized water. The SiO2 surfaces with
patterned Au electrodes were briefly plasma-cleaned and
treated with 3 mM solution of octyltrichlorosilane (OTS-
8) in hexane at room temperature for 15 min, rinsed with
hexane and isopropanol, and dried with nitrogen gas. For
OTFTs with Au–DT and Au–FDT S–D electrodes, the pat-
terned Au electrodes were then immersed into 3 mM
solution of DT and FDT in absolute ethanol at room tem-
perature for 24 h, rinsed with hexane and ethanol, and
dried with nitrogen gas. Finally, PQT-12 semiconductor
layers of about 60 nm were deposited on the bare Au,
Au–DT, and Au–FDT electrode patterns by spin-coating a
solution of PQT-12 in dichlorobenzene (0.3 wt%). The
semiconductor layer was then dried, annealed at 125 �C
for 30 min, and cooled to room temperature overnight in
vacuum. The OTFTs were characterized using an Agilent
4157B Semiconductor Parameter Analyzer System. The
AFM experiments were conducted with a Nanoscope IIIa
MultiMode scanning probe microscope (Digital Instru-
ments) in tapping mode with a scan rate of 0.5 Hz. The
device mobilities in linear and saturation regimes were
extracted from the following equations neglecting contact
resistance entirely: [1,7].

Linear regime :

ðVds � VGs—VTÞ : IDS ¼ VDSCilðVGS � VTÞW=L;

Saturation regime :

ðVds > VGs � VTÞ : IDS ¼ CilðVGS � VTÞ2W=2L

where IDS is the drain current, Ci is the capacitance per unit
area of the gate dielectric layer, and VGS and VT are gate
voltage and threshold voltage.
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3. Results and discussion

1-Decanethiol (DT) and 1H,1H,2H,2H-perfluorodeca-
nethiol (FDT) SAMs were employed to modify Au electrode
surfaces for PQT-12 TFTs. Fig. 1 shows output characteris-
tics of representative PQT-12 TFTs with Au, Au–DT, Au–
FDT S–D electrodes, generally following p-type enhanced
mode of metal-oxide semiconductor field-effect transistors
(MOSFETs). The output characteristics of the device in Fig.
1a show pronounced curvatures at low VDS, indicating that
the charge injection process is non-Ohmic and contact-
limited [39,40] due to the inefficiency of charge injection
at Au/PQT-12 contacts. The device with bare Au S–D elec-
trodes had linear and saturation mobilities of only about
0.0012 and 0.015 cm2 V�1 s�1 (Fig. 2), respectively, and a
current on/off ratio of about 105. The linear and saturation
device mobilities were estimated by ignoring contact ef-
fect. The mobility of bottom-contacts PQT-12 TFTs with
bare Au electrodes here is lower than those of the bot-
tom-contact PQT-12 TFTs previously reported [34,35].
The relative low mobility is probably due to the slight deg-
radation of high performance PQT-12 semiconductor [8],
which has been stored under ambient atmosphere for al-
most 2 years. The environmental stability of PQT-12 is
much higher than that of regioregular poly(3-hexylthioph-
ene) (P3HT) under the same ambient condition [8].

The device with Au–DT S–D electrodes showed a much
higher linear and saturation mobilities of 0.04 ± 0.01 and
0.08 ± 0.01 cm2 V�1 s�1, respectively, and a current on/off
ratio of about 106 with nearly Ohmic injection in Fig. 1b.
On the other hand, the device with Au–FDT electrodes gave
a dramatically improved device linear and saturation
mobilities of 0.08 ± 0.01 and 0.17 ± 0.02 cm2 V�1 s�1

respectively, and a current on/off ratio of about 106. The
linear and saturation device mobilities for Au–DT and
Au–FDT electrodes were also estimated by ignoring contact
effect. Generally, the band bending at high gate voltages
could dominate the energy offset at the electrode/semicon-
ductor contacts. As shown in Fig. 1, the saturation drain
currents for devices with Au, Au–DT, and Au–FDT S–D
electrodes under VG = �40 V are significantly. This result
Fig. 1. Source–drain current IDS vs source–drain voltage VDS as a function of gate
and (c) Au–FDT S–D electrodes. The channel length and width are, respectively
structure of PQT-12.
suggests that the influence of SAMs is significant in present
work. The role of SAMs under high gate voltage is not well-
understood yet. As shown in Fig. 2, the characteristics of
improved mobilities in linear and saturation regimes due
to Au–DT and Au–FDT S–D electrodes are widespread in
the VGS regime. The device mobility of 0.17 ± 0.02
cm2 V�1 s�1 observed here is parallel to those of the high
performance PQT-12 TFTs in both top-contact and bot-
tom-contact device configurations [8,13,34–38].

To understand electrode/PQT-12 contacts, where the
contact resistance can be associated with the device per-
formance, the contact resistances of PQT-12 TFTs with bare
Au, Au–DT, and Au–FDT electrodes were compared by
channel length scaling analysis (transfer line method).
The device resistance dependence on the channel length
was analyzed in the linear regime (VDS� VGS � VT). In this
regime, device ‘‘on” resistance, Ron, can be approximately
expressed as [41–43]:

Ron ¼
oVDS

oIDS

����

VGS

VDS

¼ RCh þ RC ¼
L

WliCiðVGS � VTÞ
þ RC; ð1Þ

where RCh and Rc are the channel length L dependent chan-
nel resistance and the channel length L independent con-
tact resistance, respectively. li is the intrinsic mobility of
the semiconductor.

Fig. 3 shows a plot of width normalized Ron of devices
with bare Au, Au–DT, and Au–FDT electrodes as a function
of L at VGS = �40 V and VDS = �3 V. The experimental data
are well expressed by Eq. (1) in first order, with Ron � W
linearly depending on L. As determined from the intercept
of linear fitting, the contact resistances for bare Au, Au–DT,
and Au–FDT electrodes are about 580 kX, 19 kX, and 4 kX,
respectively. The reduction of the contact resistance for
Au–DT and Au–FDT electrodes is consistent with the obser-
vation by electrostatic force microscopy that charge injec-
tion from Au electrode into pentacene was improved due
the SAMs modification of Au electrodes [21]. The corrected
mobilities from Fig. 3 for PQT-12 TFTs with bare Au, Au–
DT, and Au–FDT electrodes are about 0.05, 0.09, and
0.19 cm2 V�1 s�1, respectively. The channel length scal-
ing analysis suggests that the surface-modifications of Au
voltage VGS for bottom-contact PQT-12 TFTs with (a) bare Au, (b) Au–DT,
, 20 lm and 10,000 lm for all PQT-12 TFTs. The insert in (a) is chemical



Fig. 2. (a) Linear (Vds = �3 V) and saturation (Vds = �38 V) device mobilities of PQT-12 TFTs with Au, Au–DT, and Au–FDT S–D electrodes. VT of PQT-12 TFTs
with bare Au, Au–DT, and FDT are about �14.7 V, �12.1 eV, and �11.6 V, respectively. The channel length and width are, respectively, 20 and 10,000 lm for
all PQT-12 TFTs.

Fig. 3. Relationship between the width normalized ‘‘on” resistance and
channel length at VGS = �40 V and VDS = �3 V for bottom-contact PQT-12
TFTs with bare Au, Au–DT, and Au–FDT S–D electrodes.
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S–D electrodes by DT and FDT SAMs significantly decrease
the contact resistance for bottom-contact PQT-12 TFTs,
resulting in improved device performance. The different
contact resistances with Au, Au–DT, and AU–FDT elec-
trodes should be associated with the properties of elec-
trode/PQT-12 contacts, which determine the charge
injection in PQT-12 TFTs.

DT and FDT SAMs on Au surfaces (schematically illus-
trated in Fig. 4) have opposite intrinsic dipoles [28], which
can result in opposite Schottky barrier height modulations
for charge injection at electrode/PQT-12 contacts. When
Fig. 4. Schematic illustration of dipole moments of (a) 1-decanethiol (DT) a
alkanethiol chemisorbs onto Au(111), the thiol group gen-
erally loses its proton upon adsorption and binds to the Au
as a thiol anion. DT SAMs with densely-packed 2D struc-
ture on the Au(111) usually form a commensuratep

3 � p3R30�hexagonal lattice with an off-normal tilt an-
gle, a, of �30�[44]. The sulfur atoms have a distance of
4.97 Å and the DT grafting density is about
4.7 � 1018 m�2 on Au(111). On the other hand, densely-
packed FDT SAMs form a commensurate hexagonal lattice
with a lattice constant of about 5.8 Å and an off-normal tilt
angle is about 12�[45]. The FDT grating density on Au(111)
is estimated to be about 3.4 � 1018 m�2.

At electrode/semiconductor contacts, Schottky barrier
heights for electron injection, uBn, and hole injection, uBp,
may be expressed in the relations by Eqs. (2), (3) [17],
respectively:

/Bn ¼ /M þ D/Dipole � v ð2Þ

/Bp ¼ Eg � ð/M þ D/Dipole � vÞ ð3Þ

D/Dipole ¼ Nðl?
e0j
þ lAu—S

e0jAu—S
ÞðSAMsÞ ð4Þ

where uM is the work function of the electrode, v and Eg

are, respectively, the electron affinity and band gap of the
organic semiconductor, and DuDipole is the Schottky barrier
height change due to an interface dipole at electrode/semi-
conductor contacts. For DuDipole due to the thiol SAMs di-
pole on Au surfaces in Eq. (4), the first term represents
nd (b) 1H,1H,2H,2H-perfluorodecanethiol (FDT) on Au(111) surfaces.
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the barrier change due to the effective dipole moment of
the SAMs (there may be depolarization effect on the effec-
tive dipole moment of SAMs due to the charge transfer be-
tween SAMs and the substrate.[46]), and the second term
represents the barrier change taking into account the
intrinsic Au-S dipole moment. [28,29] N is grafting density,
l\ is the component of the dipole moment of the SAMs
normal to the Au surface, e0 is the permittivity of the vac-
uum, j is the dielectric constant of the dipole layer of DT or
FDT SAMs, lAu–S is the dipole moment due to the Au–S
charge-transfer interaction, and jAu–S is dielectric constant
of the Au–S layer. The Schottky barrier height change at
electrode/PQT-12 contacts is defined to be positive if the
direction of the effective dipole moment points to the Au
surface, as shown in Fig. 4b.

The schematic energy-level diagrams of Au/PQT-12,
Au–DT/PQT-12, and Au–FDT/PQT-12 interfaces were illus-
trated in Fig. 5a–c, respectively. Since the effective dipole
moment of FDT SAMs and Au–S layers both have the same
Fig. 5. Schematic energy-level diagrams of: (a) Au/PQT-12, (b) Au–DT/
PQT-12, and (c) Au–FDT/PQT-12 interfaces. Local vacuum energy levels
(Evac) of Au and PQT-12 in (a) were set at the same level for illustrative
clarity of Schottky barrier height modulation due to DT and FDT SAMs in
(b) and (c). + and � denote the direction of the interface dipole. uM: Au
work function; IE: ionization energy; v: electron affinity.
direction and point from the SAM to the Au surface, the
chemisorption of FDT SAMs onto Au surface can induce a
positive DuDipole at electrode/semiconductor contacts.
The Schottky barrier height change due to interfacial FDT
SAMs can be estimated to be about 1.0 eV [47]. This sug-
gests that the interfacial FDT SAMs can decrease uBp for
hole injection (Fig. 5c). On the other hand, the chemisorp-
tion of DT SAMs onto Au surface may induce a negative
DuDipole at an electrode/semiconductor contact because
the effective dipole moment of Au–S layers is smaller than
that of DT SAMs [28]. The interfacial DT SAMs may induce
about –1.3 eV change of Schottky barrier height [47] and
produce an increase of uBp for hole injection (Fig. 5b).
The modulation tendency of Schottky barrier height by
DT and FDT SAMs could be opposite,[28] although the
change of the Schottky barrier height might compromised
by the possible depolarization effect on effective dipole
moments of DT and FDT SAMs [46].

The solution-processable devices were usually fabri-
cated under ambient condition and the impact of contam-
ination from ambient exposure cannot be negligible for the
work function of Au electrodes. The work function of Au
electrodes contaminated from ambient exposure will be
reduced by 0.7–0.9 eV from that of the clean Au electrodes
under ultra-high vacuum (�5.1 eV) [19,48]. When the TFTs
devices operates with polycrystalline Au electrode, the Au
contacts could introduce a distribution in the interfacial
states due to interactions and charge transfer between
electrodes and semiconductors at contacts [19]. Energy-le-
vel alignment at electrode/semiconductor interface can
give rise to an injection barrier for charge injection [49].
The HOMO level of PQT-12 locates at about 5.2 eV [8,50].
The injection barrier formed at bare Au/PQT-12 contacts
is illustrated in Fig. 5a.

Charge transport across metal/semiconductor contacts
can be described by thermionic emission-diffusion model
[51,52]:

Jp / l expð�q/Bp=kTÞ; ð5Þ

where Jp and uBp are current density and Schottky barrier
height for hole injection; k is the Boltzmann constant and
T is temperature. FDT SAMs on Au surface forms a layer
with positive dipole moment, giving rise to a decrease of
uBp at electrode/PQT-12 contacts, which may improve the
hole injection for PQT-12 TFTs. Conversely, DT SAMs on
Au surface imposes a thin layer with negative dipole mo-
ment between Au and PQT-12, resulting in an increase of
uBp for hole injection at electrode/PQT-12 contacts.

Recently, Stoliar et al. have demonstrated a SAM-as-
sisted charge injection via a tunneling mechanism at elec-
trode/pentacene contacts for pentacene TFTs [21]. charge
carrier injection at Au–DT/ or Au–FDT/PQT-12 contacts
comprises mainly two steps: (1) tunneling of charge carrier
through DT or FDT SAMs and (2) charge injection into
HOMO or LUMO of PQT-12 semiconductor. On the other
hand, Stoliar et al. have also shown that the charge injec-
tion is very sensitive to the ordering of pentacene semicon-
ductor at the interface [21]. To understand the improved
hole injection in Fig. 1b, the morphologies of PQT-12 at
electrode/PQT-12 contacts are investigated in this work.
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Fig. 6. (a) and (b) are, respectively, AFM topography and phase images (1 lm � 1 lm) of PQT-12 thin film on untreated Au surface after annealing; (c) and
(d) are, respectively, AFM topography and phase images (1 lm � 1 lm) of PQT-12 thin film on Au–DT surface after annealing; (e) and (f) are, respectively,
AFM topography and phase images (1 lm � 1 lm) of PQT-12 thin film on Au–FDT surface after annealing. The PQT-12 films are 20-30 nm in thickness on
Au, Au–DT, and AU–FDT surfaces. Height-scale of images: z = 20 nm in (a), (c), and (e); 5 degree in (b), (d), and (f). (g), (h), and (i) are representative surface
phase profiles of AFM phase images of (b), (d), and (f), respectively.
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Fig. 6a and b show, respectively, AFM topography and
phase images of PQT-12 thin film (20–30 nm) on bare Au
surfaces after post-deposition annealing. The post-deposi-
tion annealing temperature of about 125 �C is well below
the temperature of about 180 �C, at which thiol monolay-
ers desorbs from Au surfaces.[53] The phase image in Fig.
6b appears to be featureless with amorphous or disordered
polymer morphology, which is probably due to the interac-
tion between the PQT-12 and the Au surface [14,15,54]. In
sharp contrast, the phase images of PQT-12 thin film (20–
30 nm) on Au–DT and Au–FDT surfaces after post-deposi-
tion annealing (Fig. 6d and f) show highly polycrystalline
films with extensive nano-crystalline domains. As shown
in Fig. 6g–i, the surface phase profiles of PQT-12 films on
Au–DT and Au–FDT surfaces are significantly rougher than
that on bare Au surface. The size of PQT-12 domains on
Au–DT and Au–FDT surfaces are generally larger than
30 nm � 30 nm, suggesting that interface morphology of
PQT-12 is close to the surface polycrystalline morphology
of PQT-12. The formation of PQT-12 nano-crystalline do-
mains is similar to the polycrystalline formation of PQT-
12 and other polythiophene-based semiconductors on si-
lane-modified oxide silicon surfaces and probably due to
the self-organizations of PQT-12 polymer on Au–DT and
Au–FDT surfaces (the p–p stacking of PQT-12 polymer
chains: lamellar stacks) [8,13,50,55,56].

The difference in molecular ordering or structural order
between crystalline and amorphous organic semiconduc-
tor can result in several orders of magnitude difference in
charge mobility [1,13,24–27]. Charge transport in amor-
phous or disordered organic semiconductors is generally
hopping transport and charge carriers are scattered at
every hopping step, resulting in low charge mobility. On
the other hand, p–p stacking of polymer chains may allow
charge carrier delocalization between chains and give two-
dimensional transport within a lamella stack. Charge
transport in polycrystalline or highly ordered organic
semiconductors favor bandlike transport as in conven-
tional inorganic semiconductors over hopping, accounting
for high mobility in polycrystalline or highly ordered or-
ganic semiconductors. It has been shown that the charge
injected current is proportional to the charge mobility of
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the organic semiconductor at the electrode/semiconductor
contacts (as described in Eq. (5)) [51,52]. Thus, by inducing
the formation of polycrystalline PQT-12 semiconductor at
the electrode/PQT-12 interfaces, DT SAMs on Au electrodes
can improve the charge injection through the electrode/
PQT-12 contacts, despite the unfavorable dipole moments
of DT SAMs for hole injection. The FDT SAMs on Au elec-
trodes can further improve the hole injection for devices,
assisted by the favorable dipole moment of FDT SAMs for
hole injection. The results suggest that the improved
molecular ordering due to the SAMs modification could
compensate the negative effect stemmed from insulating
properties and/or energy-mismatch of SAMs and improve
charge injection for devices. These phenomena are also
consistent with the recent report of mobility-dependent
charge injection into organic semiconductors [57].

At electrode/PQT-12 contacts in PQT-12 TFTs, hole
injection process consists mainly of hole tunneling through
DT SAMs, FDT SAMs, or the contamination layer and hole
injection into HOMO of PQT-12 semiconductor. Investigat-
ing the charge injection through electrode/PQT-12 contacts
and morphologies of PQT-12 on different Au surfaces, it is
suggested that the hole injection barrier and the amor-
phous PQT-12 at Au/PQT-12 contacts has contributed to
the non-Ohmic charge injection in PQT-12 TFTs with Bare
Au electrodes (Fig. 1a). Although there is a higher Schoo-
ttky barrier for hole injection at Au–DT/PQT-12 contacts,
the devices with Au–DT S–D electrodes shows much im-
proved device performance with nearly Ohmic charge
injection in Fig. 1b. This result suggests the beneficial effect
of the PQT-12 polycrystalline morphology at Au–DT/PQT-
12 contacts. With lower Schottky barrier for hole injection
and PQT-12 polycrystalline morphology at Au–FDT/PQT-12
contacts, the device with Au–FDT electrodes gave a further
improved device performance. The clear correlation be-
tween the PQT-12 morphologies and the charge injection
properties at electrode/PQT-12 contacts in present study
also could be an explanation to the enhanced mobility in
bottom-contact PQT-12 TFTs with printable metal conduc-
tors (S–D electrodes) from thiol-stabilized Au or organic
acid-stabilized silver nanoparticles precursors [36–38].
The thiols and organic acid immobilized on the printable
metal conductor surfaces probably gave rise to the im-
proved PQT-12 morphologies at the electrode/PQT-12 con-
tacts, resulting in improved charge injections and the
enhanced mobilities compared to those of bottom-contact
PQT-12 TFTs with bare Au S–D electrodes. These results
suggest that the Schoottky barrier and morphologies of or-
ganic semiconductors at electrode/semiconductor contacts
can play important roles for the charge injection for organ-
ic TFTs.
4. Conclusion

We have demonstrated that surface modification of Au
electrodes with alkanethiol and perfluorinated alkanethiol
SAMs is an effective method for dramatic improvement of
device performance of bottom-contact PQT-12 TFTs. The
thiol SAMs modification of Au electrodes modulates Scho-
ttky barrier height and promotes the formation of poly-
crystalline PQT-12 at electrode/semiconductor contacts.
The combination of these effects results in significant
improvement of charge injection at the electrode/semicon-
ductor contacts for high performance bottom-contact PQT-
12 TFTs. The work presented here may help to understand
the charge injection in organic electronics and provide a
simple path to the fabrication of high performance, low-
cost, and solution-processable bottom-contact OTFTs using
fine lithography technology.
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be achieved using (mostly two-dimensional) organic mol-
ecules that stack with their planes parallel to the surface,
such as columnar materials with strong p-stacking. Among
molecules recently used for that purpose, triphenylene,
hexazatriphenylene, and hexaazatrinaphthylene deriva-
tives stand out as very attractive candidates [11–13]. With
proper functionalization, these electron-transport materials
can form films with various morphologies, such as amor-
phous, crystalline, or columnar discotic liquid-crystalline,
and different electronic properties [14–17]. Moreover, it
has been shown that a high electron-affinity example,
tris{2,5-bis(3,5-bis-trifluoromethyl-phenyhl)thieno}[3,4-
b,h,n]-1,4,5,8,9,12-hexaazatriphenylene (THAP), can be
n-doped with the molecular donor cobaltocene, resulting
in enhanced electron-injection [14,18].

In this work, we investigate the electronic properties of
tris{2,5-bis(3,5-bis-trifluoromethyl-phenyl)thieno}[3,4-
b,h,n]-1,4,5,8,9,12-hexaazatriphenylene films adsorbed on
Ag and Au, two noble metals with significantly different
work functions. The chemical structure of the molecule is
given in Fig. 1. Both crystalline and non-crystalline
substrates are used in order to probe for any effect of
orientation and order of the molecular film on its elec-
tronic structure. Recent investigations of well-ordered
molecular systems show that molecular orientation can
have a profound influence on the electronic properties of
the film, such as its ionization energy (IE) [19,20].

Ultraviolet photoemission spectroscopy (UPS) and X-
ray photoemission spectroscopy (XPS) data are recorded
as a function of THAP thicknesses. With Ag substrates, an
interface state induced by electron transfer from the metal
to the molecule is observed. Based on the XPS data, we sug-
gest that the transferred charge is distributed mostly over
the inner ring of the molecule. No evidence of charge trans-
fer or chemical reaction is observed for THAP on Au, and no
evidence is obtained of any significant difference being in-
duced by the crystalline vs. non-crystalline nature of the
substrate. Finally, we calculate the position of the charge
neutrality level of THAP to be 5.2 ± 0.3 eV below the vac-
uum level (Evac), and correlate this position with measured
values of Schottky barrier heights.
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Fig. 1. Chemical structure of THAP.
2. Experimental

All experiments were performed in ultra-high vacuum
(UHV), in a dual chamber system equipped with organic
evaporation sources, UPS, XPS, low-energy electron
diffraction (LEED), and ion sputtering and annealing. Base
pressures were 1 � 10�9 Torr in the organic deposition
chamber and 2 � 10�10 Torr in the analysis chamber.
Non-crystalline Au and Ag substrates (a-Au and a-Ag,
respectively) were prepared by metal evaporation on a
Si(100) wafer with the following structures: Au(1500 Å)/
Ti(500 Å)/Si(100) and Ag(1500 Å)/Si(100). The crystalline
Au and Ag substrates were flame-annealed Au(111)/mica
purchased from Molecular Imaging, and a Ag(110) single
crystal purchased from Mateck (misorientation 6 0.1�),
respectively. All substrates were prepared in final form by
several repeated cycles of Ar ion-sputtering (beam voltage
of 500 V) and annealing (710 K for Au and 600 K for Ag).
These procedures produced clean and well-ordered metallic
surfaces exhibiting a rectangular (1 � 1) unit cell in the case
of the Ag(110) and the standard (22�

ffiffiffi
3
p

) reconstruction of
Au(111) as observed by LEED. No diffraction patterns were
observed in the case of non-crystalline substrates.

THAP was synthesized and purified as previously de-
scribed [14], and placed in a quartz crucible in the prepara-
tion chamber. The molecules were deposited on the clean
metal surfaces by thermal evaporation (�480 K) at a rate
of 0.3 Å/min for the first layers and �3 Å/min for the last
layers of the thicker films. Rates and thicknesses were esti-
mated using a quartz crystal microbalance calibrated by X-
ray photoemission spectroscopy. During deposition, the
substrates were held at room temperature.

UPS measurements were performed using He I
(hm = 21.22 eV) and He II (hm = 40.8 eV) radiation from a
discharge lamp. XPS was carried out with the non-mono-
chromatized Al Ka line (hm = 1486.6 eV) of an X-ray tube.
The emitted photoelectrons were counted using a dou-
ble-pass cylindrical mirror analyzer. To measure the onset
of photoemission, or cut-off of the secondary emission
peak, and determine the position of Evac, UPS spectra were
collected while biasing the sample at �3 V. The resolution
in UPS and XPS measurements, determined from the width
of the Fermi step on the metallic substrates, were 0.15 and
0.8 eV, respectively.
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Fig. 2. WF of the THAP/Ag(110) surface as a function of THAP thickness.



Fig. 4. (a) Schematic energy band diagrams of the THAP adsorbed on (a)
Ag(110) and (b) Au(111).
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3. Results

3.1. THAP on Ag

The evolution of the work function (WF) of the THAP/
Ag(110) system as a function of THAP thickness is shown
is Fig. 2. The WF of the clean Ag(110) surface, measured
from the cut-off of the secondary emission peak, is
4.32 eV. This value is smaller than the adiabatic electron
affinity (EA) of THAP molecular film (4.59 eV, as measured
by inverse photoemission spectroscopy [18]). Accordingly,
the deposition of THAP is accompanied by an upward
realignment of the molecular levels due to an electron
transfer from the metal to the organic, resulting in the for-
mation of an interface dipole with a dipole moment point-
ing from the molecule toward the metal. The vacuum level,
measured on Ag covered with a sub-monolayer THAP film
(effective evaporated thickness 3 Å), shifts upwards by
0.16 eV, indicating an increase in the WF of THAP/Ag with
respect to that of the clean metal surface. An additional
0.17 eV increase in WF is achieved when the effective
THAP thickness reaches 9 Å. Upon further evaporations,
the WF slowly increases, reaching a final value of 4.91 eV
for a 70 Å thick film. The change in the overall slope of
the plot of WF vs. THAP thickness at around 9 Å suggests
that this thickness corresponds to the completion of the
first monolayer (ML). This value is in good agreement with
the value produced by previous scanning tunneling
microscopy experiments [21].

The He II UPS spectra measured for different thickness-
es of THAP on Ag(110) are shown in Fig. 3a. The clean me-
tal surface features (bottom spectrum) located between
�8 eV and �4 eV are associated with the Ag 4d levels. As
the thickness of the THAP layer increases, the intensity of
the Ag(110) valence band (VB) features and Fermi step de-
creases. New peaks characteristic of the THAP electronic
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Fig. 3. (a) He II spectra of the THAP/Ag(110) interfaces as a function of
THAP thickness and (b) corresponding He I spectra of the valence states
close to EF.
structure, labeled A, B and C, appear at effective thickness-
es as low as 3 Å. As the THAP thickness increases, the VB
progressively shifts by up to 0.25 eV towards higher bind-
ing energy (BE). Since Evac shifts upward by 0.43 eV over
the same thickness range, the IE of the THAP increases by
0.68 eV. The physical origin of this modification will be dis-
cussed later. The energy band diagram of this system is gi-
ven in Fig. 4a.

The VB spectrum of the 70 Å thick THAP film presents a
number of features, of which the one labeled H is attrib-
uted to ionization from the highest occupied molecular
orbital (HOMO). The adiabatic IE of the THAP film, esti-
mated from the leading edge of this feature, is 6.26 eV,
consistent with values previously determined for thick
films deposited on PEDOT:PSS [14,18]. In addition, the
measured IE is, as expected, smaller than the computed va-
lue of 7.04 eV (vertical IP) obtained by density functional
theory (DFT) B3LYP/6-31G** calculations for molecules in
gas phase [14]; the difference can be largely attributed to
the stabilization of the positive charge of the THAP radical
cation by polarization of the surrounding molecules in the
solid [22,23]. An expanded plot of the VB in the vicinity of
the Fermi level (EF) is shown in Fig. 3b. The feature labeled
GS and seen at �1.73 eV on the 3–9 Å spectra is not an
intrinsic VB feature of the molecular compound, but is a re-
sult of the strong molecule-substrate interaction, and will
be discussed later in this paper.
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The Ag3d, F1s, C1s, S2p and N1s core levels (CL) re-
corded for different THAP thicknesses are shown in Fig. 5.
The S and N signals are weak, due to low photoionization
cross sections with Al Ka photons, and low density in THAP
(3 sulfur and 6 nitrogen atoms per molecule vs. 36 fluorine
and 66 carbon atoms). Note that the �394 eV peak in the N
spectrum is an artifact of the measurement and corre-
sponds to a Mo3p3/2 ionization from the molybdenum clip
holding the sample. The N1s peak is that located at higher
energy (about �400 eV).

Two C1s peaks can be seen for thicknesses of 6 Å and
above. The peak centered at lower BE is attributed to car-
bon atoms of the core of the molecule (CC), while the one
centered at higher BE corresponds to carbon atoms of the
trifluoromethyl groups (CF). The resolution of the XPS sys-
tem is insufficient to fully resolve the carbon atoms bound
to nitrogen (CN), which usually appear at ca. 1.3 eV higher
BE than CC [24,25]. Also, the 1.1 eV spin splitting of the S2p
core level (CL) is not resolved, although the sulfur peak
exhibits a clear asymmetric shape, with an average peak
center corresponding to BE equal to �165 eV. The F1s CL
appears at 688 eV BE, and shifts by about 0.2 eV toward
higher BE as the thickness increases. This shift is consistent
with the shift observed in the UPS spectra, as well as in the
N1s and S2p CLs. However, the shifts of the C1s spectra dif-
fer from those of the fluorine, sulfur and nitrogen core lev-
els. The center of the CC1s feature shifts by 0.6 eV towards
higher BE, reaching the final value of 285 eV for a 70 Å
thick film, while the center of the CF1s peak shifts by only
0.4 eV and appears at 292.2 eV for the same film thickness.
All the shifts reported here are summarized in the Fig. 6a.
Assuming that 0.2 eV of these shifts corresponds to the
shift of the VB and other CLs, the net chemical shifts of
the CC1s and CF1s CLs are therefore 0.4 eV and 0.2 eV,
respectively. These shifts show that the carbon atoms of
molecules close to the Ag surface are in a more electron-
rich environment than those of the bulk or surface mole-
cules. This change underlines the substantial interaction
with the substrate, as is explained in the discussion
section.
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THAP molecules form ordered films on Ag(110) [21],
and the investigation of the impact of the crystalline nat-
ure of the substrate on the electronic properties of the film
is of interest. The above experiments are, therefore, re-
peated on a-Ag, on which no particular THAP order is ex-
pected. The WF of the clean a-Ag surface is measured to
be 4.43 eV, and increases by 0.19 eV with the evaporation
of 3 Å of THAP. As in the case of Ag(110), this corresponds
to the formation an interface dipole with a dipole moment
pointing from the molecule towards the metallic surface.
This dipole is the result of an electron transfer from Ag to
the molecular layer, which also induces the formation of
electronic interface states as in the case of Ag(110) (cf.
Fig. 7). Similarly to the previous system, we observe a rigid
shift of the VB and the F1s, C1s, S2p and N1s core levels by
up to 0.2 eV towards higher BE as the film thickness in-
creases up to 60 Å.

3.2. THAP/Au

The WF of the clean polycrystalline Au(111) surface is
5.55 eV, intermediate between the THAP IE and EA. The
deposition of a 3 Å layer of THAP leads to a decrease of
the WF by 0.12 eV. Contrary to the case of THAP/Ag, the
corresponding Evac shift corresponds to the formation of
an interface dipole with a dipole moment pointing from
the metallic surface toward the molecule. Further THAP
evaporations induce a gradual decrease of the WF down
to 5.39 eV (Fig. 8). This evolution is characteristic of a phys-
isorptive organic-metal system, and will be further dis-
cussed below. The THAP IE measured on the 60 Å film is
6.31 eV, in good agreement with the value given above.

The evolution of the part of the VB close to the Fermi le-
vel as a function of the THAP coverage is shown in Fig. 9. In
contrast to the case of a Ag substrate, no interface gap state
is observed in the low-thickness regime. However, as the
film thickness increases, the VB shifts by 0.6 eV toward
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Fig. 7. (a) He II spectra of the THAP/a-Ag interfaces for various THAP
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Fig. 9. He I spectra of the valence states close to EF for THAP/Au(111).
higher BE, with no apparent concomitant Evac shift. This
shift is consistent with those observed for the F1s and
C1s (Figs. 6b and 10) as well as N1s and S2p CLs (not shown
here), although no evidence of a chemical reaction can be
inferred from these XPS data, in support of the claim that
the molecules are physisorbed on the Au(111) surface.
Upon further evaporation, Evac shifts back by 0.06 eV,
which together with the 0.6 eV shift of the VB towards
higher BE gives rise to a 0.54 eV increase of the IE of the
THAP film. This value, which is smaller than the one ob-
served in the case of the Ag (0.68 eV), results also in part
from a polarization effect, as will be explained in the dis-
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cussion section. The energy band diagram of this system is
given in Fig. 4b.

Since an ordered layer-by-layer growth of THAP can be
achieved on Au(111) [26], the experiment is repeated on
a-Au to investigate the influence of molecular order on
the electronic structure of the film. The WF of the sputtered
and annealed a-Au is measured at 5.27 eV. The WF drops
by 0.1 eV after the first evaporation, and remains nearly
constant upon further THAP deposition. As the THAP layer
thickness increases, both XPS and UPS features shift by
0.5 eV towards higher BE. These observations are in good
agreement with those described in the case of Au(111).

4. Discussion

The evaporation of a very thin layer of THAP on both
Ag(110) and a-Ag results in the formation of an electronic
state labeled GS (Figs. 3, 4 and 7). This state does not cor-
respond to an intrinsic energy level of the molecule. Since
the WF of the pristine Ag surface is smaller than the EA of
the THAP film, electrons are expected to be transferred
from the metal into the lowest unoccupied molecular orbi-
tal (LUMO) of THAP to raise the molecular levels and
achieve thermodynamic equilibrium. Presumably, the par-
tially-occupied LUMO relaxes into the gap, forming the ob-
served GS interface state. The rapid attenuation of this
peak with increasing THAP thickness demonstrates that
the transferred charge and the state are localized at the
interface [27].

The XPS measurements confirm this charge transfer.
The C1s core level shifts for THAP on both Ag(110) and
a-Ag imply a change in oxidation state and a modification
of the carbon electronic environment as the molecular film
grows. The dominant 0.4 eV chemical shift of the CC1s with
increasing THAP thickness suggests that the transferred
electron charge is predominately localized on the inner
ring of the molecules at the interface with Ag, and that this
charge diminishes on molecules positioned further away
from the metal. The inferred position of the charge is con-
sistent with the fact that the LUMO, i.e. the molecular orbi-
tal that is occupied first by the transferred electron, is
mostly localized on the inner core of the molecule [28].

The VB shifts towards higher BE as the thickness of the
organic film increases, on both crystalline and non-crystal-
line Ag and Au substrates. Charging can be ruled out, as no
variation of the molecular levels as a function of time nor
photon flux can be detected during the experiment, and
as the shift begins to appear at thicknesses as low as 6–
9 Å. The substantially different final HOMO and VB posi-
tions obtained on Ag and Au following the initial shift (Figs.
3, 7 and 9) also precludes the possibility that the VB shift
be due to an unintentional doping by residual impurities
in the THAP material.

The similarity between photoemission results obtained
for THAP on crystalline and non-crystalline substrates sug-
gests that the shift does not originate from molecular or-
der. Although no structural data from the THAP layer
were obtained in the present work, our recent experience
with THAP grown under similar conditions on Au(111)
[21] and Ag(110) [18] is that molecular order is easily ob-
tained on these crystalline substrates, whereas no order is
expected on a-Au and a-Ag.

We suggest, therefore, that polarization and/or a change
in molecular orientation with film thickness are responsi-
ble for the observed shift. Polarization naturally occurs
when a hole or electron either hops on a molecule in a
transport process, or is left behind by the photoemission
process. The polarization is a result of screening of the pos-
itively-charged molecules by the surrounding molecules in
the film and depends on molecular packing and position
with respect to, for example, the interface with a metallic
substrate [29,30]. In the cases examined here and at low
THAP thickness, the positively-charged molecules lay close
to the metal and are well screened by the negative image-
charges in the metal, resulting in a relatively low BE and IE.
As the thickness of the organic film increases and UPS
increasingly probes molecules further from the interface,
the screening weakens and the energy levels of the molec-
ular ion probed by photoemission shift towards higher BE.
The shift of the hole state and VB due to the polarization,
together with the Evac shift, cause the IE of the THAP film
to increase as a function of film thickness. This variation
is more significant for Ag than for Au substrates. At the
THAP/Ag interface, the first molecular layer(s) are nega-
tively charged due to the electron transfer from the metal,
and the IE of these molecules is already lower than that of
neutral molecules. The total change in IE, from interface to
bulk and surface of the thicker films, is, therefore, larger in
the case of Ag.

A change in molecular orientation, e.g. from lying flat on
the metal surface to ‘‘standing up” has recently been
shown to have a significant impact on the IE of molecular
films [19] as well as on the position of the molecular levels
[20]. The latter in particular can be explained through a
transition between two molecular films, i.e. the first one
made of the (presumably flat-lying) molecules in direct
contact with the metal (the first 3–6 Å in the present case),
and the second constituting the remainder of the film.
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Vacuum level alignment at the ‘‘heterojunction” between
these two films with different IEs leads to the apparent
shift of the VB. Although no structural data on molecular
orientation are available here, the possibility of a molecu-
lar orientation-based effect cannot be ruled out.

The position of the Fermi level at the interface between
the first molecular layer and the substrate as a function of
the substrate WF is shown in Fig. 11. The linear depen-
dence defines the interface, or screening, parameter
S ¼ dEF

dUM
which is often used to describe the dependence of

energy barriers at metal-semiconductor interfaces
[1,2,31,32,6]. In this work, S is found to be equal to 0.59.
This value can be used to estimate the position of the
charge neutrality level (CNL) of THAP. It has been found
that the energy position of the CNL in the gap of organic
semiconductors does not depend sensitively on the formed
interfaces, and thus can be approximated by an intrinsic
value. In the induced density of interface states (IDIS) mod-
el, this value can be assimilated with the chemical poten-
tial of the organic material [1,2,33,34]. As described in
previous works [1,35,36], the energetic position of the
CNL with respect to Evac, ECNL can be determined in first
approximation using the following equation:

ECNL ¼
ðEF � S �UMÞ
ð1� SÞ ð1Þ

where EF is the Fermi level position of the THAP/metal sys-
tem, S is the screening parameter and UM is the substrate
work function prior to THAP evaporation. Based on (1),
the value of ECNL is found to be �5.2 ± 0.3 eV, in good
agreement with the value proposed by Zhao et al. [36].
As expected, this value is lower than that obtained by esti-
mating the chemical potential of a molecule as the average
of the first ionization energy (IE) and electron affinity (EA)
[33,37,38], which in the present case gives �5.47 eV. This
concept, which was used by Pauling to determine atomic
electronegativities [39] and pursued by Crispin et al .
[37,38] to study metal/organic interfaces within a chemi-
sorption approach, yields a mid-gap position of the CNL.
Yet, in organic semiconductors the induced density of
states in the proximity of the HOMO is larger than that
of the LUMO, causing the CNL to be positioned in the upper
half of the gap and resulting in a slightly smaller absolute
value of ECNL (CNL closer to the vacuum level).

The determination of the CNL position provides a ratio-
nale for the small WF decrease observed in the case of
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THAP/Au. Typically, in a physisorbed molecule-on-metal
system, a decrease in the WF upon interface formation is
explained in part in terms of the compression of the tail
of the electronic wave function extending from the metal
surface by the molecule due to Pauli exclusion principle,
also known as the ‘‘pillow” effect [27,34,40]. Usually, the
magnitude of this effect is of the order of 0.5–1.0 eV. For in-
stance, the WF of a UHV cleaned Au sample is about 5.2–
5.4 eV while the WF of an air-exposed Au sample, on which
contaminant species compress this electronic tail, is about
4.7 eV. In the case of THAP/Au, the WF of the clean metallic
substrate is reduced by only 0.1 eV, implying that the de-
crease cannot be solely attributed to the ‘‘pillow” effect.
We suggest that it is limited by the alignment of the Au
Fermi level with the CNL. The THAP ECNL is relatively low
with respect to Evac (�5.2 eV) as compared to that of many
other organic molecules studied in similar contexts, such
as CuPc (�3.8 eV), CBP (�4.4 eV) and PTCBI (�4.4 eV)
[41]. Therefore, the THAP molecular levels cannot move
significantly down with respect to the metal Fermi level
without inducing an electron transfer into the organic film,
which then counteracts the ‘‘pillow” effect. A similar situ-
ation is encountered with compounds like perylene-
3,4,9,10-tetracarboxylicdianhydride (PTCDA) deposited on
Au, the PTCDA ECNL being also being relatively low (�4.8–
�5.0 eV) [1,42].
5. Conclusion

The electronic properties of THAP films deposited layer-
by-layer on medium and high work function metallic sub-
strates (i.e. Ag and Au) was investigated by means of ultra-
violet and X-rays photoemission spectroscopies. With both
Ag(110) and a-Ag, a charge transfer occurs from the metal
to the LUMO of the THAP molecule, leading to the occupa-
tion of a new interface gap state. Core level spectroscopy
analysis suggests that the transferred charge is mainly
localized on the inner ring of the molecules. No evidence
of charge transfer or chemical reaction is observed for
THAP adsorbed on Au(111) and a-Au. Within the resolu-
tion of these angle-integrated photoemission data, no sig-
nificant difference is obtained between the electronic
structures of THAP films grown on crystalline and non-
crystalline substrates. In all cases, the molecular levels
shift with increasing thickness, a phenomenon attributed
to a decrease in polarization away from the metal inter-
face. A change in molecular orientation, from flat on the
metal surface to standing-up for thicker films, is also a po-
tential origin for this shift. The charge neutrality level of
the THAP is estimated to be at �5.2 ± 0.3 eV below vacuum
level. The determination of this level, which in the frame-
work of the induced density of interface state model repre-
sents the chemical potential of the organic semiconductor,
provides a rationale for both the barrier height and inter-
face dipole formed at the Au interface.
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high-charge carrier mobility and good stability has become
a focus of research into organic electronic materials [2–4].
Fluorene-based copolymers have recently emerged as
promising materials for polymer TFTs [5–7]. Fluorene-
based polymers such as poly(9,90-dioctylfluorene-alt-bithi-
ophene) (F8T2) have better stability than thiophene-based
polymers because of their rigid structures and lower
HOMO levels, as well as good film-forming and hole-trans-
porting properties. On the other hand, organic small mole-
cules have also been introduced as active layers in
solution-processed OTFTs, through the introduction of var-
ious alkyl side chains or by using precursor systems
containing thermally removable solubilizing groups. Some
of these compounds have exhibited promising behavior as
solution-deposited semiconductors with hole mobilities on
the order of 0.1 cm2 V�1 s�1, however, the number of or-
ganic small molecules with good solubility and TFT perfor-
mance is limited so far [8–10].

The use of blends of p-conjugated polymers has pro-
ven effective in improving the electronic and optoelec-
tronic properties of OLEDs and photovoltaic devices
[11,12]. Recently, blends and other multicomponent sys-
tems are also introduced in solution-processable OTFT
applications for tuning and improving the properties of
TFTs. For example, solution-processed blends of an n-type
polymer, poly(benzobisimidazobenzophenanthroline)
(BBL) and a p-type small molecule, copper phthalocyanine
resulted in ambipolar thin-film transistors that transport
both holes and electrons [13]. The incorporation of poly-
ethylene into regioregular P3HT yielded mechanically ro-
bust, high-performance TFTs, owing to a highly
favourable, crystallization-induced phase segregation of
the two components [14]. Moreover, solution-processed
rubrene based transistor exhibited saturated mobilities
of up to 0.7 cm2 V�1 s�1 and on/off ratios of over 106 by
incorporating a glass-inducing diluent, diphenylanthra-
cene [15]. Therefore, blending two or more electrically ac-
tive materials can offer multiple advantages into active
semiconductor for realizing solution-processable, high-
performance OTFTs.

Here, we report the synergistic effect of the blend sys-
tems consisting of fluorene–thiophene based copolymer
F8T2 and thiophene-based oligomer DH4T in OTFTs. De-
spite of its high-on/off ratio and low-off current, on the or-
der of pA, F8T2 is known to be unsuitable for real
applications because of the relatively low-charge carrier
mobility on the order of 10�3 cm2 V�1 s�1, without the
use of additional alignment techniques. Thus our approach
is to incorporate the polymer/oligomer blend system into
the fluorene-based polymer semiconductor with the aim
of improving the hole mobility of this class of polymers
while preserving its high-on/off ratio. The morphologies
and charge carrier mobilities of a series of binary blends
of polymeric and oligomeric semiconductors are investi-
gated. Moreover, comparison of these characteristics with
those of the polyfluorene homopolymer and terfluorene
oligomer devices enables us to further investigate the
charge carrier transport in the blend devices. These results
demonstrate that the use of polymer/oligomer blend sys-
tems is an effective way to increase the performance of
solution-processable OTFTs.
2. Experimental section

2.1. Materials

The fluorene–thiophene based copolymer, F8T2, and the
thiophene-based oligomer, DH4T, were prepared with
methods described in a previous report, through the Suzu-
ki coupling reaction [16]. Polyfluorene homopolymer, PF8,
and the fluorene-based oligomer, 3FL, were also prepared
for comparison. The number-average molecular weight
(Mn) of F8T2 was found to be 38,000. F8T2 was found to
exhibit a crystallization peak at 159 �C and a melting endo-
thermal peak at 268 �C.

2.2. Physical measurements

The number-average molecular weight was determined
by gel permeation chromatography (GPC) on a Waters
GPC-150C instrument calibrated with polystyrene stan-
dards, with THF used as the eluent. Differential scanning
calorimetry (DSC) was performed under a nitrogen atmo-
sphere at a heating rate of 10 �C min�1. UV–vis spectra
were obtained using an MPS2000 (SHIMADZU) UV/vis
spectrometer. The morphological characterizations with
XRD and AFM were performed on the same films as used
in the OTFT measurements. The XRD measurements were
carried out with a Rigaku Denki RU-300 using Cu Ka radi-
ation (40 kV, 200 mA) in the h–2h scan mode with 0.01�
steps in 2h and 0.6 s per step. Non-contact mode (Dynamic
Force Mode) AFM images were recorded using a Seiko
Instruments SPA-300/SPI3800 probe system, equipped
with a Si cantilever (Seiko Instruments SII-DF20, force con-
stant 15 N m�1, resonance frequency �130 kHz, and tip
curvature radius = 10 nm).

2.3. Fabrication of the TFT devices

TFTs were fabricated using the bottom contact geome-
try. Gold was used for the source and drain contacts and
silicon oxide (SiO2) with a thickness of 300 nm was used
as the dielectric. The SiO2 surface was cleaned with UV–
ozone treatment (UV irradiation for 20 min in an oxygen
atmosphere) and pretreated with hexamethyldisilazane
(HMDS) to produce apolar and smooth surfaces onto which
the polymer could be spin-coated. The polymer and/or oli-
gomer solutions were dissolved in 0.5 wt.% o-dichloroben-
zene, and filtered through a 0.45 lm pore size
polytetrafluoroethylene (PTFE) membrane syringe filter
before use. The polymer solutions were applied dropwise
onto the substrates and spin-coated at 1500 rpm. The films
were dried on a hot plate at 150 �C for 20 min in a glove-
box. The electrical characteristics of the OTFT devices were
measured in a glovebox using an Agilent 4155C Semicon-
ductor Parameter Analyzer.

3. Results and discussion

3.1. Optical properties of the F8T2/DH4T blends

The chemical structures of all the semiconducting
materials used in this study are shown in Fig. 1. The UV–



Fig. 1. Chemical structures of the semiconductors.

Fig. 2. UV–vis absorption spectra of the F8T2, DH4T, and F8T2/DH4T
blend films.

Fig. 3. XRD patterns of the F8T2, DH4T, and F8T2/DH4T blend films.
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vis absorption spectra of the F8T2/DH4T blend films are
shown in Fig. 2 with those of the F8T2 and DH4T films.
The absorption peaks of F8T2 are at 210, 460 and 485 nm
and those of the DH4T film are at 220, 268, and 355 nm.
The absorption peaks of the blend films can be understood
as the superpositions of those of the F8T2 and DH4T films.
The intensities of the absorption peaks vary with the blend
ratios. As more DH4T is incorporated, the intensities of the
absorption peaks originating from F8T2 and DH4T decrease
and increase, respectively.

3.2. Morphological characteristics of the F8T2/DH4T blend
films

Crystallization of the polymer and oligomer was con-
firmed with film X-ray diffraction (XRD), which enabled
the identification of the nature of the mesophase. As
shown in Fig. 3, the DH4T film produces multiple (h00)
reflections with a (100) reflection at 2h = 3.1�, indicating
a d spacing of 28.5 Å, which is comparable to the molecular
length of DH4T calculated using MOPAC-PM3 (31.0 Å). In
other words, the molecules in the spin-coated DH4T film
are oriented normal to the surface, which is a similar result
to that reported previously for a vacuum-deposited DH4T
film with a d spacing of 27.8 Å [17]. Interestingly, blend
films containing 50% or more DH4T also exhibit the peak
at 2h = 3.1� as shoulder. This means that the vertical align-
ment of the D4HT molecules is somewhat maintained in
50% and 75% DH4T blend films. As more DH4T was incor-
porated, the intensity of the reflection at 3.1� was found
to increase. In contrast, there is no peak for the 25%
DH4T blend film in the low-angle region of the XRD pat-
tern, which indicates that the minor DH4T phase in the
25% DH4T blend film is not aligned as in the 50% and
75% DH4T films, and so might act as an impurity disturbing
the alignment of F8T2. This result is consistent with the
relatively low-thin-film mobility of the 25% DH4T film,
even though its domain size is comparable to that of the
50% DH4T film.

The morphologies of the F8T2/DH4T blend films were
also investigated using atomic force microscopy (AFM).
As shown in Fig. 4, the morphologies of the blend films
are clearly different to those of the polymer and oligomer
films. Whereas the F8T2 and DH4T films have a smooth
and homogeneous surface morphology, two distinct
phases can be seen in the blend films. During the evapora-
tion process, the oligomer and polymer components
separate due to differences in solubilities as the solution
is concentrated [18]. The bright features in Fig. 4b–d



Fig. 4. AFM images of the (a) F8T2 film, (b) 25% DH4T, (c) 50% DH4T and (d) 75% DH4T blend films and (e) DH4T film (10 lm � 10 lm). The scale bar
represents 2 lm.
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decrease with increasing DH4T content in the blends, indi-
cating that the brighter regions correspond to the F8T2
polymer phase. The surface morphologies of the 75% and
50% F8T2 films are similar with those previously reported
for P3HT and dibenzotetrathiafulvalene (DBTTF) blends,
in which the film surfaces became rough and branching
domains such as dendrite and seaweed appeared by blend-
ing [19]. The morphologies of polymer/oligomer blends are
comparable to those of two polymer blends. Binary blends
of P3HT with poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPH) and with polystyrene
formed spherical domains or a bicontinuous network on
the length scale of 100–600 nm depending on the blend
composition [20].

3.3. Transistor properties of the F8T2/DH4T blends

The TFT devices of DH4T/F8T2 blend films were fabri-
cated and compared with those of DH4T and F8T2 films.
The output characteristics of the devices at different gate
voltages are shown in Fig. 5. The devices of the blend films
showed typical p-type behaviors with clear saturation cur-
rents. A contact resistance, likely due to the relatively low
solubility of DH4T, was however observed at low source-



Fig. 5. Output characteristics of the (a) F8T2 film and (b) 50% DH4T blend film (channel width W = 100 lm and length L = 10 lm).

Fig. 6. Plots of the transfer curves for the F8T2 and F8T2/DH4T films at constant VD = �80 V; (a) �ID versus VG (inset: semilogarithmic plot) and (b) (�ID)1/2

versus VG (channel width W = 100 lm and length L = 10 lm).
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drain voltages. Plots of the transfer curve [i.e., ID = f(VG)] at
constant VD = �80 V are shown in Fig. 6. The field-effect
mobilities were calculated in the saturation regime at
VD = �80 V using the conventional TFT equation proposed
by Horowitz for saturation regimes [21].

The TFT fabricated with F8T2 under the same conditions
as used for the blend devices was found to have a hole
mobility in the range 0.001–0.003 cm2 V�1 s�1 with an
on/off ratio of the order of 105, which is in close agreement
with the reported hole mobilities of F8T2 devices fabri-
cated under similar conditions [5]. On the other hand, as
expected, the field-effect mobility of the TFT device fabri-
cated with a spin-coated DH4T film could not be measured.
This result can be compared with that of our previous re-
port for a vacuum-deposited DH4T film, which found a
hole-mobility of 0.02 cm2 V�1 s�1 using the same DH4T
batch and bottom-contact device as used in the blend de-
vices [17]. The absence of TFT characteristics for the spin-
coated DH4T film can be explained by the poor quality of
the film, which results from DH4T’s low solubility. Blend-
ing the oligomer with a polymer can improve the low sol-
ubility of the oligomer as well as the relatively poor TFT
performance of the polymer.

The compositional dependence of the hole mobility of
the F8T2/DH4T blend films is shown in Fig. 7. The 50%
and 75% DH4T blend films produce better TFT perfor-
mances than the F8T2 and DH4T films. The hole mobilities
of the 50% and 75% DH4T blends were found to be
0.011 cm2 V�1 s�1, which is four times higher than that of
the F8T2 polymer film. Three channel widths (W) and



Fig. 7. Dependence of the hole mobility of F8T2/DH4T blend devices on
the DH4T concentration.

Fig. 8. Dependence of the hole mobility of F8T2/3FL blend devices on the
3FL concentration.
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lengths (L) [W(lm)/L(lm) = 100/10, 50/5 and 25/5] were
used in one device: only slight variation of the hole mobil-
ities with the W/L ratio was observed, resulting in the same
dependence of the hole mobility on DH4T composition. As
shown in Fig. 6, the incorporation of the oligomer into the
polymer causes an increase in the on current without
much increase in the off current. The 50% and 75% DH4T
blend films exhibit on-currents of up to 1.5 lA, which are
two and a half times higher than that of the F8T2 film. At
the same time, the off-currents of the 25% and 50% DH4T
blend films were still in the range 10–20 pA, which is
apparently lower than that of the other thiophene-based
polymers (e.g., >100 pA for stable polythiophene semicon-
ductors incorporating thieno[2,3-b]thiophene [22]). As a
result, the F8T2/DH4T blend devices have on/off ratios in
the range 104–105, and in particular the on/off ratio of
the 50% DH4T blend film device (0.9 � 105) was found to
be close to that of the F8T2 film device. The optimal blend
ratio for our polymer/oligomer blend system was found to
be 50/50 with a hole mobility of 0.011 cm2 V�1 s�1, a high-
on/off ratio of about 105 and a low-off current of 17 pA. The
TFT characteristics of the blend films are summarized in
Table 1. The improvements in the TFT characteristics that
result from the incorporation of 50% or 75% oligomer were
also observed with other thiophene-based oligomers, T2TT
and T2FL. (The chemical structures of T2TT and T2FL are
shown in Ref. [17].)
Table 1
TFT characteristics of the polymer/oligomer blend films (channel width W = 100 l

Blend ratios (polymer:olig

100:0 75

F8T2:DH4T l/cm2 V�1 s�1 0.0026 0.0
Ion/Ioff 1.3 � 105 0.3
Ioff/pA �5.2 �2
Ion/lA �0.67 �0

F8T2:3FL l/cm2 V�1 s�1 0.0026 0.0
PF8:DH4T l/cm2 V�1 s�1 –b –b

PF8:3FL l/cm2 V�1 s�1 –b –b

a Determined from the transfer characteristics at VD = �80 V. The mobilities (
b No TFT characteristics was observed.
3.4. Comparative study

At this point the question arises as to which mecha-
nism predominantly controls the TFT characteristics of
the polymer/oligomer blends. To assess the roles of the
polymer and the oligomer in the blend films, polyfluorene
homopolymer, poly(9,90-dioctylfluorene) (PF8) and the
fluorene-based oligomer, 9,9,90,90,900,900-dihexyl-[2,20;70,
300]terfluorene (3FL) were used in blends instead of F8T2
and DH4T, respectively.

The TFT devices fabricated with only PF8 or 3FL were
found to have no TFT characteristics, because of their rela-
tively low-HOMO levels, which result in difficult hole
injection from the Au electrode. This result is consistent
with those of previous reports, which found a high barrier
to charge injection from the Au electrode to PF8. Although
PF8 is a liquid crystalline polymer that tends to be highly
ordered in thin films, PF8 devices are known to have no
TFT characteristics [23].

Films of PF8/DH4T and F8T2/3FL blends were fabricated
under the same conditions as used for the F8T2/DH4T
blends. While all the PF8/DH4T blend films were found
to exhibit no TFT characteristics, the F8T2/3FL blend films
were found to exhibit TFT characteristics with hole mobil-
ities of 0.001–0.002 cm2 V�1 s�1. This result indicates that
the polymer component controls the TFT characteristics
m and length L = 10 lm)a

omer, wt.%)

:25 50:50 25:75 0:100

011 0.011 0.011 –b

� 105 0.9 � 105 0.3 � 105 –b

0.3 �17.4 �49.1 –b

.62 �1.6 �1.5 –b

023 0.0010 0.0007 –b

–b –b –b

–b –b –b

l) were calculated in the saturation regime.
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of the polymer/oligomer blend system, which is consistent
with a previous report, in which the transport in such a
blend system was analyzed using percolation theory and
found to be dominated by the performance of the polymer
[24].

On the other hand, it is worth noting that the TFT perfor-
mances of the F8T2/DH4T and F8T2/3FL blend films were
found to be different. The dependence of the hole mobility
of the F8T2/3FL blend devices on the 3FL concentration is
shown in Fig. 8. Whereas the hole mobility of the 50:50
F8T2/DH4T blend film was found to be four times higher
than that of the F8T2 film, that of the 50:50 F8T2/3FL blend
film is half that of the F8T2 film. The difference can be ex-
plained by the nature of the incorporated oligomers. The
reduced TFT performance of the F8T2/3FL blend can be
attributed to the relatively low-HOMO levels of the 3FL oli-
gomer, which result in difficult hole injection, and the posi-
tion of the introduced alkyl groups at the 9-position of
fluorene. It has been reported that the thin-film morpholo-
gies and TFT characteristics of oligothiophene films depend
on the position and bulkiness of the introduced side
groups. Due to the ease of solid-state core packing, a,x-di-
hexyl-substituted systems exhibit better TFT performance
than b,b-dihexyl-functionalized systems [25,26]. The
positions of the substituted alkyl chains in DH4T and 3FL
correspond to those of a,x-dihexyl-substituted and b,b-di-
hexyl-functionalized thiophene derivatives, respectively.

The comparative study of the TFT characteristics of PF8/
DH4T, F8T2/3FL and F8T2/DH4T blends shows that (1) the
main pathway for hole transport in polymeric and oligo-
meric semiconductors blend systems is the polymer and
(2) the nature of the blended oligomer affects the OTFT
performance of the blends.
4. Conclusions

We successfully produced synergistic effects in polymer
and oligomer semiconductor blend systems without com-
promising their other OTFT characteristics. The good solu-
bility of the polymer was found to complement the high
performance of the small molecules. The F8T2/DH4T
blends were found to exhibit good solubility and could
be introduced onto the substrate by simple spin-coating.
The 50:50 F8T2/DH4T blend film device was found to have
a hole mobility of 0.011 cm2 V�1 s�1 and a high-on/off ratio
of up to 105. The F8T2/DH4T blend films were found to
have improved on-currents – about twice that of F8T2 –
without much increase in the off-currents. The enhanced
TFT performances of the blend films were explained in
terms of morphological characteristics revealed by the
XRD and AFM analyses. A comparative study with polyflu-
orene homopolymer and terfluorene showed that carrier
transport in the blend systems is mainly controlled by
the polymer component and that the nature of the blended
oligomer affects the OTFT performance of the blends.
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Fig. 1. (a) Conventional top-emitting OLED; (b) top-emitting OLED with TOF.
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reflective mirrors in the microcavity. In order to achieve
the three primary colors in this kind of device configura-
tion, it needs to change the organic layer thickness be-
tween the two electrodes to adjust the resonant
wavelength of the cavity. However, the electrical charac-
teristics and the power consumption of an OLED are
strongly dependent on the thickness of organic layers,
especially for organic materials with low charge mobilities.
The microcavity OLED with thick organic layers would
cause the increase of driving voltages and power consump-
tion. And the device with thin organic layers may result in
large leakage current and low light-emitting efficiency. The
performance of top-emitting microcavity OLEDs would be
further enhanced if the optical and electrical characteris-
tics of the OLEDs can be optimized individually. Xie et al.
reported high contrast OLEDs with semitransparent cath-
ode covered with low-reflection multiple layers [16]. The
overlaid multiple layers in their devices can reduce effec-
tively the ambient reflection while they do not influence
the electrical performance of the device. Here, we devel-
oped an approach to realize RGB emission from a top-emit-
ting OLED. The device configuration is shown in Fig. 1b,
which consists of a top-emitting white OLED overlaid by
a multi-layer tunable optical films (TOF). The TOF can
effectively varying the emission color and does not influ-
ence the electrical performance of the underlying OLEDs.
Blue, green and red emission has been obtained by cover-
ing TOF on top-emitting OLEDs based on both green and
white emitters.

2. Experiment

The configuration of the color tunable top-emitting
OLEDs we designed is shown in Fig. 1b which consists of
an anode, an organic stack, a semitransparent cathode
and a TOF. The anode of Al(10 nm)/Ag(80 nm) is thermally
deposited on the pre-cleaned glass substrate. The com-
monly used hole-transporting N,N0-bis-(1-naphthl)-
diphenyl-1-10-N,N0-diamine (NPB) (30 nm) and electron-
transporting/emissive tris(8-quinolinolato) aluminum
(Alq3) (60 nm) are used to form an organic stack. A 20-
nm-thick Ag is used as the semitransparent cathode. A
1.7-nm vanadium oxide (V2O5) and a 10-nm Samarium
(Sm) are introduced at Ag anode/NPB and Alq3/Ag cathode
interfaces as buffer layers to enhance hole and electron
injection, respectively. The TOF includes a transparent or-
ganic layer and a semitransparent metal layer. Here Alq3

and Ag are used as the transparent layer and the semitrans-
parent metal layer, respectively. The top-emitting white
OLED has an organic stack of 40 nm poly(ethylenedioxy-
thiophene):poly(styrene sulfonic acid)(PEDOT:PSS)/40 nm
1,3-bis(9-carbazolyl)benzene(mCP):10 wt% bis[(4,6-difluo-
rophenyl)-pyridinato-N,C2](picolinato)Ir(III)(FIrpic):1 wt%
bis(2,4-diphenyl-quinoline)iridium(III)acetylan-etonate-
[Ir(ppq)2(acac)]/10 nm 2,9-dimethyl-4,7- diphenyl-1,10-
phenanthroline (BCP)/20 nm Alq3. All layers were deposited
by thermal evaporation at a base pressure about
5 � 10�4 Pa except the PEDOT:PSS layer and the mCP:
10 wt% FIrpic: 1 wt% Ir(ppq)2(acac) layer which were
deposited via spin-coating. The current–voltage–luminance
(I–V–L) characteristics and electroluminescent (EL) charac-
teristics of the devices were measured using Keithley
2400 source meter and PR650 Spectroscan spectrometer.
All the measurements were carried out at room tempera-
ture under ambient conditions.

3. Results and discussion

It is crucial to determine the thickness of semitranspar-
ent Ag cathode and the individual layers in TOF for achiev-
ing optimized device performance. We investigated the
influence of semitransparent Ag cathode on the top-emit-
ting OLEDs. Three top-emitting OLEDs with 10-, 20-, and
30-nm Ag semitransparent cathodes were fabricated. The
device with 20-nm Ag semitransparent cathode showed a
better device performance than the other two devices. This
may be attributed to its good conductivity and high trans-
mittance. The transmittance of the multiple layer structure



Fig. 3. Normalized EL spectra of the top-emitting OLEDs based on NPB/
Alq3 stack with highly reflective Ag anode (close symbol) and transparent
ITO anode (open symbol) at 10 V. The thicknesses of Alq3 in TOF are 60,
90, and 120 nm, respectively.
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of Ag 20 nm/Alq3/Ag 20 nm is calculated to determine
thickness of Alq3 in TOF for achieving its maximum trans-
mittance in blue, green and red region. In modeling, the
refractive index data for Ag were taken from the reference
[17]. The refractive index of Alq3 is fixed at 1.73 in the
range of 400–700 nm [18]. The calculation of the transmit-
tance of multilayer films was carried out by using the
transfer matrix method [19]. The calculated results are
shown in Fig. 2. The Ag 20 nm/Alq3/Ag 20 nm multilayer
film shows a wavelength-dependent transmittance. It is
found that the maximum transmittance at blue, green
and red region can be achieved when the Alq3 thickness
is 60, 90, and 120 nm, respectively. Their transmittance
ranges from 55% to 60%. The wavelength-dependent trans-
mittance of Ag/Alq3/Ag structure may be attributed to the
interference effect between the two metals. For compari-
son studies, the measured transmission spectra of the Ag/
Alq3/Ag structure with different Alq3 thickness are also
shown in Fig. 2. The calculated and measured transmission
spectra coincide with each other very well.

The EL spectra of the color tunable top-emitting OLED
with a structure of Al 10 nm/Ag 80 nm/V2O5 1.7 nm/NPB
30 nm/Alq3 60 nm/Sm 10 nm/Ag 20 nm/Alq3 � nm/Ag
20 nm are shown in Fig. 3. It can be seen that the resulted
top-emitting OLEDs can exhibit blue, green and red emis-
sion when the Alq3 layer thickness in TOF are 60, 90 and
120 nm, respectively. The blue, green and red emission
peaks at 500, 552 and 632 nm with a full width at half
maximum (FWHM) 73, 50 and 80 nm, respectively. And
their corresponding Commission Internationale de L’Eclai-
rage (C.I.E) coordinates are (0.24,0.54), (0.37,0.59), and
(0.51,0.43), respectively.

Since the bottom anode in this kind of OLEDs is highly
reflective Ag, the microcavity effect between Ag anode
and Ag/Alq3/Ag multi-layer may influence the EL emission.
In order to explore the influence of the microcavity effect,
the OLEDs with the same structure based on indium tin
oxide (ITO) anode are also fabricated and the EL spectrum
measured from the top is also shown in Fig. 3. As seen from
Fig. 3, the EL spectrum of the device with ITO anode is sim-
ilar to the OLED with Ag anode when the Alq3 thickness in
TOF is 60 nm. When the Alq3 layer is 90 and 120 nm, the
Fig. 2. Calculated (closed symbol) and measured (open symbol) trans-
mission spectra for Ag 20 nm/Alq3 � nm/Ag 20 nm with different thick-
ness of Alq3 layer.
top-emitting OLEDs using ITO as anode show broad emis-
sion compared to those of the top-emitting OLEDs using
Ag anode. This indicates that the microcavity effect be-
tween Ag anode and the TOF favors narrowing the EL spec-
trum and realizing three primary color RGB emission.

Fig. 4a shows the J–V–L characteristics of the color tun-
able top-emitting OLEDs with different Alq3 thickness in
Fig. 4. (a) J–V–L and (b) current-luminous efficiency characteristics of the
color tunable top-emitting OLEDs based on NPB/Alq3 stack.



Fig. 6. (a) J–V–L and (b) current-luminous efficiency characteristics of
color tunable top-emitting OLEDs based on white emissive organic stack.

962 J. Hou et al. / Organic Electronics 9 (2008) 959–963
the TOF. It can be seen that the RGB top-emitting OLEDs
show almost identical I–V characteristics. This is due to
that the three devices have the same electrodes and organ-
ic EL stack. The overlaid exterior TOF does not influence the
electrical characteristics of the underlying OLEDs. The cur-
rent-luminous efficiency curves of the color tunable top-
emitting OLEDs are shown in Fig. 4b. The current efficien-
cies of the blue, green and red OLEDs are 0.6, 2.0 and
0.2 cd/A, respectively. Since Alq3 is green fluorescent mate-
rial, its emission spectrum locates mainly in green region.
Although red and blue emission can be achieved via micro-
cavity effect by overlying the TOF film, the C.I.E coordinates
are not very pure. If the TOF film is overlaid on a white
OLED, RGB emission with good C.I.E coordinates may be
achieved. The white top-emitting OLEDs with a structure
of Glass/Al 10 nm/Ag 80 nm/V2O5 7 nm/PEDOT:PSS
40 nm/ mCP: 10 wt% FIrpic: 1 wt% Ir(ppq)2(acac) 40 nm/
BCP 10 nm/Alq3 20 nm/Sm 10 nm/Ag 20 nm is fabricated
and the normalized EL spectrum is shown in Fig. 5. It can
be seen that the EL spectrum of the white top-emitting
OLED covers from 450 nm to 650 nm with corresponding
C.I.E coordinates of (0.34,0.41). When a TOF film is depos-
ited onto this white top-emitting OLED, the pure RGB
emission are realized. Fig. 5 also exhibits the EL spectra
of the top-emitting OLEDs with different thickness of the
Alq3 layer in the TOF. The blue, green and red emission is
achieved with emission peaks at 470, 520 and 620 nm
and an FWHM of 40, 32 and 55 nm, respectively. And their
corresponding C.I.E coordinates are (0.17,0.25), (0.22,0.51)
and (0.62,0.35), respectively, much better than the OLEDs
based on NPB/Alq3 stack. The J–V–L characteristics and cur-
rent-luminous efficiency curves are shown in Fig. 6. It can
be seen that the blue, green and red OLEDs exhibit almost
identical V–I characteristics. Since the light-emitting effi-
ciency of the white top-emitting OLED is merely about
1.95 cd/A, the resulting blue, green and red OLEDs are a lit-
tle low and the corresponding efficiencies are 0.3, 1.0 and
0.5 cd/A, respectively. The light-emitting efficiencies of
blue, green and red emission are about 15%, 51% and 26%
of the white top-emitting OLED. If high efficiency white
top-emitting OLED can be fabricated, efficient three pri-
mary color RGB emission would be realized. In addition,
Fig. 5. Normalized EL spectra of the white top-emitting OLEDs and color
tunable top-emitting OLEDs based on white emissive organic stack at
10 V.
though the microcavity effect can enhance theoretically
the light-emitting efficiency for this kind of microcavity
OLED, the loss of light-emitting efficiency related to metal
absorption in TOFs consisting of metal films is inevitable. If
TOFs is further optimized to reduce the metal thickness or
metals with relatively low absorption coefficient such as
Au is utilized, the light-emitting efficiency may be to some
extent enhanced.

Since the microcavity OLEDs commonly show viewing
angle dependent emission, the angular dependence of EL
emission from the top side of this kind of RGB OLEDs is
investigated. Fig. 7 shows the measured angular depen-
dence of the peak emission for this kind of RGB top-emit-
ting OLEDs based on the white emissive organic stack.
The OLEDs are mounted on a rotating arm at a distance
of 1 cm from a fiber connected to a spectrometer and the
angular emission pattern is measured at 10 V. As depicted
in Fig. 7, the peak wavelength is gradually blue shifted
when the viewing angle increases from 0� to 60� since
the resonant wavelength of the microcavity is proportional
to the value of the cosh, where h is the angle to the normal
of the device. The peak wavelengths are blue shifted about
26, 59 and 29 nm, respectively, for blue, green and red
emission when the viewing angle increases from 0� to
60�. Interestingly, the viewing angle dependence of red
and blue emission is smaller than the green emission. This



Fig. 7. The emission peak wavelength changes as a function of the
viewing angle for the red (triangles), green (circles), and blue (squares)
emission top-emitting OLEDs based on the white emissive organic
stack.
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may be attributed to that the white emissive stack contains
only the blue and red phosphorescent dopants. If a green
emitter is incorporated, the viewing angle dependence of
green emission may be improved. Nevertheless, the view-
ing angle dependence for this kind of device is still a draw-
back for full color display. For further suppressing the
angular dependence, the material with high refractive in-
dex or with large dispersive refractive index that effec-
tively reduced the blue shift [20] can be selected to
replace the Alq3 layer between the two Ag layers.

4. Conclusions

In summary, we developed an approach to realize RGB
full color emission from a top-emitting white OLED with
TOFs. The advantage of this device configuration is that
the optical and electrical performance can be optimized
individually. Compared to the inorganic dielectric mirrors
that must be fabricated via radio-frequency magnetron
sputtering at high substrate temperature, this approach is
more suitable for top-emitting OLEDs since the TOFs can
be fabricated easily by thermal evaporation and would
not destroy the underlying organic layers. If the light-emit-
ting efficiency and the angular dependence of emission can
be further improved, this may become a simple way to
realize full color display by using white top-emitting
OLEDs without color filters.
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electroluminescent (EL) efficiency is enhanced and the EL
spectrum is narrowed with respect to the ITO case, indicat-
ing that metal/metal oxide/metal can be the better anode
in OLEDs.

2. Experiment

Al/WO3/Au was fabricated by thermal deposition in
vacuum system. To gain more knowledge about the trans-
mission, Al/WO3/Au structures with different thicknesses
of Al, WO3 and Au were deposited on glass substrates,
and the transmittance dependence can be determined.
Fig. 1 shows the transmittance spectra of Al/WO3/Au struc-
tures in the wavelength range of 400–800 nm. The OLED
structure with the composite anode is Al/WO3/Au/V2O5/
NPB (N,N0-diphenyl-N,N0-bis(1-naphthyl)-(1,10- biphenyl)-
4,40-diamine)(60 nm)/Alq3(Tris (8-hydroxyquinoline) alu-
minum(III))(50 nm)/LiF(1 nm)/Al(100 nm). For compari-
son, the control device with structure of ITO/V2O5/NPB/
Alq3/LiF/Al was also fabricated. All OLEDs were fabricated
on pre-cleaned glass. All thin films were deposited by ther-
mal evaporation at pressure less than 3 � 10�3 Pa, and
deposited continuously without vacuum breaks. All the
organics were evaporated at the rate of 0.2–0.3 nm/s, and
the metallic electrodes were evaporated at the rate of
2–3 nm/s. The emissive area of the devices was
3.57 mm2. The current–voltage–brightness characteristics
were measured using a computer controlled sourcemeter
(Keithley 2400) and photometer (IL1400A) with a cali-
brated silicon photodiode. The EL spectra were measured
by Instaspec spectrometer. All the measurements were
carried out in ambient atmosphere at room temperature.

3. Results and discussion

Fig. 1 shows the optical transmission spectra of ITO, Al/
Au and Al/WO3/Au structures in the wavelength range
from 400 to 800 nm. It is interesting to note that the trans-
mittance of the composite structure is significantly im-
proved by inserting WO3 between Al and Au layers with
respect to the corresponding Al/Au structures. The maxi-
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Fig. 1. Transmittance spectra of various thickness Al/WO3/Au and Al/Au.
mum transmittance reaches over 55% for the case of
Al(7 nm)/WO3(3 nm)/Au(13 nm). It is well known fact that
the utilization of Au favors the formation of ohmic contact
and hole injection. Our results in Fig. 2 also show that, the
current injection of the device improves by increasing the
thickness of Au. For example, the current injection of
Al(11 nm)/WO3(3 nm)/Au(14 nm) is higher than that of
the device with Al(11 nm)/WO3(3 nm)/Au(6 nm) at the
same applied voltage. With the capability of tuning the
transmittance by modifying the thickness of layer in the
composite electrode structure as shown in Fig. 1, we can
optimize the hole injection and transmittance properties
of Al/WO3/Au and thus realizing high efficiency OLEDs.

The current density–voltage characteristics of Al/WO3/
Au OLEDs are shown in Fig. 2. The thickness of Al, WO3

and Au has significant influence on the electrical character-
istics of the OLEDs. For example, the current injection of
Al(7 nm)/WO3(3 nm)/Au(13 nm) OLED, is higher than that
of Al(7 nm)/WO3(5 nm)/Au(13 nm), also Al(8 nm)/
WO3(3 nm)/Au(13 nm) is higher than that of Al(7 nm)/
WO3(3 nm)/Au(13 nm), at the same applied voltage.
Although the introduction of the WO3 reduces the injection
current with respect to both the corresponding Al/Au and
ITO electrodes such as the case of Al(7 nm)/WO3(3 nm)/
Au(13 nm) in Fig. 2, the current efficiency is considerably
enhanced primarily due to the improvement of the trans-
mittance as discussed later. This indicates that beside the
conductivity property of metal electrode, the transmit-
tance is also very important in device performance.

Fig. 3 shows the brightness–current density characteris-
tics of the devices with Al/WO3/Au and ITO anodes. The
brightness and efficiency are improved by using the opti-
mized Al/WO3/Au as the anode in the OLED structure of
V2O5/NPB/Alq3/LiF/Al compared to the ITO one. In our re-
sults, the Al/WO3/Au structures with thickness of 7/3/13
(in nm) and 8/3/13 show the highest brightness at the
same current density. Fig. 4a shows the current effi-
ciency–current density characteristics of the Al/WO3/Au
and ITO OLEDs. The maximum efficiency reaches 3.25 cd/
A for the structure of Al(7 nm)/WO3(3 nm)/Au(13 nm),
while the highest efficiency of the ITO OLED is only
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2.8 cd/A and the Al(7 nm)/Au(13 nm) is 2.6 cd/A. The cur-
rent efficiency of the devices with Al(7 nm)/WO3(3 nm)/
Au(13 nm) anode is higher than that of the devices with
Al(7 nm)/Au(13 nm) anode because the insertion of WO3

thin layer between the metal Al and Au not only offer a
better electron and hole balance [17,18] as shown in Fig.
2 but also improve the transmission of the composite an-
ode as shown in Fig. 1. However, when the thickness of
WO3 is further increased from 3 nm to 5 nm, the current
efficiency will reduce and become lower than that of the
Al(7 nm)/WO3(3 nm)/Au(13 nm) case due to the reduction
of the transmission (see Fig. 1). Consequently, in order to
enhance the current efficiency of the Al/WO3/Au OLEDs,
both the transmission and electrical properties have to be
considered simultaneously and not either one of them. In
addition, our results show that the insertion of WO3 into
the composite layer does play important role in the
improvement of the device performance. Besides the cur-
rent efficiency, the power efficiency of the two Al/WO3/
Au devices is higher than that of the corresponding Al/Au
OLED and almost the same as that of the control device
at the same control voltage (see Fig. 4b).

Fig. 5 shows the EL spectra of the Al/Au and Al/WO3/Au-
based anode devices and the ITO-based anode device in
normal direction. It can be seen that the utilization of Al/
WO3/Au and Al/Au anodes narrows down the EL spectrum,
from 100 nm for ITO device to 70 nm for Al/Au, and 60 nm
for Al/WO3/Au. Besides, the peak wavelength is blue-
shifted, from 546 nm for ITO device to about 538 nm for
both Al/Au and Al/WO3/Au. The phenomena of the spectral
narrowing and blue shift is due to the microcavity effect,
which are consistent with those reported [8,9]. It can be
seen that the WO3 layer also further narrows the EL spec-
trum with respect to the case of Al/Au without significantly
blue shifting the EL spectrum further. This implies that the
color purity is further improved for the case of Al/WO3/Au.
Moreover, as shown in Fig. 6, the EL spectrum of Al(7 nm)/
WO3(3 nm)/Au(13 nm) case only shifted by approximately
10 nm when the viewing angle increases from 0 to 50�.
However, the spectral shift is small as compared with the
OLEDs with a strong microcavity effect. Take the OLED
with distributed Bragg reflector (DBR) as an example
[19], the spectral shift can be 30 nm when the viewing an-
gle increases only from 0 to 40� as shown in Fig. 6b for the
OLED structure of DBR/ITO/NPB(80 nm)/Alq3(70 nm)/
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LiF(1 nm)/Al (130 nm) where DBR consists of alternative
quarter wavelength SiO2 and TiO2 layers.

4. Conclusion

We have developed a metal/metal oxide/metal (MIM)
composite anode for high efficiency OLEDs. Our results
show that the MIM structure not only shows higher trans-
mittance, but also considerably enhances the brightness
and EL efficiency. The importance is that the introduction
of the metal oxide between metals greatly reduces the
angular dependence caused by microcavity effect. The
MIM composite layers should also be a good method as an-
ode in top-emitting OLEDs, and due to its conductivity and
transparency, and function as an effective interconnecting
layer in tandem OLEDs.
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high cost and difficulty of its process limit their practical
use in commercial products. Very recently, a polymer solar
cell with graphene-based film as anode was also reported
but its efficiency is still much less than 1% [9]. Accordingly,
one of the important advantages of using semiconductive
conjugated polymer as a transparent electrode is that
conducting polymers can be easily fabricated by inkjet
printing, screen printing, roll-to-roll coating or other eco-
nomical solution processes [10–12].

Among the numerous conducting polymers, the poly-
thiophene derivative, poly(3,4-ethylenedioxythiophene)
(PEDOT) has high conductivity and excellent environmen-
tal stability, but it is insoluble in many solvents. Water-dis-
persible PEDOT:poly(styrenesulfonate) (PSS) complex has
been extensively used as a hole-transport layer in organic
optoelectronic devices because of its ease of process and
suitable work function [13]. PEDOT:PSS exhibits significant
optical transparency to visible light of 80% [14], and its
conductivity can be improved by the addition of polyalco-
hols or high dielectric solvents [15–21]. Several polymer
solar cells using PEDOT:PSS as a transparent electrode have
recently been demonstrated [16,20–22]. However, its high-
est conductivity is still about 20 times of magnitude lower
than that of ITO (�3800 S/cm) [20].

Although PEDOT:PSS has shown favorable optical trans-
parency, its conductivity is still too low to support high de-
vice performance because of the existence of insulating PSS
component. Winther-Jensen and West recently synthe-
sized a PEDOT thin film without insulating PSS by vapor-
phase polymerization [23]. This process utilizes iron(III)
toluenesulfonate (Fe(OTs)3) as an oxidant and pyridine as
a basic inhibitor. The polymer solar cells based on such
PEDOT electrodes exhibit usable device performance [24].
In addition, Ha et al. demonstrated a simple process for
preparing highly conductive PEDOT thin films on a glass
substrate [25]. This method utilizes iron(III) toluenesulfo-
Fig. 1. Schematic representation of the P3HT:PCBM-based solar cell with
PEDOT anode.
nate (Fe(OTs)3) as an oxidant and imidazole as a base to re-
duce the reactivity of Fe(OTs)3, reducing the rate of
polymerization and the doping level. At optimal conduc-
tion, the conductivity of this PEDOT thin film is approxi-
mately 750 S/cm. This easily prepared and highly
conductive PEDOT electrode can be further applied in the
soft electronics industry, in which inorganic materials are
unsuitable. This work demonstrates a series of
P3HT:PCBM-based solar cells with PEDOT anode of various
thicknesses (Fig. 1) and measures their current–voltage
characteristics, including their solar power conversion effi-
ciency, resistance and incident photon to electron conver-
sion efficiency (IPCE), to investigate the effect of light
intensity, PEDOT transparency and sheet resistance.
2. Experimental

The PEDOT films were polymerized in a manner similar
to that employed by Ha et al. [25]. 3,4-Ethylenedioxythio-
phene (EDOT) (Baytron M, Bayer) was first purified by dis-
tillation, yielding a clear colorless liquid, and the glass
substrate was cleaned with detergent, acetone and isopro-
pyl alcohol in an ultrasonic bath, before being dried in an
oven. Fe(OTs)3 (4 g, 40 wt.% in n-butanol, Baytron C, Bayer)
and imidazole (0.36 g, 5.25 mmol) were dissolved in n-
butanol (7.4 mL) with stirring at 50 �C for 30 min. The dis-
tilled EDOT (0.43 g, 3.00 mmol) was then added to the
solution. The mixture was rapidly spin-coated onto the
pre-cleaned glass substrate at various spin rates, and then
moved onto a digitally controlled hotplate for EDOT poly-
merization at 110 �C for 1 h. Finally, the PEDOT/glass sub-
strates were cooled to room temperature. They were
washed twice with methanol to remove the residual imid-
azole and oxidant and then dried on a hot plate at 110 �C
for 5 min. Regioregular P3HT was prepared using the Grig-
nard metathesis approach, providing regiocontrol in each
coupling step in the polymeric reaction [26]. The regioreg-
ularity was determined by 1H NMR to be greater than 96%.
The number-average molecular weight was 43000 g/mol
and the polydispersity index was 1.5, based on GPC analy-
sis (THF eluent, polystyrene standard). PCBM was prepared
in our laboratory using a method described elsewhere [27].

Polymer solar cells with an ITO (15 X/sq, Merck Display)
or PEDOT anode were prepared as follows. PEDOT transpar-
ent films of various thicknesses were prepared as in the
above experiment without further cleaning. The ITO glass
was cleaned as the glass substrate described above.
PEDOT:PSS (Baytron P, Bayer) was spin-coated on thus-
prepared anode substrates to modify the anode surface,
affording a hole-collection layer of 60 nm, after drying at
140 �C for 10 min. Then, the P3HT:PCBM blend (10 mg
P3HT and 8 mg PCBM in 1 mL chlorobenzene) was spin-
coated on top of the hole-collection layer at 700 rpm for
60 s, forming an active layer with a thickness of 90 nm. A
100 nm aluminum electrode was then deposited on top of
the active layer using a thermal evaporator. The active area
of the device, defined using a shadow mask was 0.09 cm2.
After the cathode was deposited, the devices were annealed
using a digitally controlled hotplate at 150 �C for 30 min,
and then slowly cooled to room temperature.
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The optical transparent spectra of the PEDOT films on
glass substrate were measured using a Hitachi U-3410
spectrophotometer. The surface morphology of the elec-
trode films was observed by atomic force microscopy
(AFM) using a Digital Instruments NanoScope IIIa. All
images were captured in height-contrast mode, revealing
the surface roughness of the films. The sheet resistances
of PEDOT films were measured using a four-point probe
meter, Quatek QT50, and the thickness of each sample
was measured using a Dektak 6 M profilometer after a
cut had been made on the film surface by a razor blade
to expose the glass surface. Averages of at least four mea-
surements made at different locations on the sample were
taken to determine film thickness and calculate sheet
resistance. The work functions of materials were measured
using an AC2 photoelectron spectrometer (Riken Keiki Co.).
The ITO sample was cleaned before any measurement was
made. The PEDOT sample was prepared as in the above
experiment and without further cleaning.

The current–voltage characteristics were measured
using a Keithley 236 source measurement unit. The solar
simulator comprised an Oriel xenon arc lamp with an
AM1.5G solar filter, and the intensity was calibrated using
a mono-Si reference cell with a KG5 color filter. A set of
neutral density filters with a constant optical density over
the spectral range of the light source was used to vary the
light intensity from 50 mW/cm2 to 6 mW/cm2. The IPCE
spectra were recorded under illumination by a xenon lamp
with a monochromator (TRIAX 180, JOBIN YVON), and the
light intensity was calibrated using an OPHIR 2A-SH power
meter.
Fig. 2. AFM images of the PEDOT film.
3. Results and discussion

In-situ oxidative polymerization was adopted to prepare
PEDOT films on glass substrate using Fe(OTs)3 and imidaz-
ole as oxidant and base, respectively. The function of imid-
azole is to reduce the reduction potential of the Fe3+/Fe2+

couple and then the polymerization rate by reducing the
pH of a reaction medium and forming a coordination com-
plex with Fe(OTs)3. Additionally, the presence of imidazole
promotes formation of polymer chains with high molecu-
lar weights through a faster quench on monomer radicals
than on oligomeric radicals during polymerization, thus
increasing the conductivity of the PEDOT film [25]. The
as-synthesized polymer film did not dissolve in water
and common organic solvents, preventing the dissolution
of PEDOT in the subsequent device fabrication process.
The surface roughness of the PEDOT film was determined
from its AFM images, shown in Fig. 2. It was found to be
around 1.5 nm which was �3.1 nm less than that of the
ITO surface (The AFM image of the ITO surface is not
shown.).

PEDOT films of four thicknesses were obtained by vary-
ing the spin rates – 256 nm, 169 nm, 81 nm and 28 nm. Fig.
3 plots the sheet resistances and transparency of the PED-
OT films on a glass substrate. The sheet resistances were
measured by the four-point probe method. The results
show that the sheet resistances increased as the PEDOT
film thickness decreased. The values ranged from 76 to
761 X/sq, and corresponding to thicknesses of 256–
28 nm, with an average conductivity of about 500 S/cm.
In these cases, the conductivity of PEDOT was closer to,
but lower than, that of ITO (15 X/sq, 3800 S/cm), but it still
exceeded those of the other doped PEDOT:PSS conductive
materials, presented in the literature [15–21]. The absorp-
tion spectrum of photoactive P3HT has a main absorption
wavelength in the range of 400–650 nm with a maximum
absorption wavelength at 510 nm. Therefore, Fig. 3 also
plots the transmittance of PEDOT film on glass at the wave-
length of 510 nm to examine the effect of PEDOT on the
absorbance of P3HT in a polymer solar cell. As expected,



Fig. 3. The influences of the thickness of PEDOT film on its transmittance
at 510 nm (h) and sheet resistance (d).
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the transmittance increased as PEDOT film thickness de-
clined, allowing more sunlight to penetrate to the active
layer of the solar cells. Thinner PEDOT electrodes can act
positively as transparent electrodes with good transmit-
tance; however, the larger resistance increases the total
series resistance of the diodes. Obviously, the primary task
in improving device efficiency is to identify the optimal
balance condition between thickness and resistance.

The work function of the electrode material is also a key
parameter in determining device performance. In this work,
a UV source was employed to measure the ionization poten-
tial of materials in air using an AC2 photoelectron spec-
trometer. Fig. 4 plots the square root of the counting rate
(CR) as a function of the photon energy and the photoemis-
sion threshold energy, which is also called the work func-
tion, was determined from the crossing point of the
background and the yield line. The work functions of PEDOT
and ITO were found out to be 4.97 eV and 4.94 eV, respec-
tively. Because measurements of the samples were made
in air, the value of ITO measured herein was slightly higher
than that reported in the literature, �4.7 eV, as determined
by ultraviolet photoelectron spectroscopy in an ultra-high
vacuum [7,28]. Since the work function of the as-prepared
PEDOT is very close to that of ITO, the additional adjustment
on energy levels of photoactive ingredients can be mini-
mized as using PEDOT replaces ITO as the anode of photo-
voltaic cells. Herein, a series of devices with a PEDOT/
Fig. 4. Photoelectron yield spectroscopy for PEDOT (s) and ITO (j) films.
PEDOT:PSS/P3HT:PCBM/Al structure (as shown in Fig. 1)
were fabricated to investigate the effect of the thickness of
the PEDOT anode on device performance.

An ideal high-efficiency solar cell would have a series
resistance (RS) of close to zero [29]. For a real solar cell, a
smaller RS is associated with a better fill factor (FF) and
short circuit current density (JSC), and therefore higher
power conversion efficiency (PCE) of devices [29,30]. The
calculation of RS from the dark current–voltage curves of
the devices with various PEDOT thicknesses (Fig. 5) reveals
that the RS of the PEDOT anode-based devices increased as
the PEDOT thickness declined. The values ranged from 40
to 103 X cm2 and corresponded to electrode thicknesses
of 256–28 nm; they remained higher than that of the ITO
anode-based device (<10 X cm2). RS varies in a manner
similar to the sheet resistance of PEDOT films (Fig. 3) be-
cause RS is the sum of the contact resistance and the bulk
resistance of the materials, (RS = Ranode + RPEDOT:PSS + RP3HT +
RPCBM + RAl) [31]. All devices were fabricated with the same
photoactive components under identical process, so it is
reasonable to assume that the resistances of PEDOT:PSS,
P3HT:PCBM and Al stayed constant in devices. Therefore,
the RS of the device changes only with the sheet resistance
of the PEDOT anode.

Fig. 6a–d display the effect of PEDOT film thickness on
the open-circuit voltage (VOC), FF, JSC and PCE of the devices
under AM 1.5G illumination at various light intensities. Fig.
6a demonstrates that the anode thickness does not affect
VOC when the light intensity is fixed. However, when the
light intensity increases from 6, 18, 29, 38 to 50 mW/
cm2; VOC monotonically increases from 0.41, 0.47, 0.50,
0.52 to 0.54 V, respectively, as for general polymer solar
cells [32,33]. Fig. 6b plots the dependence of FF on the PED-
OT thickness under various light intensities. For fixed an-
ode thickness, the FF of the PEDOT anode-based devices
increased slightly as the light intensity decreased, which
characteristic is similar to that of typical solar cells [33].
The data also indicate that the FF fell from �36% to �25%
as the PEDOT thickness decreased from 256 to 28 nm, be-
cause a thinner anode thickness leads to a higher sheet
resistance and a higher RS. Fig. 6c plots the dependence
of JSC on the PEDOT anode thickness under different light
intensities. As expected, JSC increased as the light intensity
Fig. 5. Dark current characteristics of anode/PEDOT:PSS/P3HT:PCBM/Al
devices with different anodes: ITO (j); PEDOT with thicknesses of
256 nm (4); 169 nm (e); 81 nm (h); and 28 nm (s).



Fig. 6. Dependence of (a) open-circuit voltage (VOC), (b) fill factor (FF), (c)
short-circuit current density (JSC) and (d) power conversion efficiency
(PCE) on the thickness of PEDOT anode in the anode/PEDOT:PSS/
P3HT:PCBM/Al devices under AM1.5G solar simulated irradiation at
power intensities of 50 mW/cm2 (h); 38 mW/cm2 (N); 29 mW/cm2 (e);
18 mW/cm2 (j); and 6 mW/cm2 (s).

Fig. 7. (a) Incident photon-to-current conversion efficiency (IPCE) spectra
of anode/PEDOT:PSS/P3HT:PCBM/Al devices with different anodes: ITO
(black line), 256 nm-thick PEDOT (e), 169 nm-thick PEDOT (4), 81 nm-
thick PEDOT (h) and 28 nm-thick PEDOT (s).
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raised from 6 to 50 mW/cm2 (Fig. 6c). JSC also increased
with PEDOT anode thickness from 28 to 169 nm because
a thicker PEDOT has a lower resistance and yields a higher
JSC. However, as the PEDOT anode thickness continues to
increase to 256 nm, the resistance may become favorable,
but a thicker film corresponds to an inferior transmittance,
and therefore poor light absorption and photocurrent gen-
eration, causing the photocurrent of a 256 nm-thick PEDOT
anode-based device to be lower than that of a 169 nm-
thick device. Accordingly, JSC is largest for a PEDOT an-
ode-based device with a thickness of 169 nm, suggesting
that the PEDOT anode has the optimal balance between
the transmittance and the resistance at this thickness. In
brief, as the cell is operated under a high-intensity illumi-
nation, a thicker PEDOT associated with a lower sheet
resistance will conduct more photocurrent out of the cell.
Conversely, as the cell is illuminated with a low-intensity
light, a thinner PEDOT will allow more light to reach the
photoactive layer and produce more excitons and, thus, in-
crease photocurrent. Therefore, at a fixed light intensity,
PEDOT thickness must be carefully adjusted to balance
the series resistance of the cell and the exciton generation
rate inside the photoactive layer to optimize cell efficiency.
Fig. 6d plots the calculated PCE of devices with various
PEDOT thicknesses under different light intensities. Basi-
cally, the trend is similar to those of VOC, FF and JSC. Since
the resistance limited the photocurrent output under high
light intensity, PEDOT anode-based devices herein perform
best when the anode thickness is 169 nm under 6 mW/cm2

of AM 1.5G irradiation; the highest PCE is 2.6% with an FF
of 35.5%.

Fig. 7 presents the IPCE spectra of the devices with an
anode/PEDOT:PSS/P3HT:PCBM/Al structure using ITO or
PEDOT of various thicknesses as the anode. The efficiency
under monochromatic illumination with a power density
of 63–480 lW/cm2, depending on the irradiation wave-
length, was calculated. All IPCE curves closely follow
the absorption spectrum of the P3HT:PCBM blend and
maximum efficiency wavelength of the IPCE located at
around 500 nm. The IPCE spectra of the devices were
sensitive to the change in PEDOT anode thickness. When
the PEDOT anode thickness was 81 nm, the IPCE reached
maxima over the full range of wavelengths due to the
optimal equilibrium between the sheet resistance and
the light transmittance. Very interestingly, these IPCEs
were comparable to those of the ITO anode-based device,
directly establishing the feasibility of using this organic-
based PEDOT as the anode in fabricating high-efficiency
flexible devices.

4. Conclusions

This work demonstrated a polymer solar cell with a con-
ductive PEDOT anode synthesized by in-situ polymerization
of EDOT on a glass substrate using Fe(OTs)3 and imidazole
as oxidant and base, respectively. The results reveal that
the thickness of PEDOT is a key factor in determining the
device performance. Thinner PEDOT electrodes are more
effective transparent electrodes with better transmittance,
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allowing more sunlight to be incident on the active layer of
the solar cells, but increasing the series resistance, thus
reducing the photocurrent of the devices. Thicker PEDOT
electrodes have a lower resistance, but transmittance limits
the sunlight absorption of the devices. When the thickness
of the PEDOT anode is optimized, a PCE of 2.6%, under
AM1.5G irradiation is obtained. Furthermore, the IPCE re-
sults demonstrate that these PEDOT anode-based devices
have a similar efficiency to that of an ITO anode-based de-
vice, suggesting the feasibility of replacing ITO with PEDOT
as the anode of a polymer solar cell. This transparent and
flexible polymer electrode can be further used to develop
completely organic solar cells or other electronic devices
using an easy and economic solution process on flexible
plastic substrates.
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FET current–voltage characteristics [4,9]. However, the
available experimental data have not yet been described
by a unified general model, and the proposed ones vary
from band-like polaronic transport (due to coherent mo-
tion of charge carriers in extended states) to incoherent
hopping regime, depending on the temperature and the
crystal packing and structure [2,10]. In fact, polarons in or-
ganic semiconductors interact strongly with the lattice
structure, and the processes of polaron trapping and scat-
tering in an organic anisotropic crystal are more complex
and less understood than those related to the more usual
phonons [5]. On the other hand, the observation of aniso-
tropic transport properties in single crystals has been usu-
ally considered the signature of band-like transport
processes, not limited by extrinsic defects, structural disor-
der or fabrication-induced defective states [2,4,9,11].

Another factor to be considered is the interaction of or-
ganic semiconductors with photons that may induce sensi-
ble alteration of their transport properties: the energy of
defect creation in organic semiconductors is smaller than
for their inorganic counterparts [12] and the extent of such
interactions is still not understood.

Bearing these considerations in mind, we have grown
from solution organic single crystals based on 4-hydroxy-
cyanobenzene (4HCB). The crystals grow in the form of
rectangular-shaped platelets of tunable sizes and thick-
nesses, having two almost perpendicular crystallographic
axes (namely a and b) constituting the main planar face.
4HCB presents three major features of interest: it’s a solu-
tion-grown single crystal (easily and readily available), it
forms macroscopic, easy-to-handle platelets, and it pos-
sesses an intrinsic dipolar charge distribution, due to the
presence of the electron-attractor cyano group connected
via a conjugated benzenic bridge to an electron-donor
group, the hydroxylic one (Fig. 1). The N atom tends to at-
Fig. 1. 4HCB molecule and its packing in the crystals along directions
tract electrons, and represents a perturbation in the elec-
tronic density distribution around the molecule.
Moreover, its lone electron pair and its spatial position
are different, with respect to the p-electron system of the
benzenic rings, along the two crystallographic axes a and b.

The focus of this work was hence to investigate the ef-
fects on the macroscopic transport properties of (i) the
anisotropic molecular packing of the crystal and (ii) the
presence of a polar molecule within the crystal lattice. To
these aims, charge transport along the two planar crystal-
lographic axes was investigated both with the aid of a
transverse electric field provided by a FET and by applying
an external optical excitation. The results evidenced an
anisotropic transport along the two axes, as well as an
anisotropic influence of the optical excitation. The effects
of the presence of a polar molecule in the crystal, and of
its different alignment along the two axes, are discussed
and correlated to the observed mobility behaviour.

2. Experimental

Organic single crystals based on 4-hydroxy-cyanoben-
zene (4HCB, Fig. 1) have been grown from a solution of eth-
ylic ether/petroleum ether 80:20 V:V, as described
elsewhere [13]. The so-obtained rectangular-shaped plate-
lets tunable in size (up to a few mm2) and thickness (up to
1 mm), are flat in the a–b plane, and ideal for device fabri-
cation. Crystals of about 1–2 mm of side and 150–400 lm
of thickness were used for this study. The crystal structure
for this compound (Fig. 1), known since a long time [14],
has been confirmed by X-ray diffraction (XRD).

In particular, along the direction a, the distance be-
tween two benzenic rings is 9.2 ÅA

0

, while along the direc-
tion b is 10.7 ÅA

0

. A marked difference between the two
crystallographic axes is that along the direction a, a N atom
a and b. The layout of the SCFET is also reported on the top left.
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is sandwiched between two adjacent overlapping rings.
FTIR analyses of freshly prepared single crystals did not re-
veal the presence of impurities. The top-contact, bottom-
gate FET device was obtained by fabricating the source
and drain contacts directly onto the crystal surface with
silver epoxy [3,15]. The crystals were positioned on an alu-
minum electrode, and the thin air-filled gap left between
the bottom of the crystal and the gate electrode played
the role of the gate dielectric [7,16]. The presence of a thin
native Al oxide layer on the metal surface cannot be ex-
cluded, and could have contributed to the formation of
the gate dielectric capacitance. As already reported in the
literature, [3,6,15] the effects of contact resistance are
not relevant at the high drain–source voltages typically
used in our two-terminal FET measurements. All the mea-
surements were performed with a Keithley Source-meter
2400 and Electrometer 6517, at 295 K, in air and in the
dark. Spectral photocurrent (PC) measurements were car-
ried out in the planar configuration with an optical flux
of 1 � 1013 photons/cm2 at k = 450 nm. PC spectra were re-
corded in air at 295 K with a bias of 150 V. The low-level
injection conditions ensured that no alteration in the crys-
tal electrical response was induced by the PC measure-
ments, as assessed by comparing many consecutively
acquired PC spectra. A good reproducibility of the electrical
measurements has been assessed over many tested crys-
tals. No sign of permanent ageing or degradation of the
crystals was observed, neither from the I–V curves nor
from XRD measurements performed after the electrical
ones.

3. Results and discussion

The transport properties of 4HCB crystals were studied
by performing I–V analyses, first in the dark and then un-
der exposure to light, in a 2-terminal configuration be-
tween the top source and drain contacts along the two
crystallographic directions a and b. The results are reported
in Fig. 2 as solid symbols and confirm the presence of a
charge transport anisotropy. A higher current flows along
the direction a, as expected due to its closer molecular
packing. Moreover, along direction a the nitrogen atom of
the cyano group intersects the current flow through the
Fig. 2. Current voltage curves for the two planar directions a and b, in the
dark (solid markers) and under constant white light illumination (open
marks).The distance between the contacts is 350 lm.
p-stacking of the aromatic rings, with the molecular dipole
transverse with respect to benzenic rings pile. On the con-
trary, along axis b the molecular dipole is partially aligned
along the direction of the current flow (Fig. 1): the pres-
ence of an electric dipole and its different orientation with
respect to the direction of the carrier flow along the two
axes, locally modify the electric field experienced by the
charge carriers, and are thus likely to affect the carrier
transport behaviour.

When the crystal is exposed to white light, a different
effect is induced along the two axes: the current remains
almost constant along b, while along a it decreases of an al-
most constant factor (20%). Moreover, we have observed
degradation and hysteresis effects in the I–V curves only
if repeated measurements were carried out under or after
exposure to white light. The degradation effects almost
completely recover after storage in the dark for a few
hours. These observations suggest that the interaction with
photons induces the electrical activation of charge trap-
ping states that: (i) are more effective along direction a,
(ii) are able to reduce the collected current, and (iii) are
characterized by a long emission time constant.

We have then investigated the effects of applying a bias
to the Al gate of the structures sketched in Fig. 1. In this
way, the device behaves like a FET, and the transverse elec-
tric field affects the conduction between the drain and
source top contacts. The conduction is enhanced for nega-
tive gate voltages, indicating that the crystal has a p-type
conductivity. No evident hysteresis effects were detected
after repeated bias scans were carried out in the dark.
The saturation regime could not be reached in our FETs
due to the relatively large thickness of the measured crys-
tals (P150 lm), that induces a high series resistance in the
top-contact bottom-gate configuration here used. The crys-
tallographic orientation of the electrical contacts has been
assessed by XRD analyses on the tested crystals. We have
estimated the mobility in the dark, along the two crystallo-
graphic directions a and b, from the linear region of the I–V
curves, and we observed a mobility anisotropy in the two
directions, with la � 5 � 10�2 cm2/Vs and lb � 5 � 10�3

cm2/Vs. We observe relatively large off-currents that may
be attributed to extrinsic dopants, but the observation of
anisotropic transport both in the 2-terminal configuration
Fig. 3. FET curves measured under exposure to white light on the same
crystal along the two directions a and b. The channel width is 500 lm and
its length is 350 lm. The crystal thickness is 150 lm.
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and in the FET-like operational mode confirms that their
possible presence does not significantly affect the charge
transport processes [3,11].

We then carried out the same measurements on the
same crystals but under constant exposure to white light
(Fig. 3). Strong hysteresis effects were observed when re-
peated measurements were carried out under optical exci-
tation. Moreover, in these conditions, the anisotropy of
charge transport along the two planar directions was still
present, but the estimated mobility values became compa-
rable along the two directions, with a value of
l � 3 � 10�3 cm2/Vs, indicating that the mobility along a
decreases during exposure to light, while along b the trans-
port is not seriously affected.

If we focus our attention on the experimental results: (i)
the reduction of the current along a under optical excita-
tion (Fig. 2), (ii) the reduction of the mobility only along
a under optical excitation, and (iii) the appearance of hys-
teresis effects only after the interaction with photons, we
can advance a hypothesis on the origin of this trapping site.
We refer to the molecular arrangements along directions a
and b, shown in Fig. 1, where the more significant differ-
ence is the presence along direction a of the N atom sand-
wiched between two adjacent benzene rings. This
characteristic implies a local electrostatic distortion that
may induce the formation of trapping sites able to interact
with a photon. If we take into account both the effects in-
duced by optical excitation, i.e. the current reduction along
axis a and the I–V curves deterioration along both axes, we
can hypothesize that the traps are neutral in their ground
state and that they become electrically active only after
the interaction with photons. In this case the interaction
with photons may induce the emission of an electron from
the trapping state, thus emptying the level and leaving it in
a positive charged state. This behaviour is typical of a do-
nor level and induces a twofold effect. First, there is an in-
crease in the concentration of conduction electrons that
may readily recombine with the injected holes. These elec-
trons cannot contribute to the collected current since the
band offset at the Ag/crystal contacts favours hole injec-
tion. Secondly, after exposure to light, the center is posi-
tively charged, and may affect the collected hole current
via an enhanced charge carrier scattering process, thus also
Fig. 4. Photocurrent yield (electron/photon) as a function of the incident
photon beam energy for 4HCB single crystals, along axis a (dotted line)
and axis b (solid line).
contributing to the observed reduction of the collected
current.

In order to investigate the presence of deep electrically
active states, we carried out spectral PC analyses along
directions a and b on the same crystal and the photocon-
ductivity yield spectrum is reported in Fig. 4. The
HOMO–LUMO transport edge is located at 4.5 eV, followed
by exciton related features at lower energies [17]. A large
band of deeper states is clearly visible at lower energies
in the spectrum, starting at E = 3.9 eV, i.e. 0.45 eV from
the HOMO–LUMO gap. It is noteworthy that the number
of electrons excited per incident photon is larger along axis
a than along axis b, and that the photoinduced current does
not return to zero even for smaller photon energy values
for both axes (Fig. 4). PC analyses therefore confirm the
presence in the crystal of photo-activated donor-like defec-
tive states, more effective in influencing the collected cur-
rent along axis a than along b. Since the main structural
difference between the axes a and b is the geometrical ori-
entation of the 4HCB intrinsic dipole with respect to the p–
p stacking, we suggest that the lack of mobility anisotropy
observed in our crystals under optical excitation is due to
the light-induced electrical activation of deep states re-
lated to the presence and to the orientation of the molecu-
lar dipole and to the balance along the two axes a and b of
two factors:

- axis a has a higher charge current transport very likely
due to a stronger p-orbital stacking and to the presence
of the electron-rich nitrogen atom sandwiched between
consecutive benzenic rings (see Fig. 1);

- along axis b the electric molecular dipole is partially
aligned along the direction of current flow, facilitating
the latter, while along axis a the same dipole is trans-
verse to the current flow. The latter spatial arrangement
introduces a geometrical distortion of the p-clouds,
very likely enhancing the carrier scattering and lower-
ing the mobility when electrically activated by optical
excitation.

Such a hypothesis implies that the charge carrier mobil-
ity in organic single crystals is not uniquely controlled by
the molecular packing of the lattice, but it is also affected
by the electronic properties of the single atoms constitut-
ing the basic packed molecules, as well as by their mutual
orientation in the three-dimensional space.
4. Conclusions

In conclusion, we have investigated the charge carrier
transport properties of organic, solution-grown single crys-
tals based on 4-hydroxy-cyanobenzene, a molecule that
possesses an intrinsic dipolar charge distribution. In order
to correlate the charge carrier transport behaviour to the
molecular functionality, we have fabricated air-gap FET de-
vices that induce a transverse electric field on the planar
a–b crystallographic directions. An anisotropic transport
behaviour has been observed along axes a and b both in
the dark and under white light, and it has been correlated
to the molecular lattice packing by XRD measurements.
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The exposure to visible light induced a different effect
along the two directions that we have attributed to the
presence and alignment of the molecular dipole. We sug-
gests that this structure originates trapping centers that
behave like deep donors and that are more efficient along
axis a. A band of optically activated deep traps, located at
0.45 eV from the HOMO–LUMO transport edge, was identi-
fied by PC analyses that also confirm the occurrence of a
persistent light-induced conductivity. The mobility along
the two axes is anisotropic if measured in the dark, while
it becomes comparable when the crystals are exposed to
white light. We ascribed this behaviour to the intrinsic
4HCB molecular electric dipole that may originate deep
electronic states electrically activated by optical excitation.
Since the molecular dipole is differently oriented along the
two crystallographic axes, it differently affects the current
flow along the two directions. The results here presented
suggest that future studies on carrier transport of SCFETs
should consider the presence of molecular static dipoles,
even of non intrinsic ones (i.e. of the so-called induced di-
poles), as one of the parameters that can affect the device
transport behaviour, in addition to anisotropic molecular
packing and fabrication-induced defects.
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due to extrinsic trap states and the bias stress effect must
be separated in data analysis.

In conventional silicon metal oxide semiconductor FET
(MOSFET) technology, no hysteresis is observed on the
ID�VG (drain current–gate voltage) or ID�VD (drain cur-
rent–drain voltage) characteristics. Moreover, when a con-
stant gate voltage and drain-source voltage are applied on
the device, no variation of the drain current with the time
is observed. On the other hand, hysteresis effect is ob-
served in high K dielectrics development. To characterize
and to measure the ID�VG hysteresis behavior, a gate pulse
technique has been proposed by Leroux et al. [14].

In this paper, we take advantages of a gate pulse meth-
od introduced by Leroux et al. [14] and we demonstrate
how to adapt this technique to the specific behavior of
OFET. We present and analyze a study on transient current
characteristics under constant gate and drain-source volt-
age. From this study, we try to explain the hysteresis in
the current-voltage characteristics due to the measure-
ment method, and we propose a gate pulse electrical mea-
surement method derived of the one proposed in the high
K dielectrics, to perform ID�VG and ID�VD characteristics.
VG (V)
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Fig. 1. Drain current versus gate voltage characteristics ID�VG for device
A (W/L = 200/1 lm) in saturated regime (VD = �3 V), (a) with the static
method for a sweep rate of 100 mV/s, VTH(up) is equal to �0.40 V and
VTH(down) is equal to �0.73 V. (b) With a gate pulse electrical method,
VTH(up) = VTH(down) = �0.46 V.
2. Device fabrication and experimental details

The OTFTs used in this work are fabricated on highly
doped n-type silicon substrate (<0.005 X cm) covered with
a thermally grown silicon oxide (SiO2) layer. The back Si
serves as a gate electrode and the SiO2 as a gate insulator.
Bottom contact source-drain contacts (Ti/Au) were pat-
terned by e-beam lithography with a ratio W/L (channel
length L and channel width W) equal to 200 lm/1 lm for
device A and by optical lithography with a ratio W/L
1000 lm/50 lm for device B. The silicon oxide thicknesses
were equal to 10 nm for device A and 250 nm for device B.
All the wafers were treated with UV/O3 plasma treatment
before pentacene deposition. A pentacene layer was vac-
uum evaporated at 0.1 Å/s on drain/source (D/S) tita-
nium/gold electrodes and with a substrate maintained at
the room temperature. The thickness of the active layer
of pentacene was 25 nm in device A and 60 nm in device B.

Device characteristics were measured in a shielded dark
box in ambient air and at room temperature with a micro-
manipulator probe station. Sense measurements, constant
voltages and pulse gate voltages were performed with an
Agilent 5270B semiconductor parameter analyser. A func-
tion of this analyser allows to carry out pulsed sweep mea-
surements. The making of the pulsed gate measurements is
given below.

3. Characterization of the hysteresis

Fig. 1 shows the transfer characteristics (ID�VG) for de-
vice A (W/L = 200/1 lm) with the static method using a
step voltage of 100 mV/s (Fig. 1a), and using the pulse gate
method (Fig. 1b), the details of the measurements are gi-
ven below. With the static method we can observe a hys-
teresis in the current–voltage characteristic, whereas by
using the pulse method, the hysteresis effect practically
disappears. With the static method, we therefore can ex-
tract two values of threshold voltage (VTH) and two values
of carrier mobility (l), the first for the up scan and the sec-
ond for the down scan. We can see in Fig. 1b that VTH and l
values are identical and independent of the measurement
scan when done with the pulse voltage method.

Fig. 2 shows the transient drain current (ID) as a function
of the time when ‘‘on-state” and ‘‘off-state” cycles of 500 s
are successively applied to the OFET. VG = �3 V and
VD = �6 V corresponds to the ‘‘on-state” and VG = 0 V and
VD = 0 V corresponds to the ‘‘off-state”, where VG and VD

are the gate voltage and the drain-source voltage, respec-
tively. In the ‘‘on-state”, the drain current decreases with
the time. When a negative voltage is applied to the gate,
an accumulation channel is formed and under the effect
of the electric field between drain and source, a hole current
circulates. In principle, this current should remain constant.
In the saturated regime (VG = �3 V and VD = �6 V), as well
as in the linear regime (not shown here), the ID versus time
curve shows a decay of the drain current as a function of the
time. In logarithm scale, shown in the inset of Fig. 2, this
current decay follows a power law, ID = At�a, with a equal
to around 0.11. This decrease is usually explained by the
presence of traps at the interface between the semiconduc-
tor and the oxide, and/or in the bulk of the organic semicon-
ductor [15]. In the literature, some authors [11] suggested
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that for the SiO2 dielectric films, ID decay was caused by
electron traps at the organic-channel/inorganic-dielectric
interface. In similar devices, other authors [16,17] sug-
gested that the decrease of the drain current with time is
due to the bias stress effect, and some of the possible causes
for the bias stress are trapping inside the pentacene or at
the dielectric interface.

This behavior is well reproducible for successive appli-
cation of ‘‘on-state and off-state”, with almost the same
initial ID value at the beginning after each ‘‘on-state”. How-
ever, it is important to note that although the relaxation of
the drain current is very fast when we switch from the on-
state to the off-state (not seen on Fig. 2), if the duration of
off-state is too short compared to that of on-state, ID does
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scans. The points correspond to the value of the current ID at the end of the ste
not regain its initial value at the next off-state to on-state
switching. As proposed by several authors [10,11], we can
consider that the on-state corresponds to a charge-trap-
ping period and the off-state corresponds to a detrapping
of the previously trapped charges.

Moreover, we have observed, not shown here, that if we
apply a gate pulse train at a frequency of 10 Hz (with a gate
voltage magnitude from 0 to �3 V), with a duty cycle be-
low 10%, no drain current decrease is observed as a func-
tion of the time while with a static gate voltage (100%
gate duty cycle), the decrease in drain current is around
65% after 1000 s.

The last observations have consequences during ID�VG

transfer characteristics measurement. In the static mea-
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surement (Fig. 3), when the gate bias VG switches, step by
step, from a negative value to a more negative value (up
scan in Fig. 1a), we observe an extra drain current [12]
and during the step delay time (measurement), this drain
current decays. On the other hand, the measurement at
the time t + 1 is affected by the trapping/detrapping phe-
nomenon occurring during the measurement at the time
t. When VG switches from a negative value to a less nega-
tive value, the drain current stays about constant during
the step delay time. Consequently, for the same VG, more
current is measured during the up scan than during the
down scan, causing the observed hysteresis. Fig. 4 shows
the transfer characteristics obtained on the same device
for different sweep rates. We can observe that the thresh-
old voltage (VTH) shift, between the up and down sweeps,
depends on the sweep rate, and so on the measurement
conditions. From this result, we can conclude that the low-
er the value of the sweep rate is, the more important the
hysteresis would be.
VG Δt

0
tP

t (s)
0 5 10 15 20 25

V
G
 (

V
) -3.0

-2.8
-2.6
0.0

I D
 (

10
-6

 A
) -4

-3

-2

0

SiO2S D

GATE

VG

Agilent 
E5287A

VD, ID

pentacene

(b)

(c)

(a)

Fig. 5. (a) Experimental setup describing the dynamic method. (b) Drain curren
pulses are applied to the gate. (c) Successive gate pulses (characterized by a ma
ID�VG for the up and down scans. The points correspond to the value of the cur
In order, to avoid the detrimental of hysteresis and trap-
ping/detrapping effects in the extraction of the device
parameters, we propose a dynamic method based on gate
voltage pulse. We saw earlier that if we applied on/off cy-
cles on the OFET, the drain current regains its initial value
if the on-off time ratio is properly chosen. Consequently, it
should be possible to measure the drain current as a func-
tion of the gate voltage, without that the measurement at
the time t + 1 is affected by the measurement at the time t.

The principle of the experiment is shown in Fig. 5. A
voltage pulse with a magnitude VG, a pulse width Dt and
a period P is applied to the gate. The drain-source voltage
VD, in saturated or linear regime, is held constant and we
measured the drain current during the pulse. To perform
the measurements, we use a function of the Agilent
5270B. This function sets the setup parameters (magnitude
of the peak, width and period) which determine the pulsed
sweep measurement conditions as shown in Fig. 5a. The
drain current measurement is performed during the pulse
width, one measurement by pulse is realized (the integra-
tion time setting is ignored).

Charge trapping on bulk and/or interface traps occurs
during the width pulse Dt. During (P�Dt), the bulk and/
or interface traps effects are annealed. The annealing of
whole or a part of these effects is observed during the time,
i.e. when VG is equal to 0 V. If the duty cycle is correctly
adapted, the hysteresis phenomenon is not observed (see
Fig. 5d), VTh and l values become independent to the mea-
surement conditions.

4. Experimental results using the pulse gate method

We used this technique to measure the transfer charac-
teristics of two different devices (A and B, see Section 5) in
both the saturation and linear regimes. The saturation data
were analyzed by plotting the square root of the drain cur-
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rent (ID) as a function of the gate voltage. The slope of the
fit to the linear portion of this plot, above the threshold,
yields the field effect mobility, while the gate voltage inter-
cept of the fit line determines the threshold voltage. The
mobility, l, was evaluated in the saturation region by the
classical equation:

ID ¼
W
2L

lCiðVG � VTHÞ2;

where ID is the drain current density, W and L are the chan-
nel width and length, respectively, Ci is the insulator capac-
itance, and VG and VTH are the gate and threshold voltage,
respectively. Fig. 6a shows the ID�VG characteristics for de-
vice A, obtained with the dynamic method based on gate
voltage pulse, for a period P equal to 1 s and three values
of Dt equal to 1, 100 and 500 ms, corresponding to a duty
cycle of 0.1, 10 and 50%, respectively. Fig. 6b represents the
relative shift between the up and down sweeps DVTH/VTH0,
with DVTH = VTH(down)�VTH(up) and VTH0 is the value of the
threshold voltage with a duty equal to 0.1% (the up and
down curves are superimposed), as a function of the duty
cycle. In the same figure, we have also represented the rel-
ative variation of l between the up and down sweeps Dl/
l0(Dl = ldown�lup) and l0 is the carrier mobility with a
duty cycle equal to 0.1%. For a duty cycle equal to 0.1% (also
for 0.5 and 1%, but not shown here), we show that the
ID�VG up and down curves are superimposed. As a result,
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for a duty cycle lower than 1%, VTH and l are not affected
by trapping/detrapping hysteresis effects and so are inde-
pendent to the measurement conditions. Moreover, it is
important to note that, compared to VTH variation, the car-
rier mobility variation is less affected by these effects.

Fig. 7a and b show the results of the same experiments
for device B, the transfer characteristics for different duty
cycles ranging from 1% to 75%, and DVTH/VTH0 and Dl/l0 ex-
tracted from the ID�VG characteristics, as a function of the
duty cycle. As shown in device A, DVTH/VTH0 and Dl/l0 re-
main approximately constant for a duty cycle lower than
5% and a large variation of VTH and a small variation of l
are observed when the duty cycle is increased above 5%.
The last results show that to characterize the OFETs, the gate
pulse electrical method can be applied whatever the device
geometries (e.g. for large and submicrometer OFET).

The previous experiments showed the effect of charge
trapping on the OFET parameter extraction. If we assume,
as discussed previously and in Refs. [11,12], that the bulk
and/or interface trapping occurs during the pulse width
Dt and the detrapping occurs during the time (P�Dt),
whole or a part of the bulk and/or interface traps effects
can be annealed. By keeping Dt constant and by varying
the pulse period, we can investigate the detrapping effect
on the OFET parameters. We report in Fig. 8 the results
of such experiments where ID�VG characteristics are
measured at two constant pulse durations (Dt = 1 ms and
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100 ms) while varying the period of the pulses between
10 ms and 5 s. During the pulse duration, charges are
trapped and during the time P�Dt, charges are detrapped.
For the same quantity of trapped charges, it is possible to
see the annealing time effect on VTH and the carrier mobil-
ity (l). It is clear that l is weakly affected by the annealing
time, while VTH, which varies as a function of the ratio be-
tween annealing and trapping times, is much more af-
fected and, especially when using a long pulse duration
(i.e. allowing a larger charge carrier trapping). After a long
period (detrapping), VTH tends to its ‘‘intrinsic value”.
These experimental results demonstrate that the trap-
ping/annealing mechanism must be considered to explain
the VTH variations in the hysteresis phenomena.

5. Conclusion

In summary, we have shown that when a gate pulse
voltage, with an appropriated duty cycle, is applied on
the gate of an OFET, no drift of the drain current is ob-
served which is not the case in a constant voltage. We also
demonstrated that with a gate pulse electrical method, it is
possible to perform ID�VG characteristics on OFET and to
limit the hysteresis effects due to up and down sweeps.
The device parameters (threshold voltage, charge carrier
mobility) can be extracted without suffering from the hys-
teresis effect induced by the charge trapping/detrapping
phenomenon (during the up and down scans), especially
before and after bias stress studies. We applied this tech-
nique on OFET with a large range of channel length, i.e.
from 50 lm down to 1 lm. Finally, we saw that with this
dynamic method based on gate voltage pulse, it is possible
to investigate the trapping/detrapping phenomenon in
OFET.
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that the use of MoO3 and MoO3 doped hole-transporting
material as anode modification layers significantly reduces
the operational voltage and improves the efficiency and life-
time of OLEDs [23–31].

The first introduction of MoOX layer between ITO and
hole-transporting layer was reported by Tokito et al. in
1996 [23]. They found that the operation voltage was re-
duced and the efficiency was enhanced. They attributed
the improvement to the lower energy barrier for hole
injection at the metal oxide/hole-transporting layer inter-
face. In 2002, Reynolds et al. used MoO3 as electron extrac-
tion barrier layer in polymer light-emitting diodes (PLEDs)
[24]. The same improvement in device efficiency and
brightness was obtained, which was attributed to the
buildup of electrons at the MoO3/emissive polymer layer
interface, resulting in local field and a consequent
enhancement of the hole injection and recombination. In
2006, Ikeda et al. reported that the use of MoO3 doped
NPB composite as a buffer layer on ITO could also reduce
the operational voltage and enhance the brightness and
efficiency of device [25]. Importantly, they found that the
composite buffer layer greatly suppressed the pixel
defects. The use of MoO3 as the hole injection layer in
top-emitting OLEDs/PLEDs and invertible PLEDs was also
reported. It was found that the device efficiency was
greatly improved, owing to the enhancement of the hole
injection [26–29]. Matsushima et al. [30] reported the ef-
fect of a MoO3 buffer layer on the hole injection properties
by current–voltage (I–V) characteristics of hole-only de-
vices. They found that a 0.75 nm-thick MoO3 layer on ITO
led to an Ohmic contact formation, and the enhancement
of hole injection was attributed to the electron transfer
from ITO and organic molecule to MoO3, which was sup-
ported by X-ray photoelectron and ultraviolet/visible/
near-infrared absorption measurements. However, all the
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without buffer layer (square) at room temperature. The current efficiency–curre
shown in the inset.
reported work are lack of systematic investigations into
the mechanism and the relationship between the charac-
teristics of the MoO3 interfacial layer and electrolumines-
cence (EL) performance of OLEDs.

In previous work [31], we reported high efficiency and
long lifetime of OLEDs with MoO3 as the anode buffer layer
and used the I–V characteristics of hole-only devices and
polarized optical microscopy data to initially demonstrate
the enhancement of the hole injection and the improve-
ment of the morphology stability of the hole-transporting
layer. In this work, we carried out systematic studies on
the role of MoO3 and MoO3 doped N,N0-di(naphthalene-1-
yl)–N,N0-diphenyl-benzidine (NPB) as the interface modifi-
cation layers on ITO in OLEDs by atomic force microscopy
(AFM), polarized optical microscopy, transmission spectra,
ultraviolet photoemission spectroscopy (UPS) and X-ray
photoemission spectroscopy (XPS). The studies on the en-
ergy level and the film morphology show that the MoO3

and MoO3:NPB layers can reduce the hole injection barrier,
improve the interfacial stability and suppress the crystalli-
zation of the hole transport layer NPB. As a result, the effi-
ciency and stability of OLEDs are improved.

2. Experimental

The device structure used in this study was ITO/
MoO3:NPB (10 wt.%, 40 nm) or MoO3 (6 nm)/NPB (100 nm)/
tris(8-hydroxyquinoline) aluminum (Alq3) (60 nm)/LiF
(1 nm)/Al (120 nm). For comparison, ITO/CuPc (10 nm)/
NPB/Alq3/LiF/Al and ITO/NPB/Alq3/LiF/Al devices were also
studied. The OLEDs and thin films for the thermal annealing
studies were prepared by thermal evaporation in a high-vac-
uum system with pressure less than 5� 10�4 Pa. For OLED
devices, the commercial ITO-coated glass with a sheet resis-
tance of 100 X/h was used as the anode. The 40 nm
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MoO3:NPB or 6 nm MoO3, 100 nm NPB, 60 nm Alq3, 1 nm LiF
and 150 nm Al were evaporated onto ITO in turn. The con-
centration of MoO3 in NPB was controlled at 10 wt.%. The
evaporation rates were monitored by frequency counter
and calibrated by Dektak 6M Profiler (Veeco). The overlap
between ITO and Al electrodes was 16 mm2 as the emissive
size of devices. For the measurements of transmittance, en-
ergy level and morphology of NPB, CuPc/NPB, MoO3/NPB
and MoO3:NPB/NPB thin films at different temperatures,
these films were deposited on ITO-coated glass substrates.
The current–voltage-brightness characteristics were mea-
sured using a Keithley source measurement unit (Keithley
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2400 and Keithley 2000) with a calibrated silicon photodi-
ode. All devices were measured at room temperature with-
out encapsulation.

Thermal treatment was done in two ways: thermal
annealing in an oven and heating the substrate during
the film deposition. For thermal annealing, the films were
first deposited on substrate, and then heated in an oven
at 90 �C or 110 �C for 2 h. In another way, the substrate
was first put in a vacuum chamber, and then heated to
80 �C or 120 �C under a vacuum less than 5 � 10�4 Pa.
When the substrate reached the final temperature, the film
deposition composite or device fabrication began. The
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films or devices were taken out and measured after cooling
to room temperature.

The transmission spectra were performed by UV–Vis–
NIR Spectrophotometer (SHIMADZU UV-3600). The mor-
phology and localized crystallization were measured by
atomic force microscopy (AFM) (SIINT, SPA400) in tapping
mode and polarized optical microscopy (OLYMPUS BX51),
respectively. The interface electronic structure and varia-
tion in the work function were performed by XPS with Al
Ka X-ray source (1486.6 eV) and UPS with He discharge
lamp (UV light of 21.22 eV) (Thermo ELECTRON CORPORA-
TION, ESCALAB 250). The resolution of the spectra was
0.3 eV for XPS and 0.1 eV for UPS. The UPS measurements
were performed with a �4 V bias applied to the sample
in order to enable the measurement of the secondary elec-
trons cutoff.

3. Results and discussion

3.1. Electroluminescence properties of OLEDs at different
temperatures

The electroluminescent (EL) properties of OLEDs with
different anode modification layers at different tempera-
tures were first investigated. Fig. 1 shows the current den-
sity–luminance–voltage characteristics of ITO/NPB/Alq3/
LiF/Al and ITO/CuPc, MoO3 or MoO3:NPB/NPB/Alq3/LiF/Al
devices at room temperature. The current efficiency–cur-
rent density and power efficiency–current density charac-
teristics of the same devices are shown in inset of Fig. 1. It
is clearly that the turn-on voltage (defined as the voltage
required for the luminance of 1 cd/m2) is significantly re-
duced when inserting the MoO3 and MoO3:NPB buffer lay-
ers. The turn-on voltage is reduced to 2.7 V of devices with
MoO3 andMoO3:NPB buffer layers from 4.0 V of devices
without buffer layer. Meanwhile, the utilization of CuPc
layer does not reduce the turn-on voltage, even increasing
the turn-on voltage, it can be seen that the luminance is
greatly enhanced at high voltage, which is in agreement
Table 1
The comparison of the EL performance of OLEDs with different buffer layers
at different substrate temperaturesa

Vturn-on

(V)
Lmax

(cd/m2)
CEmax

(cd/A)
PEmax

(lm/W)

At room temperature A 3.7 8420 4.49 1.14
B 4.5 14,480 5.01 1.57
C 2.7 25,050 6.47 6.06
D 2.7 20,700 5.92 4.84

At 80 �C A 7.1 140 2.44 0.62
B 4.7 1170 2.87 1.04
C 3.3 3090 4.02 2.22
D 3.1 3780 5.29 2.31

At 120 �C A – – – –
B – – – –
C 4.3 770 2.92 1.04
D 3.7 1341 3.64 1.64

a The EL properties of device A and B fabricated at substrate tempera-
ture of 120 �C cannot be obtained, which is shown by ‘‘–”. In the table, A
represents the device without buffer layer, and B, C and D represent the
devices with the CuPc, MoO3, and MoO3:NPB buffer layer, respectively.
with the literature [32]. In the case of MoO3 as a buffer
layer, we found that a low turn-on voltage can be kept in
a wide range of MoO3 thickness [31]. This also demon-
strates the practical applicability of MoO3 as a buffer layer
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Fig. 4. Transmission spectra of NPB (50 nm), CuPc (10 nm)/NPB (50 nm),
MoO3 (6 nm)/NPB (50 nm) and MoO3:NPB (40 nm)/NPB (50 nm) at room
temperature (a), after annealing at 110 �C for 2 h (b), and fabricated at
substrate temperature of 120 �C (c).
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in OLEDs. Due to the high luminance at low operational
voltage and low current density, it can be seen that the
EL current efficiency of the devices with MoO3 and
MoO3:NPB buffer layers is enhanced to 6.45 cd/A and
5.88 cd/A, respectively, as shown in the inset of Fig. 1,
which are higher than 5.00 cd/A of device with CuPc buffer
layer and 4.49 cd/A of device without a buffer layer. Fur-
thermore, the power efficiencies are also greatly enhanced
when using MoO3 or MoO3:NPB as the buffer layer. The
power efficiency of the devices with MoO3 and MoO3:NPB
buffer layers reaches 5.65 lm/W and 4.84 lm/W, respec-
tively. In comparison, the power efficiencies of the devices
with CuPc buffer layer and without a buffer layer are only
1.55 lm/W and 1.14 lm/W, respectively.

More importantly, it is found that the devices fabricated
at high temperature may yet operate well when utilizing
the MoO3 and MoO3:NPB buffer layers, whereas the lumi-
nance and efficiency are rapidly degraded at high treat-
Fig. 5. Atomic force microscopy images of NPB (50 nm) (I), CuPc (10 nm)/NPB
(50 nm) (IV) for annealing temperature at 90 �C (a) and 110 �C (b) for 2 h.

Fig. 6. Atomic force microscopy images of NPB (50 nm) (I), CuPc (10 nm)/NPB
(50 nm) (IV) fabricated at substrate temperature of 120 �C.
ment temperature when using CuPc as a buffer layer and
no buffer layer in devices. Fig. 2 shows the luminance-volt-
age characteristics of ITO/NPB/Alq3/LiF/Al and ITO/CuPc,
MoO3 or MoO3:NPB/NPB/Alq3/LiF/Al devices fabricated at
substrate temperature of 80 �C, which is near the glass
transition temperature of NPB. The current efficiency–cur-
rent density and power efficiency–current density charac-
teristics of the same devices fabricated at the same
conditions are shown in inset of Fig. 2. It is clearly seen that
the devices can yet operate well with efficiency of
4.00 cd/A (2.22 lm/W) in the case of MoO3 buffer layer
and 5.29 cd/A (2.31 lm/W) in the case of MoO3:NPB buffer
layer, whereas the efficiencies of the devices with CuPc
buffer layer and no buffer layer are reduced to 2.86 cd/A
(1.04 lm/W) and 2.31 cd/A (0.61 lm/W), respectively.
Although the luminance of the devices with MoO3 and
MoO3:NPB buffer layers decreases, the decrease in lumi-
nance of the devices with CuPc buffer layer and no buffer
(50 nm) (II), MoO3 (6 nm)/NPB (50 nm) (III) and MoO3:NPB (40 nm)/NPB

(50 nm) (II), MoO3 (6 nm)/NPB (50 nm) (III) and MoO3:NPB (40 nm)/NPB
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layer is more pronounced. It has been proven experimen-
tally that the device degradation at high temperature is
originated from the crystallization of NPB, and the CuPc
buffer layer again easily induces the crystallization of
NPB at elevated temperature [33]. Clearly, the utilization
of the MoO3 or MoO3:NPB buffer layer restrains the NPB
from the crystallization, as demonstrated below.

Evidently, when the devices are fabricated at a sub-
strate temperature of 120 �C, which is above the glass tran-
sition temperature of NPB, the emission of the devices with
CuPc buffer layer and no buffer layer disappears, but the
devices with MoO3 and MoO3:NPB buffer layers can still
operate with luminance of 770 cd/m2, efficiency of
2.95 cd/A and luminance of 1340 cd/m2, efficiency of
3.66 cd/A, respectively, as shown in Fig. 3. These results
adequately demonstrate that MoO3 and MoO3:NPB as an-
ode interfacial modification materials in OLEDs play an
important role in the improvement of EL efficiency and sta-
bility of OLEDs.

Table 1 summarizes the electroluminescence properties
of OLEDs with different buffer layers at various tempera-
ture treatment conditions. It can be seen that the utiliza-
tion of the MoO3 and MoO3:NPB buffer layers can reduce
the turn-on voltage and enhance the luminance and effi-
ciency, and the improvement is further obvious at high
substrate temperature. The fact that the devices with
MoO3 and MoO3:NPB as buffer layers can yet operate at
higher luminance and efficiency even after treatment at
high temperature also indicates strongly a better stability
of these devices.

3.2. Effects of anode buffer layer on transmission spectra and
morphology

To fully understand the mechanism of MoO3 in the
improvement of efficiency and stability in OLEDs, the ef-
fects of MoO3 and MoO3:NPB on the transmission and
the morphology of NPB hole-transporting layer were stud-
ies in detail. As expected, a high transmission of interfacial
modification film is necessary to the coupling efficiency of
light output. Fig. 4 shows the transmission spectra of NPB,
Fig. 7. Polarized optical microscopic image of NPB (50 nm) (I), CuPc (10 nm)/NPB
(50 nm) (IV) for annealing temperature at 90 �C (a) and 110 �C (b) for 2 h.
CuPc/NPB, MoO3/NPB and MoO3:NPB/NPB at different
treatment temperatures. It can be seen that at room tem-
perature (Fig. 4a), the insertion of MoO3 or MoO3:NPB buf-
fer layer hardly changes the transmittance of the whole
films in a wide range of 400–800 nm compared to the case
of NPB, while the utilization of CuPc as the buffer layer sig-
nificantly reduces the transmission in the range of 500–
800 nm, which should be originated from the absorption
of CuPc. Furthermore, as shown in Fig. 4b, the transmission
of MoO3/NPB and MoO3:NPB/NPB films have hardly de-
crease after thermally annealing at 110 �C for 2 h, whereas
NPB and CuPc/NPB films show larger reduction in the
transmission. Similarly, the transmission of MoO3/NPB
and MoO3:NPB/NPB films also did not show any change,
but the transmission of NPB and CuPc/NPB films were
greatly reduced as these films were deposited at the sub-
strate temperature of 120 �C (Fig. 4c). A decrease in the
transmission of CuPc/NPB and NPB films after thermal
treatment is attributed to the NPB crystallization. A slight
change in the transmission of MoO3/NPB and MoO3:NPB/
(50 nm) (II), MoO3 (6 nm)/NPB (50 nm) (III) and MoO3:NPB (40 nm)/NPB
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NPB films should demonstrate that the MoO3 and
MoO3:NPB as the buffer layer does play an important role
in suppressing the NPB crystallization, which favors the
improvement of efficiency in OLEDs.

The effects of the interfacial modification layers on the
morphology of NPB films can be used to further prove
the advantages of the MoO3 and MoO3:NPB as buffer layers
in OLEDs. MoO3 and MoO3:NPB buffer layers greatly im-
prove the morphology stability and quality of NPB film,
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and effectively suppress the crystallization of NPB film.
Fig. 5a and b shows the AFM images of NPB, CuPc/NPB,
MoO3/NPB and MoO3:NPB/NPB films after annealing,
respectively, at 90 �C and 110 �C for 2 h. Fig. 6 shows the
AFM images of NPB, CuPc/NPB, MoO3/NPB and
MoO3:NPB/NPB films fabricated at 120 �C. It is clearly seen
that the surface of NPB film with CuPc buffer layer and
without buffer layer displays higher roughness (higher
root mean square, RMS), and some NPB crystallization
areas are obviously observed, while the NPB with MoO3

and MoO3:NPB buffer layers show a smooth and feature-
less morphology, similar to the case of the NPB film at
room temperature. Although the processes of the NPB crys-
tallization and the suppression of NPB crystallization in
Figs. 5 and 6 are different due to the different treatment
conditions, the introduction of the MoO3 and MoO3:NPB
buffer layers can effectively suppress the crystallization
of NPB film, fully demonstrating the improvement mecha-
nism in device stability.

The suppression of NPB crystallization by the MoO3 and
MoO3:NPB buffer layers can be further revealed from the
polarized optical microscopic images of NPB films under
different treatment conditions (Fig. 7). The films of NPB
on ITO and CuPc display a large crystallization area, which
become larger with the increase of the annealing tempera-
ture. However, the crystallization area is significantly re-
duced for the NPB film on MoO3 and MoO3:NPB. As we
know, the vacuum-deposited CuPc thin film is a polycrys-
talline structure. It is easy to induce the nucleation and
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the crystallization of semi-crystalline NPB film, especially
at high temperature, which is consistent with the literature
[34,35]. Differently, the film of the vacuum-deposited
MoO3 has amorphous morphology, and the amorphous
film can effectively suppress the NPB crystallization within
the critical thickness. This further proves the important
role of MoO3 and MoO3:NPB as buffer layers in improving
the device stability.

3.3. Injection barrier at interfaces

Besides the effect of the interfacial modification layer
on the morphology, which directly determines the device
stability, large numbers of experiments have also demon-
strated that the introduction of the interfacial layer at elec-
trodes can significantly influence the injection of charge
carriers by the change of the interfacial barrier at elec-
trodes [36,37]. To clearly demonstrate the effects of
MoO3 and MoO3:NPB as buffer layers on the charge carriers
injection, UPS is used to determine the interfacial energy
level. Fig. 8 shows the UPS spectra of NPB, CuPc, MoO3,
MoO3:NPB on ITO as well as ITO. From the UPS spectra,
the work functions (Ubuffer) of ITO are calculated to be
4.7 eV, and the modification of CuPc, MoO3 and MoO3:NPB
on ITO leads to the energy level to shift to 4.55 eV, 5.2 eV
and 5.1 eV, respectively. It can be seen from these level val-
ues that the utilization of CuPc layer results in the vacuum
level shift down, whereas the modification of MoO3 or
MoO3:NPB makes the vacuum level shift up. This level shift
has been attributed to the formation of interfacial dipoles
(D) between ITO and CuPc, MoO3, MoO3:NPB, which
reaches �0.15 eV, 0.5 eV and 0.4 eV, respectively.

In order to evaluate the hole injection barriers in an ac-
tual device, the UPS spectra were taken for the devices
with a structure of ITO/NPB, ITO/CuPc/NPB, ITO/MoO3/
NPB and ITO/MoO3:NPB/NPB films (Fig. 9). It can be calcu-
lated that the interfacial dipole D of 0.15 eV is generated at
ITO/NPB and CuPc/NPB interfaces, the interfacial dipole D
of �0.05 eV is formed at MoO3/NPB interface, whereas
there is no dipole formation at MoO3:NPB/NPB interface.
The energy diagrams of ITO/NPB, ITO/CuPc/NPB, ITO/
MoO3/NPB, ITO/MoO3:NPB/NPB extracted from the UPS
are shown in Fig. 10. It can be seen that the hole injection
barrier from ITO to NPB is 0.55 eV in the case of ITO/NPB
(Fig. 10a). The introduction of CuPc buffer layer increases
the barrier to 0.7 eV, which is consistent with the reported
explanation where the utilization of CuPc buffer layer
blocks the hole injection [38]. However, the hole injection
barrier is reduced from 0.55 eV to 0.25 eV and 0.3 eV after
inserting MoO3 and MoO3:NPB buffer layer, respectively.
Obviously, the utilization of MoO3 and MoO3:NPB on ITO
greatly reduces the hole injection barrier, which should
be attributed to the reduction of operational voltage and
the improvement of EL efficiency.

The enhancement mechanism of the work function of
ITO modified by interfacial layer could be well elucidated
by XPS spectra of ITO, ITO/MoO3 (1 nm), ITO/MoO3:NPB
(1 nm), as shown in Fig. 11. It can be seen that the In 3d
and Sn 3d peaks shift towards higher binding energy after
depositing MoO3 (1 nm) and MoO3:NPB (1 nm) on ITO. This
shift of binding energy indicates that there occurs electron
transfer from ITO to MoO3 and MoO3:NPB at the interface.
As a result, a dipole layer is formed right at the interface.
With such interfacial dipole formation, there will be an
abrupt shift of the potential across the dipole layer [39],
leading to an up-shift of 0.5 eV and 0.4 eV in the vacuum
level, as shown in Fig. 10c and d. Therefore, the hole injec-
tion barrier is greatly reduced, as a result of a shift in the
vacuum level caused by electron transfer from ITO to
MoO3 or MoO3:NPB at interface. Accordingly, the introduc-
tion of MoO3 and MoO3:NPB interfacial layers also effec-
tively reduces the driving voltage of OLED device and
thus improves the power efficiency, which are very benefi-
cial for practical applications of OLEDs.

4. Conclusions

We have systematically studied the role of MoO3 and
MoO3 doped N,N0-di(naphthalene-1-yl)–N,N0-diphenyl-
benzidine (NPB) used as the interface layer on ITO in
improving the efficiency and lifetime of organic light-emit-
ting diodes (OLEDs). The investigations into the energy le-
vel and the film morphology under different thermal
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treatment conditions clearly reveal that the MoO3 and
MoO3:NPB on ITO can reduce the hole injection barrier,
suppress the crystallization of hole-transporting NPB, thus
resulting in higher efficiency and better stability of OLEDs.
The reduction of the hole injection barrier can be attrib-
uted to the formation of the interfacial dipole due to the
occurrence of electron transfer at interface. The results
demonstrated that the MoO3 and MoO3:NPB are a practical
valuable interfacial modification layer on ITO in OLEDs.

Acknowledgments

We would like to thank the support from the Hundreds
Talents Program of Chinese Academy of Sciences, the Na-
tional Science Fund for Distinguished Young Scholars of
China (50325312), Foundation of Jilin Research Council
(20050517), Science Fund for Creative Research Groups of
NSFC (20621401) and Ministry of Science and Technology
of China (973 Program No. 2002CB613404 and 863 Pro-
gram No. 2006AA03A161).

References

[1] Y. Yang, E. Westerweele, C. Zhang, P. Smith, A.J. Heeger, J. Appl. Phys.
77 (1995) 694.

[2] L.S. Hung, C.W. Tang, M.G. Mason, Appl. Phys. Lett. 70 (1997) 152.
[3] M.G. Mason, L.S. Hung, C.W. Tang, S.T. Lee, K.W. Wong, M. Wang, J.

Appl. Phys. 86 (1999) 1688.
[4] S.K. Heeks, J.H. Burroughes, C. Towns, S. Cina, N. Baynes, N.

Athanassopoulou, J.C. Carter, S. Miyashita, J. Soc. Inf. Disp. 10
(2000) 139.

[5] N.K. Patel, S. Cina, J.H. Burroughes, IEEE J. Sel. Top. Quantum Elect. 8
(2002) 346.

[6] M. Ishii, T. Mori, H. Fujikawa, S. Tokito, Y. Taga, J. Lumin. 87–89
(2000) 1165.

[7] K. Sugiyama, H. Ishii, Y. Ouchi, K. Seki, J. Appl. Phys. 87 (2000) 295.
[8] M. Rottmann, K.H. Heckner, J. Phys. D: Appl. Phys. 28 (1995) 1448.
[9] J. Cui, Q. Huang, Q. Wang, T.J. Marks, Langmuir 17 (2001) 2051.

[10] S.A. Van Slyke, C.H. Chen, C.W. Tang, Appl. Phys. Lett. 69 (1996)
2160.

[11] S.Y. Kim, J.M. Baik, H.K. Yu, J.L. Lee, J. Appl. Phys. 98 (2005) 093707.
[12] C.A. Di, G. Yu, Y.Q. Liu, X.J. Xu, Y.B. Song, D.B. Zhu, Appl. Phys. Lett. 89
(2006) 033502.

[13] J. Li, M. Yahiro, K. Ishida, H. Yamada, K. Matsushige, Synthetic Met.
151 (2005) 141.

[14] C.C. Chang, M.T. Hsieh, J.F. Chen, Appl. Phys. Lett. 89 (2006) 253504.
[15] Y. Luo, H. Aziz, G. Xu, Z.D. Popovic, J. Appl. Phys. 101 (2007) 054512.
[16] S.W. Shi, D.G. Ma, Semicond. Sci. Technol. 20 (2005) 1213.
[17] J. Huang, G. Li, E. Wu, Q. Xu, Y. Yang, Adv. Mater. 18 (2006) 114.
[18] S.Y. Chen, T.Y. Chu, J.F. Chen, C.Y. Su, C.H. Chen, Appl. Phys. Lett. 89

(2006) 053518.
[19] X.D. Feng, C.J. Huang, V. Lui, R.S. Khangura, Z.H. Lu, Appl. Phys. Lett.

86 (2005) 143511.
[20] D. Grozea, A. Turak, Y. Yuan, S. Han, Z.H. Lu, W.Y. Kim, J. Appl. Phys.

101 (2007) 033522.
[21] L. Fenenko, C. Adachi, Thin Solid Films 515 (2007) 4812.
[22] R. Könenkamp, R.C. Word, M. Godinez, Nanotechnology 17 (2006)

1858.
[23] S. Tokito, K. Noda, Y. Taga, J. Phys. D: Appl. Phys. 29 (1996) 2750.
[24] K.J. Reynolds, J.A. Barker, N.C. Greenham, R.H. Friend, G.L. Frey, J.

Appl. Phys. 92 (2002) 7556.
[25] H. Ikeda, J. Sakata, M. Hayakawa, T. Aoyama, T. Kawakami, K.

Kamata, Y. Iwaki, S. Seo, Y. Noda, R. Nomura, S. Yamazaki, SID 06
DIGEST P-185 (2006) 923.

[26] J.H. Li, J. Huang, Y. Yang, Appl. Phys. Lett. 90 (2007) 173505.
[27] X. Zhu, J. Sun, X. Yu, M. Wong, H.S. Kwok, Jpn. J. Appl. Phys. 46 (2007)

1033.
[28] Z. Zhang, Proc. Asia Display 1 (2007) 159.
[29] H.J. Bolink, E. Coronado, D. Repetto, M. Sessolo, E.M. Barea, J.

Bisquert, G.G. Belmonte, J. Prochazka, L. Kavan, Adv. Funct. Mater. 18
(2008) 145.

[30] T. Matsushima, Y. Kinoshita, H. Murata, Appl. Phys. Lett. 91 (2007)
253504.

[31] H. You, Y. Dai, Z. Zhang, D. Ma, J. Appl. Phys. 101 (2007) 026105.
[32] H. Aziz, Z.D. Popovic, N.X. Hu, A.M. Hor, G. Xu, Science 283 (1999)

1900.
[33] J. Cui, Q. Huang, J.C.G. Veinot, H. Yan, Q. Wang, G.R. Hutchison, A.G.

Richter, G. Evmenenko, P. Dutta, T.J. Marks, Langmuir 18 (2002)
9958.

[34] I. Zhivkov, E. Spassova, G. Danev, S. Andreev, T. Ivanov, Vacuum 51
(1998) 189.

[35] D. Yan, J. Mol. Sci. 21 (2005) 21.
[36] N. Koch, S. Duhm, J.P. Rabe, A. Vollmer, R.L. Johnson, Phys. Rev. Lett.

95 (2005) 237601.
[37] J. Huang, Z. Xu, Y. Yang, Adv. Funct. Mater. 17 (2007) 1966.
[38] E.W. Forsythe, M.A. Abkowitz, Y. Gao, J. Phys. Chem. B 104 (2000)

3948.
[39] H. Ishii, K. Sugiyama, E. Ito, K. Seki, Adv. Mater. 11 (1999) 605.



Fig. 1. (a) Schematic diagram of the highest occupied (HOMO, dash-dot)
and lowest unoccupied molecular orbitals (LUMO, dotted) of hosts in the
three-section emission layer (EML) structure for white organic light
emitting device (WOLED). This leads to a series of small, monotonically
stepped energy barriers to charge transport that allows for distributed
exciton formation in multiple regions across the broad EML. (b) Proposed
energy transfer in the three-section EML structure. A fraction of excitons
are formed on the dopant in the blue emitting region due to direct
injection of holes. The majority of excitons are formed on the host in the
central green emitting region, where both holes and electrons have
significant densities. Solid arrows indicate exciton transfer from host to
dopant, and from higher-energy dopant to lower energy dopant in the
adjacent emitting region. Dotted curved arrows illustrate intersystem
crossing (ISC) from singlet to triplet state characteristic of phosphores-
cent dopants. Dashed lines show the host singlet and triplet states. Solid
lines show the dopant singlet and triplet states. Bold line indicates the
ground state energy level.
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ton formation across an expanded emission zone [12]. The
red, green and blue (R, G and B) phosphor molecules are
doped in separate hosts to achieve optimum efficiency
and color balance. The host material in each emitting re-
gion has an energy alignment with the dopant that encour-
ages efficient energy transfer, and also readily injects
charge into the adjacent emitting region. The mechanisms
leading to the extended exciton distribution are analyzed
and optimized in this work.

The three-section EML phosphorescent WOLED struc-
ture differs from previous R–G–B WOLEDs that used a
common host with a single exciton formation region [4],
resulting in difficulties in obtaining efficient and simulta-
neous energy transfer from the host to all of the three do-
pants [8]. Also previously demonstrated 3-EML fluorescent
WOLEDs have limited device efficiencies due to inefficient
decay through triplet states [13], although excitons in
those cases may possibly separately form in multiple re-
gions across the EML [14,15].

This paper is organized as follows: in Section 2, the de-
vice architecture and the proposed exciton formation
mechanism are described. In Section 3, we discuss the fab-
rication and characterization methods of the electrolumi-
nescent devices. In Section 4, we present results, and in
Section 5, we analyze the results in terms of the distributed
exciton formation zone in the three-section EML structure.
Conclusions are presented in Section 6.

2. Theory

Fig. 1a and b shows a schematic diagram of the device
and the proposed energy transfer mechanism, respectively.
The hosts are arranged to form a stepped progression of
HOMO and LUMO levels sandwiched between the electron
and hole transport layers (ETL and HTL, respectively), lead-
ing to a series of moderate energy barriers to hole and elec-
tron transport (Fig. 1a) that distribute exciton formation
across the EML. The choice of host determines the heights
of the energy barriers between layers. By varying the thick-
nesses and doping concentrations of each section, the rel-
ative R, G and B intensity, and hence the emission color,
can be precisely controlled.

Since there are no energy barriers to electron transport
in the red emitting region and in the HTL (Fig. 1a), the elec-
tron density in these two layers is lower than in other re-
gions of the device. For similar reasons, the hole density
is lower in the blue emitting region and in the ETL. The
majority of excitons form within the green emitting region,
where holes and electrons have the highest total densities.
To avoid exchange energy losses due to intersystem cross-
ing into the blue dopant triplet state, a large energy gap
host heavily doped with a blue phosphor is used in con-
junction with a host material in the green emitting region
whose HOMO energy is aligned to that of the blue dopant.
This facilitates resonant injection of holes onto the blue
dopant, resulting in a ratio of fB blue emitting excitons to
the total excitons formed [2,16]. Now, fB is independent
of the total thickness of the green emitting region, and in-
creases with current density (J) as direct hole injection
onto the blue phosphor HOMO becomes more efficient.
The remaining (1 � fB) excitons form in the green emitting
region, which can efficiently transfer from the host to the
green dopant, and partly transfer from the green dopant
onto the lower energy red dopant in the adjacent region
(Fig. 1b, solid arrows). In Fig. 1b, the curved arrows denote
intersystem crossing from the singlet to the triplet state,
the dashed lines show the host singlet and triplet states,
the solid lines show the dopant singlet and triplet states,
and the bold line indicates the ground state energy level.

To probe the exciton distribution in the central EML re-
gion of thickness l, a thin slab of thickness g = 4 nm doped
with the green phosphor is placed adjacent to the R/G
interface, with the remaining thickness (l � g) of the host
left undoped. The green emission intensities of the devices
with various l are then compared to determine the exciton
distribution in the green host, assuming a linear relation-
ship between the fraction of excitons in the doped slab
and the amount of green emission from this region. In
the blue emitting region, the doping concentration of the
phosphor remains the same to ensure that fB remains
constant, independent of l. In the green emitting region,
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the excitons are formed by electrons (holes) localized in
traps in the vicinity of the R/G interface (G/B interface),
and holes (electrons) injected from the red (blue) emitting
region. We define x as the position relative to the G/B inter-
face (at x = 0, see Fig. 2a). In the vicinity of the R/G interface
(x = �l), the position-dependent exciton generation rate is
then proportional to pðxÞ=spðxÞ, where p(x) is the hole den-
sity and sp(x) is the mean lifetime of holes. Here, sp(x) in-
creases with decreasing density of electrons (n(x)) in the
LUMO following Shockley–Read–Hall statistics [17]. By
these same arguments, other losses of holes (other than
exciton formation) are also accounted for by a decrease
in sp(x). According to the steady-state continuity equation:

pðxÞ
spðxÞ

¼ Dp
d2pðxÞ

dx2 � lp
d
dx
½pðxÞFðxÞ�; ð1Þ

where Dp is the hole diffusion constant, lp is the hole
mobility and F(x) is the position-dependent electric field
in the green emitting region. We also use the following
relationships [18,19]:
Fig. 2. (a) Proposed energy-level diagram of devices with the structures
of NPD (40 nm)/TCTA (8 nm)/2 wt% Ir(ppy)3:mCP (thickness g = 4 nm)/
mCP (l � g, nm)/20 wt% FIr6:UGH2 (20 nm)/BCP (40 nm), where the total
mCP thickness is l = 4, 8, 12, 16 or 24 nm. (b) Normalized electrolumi-
nescence (EL) spectra at current densities J = 1 and 100 mA/cm2 for the
devices in (a). Arrows indicate the trend of Ir(ppy)3 intensity relative to
FIr6 emission with increasing J.
Dp ¼ lp
kT
q
; ð2Þ

FðxÞ ¼ �1
q
� dEHOMOðxÞ

dx
; ð3Þ

where k is the Boltzmann constant, T is the temperature, q
is the electronic charge and EHOMO is the HOMO energy. In
the presence of an applied field, the hole concentration
p(x)=po+pinj(x), where po is the hole concentration at ther-
mal-equilibrium, and pinj(x) is the injected hole concentra-
tion. The corresponding hole quasi-Fermi level Ep(x) is then
[20]:

kT ln½pðxÞ=PHOMO� ¼ EpðxÞ � EHOMOðxÞ; ð4Þ
where PHOMO is the density of states in the HOMO. Using
Eqs. (2)–(4), Eq. (1) becomes:

pðxÞ
spðxÞ

¼ d
dx

lp

q
kT � pðxÞd½lnðpðxÞ=PHOMOÞ�

dx
þ

lp

q
� pðxÞdEHOMOðxÞ

dx

� �

¼
lp

q
d
dx

pðxÞdEpðxÞ
dx

� �
: ð5Þ

Previous studies have approximated the drift term (second
term on the right hand side of Eq. (5)) by numerical inte-
gration using the regional approximation [19] in the
trapped charge limit subject to the boundary conditions
of zero electric field at the electrodes [20]. In this case, it
has been shown that the drift term in the vicinity of the
interface at x = �l is approximately [19]:

lp

q
d
dx

pðxÞdEHOMOðxÞ
dx

� �
¼ C1 exp

�ðxþ lÞ
lpspð�lÞ dEHOMOðxÞ

dx

� ����
x¼�l

.
q

0

B@

1

CA;

ð6Þ
where C1 is a constant. The position-dependent exciton
generation rate is then:

pðxÞ
spðxÞ

¼ pð�lÞ
spð�lÞ exp

� xþ lð Þ
L1

� �
ð7Þ

in the vicinity of the R/G interface, where the characteristic

hole decay length is L1 ¼ lpspð�lÞ dEpðxÞ
dx

� ����
x¼�l

.
q.

Similarly, near the G/B interface (x = 0), the exciton gen-
eration rate is expressed as

nðxÞ
snðxÞ

¼ nð0Þ
snð0Þ

exp
x
L2

� �
; ð8Þ

where n(x) is the electron concentration in the green
emitting region, and sn(x) is the mean lifetime of elec-
trons that increases with decreasing density of holes in
the HOMO. The characteristic decay length in this case

is L2 ¼ lnsnð0Þ dEnðxÞ
dx

� ����
x¼0

.
q, where ln is the electron

mobility and En(x) is the electron quasi-Fermi level. Com-
bining Eqs. (7) and (8), the exciton distribution in the
green emitting region is

/ðxÞ ¼ /1 exp½�ðxþ lÞ=L1� þ /2 exp½x=L2�: ð9Þ

Here, the ratio of the constants, /1//2, increases with J as
more electrons accumulate at the R/G interface, and more
holes inject directly onto the blue phosphor.

The electroluminescent (EL) spectrum can be used to
extract the contributions of the emission from the green
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and the blue doped regions to the external quantum effi-
ciency (EQE). That is, the emission is proportional to the
integral of /(x) from the particular doped region normal-
ized to the total population of excitons. Therefore, the con-
tribution to the EQE from green emission (EQEG) is

EQEG /

R�ðl�gÞ
�l /1 exp �ðxþlÞ

L1

h i
þ /2 exp x

L2

h i� �
dx

R 0
�l /1 exp �ðxþlÞ

L1

h i
þ /2 exp x

L2

h i� �
dx

h i.
ð1� fBÞ

:

ð10Þ
The ratio of green to blue intensity is equal to the ratio

of the integrals of the two regions. That is,

EQEG

EQEB
¼

R�ðl�gÞ
�l /1 exp �ðxþlÞ

L1

h i
þ /2 exp x

L2

h i� �
dx

R 0
�l /1 exp �ðxþlÞ

L1

h i
þ /2 exp x

L2

h i� �
dx

h i
� fB
ð1�fBÞ

:

ð11Þ
Thus, by measuring the relationship of green and blue

intensities as a function of the total thickness of the central
EML region, l, then fB and other parameters such as L1, L2,
and /1//2 can be fit to Eqs. (10) and (11), from which we
infer the exciton distribution across the EML.

3. Experimental

Organic layers were deposited in high-vacuum (10�7 Torr)
by thermal evaporation onto glass substrates precoated with
a 150-nm-thick, �20 X/sq indium tin oxide (ITO) layer using
procedures discussed elsewhere [14]. First, a 40-nm-thick
HTL of 4,40-bis[N-(1-naphthyl)-N-phenyl-amino]-biphenyl
(NPD) was deposited, followed by the multiple-section
EML, and then capped by an ETL consisting of either 40-
nm-thick 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP), or 20-nm-thick 4,7-diphenyl-1,10-phenanthroline
(BPhen) followed by a second, 20-nm-thick BPhen layer
mixed with Li in a 1:1 molar ratio. Finally, the cathode con-
sisting of a 0.8-nm-thick LiF and a 60-nm-thick Al layer,
was deposited through a shadow mask with an array of
circular, 1.0 mm-diameter openings. The J vs. voltage (V)
and luminance measurements were obtained using a semi-
conductor parameter analyzer and a calibrated Si photodi-
ode following standard procedures [14].

For the three-section EML devices, the EL spectrum
(EL(k), where k is the wavelength) is fit to the weighted
sum of the electroluminescence (EL) spectra of the mono-
chromatic devices with the individual R, G and B dopants
(ELR(k), ELG(k) and ELB(k), respectively) via:

ELðkÞ ¼ kR � ELRðkÞ þ kG � ELGðkÞ þ kB � ELBðkÞ: ð12Þ

With the values of kR, kG and kB that minimize the mean
square error between the right-hand and left-hand sides in
Table 1
Peak external quantum efficiencies of various devices

Three-section R–G–B EML WOLEDs WOLED1
(16.6 ± 0.8)%

Three-section EML devices in Fig. 2 l = 4 nm l = 8 nm
(15.5 ± 0.8)% (10.2 ± 0.5)%

Monochromatic devices Red (with PQIr)
(7.4 ± 0.5)%
Eq. (12), the corresponding fraction of emission from the
R, G or B doped region is calculated from the ratio of the inte-
grals of kR � ELR(k), kG � ELG(k) or kB � ELB(k) to the integral of
EL(k) over the wavelength range from k = 360 to 800 nm.
4. Results

Fig. 2a shows the structure of a partially doped G/B emit-
ting three-section EML device using 4,40,400-tris(N-carbazol-
yl)-triphenylamine (TCTA), N,N0-dicarbazolyl-3,5-benzene
(mCP) and p-bis(triphenylsilyly)benzene (UGH2) as the
three hosts, forming a stepped progression of HOMOs from
the HTL (5.5 eV) to TCTA (5.7 eV) to mCP (5.9 eV) to UGH2
(7.2 eV) [6,10,16,21,22]. The UGH2 layer is doped with the
blue emitting phosphor: 20 wt% bis(40,60-difluorophenyl-
pyridinato) tetrakis(1-pyrazolyl)borate (FIr6). The com-
plete structures employing these three hosts are: NPD
(40 nm)/TCTA (8 nm)/2 wt% tris(phenylpyridine)iridium
(Ir(ppy)3):mCP (g)/mCP (l � g)/20 wt% FIr6:UGH2 (20 nm)/
BCP (40 nm), where l = 4, 8, 12, 16 or 24 nm. Since the blue
phosphor concentration in the UGH2 layer is large, a signif-
icant fraction of excitons form directly on the dopant
molecules. The mCP region contains a thin green emitting
slab of thickness g = 4 nm consisting of 2 wt% (Ir(ppy)3):
mCP at the TCTA/mCP interface, and an undoped mCP
spacer of thickness (l � g) between the green and blue
doped regions. When the total thickness of the mCP region,
l, increases, the exciton fraction in the thin Ir(ppy)3-doped
slab decreases (Section 2). Fig. 2b shows the spectra at
J = 1 and 100 mA/cm2 for these devices. The peak EQE of
these devices decreases from (15.5 ± 0.8)% when l = 4 nm
to (6.6 ± 0.3)% when l = 24 nm (Table 1).

To examine the impact of distributed exciton formation
on the device efficiencies, we fabricated a three-section R–
G–B EML WOLED (WOLED1 in Fig. 3a) using the same depo-
sition sequence of the three hosts TCTA, mCP and UGH2 as
in Fig. 2, with all of the three sections uniformly doped
using Ir(III) bis(2-phenylquinolyl-N,C20) acetylacetonate
(PQIr), Ir(ppy)3 and FIr6 as dopants for R, G and B emission,
respectively. The detailed structure and layer thicknesses
are provided in Table 2. As shown in Fig. 4 (circles), the peak
forward-viewing EQE and power efficiency are, respec-
tively: gext = (15.3 ± 0.8)% at J = 1.2 � 10�2 mA/cm2 corre-
sponding to a brightness of 12 cd/m2, and gp = (37 ± 2)
lm/W at J = 1.3 � 10�3 mA/cm2 and brightness of 5 cd/m2,
decreasing to (13.6 ± 0.6)% and (22 ± 1) lm/W at J = 1.6
mA/cm2 at a brightness of 500 cd/m2 [12]. Since efficient
lamp fixtures can redirect the emitting light into the space
being illuminated [2], and outcoupling can be improved by
many methods such as the use of microlenses [23,24], the
corresponding peak total efficiencies are gext,t = (26 ± 1)%
WOLED2
(6.0 ± 0.3)%

l = 12 nm l = 16 nm l = 24 nm
(7.2 ± 0.3)% (7.0 ± 0.3)% (6.6 ± 0.3)%

Green (with Ir(ppy)3) Blue (with FIr6)
(9.6 ± 0.5)% (10.8 ± 0.6)%



Fig. 3. Proposed energy-level diagrams of two WOLEDs with (a) the
three-section EML forming a series of small energy barriers to holes
across the EML (WOLED1), and (b) the three emitting regions in the
opposite order (WOLED2). Numbers indicate the HOMO and LUMO
energies relative to vacuum (units in eV). From Refs. [6,10,16,21,22].
Detailed structures are provided in Table 2.

Table 2
Structures of WOLED1 and WOLED2 with three-section EML

Layer
function

WOLED1 WOLED2

Material Thickness
(nm)

Material Thickness
(nm)

Cathode LiF/Al 60 LiF/Al 60
EILa BPhen:Li (1:1

molar ratio).
20 BPhen:Li (1:1

molar ratio)
20

ETL BPhen 20 BPhen 20
Doped layer

(B or R)
20 wt%
FIr6:UGH2

20 4 wt%
PQIr:TCTA

5

G doped
layer

2 wt%
Ir(ppy)3:mCP

8 2 wt%
Ir(ppy)3:mCP

8

Doped layer
(R or B)

4 wt%
PQIr:TCTA

5 20 wt%
FIr6:UGH2

20

HTL NPD 40 NPD 40
Anode ITO 150 ITO 150
Substrate Glass Glass

Chemical names defined in text.
a EIL = electron injection layer, ETL = electron transport layer, HTL =

hole transport layer.

Fig. 4. External quantum efficiencies (EQE, open dots) and power
efficiencies (closed dots) vs. current density for the two three-section
EML WOLEDs in Fig. 3 (circles for WOLED1 and squares for WOLED2). The
solid lines are fits using Eq. (13) in text.
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and gp,t = (63 ± 3) lm/W. The drive voltage at J = 10 mA/cm2

is VJ10 = (5.0 ± 0.2) V. When the ETL is replaced by an un-
doped BCP layer, gext improves to (16.6 ± 0.8)% [12].

To determine the effect of the distributed exciton forma-
tion zone on WOLED performance, a second three-section
R–G–B WOLED (WOLED2, Fig. 3b) is fabricated where the
R and B emitting region positions of WOLED1 are reversed.
The detailed structure of WOLED2 is also provided in Table
2. In WOLED2, the energy barriers to holes and electrons are
P0.7 eV at the interfaces between the EML and the HTL and
ETL. Furthermore, there is no energy barrier to charges be-
tween doped regions within the EML. As a consequence, the
efficiency of WOLED2 (Fig. 4, squares) is much lower than
for WOLED1, peaking at gext = (6.0 ± 0.3)% at J = 3.3 �
10�2 mA/cm2 and gp = (10.1 ± 0.5) lm/W at J = 1.4 � 10�3

mA/cm2. The drive voltage for WOLED2 is higher, e.g.,
VJ10 = (6.4 ± 0.2) V for WOLED2 vs. (5.0 ± 0.2) V for WOLED1.
A comparison of the performance of these two devices is
provided in Table 1.

The normalized EL spectra for both WOLEDs at several
current densities are shown in Fig. 5. For WOLED1, the
spectra show balanced white emission with Commission
Internationale de L’Eclairage (CIE) coordinates and CRI val-
ues of, respectively (0.37,0.41) and 81 at J = 1 mA/cm2, and
(0.35,0.38) and 79 at J = 100 mA/cm2. In contrast, the spec-
trum of WOLED2 is dominated by the red PQIr emission.

For comparison, three R, G and B emitting monochro-
matic devices were fabricated employing the same host-
guest combinations as in the two WOLEDs. The structures
of the monochromatic devices are: NPD (40 nm)/hole
injection layer (HIL) (10 nm)/EML (20 nm)/BCP (40 nm),
with the HIL/EML consisting of tris(phenylpyrazole)irid-
ium (Ir(ppz)3)/8 wt% PQIr:TCTA for red, TCTA/10 wt%
Ir(ppy)3:mCP for green and mCP/8 wt% FIr6:UGH2 for blue
emission. These monochromatic devices exhibit a peak for-
ward-viewing EQE between (7.4 ± 0.5)% and (10.8 ± 0.6)%,
as summarized in Table 1 [12]. These performances are
typical of comparable electrophosphorescent OLEDs based
on this set of dopants. The EL spectra for the devices are
also plotted in Fig. 5. Note that WOLED1 shows a higher



Fig. 6. (a) External quantum efficiencies (EQE) from Ir(ppy)3 emission for
the devices in Fig. 2a as functions of the total mCP thickness, l. Lines are
fits to the points using theory in text. (b) Ratio of Ir(ppy)3 to FIr6 intensity
from the devices in Fig. 2a as a function of l. Lines are fits to the points
using theory in text. The parameters obtained from the fits are summa-
rized in Table 3.

Fig. 5. Normalized EL spectra at J = 1, 10 and 100 mA/cm2 for the two 3-
EML WOLEDs in Fig. 3, and three monochromatic devices using the
individual dopant–host combinations. Detailed structures for the mono-
chromatic devices are provided in text.

Table 3
Parameters obtained from fits to the data in Fig. 6 to theory in text

Parameter J = 1 mA/cm2 J = 100 mA/cm2

L1 (nm) 6.7 ± 0.4 8.7 ± 0.6
L2 (nm) 3.8 ± 0.2 4.4 ± 0.3
/2//1 4.5 ± 0.6 2.7 ± 0.3
fB (%) 27 ± 5 36 ± 6
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total efficiency than any of the three individual monochro-
matic devices.

5. Discussion

5.1. Exciton distribution in the three-section EML

The spectra in Fig. 2b are fit using the EL spectra of the
two monochromatic devices with FIr6 and Ir(ppy)3 as do-
pants, as shown in Fig. 5, to determine the relative contri-
butions of emission from the Ir(ppy)3 and FIr6 doped
regions (See Section 3). Combined with the EQE for each
device measured at J = 1 and 100 mA/cm2, the correspond-
ing EQE contributed by the Ir(ppy)3 emission (EQEG) is
plotted in Fig. 6a, which is a decreasing function of the to-
tal mCP thickness, l. The ratio of EQEG to the EQE contrib-
uted by the FIr6 emission (EQEB) also decreases with
increasing l (Fig. 6b).

For the devices in Fig. 2, EQEG remains unchanged when l
is varied from 12 to 24 nm (Figs. 2b and 6a). This indicates
that for l P 12 nm, Ir(ppy)3 emission is primarily due to
the excitons formed in the mCP region close to the TCTA/
mCP (i.e., the R/G) interface. When the total mCP thickness
is reduced to l 6 8 nm, Ir(ppy)3 emission is significantly en-
hanced, indicating an accumulation of excitons in the mCP
layer close to the mCP/UGH2 (i.e., the G/B) interface, due
to the accumulation of trapped holes at the large energy bar-
rier at that location. The decrease of EQEG with increasing l is
fit using Eq. (10) (Fig. 6a, lines) at various J. Since the infor-
mation in Fig. 6a is insufficient to determine fB, the ratio of
EQEG to EQEB is fit to Eq. (11) (Fig. 6b, lines), assuming that
the quantum yields of Ir(ppy)3 and FIr6 are both unity
[25,26]. The parameters obtained from the fits in Fig. 6 are
L1 = 6.7 ± 0.4 nm, L2 = 3.8 ± 0.2 nm, /2=/1 ¼ 4:5� 0:6, and
fB = (27 ± 5)% at J = 1 mA/cm2, and L1 = 8.7 ± 0.6 nm,
L2 = 4.4 ± 0.3 nm, /2=/1 ¼ 2:7� 0:3, and fB = (36 ± 6)% at
J = 100 mA/cm2. These results are summarized in Table 3.

To check the validity of the fits, a device with a three-
section EML was fabricated with the 4-nm-thick 2 wt%
Ir(ppy)3:mCP slab placed at the mCP/UGH2 interface, and
spaced from the TCTA/mCP interface by a 4-nm-thick layer
of mCP. The detailed structure is: NPD (40 nm)/TCTA
(8 nm)/mCP (4 nm)/2 wt% Ir(ppy)3:mCP (4 nm)/20 wt%
FIr6:UGH2 (20 nm)/BCP (40 nm). This is the same structure
as the device with l = 8 nm in Fig. 2a, except that the posi-
tions of the Ir(ppy)3-doped region and the mCP spacer are
reversed. The ratio of EQEG of the test device to EQEG of the
device with l = 8 nm in Fig. 2a is equal to the ratio between
the integrals of the exciton density, /(x), over the corre-
sponding Ir(ppy)3-doped regions in the two devices. Using
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the parameters in Table 3, the ratio is calculated to be
(1.7 ± 0.1) at J = 1 mA/cm2, and (1.5 ± 0.1) at J = 100
mA/cm2. Based on the observed EQEG of the latter device,
we infer EQEG = (8.5 ± 0.6)% at J = 1 mA/cm2 and
(2.5 ± 0.2)% at J = 100 mA/cm2 for the test device, in agree-
ment with the experimental observation of (8.0 ± 0.5)% at
J = 1 mA/cm2 and (2.8 ± 0.2)% at J = 100 mA/cm2.

With the parameters in Table 3, we also calculate the
exciton distribution in the mCP region according to Eq. (9)
(Fig. 7). The integral of the exciton distribution is normal-
ized to (1 � fB). As expected, the exciton density is high in
the regions close to the two interfaces bounding the mCP
region. At large J, the distribution shifts from the mCP/
UGH2 interface to the TCTA/mCP interface, as inferred from
the decrease in /2//1 arising from electron pile-up at the
TCTA/mCP interface. With increasing l, a larger fraction of
the total exciton population is formed in the undoped
spacer. This results in more excitons lost due to non-radia-
tive decay, consistent with the observation of significantly
reduced EQE of this series of devices from (15.5 ± 0.8)%
when l = 4 nm, to (6.6 ± 0.3)% when l = 24 nm (Table 1). In
addition, the increase in fB with J indicates that direct injec-
tion of holes from the mCP HOMO to the FIr6 HOMO is more
efficient at larger J, confirming that mCP acts as both a host
in the green EML, and as a HIL for the blue emitting region
in WOLED1.

5.2. Distributed exciton formation

Since WOLED1 (Fig. 3a) employs TCTA, mCP and UGH2
as hosts, exciton formation is distributed over the EML.
That is, with fB of the excitons formed in the FIr6-doped re-
gion (1 � fB), excitons form in the mCP region, followed by
partial transfer onto the lower energy red dopant, PQIr, in
the adjacent, red-emitting EML section. Thus, in principle,
the three-section EML WOLED1 allows for complete radia-
tive harvesting of excitons. This leads to a higher total effi-
Fig. 7. Exciton distribution in the mCP region at J = 1 mA/cm2 (solid line)
and 100 mA/cm2 (dashed line), based on parameters in Table 3 and theory
in text. The lines corresponds to the device in Fig. 2a with a total mCP
thickness of l = 20 nm. The integral of the area under the distribution is
normalized to (1 � fB), wherefB is the fraction of the excitons generated in
the blue emitting region.
ciency for WOLED1 compared to any of the three
monochromatic devices (Table 1) [12]. Since each host in
the EML of WOLED1 is doped with a R, G or B emitting
phosphor, energy transfer to the dopants is separately opti-
mized, leading to balanced color and high device efficiency.
Moreover, as illustrated by the three monochromatic de-
vices, TCTA (mCP) acts as both an energy-aligned host for
the red (green) dopant and an efficient HIL for the green
(blue) emitting region. For the monochromatic devices,
the parameters summarized in Table 3 indicates that up
to 70% of the excitons form in the undoped HIL due to
the energy barriers at the HIL/EML interface. Excitons
formed directly in the HIL do not efficiently radiatively
recombine due to inhibited transfer to the doped EML
[16,27]. This leads to non-radiative decay in the HIL, and
hence lower observed efficiencies compared to WOLED1.

The decomposition of the EL spectra of WOLED1 in Fig.
5 into the individual spectra of the R, G and B dopants (see
Section 3) indicates the component ratios of R, G and B
emission changes from 1:0.62:0.73 at J = 1 mA/cm2 to
1:0.50:1.1 at J = 100 mA/cm2. The red component emission
increases with J can be attributed to (i) increased electron
injection into the TCTA region may result in recombination
with a small proportion of holes accumulated at the R/G
interface barrier of 0.2 eV; and (ii) the distribution of exci-
tons in the G EML section shifts from the G/B interface to
the R/G interface at larger J (Fig. 7), leading to increased en-
ergy transfer to the red dopant. As in the three-section EML
devices with an undoped TCTA region (Fig. 2), no TCTA
emission is observed even at large J, implying that exciton
formation in TCTA is negligible. This indicates that the
increasing red component is mainly due to process (ii).

The structure of WOLED1 is similar to the device with
l = 8 nm in Fig. 2a, and the test device in Section 5.1, except
that the entire green EML section is doped, and the red sec-
tion is also doped. Assuming energy transfer from the
green to the red section is nearly 100% efficient, the EQE
of WOLED1 can be calculated from the sum of EQEG of
the device with l = 8 nm in Fig. 2a, and EQEG and EQEB of
the test device in Section 5.1. With the parameters in Table
3, we obtain EQE = (16.2 ± 0.9)% at J = 1 mA/cm2 and
(6.2 ± 0.5)% at J = 100 mA/cm2 for WOLED1, in agreement
with the experimental observation of (14.0 ± 0.8)% at
J = 1 mA/cm2 and (6.3 ± 0.3)% at J = 100 mA/cm2.

Fig. 4 shows that the EQE for WOLED2 is reduced by a
factor of 2.5 compared to WOLED1. In addition, the nor-
malized EL spectra for WOLED1 and WOLED2 (Fig. 5) are
significantly different, as noted in Section 3. This suggests
that the energy barriers (>0.7 eV) to electron and hole
transport at the edges of the EML inhibit exciton formation
within the EML in WOLED2. Evidence for this is the higher
drive voltage required for WOLED2 compared to WOLED1
(1.4 V higher at J = 10 mA/cm2). Holes that accumulate at
the NPD/UGH2 interface cannot be efficiently injected onto
FIr6 molecules due to the large difference (0.6 eV) between
the HOMO energies of NPD and FIr6. At the opposite edge
of the EML, holes and electrons pile-up at the TCTA/ETL
interface, leading to a high local density of excitons on,
and emission from PQIr. The excitons, therefore, are inhib-
ited from transfer to the G and B dopants, leading to signif-
icantly reduced efficiency.
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The EQE vs. J characteristics of both three-section EML
WOLEDs in Fig. 4 are fit to a model of triplet–triplet (T–
T) annihilation [9]:

EQE ¼ EQE0 �
J0

4J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 8J
J0

s

� 1

 !

: ð13Þ

Here, EQE0 is the EQE in the absence of T–T annihilation,
and J0 is the current density when EQE = EQE0/2. From the
fits (solid lines), we infer that J0 = (64 ± 6) mA/cm2 for
WOLED1 and J0 = (33 ± 5) mA/cm2 for WOLED2. As the exci-
tons accumulate in the thin TCTA layer in WOLED2, their
high local density leads to enhanced T–T annihilation. In
comparison, previously reported WOLEDs either have low
gp (i.e., gp = 9.9 lm/W for a 3-EML WOLED using a common
host [8]); show low EQE (i.e., 2.7% for a 3-EML fluorescent
WOLED [15]); exhibit significant roll-off (i.e., J0 = 0.8
mA/cm2 for a WOLED with an abrupt energy barrier at
the edge of the EML [6]); or render poor white color balance
(i.e., CRI = 69 for a WOLED with a single exciton formation
region [5]).

The peak efficiency of WOLED1 corresponds to an inter-
nal quantum efficiency of IQE = (87 ± 5)% [2,12,28]. As
demonstrated here, the excitons can be completely har-
vested in the three emitting regions, showing a potential
for IQE = 100% [28–30], achievable by incorporating opti-
mized combinations of phosphorescent dopants and hosts
[10,29]. This indicates that the gp can also be increased by
(15 ± 5)%. In addition, increasing the relative intensity of
red and green emission can enhance the response of hu-
man eye to the emitted light by (18 ± 4)% while the CRI is
maintained >75. Based on gp achieved in WOLED1, these
two factors indicate that the forward-viewing gp can be
>50 lm/W with optimized dopant–host combinations and
a slightly warmer white balance.

6. Conclusions

We have demonstrated and analyzed the operation of a
WOLED structure composed of three separate phosphores-
cent doped regions in a broad EML. The dopant and host re-
gions are characterized by a stepped progression of HOMO
levels that forms a series of small energy barriers to charge
injection. This broadened EML distributes exciton forma-
tion in multiple doped regions. The selection of dopant–
host combinations and their positions in the EML promote
resonant injection of charges onto the dopant molecules.
The distributed exciton formation zone reduces the local
exciton density, thereby leading to a reduction in efficiency
roll-off at large J. In addition, the intensities of the three
colors can be separately adjusted in each of the three emit-
ting regions in the EML without sacrificing device effi-
ciency, such that the white color balance can be
controlled as desired. The 3-EML WOLED exhibits a higher
total efficiency compared to monochromatic devices using
the same dopants, with the peak values of gext,t = (28 ± 1)%
and gp,t = (63 ± 3) lm/W, and CRI = 81.
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electrophosphorescence by blending iridium complexes
with PVK and polyfluorene (PFO) as the co-host. They
found that the device efficiency was very poor when using
only PFO as the host and both PL and EL spectra only show
the blue emission of PFO and there was almost no phos-
phorescence emission from the iridium complexes at all.
However, the energy transfer from polyfluorene to the
green phosphorescent dyes had been greatly enhanced by
blending PVK into the guest/PFO film.

In this paper, we report a high-efficiency green phos-
phorescent PLED by doping Ir(Bu-PPy)3, an Ir complex with
butyl-substituted 2-phenylpyridine as a ligand, into a con-
jugated polymer-PFO. We fabricated the devices using PFO
as the host for three device configurations: single layer (Ir
complexes doped into PFO), bilayer structure (with PVK as
interlayer between PEDOT and PFO layer) and blend-host
(PVK + PFO as the co-host) structure. For comparison we
have also made control device with PVK as the host. We
found that the efficiency from the single PFO host and
PFO/PVK blend-host was much lower than that of the con-
trol device with PVK as the host. However, the PFO/PVK bi-
layer device with PVK as an anode interlayer showed
comparable efficiency as the control device with PVK as
the host. The maximal luminous efficiency(LE) of 36.8 cd/A
and EQE of 12.3% ph/el was achieved at the current density
of 7.6 mA/cm2 (8.7 V) from the device with a structure of
ITO/PEDOT/PVK/2 wt%Ir(Bu-PPy)3-PFO-30 wt%PBD/Ba/Al,
which was comparable to that with PVK as the host with
same dopant concentration (38.9 cd/A for ITO/PEDOT/
2 wt%Ir(Bu-PPy)3-PVK-25 wt%PBD/Ba/Al device). More
importantly, the bilayer device has much lower operating
voltage than the device with PVK as the host. We also
found that the emission from Ir(Bu-PPy)3 was greatly en-
hanced both in PL and EL processes as PVK was inserted be-
tween Ir(Bu-PPy)3/PFO and PEDOT layers. Steady and
transient PL spectra showed an energy transfer from PVK
to the phosphorescent dyes both in the bilayer structure
and in the blend-host structure. However bilayer device
showed much better EL device performance than that of
blend-host device. These results demonstrated that effi-
cient green PhPLED could be realized with conjugated
polymer host with a low triplet level through novel device
configuration.
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Scheme 1. The molecular structures of Ir
2. Experiment

Molecular structures under the investigation are shown
in Scheme 1. The green phosphorescent Ir complex, Ir(Bu-
PPy)3 with butyl-substituted 2-phenylpyridine as a ligand,
was synthesized in our laboratory following the method
published previously [30]. PFO-POSS [31] was purchased
from American Dye Sources Inc., PVK and PBD were pur-
chased from Aldrich. All commercial available materials
are used from vendors without further purification.

The device configurations in our study are following:
ITO/PEDOT(60 nm)/PVK-PBD-Ir(80 nm)/Ba(4 nm)/Al

(device A)
ITO/PEDOT(60 nm)/PFO-PBD-Ir(70 nm)/Ba(4 nm)/Al

(device B)
ITO/PEDOT(60 nm)/PVK(40 nm)/PFO-PBD-Ir(70 nm)/

Ba(4 nm)/Al (device C)
ITO/PEDOT(60 nm)/PFO-PVK-PBD-Ir(70 nm)/Ba(4 nm)/

Al (device D)
The fabrication of electrophosphorescent devices was

followed a standard procedure. The ITO glass substrate
was cleaned in ultrasonic bath sequentially in acetone,
detergent, deionized water and isopropanol, and baked at
80 �C for 12 h. A 60 nm-thick layer of poly(ethylendioxy-
thiophene):poly(styrene sulfonic acid) (PEDOT:PSS,
Baytron P4083, Bayer AG) was spin-coated onto the pre-
cleaned ITO-glass substrates after a O2 plasma treatment,
and dried in vacuum box for over 8 h. Then, if necessary,
a 40 nm thick layer of PVK (10 mg/ml) was spin-coated
on the top of PEDOT and baked at 120 �C for 30 min. A mix-
ture of the Ir(Bu-PPy)3 with [PVK+PBD(25%)] or [PFO-
POSS+PBD(30%)] or [PFO-POSS + PVK (1:1)+PBD(30%)]were
spin-coated from the solution in chlorobenzene (for
PVK+PBD) or p-xylene:toluene = 7:3 (for PFO + PBD),
respectively. The emitting layer was spin-coated from sol-
vent with a concentration of 20 mg/ml by adapted rotate
speed. Profilometer (Tencor Alfa-Step 500) was used to
measure the thickness of the films. A thin layer of Ba
(4 nm thick) with about 100 nm thick Al capping layer
was deposited through a shadow mask at a vacuum cham-
ber with a base pressure of �10�4 Pa. Ba and Al layer thick-
ness was monitored upon deposition by using a crystal
thickness monitor (Sycon). Except the fabrication of
NN
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Table 1
Device performance at the maximum luminescence efficiency and at the
luminescence of around 1000 cd/m2

Host configuration
(thickness)

Bias
(V)

J (mA/
cm2)

L (cd/
m2)

EQE
(%)

LE max
(cd/A)

A: PVK-PBD(25%) (80 nm) 19.0 41.2 16028.0 13.2 38.9
B: PFO-PBD(30%) (80 nm) 7.4 1.3 44.9 1.4 3.4
C: PVK/PFO-PBD(30%) (65 nm) 8.7 7.6 2791.8 12.3 36.8
D: PVK:PFO:PBD (1:1:0.5)

(80 nm)
4.6 1.8 28.8 0.62 1.56

Device performance at around 1000 cd/m2

A: PVK-PBD(25%) (80 nm) 16 6.4 1243 10.4 19.5
C: PVK/PFO-PBD(30%) (65 nm) 8.9 4.4 1195 14.5 27.3
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PEDOT:PSS layer, all the device fabrication was carried out
in a controlled atmosphere dry-box (Vacuum Atmosphere
Co.) in N2 atmosphere. Current densities (J)–voltage (V)–
luminance (L) data were collected using a Keithley 236
source measurement unit and a calibrated silicon photodi-
ode. The luminance (cd/m2) and luminous efficiency (cd/A)
were measured by Si photodiode and calibrated by a PR-
705 SpectraScan Spectrophotometer (Photo Research). PL
spectra under 325 nm line excitation of HeCd laser and
EL spectra were recorded by a CCD spectrophotometer
(Instaspec 4, Oriel). The microscope pictures were captured
by a polarizing microscope (Nikon E600w POL). Time-re-
solved spectra were measured by fluorescence lifetime
spectrometer (FLS-920, Edinburgh Instrument Ltd.).

3. Results and discussion

3.1. EL performance of Ir(Bu-PPy)3 with different device
configurations

Four types of device configurations were compared, de-
vices A, B and D are single layer devices with Ir(Bu-PPy)3

doped into PVK, PFO and their blend, respectively, device
C is the bilayer device with PVK inserted between PFO-Ir
film and PEDOT buffer layer. Fig. 1 shows the normalized
EL spectra from four devices with 2 wt%Ir(Bu-PPy)3 doping
concentration. Devices A, C and D showed typical phospho-
rescence emission of Ir(Bu-PPy)3 [32] with a peak position
at around 515 nm and a shoulder peak at around 540 nm,
and device B showed a broadened spectrum with maxi-
mum peak at around 540 nm. Similar red shift and broad-
ening of EL spectrum of Ir complexes in PFO host compared
with that in PVK host was reported previously [23] and as-
signed to the extension of dopant aggregation and hence
the emission from dimeric units of dopants with strong
p–p interactions. Device B and D showed a trace of blue
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Fig. 1. The EL spectra of Ir(Bu-PPy)3 doped in PVK or PFO-POSS with
different device structures.
emission at around 420 nm which was responsible for
the fluorescence of PFO emission, while device A, C showed
complete energy transfer from PVK and PFO to Ir(Bu-PPy)3

and no host emission was observed at all.
The device performance observed from four devices

with different configurations is summarized in Table 1. A
peak luminous efficiency (LE) of 36.8 cd/A at the current
density of 7.6 mA/cm2 and the driving voltage of 8.7 V with
a brightness of 2792 cd/m2 was observed from device C
with the configuration of PVK/2 wt%Ir(Bu-PPy)3-PFO-
30 wt%PBD, which was comparable to those from the de-
vice A with PVK host with the maximum LE of 38.9 cd/A
at current density 41.2 mA/cm2 for control device with
the configuration of 2 wt%Ir(Bu-PPy)3-PVK-25 wt%PBD.
These values are comparable to the results reported previ-
ously by other groups from devices with Ir(PPy)3 as guest
and PVK as the host [11,18,19]. We also found that devices
C with PVK interlayer and PFO + PBD host showed much
lower operating voltage than that of the control device A
with PVK + PBD host (7.9 V for PFO device vs. 15 V for
PVK device at 1000 cd/m2). In contrast, device B and device
D showed very poor performance. These results indicated
that the efficiency of devices with PFO as the host (device
C) was significantly enhanced (compared with device with
single layer structure with PFO host without PVK interlayer
(device B) and with the device with PVK/PFO blend co-host
configuration (device D)). In addition, the operating volt-
age of device C by insertion of PVK layer between PEDOT
and emission layer (Ir(Bu-PPy)3 in PFO blend was remark-
ably reduced (compared with the device using PVK as the
host (device A)). The significantly lower device efficiency
observed from the device with PVK + PFO co-host implies
that device B with PVK + PFO co-host has different opera-
tional mechanism compared to devices C with PVK as an
interlayer.

3.2. Energy transfer behavior of PVK/PFO multilayer device

3.2.1. Absorption and PL spectra
Fig. 2 shows the absorption spectrum of Ir(Bu-PPy)3 and

PL spectra of PFO with 30% PBD and PVK with 25% PBD.
Similar good overlap between the absorption spectrum
from Ir(Bu-PPy)3 MLCT and PL emission spectra of PVK
and PFO films were observed, which meet a requirement
for the efficient Förster energy transfer from both PVK
and PFO to Ir complex. However, the PL spectra of the films
by both PVK and PFO with 2% (w/w) of Ir complex show
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great difference when excited at 325 nm by HeCd laser,
which is clearly depicted in Fig. 3. In the film of PVK doped
with Ir complex (A film), Ir(Bu-PPy)3 shows efficient phos-
phorescent emission with peak at around 515 nm, there is
barely emission from PVK at from 400 nm to 450 nm. By
contrast, the Ir(Bu-PPy)3’s emission could hardly be de-
tected in PFO-Ir complex blending film (B film), while
PFO emission intensity is significantly reduced with in-
creased concentration of the Ir complex content. This is
probably due to the energy back transfer from excitons
on Ir complexes to low-lying triplet states of PFO. The
PFO emission quenched by doped Ir complexes was exten-
sively investigated and reported by several groups [24,33].

Both film C, bilayer structure, and film D, PFO-PVK
blend, showed a strong green emission from Ir complex
with a comparable residue of blue emission from PFO. An
immediate thought about origin of strong energy transfer
in bilayer structure is that PFO interpenetrated into PVK
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Fig. 3. PL spectra (pumped by 325 nm line of HeCd laser) of films of
2%Ir(Bu-PPy)3 doped in PVK or PFO-POSS with different device structures.
layer upon spin-coating of solution of Ir/PFO on top of
PVK layer and interfacial blend layer of PVK in PFO has
been formed and responsible for the enhancement of the
device performance as in case of regular PFO + PVK blend
film. Thereby we should first to clarify whether PFO has
been mixed with PVK layer underneath during spin-
coating.

PVK with a molecular weight (MW) of 1,000,000
(Aldrich) used in this study is nearly insoluble in p-xylene
mixed with toluene at 7:3 ratio, thereby the erosion of PVK
layer by PFO solution is unlikely to take place. In addition,
the solid film made by high MW PVK would be compact
enough that not easily to be washed away by the upper
non-solvent solution. This assumption was confirmed fur-
ther by testing the cross section profile of the multilayer
devices. When the bilayer device has been made, we cut
a line on the film, and because of the different mechanic
strength of PVK and PFO film and week interface interac-
tion between unmixed PFO and PVK layers, the cross sec-
tion showed a clear step between these two layers
(Fig. 4). The cross section profile shape indicated that two
layers were stay separated and had a clear boundary be-
tween two layers without mixing in the interface. On the
other hand, EL performance from PVK + PFO blend films
is significantly lower than those from PVK and PVK/PFO
multilayer devices, this will further exclude possibility of
interfacial blend as an origin of high efficiency of bilayer
structure.

3.2.2. PL intensity versus thickness of PVK in PVK/PFO bilayer
films

Fig. 5a shows the PL spectra of multilayer film with dif-
ferent PVK layer thickness excited at 325 nm from PVK
side. As can be seen from Fig. 5a PL emissions varied dra-
matically with increasing thickness of PVK layer while
the EL spectra did not change with the thickness of PVK
layer (insert of Fig. 5a). With increasing PVK thickness,
the intensity of PFO emission at 420 nm was almost not
changed while the emission of Ir complex at 515 nm was
increased dramatically with increasing of the PVK thick-
ness. Compared with the PL intensity from the same film
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excited from PVK or PFO sides (Fig. 5b), the PL intensity at
515 nm was significantly higher when the film was excited
from PVK side. These facts suggested an enhanced phos-
phorescent emission was originated from the excitation
in the PVK layer. The excitons could be formed both in
the PVK layer (excited by light absorbed in PVK layer)
and the PFO-Ir layer (excited by light transmitted through
PVK layer). For the excitons in the PVK layer, there were
several ways to decay. Firstly, it could decay both in radia-
tive or non-radiative way in PVK layer. Secondly, the exci-
tons could transfer to the Ir complex through F}orster
energy transfer which is effective in few nanometers.
Thirdly, the singlet excitons could be transferred to triplet
excitons, and diffused to the interface of the PVK and PFO-
Ir, and then transferred to the Ir complex through Dexter
energy transfer. The significant enhancement of green
emission with increasing thickness of PVK layer clearly
indicate that green emission is originated from excitons



Table 2
Lifetime test results of 2 wt%Ir(Bu-PPy)3 doped in PVK and PFO-POSS with
different configurations

Matrix or
configuration

s1 Proportion
(%)

s2 Proportion
(%)

Doped PVK and PFO films
PVK 701 ns 100
PFO 3.55 ns 100

Bilayer films
PVK(20 nm)/PFO 5.24 ns 95 440 ns 5
PVK(40 nm)/PFO 2.84 ns 93 553 ns 7
PVK(100 nm)/PFO 2.34 87 699 ns 13

Blend-host films
PVK:PFO 2:1 8.14 84 492 16
PVK:PFO 1:1 7.52 93 515 7
PVK:PFO 1:2 7.44 98 293 2
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Fig. 7. Energy band diagram of Ir(Bu-PPy)3, PVK, PFO-POSS and PBD.
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created in PVK layer and energy transferred to Ir complex
by second (F}orster) or third (Dexter) routes. We also no-
ticed that the EL spectra did not change with the thickness
of PVK layer (insertion of Fig. 5a) which indicates that the
PL and EL process might be dominated by different
mechanism.

3.2.3. Transient PL spectra
Fig. 6a shows the time resolved PL spectra of films A, B,

C, D. The excitation was at 310 nm, and the probe wave-
length was at 515 nm. Film A, PVK with 2 wt%Ir(Bu-PPy)3

complex showed a single exponential decay with a lifetime
about 700 ns, which was comparable to that reported pre-
viously [34]. Film B, PFO blended with 2 wt%Ir(Bu-PPy)3

showed a much faster decay with a lifetime of about few
Fig. 8. Microscope photograph of film of Ir(Bu-PPy)3 doped in PVK:PFO 1:1 (a) u
PFO with PVK layer underneath (c) under normal lighting and (d) under ultravi
nanoseconds. Film C, bilayer films, and film D, blend-host
films with 2 wt%Ir(Bu-PPy)3, both their transient PL emis-
sions are consisted of two components: a rapid decrease
(life time several ns) followed by a gentle single exponen-
tial decay (life time several hundred ns). Rapid decay was
obviously from the PFO-Ir(Bu-PPy)3 phase and the slow de-
cay was from the PVK-Ir(Bu-PPy)3 phase (in case of bilayer
structure from PFO/PVK interface). Table 2 summarizes the
life time data of PL emission from the films of different de-
vice configuration (Fig. 6a), bilayer film C with different
PVK layer thickness (Fig. 6b) and blend film D with differ-
nder normal lighting, (b) under ultraviolet lighting; Ir(Bu-PPy)3 doped in
olet lighting.



Fig. 9. IV curves of device A, B, C and D.
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ent radiation of PVK and PFO-POSS (Fig. 6c) probed at
515 nm. We noted that slow component of 515 nm decay
increased with increasing of PVK content in the blend.
For the bilayer PVK/PFO with 2 wt%Ir(Bu-PPy)3 in PFO
(Film C), portion of slow decay increases with the increas-
ing the thickness of PVK layer. This result is consistent with
the report by Gong et al. [35], i.e. in a film consisted of two
components with different lifetime, decay pattern changes
by the relative intensity of the two different components.

3.2.4. Analysis of EL performance for the devices with
different configurations

The bilayer structure device (C) and the co-host device
(D) showed the similar PL spectra and time resolved spec-
tra, this indicated that the energy transfer behavior under
photoexcitation for these two different types of devices
would be very similar. However we have observed a signif-
icant difference in the EL performance (Table 1). In order to
address this question, we have compared the energy levels
of the materials used for these devices and the morphology
of the blend films. Fig. 7 is the energy band diagram of
Ir(Bu-PPy)3, PVK, PFO-POSS and PBD, these data were taken
from the previous reports [23,36]. Since the LUMO of PFO
and PVK is around �2.8 and �2.0 eV, respectively, there
will be a 0.8 eV barrier for electrons between PFO/PVK
interface. Thereby, PVK serves as an electron-blocking
layer, and the injected electrons from PFO side would be
accumulated in the PVK-PFO interface. In this case the
recombination zone will be located close to the PVK layer.
Since HOMO level of Ir complex is much higher than PVK
level, holes injected from PVK layer could be easily trapped
by Ir complexes located in the PVK-PFO interface and
recombine with electrons injected from PFO side and accu-
mulated in the interface region. As a result, the back trans-
fer of excitons to PFO could be restrained.

Fig. 8 shows the microscope picture of the PVK and PFO
blending film where severe macroscopic phase segregation
of PFO and PVK components is observed, which is due to
the incompatibility of PVK and PFO polymers originated
from different polarity of these two polymers. Such phase
segregation was reported previously also by Kim et al. for
PFO/PVK blend devices [28,29]. The green phase in the
micrograph responsible for Ir complex doped into PVK
phase, and the dark part of the picture was the PFO phase
where emission was quenched by back transfer to triplet
level of PFO. Obviously, in the device with PVK and PFO
blend as the co-host, the electron blocking effect of PVK
was significantly reduced, and the total current was in-
creased due to the increase in electron current, this could
be clearly observed from the IV curves in Fig. 9. Therefore,
the EL efficiency of device with PVK/PFO as the co-host is
much lower than that of the bilayer device.

On the other hand, in contrast to monotonically in-
crease of the 515 nm emission under photoexcitation with
increasing the PVK thickness up to 100 nm in the PVK/PFO
bilayer film (Fig. 5a), the device EL efficiencies increase ini-
tially with increasing the PVK thickness (0–80 nm) reach-
ing maximum at PVK layer of 40 nm then decreases
(Fig. 10). We note that EL spectra are not changing with
PVK thickness in contrast of PL process showing only
515 nm emission (see inset of the Fig. 5a). This dramatic
difference of EL and PL process is believed to be due to car-
rier trapping at the dopant sites in EL process [37].

4. Conclusions

We have successfully demonstrated an efficient green
phosphorescent PLED by doping Ir(Bu-PPy)3 into PFO-POSS
which has triplet level much lower than that of Ir(Bu-PPy)3.
High device efficiency as well as a greatly reduced driving
voltage compared with the device with PVK as the host
have been realized by inserting PVK layer between PEDOT
and PFO-Ir(Bu-PPy)3 layer to form a bilayer structure. It
was found that PVK interlayer played important role in
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energy transfer process. For the PL process, PVK could en-
hance the phosphorescent emission both in the bilayer
structure and in the blend-host structure, but for the EL
process, only the bilayer structure could provide good de-
vice performance. It was also found that PVK layer serves
as an electron-blocking layer and the injected electrons
from PFO side was accumulated in the PVK-PFO interface
and recombination happens in the interface of PVK and
PFO layer by trapping mechanism on the Ir complexes lo-
cated in the interface region. We have shown that by using
bilayer structure, the back transfer to low-lying PFO triplet
state was substantially suppressed and high device effi-
ciency with lower operating voltage of PhPLED can be real-
ized. Our finding could greatly broaden the selection of
host material for realizing highly efficiency green elec-
trophosphorescent devices using conjugated polymer with
relatively low triplet energy levels as the host.
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energy of the Au surface leads to poor morphology and crys-
talline quality of the pentacene layer, leading to the forma-
tion of a transition layer that degrades the device
characteristics of pentacene BC-TFT devices [5,10]. This dif-
ficulty can be overcome through passivation of the Au layer,
allowing the pentacene layer to be uniform throughout the
device. Deposition of a self-assembled monolayer (SAM)
onto the Au electrodes has been shown to modify the inter-
face between the electrode and the active organic materials
[3,8,13–15] and is a useful technique for improving the de-
vice characteristics. Especially, it has been reported that
treating the Au electrode using 2-mercapto-5-nitro-benz-
imidazole (MNB) reduces contact resistance by 20–50%
and significantly improve the field-effect mobility [16,17].

In this paper, we present a study of the effects of depos-
iting a MNB–SAM onto the Au electrodes of a pentacene
BC-TFTs. The structure of MNB allows the Au surface to
be thiolated while leaving the active site at the opposite
end of the MNB available for bonding to the pentacene
(see Fig. 1). Our results show that when a pentacene thin
film is deposited onto MNB-treated Au electrodes, the cur-
rent–voltage (I–V) characteristics are significantly en-
hanced. We determine the structural basis for this
modification of the device characteristics by examining
the morphology and crystalline structure of pentacene in
untreated and MNB-treated BC-TFTs using atomic force
microscopy (AFM) and X-ray diffraction (XRD). In addition,
the modifications of the unoccupied and occupied molecu-
lar orbitals that are associated with charge-transport in
pentacene were examined using soft X-ray spectroscopy.

2. Experimental

A 100 nm-thick SiO2 layer was synthesized on a heavily
doped p+-Si substrate using a dry oxidation process. Subse-
quently, the source and drain electrodes were deposited by
thermally evaporating a 15 nm layer of Au at a pressure of
5 � 10�8 Torr using a shadow mask. The channel length (L)
and width (W) for the electrodes were 50 lm and 1000 lm
respectively. A 10 nm-thick MNB layer was evaporated
onto the Au electrodes at a deposition rate of 0.01 nm/s.
The MNB-deposited sample was washed in acetone in or-
der to remove the excess MNB from the Au and SiO2 sur-
face. Through this process, only the MNB molecules that
are bonded to the Au surface are left; the MNB is com-
pletely removed from the TFT channel and does not affect
the pentacene/SiO2 interface. The SiO2 surface was
inspected with an AFM to confirm that the MNB had been
removed. The thermal evaporation of a 100 nm-thick
pentacene active layer was then conducted at 165 �C at a
base pressure of 5 � 10�9 Torr. The deposition rate and
substrate temperature were maintained at 0.05 nm/s and
room temperature, respectively. Fig. 1 shows the cross-sec-
tional schematic of our pentacene BC-TFTs with MNB-trea-
ted Au electrodes. For comparison purposes pentacene BC-
TFTs without any treatment were also prepared in the
same manner.

The I–V characteristics of the BC-TFTs were measured
using two Keithley 2400 source measurement units. The
crystalline structure of the pentacene was confirmed by
recording the h�2h XRD patterns with an incident X-ray
wavelength of 1.5425 Å at beamline 10C1 of the Pohang
Light Source at the Pohang Accelerator Laboratory. The C
1s X-ray absorption (XAS) and C Ka X-ray emission (XES)
spectra were obtained at beamline 8.0.1 of the Advanced
Light Source at the Lawrence Berkeley National Laboratory.
The spectra were normalized to the number of photons fall-
ing on the sample which was monitored by measuring the
photocurrent produced in a highly transparent Au mesh lo-
cated just upstream of the sample chamber. The charge
transfer in our devices was studied by comparing MNB-
treated and untreated Au layers that had been prepared
for in situ ultraviolet photoelectron spectroscopy (UPS)
measurements. Several thicknesses of pentacene (0.1, 0.2,
0.4, 0.8, 1.6, 3.2, 6.4, and 25.6 nm) were measured in regular
order without breaking vacuum by depositing them in a
sample preparation chamber attached to the analysis cham-
ber. The UPS spectra were measured using He I sources with
a hemispherical electron energy analyzer (PHI 5700 spec-
trometer) with �15 V of sample bias, and the analysis
chamber and sample preparation chamber were main-
tained at 1 � 10�10 and 1 � 10�9 Torr, respectively.

3. Results and discussion

The I-V characteristics in Fig. 2 demonstrate the supe-
rior electronic characteristics of the BC-TFT device fabri-
cated with MNB-treated Au electrodes, as compared to
the untreated pentacene BC-TFT; the characteristics are
summarized in Table 1. The maximum drain current (ID)
of the MNB-treated transistor, recorded with both drain
(VD) and gate (VG) voltages at �40 V, is �16 lA – two or-
ders of magnitude larger than that of the untreated transis-
tor (see Fig. 2b). The influence of MNB-treatment on the
carrier-transport characteristics can be determined from
the (�ID)1/2 versus VG plots (VD = �40 V) in Fig. 2c and d.
All plots are taken at VD = �40 V. The (�ID)1/2 versus VG

relation is generally governed by [7]:

ID ¼
WCi

2L
lðVG � VTHÞ2; ð1Þ

where l is the field-effect mobility, VTH is the threshold
voltage, and Ci is the capacitance of the SiO2 gate insulator.
The value of l can be extracted from Eq. (1), and so we esti-
mate the field-effect mobility of the MNB-treated penta-
cene BC-TFT to be 0.14 cm2/Vs, an order of magnitude
larger than the value determined for the untreated transis-
tor (0.0064 cm2/Vs). The subthreshold swings (SS) can also
determined from the logarithmic �ID versus VG plots by
comparison with the model equation [7]:
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Fig. 2. (a) Plots of drain current (ID) versus drain voltage (VD) of untreated (pink circle) and MNB-treated pentacene BC-TFTs (blue circle) for various gate
voltages (VG) and (b) corresponding plots of untreated BC-TFTs at 50 times magnification. (c) Plots of the square root of �ID versus VG and (d) logarithmic
plots of �ID versus VG of untreated and MNB-treated pentacene BC-TFTs.

Table 1
Summary of the device characteristics of untreated and MNB-treated
pentacene BC-TFTs

Sample l
(cm2/Vs)

Maximum ID

(A)
On/off
ratio

SS (V/
decade)

VTH

(V)

Untreated
BC-TFT

0.0064 �2.9 � 10�7 2 � 103 �12.88 �21.5

MNB-treated
BC-TFT

0.14 �1.6 � 10�5 7 � 104 �3.17 �12.6

1012 D.S. Park et al. / Organic Electronics 9 (2008) 1010–1016
SS ¼ dVG

dlogð�IDÞ
: ð2Þ

Analyzing the curves in Fig. 2d, we can see that treatment
of the electrodes with MNB reduces the SS from �12.88 V/
decade in the untreated BC-TFT to �3.17 V/decade. The
influence of the MNB–SAM treatment on the BC-TFT device
characteristics is clear, and the following analysis will
illuminate the structural and electronic effects that lead
to these enhancements.

The carrier-transport characteristics of the organic ac-
tive layer of these devices are related to the morphology
and structure of the pentacene, specifically the crystallinity
of the pentacene and the degree to which the layers on the
Au electrodes match that on the SiO2 gate dielectric [9,15–
18]. Fig. 3 shows the AFM images of pentacene layers
deposited on: (a) MNB-treated Au, (b) untreated Au, (c)
SiO2 on which MNB was deposited and subsequently dis-
solved from, and (d) clean SiO2. The insets show the rough-
ness profiles of each pentacene film. Importantly, there is
no noticeable morphological difference between the
pentacene films on the clean SiO2 surface and the surface
from which the MNB has been dissolved, confirming that
the influence of the MNB treatment of the BC-TFT devices
is confined to the Au electrodes. This is in accordance with



 

 
 

 

 

 

 

 

 

 

 

 5 10 15 20 25 30

28.76o

29.10o28.22o

26.78o

12.30o (002)¡Ç

11.44o (002)

6.12o (001)¡Ç

5.74o (001)

24.04o

MNB-treated

Untreated

 

In
te

ns
ity

 (
A

rb
. u

ni
ts

)

2  (Degrees)

MNB-treated pentacene TFT Untreated pentacene TFT

Pe
nt

ac
en

e 
on

 S
iO

2 
ga

te
 

Pe
nt

ac
en

e 
on

 A
u 

el
ec

tr
od

es
 

(e) 

Fig. 3. AFM images of pentacene thin films on various substrates: (a) on
MNB-treated Au, (b) on untreated Au, (c) on MNB dissolved SiO2 after
MNB deposition, and (d) on clean SiO2. The insets represent the roughness
profile of the pentacene surface. (e) XRD patterns of pentacene thin films
on MNB-treated and untreated Au surfaces.
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other reports suggesting that thiol compounds are selec-
tively self-assembled onto the Au electrodes due to nondis-
sociative adsorption of thiol (S-H) groups [19,20].
Depositing the MNB–SAM on the Au surface prior to the
pentacene deposition causes the resultant film of round-
shaped grains to have roughness similar to that of the film
on the SiO2 surfaces. The size and shape of the grains are
quite similar to the films grown on OTS-treated SiO2 sub-
strates with highly-packed grain boundaries in a previous
report [21]. The absence of the MNB–SAM has a pro-
nounced effect on the morphology of the pentacene film
deposited on the Au substrate, which has a rough surface
characterized by rod-shaped grains. The effect of the
MNB–SAM treatment on the morphology of the pentacene
layer correlates with the variations in electronic character-
istics described above, adding more evidence that the
charge injection into the pentacene layer is improved as
a result of structural modifications induced by the treat-
ment of the Au electrodes.
The crystal phases of the pentacene films deposited on
Au surfaces, both treated and untreated, is reflected in
the XRD patterns shown in Fig. 3e. Both pentacene films
are a mixture of the thin-film and the single-crystal phases
described by Dimitrakopoulos et al. [9]. The structure of
pentacene single crystals adopt the triclinic (P1 group)
with the (0 0 1) plane spacing (d001) of 14.5 Å, while the
d001 of pentacene thin-films equals 15.4 Å. Although it
has recently been shown that the thin-film phase is not en-
tirely independent of the substrate identity [18], the values
obtained here are very close to what has been reported for
pentacene on other surfaces. The diffraction peak at 5.74�
(and 11.44� for the second-order diffraction) corresponds
to a d001 spacing equal to 15.4 Å, showing evidence for
the thin-film phase, while the peak at 6.12� (12.3�) corre-
sponds to d001 = 14.5 Å from the single-crystal phase. It is
clear that the thin-film phase is dominant in the pentacene
film grown on MNB-treated Au, as in the pentacene thin
film on SiO2 surface. In addition to the alignment of the
pentacene molecules along the long axes of 14.5 Å and
15.4 Å, the pentacene films grown on the bare Au surface
exhibit several more diffraction peaks at 24.04�, 26.78�,
28.22�, 28.76�, and 29.10�, corresponding to a much lower
plane-spacing of about 3 Å. The peaks with high Bragg an-
gles come from the first monolayer of pentacene molecules
on bare Au surface lying almost parallel to the Au surface;
these peaks do not appear in the XRD patterns measured
from the pentacene on the MNB-treated Au surface or on
the SiO2 surface [10,11]. The dominant presence of the thin
film phase and the absence of the flat-lying phase are char-
acteristic of the pentacene film deposited on the treated Au
surface, demonstrating the relationship between the qual-
ity of the crystalline structure and the improved device
characteristics that are brought about by the MNB–SAM
electrode treatment.

Taking the above morphological and structural results
into account, it is quite clear that changes in electrode sur-
face energy occur in the pentacene BC-TFTs owing to the
MNB treatment, and that this change enhances the packing
of pentacene grains, making them similar to what is ob-
served on SiO2. A more highly-packed pentacene grains
at the Au electrodes’ surfaces leads to the reduction of
grain boundary scattering, resulting in better charge-trans-
port characteristics and a smooth pentacene surface con-
tribute to the enhancement of injection efficiency. Since
the injection and transport of charge carriers in TFT devices
are strongly related to the delocalized molecular orbital
states of the organic layer, we expect to see evidence of a
correlation between the device properties and the molecu-
lar orbital states of pentacene films deposited on treated
and untreated Au surfaces.

The partial density of the unoccupied carbon 2p molec-
ular orbital states of pentacene is probed by the C 1s XAS
spectra shown in Fig. 4a. The p* states are represented by
the sharp resonant absorption features in the region
283–287 eV; the broad features in the region above
288 eV are r* resonances. The location of the lowest unoc-
cupied molecular orbital (LUMO) is marked by a vertical
line at 284.1 eV. As is expected from the previous struc-
tural and functional characterization, the C 1s XAS spec-
trum of the pentacene thin film on MNB-treated Au
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resembles that of well-ordered pentacene films on SiO2

substrates. Since the incident angle of linearly polarized
X-rays was set to 30� with respect to the sample’s normal
direction, the XAS measurements mostly probe the p-char-
acteristics of the molecule parallel to the sample surface.
Therefore, two intense features at 284.2 and 285.4 eV sug-
gest that unoccupied p* orbitals are aligned nearly parallel
to the plane of the sample’s surface. This agrees well with
results for pentacene films grown on SAM-modified Au
surfaces reported by Hu et al. [11]. For pentacene films
grown on untreated Au, the spectrum exhibits some addi-
tional features at 285 and 286 eV. These sub-features most
likely stem from a different packing arrangement of the
pentacene molecules. As seen in Fig. 3, a pentacene film
deposited on Au contains randomly-oriented grains pos-
sessing rod-like shapes. By examining the spectral features
is therefore able to determine the various pentacene align-
ments present in the samples.

The C Ka XES spectra in Fig. 4b describe the partial den-
sity of the occupied molecular orbitals. The excitation en-
ergy (Eexc) was set to 310 eV, well above the absorption
threshold, in order to ensure that the X-ray absorption
and emission processes are entirely decoupled and the
resulting fluorescence spectra is free from resonant scatter-
ing effects. The emission from transitions originating from
the highest occupied molecular orbital (HOMO) occurs at
281.8 eV, marked with a vertical line. One can see that there
is a discernable increase in p orbital states around 279–
281 eV when pentacene is deposited on MNB-treated Au.
This p-state enhancement is highlighted in the bottom
spectrum which is obtained by subtracting the spectrum
of pentacene film on untreated Au from that on the MNB-
treated Au. Before the subtraction, all spectra were normal-
ized to the number of photons falling on the sample moni-
tored by the photocurrent of a highly transparent gold
mesh. The delocalization boundary of p molecular states
is enlarged as their binding energy increases [12]. Therefore
the enhancement of p orbital states at lower emission en-
ergy (higher binding energy) represents a large intermolec-
ular overlapping of p orbitals. These spectroscopic results
provide excellent evidence in explaining the superior elec-
tronic characteristics found for MNB-treated pentacene BC-
TFTs in comparison to those of untreated BC-TFTs.

For further evaluation of the electronic structure at the
interface of the pentacene and the treated or untreated Au
surfaces, UPS measurements were performed. Although it
is a surface-sensitive technique, the UPS spectra of various
thicknesses of pentacene (Fig. 5) demonstrate a clear effect
of the MNB–SAM treatment on the electronic structure of
the organic active layer. A double-stepped high binding en-
ergy cutoff (Ecutoff) is observed in the UPS spectra of penta-
cene on MNB-treated Au. This phenomenon is a spectral
signature caused by MNB molecules bonded to Au mole-
cules and also to exposed, unbounded Au, both of which
are detectable because complete surface coverage cannot
be obtained. There is a clear shift in Ecutoff as a function
of pentacene thickness on both MNB-treated and un-
treated Au. The direction of shifts are opposite, however;
on MNB-treated Au the pentacene Ecutoff shifts towards
lower binding energy with increasing thickness, while
the opposite shift occurs for pentacene on untreated Au.
The Ecutoff shifts at maximum pentacene coverage
(25.6 nm) are �0.59 eV and 1.07 eV on MNB-treated and
untreated Au, respectively. These results indicate that the
vacuum level of pure pentacene is higher than that of
MNB-treated Au but lower than that of untreated Au, and
so a dipole is formed at each interface. The dipole has an
opposite direction in the two cases, however, which has a
direct effect on the device characteristics. The reversal of
the interfacial dipole as a result of the MNB–SAM treat-
ment of the Au comes about as a result of the change in
Au surface energy, and provides a direct indication of the
treatment’s effect on the electronic characteristics of the
device [22].
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The HOMO region (0–3 eV) is displayed in Fig. 5 on a
binding energy scale relative Fermi energy level (EF). Once
the pentacene thickness has reached 3.2 eV there is a clear
signal from the HOMO level. The gaps between EF and the
HOMO onset of pentacene can thus be determined to be
0.54 eV and 0.91 eV on MNB-treated Au and on untreated
Au, respectively. The reduction in the gap as a result of
the MNB–SAM deposition reflects the lowering of the
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MNB can be observed in the spectra of MNB-treated Au
without pentacene deposition (0.0 nm pentacene thick-
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an efficient coupling between the two, and that no hole
injection barrier exists at the pentacene/MNB interface
[23].

The information provided by the UPS spectra can be
summarized and interpreted in terms of the energy dia-
gram for pentacene/MNB/Au that is shown in Fig. 6. The
energy of the LUMO of pentacene was determined in rela-
tion to the HOMO level by adding the value of a previously-
reported HOMO–LUMO gap (2.2 eV) [24]. The ionization
potential (IP) of pentacene is determined from the UPS
spectra by using the following equation:

IP ¼ hv� Ecutoff þ EHOMO; ð3Þ

where hm indicates the incident photon energy of 21.2 eV,
and EHOMO is the onset energy of the HOMO level. Accord-
ing to the equation, the IP of pentacene on MNB-treated Au
and on untreated Au are 4.87 eV and 4.97 eV, respectively.
The slight decrease in the IP of pentacene on MNB-treated
Au is attributed to the increasing delocalization of p
molecular states.
4. Conclusions

We have investigated the influence of a MNB treat-
ment on the electronic characteristics of pentacene thin
film transistors fabricated with a bottom-contact struc-
ture. The I-V characteristics of the BC-TFT devices are
greatly improved by the treatment of the Au electrodes
with an MNB–SAM prior to the deposition of the penta-
cene active layer. The morphological and spectroscopic
investigations reveal a strong correlation between the en-
hanced electronic characteristics and the structural and
morphological changes brought about by the MNB–SAM
treatment. The treatment causes the pentacene layer on
the Au electrode to closely resemble that of the layer
deposited on the SiO2 gate dielectric, eliminating any
transition regions and accompanying barriers. The close-
packed grains and enhanced molecular order of the
pentacene film gives rise to the improvement of carrier-
transport characteristics, leading to more efficient device
performance. The presence of the MNB layer also reduces
the injection barrier at the interface between the elec-
trode and the pentacene, which improves the device per-
formance as well.
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Fig. 1. A schematic diagram of the ‘‘FM/OSC/FM” device.

1018 J. Ren et al. / Organic Electronics 9 (2008) 1017–1021
bipolarons [11]. Several models for MR in OSCs have been
proposed [7–10]. Theoretical studies on spin-dependent
injection and transport in OSCs from spin diffusion theory
have just begun [12–15], and a comprehensive under-
standing is still lacking.

Carriers in OSCs were usually supposed to have spin 1/2
from the spin diffusion theory just like that in inorganic
semiconductors [12–14]. However, there are instinct dif-
ferences for carriers in OSCs from that in inorganic ones.
Carriers are extended electrons or holes with 1/2 spin in
inorganic semiconductors. OSC has the character of low
dimension. Due to strong electron-lattice interactions, in-
jected electrons can induce the distortion of the lattice
and result in some charged self-trapped states called polar-
on or bipolaron excitations. These excitations have been
obtained theoretically from the Su-Schrieffer-Heeger-like
Hamiltonian [11,16–18]. Experimental evidence for pola-
rons and bipolarons has also been given through ESR (elec-
tron-spin-resonance) studies [19,20]. These excitations
have different electron-spin relations and act as carriers
in OSCs. Due to the effect of temperature, pressure and
external electric field, polarons and bipolarons in OSCs
are not stable but can transform each other. Two spin pola-
rons can annihilate into one spinless bipolaron, while one
spinless bipolaron can be dissociated into two spin pola-
rons. Therefore, the coexistence of spin and spinless carri-
ers is the main characteristic of organic semiconductors
and is the main difference of an organic spin device from
a normal inorganic one. In this paper, we do not study
the formation mechanism of polarons and bipolarons and
just suppose that they coexist in OSCs with a given polaron
proportion c defined as c = np/(np + nbp). Based on the spin
diffusion theory, we have developed our previous simple
ferromagnetic/organic model and built the structure of fer-
romagnetic/OSC/ferromagnetic (FM/OSC/FM) to study the
spin-polarized injection and transport. Charge current
polarization (CCP) and the MR ratio are obtained with
two symmetric FM layers. The article is organized as fol-
lows: Section 2 provides a description of the model and
the derivation of the relevant formulae. Numerical results
are presented and discussed in Section 3. A conclusion is
given in Section 4.
2. Model

The system we consider here is a simple one-dimen-
sional spin injection sandwich device, which comprises of
two semi-infinite FM layers (x < 0 and x P x0) and one
layer of the OSC with the length x0. The two FM layers
are in parallel or antiparallel magnetization alignment.
Spin-polarized electrons in the left FM layer are injected
into the OSC layer and they will transform into spin pola-
rons and spinless bipolarons. Therefore in the OSC layer
there would be three carrier transport channels, i.e., a
spin-up polaron, spin-down polaron and spinless bipolaron
channel, respectively. When they are ejected out and go
into the right FM layer, these carriers (spin polarons and
spinless bipolarons) would completely converted into
spin-polarized electrons. The whole transport picture is
shown schematically in Fig. 1.
Our analysis is based on the spin diffusion theory for
spin-polarized electrons in the FM and spin polarons in
the OSC layer. Here we write the diffusion equation for
the electrochemical potential ls (s = ",;) in three layers as
[12–15],

@2ðl" � l#Þ
@x2 ¼

l" � l#
k2 ð1Þ

where k is the spin diffusion length in FM and OSC layer.
The difference of the electrochemical potential (l" – l;)
decays exponentially inside the FM layer and approaches
zero at x = ±1, i.e. l" (±1) = l; (±1).

For spin-polarized electrons in the FM layer and spin
polarons in the OSC layer, we write the solutions as
follows:

lFM1" � lFM1# ¼ Aex=kFM ; x < 0;

lp" � lp# ¼ B1e�x=kp þ B2eðx�x0Þ=kp ; 0 6 x < x0;

lFM2" � lFM2# ¼ De�ðx�x0Þ=kFM ; x P x0;

ð2Þ

where kFM and kp are the corresponding spin diffusion
lengths in the two FM layers and the OSC layer, respec-
tively. Coefficients A, B1, B2, and D are determined by the
continuity of the electrochemical potential at the
interfaces.

The space charge distribution in the OSC layer is ne-
glected as the device is usually operated at low voltages.
We assume that there is no strong spin-flip scattering as
electrons traverse the interfacial layer [12,21–23]. From
Ohm’s law, the current densities can be written as:

js ¼ �rs
oðls=eÞ

ox
; jbp ¼ �rbp

oðlbp=ð2eÞÞ
ox

; ð3Þ

where rs is the conductivity of spin-polarized carriers and
rbp that of bipolarons. The current in the FM layer is
j = jFM" + jFM;, while in the OSC layer j = jp" + jp; + jbp. Here
jbp is the current contributed from the spinless bipolarons
in OSCs.

A conductivity is proportional to the density of the car-
riers. If the effect of the boundary magnetic field of the
contact is neglected, we have approximately, rp" = rp; =
c � r/2, rbp = (1–c)r where rp"(rp;) is the conductivity for
polarons with spin "(;). Defining the spin polarization in
the FM bulk as b0 = (rFM"–rFM;)/(rFM" + rFM;). Conductivity
for spin-up and spin-down carriers in the FM layer can
be written as, rFM" = (1 + b0)rFM/2, rFM; = (1 � b0)rFM/2
where rFM = rFM" + rFM; is the total conductivity of the
FM layer.
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At the interfaces of the FM/OSC or OSC/FM, the total
current is written as

j ¼ �
X

s

ðDls=eÞ=Rs � ðlbp=ð2eÞÞ=Rbp; ð4Þ

where Rs and Rbp are the interfacial resistance for spin and
spinless carriers, respectively.

The CCP is defined as a(x) = (jp" – jp;)/(jp" + jp; + jbp) in
the OSC layer and a(x) = (j" – j;)/(j" + j;) in the FM layer.
CCP at the two interfaces are symmetric because of the
two symmetric FM layers used here. From Eqs. (2) and
(3) and the boundary condition Eq. (4), we can obtain the
expression of CCP a0 at the interfaces,

a0 ¼
4b0 � kFM

rFM
þ ð1� b2

0Þ � ðR# � R"Þ
4
c �

kp
r �

1�e�x0=kp

1�e�x0=kp � ð1� b2
0Þ þ 4 kFM

rFM
þ ðR# þ R"Þ � ð1� b2

0Þ
;

ð5Þ
where ‘‘�”and ‘‘±” are corresponding for parallel and anti-
parallel magnetization alignment of the two FM layers.
From the interfacial CCP, we can give the expression of
the coefficients A, B1, B2, and D. Finally the position depen-
dence of the CCP for the FM/OSC/FM device can be derived
as

aðxÞ ¼ b0 þ ½a0 � b0� � ex=kFM ; x < 0;
aðxÞ ¼ a0

1�e�x0=kp � ðe�x=kp þ eðx�x0Þ=kp Þ;
0 6 x < x0;

aðxÞ ¼ �b0 � ½a0 � b0� � e�ðx�x0Þ=kFM ;

x P x0:

8
>>>>>><

>>>>>>:

ð6Þ

To get the MR ratio, we have to calculate the individual
electrochemical potential across the device. It is done by
substituting a(x) of Eq. (6) into js of Eq. (3) and then inte-
grating over the three regions to obtain,

lFM1"ðxÞ ¼ �
ejx
rFM
� ejkFM

rFM

a0�b0
1þb0
ðex=kFM � 1Þ; x < 0;

lp"ðxÞ ¼ �
ejx
r �

ejkpa0
cr

½�ðe�x=kp�1Þ�e�x0=kp ðex=kp�1Þ�
1þe�x0=kp þ Dl"ð0Þ;

0 6 x < x0;

lFM2"ðxÞ ¼ �
ejðx�x0Þ

rFM
� ejkFM

rFM

a0�b0
1�b0
ðe�ðx�x0Þ=kFM � 1Þ

þlp"ðx0Þ þ Dl"ðx0Þ; x P x0:

8
>>>>>>>><

>>>>>>>>:

ð7Þ

Here Dl"(0) and Dl"(x0) are the electrochemical potential
discontinuities at the interfaces, as stated in Eq. (4). The
corresponding electrochemical potentials for the spin-
down carriers (electrons in FM layer and polarons in OSC
layer) can be obtained in a similar way.

We now consider the MR ratio of the FM/OSC/FM de-
vice. The MR ratio is given by,

MR ¼ DR
Ranti

¼ Ranti � Rpar

Ranti
; ð8Þ

where Ranti and Rpar are resistances of the FM/OSC/FM de-
vice for antiparallel and parallel magnetization alignment
of the two FM layers. The resistance is expressed as

RantiðparÞ ¼
l0antiðparÞ

ð�kFMÞ � l0antiðparÞ
ðx0 þ kFMÞ

e � j : ð9Þ

Here l0 is the spin-independent component of the electro-
chemical potential, which is related to the measured volt-
age drop across the device. To obtain l0, we consider the
expression for either l"(x) (Eq. (7)) or l;(x) and extract
the linear (ohmic) part [24].

3. Results and discussion

3.1. Charge current polarization

As the conductivity of an OSC is usually much smaller
than that of a FM metal, we set rFM = 1 (X cm)�1 and
r = 10�2 (X cm)�1. The spin-diffusion length is set to be
kFM = 100 nm and kP = 200 nm in the FM and OSC layer,
respectively. The thickness of the OSC layer is set to be
x0 = 100 nm and the spin polarization in the FM bulk
b0 = 0.9. The position dependence of the CCP for a parallel
magnetization alignment of the two FM layers is calculated
and the results are shown in Fig. 2. The spin-dependence of
the interfacial resistance is such that R" for spin-up carriers
is set at 0.1 � R; for spin-down carriers (at both FM/OSC
interfaces). It is found that the CCP ap(x) decreases expo-
nentially from the FM layer into the OSC layer. The exis-
tence of an spin-dependent interfacial resistance may
improve the CCP. For example, the value of interfacial
CCP ap0 increases to 0.2 with an interfacial resistance
R; = 10�3 X cm2 from 0.04 without any interfacial resis-
tances. The interfacial CCP would give the whole informa-
tion in FM/OSC/FM device.

Next, we perform the calculations for the antiparallel
magnetization alignment of the two FM layers. All corre-
sponding parameters are keeping the same as that used
in the parallel configuration case of Fig. 2. The position
dependence of the CCP aap(x) plotted in Fig. 3 reflects the
antisymmetry of the FM magnetization. For the case of
the zero interfacial resistance, there is zero-CCP across
the entire OSC layer. In the presence of spin-dependent
interfacial resistance, the results are similar to the parallel
case. There are, however, two main differences: (a) in the
parallel case CCP keeps nearly unchanged in the OSC layer,
while in the antiparallel case it decreases rapidly and
reaches zero at x = x0/2, (b) the CCP is not sensitive to inter-
facial resistance in the antiparallel case, where a high value
of CCP is obtained at R; = 10�1 X cm2.
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Dependence of the interfacial CCP for parallel magneti-
zation alignment ap0 on the polaron proportion c is calcu-
lated, as shown in Fig. 4, with R; = 10 � R" = 10�1 X cm2.
Apparently, CCP is zero at c = 0 because carriers in the
OSC are spinless bipolarons. The maximum CCP is obtained
at c = 1 which means that a maximum CCP in an organic
spin device will be reached if all the carriers are spin pola-
rons. In addition, it is also found that a significant CCP
would appear as soon as there exist polarons. For example,
even if polarons only comprise 20% of all carriers, the spin
polarization will be over 90% of the value attainable with
all spin polarons. Therefore, the spinless bipolarons has
no apparent effect on the CCP in an organic spin device.
The spin polarons are effective carriers of a spin-polarized
current, even if they constitute only a fraction of all carri-
ers. As stated above, the polaron proportion c in OSCs de-
pends upon the concrete material as well as the external
circumstance such as temperature and external electric
field. Polarons and bipolarons can transfer each other un-
der certain conditions. For example, a bipolaron can be dis-
sociated into two spin polarons through photo exciting.
Maybe the present prediction could be experimentally
confirmed by photo-irradiating the device. This may initi-
ate a variety of exciting new applications in organic
spintronics.

CCP is dependent upon the thickness of the OSC, as
shown in Fig. 5. From the figure, it is found that there will
be a high value of CCP when the thickness of the OSC is
small. For example, ap0 is about 0.8 when the thickness
of OSC x0 < 10 nm for interfacial resistance
R; = 10 � R" = 10�3 X cm2. It is obviously that the CCP ap0

decreases with the increasing of the OSC thickness x0.
CCP decreases rapidly when the thickness of the OSC in
the range of 0 < x0 < 200 nm. It will go to nearly zero when
x0 is much longer than the spin diffusion length in OSCs.
The interfacial CCP will be enhanced by several orders
when the spin-dependent interfacial resistance is included
in the model.

3.2. Magnetoresistance

Fig. 6 plots the MR ratio as a function of the polaron
proportion c with the OSC layer thickness x0 = 100 nm.
From the figure, one finds that MR is small when c ? 0 be-
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cause carriers in organic layer in this case are nearly all
spinless bipolarons, and the two FM layer has little spin
correlation. MR increases with the increasing of the polar-
on proportion and the maximum MR is obtained at c = 1
which means that a maximum MR in an organic spin de-
vice will be reached if all the carriers are spin polarons.
From the figure, one also finds that a spin-dependent inter-
facial resistance will enhance the MR ratio remarkably. In
addition, it is also found that a remarkable MR ratio would
appear when there is a big spin-dependent interfacial
resistance even the polaron proportion c is small. For
example, even when polaron proportion c = 0.2, the MR ra-
tio will be about 80% of the value attainable with all spin
polarons at the condition of R; = 10 � R" = 10�2 X cm2.
Therefore, a big spin-dependent interfacial resistance and
the existence of the spin polarons are very important for
achieving remarkable MR in the structure of FM/OSC/FM.

It has been obtained that the spin diffusion length in an
OSC is about one hundred nanometers. If the thickness of
the organic interlayer is larger than the spin diffusion
length, the MR ratio will be affected. Fig. 7 gives the depen-
dence of the MR ratio on the OSC thickness. The polaron
proportion is c = 0.5. From the figure, one finds that the
MR ratio decreases with the increasing of the OSC thick-
ness. For a thick interlayer, the MR ratio tends to zero,
which means that there is no apparent spin correlation be-
tween the magnetic layers. When the spin-dependent
interfacial resistance is considered, the MR ratio is en-
hanced. Therefore, to get an apparent MR in an organic de-
vice, it is better to adopt a spin-dependent interface, and
the thickness of the organic interlayer is much smaller
than the spin diffusion length.

4. Conclusions

Stimulated by the experimental observations about
spin-polarized injection and transport in OSCs, we studied
the CCP and the MR ratio in a structure of symmetric FM/
OSC/FM device, according to Ohm’s law and the spin diffu-
sion theory. Spin polarons and spinless bipolarons are as-
sumed to be the main carriers in OSCs. Our calculations
suggest that CCP decreases exponentially from the FM
layer into the OSC layer and a spin-dependent interfacial
resistance is beneficial for achieving efficient CCP and high
MR ratio in the device. For effect of special carriers on spin
injection and transport in FM/OSC/FM device, it is pre-
dicted that polarons are effective spin carriers in OSCs for
polarized charge current. The existence of spin polarons
will be available for gaining remarkable MR in FM/OSC/
FM devices. The MR ratio will tend to zero when the thick-
ness of the organic interlayer is larger than the spin diffu-
sion length.
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active layer and the upper electrode. The role and function
of C60 in the devices are investigated.

2. Experimental

Photovoltaic devices were fabricated in a typical sand-
wich structure. The ITO-coated glass substrates were
cleaned by ultrasonic treatment in deionized water, ace-
tone, detergent, and isopropyl alcohol sequentially,
followed by spin coating a 40 nm thin layer of poly(3,4-
ethylenedioxythiopene) (PEDOT):poly(styrenesulfonate)
(PSS) (Bayer Baytron P 4083). After baking at 80 �C for
10 h, the substrates were transferred into a nitrogen-filled
glove box. MEH-PPV (made in our lab) was dissolved in
chlorobenzene (CB), followed by blending with PCBM
(1:4 w/w). The blend was stirred for 10 h in the glove
box, and spin-coated onto the surface of the PEDOT:PSS.
The typical film thickness was about 80–100 nm. At last,
the C60 layer and 100 nm Al cathode layer, was then ther-
mally evaporated on top of the blend film under vacuum of
3 � 10�4 Pa. The active area of the device was 0.15 cm2.
The BHJ cells with the sandwich structure ITO/
PEDOT:PSS/MEH-PPV:PCBM/C60/Al were fabricated as
shown in Fig. 1.

The spectral response of the devices was measured with
a photomodulation spectroscopic setup (model Merlin,
Oriel). The ECE of Solar cell was measured under an illumi-
nation of 100 mW cm�2 with an AM1.5 solar simulator
(Oriel model 91192). The current–voltage (J–V) characteris-
tics were measured with a Keithley 236 source-measure unit.

3. Results and discussion

Fig. 2 shows the illuminated (a) and the dark (b) J–V
characteristics under AM 1.5 illumination for a calibrated
solar simulator with an intensity of 100 mW cm�2 for pho-
tovoltaic device A and device B. The device performance
depends on whether the device possesses the C60 layer as
clearly seen from the Fig. 2. The device A without the C60

layer shows performance with Voc = 0.8 V, Isc = 4.25 mA
cm�2, and FF = 46.16% � g for this device is therefore only
1.57%. Inserting C60 layer, the performance of device B
increases. The device B with C60 layer exhibits some
improvement with Isc = 4.63 mA cm�2, and FF = 51.11%,
while Voc remains at 0.8 V. The corresponding power con-
version efficiency is 1.89%.The J–V curves measured in the
dark reveal the device B has higher the rectification ratio
than the device A, and possesses the smaller series
Fig. 1. Structure of the device ITO/PEDOT:PSS/MEH-PPV:PCBM/C60/Al.
resistance, bigger shunt resistance, which shows the device
B has the higher injection current at the positive voltage of
1.0 V and lower leakage current at the negative voltages.
The summary of device performance in this work is pro-
vided in Table 1.

There are some reasons for the performance improve-
ment by the insertion of C60 layer. Firstly, when incident
light transmits through the active layer, the optical field
intensity has the different distribution as a function of
the position in the device. Since the position of the maxi-
mum optical field intensity is at a distance from the metal
cathode, the C60 inserting layer moves the MEH-PPV:PCBM
blend layer farther away from the metal cathode and into
regions of higher optical field intensity. So the MEH-
PPV:PCBM composite film can absorb more incident light,
and create more photogenerated charge carriers in the
layer, therefore increasing the device performance. Sec-
ondly, a layer of C60 is a very good electron conductor,
when the C60 layer is inserted between the active layer
and the electrode layer, from the energy level diagram
shown in Fig. 3, we can see that the electrons can cross
through it very easily and quickly, while the holes are
blocked by the C60 layer. Because the C60 has a large high-
est occupied molecular orbital (HOMO) level at 6.2 eV,
Table 1
Summary of the photovoltaic cells performance with and without the C60

layer

Device Voc (V) Isc (mA cm�2) FF (%) g (%) RS X cm2

Device A
(without C60)

0.80 4.25 46.16 1.57 11.24

Device B (with C60) 0.80 4.63 51.11 1.89 8.36



Fig. 3. Energy lever diagram of the device B with the C60 layer.
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while that of the MEH-PPV, at 4.9 eV. Therefore, the recom-
bining ratio between electrons and holes reduces and the
charge extraction efficiency enhances significantly. The Ta-
ble 1 shows the device with C60 layer has the lower series
resistance (Rs), which increases the device FF and Isc, Series
resistances were derived from the slope of the J–V charac-
teristic curve under dark conditions close to 1 V [14]. Fur-
thermore, it has been shown that C60 layer prevents the
underlying organic layer from being damaged during metal
deposition.

Fig. 4 compares the photosensitivity(PS) spectra of the
device A and device B. The PS maximum of 0.189 A/W at
537 nm was observed for device B, the PS maximum of de-
vice A decreases to 0.174 A/W. The PS of the device B with
C60 layer shows some enhancement at the 430–650 nm
photosensitive wavelength range. This increase in the PS
contributes to the increase in the performance of our de-
vices. The increase of the PS values could be benefited from
the increasing photogeneration charges in the active layer
and transport mechanism of charge carriers in the device
with the C60 layer.

The C60 layer could not only increase the device perfor-
mance but also improve the lifetime of the device. The de-
vice A and B without encapsulation were placed in
nitrogen-filled glovebox. After three days, the performance
of the device B reduces slightly, Isc of the device B dropped
from 4.62 to 4.58 mA/cm2, FF declined from 51.11% to
49.31%, Voc remained 0.8 V and ECE decrease from 1.89%
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Fig. 4. Photosensitivity spectrum of the solar cell with and without the
C60 layer.
to 1.81%. However, the device A performance impaired sig-
nificantly, The device A shows descending performance
with Voc = 0.75 V, Isc = 3.95 mA cm�2, and FF = 42.5% � g for
this device is therefore only 1.26%. The ECE of the device
lost almost 20% of its initial maximum power output.

Some possible reasons explain the lifetime delay by the
insertion of C60 layer. Firstly, the possible complex chemi-
cal reaction between the PPV and the aluminium electrode
at the interface is responsible for the degradation of the de-
vice performance [15,16], when incident light irradiates
the device, the active layer of the solar cell would generate
many radical cations and radical anions [17–19], These
radical species are likely to react with aluminium metal
thus gradually dissolving the metal electrode in the organ-
ic material leading to disruption of the conjugation in the
MEH-PPV system [20]. The C60 inserting layer may effi-
ciently prevent chemical reactions between the active
layer and the reactive electrode metal to take place. Sec-
ondly, although the device without encapsulation were
placed in nitrogen-filled glovebox for three days, there
are a little oxygen in the chamber (2.9 ppm), these oxygen
diffuse into the active layer of the device, the oxygen dif-
fusing into the active layer oxidizes the vinylene double
bond by cycloaddition, leading to the formation of car-
bonyl units and scission of the polymer backbone, with a
shortening in the conjugation length of the polymer. Loss
of conjugation in the polymer leads to a degradation of
charge-carrier mobility, The oxidation of the active layer
also creates more deep traps in the polymer, which bring
about the degradation of the device performance [21].
The C60 layer delays oxygen diffusion into the active layer
of the device.
4. Conclusion

In summary, we have investigated the function of the
modifying layer of C60 on photovoltaic performance of so-
lar cells based on MEH-PPV:PCBM. It is found that the de-
vice performance can be enhanced with the C60 layer
inserted between the polymer blend and the cathode elec-
trode. The improved solar cell performance can be attrib-
uted to the C60 layer works as an optical spacer and a
charge blocking layer. In addition, owing to the C60 layer
may efficiently prevent chemical reactions between the ac-
tive layer and the reactive electrode metal to take place,
and delays oxygen diffusion into the active layer of the de-
vice, the C60 insertion layer also could improve the lifetime
of the devices.
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eventually be more important for practical applications [8–
10]. The microscopic mechanisms of carrier transport,
injection, and traps pertaining to any new organic semi-
conductor and its interaction with the metal and insulator
surfaces has an important implication on the organic tran-
sistor performance, and understanding of those could be
exploited to improve the device performance through var-
ious engineering routes. For example, contact barriers,
mobility variation with the electric field, traps and fixed
charges are known to significantly affect the electrical
characteristics of transistors [11–13]. However, due to
the complexity involved in the transistor operation, it is of-
ten difficult to identify the actual physical mechanisms
that have significant impact on the device characteristics,
solely by a simple analysis of the experimental data based
on one-dimensional analytical models. These analytical
models can predict the overall device behavior, but are of-
ten unable to identify the underlying microscopic behav-
ior. The associated inaccuracies in correctly predicting
the device behavior may cause an ambiguous characteriza-
tion of the material’s intrinsic properties and it may lead to
a premature discarding of a potentially important organic
semiconductor material. In this respect, two-dimensional
physics-based numerical simulation has proven to be of
great help not only in understanding the detailed micro-
scopic processes in the interior of the device, but also in
enhancing the possibility of the investigations of those
physical quantities that would otherwise be difficult to ob-
tain [11–13]. Such examinations lead to the analysis of the
cause of the non-ideal performance of the device behavior
incorporating a new organic material and its optimization
towards obtaining the best electrical characteristics. To-
wards these goals, in this article, we build on the previous
theoretical efforts by combining detailed device simulation
with experiments to help characterize TIPS-pentacene
OTFTs. A physics-based 2 D numerical simulation is used
to link the effect of contact barrier, field-dependent mobil-
ity, and traps to the observed output and transfer charac-
teristics that are different from those corresponding to
ideal MOSFET equations [12,13].

2. Experiment

A schematic cross section of the TFTs under study is de-
picted in Fig. 1. TIPS-pentacene OTFTs were fabricated in
Fig. 1. Schematic illustration of the cross-section of the TIPS-pentacene OTFT. The
the gold (solid) and titanium (dashed) layers.
bottom-contact geometry on a 100 nm thick SiO2 layer
thermally grown on heavily doped n-Si wafers that also
function as the gate (G) electrode. The source (S) and drain
(D) electrodes consisting of 5 nm titanium adhesion layer
and 100 nm gold layer were patterned on the silicon wafers
through photolithography and lift-off process. For deposi-
tion of active layers, a 2 wt.% TIPS-pentacene solution in
toluene was drop-cast in ambient air over the patterned
electrodes and allowed to dry slowly in a solvent-rich envi-
ronment at 50 �C to promote ordered molecular arrange-
ment [4]. The solvent vapor environment was created by
pouring toluene into the bottom of a glass petri-dish and
heating it at 50 �C. The drop-cast transistors were then
attached to the lid of petri-dish and kept over the pool of
the solvent. The electrical measurements were performed
in the dark at the ambient conditions with a parametric
analyzer (HP 4156).
3. Device simulation and material parameters

For simulation, we have used the commercial device
simulator Silvaco-Atlas� which predicts the electrical char-
acteristics associated with a specified physical structure
and bias conditions by solving systems of Poisson’s equa-
tion and continuity equation which are a set of coupled,
partial differential equations given for holes by Eqs. (1)
and (2) below

er2w ¼ �pq ð1Þ
op
ot
¼ 1

q
r � Jp þ Gp � Rp ð2Þ

where e is the dielectric constant, w is the potential, p is the
local hole density, q is the fundamental electronic charge,
Gp is the charge generation rate, Rp is the charge recombi-
nation rate, and Jp is the current density which is given
considering its drift and diffusion components by Eq. (3)

Jp ¼ qplpF þ qDprp ð3Þ

where lp is the mobility of holes, F is the local electric field,
and Dp is the hole diffusion coefficient.

The material parameters of TIPS-pentacene used in the
simulation were borrowed from literature: dielectric con-
stant, bandgap, and electron affinity were given by 4.0,
arrows on the source contact depict possible charge injection routes from



Fig. 2. (a) Output characteristics of TIPS-pentacene TFTs: experimental (dotted) vs. numerical simulation (solid) results. Simulation was done in
consideration of both a contact barrier height UB of 0.38 eV and the field-dependence of mobility given by Eq. (4) with lo = 0.061 cm2/Vs and c = 1.8 � 10�3

(cm/V)0.5. VGS is varied from 0 to �40 V in �10 V steps (b) Experimental output characteristics for devices with a channel length L of 10, 20 and 50 lm and
with W/L of 20 and VGS of �40 V.
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1.8 eV, and, 2.9 eV respectively, and the effective density of
states in the conduction band (=NC) and valence band (=NV)
were both assumed to be 2 � 1021 cm�3 [12–14]. In this
study, TIPS-pentacene was considered as intrinsic, un-
doped semiconductors. The work-function of the gate elec-
trode was taken as 4.5 eV, while the work-functions of
source and drain contacts were adjusted to match the
experimentally obtained drain currents during device
simulation.

4. Results and discussion

Dotted lines in Fig. 2a show the experimental output
characteristics of a TIPS-pentacene OTFT with the channel
width W of 1.5 mm and length L of 50 lm in the forward
sweep (off to on) at an incremental gate voltage (VGS) from
0 to �40 V in a step of �10 V. According to a standard pro-
cedure for extracting mobility values and threshold voltage
using the MOSFET equations, the linear-region field-effect
mobility llin and the saturation mobility lsat are estimated
to be 7 � 10�3 cm2/V s and 2 � 10�2 cm2/V s, respectively,
whereas the threshold voltage VT is obtained as 2.4 V. They
exhibit a clear pinch-off and ideal saturation behavior at
high drain voltages (VDS), but one can easily observe the
so-called ‘‘current crowding’’ at low-VDS, which corre-
sponds to the non-ohmic behavior of the drain current
Fig. 3. Output characteristics of TIPS-pentacene TFTs: experimental (dotted) vs
UB = 0 and c = 0 (no field-dependence) and (b) Simulated characteristics with UB

value of IDS(VDS = �40 V) for VGS = �40 V. VGS in (a) and (b) is varied from 0 to �
(IDS) in the linear region. From Fig. 2b showing the IDS–
VDS curves for different values of L with the W/L ratio and
VGS fixed at 20 and �40 V, respectively, one can also see
that IDS in low-VDS region for devices with shorter channels
increase more superlinearly than devices with longer
channels, consistent with the presence of a contact barrier,
because the relative effect of contacts will be larger in de-
vices with shorter channels [13,15].

This may be explained mainly by a limited carrier injec-
tion from metal contacts to semiconductors, especially in
bottom-contact OTFTs where the effect of barrier height
UB, from metal to semiconductor is known to be more pro-
nounced than that of top-contact equivalents due to smal-
ler-contact area, etc [15,16]. UB is defined as the difference
between the metal work-function (US) and ionization level
(Ev) of the semiconductor. Ideally, the choice of Ti/Au
should be a good Ohmic contact to TIPS-pentacene because
there is a proper energy level alignment between the
work-function of gold (�UAU � 4.7–5.0 eV) and a value of
4.7 eV of Ev for TIPS-pentacene, provided that Ti, having
the work-function UTi of 4.3 eV, is sufficiently thin so that
Au layer can get close to the dielectric/semiconductor
interface where most of the induced charges are accumu-
lated [17]. Presented in Fig. 3a is the simulated output
characteristics with UTi and UAU set at 4.3 eV and 5.0 eV,
respectively, for the current device geometry of Ti(5 nm)/
. numerical simulation (solid) results. (a) Simulated characteristics with
= 0.4 eV and c = 0. In (a) and (b), the mobility value is scaled to match the
40 V in �10 V steps.
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Au(100 nm). The fact that it does not show any sign of
injection-limited behavior in its linear region indicates that
the current Ti-thickness is thin enough to ensure that ma-
jor injection occurs from Au layer as depicted with a solid,
bent arrow in Fig. 1 in this ideal case where there is no en-
ergy barrier between Au and TIPS-pentacene. The origin of
the big difference between the observed characteristics
and the simulated one may then be found from the presence
of the contact barrier between Au and TIPS-pentacene. In
fact, many groups have reported on the existence of energy
barrier on the order of 0.5–1.0 eV between pentacene and
Au, and such barriers have mostly been explained using a
formation of interfacial dipoles [18–20] that effectively
modifies the energy barrier at the metal–semiconductor
interfaces. The reasons for the formation of this interfacial
dipole is not properly understood, but is believed to be
due to the complex chemical interaction between the or-
ganic semiconductor and metal resulting in charge transfer,
screening, or hybridization effects [19,20].

On the basis of the above discussion, we can now define
an effective contact barrier to reproduce the output charac-
teristics at low-drain voltages in the output curves. How-
ever, our simulation results indicate that the contact
barrier effect alone cannot explain the whole output char-
acteristics in both linear and saturation regions over the
range of VGS used in this study. As shown in Fig. 3b, for
example, an attempt to simulate the non-linear behavior
of IDS in the linear region only by increasing UB typically
requires adjustment of mobility towards a larger value in
order to fit the current level comparable to the experimen-
tal data in the saturation region for a specific value of VGS,
but it in turn fails to provide the fit that is consistent over
different values of VGS. The subtle yet still observable cur-
vature of the output characteristics in the low-VDS region
is also hard to explain solely by the contact barrier for
the given device geometry. Previous studies using two-
dimensional numerical simulations, however, showed that
the non-linearity of the output curves in the low-VDS re-
gion may result from the combined effect of both the con-
tact barrier and field-dependent mobility [13,21,22]. In
addition, the larger current observed in devices with a
shorter channel in Fig. 2b suggests that there may be a
field-induced enhancement in mobility.
Fig. 4. Natural logarithm of field-effect mobility for devices in Fig. 3a, as a funct
parameters in Eq. (4) are estimated to be lo = 0.035 cm2/Vs and c = 1.7 � 10�3 (
To underline the presence of field-dependent mobility
in TIPS-pentacene OTFTs, we extracted a field-effect mobil-
ity of devices with L of 10, 20, and 50 lm at several values
of VDS in linear region and plotted it as a function of
ðVDS=LÞ0:5, as shown in Fig. 4. The logarithmic variation of
mobility with ðVDS=LÞ0:5 for a series of channel lengths sug-
gests that it follows the Poole–Frenkel (PF)-type field-
dependence given by

l ¼ lo expðc
ffiffiffi
F
p
Þ ð4Þ

where l0 is the zero-field mobility, F is the electric field
and c is the characteristic parameter for the field-depen-
dence [21,22]. Note that F is a function of position inside
the TFT channel and can be influenced by local charge den-
sity but here it is taken as VDS/L for simplicity. Apparent
linear fit [dashed line in Fig. 4] yielded field-dependent
parameters of lo = 0.035 cm2/Vs and c = 1.7 � 10�3 (cm/
V)0.5. It is noted that this PF field-dependence is often ob-
served in disordered organic semiconductors. Although it
is known that drop-cast TIPS-pentacene films typically
consist of platelet-like structures each of which may be re-
garded crystalline [See AFM and optical microscopy images
and X-ray diffraction patterns in Fig. 5], it may still be plau-
sible to model TIPS-pentacene films as a partially disor-
dered system in that such platelets are distributed in TFT
channels in a random, disordered fashion [3,4].

In this respect, we have incorporated the field-depen-
dence of mobility given by Eq. (4), in addition to the contact
barrier effect, into our numerical simulation. Line curves in
Fig. 2a shows the simulated output curves which take into
account both the PF mobility and contact barriers. The best
fit to the experimental data was obtained with UB of
0.38 eV, lo of 0.061 cm2/Vs, and c of 1.8 � 10�3 (cm/V)0.5,
respectively. It is noted that the field-dependent parameters
obtained in this way are different from the values obtained
from Fig. 4. Such discrepancy is rather natural because the
latter is obtained using the simple MOSFET equations and
does not consider the detailed spatial electric field distribu-
tion in channels. Another thing to note is that the energy bar-
rier of 0.38 eV between Au and TIPS-pentacene now almost
equals to the energy barrier between Ti and TIPS-pentacene,
as long as there are no significant interfacial dipoles, etc. be-
tween Ti and TIPS-pentacene to create the additional injec-
ion of (VDS/L)0.5. Dashed line is a linear fit with which the field-dependent
cm/V)0.5.



Fig. 5. (a) Atomic force microscopy (AFM) image and (b) X-ray diffraction data, and optical microscope image (inset) of TIPS-pentacene film.
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tion barrier at that interface. In such case, injection from Ti,
which is depicted with a dashed, straight arrow in Fig. 1, can
become significant and in fact can be the dominant route, as
Ti is in more close contact with the charge accumulation
layer than Au layer is [17].

Although the simulated curves in Fig. 2a show a reason-
able match to the experimental data, it is noted that the
simulated curves at low |VGS| still exhibits a significant devi-
ation, suggesting that one may need to include additional
factors for the complete TFT model. Moreover, the IDS–VGS

transfer curve shown in Fig. 6a exhibits a hysteresis loop
when one scans VGS from 0 to �40 V and then back from
�40 to 0 V at VDS = �40 V. Both observations, i.e., deviation
in subthreshold region and the hysteresis behavior of the
transfer characteristics, indicate the existence of traps,
which may come from dielectric-semiconductor interface
or from structural defects in TIPS-pentacene films [11,12].
In order to explain such trap-related phenomenon, we have
adopted the spatially uniform density of trap states (DTS) or
g(E) in the TIPS-pentacene films that is modeled by an expo-
nential distribution of acceptor-like traps as follows

gðEÞ ¼ NTA exp½ðE� ECÞ=WTA� ð5Þ

where E refers to the energy measured from the valence
band edge, and NTA and WTA refer to the coefficient and
the characteristic energy width of the exponential trap dis-
tribution, respectively. EC represents the energy level of
conduction band minimum. It was previously discussed
that oxygen is the chemical origin of acceptor-like traps
in pentacene and that acceptor-like traps provide extra
Fig. 6. (a) Numerical fit to the transfer curves (curve 1 is without traps, while
interface charges in forward (2) and reverse (3) bias sweep). (b) Output curves wi
and c = 1.8 � 10�3 (cm/V)0.5.
hole current in the subthreshold region in pentacene OTFTs
[11,12,23,24]. Additionally, we have included a positive
interface trapped charge (Nit), which may arise due to
impurities such as moisture, oxygen or mobile charges in
the dielectric [12,13].

Line curve 1 in Fig. 6a, which includes non-ideal contact
and field-dependent mobility but no trap effects, shows the
underestimation of IDS in the subthreshold region and a sharp
increase of IDS near threshold (small subthreshold swing),
which are quite different from actual observation. On the
other hand, much better match to the experimental curve
was realized upon consideration of traps in addition to con-
tact barrier and PF mobility as can be seen in line curves 2
and 3 which are the simulated transfer curves for forward
and backward sweeps, respectively. Curve 2 was obtained
with NTA = 1.0 � 1018 cm�3 eV�1, WTA = 0.55 eV and
Nit = 8.0 � 1011 cm�2. At this stage, a slight decrease in lo

to 0.052 cm2/Vs was also required to produce a better fit.
The forward-sweep output characteristics shown in Fig. 6b
also exhibits the improved fit to the experimental data in
all the range of VGS with the above trap parameters. As ob-
served from the simulated results, the dominance of deep
acceptor-like traps in determining the subthreshold charac-
teristics is essentially similar to the reports made for penta-
cene OTFTs, and consistent with experiments done on TIPS-
pentacene by Ostroverkhova et al., where the temperature
dependence and time scale of transient photoconductivity
signal was linked to presence of deep traps [23,24,9].

Finally, the reverse bias sweep [curve 3 in Fig. 6a] was
modeled with NTA = 8.0 � 1017 cm�3 eV�1, WTA = 0.55 eV,
curves 2 and 3 are plotted using trap distribution given by Eq. (5) and
th DTS distribution and contact barrier height of 0.38 eV, lo = 0.052 cm2/Vs
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Nit = 2.0 � 1012 cm�2, and lo = 0.058 cm2/Vs. The increase
in Nit in the reverse sweep is a result of a relatively slow
discharging of the trap states when compared to the sweep
speed (=5 V/s) used in this study and is mainly responsible
for the shift in threshold voltage [12]. The decrease in NTA

was required to match the subthreshold slope in the re-
verse sweep. This might be connected to an actual sweep-
induced decrease in trap density, but its physical origin is
unclear at the moment, and it might be similar to metasta-
ble defect alteration in pentacene or amorphous silicon
films by the gate-induced bias stress. However, it might
simply be an effective change that is required to simulate
the reduction of available trap states due to the slow dis-
charging [23,25]. In addition, one may note the slight in-
crease in the zero-field mobility in the reverse gate bias
scan. Although this change resulted in the least-squared-er-
ror fit to the experimental data, its effect on the transfer
characteristics is less visible than that of the change in
NTA and Nit, and thus it may be regarded insignificant
although one may not completely rule out the possibility
of the stress-induced change in the transport properties.

5. Conclusion

In conclusion, we have modeled the output and transfer
characteristics of OTFTs made of TIPS-pentacene. TIPS-
pentacene channels being the partially disordered system,
the non-linear behavior of output curves at low-VDS was
confirmed to be a result of both contact barriers and field-
dependent mobility. We then implemented the trap model
to account for the whole region of the transfer characteris-
tics as well as its hysteresis behavior. The work presented
here will help to build an integral picture of injection, trans-
port, and traps in TIPS-pentacene in a context of OTFT oper-
ation, and will serve as a starting point for further
optimization of the performance of TIPS-pentacene OTFTs.
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in organic LEDs in general, we decided to examine disso-
ciation of optically-excited singlet excitons in TPD lead-
ing to intrinsic and/or interface photocarrier production
by a steady-state photoconduction study in single layer
TPD structures of ITO/Al and Al/Al combinations of elec-
trical contacts with varying bias. A theoretical modeling
is presented based on the diffusion equation for the exci-
tons and applying the 1D-Onsager model of geminate
recombination of electrons with their image counter-
charge in the electrode, and the bulk intrinsic charge
generation analysed in terms of the Poole–Frenkel
approximation of the 3D-Onsager theory of geminate
charge pairs produced by dissociation of singlet excitons.
The experimental results are in agreement with the mod-
el predictions.
h exc 

Quartz 

(A) 
Al TPD

4.9 eV 

2.3 eV

TPD ITO 

HOMO 

LUMO 

0.6 eV 

h

S1* ~ 

N
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b

Fig. 1. (a) Schematic of the two TPD film structures studied and way of their i
processes are depicted: (i) intrinsic (bulk) photogeneration – a photon of the exc
excited singlet exciton (S1) dissociates at the electrodes injecting electrons (e).
2. Experimental details

Fig. 1a shows two organic film – electrode structures
studied in this work. Structure (A): Quartz/Al1/TPD/Al2,
and structure (B): Quartz/ITO/TPD/Al. They consist of a
semitransparent, vacuum-evaporated, 15 nm-thick Al
layer on a quartz (Q) substrate for structure (A) and a
transparent 20 X/sq ITO glass substrate for structure (B),
a 300 nm TPD, and a 15 nm-thick Al top metal layer. The
energy level scheme of the materials used and possible
charge photogeneration mechanisms are shown in Fig. 1b
(for details see Section 4). The electrically active area of
the cells was 0.09 cm2. The surface contact conditions of
Al electrodes were found to be an important factor govern-
ing the dark current (jdark) – electric field (F) characteristics
h exc 
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Al
ITO
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llumination; (b) energy levels diagram. Possible charge photogeneration
iting light (hm) creates an electron–hole pair, (ii) the vibrationally-relaxed
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[13]. The substrate aluminum electrode (Al1) was evapo-
rated in a vacuum chamber with a base pressure 5 �
10�6 hPa. The deposition rate was typically 0.3–0.5 nm/s.
Such prepared layers have been kept for 2 h under ambient
atmosphere to oxidize their upper segments to Al2O3. A
TPD film was evaporated in the same chamber with a
deposition rate of around 0.3 nm/s. A 15 nm-thick alumi-
num layer (Al2) was then evaporated on top of TPD and a
1.5 nm-thick Al2O3 layer was grown within close to the
surface segments by simple 1 h exposure of the layer to
the air. As a consequence the TPD layer contacted with
the substrate electrode (Al1) through the sequence of
Al2O3 (1.5 nm)/Al, but through the reverse sequence of
Al/Al2O3 (1.5 nm), with the top electrode (Al2) [13].

The steady-state photoconduction measurements were
conducted upon irradiation of the TPD film structures (A)
and (B) through the Quartz substrate and following it layers
of Al1 or ITO which could be either positively or negatively
biased electric contact. An Osram 150 W Xenon lamp was
used as a light source. The photocurrent was measured
within the quantal intensity range 1012 < I0 < 1015 quanta/
cm2s and a d.c. field range between 103 and 3 � 105 V cm�1.
The values of I0 were accounted for the transmission char-
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Fig. 2. Action spectra of the photocurrent (jph) and the charge photogeneration e
structure (B) (c and d, respectively) for negative (�) and positive (+) electrical bia
and b are guides to the eyes, the dashed curves in parts c and d represent the ave
and short (") – wavelength wings of the applied spectral range. The absorption
applied voltage and excitation light intensity are given in the figure.
acteristics of the illuminated electrodes ITO and Al. The ac-
tion spectra of the photocurrent were measured in the
wavelength (k) range between 300 and 500 nm, comprising
the penetration depth between 57 nm (k = 355 nm) and
4 lm (k = 425 nm). For k > 450 nm the photocurrent fell in
the electrical noise range. All measurements were carried
out in ambient atmosphere conditions. The photocurrents
were ‘‘pure” photocurrent values (jph) obtained as the dif-
ference between the sample current measured under illu-
mination and its dark current. As a rule these values were
lower than the dark currents, the jph/jdark ratio fell down
to 10�2 for the ITO+/TPD/Al� structure.

3. Results

Upon illumination of an interface between a substrate
deposited electrode and TPD film a photocurrent is gener-
ated. The following notations will be used: jðþÞph is the pho-
tocurrent density with illuminated electrode positive, and
jð�Þph is the photocurrent density with illuminated electrode
negative. The indices (+) and (�) are not, in general, iden-
tical with the sign of charge carriers, each of them can refer
either to a hole or electron current originating at the back
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electrode. Fig. 2 shows the photocurrent action spectra for
structure (A) and (B). It is strongly antibatic with the TPD
absorption spectrum for jðþÞph and shows symbatic features
that is resembles the TPD absorption spectrum for jð�Þph .
The light intensity (I0) dependence of the photocurrents
fits a jph / Im

0 relationship with m varying from �1 for
the low light intensity region (<1013 ph/cm2s), tending to
�0.5 for I0 > 1013 ph/cm2s (Fig. 3). The dependence of the
photocurrent on the applied electric field is complex but
can be approximated by a linear ln jph / F1=2 function in
the high field regime (F > 1.5 � 105 V/cm) (Fig. 4).

4. Discussion

Photocurrents in solid organic films can arise from var-
ious processes: (i) optical release of trapped space charge
in the bulk (photo-enhancement of space-charge-limited
currents, SCLC), (ii) extrinsic unipolar carrier generation
by exciton dissociation at the contact or the surface, and
(iii) generation of carrier pairs in the bulk involving host
or impurity molecules. The first possibility can be disre-
garded because the concentration of a volume space
charge resulted from the dark current injection (n = jdark/
elF � 1010/cm3 with j � 10�7 A/cm2 [13], the hole mobility
in TPD l = 10�3 cm2/Vs [12], and e standing for the electron
charge) appears to be much lower than the capacitor
charge (n = (3/2)e0eF/ed � 1015/cm3) which argues against
SCL limitation of the dark current. Furthermore, it would
lead to sublinear excitation intensity dependence with
(0.5 < m < 1) which is not the case (see Fig. 3). The observed
antibatic correlation with a strong maximum at �390 nm
for jðþÞph (ITO+, Alþ1 ) (Fig. 2) is compatible only with mecha-
nism (ii). A symbatic response to the absorption spectrum
of the current jð�Þph (ITO�, Al�1 ) between 370 and 400 nm
passes into apparent antibatic behavior at the short-wave-
length wing of he absorption spectrum below 330 nm
(Fig. 2). This suggests the current to be governed by a com-
bination of the carrier generation and bi-molecular recom-
bination in the sample volume corresponding to
mechanism (iii). However, at moderate and high light
intensities (P1013 ph/cm2 s), the photocurrents generated
by lower photon energies, e.g. corresponding to the energy
of S1 exciton (�3.1 eV ? 400 nm), can be dominated by
mechanism (iii) as well, their light intensity dependence
jph / Im

0 with m � 0.5 provides an experimental support
for such a suggestion (see Fig. 3).

4.1. Exciton-induced electron injection

Carrier generation in accord with case (ii) can be de-
scribed assuming that singlet excitons of the Frenkel type,
produced by light absorbed in the TPD layer, diffuse to-
wards the positive and/or negative electrode, where they
can dissociate introducing a hole or an electron into TPD.
Though singlet exciton-induced injection of holes at the
anodes is energetically feasible (see Fig. 1b), a strongly
antibatic correlation of the photocurrent for the ITO+-
and Alþ1 - biased structures (A) and (B), respectively
(Fig. 2), indicates this process to be very inefficient. There-
fore, the antibatic correlation of jðþÞph has to be associated
with electron injection at the respective cathodes (Al�,
Al�2 ). Calculation of either jð�Þph or jðþÞph requires solution of
the diffusion differential equation for the exciton concen-
tration, N(x):

D
d2N

dx2

 !

� N
s
þ I0

‘a
exp � x

‘a

� �
¼ 0 ð1Þ

where D is the diffusion coefficient of the excitons, s is
their intrinsic lifetime, ‘d = (2Ds)1/2 the diffusion length
for the one-dimensional diffusion, I0 the incident light
intensity, and ‘a = a�1 the penetration depth of exciting
light, where a is the linear absorption coefficient defined
by the Bouguer–Lambert law I = I0exp(�ad). It has been
shown that the solution of Eq. (1) under the conditions
‘d << d (such that exp(�d/‘d) ? 0), where d stands for the
film thickness, and ‘a < d, yields [16]:

NðxÞ ¼ I0s
‘2

d � ‘
2
a

‘2
d þ ‘a‘

2
d=c

‘d þ ‘2
d=c

exp � x
‘d

� �
� ‘a exp � x

‘a

� �" #

ð2Þ

Here, ‘2
d=c ¼ ‘q stands for the ‘‘quenching length” that is the

length necessary for an exciton to be quenched at the
interface. The diffusion motion is considered as a near-
est-neighbor random walk on a simple cubic lattice with
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the diffusion coefficient given by D = (1/6)c2/th, where c is
the lattice spacing and th is the mean time between hop-
ping steps of length c.

The photocurrent densities are given by

jð�Þph / Nðx ¼ 0Þ ¼ G
I0‘d

‘a þ ‘d
ð3Þ

and

jðþÞph / Nðx ¼ dÞ ¼ G
I0‘d

‘a � ‘d
exp � d

‘a

� �
ð4Þ

with G = eng/(1 + ‘d/keffcs) being a fraction of exciton flux
transformed into the current flux, where the factor (1 +
‘d/keffcs) gives the fraction of the excitons reaching the sur-
face that is annihilated there, n is the probability that a
charge carrier is produced as a result of surface reaction,
and g is the factor accounting for the probability of the
created carrier to contribute to the current. The factor
(1 + ‘d/keffcs) ? 1 for the effective reaction constant
keff ?1 or (‘d/keffcs) << 1, and equals zero for keff � 0.

While the jð�Þph (k) for k > 320 nm follows roughly the
absorption curve, the current jðþÞph has a maximum at ‘a

(max) = (1/2)d + [(1/4)d2 � ‘dd]1/2 < d if (‘d=‘a) – 0, and
‘aðmaxÞ ffi d if (‘d=‘a) ? 0 (‘d << ‘a). This is the case in
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be calculated using Eq. (4). A slightly larger value of
‘d = 45 ± 8 nm follows from the 1/u versus ‘a = a�1 plot
which according to Eq. (3) is expected to be a straight line
1/u� = A + S‘a with the slope S (nm�1) and intercept A (ph/
e) (note that by definition u� = jð�Þph /eI0). Indeed, this is the
case presented in Fig. 5 for jð�Þph (ITO� case of structure
(B)) where the intercept-to-slope ratio gives A/S = 45 ±
8 nm. These are reasonable numbers comparable with
the value of ‘d = 30 ± 10 nm obtained earlier for TPD films
utilizing the quenching of the TPD fluorescence by a thin
Alq3 layer and its fluorescence as a detector of the
quenched S1 excitons of TPD [15]. A slightly larger present
values of ‘d might be associated with the fact that neither
jð�Þph nor jðþÞph are pure exciton-induced injection currents at
the electrodes; they contain a weak component of bulk-
generated currents. From ‘d = 32 ± 5 nm D ¼ ‘2

d=2s =
(5 ± 1) � 10�3 cm2/s follows with s = 1 ± 0.1 ns determined
experimentally on pure TPD films [15]. This value of D is
comparable with surface quenching experimental data on
D for crystalline anthracene whenever the measured diffu-
sion length of singlet excitons has been found to reach
large values between 200 and 800 nm [17]. The shorter dif-
fusion length of singlet exciton in TPD is due to the short
lifetime as compared with anthracene singlets (9–27 ns)
[17]. On the other hand, it is close to the diffusion coeffi-
cient Dc’ = 3.3 � 10�3 cm2/s of singlet excitons moving per-
pendicularly to the (ab) plane of single crystal of tetracene
with singlet exciton lifetime sS � 2 � 10�10 s at room tem-
perature [18]. This indicates that excitons in TPD migrate
by incoherent hopping, the mechanism generally thought
to be appropriate for organic solids at room temperature.
From the directly measured diffusion length and intrinsic
lifetime, it is natural to use the diffusion constant for a
nearest-neighbor random walk, which gives the hopping
time th = c2/6D = 3 � 10�13 s if the average distance be-
tween molecules of glassy TPD, c = 0.9 nm [12] is used in
the calculation.

In the system metal-organic solid the dipole–dipole
quenching mechanism (kq) dominates usually over the
charge-transfer (dissociation) mechanism (kdis) in the exci-
ton quenching [19], unless an organic solid is a strong elec-
tron acceptor like a molecular p-chloranil crystal [20],
where charge transfer is a dominating quenching mecha-
nism. Consequently, the surface photogeneration efficiency,
u, indicates the fraction of charge-transfer reactions,
u � kdis/kq. From the data of Fig. 2b and d the maximum
values of u for surface-injected currents follow: umax

(Al�1 ) � 7.5 � 10�5 e/ph, umax (Alþ1 ) � 1.2 � 10�5 e/ph for
structure (A), and umax (ITO�) � 4.5 � 10�4 e/ph, umax

(ITO+) � 1.3 � 10�4 e/ph for structure (B). To calculate the
corresponding values of kdis one needs to know kq which
has been shown to be a steep power decreasing function
of the distance (d) of the exciton from the metal interface,
kq = 10�9 cm3 � d�3 [21]. Its value is expected to differ for
Al�1 , Alþ1 , ITO� and ITO+ – illuminated electrodes because in
addition to the natural asymmetry of ITO/Al electrode sys-
tem, the 1.5 nm-thick layers of Al2O3 make structure with
Al1/Al2 electrode system asymmetric too [13]. The kq

(d = 1.5 nm) � 3 � 1011 s�1 at Al�1 and kdis(Al�1 ) � 2 �
107 s�1. We note that kq(d = 1.5 nm) constitutes a fraction
�0.1 of the average exciton jump frequency m = t�1

h = 3.3 �
1012 s�1 that is only one of about 10 excitons impinging
on the layer transfers its energy to Al. By this the Al2O3 layer
appears to be a rather strong exciton reflector with the
reflection coefficient �0.9.

If the quantum mechanical tunneling of the electron is
the rate determining step of the exciton dissociation pro-
cess, its rate constant can be expressed as kdis(d) =
kdis(0)exp(�d/d0), where kdis(0) is kdis(d) at d = 0 and
d0 ¼ �h=2ð2m�DEÞ1=2, m* being the effective electron mass
and DE the energy gap between the tunneling electron
and the electron acceptor level within the barrier. At low
electric fields applied the metal electron has to traverse
the rectangular barrier of thickness d and height
DE = Ec(Al2O3) � (ITPD � ES), where Ec(Al2O3) is the conduc-
tion level (relative to vacuum) in Al2O3, ITPD is the ioniza-
tion potential of TPD (�5.5 eV) and ES is the energy of
singlet exciton (�3.2 eV). The wide gap (Eg = 8.7 eV) insula-
tor Al2O3 contains a large concentration of electron traps
extended from the conduction band edge down into the
band gap, reaching a maximum concentration of more
than 1018 cm�3 at 3.4 eV below this energy [22]. They act
as the electron acceptor and electron conducting centers,
so that Ec � 3.4 eV can be assumed. Then, DE � (3.4 �
2.3) eV = 1.1 eV and d0 = 0.35 nm as calculated with
m* = 0.35 me (me – electron rest mass) [23]. Once having
kdis(d = 1.5 nm) and d0, the kdis(0) � 1.5 � 109 s�1 can be
calculated with the barrier transparency 1.4 � 10�2. These
numbers differ from those for injection of holes in anthra-
cene/fatty acid/Al system (d0 = 0.22 nm, kdis(0) = 3 � 1013

s�1) [21]. The difference comes from different electrical
properties of the barrier layers (m* and DE). The much low-
er value of kdis(0) for the present system might be associ-
ated with an argument that an electron injection from
the metal into an excited electron–hole pair located at a
molecule may be considered as a three particle process
which by definition is less effective than hole ejection
which is a two-particle process. A lower value of umax

(Alþ1 ) � 1.2 � 10�5 e/ph can be explained by the electron
injection from Al�2 devoid the Al2O3 buffer at the TPD/Al
contact. The probability of the electron injection is here
proportional to the coupling matrix elements between
the singlet exciton neutral bound state and an ionized state
in TPD [24]. It is determined by the density of states in the
continuum (metal) and by the penetration depth of
one-dimensional Bloch waves in the forbidden gap of
the organic layer. The latter is given by dB ¼ �h=2ð2m�

DEÞ1=2 which yields a value dB � 0.07 nm if m* = me and
DE = EF (Al) � ATPD = 2 eV is assumed with ATPD = 2.3 eV
standing for the electron affinity of TPD (see Fig. 1). Clearly,
the rate constants for exciton quenching and dissociation
will depend on its distance d on the interface as in the case
of the above discussed tunneling effect. An effective critical
quenching distance (dc) for an exciton can be defined at
which the probability of energy transfer equals the proba-
bility of reflection, kq(d = de) = 10�9 d�3

c = ‘d/cs, dc � 3 nm.
The exciton dissociation at this distance would be rather
an inefficient exciton decay channel since the exciton–ion
coupling elements, being proportional to exp(�d/dB), are
very small (�10�19 for d = dc). Assuming the dissociation
to proceed from the first molecular layer adjacent to the
Al�2 (Alþ1 ) electrode (c � 0.9 nm), we arrive at kq(d =
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0.9 nm) � 1.4 � 1012 s�1, kdis(d = 0.9 nm) = u(Alþ1 ) � kq(d =
0.9 nm) � 1.2 � 10�5 � 1.4 � 1012 s�1 � 2 � 107 s�1, and
kdis(0) � 7.7 � 1012 s�1. In contrast to the anthracene/Al
system, kdis(0) within a factor of two is comparable with
the average jump frequency of the exciton between neigh-
boring hopping sites, t�1

h = 3 � 1012 s�1. This suggests that
the yield of dissociation reaction is determined by diffu-
sion of excitons towards the surface rather than by the
strong exciton–ion coupling.

Interestingly, the charge photogeneration yield in
structure (B) exceeds by an order of magnitude of that in
structure (A) (Fig. 2b and d). The reasons are two fold: (i)
a greater charge dissociation contribution to the total
quenching process of singlet excitons at the ITO�/TPD con-
tact, and (ii) increasing of the concentration of singlet
excitons at the Al� cathode (ITO+/TPD) due to the recombi-
nation of holes injected efficiently at the ITO+ anode and
electrons located nearby the Al� cathode. The first reason
is understood in view of the lower electron concentration
in ITO as compared with metal electrodes and better
matching of its HOMO-to-TPD LUMO gap with singlet exci-
ton energy level. A more detailed study of exciton quench-
ing processes at the ITO/organic solid contact is needed to
get more quantitative insight in the electron traffic
through this interface. The second reason gets its strong
support from a relatively efficient hole injection at the
ITO+ anode and a large difference between hole and elec-
tron mobilities in TPD [12]. The high mobility holes reach
in a microsecond the close neighborhood of Al� cathode,
where they recombine with quasi immobile electrons
there accumulated. A quite a large number of singlet exci-
tons created as a result of this recombination process con-
tributes to the electron injection at Al-, enhancing the
observed effective photogeneration yield.
4.2. Intrinsic photocarrier generation

The general expression for the photocurrent density
including the bulk generation mechanism (iii) is defined
by [25]

j ¼ 2egI0½1� expð�adÞ�
1þ st=srec

; ð5Þ

where st = d/2lF is the average transit time of carriers to
electrodes and srec = (cn)�1 is the recombination time of
oppositely charged carriers populated at concentration n
and annihilating with the second order rate constant, c, re-
lated indirectly to the carrier mobility, l. The following
limits for Eq. (5) can be distinguished: (a) st/srec << 1, thus

j ffi 2egI0½1� expð�adÞ�; ð6Þ

and (b) st/srec >> 1, thus

j ffi 2eI0 ½1� expð�adÞ� srec

st

¼ 4elF
d

gI0

ac

� �1=2

½1� expð�adÞ� ð7Þ

obtained with the average recombination time srec ffi aR 1=a
0 dx=cnðxÞ, and n(x) ffi agI0/c)1/2exp(�ax/2).
While Eq. (6) represents the lower light intensity limit
featured by linear increase of the current with excitation
intensity, I0, Eq. (7) stands for the upper limit for high light
intensities with the current following the square root of
the exciting light intensity. The latter comes from the car-
rier kinetics assuming the bi-molecular recombination to
dominate the carrier decay. The second limit with jph � I1=2

0

is identified above I0 ffi 1013 ph/cm2s (Fig. 3b). Fig. 4 shows
that upon application of increasing electric field, photocur-
rent increases in different manner dependent on the polar-
ization of the illuminated electrode (jð�Þph ; j

ðþÞ
ph ) and the

wavelength of the active light. The field dependence of
the photocurrent is expected to include that for the photo-
generation efficiency, g, (see Eq. (7)). It is likely that in the
high field region (F > 1.5 � 105 V/cm), the photocurrent
plots reflect either the surface generated currents de-
scribed by j = A0F3/4exp(aF1/2) and based on the 1D version
of the Onsager theory of geminate recombination, where
A0 is a constant dependent on I0 and atheor = (e/kT)(e/
4pe0e)1/2 = 8 � 10�3 (cm/V)1/2 obtained with e = 3 [12,26].
A bulk photogeneration process is often interpreted in
terms of the 3D-Onsager model which, in general, provides
a complex expression for g(F) (see e.g Ref. [1]). However, it
can be approximated by a Poole–Frenkel type function if
the separation distance of the geminate e. . .h pairs is short
enough, i.e. less than one or two intermolecular spacings
[19,27]

gPFðFÞ ¼ g0
expðbPFF1=2Þ

APF þ expðbPFF1=2Þ

ffi g0
kehðF ¼ 0Þ

kR
expðbPFF1=2Þ ð8Þ

where g0 is the primary quantum yield in carrier pairs for
the absorbed photon (assumed to be independent of the ap-
plied field), APF = kR/keh(F = 0) is a constant determining the
branching ratio of recombination (kR) and pair generation
(keh) channels at F = 0, and bPF = (e3/pe0e)1/2 a characteristic
PF parameter with the value of two times of the Schottky
parameter, a, bPF = 2a. On the PF formalism premise, the ab-
sence of the high field saturation tendency in jph(F) curves in
Figs. 4c,d means that APF > exp(bPFF1/2). Interestingly, the
slopes of the high-field segments of the ln jð�Þph � F1=2 plots
with the ITO�-biased structure (B) amount an average value
(for two different excitation wavelengths) o log jð�Þph =oF1=2 �
(5 ± 2) � 10�3 cm/V, approaching within a factor of
0.6 ± 0.3 the theoretical value of a, while the average slope
o log jðþÞph =oF1=2 � (10 ± 2) � 10�3 cm/V for jðþÞph exceeds this
value by a factor of about 2, suggesting jðþÞph to follow the
3D and jð�Þph the 1D Onsager formalism for the photocarrier
production. We explain this result at the premise of differ-
ent contributions of two photocurrent components, one
originating from the near-cathode surface regions, thus
dominating the ITO�-biased current flow, and the second
from a bulk photogeneration process dominating the photo-
current with ITO+ bias. A systematic deflection of a and beff

from their calculated values has no simple explanation
though one can speculate an increased local effective tem-
perature caused by the excited states or a specific disorder
(trap) effect [26] at the electronically active interface to be
responsible for these differences.
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5. Concluding remarks

The excitation light wavelength-, light intensity-, and
applied electric field-dependent photoconduction of solid
TPD (the archetype of the hole transporting material for or-
ganic LEDs) sandwiched between two semitransparent Al
electrodes (Quartz/Al1/Al2) and Quartz/ITO/Al electrodes
has been shown to be underlain by either injection of elec-
trons or intrinsic bulk photogeneration process. The results
have been analyzed in terms of a kinetic model for electric-
field-assisted dissociation of singlet excitons, TPD*, at the
negatively biased electrodes, and their dissociation in the
bulk, based on the 1D and a Poole–Frenkel approximation
of the 3D version of the Onsager theory of geminate recom-
bination, respectively. The satisfactory agreement between
experiment and theory of charge-transfer exciton reactions
on the surface is obtained with the singlet exciton diffusion
length ‘d = 32 ± 5 nm (thus the diffusion coefficient D = 5 ±
1 � 10�3 cm2/s). The high field region (F > 1.5 � 105 V/cm)
dependence follows either the 1D-Onsager model for elec-
tron injection, or 3 D-Onsager model for the bulk genera-
tion well illustrated by the structure Quartz/ITO/Al with
negative and positive electrical ITO bias, respectively. The
data follow well log jph � F1/2 straight lines with the slopes
ratio � 0.5 as predicted by the high field approximations of
jph(F) in these two models.
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OTFT. Note that organic single and bilayers using PVA, PA
and parylene have the WVTR of 10�1–10�2 g/m2/day
according to our measurements.

Fig. 1 shows the process flow for the hybrid passivation
layer on OTFT backplane on plastic. The backplane was fab-
ricated by photolithographic process. Polyethylenenaphth-
alate (PEN, Dupont Teijin) was used as a substrate after
annealing at 180 �C for 4 h for degassing, and then
100 nm-thick silicon–nitride (SiNx) was deposited on both
sides as gas barriers. Ductile metal, AlNd, was sputtered on
the gas barrier as a gate electrode and patterned by
photolithography. On gate electrodes, dielectric layer of
poly(4-vinylphenol) (PVP) with cross-linking agent was
spin-coated and cured in a vacuum oven at 180 �C for
4 h. Then, PVP was etched by oxygen plasma to make holes
for electrical contacts. As source/drain electrodes, Cr
(5 nm)/Au (50 nm) were deposited by sputtering and pat-
terned by photolithography. The ratio of channel width
to length ratio (W/L) was fixed at 100 lm/8 lm for all
the samples shown in this paper.
Fig. 1. Process flow for HML passivation layers for OTFT array on plastic
(a) deposition of pentacene, parylene and Cr/Au, (b) patterning of top Cr/
Au, (c) dry etching of parylene and pentacene, (d) deposition and
patterning of PA and IZO.
Prior to pentacene deposition, the substrate was treated
with octadecyltrichlorosilane to enhance the performance
of pentacene OTFT [12]. After the treatment, three layers
of pentacene (100 nm), parylene (1.5 lm) and Cr (5 nm)/
Au (80 nm) were deposited on the substrate as shown in
Fig. 1a. In our equipment a pentacene chamber is con-
nected to a parylene chamber, therefore, both materials
can be deposited without vacuum break. Here, pentacene
was deposited by organic flow deposition (made by ADP
Engineering) at the pressure of 1 Torr and parylene was
polymerized in a vacuum chamber. Metal layer of Cr/Au
was deposited by DC magnetron sputtering.

The top Cr/Au was patterned by photolithography using
potassium iodine based etchant as shown Fig. 1b. Then,
parylene and pentacene layers were isolated by dry etch-
ing at the pressure of 16 mTorr and the power of 50 W
(Fig. 1c). After the isolation, 1 lm-thick PA (Dongjin Semi-
chem) was spun on the substrate and patterned by UV
exposure to make holes for electrical contacts. The pat-
terned PA was cured at 150 �C for 1 h. Finally, 100 nm-
thick IZO was sputtered and patterned on the substrate.
After the whole fabrication process, the OTFTs were an-
nealed at 150 �C and 180 �C, respectively, for 1 h in vacuum
and measured in ambient air with storage time. During the
time, the average relative humidity and temperature were
45% and 25 �C, respectively.

Fig. 1d shows the OTFT structure in a pixel with the
hybrid passivation layer. Pentacene layer is sandwitched
between IZO/PA/Au(/Cr)/parylene (top) and SiNx/PEN/
SiNx/AlNd/PVP (bottom). Therefore, the organic semicon-
ductor is passivated by organic/inorganic layers, showing
a good barrier performance against water and oxygen
permeations.

Moreover, the TFT structure can be in a pixel of the
backplanes for LCD and EPD, where the pixel electrode of
ITO or IZO is overlapped with OTFT. This is a kind of a
field-shielding pixel structure, which shields the electric
field of the common electrodes from the LCD and EPD. It
can increase the aperture ratio [13], however, the capaci-
tive coupling between Au and IZO changes the threshold
voltage (VT) because a top-gate of Au is floating. From the
design used in this work, the capacitance between drain
and top Cr/Au metal is 18% of the capacitance between
drain and bottom gate. This means that a typical driving
voltage of 10 V yields a maximum VT shift of 1.8 V by
capacitive coupling. This value does not affect display im-
age seriously because the maximum VT shift is occurred
only when VD changes from high to low or vice versa. Note
that the overlap between source/drain electrodes and gate
electrode is 3 lm, which is the conventional design rule in
the manufacturing of amorphous silicon TFT backplane.

In contrast to EPD process of simple lamination, LCD
processes such as curing of LC alignment layer and hot-
pressing require high temperature (�180 �C) process.
Therefore, the backplane based on OTFT should endure
such a high temperature heating and maintain its initial
performance.

Fig. 2 shows the change in the transfer characteristics of
the passivated OTFT annealed at 150 �C and 180 �C for 1 h,
respectively. Here, 180 �C is the maximum process temper-
ature because of the PEN substrate used in the present



Fig. 2. Transfer and mobility characteristics of the HML-passivated OTFT
annealed at 150 �C (–) and 180 �C, (---) for 1 h.

Fig. 3. Transfer characteristics (a) and Ion/Ioff, (b) of the HML-passivated
OTFT measured in ambient air.
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work. The electrical performances of OTFTs annealed at
150 �C exhibited a field-effect mobility (lfe) of
0.2 � 0.3 cm2/V s, VT of�8.0 to �11 V and an on/off current
ratio (Ion/Ioff) of 107. After annealing at 180 �C, lfe were
slightly decreased by 0.03 cm2/V s, however, the change
in VT was negligible. The devices on a plastic substrate have
a hundred of OTFTs with channel widths of 100, 200 and
500 lm with length of 8 lm. Even though the values of
mobility and threshold voltage for the TFTs are slightly dif-
ferent, there was no dependence on the channel width. All
the performances of the TFTs reported in this paper have
the same W/L ratio of 100 lm/8 lm.

Another important observation is Von enhancement. The
difference between VT and Von is related to a distribution of
shallow traps in the gap states, therefore, jVT � Vonj is zero
in ideal case [14]. In the case shown in Fig. 2, jVT � Vonjwas
decreased from 17 V to 13 V by 4 V after 180 �C annealing.
This indicates that the gap states, which might be caused
by structural defects and impurities, are partially deacti-
vated and/or reduced after the annealing.

In spite of the degradation in lfe, the performance is
suitable for driving displays and it is turned out that the
maximum process temperature is limited by not the fail
of OTFT but the PEN substrate.

Fig. 3a shows the transfer characteristics of the HML-
passivated OTFT measured in ambient air until the storage
for 781 h. The changes in Ioff, S and Von are negligible dur-
ing the storage, and this indicates that HML using organic/
inorganic combination has a good barrier performance
against water and oxygen permeations.

Fig. 3b shows the Ion and Ioff at drain voltage (VD) of
�10 V as a function of storage time, which was extracted
at VG of �30 V (Ion) and + 4 V (Ioff). In our previous work,
the bilayer of PVA and PA was used for OTFT passivation
[7]. In that case, VT shifted to positive direction and thus
compensated for the degradation in lfe. That effect was ex-
plained by oxygen doping effect. In the present work, the
changes in lfe and Ioff were negligible after the storage of
781 h in air. This means that the doping effect is not dom-
inant because of excellent barrier performance of HML. The
small negative shift of VT seems to be caused not by impu-
rities from ambient air but bias-stress effect during the re-
peated measurement.

Fig. 4 shows the hysteresis in the transfer characteris-
tics after storage in ambient air for 781 h. The hysteresis
of OTFT can be caused by various origins such as charge
trapping, mobile ion and dielectric polarization and be-
come larger when the OTFT is exposed to ambient air
[15]. As shown in Fig. 4, HML-passivated OTFT showed a
small hysteresis less than 1 V in the transfer characteristics
although it was exposed to ambient air for 781 h. This
small hysteresis is consistent with the stability in sub-
threshold region as shown in Fig. 3a and the HML is effec-
tive against impurity adsorption from ambient air.

In our previous work, we developed a method to extract
the storage lifetime of OTFTs from the Ion variation [7], and
the storage lifetime of 11,000 h was obtained using PVA/PA



Fig. 4. Hysteresis in the transfer characteristics after storage in ambient
air for 781 h.
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passivation. The long lifetime is mainly due to the oxygen
doping effect which shifted the VT. This increases the cur-
rents in the subthreshold region. In the present work, the
TFT performance is quite stable in on- and off-states due
to better barrier performance of HML.

In conclusion, we fabricated pentacene OTFTs using
HML of parylene/Au/PA/IZO, organic/inorganic multi-layer.
The HML-passivated OTFT exhibited lfe of 0.20–0.30 cm2/
V s with high Ion/Ioff of 107. After annealing at 180 �C the
HML-passivated OTFT was stable during the storage time
of 781 h and the changes in on-, off- and subthreshold cur-
rents were negligibly small. The hysteresis in transfer char-
acteristics was less than 1 V, after the expose of the OTFT to
ambient air for 781 h. These indicate that HML-passivation
is suitable for making stable OTFT array.

This work was supported by a grant from Information
Display R&D Center, one of the 21st Century Frontier
R&D Program funded by the Ministry of Commerce, Indus-
try and Energy of Korean government.
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provide a large on-state current, which is often limited by
the low carrier mobility, and a high on/off ratio. A proper
tailoring of material properties is therefore required. On
the other hand, organic systems offer large flexibility in
their synthesis, since new materials can be chemically syn-
thesized it is reasonable to assume that the desired proper-
ties can be eventually reached. Another important
limitation for the use of organic materials in microelec-
tronic industry is the lack of an appropriate integration
scheme. Therefore, developing a compatible route for the
integration of these materials is highly desirable.

The integration of polymers into microelectronic de-
vices is still a challenging task, because most of the stan-
dard processes used in device fabrication, most notably
photolithography, are not fully compatible with this kind
of materials. These incompatibilities are mostly due to
the conventional photolithographic techniques, generally
used for patterning inorganic materials, that often involve
harsh chemical treatments with acids and wet based pro-
cessing steps. These treatments may deteriorate the optical
and electrical properties of typical functional organic
materials. This damage occurs mostly because polymers
undergo photodegradation and oxidation in the presence
of strong UV radiation, oxygen and acids [9]. In addition,
during device patterning some chemical reactions between
the conducting polymer and the photoresist required for
optical lithography are possible, especially if a thermal
treatment or exposure to UV light is employed. Finally,
some interactions with the solvents used (i.e. acetone, iso-
propanole) might affect the final result, e.g. inducing peel-
ing, swelling, or cracking. To overcome these drawbacks,
several alternative approaches have been proposed in liter-
ature. Among them, inkjet printing is a very promising low
cost technique for device fabrication from solution pro-
cessable materials [10,11]. However, the spatial resolution
that can be achieved can barely follow the aggressive scal-
ing required by the microelectronic industry. Nonetheless,
in this direction some recent publications are reported
with very promising results [12,13]. Microcontact printing
is another potential patterning approach where the pattern
of a self assembling monolayer (SAM) is transferred from
an elastomeric stamp onto the substrate [14–16]. Finally,
screen printing has attracted considerable attention since
it is a fast, low cost coating technique [17]. However, the
Fig. 1. Molecular structures of the organic compounds that w
compatibility of the above mentioned techniques with
standard CMOS technology is still an issue. Device pattern-
ing by UV lithography still remains the most attractive
technique, since it is a well established method for large
scale manufacturing and allows the fabrication of complex
structures, such as vertically stacked devices. The possibil-
ity of applying this technique in a non destructive manner
for the integration of organic devices is highly desirable
and eventually could lead to the fabrication of inexpensive
devices using existing production equipment.

In this study we demonstrate a possible route for the
integration of small size polymeric Schottky diodes in a
crossbar architecture by standard UV lithography. Poly(3-
hexylthiophene) (P3HT) was chosen as the model organic
material since it is widely studied, it has a relatively high
charge carrier mobility [18], also many publications can
be found in the literature concerning its properties [19].
In addition, we also tested our strategy on different mate-
rials comprising oligomers of polyphenylenevinylene
(OPV) in order to investigate the compatibility of the pro-
cess with several compounds. In Fig. 1 the molecular struc-
tures of the compounds, which were tested in this study,
P3HT and OPV5, are presented. The proposed approach is
based on the deposition of a passive dielectric matrix on
top of the bottom electrode of the junction; in this layer
via-holes are opened and subsequently filled with the or-
ganic material, before the top electrode fabrication step.
Consequently, the active layer is deposited only at the
intersection between the top and the bottom electrode of
the junction. By applying this approach, it is possible to
integrate micron size junctions in a reproducible way by
avoiding the deterioration of the functional materials dur-
ing the sequence of the lithographic steps. The electrical
characteristics of the as prepared junctions reveal the suc-
cessful patterning of the material and demonstrate the
compatibility of the process with the tested compounds.

2. Integration approach

Several approaches can be found in literature regarding
the application of UV lithography for the integration of or-
ganic molecules in electronic devices. Recently, an ap-
proach was proposed for OLED applications [20]
employing the sequential deposition of many of the re-
ere investigated in this work: (a) P3HT and (b) OPV5.
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quired layers on top of the organic compound, which then
act as a capping layer; finally, the full stack is patterned by
UV lithography and dry etched. The final structure was ob-
tained without damaging the organic material. This meth-
od is quite effective and can be applied for simple
patterning but in case of a more complicated structure a
more elaborate approach may be required. Another ap-
proach that has been proposed involves the deposition of
an intermediate protective layer (a buffer layer) on top of
the polymeric compound to protect it from the potential
aggressive steps [21]. Well defined geometric features
could be produced by applying this scheme. However, this
method involves the use of an additional process step, the
deposition of the capping layer, a parylene layer, by CVD
method, which may not be compatible with some materi-
als and moreover may damage the polymeric compound
during the mechanical peeling of the buffer layer. In a re-
cent report it is claimed that the direct exposure of P3HT
(at an energy of about 150 mJ/cm2) does not deteriorate
its electrical properties [22], and therefore direct pattern-
ing of the polymeric compound is proposed. Eventhough
this approach is very attractive and would simplify the pat-
terning process, we decided to focus on the development of
a method that is compatible with several different organic
compounds and not only with P3HT.

Before discussing our strategy, we also address the diffi-
culties of the crossbar structure when a polymer is involved.
In crossbar architectures the active material is placed be-
tween the intersections of two perpendicular metal lines,
therefore a top electrode patterning is required. In case of
an inorganic compound a conventional patterning can be
performed in both the active material and the top electrode.
When a polymer is involved in the process, conventional
patterning is possible only if the polymer is fully protected
from any exposure to chemicals, i.e. the basic developer or
the acidic solution that is used for the top electrode etching.
In a recent approach, molecular crossbar junctions are pre-
Fig. 2. Schematic diagrams of the lithographic steps sequence in
pared in the holes of a lithographically patterned photore-
sist and the junction is fabricated by inserting a
conducting polymer between a self assembled monolayer
and the top electrode, which is then deposited through a
shadow mask [23,24]. Excellent stability is reported because
of the encapsulation of the diodes by the photoresist, which
is not removed and acts as a dielectric matrix.

In this study we adopted a similar approach, i.e. the use
of a passive layer where via-holes are created by UV lithog-
raphy and filled with the polymer. The passive layer is a
deposited dielectric film with known properties and con-
trolled thickness. To fulfill the above-mentioned require-
ments and to avoid degrading the polymeric compound,
the most suitable approach for the polymer patterning is
the lift-off method, which also allows minimizing the
number of the integration steps [25]. Therefore, after via-
holes etching, the photoresist is not removed and is used
as a mask. The polymer is deposited on top of it and then,
by performing a lift-off process, the semiconductor is final-
ly kept only in the desired areas. The desired pattern is
achieved without performing an additional lithographic
step, the structure is self-aligned and possible misalign-
ments related to an additional patterning of the polymer
layer are avoided.

In Fig. 2 a detailed schematic process flow of the pat-
terning steps sequence, which was used in order to inte-
grate P3HT Schottky junctions, is presented. At the first
step the bottom electrode is deposited through e-beam as-
sisted or thermal evaporation and then is being patterned
through the lift-off method (A). In the second step the
dielectric matrix is deposited, subsequently patterned by
UV lithography and wet etching (B), in order to achieve
the desired pattern. At the next step the polymer is depos-
ited on top of the already patterned photoresist (C) then is
lifted-off with an appropriate solvent (D). Finally, at the
last stage, the top electrode is deposited by thermal evap-
oration and subsequently patterned by UV lithography and
order to pattern polymers films in a crossbar architecture.
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wet etching (E). Experimental details for each integration
step are given in the text below.
3. Device fabrication

In this study a Si-n+ wafer coated with 100 nm ther-
mally grown silicon dioxide was used as the substrate. A
35 nm layer of Au was deposited by e-beam assisted evap-
oration and patterned through UV lithography and lift-off.
A thin layer of Ti (15 nm) was previously evaporated on top
of the oxide in order to promote the adhesion of Au on the
substrate. The dielectric layers used in this study were sil-
icon dioxide (SiO2) and aluminium oxide (Al2O3) deposited
by e-beam assisted evaporation with a thickness of 50 nm.
Prior to the oxide deposition, a thin layer of Ti (3 nm) was
deposited on top of Au in order to promote the adhesion of
the passive layer. In the subsequent process step, a posi-
tive-tone photoresist was spun onto the substrate, exposed
through a dark-field chrome mask, and developed to pro-
duce an array of different size holes (20 � 20, 10 � 10,
4 � 4 lm2) on the top of the silicon layer. The photoresist
used in this study was the AZ5214, purchased from AZ
Electronic Materials. The opening of the via-holes in the
dielectric matrix, after UV lithography process, was ob-
tained by wet etching with the Buffered Oxide Etchant
solution (BOE, NH4 F:HF, 7:1). A modification of the stan-
dard lithography process was made in this step. More pre-
cisely, the post-baking time of the photoresist was reduced
to 30 s, instead of the typical 120 s. This change was neces-
sary since we observed a better lift-off of the polymer from
the undesired areas. Moreover, we also modified the etch-
Fig. 3. (a–c) Optical microscope images of a 20 � 20 lm2 junction illustrating th
photoresist removal; (c) after top electrode patterning; (d) full crossbar structur
ing solution; instead of using the standard BOE we diluted
it with water (1BOE:1H2O, v/v) in order to avoid possible
over-etching of the oxide layer because of the decreased
time of post-baking of the photoresist. The thin intermedi-
ate Ti layer was also etched by BOE, in order to reach the
bottom Au electrode. We did not observe any significant
difference in the integration process between the two
dielectrics. After completing the lithography process,
P3HT was deposited by spin coating technique, from a
solution with a concentration of 5 mg/ml in toluene, at a
rotational speed ranging from 800 to 1000 rpm. The regio-
regular P3HT (97–98%) used in this study was synthesized
by the McCollough route [26]. Prior to the deposition, the
solution was heated at 60 �C for 10 min and then filtered
through a 0.02 lm pore size PTFE membrane syringe filter.
The molecular weight was 35,600 and the polydispersity of
the compound 1.9. A low rotational speed during spin coat-
ing was found to be necessary as we observed that a higher
rotational speed resulted in poor filling at the desired
areas. Finally, it was observed that a successful polymer
patterning is strongly related to the combination of the
rotational speed, the acceleration of the spinning and the
viscosity of the polymer solution, since these parameters
could strongly affect the wettability of the solution inside
the dots. Another critical parameter is the solvent that is
used for the lift-off process. We replaced acetone, which
is the commonly used solvent, with a mixture of acetone
with isopropanol (1:3), in order to prevent the removal
of P3HT layer from the desired areas. A similar modifica-
tion was also proposed by another group [25], who em-
ployed a mixture of acetone and methanol, instead of
pure acetone. We do not expect any deterioration of the
e sequence of process integration steps: (a) after P3HT spinning; (b) after
e with 4 � 4 lm2 junctions.
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device performance after the immersion of the devices into
acetone and isopropanol mixture. In fact, in a recent paper
it is demonstrated that polar solvents do not deteriorate
the P3HT properties [27]. In Fig. 3 we report optical micro-
scope images of a device with a 20 � 20 lm2 cross point
area, showing the patterning before and after the lift-off
of the photoresist (Fig. 3a and b) and the final crossbar
structure of the device (Fig. 3c). In Fig. 3d a crossbar array
with a cross point area of 4 � 4 lm2 is shown. The experi-
ments were performed using toluene as solvent for P3HT
without the need of replacing it with xylene, which leads
to lower carrier mobility, as Chan et al. [25] proposed in
their study. The use of a poorer solvent was not necessary
since we did not observe any reaction of the photoresist we
used with toluene. On the other hand, we also observed
some lift-off difficulties when chloroform was used as sol-
vent, as also reported by Chan et al. [25]. After photoresist
removal, P3HT thickness was measured using a stylus pro-
filometer. It was determined that P3HT thickness inside
50 nm deep holes was 30 nm, corresponding to a filling
of 50–60%, independently from hole size. This is related
to the fact that, although initially holes are completely
filled with the polymer solution, after spinning and evapo-
ration of the solvent only the solute remains inside the
holes.

In order to investigate the compatibility of the process
with other compounds, the sequence of steps described
above was used to pattern OPV5, a p-phenylene–vinylene
oligomer [28]. OPV5 was deposited using the same condi-
tions of P3HT, i.e. by spin coating technique, from a solu-
tion with a concentration of 5 mg/ml in toluene, at a
rotational speed ranging from 800 to 1000 rpm. A success-
ful patterning was easily achieved for these materials with
only one minor change to the full process. Warm isopropa-
nol (40 �C) was used as a lift-off solvent instead of acetone
and isopropanol mixture, since OPVs are slightly soluble in
acetone. The photoresist used in this study allowed this
change. The hole filling factor in this case was the same
as P3HT, i.e. 50–60%.
Fig. 4. Cross sectional SEM image of the border of a 20 � 20 lm2

patterned hole after the lift-off process. The scale bar corresponds to
200 nm.
The lift-off patterning method can sometimes result in
some residuals of the photoresist and the organic com-
pound around the patterned area, on top of the dielectric
layer. This can be explained considering that the organic
compounds and the photoresist have a strong adhesion,
mainly because of the same nature of the compounds. In
addition, the degree of the residuals is strongly dependent
on the molecular structure of the chosen organic com-
pound. In Fig. 4 a cross-sectional SEM image is presented,
showing the border of a patterned hole (20 � 20 lm2) after
the lift-off process of OPV5. The dielectric matrix in this de-
vice is Al2O3. The scale bar presented in the image corre-
sponds to 200 nm. It can be clearly observed that after
the removal of the photoresist some organic residuals re-
main on top of the passive layer. This can also be explained
considering the fact that the lift-off in our case is per-
formed in a less effective manner than the conventional
process, where boiling acetone is employed for the re-
moval of the photoresist. As discussed above, boiling ace-
tone was found to damage the exposed organic layer.
Similar effects were observed with P3HT patterning, as also
reported by other authors [25], who attributed the effect to
the mechanical way of lift-off rather than dissolution. As
an alternative approach this group proposed the direct pat-
terning of the P3HT [22]. Despite the presence of residuals
at the hole edges, we did not observe significant problems
for the device integration. We obtained a uniform deposi-
tion of the top electrode (aluminium or titanium), through
thermal evaporation or e-beam assisted evaporation, with
the metal following the morphology of the organic com-
pound without any discontinuity of the lines. This is fur-
ther supported by the electrical characterization results
presented in the next paragraphs. On the other hand, since
the crossbar architecture is highly appealing for vertical
stacking, these imperfections might lead to integration dif-
ficulties when several layers are involved. As a possible
remedy, we tested a simple post deposition treatment un-
der a solvent vapor saturated environment, an approach
which is used in block copolymer research [29]. More pre-
cisely, the already patterned samples were placed in a ves-
sel with a solvent saturated environment, toluene in case
of P3HT, (at 45 �C) for �5 h. During this treatment the
interaction occurring between the vapors of the solvent
and the organic compound leads to a rearrangement of
the polymer inside the patterned dots. Indeed, after this
treatment we observed better defined structures in case
of P3HT patterned arrays. In parallel, Schottky diodes were
prepared, after vapor annealing, in order to investigate in
which manner this treatment affects the electrical proper-
ties of the material and whether it is worth pursuing this
approach. The results are presented in the following sec-
tion. We found that the selection of the suitable solvent
and temperature is strongly related to the organic com-
pound used in the device. This is a subject of further study.

After the successful patterning of the P3HT, the final
step to be addressed is the deposition of the top electrode
and patterning, without damaging the polymeric com-
pound beneath. We chose aluminium as top electrode for
P3HT Schottky junctions. The metal layer was deposited
by thermal evaporation and patterned by UV lithography
end wet etching. To prevent the diffusion of Al inside the
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P3HT and to avoid some possible damaging of the func-
tional material because of the thermal evaporation a thin
layer of a polymeric dielectric (poly-vinyl-phenol, PVP)
was deposited by spin coating on top of the polymeric
compound [30]. This PVP layer is expected to enhance
the adhesion of Al to the P3HT film, since the OH groups
that contains react chemically with Al, resulting in an
improvement of the metal patterning with the wet etching
process. PVP was spin cast from ethyl-acetate on the P3HT
film at a concentration of 0.4% wt/wt. Ethyl-acetate was
chosen since P3HT is insoluble in this solvent. The result-
ing thickness of the PVP is expected to be around 10 nm
[30], so that the total thickness of the P3HT/ PVP stack is
about 40 nm. For the top electrode patterning a wet etch-
ing process is necessary since the photoresist cannot be
deposited directly on top of the polymer. The design of
the lithographic masks that was used in this study allows
the use of the wet chemistry, since the area of the organic
compound is smaller compared to the bottom and top me-
tal lines. As a consequence, since the polymer is placed in-
side the holes, it is completely covered and protected from
the chemical attack of the acidic solution (80%
H3PO4:5%CH3COOH:5% HNO3:10% H2O) that is used for
the Al etching. To ensure full compatibility with the organ-
ic compounds, we avoided heating the samples above
100 �C during the lithography process.

The same sequence of steps was carried out in order to
fabricate the OPV5 Schottky junctions. Although, in the lat-
ter we chose Ti as top contact, deposited by e-beam as-
sisted evaporation, since it is known that Al is more
reactive and easily diffuses into PPVs [31,32]. Using Ti we
did not observe any shorts in our devices, therefore the
PVP protecting layer was not necessary.

4. Electrical characteristics

The electrical results reported here refer to devices that
were fabricated using SiO2 dielectric layer. Fig. 5 presents
the J–V characteristics of the as prepared Schottky diode
with a structure of Au/P3HT/PVP/Al. Electrical measure-
Fig. 5. Typical J–V characteristics of a Schottky diode with a structure of
Au/P3HT-PVP/Al.
ments were performed at room temperature under dark
conditions. The current was measured starting from zero
to positive voltage and then brought back (forward cur-
rent), and from zero to negative voltage and then brought
back (reverse, or leakage, current). The rectification ratio
was defined in this structure as the ratio between current
values at 2.2 and �2.2 V. Aluminium was chosen as top
electrode since it has a low work function (WF = 3.9–
4.3 eV) and is expected to form Schottky contact with
P3HT [33]. On the other hand, gold is a metal with a high
work function (WF = 4.9–5.3 eV) and the Au/P3HT contact
produces a small barrier [34] and as a result Au acts as
an Ohmic contact. The J–V characteristics confirm the rec-
tifying behaviour expected for this structure. A good recti-
fication ratio was obtained, with an Ion/Ioff ratio of 1 � 102–
2 � 103, which demonstrates the successful patterning of
P3HT into crossbar architecture, without damaging the
material electrical properties. Consequently, it is confirmed
that the PVP-Al stack successfully protected P3HT from the
acidic etching solution and the basic developer. However,
by adding the PVP dielectric layer we introduce one extra
resistance in the structure that might lead to a decrease
in the current density at both forward and reverse volt-
ages. On the other hand, this resistance does not affect
the Ion/Ioff ratio since the contribution is the same for both
voltages regions. The obtained current densities are in
good agreement with previously published values for sim-
ilar diode structures [35]. This also confirms the feasibility
of the UV lithographic patterning without affecting the
material properties. Finally, we must underline the fact
that no metal selection optimization or polymer thermal
annealing was performed in order to optimize the electri-
cal performances, since the main goal of this work was
the demonstration of the integration route. Therefore, it
is likely that the junction characteristics can be further
optimized through an annealing of the organic layer or a
more accurate choice of the electrode materials.

In Fig. 5 the J–V characteristics of a Schottky diode that
was prepared after the vapor treatment of the P3HT, as de-
scribed in the previous section, are also reported. As it can
Fig. 6. Typical J–V characteristics of a Schottky diode with a structure of
Au/OPV5/Ti.



1050 E. Katsia et al. / Organic Electronics 9 (2008) 1044–1050
be observed, the forward current density is of the same or-
der of magnitude compared with the untreated diodes,
suggesting that no degradation occurred. This result indi-
cates that the vapor annealing is suitable as a post deposi-
tion treatment to improve some patterning imperfections.
On the other hand, a slight degradation of the reverse cur-
rent density is observed, which might be either attributed
to this treatment, or to the spread of characteristics in dif-
ferent devices. This is a subject of further study.

The accomplishment of the integration scheme is fur-
ther supported by the electrical characteristics of an
OPV5 Schottky diode that are reported in Fig. 6, with a
diode structure of Au/OPV5/Ti. Au was chosen as ohmic
contact and Ti is expected to form a Schottky contact with
the organic material. The obtained rectification ratio is
above 102 at 4 V with a high current density of 0.3–0.8 A/
cm2. This confirms the applicability of the proposed inte-
gration route to a variety of organic semiconductors with
different molecular structures.

In both P3HT and OPV5 devices we observed a spread of
the characteristics, as it can be observed in Figs. 5 and 6,
where we reported the curves with the largest variation.
This spread could be attributed to thickness variation of
the organic compounds inside the patterned holes after
the spinning process. In fact, since for each organic com-
pound the measured devices belonged to the same
2 � 2 cm2 substrate, some non-uniformities of the organic
layer thickness arising from the spinning process might oc-
cur. Further analyses are in progress to better understand
this behaviour and improve device reproducibility.

5. Conclusions

In this study a process was developed for the integration
of polymers into crossbar arrays by standard UV lithogra-
phy. The approach was illustrated using P3HT and OPV5
as organic compounds, proving the compatibility of the
process with different organic materials. Good rectification
ratios of Ion/Ioff = 1 � 102-2 � 103 were obtained from the
fabricated Schottky junctions, demonstrating the success-
ful patterning of the functional materials without deterio-
rating their electrical properties. The obtained current
densities are in the range of the values that are generally re-
ported in literature for these materials. Moreover, the high
current density obtained in OPV5 Schottky junctions shows
promise for the future use of these materials in as selectors
in crossbar based non-volatile memories.

Acknowledgement

This work was performed in the framework of the EU
FP6 project ‘‘VERSATILE”, Contract No.: 026714.
References

[1] C.D. Dimitrakopoulos, D.J. Mascaro, IBM J. Res. Dev. 45 (2001) 11–27.
[2] A.R. Brown, A. Pomp, C.M. Hart, D.M. De Leeuw, Science 270 (1995)

972.
[3] M. Johnson, A. Al-Shamma, D. Bosch, M. Crowley, M. Farmwald,

L. Fasoli, A. Ilkbahar, B. Kleveland, T. Lee, Tz-yi Liu, N. Quang, R.
Scheuerlein, K. So, T. Thorp, IEEE J. Solid-State. Circ. 38 (11)
(2003).

[4] J. Campbell Scott, L. Bozano, Adv. Mater. 19 (2007) 1452–1463.
[5] Q.-D. Ling, D.-J. Liaw, E. Yeow-Hwee Teo, C. Zhu, D. Siu-Hung Chan,

E.-T. Kang, K.-G. Neoh, Polymer 48 (2007) 5182–5201.
[6] J.H. Burroughes, D.D.C. Bradley, A.R. Brown, R.N. Marks, K. Mackay,

R.H. Friend, P.L. Burns, A.B. Holmes, Nature 347 (1990) 539.
[7] H. Spanggaard, F.C. Krebs, Sol. Energy. Mater. Sol. C 83 (2004) 125–

146.
[8] E. Bundgaard, F.C. Krebs, Sol. Energy. Mater. Sol. C 91 (2007) 954–

985.
[9] J. Ficker, H. von Seggern, H. Rost, W. Fix, W. Clemens, I. McCulloch,

Appl. Phys. Lett. 85 (2004) 1377.
[10] H. Sirringhaus, T. Kawase, R.H. Friend, T. Shimoda, M. Inbasekaran,

W. Wu, E.P. Woo, Science 290 (2000) 2123–2126.
[11] N. Stutzman, R.H. Friend, H. Sirringhaus, Science 299 (2003)

1881.
[12] T. Sekitani, Y. Noguchi, U. Zschieschang, H. Klauk, T. Someya, Proc.

Nat. Acad. Sci. 105 (13) (2008) 4976.
[13] S.P. Li, C.J. Newsome, T. Kugler, M. Ishida, S. Inoue, Appl. Phys. Lett.

90 (2007) 172103.
[14] J.A. Rogers, Z. Bao, K. Baldwin, A. Dodabalapur, B. Crone, V.R. Raju, V.

Kuck, H. Katz, K. Amundson, Proc. Nat. Acad. Sci. 98 (2001) 4835.
[15] U. Zschieschang, H. Klauk, M. Halik, G. Schmid, C. Dehm, Adv. Mater.

15 (2003) 1147.
[16] U. Zschieschang, M. halik, H. Klauk, Labgmuir 24 (2008) 1665.
[17] D.A. Pardo, G.E. Jabbour, N. Peyghambarian, Adv. Mater. 12 (2000)

1249–1252.
[18] H. Sirringhaus, P.J. Brown, R.H. Friend, M.M. Nielsen, K. Bechgaard,

B.M.W. Langeveld-Voss, A.J.H. Spiering, R.A.J. Janssen, E.W. Meijer, P.
Herwig, D.M. de Leeuw, Nature 401 (1999) 685.

[19] H. Sirringhaus, N. Tessler, R.H. Friend, Science 280 (1998) 1741.
[20] B. Lamprecht, E. Kraker, G. Weirum, H. Ditlbacher, G. Jakopic, G.

Leising, J.R. Krenn, Phys. Status Solidi (RRL) 2 (2008) 16–18.
[21] John A. DeFranco, Bradley S. Schmidt, Michal Lipson, George G.

Malliaras, Org. Elect. 7 (2006) 22–28.
[22] C. Balocco, L.A. Majewski, A.M. Song, Org. Elect. 7 (2006) 500

–507.
[23] H.B. Akkerman, P.W.M. Blom, D.M. de Leeuw, B. de Boer, Nature 441

(2006) 69.
[24] H.B. Akkerman, A.J. Kronemeijer, P.A. van Hal, D.M. de Leeuw, P.W.M.

Blom, B. de Boer, Small 4 (2008) 100.
[25] J.R. Chan, X.Q. Huang, A.M. Song, J. Appl. Phys. 99 (2006) 023710.
[26] R.D. McCullough, R.D. Lowe, M. Jayaraman, D.L. Anderson, J. Org.

Chem. 58 (1993) 904.
[27] L.A. Majewski, A.M. Song, J. Appl. Phys. 102 (2007) 074515.
[28] J. Alstrup, K. Norrman, M. Jørgensen, F.C. Krebs, Sol. Energy. Mater.

Sol. C 90 (2006) 2777–2792.
[29] J. Peng, D.H. Kim, W. Knoli, Y. Xuan, B. Li, Y. Han, J. Chem. Phys. 125

(2006) 064702.
[30] S. Ferrari, F. Perissinotti, E. Peron, L. Fumagalli, D. Natali, M.

Sampietro, Org. Elect. 8 (2007) 407–414.
[31] K. Norrman, F.C. Krebs, Sol. Energy. Mater. Sol. C 90 (2006) 213.
[32] A. Crispin, A. Jonsson, M. Fahlman, W.R. Salaneck, J. Chem. Phys. 115

(2001) 252.
[33] S.P. Spekaman, G.G. Rozenberg, K.J. Clay, W.I. Milne, A. Ille, I.A.

Gardner, E. Bresler, J.H.G. Steinke, Org. Elect. 2 (2001) 65.
[34] C.H. Lei, A. Das, M. Elliott, J.E. Macdonald, M.L. Turner, Synth. Met.

145 (2004) 217–220.
[35] K. Kaneto, W. Takashima, Curr. Appl. Phys. 1 (2001) 355–361.



1052 G.B. Hadjichristov et al. / Organic Electronics 9 (2008) 1051–1060
sandwich-like structure of the type dielectric/semiconduc-
tor/insulator created in PMMA upon 50 keV silicon ion
implantation at doses ranging from 3.2 � 1014 to
1017 ions/cm2. For some electrical applications, e.g. for sens-
ing, large-area flat panels are desirable, that is why we
examine herein relatively large samples of Si+-implanted
PMMA.
Fig. 1. (a) Schematic view of the Si+-implanted PMMA samples: (1)
porous low-conductive ion-modified layer, (2) conductive ion-implanted
layer, (3) pristine PMMA, (4) and (5) Ohmic contacts. (b) The correspond-
ing field-effect structure: (1) gate dielectric, (2) channel, (3) substrate, (4)
source, (5) drain and (6) gate electrodes. (c) Depth profile of the layer
formed in pure PMMA by an implantation with 50 keV Si ions, as
calculated using the SRIM software [32].
2. Experimental

Two series of samples (plates) of identical size
10 mm � 10 mm were cut from two PMMA materials of
optical quality: (i) 5 mm thick UV-grade PMMA containing
a small amount of polyvinyltoluene, prepared to be used as
a charged particles detector-scintillator, and (ii) UV-opa-
que PMMA (Röhm Plexiglas GS-233), 2 mm thick. Since
the 50% light cut-off of these materials is at �300 nm and
�380 nm, respectively, in the following they will be re-
ferred to as UVB-PMMA and UVA-PMMA, respectively
(according to the definitions proposed by ISO International
Standard ISO/CD 21348). The samples were implanted
with silicon ions at an energy of 50 keV under identical
conditions. The variety of implantation doses was the same
for both series: D1 = 3.2 � 1014, D2 = 1 � 1015,
D3 = 3.2 � 1015, D4 = 1 � 1016, D5 = 3.2 � 1016 and
D6 = 1 � 1017 ions/cm2. The experimental details have been
described elsewhere [19]. Both pristine and Si+-implanted
PMMA samples were characterized by various spectros-
copy techniques. Additionally to transmittance, fluores-
cence, photo-luminescence and specular reflectance (data
reported in [19]), the samples were subjected to diffuse
reflectance, attenuated total reflectance (ATR) and FTIR
specular reflectance spectroscopy, UV-visible Raman, and
FT-Raman.

The direct current (DC) experiments were carried out by
standard two-point method using computer-controlled
Keithley 617 Programable Electrometer with the capability
of measuring resistance up to 1015 X. Narrow, 1 cm-long
silver paste electric contacts were deposited at the two
opposite edges of the implanted surface of the PMMA sam-
ples, as shown in Fig. 1a. Since the width of the contacts is
1 mm, they completely cover the two layers formed by the
ion implantation: a low-conductive porous layer (1) and a
buried conductive ion-implanted layer (2), both of thick-
ness of few tens of nanometers and with no sharp bound-
ary between them. The DC transconductance of Si+-
implanted PMMA was studied upon applying a gate volt-
age on a copper electrode (3 mm width, 1 cm length)
placed on the implanted PMMA surface between the
side-electrodes (the drain and the source) (Fig. 1b). In this
arrangement, the width-to-length ratio for the channel sit-
uated within the layer (2) is W/L � 3.

Additionally, the electrical response of the Si+-im-
planted PMMA was probed by sinusoidal alternating cur-
rent (AC) measurements accomplished by phase-sensitive
lock-in technique. The sampling signal from a Stanford Re-
search Systems SR830 DSP lock-in build-in generator was
acquired by a computer that controls the frequency sweep.
These measurements consisted in determination of the fre-
quency dependent current flowing through the samples
when the electric field was longitudinally applied to the
ion-implanted layer. All measurements in this work were
carried out at room temperature.
3. Results and discussion

As known, the additives to the thermoplastic PMMA,
such as elastomers, acrylic modifiers, absorbers, small frac-
tion of polycarbonate and other chemical components, can
significantly change the PMMA material properties. The
additives could be echoed in a different effect from the
ion implantation on the electronic and electrical properties
of both Si+-implanted PMMA materials, even when im-
planted under identical conditions. That is why, the dis-
tinction between both PMMA materials used in our
experiments is of importance. Clear difference was found
by optical transmittance and Raman spectroscopy. Also,
the effect from Si+ ion implantation was best evidenced
by these spectroscopy techniques. Particularly, two weak
but sharp Raman bands at 1581 cm�1 and 1600 cm�1 occur



Fig. 2. Absorption spectra of the material resulting from 50 keV Si+ ion
implantation of UVA-PMMA (a) and UVB-PMMA (b). The corresponding
Tauc plots are also given (dashed). The Si+ doses [ions/cm2] are:
D1 = 3.2 � 1014, D2 = 1 � 1015, D3 = 3.2 � 1015, D‘4 = 1 � 1016,
D5 = 3.2 � 1016, D6 = 1 � 1017, D0 stands for the pristine polymer. (c) The
optical gap of the material formed in the Si+-implanted PMMA versus the
ion dose: UVA-PMMA (dashed) and UVB-PMMA (solid). The optical gap
calculated for the pristine PMMA samples are also shown: UVA-PMMA
(dashed line), UVB-PMMA (solid line). The error bars represent the
uncertainty limits discussed in the text.
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for the pristine UVB-PMMA, which are missing in the Ra-
man spectrum of pristine UVA-PMMA. We assign these
spectral features to phenyl ring vibrations, which stem
from polyvinyltoluene additive in UVB-PMMA. By fluores-
cence analysis, an evidence for a UV absorptive component
is found for UVA-PMMA (the excitation profile extends
from 250 nm to 340 nm with a maximum at �280 nm).
The micro-Raman spectra at an excitation wavelength of
514 nm reveal that the average size of the carbon clusters
formed by Si+ implantation in the UVA-PMMA samples is
smaller than that in UVB-PMMA, for instance, 18 Å versus
26 Å as estimated for the ion dose 1017 Si+/cm2 [19].

The transparency of PMMA allows the optical band gap
of the ion-modified material to be inspected by optical
absorption. In order to be isolated the pure absorption,
both specular and off-specular (diffuse) reflectance of the
samples were measured in addition to the transmittance.
The diffuse reflectivity spectra were taken by using of
DRA-2500 diffuse reflectance accessory (integrating
sphere) of Varian Carry 5000 spectrophotometer and nor-
malized by a Spectralon white standard. The light scatter-
ing from the sample could also contribute to the optical
loss. The light scattering takes place when the incident
light beam encounters heterogeneities, i.e., changes in
the optical properties of the medium, or it hits a rough sur-
face. Even in the simple case of a flat surface separating
two homogeneous media occurs a redistribution (scattered
radiation) of the incident electromagnetic energy due to
the abrupt change of the initial optical properties. In the
medium under consideration, the most intense part of
the scattering is due to non-homogenous multiple surfaces
at the unimplanted/implanted interface and Mie scattering
from ion-induced roughness. The latter should be en-
hanced at higher ion doses and becomes significant when
the surface is considerably modified by the silicon ions
and the characteristic size of the surface roughness is com-
parable to the wavelength of the incident light. In both
cases, a part of the incident radiation is redistributed in
all directions. While the hemi-spherical back-scattering
can be considered as included in the light intensity as mea-
sured with integrating sphere, the other part of the scat-
tered light, i.e. the forward scattering, is generally
absorbed. Comparing the spectra obtained by integrating
sphere with the specular reflectance [19], we established
that the scattering component of the optical loss is not
present to any great extend for the examined Si+-im-
planted PMMA samples at doses up to D6 = 1017 Si+/cm2

(Si+ ion energy of 50 keV). In fact, for the samples im-
planted to the dose D6, no whitening of the surface was ob-
served and a relatively low light intensity was measured
by integrating sphere (up to �4�5% from the incident
light). However, as indicated the reflectivity modification
of Si+-implanted PMMA [19], the scattering becomes siz-
able at the dose D6. Since this component of the optical loss
was not separately measured, reliable absorption data can-
not be derived for the samples implanted to the dose D6.

The absorption spectra of Si+-implanted PMMA samples
are shown in Fig. 2a and b. When implanted at a sufficiently
high Si+ dose (above �1015 cm�2), both materials exhibit a
significant absorption which is not proportional to
the Si+ dose. Strongly increasing in the dose range
3.2 � 1014 � 3.2 � 1015 Si+/cm2, the absorption nearly satu-
rates at doses higher than D3 = 3.2 � 1015 Si+/cm2. This ef-
fect is well known for ion implanted PMMA [20–22] and
other transparent carbon-containing polymers upon ion
implantation or ion irradiation [1,2,4,23]. It is indicative of
the ion-induced destruction of the polymer and carboniza-
tion of the surface layer. The strong increase of the optical
absorption in the visible and the near IR is due to the forma-
tion of conjugated double C@C bonds organized in a nano-



Fig. 3. (a) DC current–voltage characteristics of Si+-implanted UVB-
PMMA samples in positive and negative voltage sweep. The labels of the
Si+ doses are relevant to Fig. 2. (b) The DC conductivity of Si+-implanted
UVA-PMMA (open circles) and UVB-PMMA (solid circles) versus the ion
dose. Within a circle are marked the conductivity data for the samples
where an appreciable field-effect was found in this work.
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clustered hydrogenated amorphous carbon (HAC) material
[23,24]. The presence of HAC phase in Si+-implanted PMMA
was confirmed by means of Raman spectroscopy [19]. The
implantation-induced absorption in PMMA (Fig. 2) points
out that D3 is the dose at which the polymer degradation
is nearly completed. At doses higher than D3 aggregation
of C-rich clusters with predominant sp2 bonding takes place
as supported by the reflectance, photoluminescence and mi-
cro-Raman spectra of the samples [19].

Using the absorption data corresponding to the variety of
Si+ doses, we obtained the dose dependence of optical band
gap energy Eg of the material formed in PMMA by silicon ion
implantation (Fig. 2c). Eg controls the imaginary part of the
complex dielectric function. The of Si+-implanted PMMA
can be represented by the expression [25,26]

aðxÞ�hx ¼ Bð�hx� EgÞn ð1Þ

where a is the absorption coefficient at an optical frequency
w, �hw is the incident photon energy, B is an empirical con-
stant, and the power factor n depends on the nature of the
electronic transition, responsible for the optical absorption.
Among the possible values of n [25,26], the absorption data
for all samples studied herein was best-fitted by n = 2 (indi-
rect allowed transition in k-space) in Eq. (1). Such an edge
transition (Tauc transition) is expected for amorphous
materials with a broad absorption edge and high absorption
level [25] and is usually applied for description of amor-
phous carbon, in particular HAC layers [11,27,28]. Robert-
son and O’Reilly [24] have shown that the value of the
optical band gap of the HAC material is correlated with
the number, type and structural arrangement of the carbon
atoms per molecule or per linear string, or per compact
cluster. Generally, the band gap of the semiconducting
HAC material decreases with the cluster size [4,24,29]. In
our case, Eg can be correlated with the number (N) of carbon
atoms per conjugation length. 8 N increases with the ion
dose, and Eg decreases. The controllable reduction of the en-
ergy gap Eg of a polymeric material by ion implantation is of
interest because of the possibility to modify its optical, elec-
tronic, and optoelectronic properties.

The accuracy of the estimated values of the optical gap
is restricted by the uncertainty in the absorption, resulted
from uncertainties of ±(1–1.5)% in the measured transmit-
tance and reflectance. Significant error contributors in the
measurements of these quantities could be various geo-
metric factors. Especially, in the measurements with inte-
grating sphere any misalignment of the sample strongly
affects the results. An overall uncertainty value of ±5% for
the calculated values of the optical band gap is reasonable
when a perfect alignment is done and constant experimen-
tal conditions are kept. Within the uncertainty limits (rep-
resented by the error bars in Fig. 2c), the material formed
in UVA-PMMA exhibits a larger band gap as compared to
UVB-PMMA upon equal Si+ dose. The standard deviation
of the best-fit value Eg in fitting the absorption data does
not exceed 0.3%.

The information for the electronic structure obtained by
spectroscopic measurements can be related to the electri-
cal response of Si+-implanted PMMA. As known, the elec-
trical conductivity of the ion-implanted polymers
originates from the p-electrons in the conjugated double
C@C bonds and is controlled by a hopping mechanism be-
tween the conducting carbon-rich zones, rich in p-elec-
trons [2,4,11]. Actually, the same mechanism is
responsible for the electrical conductivity of amorphous
carbon and HAC near room temperature [11,30]. A variable
range electron hopping conductivity through high-con-
ducting nanoclusters separated by material with much
lower conductivity in graphitized thin subsurface layer
was established for PMMA subjected to low-energy ion
implantation [18]. We suppose that Si+-implanted PMMA
studied herein possesses the same properties. The linear
current–voltage plots for Si+-implanted PMMA (Fig. 3a) re-
veal Ohmic conductance and are consistent with the hop-
ping model [31]. The AC measurements gave the same
result at a fixed frequency, for example, 500 Hz and
30 kHz. Also, the straight line passing through the origin
of the current–voltage plot is a proof of the Ohmic nature
of the contacts.

The ranges of 50 keV Si+ ions in PMMA (density 1.19 g/
cm3) calculated by use of SRIM Code [32] are shown in
Fig. 1c. In our case, the TRIM prediction for range distribu-
tion is close to a Gaussian distribution. It deviates slightly
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from the Gaussian shape due to a slight asymmetry. In
actuality, even symmetrical profile (only for light projec-
tiles in the energy range 10–30 keV and at normal ion inci-
dence) is not of Gaussian shape due to slightly different
kurtosis [2,32]. In fact, the real ranges and profile differ
from the TRIM estimate, as reported also for PMMA [33].
The TRIM calculations for the pure PMMA predict only
approximate data for the polymeric materials we have
used here. The additive chemical components actually
present in them could change the real depth profile, a fact
well known for the ion-implanted polymers [2]. Also, the
thickness (d) of the conductive ion-implanted layer (2)
(Fig. 1a and c) increases with the increasing ion dose.

Alternatively we assessed the thickness of the ion-mod-
ified subsurface layer by means of FTIR specular reflec-
tance in the mid-infrared region. The differential
reflectance spectrum (DRS) (R–R0)/R0, where R0 is the
reflectance of the pristine PMMA material and R is the
reflectance of the implanted material, was fit following
well elaborated theoretical models [34]. A value of
(140 ± 15) nm was extracted for the thickness at an
implantation dose of 3.2 � 1015 Si+/cm2. We have to
emphasize that the difference between TRIM and DRS val-
ues is due to different definitions of ‘thickness’. While
TRIM value reflects the effective width (at level 1/e2) of
the ion-range distribution, DRS gives an estimate for the
total thickness of the ion-modified layer. DRS rather dis-
play the whole in-depth extent of Si and recoil atoms
distribution.

Being closely related to the material modification in the
formed conductive layer, the in-depth distribution of the
DC conductivity (r) of this layer is non-homogenous. Thus,
a real conductive channel in the host polymer PMMA is
produced by the Si+ implantation. To compare the effect
of Si+ implantation, an estimate of r can be made for a cer-
tain fixed value of the channel width. From the ion range
distribution (Fig. 1c) we adopted the value d = 80 nm being
between the full width at half maximum (FWHM)
(�60 nm) and the effective width (�110 nm) at level 1/e2

(the Gaussian full width). The other quantities necessary
for the calculation of r are the length of the electrodes
and the distance between them, both equal to
(10 ± 0.1) mm.

The dose dependence of so calculated r is shown in
Fig. 3b. No clear threshold dose was observed for the tran-
sition of the Si+-implanted PMMA into conductive state.
Since both the density of the delocalized p-electrons and
the average size (s) of the C-rich domains (C-clusters and
their aggregates) in the HAC material increase with the
implantation dose [2–4], and the average distance (d) be-
tween the C-rich domains decreases, the conductivity of
Si+-implanted PMMA increases with the ion dose in accor-
dance with the common trend known for the ion-im-
planted hydro-carbon polymers [3,4,8] and the
predictions of the models involving the (s/d) ratio, e.g.
r � exp(s/d) [35]. From Fig. 3b one can compare the con-
ductivity estimated for the samples of both materials being
measured in analogous experiments. At equivalent Si+ dose
and energy and under identical other implantation condi-
tions, the conductivity of the Si+-implanted UVB-PMMA
samples is higher than the conductivity of the Si+-im-
planted UVA-PMMA samples whose C-domains have a
smaller average size as revealed by Raman spectroscopy
[19]. In context of the different initial grade of PMMA for
both materials (see above), the higher conductivity of Si+-
implanted UVB-PMMA can be a result from the non-satu-
rated C@C bonds present in this polymeric material prior
to ion implantation, which promote the formation of larger
sp2 carbon domains upon implantation.

It is worthy to be noted that the conductivity enhance-
ment (Fig. 3b) is reciprocally related to the gap closing
shown in Fig. 2c since the two quantities depend (oppo-
sitely) on the C-cluster size. Both dependencies indicate a
transition from insulating to semiconductor properties.
From originally insulating pristine state (rPMMA

� 10�13 S/m), r of Si+-implanted PMMA attains at implan-
tation dose of 1016–1017 Si+/cm2 the values typical of
highly conductive amorphous phase of carbon [11] and
conducting polymers at room temperature and being con-
siderably higher than the conductivity of semiconductors
such as silicon (�4 � 10�4 S/m) [36].

In view of the ion implantation performed (the mass
and the energy (50 keV) of the silicon ion), a doping effect
from silicon on the electrical conductivity of Si+-implanted
PMMA is not excluded at higher doses, e.g. above 1016 Si+/
cm2 [37], though the Si concentration is small (<1 at.%) in
comparison with those in the conventional doped poly-
mers [38]. To best our knowledge, no data for Si doping
in PMMA by silicon ion implantation have been reported
in the literature. It is known, that when incorporated in
HAC, the effect from silicon is negative, especially at con-
siderably higher amount, e.g. 10 at.%. In such a case the
optical gap increases due to both reduction of large sp2 car-
bon clusters and the sp3 bonding enhancement [39,40].
The efficiency of Si doping in HAC is rather low [24], how-
ever a doping effect in the classical sense could be achieved
by incorporating silicon into the polymer structure (or its
rests). Particularly, one can expect Si to bond to carbon at
the extremes of the stopping range. No Si trace (from Si,
eventual Si nanoclusters and Si bonding to the polymer
or to the ion-modified polymer structure (HAC)) was de-
tected by our spectroscopic means. Apart from the D-
and G-bands of sp2 carbon, the Raman measurements in
a wide range of excitation wavelengths (1060, 647, 633,
514, 488 and 363 nm) did not reveal any spectral feature
emerging upon implantation. Further, we studied our sam-
ples by means of FTIR specular reflectivity and ATR. Again,
no extra absorption bands were observed in the implanted
samples. Most probably, even if Si is bonded to the poly-
mer or forms Si nanoclusters, even at higher Si+ doses the
signal from the Si-related structures is below the detection
limit of the apparatus (Jobin Yvon T64000, Jobin Yvon Lab-
ram, Bruker V700). XPS survey would be useful to prove
the incorporation of silicon in Si+-implanted PMMA, but
the possible role of Si doping for modification of the elec-
trical properties of this material can be clarified by electri-
cal measurements on the frequency domain, e.g. by
admittance spectroscopy or deep level transient spectros-
copy (DLTS), especially its high-sensitive and high-resolu-
tion variations such as Laplace-transform DLTS and
double correlation DLTS, which allow to identify the nature
of the defects and to get their depth profiles.
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In addition to the DC measurements, the electrical re-
sponse of the Si+-implanted PMMA samples was probed
under alternating (AC) electric field. In this case, a sinusoi-
dal voltage with amplitude of 1 V was applied and the field
frequency was swept in the range from 1 Hz to 30 KHz. The
effect of the Si+ implantation can be seen in Fig. 4 which re-
ports the Real (the in-phase signal) and Imaginary parts of
the frequency dependent current measured for the UVB-
PMMA samples. A significant enhancement of AC conduc-
tivity occurs when the ion dose exceeds 1016 Si+/cm2.

The transconductance of the spatial structure formed in
Si+-implanted PMMA proven by DC measurements is also
strongly conditioned by the ion dose. This is reasonable be-
cause the ion-modified subsurface region and its electrical
properties are determined by the ion implantation. Partic-
ularly, as mentioned above, the in-depth variation (depth-
profile) of the concentration of the (semi)conducting HAC
material formed by Si+ implantation of PMMA depends
on the ion dose. Because of the diffusive spatial distribu-
tion, the ion-implanted layer has no strictly defined
boundaries. Nevertheless, for the sake of simplicity one
can consider the subsurface region as consisting of two lay-
ers: (1) top layer having a lower conductivity (n�) and bur-
ied layer (2) with a higher conductivity (n) (Fig. 1b). Two
circumstances are of importance in this case: (i) the possi-
ble trapping of Si at defects or due to interactions along the
overlapping multiple ion tracks [2], thus producing by dif-
fusion in the neighboring bulk material a some kind of Si-
doped PMMA (still far away from materials with semicon-
Fig. 4. The frequency dependence of the Real (a) and Imaginary (b) parts
of the alternating current in Si+-implanted UVB-PMMA. The labels refer to
the doses as in Fig. 2, D0 – the data for pristine UVB-PMMA given for
comparison. The dashed lines indicate the sensitivity limits of the
apparatus.
ducting quality, which only can be obtained after real dop-
ing) so modifying mostly the dielectric properties of the
track-containing nanoporous layer (1) in the host polymer,
and (ii) the semiconducting n-type of undoped HAC [41].
Despite we do not have well defined two side p–n junc-
tions and the top layer (1) is not an ideal insulator, by anal-
ogy with the well known metal-oxide-semiconductor
field-effect transistors (MOSFETs) the assembly composed
from the channel structure of Si+-implanted PMMA with
two side electrodes (source and drain) and a top electrode
(gate) can be considered as a transistor-like device. As
such, we have found a field-effect transistor (FET)-like
operation for one UVB-PMMA sample and for two UVA-
PMMA samples, all these implanted to the doses close to
the dose D3. As examples, Figs. 5–9 show the characteris-
tics for the former one. The output characteristics (the
drain-to-source current IDS versus the drain-to-source volt-
age VDS for several values of the gate-to-source voltage VDS

(Fig. 5a) is similar to that of conventional MOSFETs and
corresponds to an n-channel with electron accumulation
mode at positive voltage VGS. With increase of the positive
gate voltage the electron concentration in the layer (2) un-
der the metal gate increases. This layer can be thought as
composed of two n-regions and one n+-region defined by
the gate (Fig. 1b).

The channel current IDS can be controlled also by apply-
ing VGS of opposite polarity. The current–voltage character-
istics at negative gate voltages (Fig. 5b) are quite different
Fig. 5. (a) Output characteristics IDS(VDS) of a FET-like operation of Si+-
implanted UVB-PMMA (dose D3 = 3.2 � 1015 Si+/cm2 for various values of
the gate-to-source voltage VGS. Panel (b): IDS(VDS) for negative values of
VGS.



Fig. 7. Variation of the channel transconductance with the ion dose for
Si+-implanted UVA-PMMA (open circles) and UVB-PMMA (solid circles).

Fig. 8. As in Fig. 5, but taken before (dashed) and after a stress with a gate
voltage of �40 V during stressing time 5 min (solid lines) and 15 min
(circles).
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from the case with positive VGS Particularly, IDS becomes
switchable with the gate voltage. By increase of the drain
voltage the sign of IDS, i.e. the direction of the current flow
can be changed what is of practical interest (transistor-like
invertor). Thus, the current IDS can be reduced to zero
when VDS approaches the value V0

DS, i.e. a peak of the chan-
nel resistance occurs at that switching voltage which can
be linearly tuned by change of VGS (Fig. 6). Such a transis-
tor-like switch has been reported for similar electronic de-
vices based on ion-implanted polymers, e.g. polyethylene
and polyamide-6 films [4,7] implanted with B+ and Sb+ at
ion energy and doses comparable to those we have used
here. In terms of our treatment, the switching function
can be explained by zero equivalent voltage drop in the
electron-enriched n+ channel region under the gate (see
Fig. 1b). Unlike the FET-like regime described above, the
Si+ dose is not critical for that switching function. The
channel transconductance for Si+-implanted PMMA sam-
ples, calculated by the slope (oIDS/oVGS) at a constant drain
voltage exhibits a dose dependence (Fig. 7) which corre-
lates to that of DC conductivity (recall Fig. 3b).

Further information provides the change of the output
characteristics upon electrical stress (Fig. 8). The stress
by a negative gate voltage results in an increase of IDS

depending on the stressing time, while no effect from a po-
sitive VGS-stress was found during the same stressing time.
This feature confirms the field-effect and the n-type of the
channel, and can be explained by generation of fixed posi-
tive charges in the layer (1) (see Fig. 1b) upon a stress by a
negative gate voltage. In this case, IDS increases due to both
the positive VGS bias applied and the electric field resulting
from the generated positive charges. Through the known
mechanisms of charge trapping [42,43], the positive
charges can be trapped at the non-ideal interface between
both layers (1) and (2), as well as in the voids of the nano-
porous structure of the layer (1) near that interface like the
charge trapping in submicrometer domains of thin (e.g.,
80 nm) PMMA layers [44].

The transfer characteristics IDS(VGS) (Fig. 9) exhibits no
clearly defined threshold for VGS. A small but stable hyster-
Fig. 6. The channel resistance as a function of the drain voltage VDS for
various values of the gate voltage VGS. The implantation dose is
D3 = 3.2 � 1015 Si+/cm2 UVB-PMMA.
esis was observed here, which indicates a some modifica-
tion of the gate field. We suppose that such a
modification arises from fixed charge carriers located with-
in the bulk of the gate dielectric (the porous low-conduc-
tive subsurface layer (1)) and/or at the diffusive interface
between the gate dielectric layer (1) and the conductive
n-channel (2) in the Si+-implanted PMMA samples
(Fig. 1b). Due to the faster VGS-bias, the charge effects mod-
ifying the transfer characteristics IDS(VGS) differ from the
charge effects affecting the output characteristics IDS(VGS)
after the relatively long electrical stress by the gate voltage
(recall Fig. 8). The smaller current IDS generated when the
gate voltage VGS is applied in descending mode is due to
the reduced resultant electric field in the layer (1) owing
to the additional push-pull of the positive charges from
the interface. Clearly, the observed hysteresis as well as
the gate on/off amplification factor (�250) (see Fig. 9b)
are smaller as compared to those reported for high-perfor-
mance organic FET-memory devices employing strongly
polarizable polymers and organic electrets [45–48] and
ferroelectric polymers [49,50] as gate materials.
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Finally, compared to the organic FETs [9], the field-ef-
fect found in our Si+-implanted PMMA samples is consider-
ably weaker, but it could surely be enhanced by a proper
choice of the implantation parameters and optimizing de-
vice architecture. The implantation conditions determine
the nanostructure and electronic properties of the formed
organic material, the depth profile of the layer (2) (i.e.
the thickness of both layers (1) and (2), Fig. 1), the dielec-
tric and conductive properties of the layers (1) and (2), as
well as the organic interface between them. Thus, these
Fig. 10. Comparison of the output characteristics of a FET-like operation
in Si+-implanted PMMA: (a) dose D3 = 3.2 � 1015 Si+/cm2, UVB-PMMA; (b)
dose D3 = 3.2 � 1015 Si+/cm2, UVA-PMMA; (c) dose D4 = 1 � 1016 Si+/cm2,
UVA-PMMA.

Fig. 9. (a) Transfer characteristics IDS(VGS) of the same Si+-implanted
PMMA field-effect structure as in Figs. 5, 6 and 8. The drain-to-source
voltage VDS = 20 V. Panel (b) the same, but in a logarithmic scale in order
to better show the dynamic range.
conditions are very important for the formation of a
field-effect structure and define the operation in a FET-like
regime if occurs an appropriate matching of all necessary
factors. That is why, an appreciable field-effect was ob-
served in our experiments only for the samples implanted
to the dose D3 = 3.2 � 1015 Si+/cm2 from both PMMA
materials under study, as well as the dose D4 = 1016 Si+/
cm2 from UVA-PMMA. The output characteristics of these
samples are compared in Fig. 10. The relative magnitudes
of IDS are consistent with the corresponding values of the
DC conductivity measured for these samples (recall
Fig. 3b).

Really, to achieve an appreciable field-effect, a well-
formed dielectric layer (1) with proper characteristics
and parameters is necessary. However, the match (bal-
ance) of both conductance and transconductance of the
structure is also of great importance. This is illustrated in
Fig. 11 by comparison of the output characteristics mea-
sured for Si+-implanted UVB-PMMA samples under identi-
Fig. 11. Output characteristics of Si+-implanted UVB-PMMA field-effect
structures. The ion doses [Si+/cm2]: (a) 1 � 1015, (b) 3.2 � 1015 and (c)
1 � 1016.
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cal experimental conditions. At a low ion dose,
D2 = 1015 Si+/cm2 (Fig. 11a), the transconductance is low,
the field-effect is weak. At the next ion dose, D3 = 3.2 �
1015 Si+/cm2 (Fig. 11b), the field-effect is well pronounced
and stronger, and the transconductance value is �30 times
higher. Further, the output characteristics of this sample
exhibits a sizable saturation. As seen in Fig. 11c, a field-ef-
fect is also present for the sample implanted to the dose
D4 = 1016 Si+/cm2, where the transconductance is even
more (�60 times higher than that for the sample im-
planted to the dose D3). However, in this case the higher
transconductance is accompanied by an increased conduc-
tivity (the slope of the saturation part of the output charac-
teristics) which does not correspond to a good-
performance field-effect device. Most probably, the in-
creased transconductance results from the increased con-
ductivity of the dielectric layer (1). Thus, one can admit
that among the Si+-implanted UVB-PMMA samples, the
structure formed with silicon ions at the dose D3 best ap-
proaches the characteristics of FETs (or FET-like devices).
Being no conventional organic FET, the field-effect struc-
ture in Si+-implanted PMMA still provides rather low chan-
nel currents, for instance IDS � 10�11 A at VDS = 1 V and
VGS = 20 V (Fig. 11b), partly due to the low W/L ratio (W/
L � 3) for the channel of the configuration used. A better
performance exhibits the UVA-PMMA sample implanted
to the dose D4 = 1016 Si+/cm2, as seen in Fig. 10.
4. Conclusions

We have shown that a transconductive organic nano-
scale material is formed in PMMA by low-energy silicon
ion implantation at 50 keV and doses in the range of
1015�1016 ions/cm2. The spatial structure and the electrical
properties of Si+-implanted PMMA allow a field-effect to be
utilized for all-organic active elements. Two layers of the
ion-modified subsurface region of the polymer are respon-
sible for the field-effect operation, one serving as a charge-
able gate dielectric, and the other working as an electron
transporting (n-type) active semiconductor (channel).

Our study of the electrical response of Si+-implanted
PMMA shows that at appropriate Si+ energy and doses this
material appears to be promising for applications in the
integrated all-organic electronics, like fabrication of highly
integrated and buried low-cost, application-specific cir-
cuits and electrical micro-switches, field-effect transistors,
interconnects and other functional soft-electronic ele-
ments. Such complex-structured organic semiconductor
devices can be customized by the conventional present-
day microelectronics technology. Also, modifying the or-
ganic polymers by ion implantation, the application of
the hydrogenated amorphous carbon material to electronic
devices [51] can be combined with the properties and
advantages of the plastics. Especially, the high porosity of
the implanted surface, as well as the excellent bio-compat-
ibility make Si+ ion implanted PMMA attractive for electri-
cal bio-sensor and bio-medical applications based on the
detection of a field-effect induced on the subsurface region
of Si+-implanted PMMA when charged biomolecules are
immobilized on its surface.
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Fig. 1. (a) Chemical structure of organic semiconductor molecules; schematic cross section of a, (b) top-contact polymer gate dielectric TFT with a common
gate – type A, and (c) top-contact polymer gate dielectric TFT with a patterned Al gate – type B.
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5, a,a0-diethylsexithiophene 1, a,a0-dihexylsexithiophene
2, and a,a0-didecylsexithiophene 3). The series was ex-
tended by a,a0-didecylquaterthiophene 4 representing a
material with larger ratio between flexible insulating side
chains and ridged p-conjugated chromophore and exhibits
a phase transition at 98 �C [9]. All materials have been
purified by sublimation prior thermal deposition on
devices.

We have fabricated two different device architectures
to explore the electrical characteristics in thin film transis-
tor devices. To investigate the impact of the substrate tem-
perature on the electrical and morphological properties, a
series of transistors with a common gate – provided by a
heavily doped p-type silicon wafer – and gold top contact
architecture was chosen (type A in Fig. 1b). Poly (4-vinyl-
phenol) (PVP) was used as gate dielectric layer. PVP was
deposited by spin coating, and thermally cross-linked at
200 �C [10]. The final thickness of the PVP layer is
190 nm serving a smooth dielectric layer with a permittiv-
ity of 3.6. The advantage of the common gate structure is
given by the large and smooth surface allowing electrical
and morphological measurements on the same device
without distracting effects of a patterned gate structure.
The same devices of type A were used for the shelf-life
measurements over a period up to 100 days. To study the
device performance at elevated temperatures during oper-
ation a different architecture with a patterned gate and
top-contacts was chosen (type B in Fig. 1c). These devices
are not depending on back-side contact during measure-
ment and allow the direct placement on a hot plate. The
patterned gate structures were fabricated from Al
(30 nm) – thermally evaporated through a stencil mask
on a pre-cleaned glass wafer. The dielectric layer is served
from the same PVP layer as used in fabrication of A-type
devices. Organic semiconductors, aluminium (gate) and
gold (source-drain layer) were deposited in a high vacuum
chamber (UNIVEX300) with a pressure of �10�6 mbar, and
constant deposition rates of 0.1 Å/s for the 30 nm layer of
the organic compounds and approx. 0.7 Å/sec for Al and
Au (30 nm). The deposition of the organic semiconductor
on devices of type A was performed at constant substrate
temperatures, ranging from room temperature (approx.
20 �C) to 120 �C in 20 �C steps. For devices of type B the
substrate temperature was constant in all cases (approx.
20 �C).

Devices of type A have a ratio of channel width to length
W/L of 150 lm/110 lm, during devices of type B exhibit a
W/L of 450 lm/30 lm. Devices were characterized in air
and under normal room light using an Agilent 4156 C
parameter analyzer. From the electrical transfer character-
istics the charge carrier mobilities were extracted from the
saturated regime at a drain-source voltage of �10 V and a
gate-source voltage of �8 V. The electrical characterization
at elevated temperatures during operation was performed,
on a hot plate, directly placed on the manual probe station.
The measurements were obtained after achieving the tar-
get temperature in equilibrium at each point. Ex situ sur-
face morphology was investigated by Veeco multimode
atomic force microscope (AFM) with tapping mode.

3. Results and discussion

3.1. Influence of substrate heating on thin film morphology

The thin film morphology of organic semiconductors
deposited on the dielectric surface is attributed to impact
on the charge carrier mobility in devices. Charge transport
is related to an effective pp-overlap between conjugated
molecules orientated more or less perpendicular to the
surface. In thin films, a polycrystalline morphology is often
observed with grains – exhibits a pronounced orientation
and crystalline order of the molecules within the grains –
and corresponding grain boundaries representing a mis-
match in optimal pp-stacking and break in orientation
according to crystal axis parallel to the surface. Therefore,
grain boundaries are attributed to represent trapping
states with strong impact on carrier transport. Some publi-
cation indicate that for several organic semiconductors
(pentacene, oligothiophenes or perylene carboxylic dii-
mides) larger grain sizes lead to lower density of grain
boundary and therefore to a larger carrier mobility [11–
16]. Great efforts have been made to control thin film
morphology by tuning the dielectric surface roughness or
energy, by varying the substrate temperature [11,16] or
by treating the surface with self-assembled monolayers
(SAMs) [17]. The trend of ‘‘grain size–mobility-relation-
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ship” is supported by results obtained on organic single
crystals. Single crystals have no grain boundaries and exhi-
bit large mobilities [18,19]. However, contradictory results
have been reported as well, proving that larger grain sizes
imply lower charge carrier mobilities [17,20–22]. A true
statement to the ‘‘grain size–mobility-relationship” seems
to be difficult because of heterogeneous set of data accord-
ing to different materials, surfaces, surface treatments and
deposition temperatures etc.

Here we compare the thin film morphology related to
the electrical characteristics of six different semiconductor
materials deposited on an amorphous polymer surface. The
materials are processed identically excepting the substrate
temperature during deposition. This parameter is identi-
fied to impact on the polycrystalline morphology and to af-
fect the mobility of materials sometimes by orders of
magnitude [16,23].

The AFM pictures of thin films of Et-6T-Et 1, Hex-6T-
Hex 2, Dec-6T-Dec 3, Dec-4T-Dec 4, and Pentacene 6
deposited at substrate temperatures of 20 �C and 80 �C
are shown in Fig. 2. Additionally, the morphology of 3
and 4 was investigated on substrates prepared at 120 �C
– beyond the phase transition temperature of these mate-
rials (108 �C for 3 and 98 �C for 4) [5,8]. Increasing sub-
strate temperature changes the thin film morphology to
larger domains in all cases. Compounds 1–3 deposited at
room temperature appear with granular polycrystalline
morphology. The dimensions of grains are approx.
150 nm (see Fig. 2a, c, and e). Dec-4T-Dec 4 exhibit a lay-
ered structure rather than crystalline structure with pro-
nounced terracing of approx. 4 nm step height (Fig. 2h).
This value correlates nicely to the length of a molecule 4
(l�4.1 nm – calculated with Chem and Bio Office from
CambridgeSoft�) oriented perpendicular to the surface.
The layer-by-layer assembly of 4 appears randomly, rather
than ordered as expected by nucleated crystalline grow.
The analysis of the average domain size is difficult, but
the dimensions of homogeneous areas occur larger than
in 6T materials 1–3. The Pentacene film (Fig. 2k) show
large grains in the micrometer range in the known leaf-
vein structure and exhibit pronounced terracing of around
1.4 nm step height.

Samples with materials 1–3 processed at 80 �C occur in
the same shape of morphology for each material but with
expanded grain dimensions by roughly a factor of five.
Grain sizes up to 500 nm have been observed (Fig. 2b, d,
and f). The domain size of homogeneous layered structure
of compounds 4 (Fig. 2j) seems to be expanded as well
compared to thin films deposited at low temperature.
The morphology of Pentacene (at 80 �C – Fig. 2l) occurs
with more bulky and larger crystalline domains but still
show pronounced terracing of the same step height. Com-
pound 4 and 5 deposited at 120 �C substrate temperature
show large domains in the micrometer scale and pro-
nounced terracing. We believe that the phase transition
at 108 �C for 3 and 98 �C for 4 may provide an additional
driving force to expand the order domains during deposi-
tion at temperatures above the phase transition point.

The charge carrier mobilities of thin film transistors
based on all materials are summarized in Table 1. Each va-
lue is related to an average of at least three representative
devices. In devices fabricated at room temperature the
short alkyl-chain substituted materials 1 and 2
(l�0.7 cm2/Vs) slightly outperform materials with longer
alkyl side chains (3 with l = 0.22 cm2/Vs and 4 with
l = 0.26 cm2/Vs). These findings we attribute to the in-
creased injection barrier related to the longer alkyl chains
in the top contact transistor configuration [8]. A significant
lower mobility of 0.02 cm2/Vs was observed for H-substi-
tuted sexithiophene 5. This is in good agreement with re-
sults reported by others [14,25]. Devices with Pentacene
6 exhibit a mobility of 0.54 cm2/Vs in the set of room tem-
perature devices. These values indicate that alkyl-substi-
tuted oligothiophenes can compete with the charge
carrier mobility of pentacene, considering comparable de-
vice architectures, contact and dielectric materials and
methods.

The values of charge carrier mobility, measured on
devices fabricated at higher substrate temperature
(40 �C, 60 �C, and 80 �C) occur without significant change
or even a tendency. With exception of the value for sex-
ithiophene 5 at 60 �C, all mobilities remain virtually con-
stant within a factor of two (Table 1). These results are
in contrast to the clear trend in occurrence of thin film
morphology where an increased substrate temperatures
yield larger grain sizes. Even the samples, which have
been processed at 120 �C, and show a dramatic impact
on their thin film morphology, do not show a significant
change in the mobility.

We attribute these results to the similar tendency in
film growing of our p-conjugated molecules on the PVP
surfaces. The formation of the first monolayer is of partic-
ular interest, because this layer dominates the charge
transport in TFTs [7]. While some materials show a pro-
nounced nucleated 3D-crystal growing mode (Volmer–
Weber) on surfaces (e.g. tetracene – making it difficult to
obtain even dense film within reasonable film thickness),
some other materials (e.g. pentacene, sexithiophene) pre-
fer a layer-by-layer growing mode (Frank–van der Merve)
or show a coexistence of 2D-layer growing and 3D-crystal
growing (Stranski–Krastanov) [26]. The preferred mode
strongly depends on the molecular structure, temperature
and surface [27]. Yang et al. [28] have shown, for Penta-
cene, the formation of the first monolayer (2D-grow) com-
pared to crystal grow (3D) could be controlled by the
nature of the polymer surface. On PVP surfaces, a coexis-
tence of 2D and 3D grow was observed. From the results
in our study (where the semiconductor films are deposited
on smooth amorphous PVP dielectrics) we conclude that
the 2D-layer growing is preferred for all materials at least
for the formation of the first few layers – independent from
the surface temperature during deposition. In thin films
based on Dec-4T-Dec 4, the layer-by-layer growing is dom-
inating the 3D-morphology completely. We attribute this
to the weak lattice energy in 4 depending on the low con-
centration of p-conjugated chromophore.

A formation of a densely packed monolayer at the early
beginning of deposition (film grow) should serve a homo-
geneous active layer at the interface causing reliable tran-
sistor characteristics. The difference in thin film
morphology, observed at different temperatures, simply
reflects the following crystal grow in the third dimension



Fig. 2. Thin film AFM images of Et-6T-Et 1 (a and b), Hex-6T-Hex 2 (c and d), Dec-6T-Dec 3 (e–g), Dec-4T-Dec 4 (h–j), and Pentacene 6 (k and l) deposited at
substrate temperatures of 20 �C, 80 �C, and 120 �C.
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Table 1
Charge carrier mobility (cm2/Vs) from devices with materials deposited at different substrate temperatures

Substrate temperature during deposition (�C) Et-6T-Et 1 Hex-6T-Hex 2 Dec-6T-Dec 3 Dec-4T-Dec 4 6T 5 Pentacene 6

RT 0.71 ± 0.07 0.67 ± 0.08 0.22 ± 0.02 0.26 ± 0.05 0.02 ± 0.01 0.54 ± 0.06
40 0.31 ± 0.04 0.41 ± 0.17 0.19 ± 0.01 0.21 ± 0.02 – 0.66 ± 0.05
60 0.53 ± 0.06 0.31 ± 0.04 0.18 ± 0.02 0.18 ± 0.01 0.07 ± 0.01 0.59 ± 0.02
80 0.46 ± 0.06 0.60 ± 0.05 0.21 ± 0.01 0.35 ± 0.02 0.04 ± 0.01 0.46 ± 0.03
100 – – – – – 0.59 ± 0.06
120 – – 0.38 ± 0.04 0.15 ± 0.01 – –
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on top of the previously formed monolayer and is not
affecting the transistor performance.

To prove this assumption of the preferred layer growing
mode of these materials we have fabricated three addi-
tional substrates. Exemplarily, Hex-6T-Hex 2 was chosen
and deposited on PVP surface with sub-monolayer
(�2 nm) 0.5 ML, monolayer (�4 nm) 1 ML, and supersatu-
rated-monolayer (�6 nm) 1.5 ML in thickness. Correspond-
ing AFM images are shown in Fig. 3a–c. We note that for
very thin layers the precision of controlling the film thick-
ness is difficult, due to the geometry of the thermal evap-
orator and monitoring errors. However, the AFM image
(Fig. 3a–c) shows an almost half-covered surface of PVP
with a thin layer of 2. The layer thickness is around
3.5 nm – estimated from the height profiles (Fig. 3d). This
value corresponds nicely to the length of 2 (�3.7 nm) and
indicates the formation of a true monolayer. The mono-
layer domains are distributed randomly. No double or mul-
tilayer coverage is observed. Fig. 3b shows the coverage
Fig. 3. AFM images of Hex-6T-Hex 2 (a) sub-monolayer (0.5 ML), (b) monolay
surface, and corresponding topographic profile of chosen sections (d–f).
with approximately one monolayer. The former isolated
domains in 0.5 ML device now occur connected, but
slightly interrupted by small uncovered areas. Only some
tiny areas of double layers were observed. This indicates
that the material prefers to fulfil the first monolayer, be-
fore growing in 3 D. By further increasing the layer thick-
ness up to nominal 1.5 ML, the first monolayer is densely
packed (Fig. 3c) (we note that only one spot with access
to the PVP substrate was found to refer the height-profile
to the substrate!). A second layer starts growing on top
of the first ML and sporadically the formation of a third
layer is observed.

The three substrates with 0.5 ML, 1 ML, and 1.5 ML cov-
erage of 2 were used to fabricate transistor devices.
According to the incomplete coverage no transistor func-
tion was obtained for the device with 0.5 ML of 2. TFT de-
vices with 1 ML of 2 have a charge carrier mobility of
0.05 cm2/Vs. The general TFT functionality is attributed to
the existence of connected areas of 2, providing a linked
er (1 ML), and (c) supersaturated-monolayer (1.5 ML) deposited on PVP
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channel between source and drain. We address the lower
mobility (compared to the thin film devices) to the exis-
tence of little uncovered areas, diluting the active channel
area. Transistor devices with 1.5 ML of 2, have an average
charge carrier mobility of 0.25 cm2/Vs. This is comparable
to the values obtained from devices with polycrystalline
films. From the similar mobilities, obtained with all mate-
rials at various temperatures, we conclude that 2D-layer
growing is preferred for these materials for the first few
layers and dominates the TFT characteristics indepen-
dently from 3D-morphology [7].

In summary, we have demonstrated that oligothioph-
enes show large charge carrier mobilities (0.2–0.7 cm2/Vs)
independent from the substrate temperature during deposi-
tion. The substrate temperature impacts on the thin film
morphology but not on the transistor characteristics. We
attribute this to a preferred monolayer formation during
deposition on the PVP. These findings make the oligothioph-
enes to attractive candidates in low cost processing with
reliable performance in a wide process window.

3.2. Long-term stability

Degradation in organic TFTs is indicated by the decay of
device parameters (charge carrier mobilities (l), threshold
voltage (Vth), subthreshold swing (S) and on/off ratio (Ion/
Ioff)). Most degradation processes are irreversible and
attributed to the damage (oxidation) of the semiconductor
or changes in film morphology upon storage or operation
[29–32]. Thereby the major impact is addressed to the
chemical or physical interaction of water and/or oxygen
with the organic semiconductor or on grain boundaries.
Consequently, the modification of the chemical structure
of the organic semiconductor is an important approach to
improve their stability [6,33]. However, reversible changes
have been reported either, related to unstressed storage or
to an environmental impact (pressure, humidity, etc.) [34–
38].

We have tracked our devices based on oligothiophens
1–5 over a period up to 100 days. During this time, the de-
vices were stored in laboratory atmosphere without any
particular protection from air, humidity, temperature vari-
ations or even light, representing a realistic test environ-
ment to obtain information on the shelf-life of devices.
The shelf-life is an important property, in particular for sin-
gle-use devices or devices with temporary operation (e.g.
sensors or RFID-tag) were the initial device characteristics
need to remain unchanged from production to the
operation afterwards. The decrease in mobility (normal-
ized) – down to 50% of the initial value – is shown in
Fig. 4. To display the behaviour we have chosen results
on devices prepared at room temperature during semicon-
ductor deposition (see Table 1 for absolute values). We
have observed a slow reduction in mobility values for the
alkyl-substituted sexithiopenes 1–4 over time, which are
comparable – or even slower – than observed for Penta-
cene devices with different inorganic or polymer dielec-
trics [39]. We note that – with exception of devices with
6T 5 - the time scale of degradation does not imply a com-
plete loss in functionality. For example, Hex-6T-Hex de-
vices tend to sustain with mobility of 0.12 cm2/Vs after
100 days – still 20% of the initial value. Devices with 6T 5
degrade very fast (15 days) and completely. This observa-
tion is in good agreement with the larger sensitivity of
6T to oxidation at the unprotected (H-substituted) a-posi-
tion of the outer thiophene rings. To investigate a potential
impact of the thin film morphology (e.g. amount of grain
boundaries) on device stability we have monitored the ser-
ies of devices based on Et-6T-Et 1 and prepared at elevated
temperatures over the same period. After 100 days, a
remaining mobility of 50%, 57% and 60% was obtained for
samples prepared at 40 �C, 60 �C, and 80 �C respectively,
indicating that the stability is not depending on the thin
film morphology (Fig. 5).

For Et-6T-Et 1, what occurs as virtually most stable mate-
rial, a more detailed set of data (including mobility and
threshold voltage vs. time) is shown as insert in Fig. 4. A
small variation of Vth between�2 V and�5 V was observed.
The transfer characteristics of devices as prepared and after
storage for 100 days in ambient are shown in Fig. 4b. We
were not able to obtain a clear tendency in time dependent
degradation from our data (mobility, Vth, etc.), so conclu-
sions on the mechanism of degradation would be specula-
tive. However, the behaviour of compound 4 is surprising.
Assuming oxidation as a major mechanism, the more nega-
tive HOMO energy of�5.41 eV compared to sexithiophenes
(HOMO energy app. �5.2 eV) should lead to lower sensitiv-
ity to oxidative damage and an improved stability would be
expected [24]. Our observations of faster degradation might
be related to the different thin film morphology of 4 com-
pared to polycrystalline structure in the other materials.
We have observed a layered structure (Fig. 2j), where larger
areas of the first monolayer could be unprotected by addi-
tional layers – and therefore could be easier accessible for
dopants over time.

We summarize, that transistor devices with a,a0-alkyl
oligothiophenes have promising shelf-life up to 100 days.
The decrease in mobility is competitive to best values re-
ported for other small molecule semiconductors. The
shelf-life is virtually unaffected from the polycrystalline
thin film morphology.

3.3. Operation at elevated temperature

Besides the importance of the shelf-life of organic tran-
sistors, the behaviour of devices related to operation at dif-
ferent temperatures is of enormous interest, due to
parameter shift under thermal and electrical stress. For or-
ganic transistors, both thermal activated and thermal deac-
tivated carrier transport were reported, depending on
various organic semiconductors, device architectures, fab-
rication methods and testing conditions [22,40–45]. At
low temperatures, when thermal activation dominates
the effect of energetic disorder in pp-overlap, the charge
carrier transport follows a thermal activated hopping
transport mechanism [41]. Some literatures report on the
temperature dependency of mobility as a result of perma-
nently changed morphology of organic thin films, source/
drain and organic interfaces, and semiconductor/dielectric
interfaces upon thermal treatment [22,46]. Also reversible
dependency in temperature operation was reported, claim-
ing transistor applications as thermal sensors [44].



Fig. 4. (a) Decrease of mobility down to 50% of the initial values upon the time scale (inset: charge carrier mobility and threshold voltage of Et-6T-Et 1 TFTs
measured with different storage time) and (b) transfer characteristics of TFTs with Et-6T-Et 1 directly after device fabrication and after storage for 100 days
in ambient.

Fig. 5. Charge carrier mobility and threshold voltage of TFTs with Hex-
6T-Hex 2 at different operation temperatures. Arrows mark values after
cooling.
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We have investigated the electrical characteristics
(mobility and corresponding threshold voltage) of Hex-
6T-Hex 2 in transistor devices of architecture B. Therefore
the temperature on operating devices was increased from
25 �C to 105 �C, in 5 �C steps. For each measurement, at
least three fresh transistors were characterized in order
to lower the experimental error and to role out accumulat-
ing bias stress effects in devices during the experiment.

With increasing temperature during operation of the
TFTs a pronounced degradation of device performance
was observed. In the range of 25 �C–80 �C, the charge car-
rier mobility decreases from 0.68 cm2/Vs to 0.1 cm2/Vs and
the threshold voltage shifts from �6 V to +4.5 V. By further
increasing the temperature up to 105 �C the parameter
shift is less pronounced and the extracted parameters re-
main virtually constant (l = 0.05 cm2/Vs and Vth = +5 V).
After thermal treatment, the devices were stored for 20 h
at room temperature in ambient. Subsequently, a complete
recovery of the initial device characteristics was obtained
(l = 0.70 cm2/Vs and Vth = �6 V).

The explanation of this behaviour is difficult due to the
lack of access to the semiconductor/dielectric interface
during the experiment. One reasonable impact could be re-
lated to a thermally enforced mismatch in the pp-stacking
between different domains in the first monolayer, compa-
rably to grain boundaries. Possibly, a temperature induced
fluctuation and vibration of the molecules inside the do-
mains, impact on their effective pp-overlap and lead to a
temperature enhanced carrier scattering could explain
the reversible behaviour. And finally, a temperature in-
duced change of the polymer dielectric surface is reason-
able, and would explain the reversible shift in threshold
voltage. However this behaviour needs further investiga-
tion, due to the large importance of temperature induced
parameter shift in integrated circuit applications. We sum-
marize, that the devices are not irreversibly damaged un-
der applied electrical stress and simultaneously elevated
temperature operation up to 105 �C.
4. Conclusions

n-Alkyl substituted oligothiophenes exhibit large
charge carrier mobility in the average of 0.5 cm2/Vs in or-
ganic transistor devices. The thin film morphology of these
materials depends on the substrate temperatures during
deposition and the domain sizes increase with elevated
temperature. The field effect mobility is virtually unaf-
fected from the thin film morphology. We address these
findings to a preferred layer grow of the materials on the
amorphous polymer surface. We have obtained remark-
able long term stability in ambient with a reduction in
mobility of only 50% for Et-6T-Et within 100 days. The de-
vice performance depends on temperature during opera-
tion with reduction in mobility and shift in threshold
voltage. The devices parameters recover to their initial val-
ues after cooling. These properties make n-alkyl substi-
tuted oligothiophenes to promising candidates in
commercial transistor applications-fulfilling requirements
as excellent electrical performance producible in a large
process window, good long term stability and a suitable
temperature range of device operation.
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spin-coating, casting, or printing at room temperature and
under ambient conditions. The mobility of the most penta-
cene-based OTFTs is significantly influenced and domi-
nated by characteristics of applied gate dielectrics. PMMA
is a well-known glasslike material in photonics [13]. Re-
cently, PMMA used as a gate dielectric layer in OTFTs is
also being considered, because of it shows not only good
output and transfer characteristics but also potential to
alternate SiO2 as the gate dielectric in OTFTs [14–17].

In this paper, we present the study of the field-effect on
pentacene-based organic TFT by using polyacrylates as
dielectric layers. To control channel conductance and car-
rier density without using gate voltage, a series of dipole
tunable polyacrylates, which are derived from PMMA
matrix, are investigated as dielectric layers. By using penta-
cene-based OTFTs with a top-contact configuration, we will
also characterize the dipole effect on the semiconductor/
dielectric interface. The output and transfer characteristics
related to carrier density, including field-effect mobility
(lsat), on-off current ratio (Ion/Ioff), turn-on voltages (Von),
and threshold voltages (VTh), were also examined.

2. Experimental

All of the materials used in the experiment were com-
mercially available, and solvents were used without fur-
ther purification. The purity of gold and aluminum metal
are 99.8%. The molecular weight of commercial poly(meth-
ylmethacrylate) (PMMA) is 15,000 g/mol. Poly(phenylacry-
late)[18], poly(4-methoxyphenylacrylate) (PMPA)[19], and
poly(2,2,2-trifluoroethyl methacrylate) (PTFMA)[20] were
prepared according to the references. Thermal decomposi-
tion temperature (Td), glass transition temperature (Tg),
and molecular weight (Mw) of polyacrylates were deter-
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Fig. 1. (a) The schematic of top-contact OTFT and (b) ch

Table 1
Gate dielectric thin-film surface characteristics

Dielectric
material

Tg (�C) Thickness
(nm)

Surface roughness (Ra;
nm)

Surf
(�)a

PMMA 105.2 560 0.32 74
PMPA 133.2 660 0.40 75
PPA 135.7 582 0.20 90
PTFMA 82.4 592 0.44 95

a Measured by using DI-water droplets.
b Measured at 1.0 kHz.
mined by thermogravimetric analysis (TGA, SEIKO I TG/
DTA 200), differential scanning calorimetry (DSC, SEIKO
SII DSC 2000), and a Water 600 gel permeation chromatog-
raphy (GPC), respectively. Surface affinity of polyacrylates
thin-films was measured by using a Paul N. Gardner con-
tact angle detector.

2.1. Device fabrication

The patterned ITO glass substrates were cleaned ultra-
sonically with detergent, deionized water, 2-propanol,
and methanol, followed by UV-ozone pretreatment before
use. For top-contact OTFTs fabrication, polyacrylates were
dissolved in toluene with 12.0 wt%, spin-coated onto ITO
substrates at 1000 rpm for 30 s, and dried in a vacuum
oven at 80 �C for 4 h. Thereafter, pentacene was thermally
deposited at 6 � 10–6 Torr (ca. 0.3–0.4 Å s�1) with a film
thickness of 600 Å. Top-contact Au electrodes (ca. 70 nm)
were then deposited through a shadow mask. The channel
length (L) and width (W) of the devices were 200 and
2000 lm, respectively. The film thickness and roughness
were measured using a DI 3100 atomic force microscopy
(AFM). The current–voltage (I–V) characteristics of OTFTs
were measured using a Keithley 4200 semiconductor
parameter analyzer and a HP 4284 CV analyzer.

3. Result and discussion

3.1. Characterization of gate dielectric surface

To investigate the effect of polyacrylates gate dielectrics
on pentacence-based OTFTs, a series of polyacrylates with
different ester substitutes (4-methoyxphenyl (PMPA), phe-
nyl (PPA), and 2,2,2-trifluoroethyl (PTFMA) side chain
*
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n
 

CF3

*

H

*

O
O

n
 

O
CH3

*

H

*

O
O

n
 

CH3
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emical structures of materials used in this study.

ace contact angle Surface free energy (SFE;
mJ m�2)

Dielectric constant
(k)b

38.19 3.2
37.54 3.4
27.91 2.9
24.75 6.0
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groups) were synthesized. Their corresponding chemical
structures and the OTFT configuration are depicted in
Fig. 1.

The dielectric thermal properties and thin-film surface
were characterized and summarized in Table 1. In thermal
analysis, both PMPA and PPA show higher Tg than that of
PMMA and PTFMA, implying the rigidity of the side-chain
group. All dielectrics had comparable thickness
(560�660 nm) were spin-cast, and exhibited very similar
topologies. The deposited dielectric thin-films were ob-
served to be pinhole-free and smooth; whose root-mean-
square roughness was within 0.20–0.44 nm.

Improved mobility could be depicted by changes in the
surface energy of gate dielectrics [21]. In addition, lower-
ing the surface energy on a gate dielectric was identified
as a key factor to increasing the grain size during the
growth of pentacene. To evaluate those parameters related
to the thin-film surface free energy (SFE), we utilize Eq. (1),
obtained from both Young’s equation and the equation of
Fig. 2. AFM images of pentacene films grown on various dielectr
state for solid/liquid interfacial tension, to estimate the
surface free energy (SFE) of gate dielectrics [22].

cLð1þ coshÞ ¼ 2ðcLcsÞ
1=2e�bðcL�csÞ

2
; ð1Þ

where cL, cs, h, and b is the surface tension of water, the
surface energy of the solid, the measured contact angle,
and an empirical constant with an average value of
1.06 � 10�4 (m2 mJ�1)2, respectively. In estimating surface
energy cs, the surface tension of water is substantially
adopted as 72.88 mJ/m2.

The surface contact angle of polyacrylates and their cor-
responding SFE, which were calculated according to Eq. (1),
summarized in Table 1, are dominated by the hydropho-
bicity of ester groups SFE also decreases with increasing
the surface contact angle. In structural modification,
dielectric constant (k) is substantially increased for PMPA
and PTFMA while high polar substitutes instead of methyl
groups in ester linkage. The dielectric constants of PPA,
PMMA, PMPA, and PTFMA were obtained as 2.9, 3.2, 3.4,
ic substrates: (a) PMMA, (b) PMPA, (c) PPA and (d) PTFMA.
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and 6.0, respectively. The measured k value of PTFMA is ex-
tremely high, owing to the electronegative characteristic of
the 2,2,2-trifluoroethyl group.

3.2. Topography of pentacene thin-film

To study thin-film growth mechanisms during the ther-
mal evaporation process, we utilized the AFM to measure
the surface morphology of pentacenes of 2, 30, 60, and
100 nm in thickness. The profiles were measured in the
channel region and are shown in Fig. 2, where grain size in-
creases with film thickness, the grain shape is independent
of pentacene film thickness. Although the surface mor-
phology of pentacene is measured on different polyacry-
late dielectrics, the typical crystallites size is remarkably
similar, roughly 0.3–0.7 lm, as shown in Fig. 2. This fact
is also found that the pentacene film growth mode/mor-
phology variations are closely correlated with the surface
energy of the corresponding polymer substrates. Different
semiconductor film growth mechanisms are involved with
different dielectric substrates, which can be associated
with either formal Frank-van der Merwe (layer-by-layer)
or Volmer-Weber (island) growth modes [23]. The nee-
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Fig. 3. Output characteristics of OTFTs with different gate di
dle-like growths, visible in the images of PMMA, PMPA,
and PPA are most likely pentacene dihydride [24]. Most
of the substrates show crystallites of the usual dendritic
form, and their corresponding pentacene growth mecha-
nisms show as layer-by-layer growth modes. However,
the growth mechanism of PTFMA is totally different from
that of mentioned above. The dendritic feature is not ob-
served in PTFMA substrate. What displaces are dense
grains with island growth mode, implying that the crystal
growth of the first seeding of pentacene on the flat sub-
strate was significantly affected when the dielectric surface
energy relatively approaches to that of surface energy on
pentacene crystal plane [25,26].

3.3. The output and transfer characteristics of OTFTs

The output characteristics (IDS vs. VDS) with various gate
voltages (VGS) for pentacene TFTs using polyacrylates as
the gate insulator are plotted in Fig. 3. All devices show
good saturation characteristics as a drain-source bias. The
IDS–VDS output characteristics show a p-channel accumula-
tion type field-effect transistor. Under a given gate voltage
VGS, the device with PTFMA gate dielectric shows similar
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electrics: (a) PMMA, (b) PMPA, (c) PPA and (d) PTFMA.
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Fig. 4. Transfer characteristics of OTFTs with various gate dielectric
materials. The gate voltage is swept at a constant drain-source voltage
VDS = �30 V.
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features of drain-source current curves with PMMA gate
dielectrics, and these devices mentioned above show high-
er saturation IDS than that of PMPA and PPA at VGS = �30 V.

The transfer characteristics of the devices are measured
in the saturation region (|VDS| = 30 V P |VGS–VTh|), and rep-
Table 2
Summary of the electrical performance parameter for OTFTs with different gate d

Dielectric Mobility
(lsat cm2 V�1 s�1)

Capacitance
(Ci; nF cm�2)

On–off current
ratio (Ion/Ioff)

PMMA 0.153 5.06 6.64 � 104

PMPA 0.134 4.56 4.72 � 104

PPA 0.093 4.41 3.97 � 104

PTFMA 0.195 5.35 2.83 � 104

Note: the side-chain group.
a Alkyl group (–OCH3).
b Alkoxyaryl (–OC6H5OCH3).
c Phenyl group (–OC6H5).
d Fluoroalkyl group (–OCH2CF3).
resentative transfer plots are shown in Fig. 4. The carrier
mobility (lsat) and threshold voltage (VT) are calculated
from the slop and intercept of the linear part of the
(IDS

1/2�VG) plot by fitting the data to Eq. (2) [27]:

lsat ¼ ð2IDSLÞ=½WCiðVG � VThÞ�; ð2Þ

where IDS, L, W, Ci, VG, and VTh are the drain saturation cur-
rent, channel length, channel width, gate dielectric capac-
itance, gate voltage, and threshold voltage, respectively.
All parameters related to transfer characteristics are sum-
marized in Table 2.

In this study, the observed charge-carrier mobility de-
pends not only on the dielectric surface chemical charac-
teristics but also on the dipole moment of the terminal
groups on the dielectric side-chain. As shown in Table 2,
gate insulators, with low surface energy and high dielectric
constants, show a tendency to have high mobility due to
the uniform pentacene thin-film phase and good crystallo-
graphic structure. Accordingly, PMMA and PMPA have sim-
ilar dielectric constants and surface free energies. They also
show similar topography with layer-by-layer crystal grow-
ing mode in AFM images (Fig. 2). Furthermore, their corre-
sponding field-effect mobilities at the saturation region
(lsat) are similar and measured at 0.153 cm2 V�1 s�1 for
PMMA and 0.134 cm2 V�1 s�1for PMPA. In general, penta-
cene films grown in the layer-by-layer mode exhibit large
grain sizes and relatively similar mobilities (e.g., PMMA
and PMPA), but smaller grain sizes and poor mobilities in
the island mode. However, pentacene film with the island
mode growth in PTFMA device affords different OTFT char-
acteristics (lsat = 0.195 cm2 V�1 s�1) from that of the layer-
by-layer mode. Thus, the field-effect mobility is relatively
dropped when the thin-film phase and the single crystal
phase synchronously grow and coexisted during thermal
evaporation.[28]. Evidently, the topographies of PTFMA
show the single crystal phase in Fig. 2. Hence, the PTFMA
device has higher field-effect mobility than that of PMMA
and PMPA.

The device characteristics of pentacene TFT based on
different gate dielectrics are shown in Fig. 4a; the source-
drain current IDS in a logarithmic scale are shown against
the gate voltage VG at a constant source-drain voltage of
VDS = �30 V. All of these devices exhibit Ion/Ioff values of
four orders of magnitude and also show that IDS values de-
pend on the nature of polyacrylates. The IDS value at
VG = 0 V is enhanced by one order of magnitude in devices
with PTFMA compared with that of PMMA, indicating that
ielectrics

Turn-on voltage
(Vto; V)

Threshold voltage
(VTh; V)

Dipole moment
(D; Debye) [30]

0.0 �7.03 0.94a

1.0 �6.03 1.36b

1.0 �8.24 1.16c

3.5 �8.62 2.54d
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the surface carrier is modulated by changing the terminal
ester group on gate dielectrics.

The I1=2
DS –VG relations for devices are plotted in Fig. 4b.

Through a linear fit for I1=2
DS –VG curves, we are able to esti-

mate VTh and lsat in the saturation region. Of particular
interest is the change in VTh with various polyacrylates.
VTh and Vto shift positive as dielectrics go from PPA through
PMMA to PTFMA.

The observed VTh and Vto shift correlates to the electron
affinity of the polymeric insulators end group. The dipole
structures synchronously form a built-in dipole-dipole
field, and the induced field is equivalent to a gate voltage
applied in the transistor channel. The electronegativity of
the terminal functional group on polymeric dielectrics
influences the charge distribution within the gate insulator
and pentacene. This can lead to the formation of an electric
dipole within the dielectric/pentacene interface. The field
induced phenomenon was also studied by Campbell et al.
[29], who proposed the charge distribution within similar
molecules and found a dipole moment whose strength sig-
nificantly depended on the functional group of the investi-
gated molecules. In this presented circumstance, the
electron affinity of a close-packed organized organic
monolayer can differ from the properties of the isolated
molecules. As a result, the charge density at the insula-
tor-organic semiconductor interface has been organized
in advance so that it would affect device performance dra-
matically. The change in surface potentially modifies inter-
face properties, as illustrated in the schematic band
diagram shown in Fig. 5. When pentacene is deposited
onto a dielectric layer without the dipole effect, the vac-
uum levels are aligned and no bending of the HOMO and
LUMO level occurs, as shown in Fig. 5a. When a negative
gate voltage is applied, the Fermi level of the gate electrode
shifts towards higher (electron) energies. A part of the ap-
plied gate voltage is dropped across the gate insulator, and
since the band alignment of the HOMO and LUMO level is
fixed with respect to the vacuum level, the remaining gate
voltage bends HOMO and LUMO levels. As a result, mobile
charge carriers can be accumulated and formed in the con-
ducting channel. For a polymeric dielectric with a perma-
nent dipole field inserted between the gate electrode and
the pentacene, as shown in Fig. 5b, the dipole field of the
polymeric insulator modifies the surface potential which
has the same effect as applying a (negative) gate voltage.
For a p-type OTFT, therefore, VTh and Vto will shift to more
a positive region when a polymer with high dipole mo-
ment is used as a gate dielectric layer.

4. Conclusion

We have demonstrated that the single-layered polyac-
rylate with electronegative side groups significantly in-
duces a built-in field within the semiconductor/
dielectrics interface in p-type organic TFTs. This built-in
field also shifts both threshold voltage (VTh) and turn-on
voltage (Vto) to positive bias voltage in pentacene-based
devices with increasing the dipole moment of the dielec-
tric. Although SAMs approach was also employed as gate
dielectrics and the ultrathin monolayer less than 10 nm
would be effective for reducing the operational voltage, it
would be a technical challenge for making a pin-hole free
monolayer film in a large area. Accordingly, we find that
our study provides a simple way of controlling channel
charge density at very low density levels and consequently
the VTh value, which should be useful for fabricating OTFTs
with improved functionality. Permittivity tunable poly-
meric dielectrics are also a promising route to alternative
SAM processed, and they will also open up exciting possi-
bilities for fabrication of large area TFT devices by inkjet
printing.
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solid state [7]. It has been reported that this disadvantage
can be modulated dramatically by introducing twisted
geometry or noncoplanar configurations directly into the
conjugated backbones of the molecules [8].

Tröger’s base (TB), an old compound first synthesized
by Tröger in 1887, [9] has recently received renewed inter-
ests as new applications of its derivatives and analogues
continue to emerge due to their inherent chirality, C2 or
approximate C2 symmetry and particular rigid, concave
K-shaped framework [10]. This K-shaped twisted configu-
ration is theoretically disadvantageous for the formation of
p–p close stacking, which may lead to fluorescence
quenching in the solid state. Our recent study on the aggre-
gation-induced emission (AIE) phenomenon of a pyridini-
um salt with K-shaped TB scaffold prompted us to
continuously explore TB analogues as emissive materials
[11]. With this in mind, we have designed and synthesized
two fluorene based TB analogues which incorporate large
p-conjugated aryl substituted fluorene group with concave
K-shaped TB scaffold in order to exploit their potentials as
light emitting material. It is confirmed that the two fluo-
rene based TB analogues show strong fluorescence both
in dilute solutions and aggregated states (including poly-
crystalline powders and amorphous films). Unusually, the
amorphous films of the two compounds show multiple
blue–green emissions similar to the emissions of some
polyfluorenes and oligofluorenes while both dilute solu-
tions and polycrystalline powders of the two compounds
show single blue–violet emissions, furthermore, the amor-
phous film emissions are red-shifted in comparison with
their polycrystalline counterpart. Meanwhile, both TB ana-
logues exhibit high glass transition temperature (Tg)
(147 �C for TBFB-BP and 128 �C for TBFB-FB) and excellent
Scheme 1. Synthetic route to
thermal stability. The thin films of both compounds pre-
pared by vacuum thermal evaporation are amorphous
and smooth without pinhole. Our results indicate that
the two compounds would be promising candidates as
light-emitting materials. The potentials of the two TB ana-
logues as light-emitting materials are demonstrated by the
high luminance (22047 cd/m2 for TBFB-BP and 13434 cd/
m2 for TBFB-FB), high efficiency (2.78 cd/A, 1.82 lm/W for
TBFB-BP and 2.76 cd/A, 1.93 lm/W for TBFB-FB) and rela-
tive low turn-on voltage (4.6 V for TBFB-BP and 4.5 V for
TBFB-FB) of devices using them as emitting layers.
2. Results and discussion

2.1. Synthesis and characterization

The synthesis of the two TB analogues TBFB-BP and
TBFB-FB is depicted in Scheme 1. 2-Amino-7-bromofluor-
ene was first alkylated to enhance the solubility. 2-
Amino-7-bromo-9,9-bibutylfluorene was prepared by
alkylation of 2-amino-7-bromofluorene using aqueous
NaOH and n-butylbromid in stirring dimethyl sulphoxide
(DMSO) [12]. Then, the intermediate TBFB-Br was prepared
by condensation of 2-amino-7-bromo-9,9-bibutylfluorene
and hexamethylenetetramine (HMTA) under trifluoroace-
tic acid (TFA) conditions and argon (Ar) atmosphere. And
then, TBFB-Br underwent Suzuki coupling reaction with
corresponding aryl boronic acid to achieve the two key
TB analogues were verified by 1H and 13C NMR spectros-
copy, matrix assisted laser desorption/ionization time of
flight (MALDI-TOF) mass spectrometry and elemental anal-
ysis. The two compounds are readily soluble in common
TBFB-BP and TBFB-FB.
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organic solvents such as dichloromethane (DCM), tetrahy-
drofuran (THF), N,N-dimethyl formamide (DMF).

2.2. Condensed state structures, thermal properties and
morphology

To understand the framework and arrangement of the
molecules in the aggregated crystalline state, single crys-
tals of TBFB-BP suitable for X-ray analysis, a representative
case, were obtained by carefully layering the DCM solution
of TBFB-BP with ethanol. The molecular structure of TBFB-
BP and its packing arrangement in single crystal are given
in Fig. 1. Details of the solution and refinement of the X-ray
structure are presented in Table 1. As shown in Fig. 1a,
there are two crystallographically independent molecules
A and B in its structure. Each molecule involves two molec-
ular units: a central methylene diazocine bridge and a pair
of aromatic rigid rings. The central methylene diazocine
bridge imposes approximate C2 symmetry on the molecule,
and provides a twisted K-shaped conformation. The dihe-
dral angles between the two benzene rings adjoining the
Fig. 1. (a) Molecular structure of TBFB-BP. (b) The crystal packing diagram of TBF
BP projected onto the ab plane. Hydrogen atoms are omitted for clarity. The two
are colored dark green (for (S,S)-A), light green (for (R,R)-A), dark red (for (S,
interpretation of the references to colour in this figure legend, the reader is refe
central diazocine are 84.1� for molecule A and 85.8 � for
molecule B. Substituted biphenyl groups show acceptable
planarity as angles between the two constituent benzene
rings fall in 4.7–21.1�, while the biphenyl moieties in the
wings are twisted relative to the fluorene rings by angles
in the range from 30.4� to 58.0�. These twist angles suggest
that some electrons delocalize among the biphenyl groups
and the noncoplanar configuration of the wings would
bring the steric effect.

The packing structure shows that TBFB-BP forms race-
mic crystals as (R,R)-enantiomers and (S,S)-enantiomers
in their packing structure are equal in amount (Fig. 1b
and c). Due to the K-shaped twisted configuration and
the steric effect of the substituted biphenyl groups of the
compound, there is no classical strong face-to-face p–p
interaction between the neighboring molecules revealing
from its crystal packing structure.

Thermal properties of the two TB analogues were inves-
tigated by differential scanning calorimetry (DSC) (Fig. 2a)
and thermogravimetric analysis (TGA) (Fig. 2b). DSC scans
were performed in the temperature range from 25 to
B-BP projected onto the bc plane. (c) The crystal packing diagram of TBFB-
crystallographically independent molecules A and B in different chirality

S)-B) and red (for (R,R)-B), respectively. N atoms are colored blue. (For
rred to the web version of this article)



Table 1
Crystal data, diffraction data, and refinement data of TBFB-BP

Formula C69 H70 N2
Formula weight 927.27
Crystal system Triclinic
Space group P�1
Unit cell dimensions a = 10.4027(9) Å, b = 20.7657(18) Å, c = 25.804(2) Å; a = 100.930(5)�, b = 94.168(6)�, c = 100.478(5)�
Volume, Z 5348.4(8) Å3, 4
Density (calculate) 1.152 mg/m3

Absorption coefficient 0.066 mm�1

F(000) 1992
Crystal size 0.46 � 0.27 � 0.04 mm
h range for data collection 0.81–27.55�
Limiting indices �13 <=h <= 13, �27 <=k <=26, �32 <= l <= 33
Reflections collected/unique 82788 / 24477, [Rint = 0.1015]
Absorption correction Semi-empirical from equivalents
Maximum and minimum transmission 0.9976 and 0.9705
Refinement method Full-matrix least-squares on F2

Data/restraint/parameters 24477/0/1288
Goodness-of-fit on F2 0.930
Final R indices [I > 2r(I)] R1 = 0.0702, wR2 = 0.1632
R indices (all data) R1 = 0.2162, wR2 = 0.2345
Largest diff. peak and hole 0.386 and �0.355 e A�3

Fig. 2. (a) DSC thermograms of TBFB-BP and TBFB-FB with sequential heating and cooling cycles (first to third heating are represented from top to bottom).
(b) TGA scans of TBFB-BP, TBFB-FB and informations of a relative model compound E2.
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300 �C for the first heating and cooling cycle and from 25 to
240 �C for the second and third cycles. TBFB-BP melted at
271 �C on the first heating, and then it changed into a
glassy state upon cooling from the melt. When the amor-
phous glassy sample of TBFB-BP was heated again, a glass
transition occurred at 147 �C and no exothermic peak asso-
ciated with crystallization can be observed up to 240 �C.
TBFB-FB showed no obvious melting point but a similar
glass transition during the first heating process, and when
the cooled sample was heated for the second or third
times, the glass transition occurred at 128 �C and no exo-
thermic peak can be identified. On the subsequent cooling
and heating cycles for the two TB analogues, just the glass
transition phenomenon remained in the DSC thermogram
without evidence of recrystallization. These observations
indicate these two TB analogues are very stable in glass
state, which can be attributed to the presence of the K-
shaped TB scaffold. The two compounds also exhibit high
thermochemical stability. Their decomposition tempera-
tures (Td) are found to exceed 350 �C and it is even impos-
sible to completely decompose the two TB analogues by
heating them to 800 �C under nitrogen atmosphere. The
mass loss occurs at temperature ranging between 380 �C
and 470 �C, corresponding to the loss of n-butyl side
groups within the two molecules [13]. Indeed, the ob-
served mass-loss values of 28% (TBFB-BP) and 36% (TBFB-
FB) are in agreement with calculated weight percentages
Fig. 3. (a) X-ray diffraction patterns of the two TB analogues powders in the two d
AFM scans of 2 lm � 2 lm areas of vacuum sublimated films of the two TB ana
for the n-butyl groups of 25% for TBFB-BP and 39% for
TBFB-FB. Thermogravimetric analyses indicate that the
K-shaped TB scaffold has excellent thermal stability. It is
reported that bi(9,9-diethylfluorene) (E2) without TB scaf-
fold exhibits a lower tolerance to heat with a Td of 268 �C
[14]. Our results indicate that the K-shaped TB scaffold
can dramatically improve morphological stability and en-
hance the resistance to the thermal decomposition.

To pursue the aggregation-order of the two compounds
in the different aggregated states, the microstructural as-
pects of both powders and thin vacuum sublimated films
were characterized by X-ray diffraction (XRD) (Fig. 3a).
The TBFB-BP powders are highly ordered and the TBFB-
FB powders are partially ordered, which suggests both
powders are polycrystalline. Contrary to the powders, the
thin films of both compounds (thickness below 100 nm)
do not exhibit any X-ray diffraction peak, which suggests
the films are amorphous. AFM tests indicate that the vac-
uum sublimated films are continuous and smooth.
(Fig. 3b).

2.3. Photophysical and electrochemical properties

In our experiment, the two fluorene based TB analogues
emit bright blue fluorescence both in dilute solutions and
aggregated states (polycrystalline powders and amorphous
thin films) when excited at 365 nm (as shown in the inset
ifferent aggregated states, powders and thin vacuum sublimated films. (b)
logues.



Fig. 4. Abs and PL spectra of the two TB analogues in dilute DCM solutions and aggregated states. (Solid line: Abs of solutions, dash line: Abs of films, dot
line: PL of solutions, dash dot line: PL of films, dash dot dot line: PL of powders.) In the inset is shown the photograph of blue emissions from the dilute
solutions and aggregated states of the two TB analogues.
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photograph in Fig. 4). To have a spectrometric verification,
we measured the UV–vis absorption (Abs) and photolumi-
nescence (PL) spectra of the two compounds in dilute DCM
solutions, polycrystalline powder states and amorphous
thin film states as shown in Fig. 4. All the corresponding
spectral data are summarized in Table 2. The absorption
spectra are similar with absorption peaks located at
310–324 nm and 345–364 nm, respectively. Photolumi-
nescence (PL) spanning blue–violet (for solutions and
polycrystalline powders) and blue–green (for amorphous
films) colors are obtained. The PL character is also revealed
by measuring the excited state lifetimes. The PL lifetimes
in dilute solutions range from 0.44 ns for TBFB-FB to
0.72 ns for TBFB-BP while they were found to vary from
1.21 to 1.23 ns for the corresponding polycrystalline pow-
ders and from 2.06 to 2.13 ns for the corresponding amor-
phous thin vacuum-deposited films. The band gaps (Eg) of
TBFB-BP and TBFB-FB (calculated form the edges of their
solution absorption spectra) are 3.34 and 3.28 eV,
respectively.

Cyclic voltammetry (CV) studies of TBFB-BP and TBFB-
FB in solution have been carried out in DCM by using fer-
rocenium/ferrocene (Fc+/Fc) as an internal standard. Both
the compounds exhibit an oxidation peak (1.17 V vs. SCE
for TBFB-BP and 1.10 V vs. SCE for TBFB-FB) and a reduc-
tion peak (�0.97 V vs. SCE for TBFB-BP and �0.90 V vs.
SCE for TBFB-FB) (Fig. 5). The lower oxidation of TBFB-FB
indicates that it has larger conjugation extent. For TBFB-
BP, the onset of oxidation starts at 0.98 V (vs. SCE) while
for TBFB-FB the onset oxidation starts at 0.94 V (vs. SCE).
The HOMO levels of the compounds determined by using
the onset of the oxidation according to literature [15] were
�5.38 and �5.34 eV, respectively. The low-lying HOMO
levels confirmed the high oxidation stability of the com-
pounds. The LUMO energy levels calculated by subtraction
of the optical band gaps from the HOMO energy levels are
�2.04 and �2.06 eV, respectively.

In dilute solution TBFB-BP shows an absorption maxi-
mum at 345 nm originating from the p���p* transition band
of the compound and a shoulder at 310 nm (Fig. 4, top).
The maxima of absorption are red-shifted from 345 to
364 nm and from 310 to 324 nm when going from the
solution to the amorphous thin film state. For TBFB-FB
the absorption spectrum in DCM solution shows a maxi-
mum at 349 nm (Fig 4, bottom) and the film spectrum
exhibiting some structured features is also red-shifted as
the film absorption peak is changed to 358 nm. These facts
suggest that the rigidity of the two compounds, especially
TBFB-BP, is enhanced when going from the solution to the
solid state.

PL spectra of the two compounds are recorded under
optimized excitation wavelengths. The solution PL spectra



Table 2
Thermal, photophysical and electroluminescent properties of TBFB-BP and
TBFB-FB

TBFB-BP TBFB-FB

Tg (�C) 147 128
kAbs

a (nm) 345, 310 349
kAbs

b (nm) 364, 324 358, 320
kPL

a (nm) 406 401
kPL

b (nm) 408 410
kPL

c (nm) 444, 475, 508 443, 473, 506
sfa (ns) 0.72 0.44
sfb (ns) 1.23 1.21
sfc (ns) 2.13 2.06
Band gapa (eV) 3.34 3.28
Oxidation onset 0.98 0.94
Energy levels (eV) HOMO �5.38 �5.34
LUMO �2.04 �2.06
kEL

d (nm) 443, 475, 511 443, 476, 514
Uonset (V) 4.6 4.5
Lmax

e (cd/m2) 22 047 13 434
gLmax (lm/W) 1.82f 1.93h

gImax (cd/A) 2.78g 2.76h

CIEd of OLED (0.163, 0.136) (0.184, 0.207)

a In dilute DCM solutions (1.0 � 10�5 M).
b In polycrystalline powders.
c In films by vacuum thermal vaporation method.
d OLEDs measured at 8 V.
e OLEDs measured at 17.25 V.
f OLEDs measured at 4.6 V.
g OLED measured at 5 V.
h OLEDs measured at 4.5 V.
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reveal typical characteristics of conjugated fluorene
derivatives [16]. TBFB-BP solution shows an emission peak
at 406 nm, while TBFB-FB shows an emission peak at
401 nm. Comparing with biphenyl substituted compound
TBFB-BP, the solution absorption spectrum of fluorene
substituted TBFB-FB is red shifted but its solution fluores-
cence spectrum is blue shifted. This phenomenon has been
reported for several other compounds, and the blue-shift
of the PL spectra is thought to be associated with the
asymmetrical alignment of the phenyl rings along the axis
of the co-annular bond [17]. Polycrystalline powders of the
two TB analogues show strong single blue–violet emis-
sions as PL of TBFB-BP powders peaks at 408 nm while
PL of TBFB-FB powders peaks at 410 nm. PL spectra of
the two compounds powders show slightly red-shifted
and narrower emissions comparing with their solution PL
spectra. This is due to the restricted intramolecular rota-
tions in the solid state which not only improve the conju-
gated length of the compounds to a certain extent but also
suppress the non-radiative decay arose from the configu-
ration transformation. It also suggests that there is no p–
p stacking in the polycrystalline powders by introduction
of K-shaped twisted scaffold which is in accordance with
the analysis of the crystal packing structure of TBFB-BP.
Unexpectedly, amorphous film PL spectra of the two TB
analogues show large differences from their solution and
powder states emissions. PL spectrum of amorphous
TBFB-BP film consists of a slight shoulder at 413 nm corre-
sponding to the solution and powder emissions, two rela-
tively sharp peaks at 444 and 475 nm and a slight tail into
green region (g-band). The latter triple emissions are ex-
tremely similar to that of some polyfluorenes and oligoflu-
orenes [18]. Similar PL spectrum is observed for
amorphous TBFB-FB film. It is well understood that the
PL emissions of a crystal emitter will red shift relative to
an amorphous one due to the formation of delocalized
excitons in crystals. Uncommonly, the amorphous films
of the two TB analogues show red-shifted and multiple
PL emissions comparing with their polycrystalline pow-
ders. Brinkmann, Chen and coworkers have reported simi-
lar unusual cases in several compounds bearing twisted
configurations, Tris(8-hydroxyquinoline)aluminum (Alq3)
[19a], Tris(8-hydroxyquinoline)gallium (Gaq3) [19b] and
1,1-bis(20-thienyl)-2,3,4,5-tetraphenysilole [19c]. All the
authors attributed the results to a possibly denser packing
of the molecules in the amorphous state that strengthened
the intermolecular interactions. We think the peculiar
behaviors in photophysical properties of the two TB ana-
logues can be explained by a similar mechanism. For poly-
crystalline powders, the relative orientation of molecules
is strictly defined, as the combined effects of the twisted
K-shaped configuration and the steric effect of the biphe-
nyl or alkylated fluorene substitutions which engender
long enough distances between two adjacently chromo-
phoric cores, excimer formation would be suppressed.
Whereas in the amorphous films, as the denser packing
of the molecules, intermolecular interactions such as
C–H���N hydrogen bonds or p–p overlaps between the fac-
ing aromatic wings of the molecules may occur, and the
large distribution of molecular environments is also likely
to form excimers of different origins. The obviously red-
shifted triple emissions of the amorphous films for the
two TB analogues are thought to be as a result of the form-
ing of excimers. Longer emissive lifetime sf of the amor-
phous films than that of polycrystalline powders and
dilute solutions is also helpful to explain the forming of
excimers (Table 2). Our results suggest that the PL spectral
shift on aggregation order might be a characteristic of flu-
orene based TB analogues.

The origin of low-energy g-bands is still in dispute up
to the present, and most researchers thought such g-bands
and concomitant weaken emission are attributed to exci-
mer formation or keto defects in the aggregated state
[20]. Here, we are inclined to agree with the former, since
such g-bands are absent in the emissions of polycrystal-
line powders in which excimer formation seems to be
suppressed, while for the emissions of the amorphous
films in which excimers are likely to form, such g-bands
appear.

2.4. Electroluminescent properties

In order to investigate the electroluminescent proper-
ties of the two fluorene based TB analogues, OLEDs with
device structure of ITO/NPB (30 nm)/TBFB-BP or TBFB-FB
(40 nm)/TPBI (40 nm)/LiF (1 nm)/Al (80 nm) (Device 1 or
2) were preliminarily fabricated, in which 30 nm 4,4’-
bis[N-(1-naphthyl)-N-phenyl-amino]-biphenyl (NPB) was
the hole-transporting layer, 40 nm 1,3,5-Tris(N-phen-
ylbenzimidazol-2-yl)benzene (TPBI) was the electron-
transporting layer, 1 nm LiF was the electron-injection
layer, and 40 nm TBFB-BP or TBFB-FB was the non-doped



Fig. 5. Cyclic voltammogrames for TBFB-BP and TBFB-FB in DCM/[Bu4N][ClO4] (0.1 M) at scanning rate of 50 mV/s.
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emitting layer. All the corresponding performance data are
summarized in Table 2. High brightness of 22 047 cd/m2

and 13 434 cd/m2 were obtained for Devices 1 and 2,
respectively (Fig. 6a). The two devices showed low turn-
on voltages of 4.6 and 4.5 V, with high current efficiency
of 2.78 (5 V) and 2.76 cd/A (4.5 V), high power efficiency
of 1.82 (4.6 V) and 1.93 lm/W (4.5 V) for Devices 1 and 2,
respectively (Fig. 6b). Profile of EL spectra of the two de-
vices were similar with the corresponding films PL spectra
of the two compounds (Fig. 6c), and as the voltage increas-
ing, the low-energy g-bands of their EL spectra show a
reduction. 1931 CIE coordinate are (x = 0.163, y = 0.136)
and (x = 0.184, y = 0.207) at 8 V for Devices 1 and 2, respec-
tively. An obviously stronger emission was observed for
TBFB-BP as compared with TBFB-FB in the corresponding
OLEDs. Meanwhile, the g-band of Device 2 is stronger than
that of Device 1. This is possibly attributed to better pla-
narity of the fluorene substituents than the biphenyl sub-
stituents which may increase the probability of forming
of the excimers for the origin of the g-bands. The high
brightness, high efficiency, relative low turn-on voltage,
and simple architecture of the two devices make the two
fluorene based TB analogues competitive emitters in non-
doped OLEDs.
3. Conclusions

In summary, two new fluorene based TB analogues
TBFB-BP and TBFB-FB were designed and synthesized. Both
materials show high thermal stability and excellent PL and
EL performances. Peculiar red-shifted and multiple emis-
sions for amorphous films of the fluorene based TB ana-
logues comparing with the single emissions for the
corresponding polycrystalline powders are observed. Two
OLEDs using TBFB-BP or TBFB-FB as emitting materials,
ITO/NPB (30 nm)/TBFB-BP or TBFB-FB (40 nm)/TPBI
(40 nm)/LiF (1 nm)/Al (80 nm), were obtained with high
brightness (22, 047 or 13, 434 cd/m2), high efficiency
(2.78 or 2.76 cd/A, 1.82 or 1.93 lm/W) and low turn-on
voltage (4.6 or 4.5 V), which indicates that the two com-
pounds are efficient emitters in non-doped OLEDs. High
efficiency and high stability in junction with easily synthe-
sizing route render the fluorene based TB analogues a very
promising class of optoelectronic materials. In addition,
the method of material design, introducing K-shaped TB
scaffold and large conjugated wings to the molecules, can
also be applied in the design and synthesis of efficient TB
analogues emitters containing other aryl groups in the
wings.



Fig. 6. (a) I–V–L characteristics of Devices 1 and 2; (b) current efficiency-current density-power efficiency of Devices 1 and 2 and (c) EL spectra of Devices 1
and 2.
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4. Experimental

4.1. General information and materials

Commercial grade reagents except 9,9-dibutyl-fluoren-
2-ylboronic acid were used as received unless otherwise
stated. 9,9-Dibutyl-fluoren-2-ylboronic acid is synthesized
as reported in the literature [21]. NMR spectra were re-
corded at 25 �C using a Bruker Advance 400 spectrometer.
Coupling constants (J) are given in hertz (Hz). Microanaly-
ses (C, H and N) were performed using a German Vario EL
III elemental analyzer. Matrix assisted laser desorption/ion-
ization time of flight (MALDI-TOF) mass spectra were per-
formed using a Bruker Biflex III mass spectrometer
equipped with a 337 nm nitrogen laser. The UV absorption
spectra were measured on a TU-1800 SPC spectrophotome-
ter and the fluorescence spectra were collected on a Hitachi
F-4500 fluorescence spectrophotometer. The fluorescence
lifetime measurements were performed on the Edinburgh
FLS920 spectrofluorimeter with a hydrogen flash lamp
(pulse duration 1 ns) as the excitation source on the same
spectrofluorometer. Spectroscopic grade DCM was used
and the dye concentration was 10�5 M while the solid films
were prepared by thermal evaporation under vacuum
(10�6 mbar). The cyclic voltammetry measurements were
carried out with a BAS CV-50W voltammetric analyzer.
An electrolyte solution of [Bu4N][ClO4] in DCM (0.1 M)
was used in the experiments. All solutions in the cell were
purged with nitrogen for 10 min, and then the voltammo-
grams were recorded at ambient temperature with a scan-
ning rate of 50 mV/s. The working electrode was a glassy
carbon-disk of 2.0 mm in diameter. A silver-wire was
used as the counter electrode and an Ag/Ag+ (AgNO3) was
used as a reference electrode. It was corrected by using
ferrocenium/ferrocene (Fc+/Fc) as the internal standard.
Differential scanning calorimetry (DSC) scans and thermo-
gravimetric analysis (TGA) were measured on a SDT Q600
V8.0 Differential Scanning Calorimeter, in a flowing nitro-
gen atmosphere and with a heating and cooling rate of
10 �C/min. AFM pictures were recorded with a Digital
Instruments Nanoscope E scanning probe microscope.

The X-ray diffraction intensity data were collected at
293 K on a Bruker Smart Apex2 CCD area-detector diffrac-
tometer with graphite-monochromated Mo Ka radiation
(k = 0.71073 Å). Processing of the intensity data was car-
ried out using the Bruker SMART routine, and the structure
was solved by direct methods and refined by a full-matrix
least-squares technique on F2 using SIR-97/SHELXL-97 pro-
grams [22]. CCDC reference number 672178. Crystallo-
graphic data and refinement parameters are given in
Table 1. For crystallographic data in CIF or other electronic
format, see http://www.ccdc.cam.ac.uk.

4.2. Synthesis

4.2.1. 2-Amino-7-bromo-9,9-bibutylfluorene
To a stirred mixture of 2-amino-7-bromofluorene

(7.42 g, 25 mmol), tetrabutylammonium bromide (0.04 g,

http://www.ccdc.cam.ac.uk
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1.25 mmol) and DMSO (50 ml) at room temperature was
added dropwise 50% aqueous NaOH (5 ml), then n-butylbr-
omide (5.7 ml, 52.5 mmol) was added slowly and the reac-
tion mixture was stirred at room temperature for 2h. An
excess of diethyl ether was added, the organic layer was
washed with water, diluted HCl, and saturated NaCl solu-
tion, then dried over anhydrous MgSO4. The solvent was
removed under vacuum and the residue was purified by
column chromatography over silica gel with petroleum
ether/ethyl acetate (20:1) as the eluent gave 2-amino-7-
bromo-9,9-bibutylfluorene as a white solid (6.51 g, 70%).
M.p. 131 �C; 1H NMR (DMSO-d6, 400 MHz): d 0.46–0.53
(m, 4H), 0.64 (t, J = 7.34 Hz, 6H), 1.01–1.07 (q, J = 7.4 Hz,
4H), 1.79–1.83 (m, 2H), 1.88-1.93 (m, 2H), 5.27 (s, 2H),
6.51–6.56 (m, 2H), 7.35–7.49 (m, 4H). 13C NMR (DMSO-
d6, 100.57 MHz): d 13.8, 22.4, 25.7, 39.5, 54.4, 107.7,
112.9, 117.3, 119.4, 120.8, 125.3, 127.8, 129.4, 141.1,
149.2, 151.4, 151.6.

4.2.2. 4,13-Dibromo-6,6,11,11-tetrabutyl-9H,18H-8,17-
methanodifluoreno(2,3-b:2’,3’-f)(1,5)diazocine (TBFB-Br)

A mixture of 2-amino-7-bromo-9,9-bibutylfluorene
(3.72 g, 10 mmol) and HMTA (1.40 g, 10 mmol) in TFA
(20 ml) was stirred at room temperature under Ar atmo-
sphere for 24 h. The organic solvent was removed under
vacuum and the residue was diluted with water, basified
to pH 8–9 with concentrated NH4OH and extracted with
CH2Cl2. The organic phase was dried over anhydrous
MgSO4. The solvent was removed under vacuum, and the
residue was purified by column chromatography over sil-
ica gel with petroleum ether/ethyl acetate (8:1) as the elu-
ent to yield TBFB-Br as a white solid (2.5 g, 64%). M.p.
287 �C; 1H NMR (CDCl3, 400 MHz) d 0.56–0.66 (m, 12H),
0.68–0.72 (m, 8H), 1.02–1.13 (m, 8H), 1.83–1.87 (m, 4H),
1.89–1.96 (m, 4H), 4.29 (d, J = 16.58 Hz, 2H), 4.42 (s, 2H),
4.85 (d, J = 16.52 Hz, 2H), 7.12 (s, 2H), 7.20 (s, 2H), 7.36–
7.40 (q, 6H). 13C NMR (CDCl3, 100.57 MHz): d 13.25,
13.34, 22.45, 22.57, 25.43, 25.56, 39.49, 39.56, 54.6, 58.7,
66.3, 117.2, 119.3, 120.0, 120.1, 125.8, 126.1, 129.4,
135.8, 139.1, 147.5, 149.5, 152.5. MS (MALDI-TOF) m/z,
778.2. Anal. Calcd for C45H52N2Br2: C, 69.23; H, 6.71; N,
3.59. Found: C, 69.21; H, 6.725; N, 3.452.

4.2.3. 4,13-Di(biphenyl-4-yl)-6,6,11,11-tetrabutyl-9H,18H-8,
17-methanodifluoreno(2,3-b:2’,3’-f)(1,5)diazocine (TBFB-BP)

A mixture of TBFB-Br (1.56 g, 2 mmol) and
4-biphenylboronic acid (1.58 g, 8 mmol) in THF (20 ml)
and 2 M aqueous Na2CO3 (10 ml) was bubbled with Ar
flush for 20 min, then Pd(PPh3)4 was added quickly. The
reaction mixture was stirred at 90 �C under argon atmo-
sphere for 48 h. After cooling to room temperature, the
mixture was extracted with CH2Cl2. The organic layer
was washed with brine, and then dried over anhydrous
MgSO4. The solvent was removed under vacuum, and the
residue was purified by column chromatography over sil-
ica gel with petroleum ether/ethyl acetate/ CH2Cl2 (8:1:4)
as the eluent to yield TBFB-BP as a white solid (1.1 g,
59%). M.p. 271 �C; 1H NMR (CDCl3, 400 MHz) d 0.66–
0.79(m, 20H), 1.06–1.15 (m, 8H), 1.95 (t, J = 8. 15 Hz, 4H),
2.02 (t, J = 8.25 Hz, 4H), 4.35 (d, J = 16.60 Hz, 2H), 4.47 (s,
2H), 4.91 (d, J = 16.40 Hz, 2H), 7.29 (s, 2H), 7.36 (t,
J = 7.34 Hz, 2H), 7.46 (t, J = 7.62 Hz, 4H), 7.56–7.58 (t, 4H),
7.62–7.67 (m, 8H), 7.71 (t, J = 8.57 Hz, 8H). 13C NMR (CDCl3,
100.57 MHz): d 13.79, 13.86, 23.02, 23.14, 26.05, 26.18,
40.14, 40.21, 54.91, 59.23, 66.80, 117.68, 119.51, 119.83,
121.46, 125.87, 126.46, 127.04, 127.32, 127.46, 127.50,
128.83, 139.12, 139.95, 140.54, 140.77, 150.69, 151.50.
MS (MALDI-TOF) m/z, 926.8. Anal. Calcd for C69H70N2: C,
89.37; H, 7.61; N, 3.02. Found: C, 89.28; H, 7.292; N, 2.808.

4.2.4. 4,13-Di(9,9-dibutylfluorene-2-yl)-6,6,11,11-tetrabutyl-
9H,18H-8,17-methanodifluoreno(2,3-b:20,30-f)(1,5)diazocine
(TBFB-FB)

Similar procedure with TBFB-BP but 9,9-dibutyl-fluo-
ren-2-ylboronic acid instead of 4-biphenylboronic acid is
used as the reactant to yield TBFB-FB as a white solid
(54%). M.p. 181 �C; 1H NMR (CDCl3, 400 MHz) d 0.67–
0.75(m, 40H), 1.07–1.16 (m, 16H), 1.96–2.06 (m, 16H),
4.36 (d, J = 16.59 Hz, 2H), 4.47 (s, 2H), 4.92 (d,
J = 16.52 Hz, 2H), 7.20 (s, 2H), 7.29–7.37 (m, 8H), 7.59–
7.66 (m, 10H), 7.72–7.77 (m, 4H). 13C NMR (CDCl3,
100.57 MHz): d 13.30, 13.37, 22.54, 22.58, 22.65, 25.53,
25.60, 25.74, 39.57, 39.70, 54.42, 54.59, 58.75, 66.34,
117.15, 118.93, 119.21, 119.37, 120.80, 120.98, 122.43,
125.44, 125.52, 126.29, 126.48, 139.26, 139.56, 139.81,
139.87, 140.31, 150.24, 150.49, 150.95, 151.04. MS (MAL-
DI-TOF) 1m/z , 1175.1. Anal. Calcd for C87H102N2: C,
88.87; H, 8.74; N, 2.38. Found: C, 89.21; H, 8.656; N, 2.217.

4.3. OLED device fabrication

OLEDs based on the two TB analogues were fabricated
and investigated. EL devices were fabricated with the con-
figuration of ITO/NPB (30 nm)/TBFB-BP or TBFB-FB
(40 nm)/TPBI (40 nm)/LiF (1 nm)/Al (80 nm), in which the
TB analogues were used as emitting layer, NPB was used
as hole-transporting layers (HTL) and TPBI was used as
the electron-transporting layer (ETL). The ITO glass was
cleaned in ultrasonic baths of detergent, deionized water
and acetone in sequence, followed by oxygen plasma
cleaning. The organic films and metal electrode were
sequentially deposited on the substrate by thermal evapo-
ration under a vacuum of 10�6 Torr. The deposition rates
were 2–3 Å/s for the organic materials and 5–7 Å /s for
the cathode metals. The emitting area of the device was
4 Å mm2. The EL spectra and current–voltage–luminance
(J–L–V) characteristics were measured with a Spectrascan
PR 650 photometer and a computer-controlled DC power
supply. All the measurements of the devices were carried
out under ambient conditions.
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To improve crystallinity and ferroelectric properties of
PVDF and its copolymers, methods such as mechanical
stretching, thermal annealing, and electrical poling have
been widely employed [4–7]. Stretching to plastic defor-
mation at high temperatures is deemed the most efficient
method to yield high crystallinity and good ferroelectricity
as molecular chains can be reorganized along the stress
direction to form an ordered phase. Free-standing films
need to be at least 15 lm thick to possess sufficient
mechanical strength and integrity. For electronic applica-
tions, dielectric films of much smaller thickness (<5 lm)
are required to maintain a low switching-voltage and
power consumption. Thus, the films used in such applica-
tions are mostly non free-standing and hence cannot be
stretched independently. To overcome this, trifluoroethyl-
ene (TrFE) is added to PVDF polymer forming random
copolymer P(VDF-TrFE). Copolymers of various composi-
tions have been shown to crystallize into a high percentage
of ferroelectric phase that only requires a facile annealing
treatment at temperatures above the Curie point to yield
a remnant polarization of |10| lC/cm2 and coercive field
of |50| MV/m [4,7,8]. Nevertheless one drawback is the
resultant surface morphology of the working film. Due to
high crystallinity of up to 80%, film topography appears
with random rod-like grains creating deep valleys which
are susceptible to electrical breakdown [9,13]. By combin-
ing organic ferroelectric and semiconductor materials,
non-volatile memory functionality can be attained from a
single field effect transistor. However, the surface rough-
ness of the ferroelectric copolymer film is the main hin-
drance to device optimization [9] since the quality of the
dielectric-semiconductor interface is known to be of criti-
cal importance in organic field effect transistor enabled
plastic electronics applications.

This paper reports the enhanced properties of a
stretched P(VDF-TrFE) film (<1 lm thickness) attached to
a flexible substrate and the fabrication of organic FeFET
with desirable electrical characteristics at annealing tem-
peratures below the Curie point. Ferroelectric properties
obtained by this process compare favorably with those
resulting from high temperature annealing, and the surface
morphology and transistor characteristics were greatly im-
proved with the formation of flat-grain structure. These
enhancements lead to a significant improvement in perfor-
mance of the resultant organic FeFET devices for non-vola-
tile memory applications.
2. Experimental

Flexible sheets (110 lm thick) of poly(ethylene tere-
phthalate) (PET) with laminated aluminum electrode (Al-
PET) (100–200 nm thick) were provided by Xerox Research
Center (Canada) and cleaned by acetone, methanol and
deionized water. P(VDF-TrFE) (70–30 mol%) (Solvay) solu-
tion with methyl ethyl ketone (concentration of 50 mg/
cc) was filtered through 1 lm pore size and spin-coated
on the Al-PET to form 900 nm thick film. An annealed sam-
ple was fabricated for reference by heating to 140 oC for 2 h
in Nitrogen gas. Stretching of samples was done in situ
using an Instron Microforce tester with heating chamber
(2 kN load for stretching rate of 50 N/min). The chamber
was heated to the pre-set temperature before samples
were loaded and kept for 30 min to stabilize before stretch-
ing. Once the required strain was reached, the samples
were maintained and heated for another 30 min followed
by cooling down to ambient temperature before releasing
the strain on the samples. The P(VDF-TrFE) samples were
subjected to a strain ranging from 25% to 50% at tempera-
tures of 120 oC and 70 oC. The change in Al-sheet resistance
near sample failure (75% elongation), as measured by four-
point probe to be 7%. Observation of the Al-surface by opti-
cal microscopy only showed the roughening of the mor-
phology without any rupture or delamination. It was
hence deemed to have a negligible contribution to the de-
vice electrical properties. Thickness of P(VDF-TrFE) film on
stretched samples was verified by surface profiler to show
a minor reduction of 5%. Changes in crystallinity and
phases were studied by Fourier Transform Infrared (FTIR)
(Perkin–Elmer) in attenuated total reflection (ATR) mode.
Surface morphology was obtained by non-contact atomic
force microscopy (AFM) (DI Dimensions 3100). Polariza-
tion hysteresis was measured from metal–polymer–metal
(MPM) device by thermally evaporating gold (80 nm thick)
through a shadow mask (1 mm diameter) and using Radi-
ant Ferroelectric Tester with a 20 Hz triangular signal. For
FeFET devices, pentacene was evaporated at pressure of
5 � 10�5 Pa and rate of 0.1–0.2 Å/s to form a 50–80 nm
thick film. It was then followed by gold evaporation for
source/drain electrodes formation. The devices were char-
acterized in dark vacuum (pressure of 10�5 Torr) using
Keithley 4200 semiconductor analyzer.
3. Results and discussion

A comparison of the FTIR spectra of stretched samples
compared with spin-coated and annealed samples,
Fig. 1a, displays an overall increase in the sharpness and
intensity of the absorption bands after annealing; indicat-
ing amorphous–crystalline and ferroelectric–paraelectric
phase transformations. The 1400 cm�1 band, which is most
sensitive to the ordering of P(VDF-TrFE) molecular chains,
exhibits the sharpest rise [10,11] along with two sharp
peaks 883 and 850 cm�1, which relates to the ordered
phases of all-trans and trans-gauche sequences, respec-
tively. The increment of 1286 cm�1 band relates to both
crystallinity and trans sequence of more than 4 monomers,
suggesting a possible polarization switching in the sample.
Another band, which also displays a strong rise,
1173 cm�1, has been linked to the formation of the trans-
gauche sequence [10]. As such, changes in the 1400 and
1286 cm�1 band are used to compare crystallinity and fer-
roelectric phase transformation, respectively, for samples
exhibiting long-range order.

Fig. 1a further presents the spectra of samples stretched
to 50% strain at room temperature (25 oC) and 70 oC. The
film crystallinity as probed by the 1400 cm�1 band is found
to increase for the stretched samples. For samples
stretched at lower temperatures, the magnitudes of the
1400 and 1173 cm�1 bands are smaller than the annealed
samples, while the 1286 cm�1 band is unchanged as com-
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pared to the non-annealed sample. This suggests the reor-
ganization of polymer chains only occurred in the mainly
amorphous phase [11] and was limited to trans-gauche or-
dered sequence without the ferroelectric phase transfor-
mation. In the case of simultaneously stretched and
annealed (50% – 70 oC) samples, the molecular chain order
and hence the film crystallinity drastically increased as ob-
served from most of the strong bands. However, certain
limitations of ferroelectric phase transformation can be
recognized from the smaller magnitude of the 1286 cm�1

band as compared to the annealed sample. This may be
attributed to the lower processing temperature but could
be overcome by the application of electric fields that are
higher than the coercivity of the ferroelectric polymer film.
From these observations, mechanical stretching is recog-
nized in aligning the molecular chains along the stress
direction by plastic extension while the simultaneous
heating at low temperature allows molecular motion to
facilitate polymer chain reorganization as well as the effi-
cient phase transformation from trans-gauche to all-trans
sequences.

Comparison of samples stretched to different lengths at
70 oC (Fig. 1b) indicates that the sample stretched to 70%
elongation has similar characteristics as one stretched to
breaking point, i.e. strong 1286 cm�1 but weak
1400 cm�1 bands. As necking was first observed in the
70%-sample, it is hence suggested that relaxation of poly-
mer chains to short-range ordered regions was dominant
during cooling. The FTIR data hence suggests that the sam-
ples stretched to 50% elongation at 70 oC should exhibit the
strongest polarization properties. Assuming that the IR
absorption only follows the Lambert–Beer law, the relative
fraction of beta phase Fb may be estimated [10] for a stan-
dard annealed sample as 0.43. If sample is stretched to 1=4 of
the original length at 120 oC, the b-fraction slightly in-
creases (0.51). Stretching is hence seen as more efficient
way to facilitate molecular reordering that leads to higher
fraction of b-phase for shorter duration (30 min as com-
pared to 2 h in the standard process). This observation sug-
gests that the working temperature can be further reduced,
as confirmed by the samples exposed to a 50% strain rate at
70 oC, which yield b-fractions of 0.48.

Polarization hysteresis of the annealed sample (Fig. 2)
yields a remnant polarization of |10| lC/cm2 and coercive
field of |50| MV/m in agreement with previous reports for
samples on non-stretchable substrates after high tempera-
ture annealing [4,7,8]. Various combinations of strains and
temperatures shown here clearly indicate their comple-
mentary effects on the crystallization of the ferroelectric
phase in the P(VDF-TrFE) film. For the lower strain (25%),
processing temperatures above Curie point (�100 oC) are
required for formation of ferroelectric phase comparable
to that obtained from standard annealing. At 120 oC, owing
to greatly reduced viscosity most of polymer chains were
unconstrained from disordered regions and the application
of tensile strain therefore forced the reorganization of
chains along the stress direction. During cooling down,
phase transformation was probably identical to standard
annealing but the stretched sample has slightly better or-
dered phase as suggested by the FTIR spectra. Once strain
was increased to 50%, comparable ferroelectric behavior
can still be acquired at temperature (70 oC) below the fer-
ro-to-paraelectric transition (82–110 oC). The mechanism
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of this process is different from the above. The applied
strain stretches the molecular chains from the mainly
amorphous phase of the as spin-coated sample at a low
working temperature. As a result, the low temperature
had only mild effect on chain mobility hence the reorganiz-
ing of polymer chains into ordered ferroelectric phase were
solely induced by the tensile force. However, thermal acti-
vation was still necessary for the transition. As tempera-
ture was further decreased (50 oC), only partial formation
of the ferroelectric phase was obtained independent of
strain magnitudes and resulting in only half of the remnant
polarization as compared to the annealed sample as seen in
Fig. 2.

Topographical analysis using AFM imaging for standard
annealed and stretched samples is shown in Fig. 3a–f. After
standard annealing, Fig. 3a and e, P(VDF-TrFE) film crystal-
lizes with rod-like grain structure on the top surface as
previously reported [12,13]. The substrate flexibility does
not affect the crystallization and reorganization of polymer
chains during annealing. Completely different topography
of the sample stretched to various strain at 70 oC is seen
in Fig. 3b–d and f. The morphology is smoother with the
presence of flat grains effecting a reduction of surface
irregularities and a lowered surface roughness for strain le-
Fig. 3. AFM image comparison of samples (a) after standard annealing at 140 oC
(Rms = 5.66 nm), (d) 70% (Rms = 13.08 nm) at 70 oC. Image (e) and (f) are 3D morp
various P(VDF-TrFE) surfaces is presented for (g) annealed (140 oC – 2 h), (h) 25
vel below 70%. The applied stresses are seen to effectively
reduce the length while expand the width of the rod-
grains. Flat-grain formation starts to take place even at
the lowest strain of 25%. As the applied strain increases
to 50% the grain topography becomes smoother and closer
in packing. It can also be seen that the grain formation is in
the vertical direction of the image which is almost perpen-
dicular to the stretching direction. As previously discussed
[12], the polymer chains have been found to fold across the
long-axis of the rod grain in semi-crystalline film. As a re-
sult, the formation of flat grains seen here should be simi-
lar to rod-like grains but the growth evolves in the planar
short-axis (stretching direction) to expand the width
rather than developing out of the surface to form vertically
steep wall as seen form comparison of Fig. 3e and f.

In general as the applied strain was raised from 25% to
50%, the density of the flat grains increased to provide bet-
ter surface coverage and led to the reduction of surface
roughness. Nevertheless attempt to further increase the
flat-grain packing by the application of higher strains
(70%) drastically exacerbated the surface morphology. As
discussed, up to necking point the hardening of polymer
chains took place which prevents them from further glid-
ing. Furthermore, relaxation occurred during annealing
(Rms = 15.6 nm), and after stretched to (b) 25% (Rms = 7.74 nm), and (c) 50%
hology of samples shown in (a) and (c). Topography of pentacene layer on
% – 70 oC, (i) 50% – 70 oC, (j) 70% – 70 oC.
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that broke the ordered phase into regions of short-range
order. This consequently leads to more irregular topogra-
phy and exacerbates the surface roughness of the 70%
strain sample.

Surface morphology of the pentacene layer deposited
on the respective P(VDF-TrFE) samples is displayed in
Fig. 3g–j. For the annealed sample, pentacene growth fol-
lowed the rod-grain locations and filled up the deep val-
leys. At film thickness of 50 nm, the pentacene grains
were unable to fully cover the irregular surface of the an-
nealed sample resulting in the absence of transistor behav-
ior. On the contrary, pentacene grown on the flatter surface
of stretched samples is densely packed and fully cover the
P(VDF-TrFE) surface. Overall almost uniformly global
shape with an average size of 100–200 nm pentacene
grains are observed for all the three stretched samples.
The fact that the size of pentacene grains does not greatly
increase even with a drastic reduction of surface roughness
is probably due to the lowered surface energy of the
P(VDF-TrFE) film owing to the thickening of copolymer
lamellae [14,15].

Fig. 4 shows typical electrical characteristics for FeFET
device which can be employed in non-volatile memory
applications. The carrier mobility was calculated in the sat-
uration regime of the ID�VD curves as described in previous
report [9]. Value of remnant polarization by the P(VDF-
TrFE) film was used for the calculation of charge mobility
instead of specific capacitance. As previously reported [2],
remnant polarization in the transistor device is 1=4 of the
value measured by the hysteresis loop. For drive voltage
of |80| V, the remnant polarizations in the transistor are
|0.014| C/m2 which is equivalent to capacitance value of
1.75 � 10�4 F/m2. Due to reduced surface roughness and
better pentacene growth, ON-state drive currents are high-
er as seen in Fig. 4a while charge mobility is in the range of
0.072–0.12 cm2/Vs for the stretched devices. This repre-
sents a doubling of the mobility compared to the annealed
P(VDF-TrFE) reference devices comprising a 80 nm-thick
pentacene film [9,16]. The enhancement may be attributed
to reduced scattering of charge carriers at the pentacene
grain boundaries and an improved dielectric-semiconduc-
tor interface in the stretched samples. The drain current
hysteresis in Fig. 4a is consistent with polarization switch-
ing mechanism of P(VDF-TrFE) as previously described
[2,9]. The gate currents from the inset of Fig. 4a show con-
tribution from both dipole switching (peaks) and leakage
during accumulation stage similar to the device with an-
nealed P(VDF-TrFE) films [9,16]. The latter process possibly
originates from charge leaking through the paths along the
grain boundary defects of the flat-grain structure.

FeFET performance of the devices exposed to different
stretching conditions, Fig. 4b, indicates that the current
hysteresis is in concurrence with the polarization proper-
ties (Fig. 2). Due to smaller remnant polarization, current
retention in 25%-strain device is less than the others lead-
ing to narrower hysteresis loop. Furthermore, as the dielec-
tric constant is related to ferroelectricity [17], less
crystalline and ferroelectric phase in 25% strain sample re-
sults in lower dielectric constant hence smaller drive cur-
rent. Comparing 50% and 70% strain samples the device
performance during the OFF to ON current cycles is simi-
lar; however, the 70% sample has slightly lower current
retention during ON to OFF cycle. This also agrees with
the above FTIR observations where the extent of crystalline
phase in the 70% strain sample is smaller than that of the
50% sample due to hardening and relaxing of polymer
chains in the necking regions that hinders the reorganiza-
tion and leads to short-range order. Fig. 4c presents the
current retention of the 50% – 70 oC device followed by
10�1 s voltage pulse. The current level is stable and
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Fig. 5. Testing of drain current ID direction (black arrows) against the
stretching direction (gray arrows) (a) ID in the same direction with the
stretching, (b) ID in the normal direction to the stretching, (c) ID�VG

curves corresponding to each configuration measured from device of W/L
�4000 lm:75 lm at VD = �10 V.
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maintained up to 5000 s with the ON/OFF ratio of at least
two-order difference extrapolated to more than 104 s.
These memory behaviors are comparable to the previous
report used annealed P(VDF-TrFE) film as gate dielectric
layer [18].

With the whole sample being uniaxially stretched, the
reorganization and alignment of P(VDF-TrFE) chains follow
the stress direction. As transistor device is usually fabri-
cated with anisometric dimensions, it is necessary to probe
the dependence of device performance due to relative
direction between stress and drive current flow, as demon-
strated in Fig. 5a and b. The compared hysteresis of drain
current in the two configurations is shown in Fig. 5c. Over-
all ID�VG current curves of parallel and perpendicular
channels approximately resemble each other. A slightly
smaller turn-on voltage for device in perpendicular config-
uration is attributed to experimental device variations.
Nearly identical device performances observed here in
both configurations thus indicating an absence of anisot-
ropy which make the plastic substrate with stretched
P(VDF-TrFE) films a viable solution to be integrated into or-
ganic electronic circuits with applications ranging from
radio-frequency identification tags to thin film transistor
based back-planes for display applications.

4. Conclusion

In summary, uniaxial stretching has been applied to
P(VDF-TrFE) thin films attached to a flexible metallized
PET substrate to enhance surface morphology and polari-
zation properties of the ferroelectric polymer at lower pro-
cessing temperatures. By combining stretching to plastic
deformation and annealing, surface roughness can be dras-
tically reduced. As the applied strain is sufficiently in-
creased, annealing temperature can be decreased below
the Curie transition for which crystallization and ferroelec-
tric phase formation are greatly influenced by the strain
magnitude. The reduction in roughness greatly enhances
the growth of the semiconductor layer deposited on top
of the stretched dielectric in the FeFET device. This process
yielded charge carrier mobility values twice that of the
comparable devices fabricated on dielectrics annealed at
140 oC. Furthermore, the resultant memory functionality
is isotropic and yielded similar drive current hysteresis
and enhanced current amplitude and ON/OFF ratio charac-
teristics as compared to devices fabricated form the refer-
ence annealing processes.
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100–200 nm typically, which is required for improving
performances of electronically active devices such as
OTFTs. On opposite, all other printing techniques sorely
provide such thickness control.

Numerous papers [14–17] described enhancement of
SCP mobility by molecular engineering and molecular
self-organization [14–17]. Nevertheless, OTFT perfor-
mances are also driven by interface properties between
printable organic semiconductors (OSC) and source &
drain (S&D) electrodes. Here, we present a full study to
take advantage of this mechanism. Theoretically, the
contacts should be ohmic for efficient operation. In this
ideal case, the charge-injecting source electrode has no
significant resistance and can supply any current re-
quired by the bulk of the OSC layer. That is to say that
the OTFT performances are limited by energy barriers
at the S&D/OSC interface [18–21]. As a result, the pres-
ence of contact resistances and their effect on the tran-
sistor characteristics have to be considered when
developing OTFT.

Our approach is to extract the contribution of contacts in
order to distinguish the contribution coming from the SCP
channel resistance and that coming from S&D/SCP contact
resistance, during gate-field modulation. By this way, we
optimize inkjet-printed PTFT in terms of contacts indepen-
dently of the intrinsic electronic properties of the SCP layer.

In addition, numerous works [22–26] give the contact
resistance values for different SCP/S&D interfaces and
these values often differ for the same interface. This disper-
sion is due to the complex superposition of the electric
fields induced by the gate and the drain voltages, which
is specific to each device (architecture, gate oxide thick-
ness, etc.). Then, the relative contribution of these two
fields varies from one device to another. In consequence,
the extraction of contact resistances on the same device
architecture is required to confront their values for differ-
ent interfaces.

To our knowledge, contact effect of inkjetted S&D elec-
trodes in PTFTs has received little attention. In this work,
we compare the contact resistance obtained for two SCPs:
P3HT and PQT-12; these ones in contact with different
S&D electrodes: evaporated-Au, sputtered-Pt, inkjetted-
silver nanoparticles and inkjetted Pedot:Pss. The influences
of S&D work function, SCP ionization potential and nature of
the interface (metal/polymer or polymer/polymer) on
contact resistance are discussed. Moreover, it should be also
observed that this work was not focused on the injecting
contacts over a range of temperature, such as T. N. Jackson
and D. Natelson groups did before for evaporated and/or
sputtered metallic source/drain electrodes [27,28].
Fig. 1. Chemical structures of P3HT (R =
Finally, we talk over the limitations induced by these
contact resistances as the channel length is reduced. This
channel length reduction is inevitable to reach higher
switching speeds, proportional to l/L2, for the PTFT inte-
gration in applications.

2. Experiment

Inkjet printing was performed using a custom-made
piezoelectric drop-on-demand system adapted from
MicroFab Technologies Inc. We used printheads with
50 and 30 lm-diameter tips and a temperature-con-
trolled chuck. Thus, drops may be deposited onto a
heated substrate, which enables a better control on
the droplet spreading after contacting the surface and
on the solvent evaporation rate. The driving electrical
waveform applied to the piezoelectric element com-
mands the expelled-droplet size and its velocity, and
is adjusted for each electronics ink. A camera, coupled
with a pulse LED, is used to optimize the formation
and trajectories of droplets. A second one enables the
inspection of the deposited patterns and alignment of
successive printings.

Commercially available regio regular poly(3-hexylthi-
ophene-2,5-diyl) (P3HT) and Poly(3,30 0 0-didodecyl-quarter-
thiophene) (PQT-12) were used as semiconductor without
any further purification (Fig. 1). The polymer was dissolved
in different organic solvents. We obtained best results with
relatively high boiling point solvents, like dichlorobenzene
or trichlorobenzene. Indeed, with low boiling point sol-
vent, like chloroform or chlorobenzene, we meet frequent
problems in inkjet printing process (clogging of the tip,
not well-defined patterns, etc.). As well as high boiling
point solvents improved the inkjet printing process reli-
ability, their use leads to higher mobility in polythiophene
deposited films [14].

First, we used metal photolithographically-patterned
test-structures on doped silicon wafer (0.01–0.02 X cm)
with a thermal oxide layer (300 nm-thick). These test-
structures were used (i) to optimize inkjet printing param-
eters and post-treatment conditions of the SCP and (ii) to
investigate inkjetted-SCP performances (Fig. 2a). Elec-
trodes, realized by lift-off technique, were made of
100 nm-thick gold (Au) or platinum (Pt) with a 3 nm-thick
titanium (Ti) adhesion layer to see the effect of electrode
metal nature on PTFT performances. Surface modification
of the gate oxide by octadecyltrichlorosilane (OTS) self-
assembled monolayer (SAM) was done for its well-known
positive impact on improved charge carrier transport and
thus mobility value [29–31].
C6H13) (a), PQT-12 (R = C12H25) (b).



Fig. 2. Process flows used to fabricate inkjet-printed PTFTs: printing of SCP on metallized test-structures (a), printing of SCP/S&D electrodes on oxidized Si-
wafer (b).
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Secondly, on similar oxidized wafer, several SCP/S&D
inkjetted couples were deposited to compare device per-
formances with evaporated metal-based S&D electrodes.
The process flow used to elaborate these devices is pre-
sented in Fig. 2b. We first define the S&D electrodes and
then fill the channel region with the SCP, while conserving
the previously-defined semiconductor deposition condi-
tions. We investigated printable electrodes, like conduct-
ing polymers and inorganic dispersions. As conducting
polymer, we used an aqueous dispersion of poly(3,4-ethyl-
enedioxythiophene)/poly(styrenesulfonate) (Pedot:Pss)
and, as inorganic material, a silver nanoparticle-based ink
(Ag-NPs).

All experimental steps and OTFT electrical measure-
ments were performed under ambient atmosphere. The
cross section area of the inkjetted S&D electrodes was mea-
sured by stylus profilometry. Transistor characteristics
were performed using a HP 4145A semiconductor parame-
ter analyzer on a probe station.
3. Results and discussion

3.1. A – Electrical parameters

The mobility in the linear (Vd � Vg , Eq. (1)) and satu-
rated (Vd > Vg, Eq. (2)) regimes were extracted from the fol-
lowing equations for the PTFTs fabricated as described in
Fig. 2

Id;lin ¼
W
L

llinCðVg � V tÞVd ð1Þ

Id;sat ¼
W
2L

lsatCðVg � V tÞ2 ð2Þ

where Id is the drain current, L the channel length, W the
channel width, l the mobility, C the oxide capacitance
per unit area, Vg and Vd the gate and drain voltages and
Vt the threshold voltage. Output and transfer characteris-
tics are given for PQT-12/sputtered-Pt S&D electrodes cou-
ple in Fig. 3 and PQT-12/inkjetted Pedot:Pss S&D couple in
Fig. 4. PTFT performances are summarized for each SCP/
S&D couples in Table 1.

The linear resistance Rl of printed S&D electrodes was
obtained from I-V curves. By measuring the cross section
area, we estimated the printed material resistivities. The
resistivity of 130 �C-annealed Ag-NPs was 17 lX cm, one
order of magnitude higher than bulk Ag (1.6 lX cm), but
�3 orders of magnitude lower than Pedot:Pss (13 mX cm).
The resistivity of Ag-NPs could be reduced by higher tem-
perature annealing, but the main idea is to conserve plastic
compatible annealing temperature for flexible electronics
applications.

Contact resistances were calculated from transfer line
method (TLM), which consists of measuring the channel
length dependence as a function of the device resistance
[22–24]. In linear regime, the total resistance RTOT is the
sum of the intrinsic channel resistance RCH,i and the con-
tact resistance RC (Eq. (3)):

RTOT ¼
oVd

oId

� �

Vg ;Vd!0
¼ RCH;i þ RC

¼ L
WliCðVg � V t;iÞ

þ RC ð3Þ

where li and Vt,i are the intrinsic mobility and threshold
voltage, respectively. The contact resistance was extracted
by plotting the width-normalized resistance (R �W) as a
function of L. Then, the slope of the linear fit gives informa-
tion about the intrinsic channel resistance RCH,i and its
extrapolation to zero channel length provides the total
contact resistance RC. TLM does not distinguish the contri-
bution of each electrode and the extracted RC is the sum of
source and drain contributions, equally. However, scan-
ning Kelvin probe [25] and four-probe [26] measurements



Fig. 3. Output (a) and transfer (b) curves of a PTFT made of inkjetted PQT-12 as semiconductor and sputtered-Pt S&D (L = 25 lm, W = 18 mm).
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have shown that the injecting source contact resistance is
high, in comparison to the drain contact resistance, espe-
cially in case of ‘‘bad” contacts.

3.2. B – Contact resistances contributions

According to the conventional Mott–Schottky model, at
the source/semiconductor contact (Fig. 5), the interface
energetics are controlled by the ionization potential of
the semiconducting polymer IPSC and the source electrode
work function WS. A Schottky barrier for hole injection,
Fig. 4. Output (a) and transfer (b) curves of a PTFT with inkjetted PQT-12 as

Table 1
Summary of PTFT performances for several SCP/S&D electrodes couples

Printed semiconductor PQT P3HT PQT

S&D electrodes Au Au Pt
OTS surface treatment No No No
uh (eV) 0.2 0 �0.1
lsat

* (cm2/Vs) 8 � 10�4 1.5 � 10�3 1.4 � 10�3

Ion/Ioff 1.2 � 105 9.3 � 103 2.5 � 105

Vt (V) �19.5 27 �3.3
RC at Vg = �80 V(M X cm) 6.8 0.38 0.62
Lg = ½ at Vg = �80 V (lm) 16.5 0.9 1.5

* Mobilities are derived without taking into account the channel contact resista
uh = IPSC�WS, determines the injection efficiency. We have
to note that Schottky model doesn’t take into account the
role of trap states which exist at disordered organic semi-
conductor/ electrodes interface. However, in first approxi-
mation, for a qualitative discussion, we assumed that the
contact barrier is equal to the one predicted by the Mott–
Schottky model.

The IPSC energetics level effect on contact resistance is
illustrated in Fig. 6. a 0.2 eV-difference in IPSC between
P3HT and PQT-12 gives, in contact with the same Au
source electrode, a barrier injection for hole, uh, 0.2 eV-
semiconductor and inkjetted Pedot:Pss S&D (L = 50 lm, W = 1.5 mm).

PQT PQT PQT PQT
OTS OTS

Au Pt Printed Ag-NPs Printed Pedot:Pss
Yes Yes No No
0.2 �0.1 0.7 0
1.4 � 10�3 5.2 � 10�3 4 � 10�4 3.8 � 10�3

6.4 � 103 3.7 � 104 1.7 � 104 7 � 103

6.8 11.5 �21 �11
2.7 0.62 15 0.36
21.7 5.0 36.5 0.9

nce influence. These values are calculated from Eq. (2).



Fig. 6. Contact resistance RC as a function of gate voltage: effect of the
semiconductor (Au-based S&D electrodes).
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higher in the case of PQT-12. This explains the higher con-
tact resistance observed in the PQT-12-based transistor
(Table 1). SCP with relatively low ionization potential, like
P3HT, leads to comparatively lower barrier of holes injec-
tion, and, in consequence, smaller contact resistances. Nev-
ertheless, P3HT has the well-known drawback to be
sensitive to ambient oxygen doping [36,37]. On the con-
trary, SCPs with higher ionization potential, like PQT-12,
are more attractive for PTFTs because of a better stability
against this doping phenomenon. However, using this high
work function SCP increases the parasitic contact
resistances.

At the other side of the contact, the electrode has its
influence on contact resistance as shown in Fig. 7 for a
PQT-12-based transistor. A 0.3 eV-difference in WS be-
tween Au and Pt lands up in uh and leads up to a higher
contact resistance in the case of Au (RC,Au = 2.7 MX cm,
RC,Pt = 0.62 MX cm at Vg = �80 V). That also explains why
the measured mobility, calculated from Eq. (2), is increased
when Pt is used as contact electrode (Table 1).

For cost reductions, S&D must be also printable. Fig. 8
compares the extracted contact resistances between me-
tal-based and inkjetted S&D in contact with PQT-12. First,
low-resistive Ag-NPs-based S&D electrodes provide to the
transistor a mobility divided by 3–4 compared to Pt elec-
trodes. In making the assumption that this material has a
work function close to the one of Ag bulk, uh is very high
(0.7 eV) and the extracted contact resistance too
(15 MX cm at Vg = �80 V, see Table 1). Secondly, the high-
est mobility was achieved with printed Pedot:Pss S&D,
overcoming the mobility in the case of sputtered-Pt elec-
trodes (Table 1). If we have a look at uh, which is more
favourable to hole injection in the case of Pt (Fig. 5-a),
we expect the contrary. The reason is that OTFT perfor-
mances are, in this case, improved by interfacial doping
of the semiconducting polymer close to the contact, which
leads to a decrease of contact resistance (RC,Pedot/Pss =
0.36 MX cm at Vg = �80 V, see Table 1). Indeed, Wang
et al. demonstrated that Pedot:Pss S&D electrodes offer
the advantage of forming a p-doped interfacial layer with
Fig. 5. (a) Work function Ws and ionization potential IPSC table of involved mate
at source/semiconductor contact.
a F8T2 organic semiconductor, and provides a very effi-
cient charge injection at the interface [32]. Such results
lead us to speculate that such doped layer is formed at
the PQT-12/Pedot:Pss interface. This assumption is all the
more justified, because the formation of such a layer was
also observed with another SCP, like PPV [33,34]. The
mechanism of barrier formation at metal/organic inter-
faces has been widely studied and the effective energy bar-
rier often deviates from the Mott-Schottky model, as
highlighted in this paper. In fact, an additional dipole, D,
is created at the interface and shifts the HOMO level down-
ward. As a result, the lowest contact resistance is obtained
with inkjetted Pedot:Pss as S&D electrodes. This result ex-
plains the higher extracted mobility compared to other de-
vices (Table 1). Consequently, through this experimental
results, we see how the contact resistances engineering be-
tween SCP and S&D electrodes is crucial for the enhance-
ment of device performance.
rials at interfaces, (b) energy band diagram and injection barrier height uh



Fig. 7. Contact resistance RC as a function of gate voltage: effect of S&D
electrode metal (PQT-12-based PTFT).
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The contact resistances are related to the resistivity of
S&D electrodes, but the most important factor is the effi-
ciency of charge carrier injection, governed by energy
barrier height at the S&D/SCP interface. In other words,
the injection process depends strongly on the magnitude
of the energy barrier that is to overcome as the charge
carrier across the interface. We obtain lower contact
resistances when conducting polymer (Pedot:Pss) con-
tacts the PTFT channel than evaporated metal (Au, Pt).
In fact, a low-resistive material, like annealed Ag-NPs,
did not confer inevitably good performances to the
transistor.

Another point, as shown in Fig. 9, is that RC can domi-
nate RCH when the channel length is reduced from 50 to
10 lm. Thereby, the benefit of reducing the channel length
is limited and will be discussed hereinafter.
Fig. 8. Contact resistance RC as a function of gate voltage: comparison
between inkjetted and metal-based S&D electrodes (PQT-12-based OTFT).
3.3. C – Injection efficiency in PTFTs

The contact is ohmic as the injecting contact leads to
any limitation of the current flow in the semiconducting
bulk layer. To quantify the performance of a contact, we
use the injection efficiency g as figure-of merit, which
can be expressed in function of RCH, the bulk resistance
of the semiconductor layer, and RC, the contact resistance
(Eq. (4)) [35].

g ¼ RCH

RCH þ RC
ð4Þ

Several physical parameters have an impact on injec-
tion efficiency g: energy barrier height at the contact and
semiconductor doping level, for example [35]. Here, we fo-
cus our attention on the device geometry dependence of
injection efficiency g, especially on channel length. When
L increases, RCH also increases proportionally and RC re-
mains constant. Thus, when L is large enough, experimen-
tally g tends towards 1 (RCH � RC) (Fig. 10). In other words,
the device is less contact limited as the channel length L in-
creases. From this observation, we define a new figure-of-
merit for the PTFTs: the Lg = 1/2 channel length value at
which the bulk resistance RCH is equal to the contact resis-
tance RC. Lg = 1/2 is estimated in strong accumulation at
Vg = �80 V. Transistor with channel length L < Lg = 1/2 will
be seriously contact limited. That means that the ohmic
nature of the contact will increase as Lg = 1/2 value will de-
crease. This figure-of-merit allows us to confront contact
performances for different S&D/SCP couples (Table 1).

The first conclusion regarding Lg = 1/2 is the increased
contact limitation as the SCP mobility increases, because
the channel resistance decreases. For illustration, if we take
the devices made of Pt-S&D/PQT-12 couple, Lg = 1/2 grows
up from 1.5 to 5 lm after OTS-treatment. This limitation
is amplified by the fact that the OTS-treatment reduces
the contact resistance RC, as discussed previously. The
same observation can be made with Au-S&D/PQT-12 cou-
ple as Lg = 1/2 grows up from 16.5 lm to 21.7 lm after the
Fig. 9. Channel resistances RCH and contact resistances RC for different
channel length as a function of gate voltage Vg (PQT-12-based PTFTs, Au-
S&D, OTS-modified gate oxide).



Fig. 10. Injection efficiency g as a function of the channel length L (PQT-
12-based PTFTs, Au-S&D, OTS-modified gate oxide).
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same treatment. Au-S&D electrodes, which perform a
‘‘good contact” in interface with P3HT (Lg = 1/2 = 0.9 lm),
clearly limit performances of PQT-12-based PFETs, espe-
cially after gate oxide modification by OTS (Lg = 1/2 =
21.7 lm). Despite its relatively low resistivity, inkjetted
Ag-NPs-based S&D produce the most limitating contact
(Lg = 1/2 = 36.5 lm), due to the important mismatch be-
tween their work function and ionization potential of
PQT-12. The best contact on PQT-12, i.e. the less limitating
one, is achieved with inkjetted Pedot:Pss (Lg = 1/2 = 0.9 lm).
These improved performances arise from (i) the high work
function of Pedot:Pss, (ii) a small interfacial dipole D of the
organic/organic interface [38–39] and (iii) the formation of
an interfacial p-doped layer, as discussed before.

The approach of this work points out that, for optimiz-
ing PTFTs in terms of contacts, a conjunctive development
of the active material (SCP) and the S&D contacts is funda-
mental, as the injection efficiency inheres in each SCP/S&D
couple.

4. Conclusions

Here, we show that inkjet printing technique is suitable
to take into account (i) cost and (ii) contact resistance
reductions in PTFTs. We outlined the problem of contact
resistance in these devices: a specific attention must be
done to the choice of S&D material. This work demon-
strates that the parasitic contact resistance associated to
the inkjetted contacts in Pedot:Pss are lower than the ones
with evaporated or sputtered metal in contact with SCP.
Furthermore, a low-resistive inkjetted material, like an-
nealed Ag-NPs, did not confer inevitably good perfor-
mances to the transistor. In contrary, Pedot:Pss, despite
higher resistivity, gave better PTFT performances owing
to improved energetics level match with the semiconduc-
tor and interfacial doping. The magnitude of the contact
resistance in PTFTs dominates the device performances
when the channel length is reduced.

For the development of plastic electronics application,
the understanding on the electrical properties of contacts
and their dependence on electrode materials, organic
semiconductors and processing conditions are clearly a
major issue for channel length reduction perspectives.

The success in printing a couple of S&D electrodes/SCP
optimized in terms of contact resistance is an important
step towards low-cost and high-performance polymer de-
vices. One of the next challenges is to confer flexibility to
these PTFTs. This is in order to go towards future applica-
tions in flexible electronics.
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Fig. 1. Chemical structure of dibenzo- (top) and dithiophene-tetra-
thiafulvalene (bottom).
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Fig. 1. Here we report on new results, partly in deep sub-
micrometer devices, that are aiming to elucidate the intrin-
sic transport properties of DT-TTF and DB-TTF. We have
fabricated OFETs based on these materials, which exhibit
mobility values that are almost three times higher than
previously reported for DT-TTF. Devices with channel
lengths from 100 lm to below 100 nm have been analyzed
in order to study the scaling properties of the devices. The
performance of the OFET devices over a large temperature
range (50–400 K) reveals a thermally activated transport
mechanism with no or very low activation energy for tem-
peratures smaller than 200 K and an increased activation
at higher temperatures. Our results show that high perfor-
mance TTF transistors can be easily fabricated from solu-
tion and used with no extra precautions to ambient
conditions and to applied biases.

2. Experimental

The devices have been fabricated on thermally oxidised
highly-doped silicon substrates. We use a bottom-contact
setup, where the substrate serves as a common gate elec-
trode. Metal source and drain electrodes are deposited on
top of the oxide using lithography, metallisation, and lift-
off. Using UV-optical lithography, we have fabricated elec-
trode structures with channel lengths L from 100 lm down
to 500 nm on 50 nm and 100 nm thick SiO2 dielectric (cf.
Fig. 2). Structures with sub 500 nm channel length are fab-
ricated using electron beam lithography on SiO2 with a
thickness of only 20 nm. In this way, the transverse electri-
cal field is increased, which helps to keep the devices in the
long-channel regime in spite of the enhanced lateral field,
cf. Ref [10]. The source and drain electrodes consist of elec-
tron gun evaporated Ti/Pt or Ti/Au, or sputtered Pt. Before
SiO2

gate

source drain

TTF-material L

a

Fig. 2. (a) Schematic drawing of a transistor. The single crystal is deposited on th
source drain fingers (L = 50 lm).
deposition, the samples are cleaned in a solution of H2O2:
H2SO4 (1:4) and treated with solutions of hexamethyldisi-
lazane (HMDS) or octadecyltrichlorosilane (OTS). The
resulting hydrophobic self-assembled monolayer on the
oxide induces a uniform growth of micrometer size TTF
crystals randomly distributed on the surface. The synthesis
of DT- and DB-TTF has been reported previously [11,12].
TTF deposition is done by drop casting [8,9]. One drop
(�0.03 ml) of a 1 mg/ml solution of the TTF derivative in
toluene is drop-cast on the substrate and allowed to evap-
orate slowly (>3 h) in a covered petri dish. This process re-
sults in the formation of a limited number of large single
organic crystals that form a conducting channel between
the source and drain electrodes (see Fig. 2b). Devices that
are not covered by crystals show no field-effect and leak-
age currents in the I 6 10�10 A range. The same low leakage
current is measured after mechanical removal of TTF crys-
tals from previously functioning devices. The effective
channel width W is determined by optical microscopy.
Electrical characterization of the devices at room tempera-
ture is performed in air, in the dark, using a variable tem-
perature probe station (Desert Cryogenics) and a
semiconductor parameter analyzer (HP4145B). The tem-
perature dependent measurements (50–400 K by He-flow
cryostat) are carried out in vacuum (10�2–10�4 Pa,
depending on temperature) using the same equipment.

3. Results and discussion

In Fig. 3 the characteristics of a L = 30 lm channel DT-
TTF transistor are presented for two measurement se-
quences with increasing and decreasing bias, respectively.
Output and transfer characteristics both show hardly any
hysteresis and follow perfect textbook behaviour. Field-ef-
fect mobilities of 3.65 cm2/V s were extracted from both
the saturation regime (VDS = �15 V) and the linear transfer
curves (VDS = �1 V), respectively. The fact that the values
are identical shows that we can neglect limitations by
charge carrier injection or displacement currents which
would both result in a reduced mobility in the linear re-
gime. Assuming ohmic contacts (cf. [13]), we can estimate
the contact resistance to be approx. 30 kX �mm, which is
rather low for OFETs. For DB-TTF-based OFETs a similarly
high performance is measured except for a reduced mobil-
ity of 0.5 cm2/V s.

For a detailed investigation of the transport properties
we first apply a model of multiple trapping and release
(MTR) by trap states [14]. These states induce band tails
50 μm

b

e prefabricated electrode structure. (b) Micrograph of a TTF crystal on the
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Fig. 3. Electrical output characteristics (left) and transfer characteristics (right) of a single crystal DT-TTF OFET with L = 30 lm at T = 295 K.
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which often dominate the transport properties, leading to a
exponential thermal activation of the mobility, character-
ized by the lowest energy state of the band tail [15]. This
situation is generally encountered in both organic and
inorganic amorphous materials [15–18,20]. Recently, it
was shown that a similar exponential activation also exists
in single crystalline organic semiconductors [18] where the
trap states are located at or near the interface and thus can
be modeled using a quasi two-dimensional density distri-
bution whose exact properties are dependent on the gate
insulator [23].

In temperature dependent mobility measurements on
our devices we observe a similar exponential activation
as reported for rubrene or pentacene [20]. The MTR activa-
tion energy can be extracted from the temperature depen-
dence of the mobility shown in Fig. 4. For DB-TTF we find a
constant mobility between 50 and 200 K and an exponen-
tial activation with an activation energy of 58 meV above
200 K. The mobility of DT-TTF, however, follows an activa-
tion which can be fitted using an exponential with two dis-
tinct activation energies; 15 and 108 meV.
100 200 400

10-2

10-1

100

101

50

 DT-TTF  Fit
 DB-TTF  Fit

1000/T (1/K)

 forth
 back

μμ μμ 
(c

m
2 /V

s)

T (K)

20 15 10 5

Fig. 4. Temperature dependence of the field-effect mobility as deter-
mined from transfer characteristics of DT-TTF (black) and DB-TTF (grey)
OFETs for increasing (forth) and decreasing current (back) direction. The
solid lines are (bi)exponential fits to the data.
We have already shown that at room temperature the
mobility is not influenced by charge injection at the con-
tacts. Given the low contact resistance one would also
not expect a stronger influence at lower temperatures
[21,22]. In order to make sure that this assumption is valid
we can investigate the slope of the activation curves. Be-
cause charge injection does not enter the mobility analysis
at room temperature, an increasing influence at lower tem-
perature is only possible if the contact resistance has a
higher activation energy than the mobility itself. However,
we see only lower activation energies at lower tempera-
tures, indicating that indeed contact effects can be
neglected.

For both materials the slope of the activation curves
indicate that even at low temperature the contact resis-
tance does not influence the measurements.

This simplified analysis only suggests the presence and
the approximate depth of band tails, a deeper insight, how-
ever, can be gained by using a method as in Ref. [18]. In this
method the temperature dependence of the I/V character-
istics is used to obtain a detailed picture of the energy dis-
tribution of the impurity levels. For this analysis, we first
measure the current in saturation (VDS = �15 V) for differ-
ent values of VGS and at various temperatures between 50
and 400 K.

Changing the gate voltage towards more negative val-
ues sweeps the Fermi energy through the gap towards
the HOMO level. During the sweep, more and more states
contribute to the transport and by analyzing the activation
energy at each gate voltage we can identify the energy po-
sition of these trap states. Plotted against temperature
(Fig. 5), the data reveals similar results for the two materi-
als. For both materials we observe exponential activation
with two distinct ranges of activation energies below and
above 200 K, respectively.

From the thermal activation of the saturation currents
we now determine the activation energy of the states in
the gap which we then plot over the respective gate volt-
ages (Fig. 6), yielding two datasets for each material corre-
sponding to the low temperature ðT < 200 KÞ and high
temperature regime ðT > 200 KÞ. For the DB-TTF traps
can be observed over the whole energy range between 10
and 180 meV. Below 10 meV the trap energies are too close
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to the HOMO to yield a useful signal. Trap energies above
180 meV are too high to be observable in the temperature
regime investigated in our experiments. For the DT-TTF the
situation is more complex. Here the two datasets leave an
energy range between 75 and 95 meV where the density of
states is too low to yield any significant influence on the I/V
curves and is thus undetectable by this method.

For further evaluation we fit the data points of Fig. 6 by
a continuous (polynomial) function [19] which allows us to
determine its derivative at any voltage. We then use

NðEÞ ¼ C
e

dEa

dVGS

� ��1

ð1Þ

in order to determine the density of states (DOS) in the gap
(e is the electron charge and C the capacitance per area of
our gate dielectric which we calculate to be 33 nF/cm2 for
100 nm thick SiO2). In order to convert this two-dimen-
sional DOS into a volume DOS, the trap states are assumed
to be concentrated within 7.5 nm of the material at the
dielectric interface [18]. The results are plotted in Fig. 7.
We have been careful not to evaluate parts of the fit which
extend beyond or even contain the highest or lowest data
points of the curve in Fig. 6. In these parts of the curve
the fit typically starts to develop small ripples, usually
leading to large artifacts in the extracted density of states,
which is extremely sensitive to small changes in the deriv-
ative of the fit function. In the density of states of the DB-
TTF (Fig. 7 left) we see a band tail extending from the
HOMO which has two pronounced local maxima, one at
approx. 50 meV corresponding to the activation energy
determined using MTR and another maximum at approx.
85 meV. The second peak, however, indicates a much lower
density of states explaining why it could not be observed
using MTR.

For the DT-TTF we observe two separate regimes. The
lowest observable energy region of the band tail starts at
20 meV, however, with a density of states three times
higher than for the same energy in DB-TTF. We can assume
that a maximum exists here, supported by the MTR evalu-
ation (yielding 21 meV activation energy). With increasing
energy the density of states decreases, becoming undetect-
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able at approx. 75 meV. At 95 meV we see the density of
states increasing again (now extracted from the data for
T > 200 K) towards a maximum at 100 meV corresponding
to the 104 meV activation energy determined by MTR. We
see that the results obtained from MTR and the more de-
tailed determination of the density of states are in good
agreement. However, the latter yield a more detailed pic-
ture of the band structure. On the other hand the MTR
model is more straight-forward and yields results which
are not sensitive to polynomial fitting parameters. For
example a large trap density in DT-TTF at 21 meV is clearly
visible in MTR. In the density of states plot (Fig. 7), the den-
sity of states at 20 meV might just as well increase further
towards lower energies without yielding a local maximum.
The most reliable approach thus seems to be a combination
of both methods as performed on our materials.

Besides the existence of these impurity states, we still
see an untrapped carrier concentration which yields a fi-
nite current even at lower temperature. Especially in the
case of the DB-TTF, mobility and carrier concentration re-
main more or less constant below 200 K. This finite carrier
concentration also causes the weak dependence of thresh-
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Fig. 8. Dependence of field-effect mobility (left) and on/off-current-ratio (righ
150 nm. Full symbols correspond to values determined from transfer curves m
measured with decreasing voltage.
old voltage on temperature. A plausible explanation would
be that we observe transport either in states which are as
close as a few meV to the HOMO or by pure hopping (i.e.,
not thermally assisted), two effects which cannot be distin-
guished in the investigated range of temperatures.

All transistors have proven to be relatively stable for
several weeks in air. The mobility drops only by less then
50% over a timespan of several weeks. During the same
period no significant changes in VTH or off-current Ioff are
observed, which we found for other materials to be a main
indication of an aging effect in OFET devices.

Finally, transistors with reduced channel length L were
investigated in order to determine the scaling behaviour of
the device properties, especially for L < 1 lm. Fig. 8 pre-
sents the mobility and on/off-ratio values for DT-TTF OFETs
with channel lengths down to 100 nm on 20 nm thick SiO2.
The thin oxide was used in order to make sure that the
gradual channel approximation [10] is still valid for these
samples. We observe long-channel behaviour down to
L = 200 nm, although the mobility starts to decrease below
L = 500 nm, probably also due to an increasing influence of
the contact resistance [21,22]. Devices with L below
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200 nm show an additional strong decrease of Ion/off. This
behaviour can be attributed to short-channel effects
[24,25].

4. Conclusion

We have investigated OFETs based on both DT- and DB-
TTF, fabricated by drop casting from solution. These de-
vices reveal an excellent performance and high stability.
The field-effect mobility is as high as 3.6 cm2/V s for DT-
TTF, which is the highest value reported for solution-pro-
cessed DT-TTF. The characteristics are textbook-like, with
hardly any hysteresis in IV-curves and on/off-ratios of
more than 106. Using two different approaches we were
able two identify band tails and impurity bands dominat-
ing the transport at elevated temperature and a low tem-
perature regime with non or low activation of transport.
Even at T = 50 K the performance is outstanding, both
materials exhibiting a mobility of 0.01 cm2/V s and higher.
Further analysis including the correlation between impu-
rity levels and deposition methods or the effect of purifica-
tion are ongoing.
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specific processing additives such as, for example, 1,8-
octanedithiol (ODT) or 1,8-di-iodooctane, into the host sol-
vent, the performance of BHJ solar cells was signifi-
cantly improved [17–19]. Specifically, for BHJ materials
comprising the low-band gap polymer, poly[2,6-(4,4-bis-
(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]dithiophene)-alt-
4,7-(2,1,3-benzothiadiazole)] (PCPDTBT), and the soluble
fullerene, [6,6]-phenyl-C71butyric acid methyl ester
(PC71BM), the addition of small amounts of ODT as the pro-
cessing additive increased the power-conversion efficiency
of PCPDTBT: PC71BM solar cells by a factor of two from 2.8%
to 5.5% [18].

Although BHJ BiFETs are quite different from BHJ solar
cell in device structure and device operation, the use of
processing additives to control the nanoscale morphology
is potentially important because the charge transport of
both holes and electrons in BHJ BiFETs is highly dependent
on the structure of the bicontinuous networks. Motivated
by the success with BHJ solar cells, in this paper we report
the results of an initial study of the performance of BiFETs
in which the PCPDTBT:PC71BM composite in the channel
has been cast from solutions containing the ODT process-
ing additive.

2. Results and discussion

The molecular structures of the low band gap polymer,
PCPDTBT, the soluble fullerene, PC71BM, and ODT are
shown in Fig. 1a–c, respectively. All BHJ BiFETs were fabri-
cated on a heavily doped n-type Si wafer with a 200 nm
thick thermally grown SiO2 layer with bottom contact
geometry as shown in Fig. 1d. Based upon our previous
studies of BiFETs [20,21], Aluminum (Al) was chosen to en-
able approximately equivalent injection of electrons (into
Fig. 1. Molecular structure of (a) PCPDTBT, (b) PC71BM and (c) 1,8-
octanedithiol and (d) schematic diagram of a bottom contact bipolar
field-effect transistor fabricated with PCPDTBT and; PC71BM mixtures.
the LUMO of PC71BM) and holes (into the HOMO of
PCPDTBT). The channel length (L) and the channel width
(W) were L = 10 lm and W = 1000 lm, respectively.

Fig. 2 shows atomic force microscope (AFM) images in
Fig. 2a and c and transmission electron microscopy (TEM)
images in Fig. 2b and d of spin-cast films using blend solu-
tions without in Fig. 2a and b and with in Fig. 2c and d the
addition of 2% ODT. The PCPDTBT:PC71BM (1:3 ratio) BHJ
films were fabricated using the fully optimized processing
procedures reported in previous literature [18]. AFM and
TEM images were taken from the films deposited on Si/
SiO2 substrates; details on the process of fabricating sam-
ples for TEM measurements are described elsewhere [17].
The typical thickness of the films used for AFM and TEM
measurements were 60 nm. For the films obtained from
the solution without the ODT additive, the AFM topogra-
phy exhibits a uniform film consisting of fine, spherical
grains; the film was smooth with route-mean-square
(RMS) roughness value of 0.5 nm as shown in Fig. 2a. How-
ever, distinctive phase segregation morphology was ob-
served in the film cast from solution containing the ODT
additive. The grain size increased and the RMS roughness
value increased to 1.0 nm, as shown in Fig. 2c.

These changes in nanoscale morphology are confirmed
by TEM as shown in Fig. 2b and d. Because of the lower
electron density in the polymer (relative to that in the ful-
lerene), polymer-rich regions are the lighter regions in the
TEM images [13,22]. The TEM image of the film processed
with the ODT additive Fig. 2d shows phase separation
clearly with the appearance of interconnected fibers which
are surrounded by darker fullerene-rich regions. The TEM
images of film processed without the ODT additive
Fig. 2b are more finely structured without the elongated
structures evident in Fig. 2d.

The fullerene derivatives are soluble in ODT while the
conjugated polymers are not soluble in ODT. Thus, as dis-
cussed in detail in an earlier publication, the morphology
differences observed in films cast with and without the
ODT processing additive originates from the selective solu-
bility of ODT [17,23].

To investigate the effects of the better-defined phase
segregation on both electron and hole transport, BHJ Bi-
FETs were fabricated using various ratios of
PCPDTBT:PC71BM mixtures from 1:1 to 1:4. All transport
curves are typical of BHJ BiFETs as shown in Fig. 3. The cur-
rent enhancement with negative gate bias (Vgs) indicates
hole transport (p-type mode), while the current enhance-
ment with positive Vgs indicates electron transport (n-type
mode). For the BiFET in which the BHJ material was cast
from solutions without the use of the ODT processing addi-
tive Fig. 3a, the hole and electron currents systematically
change as the PCPDTBT and PC71BM ratio is increased from
1:1 to 1:4. These changes in the hole and electron currents
are not unexpected because, for example, a continuous
network for electron transport can be formed more easily
in the blend which has a higher volume percent of PC71BM.

The corresponding changes in the hole and electron
mobilities are shown in Fig. 3b [24]. The hole mobility in-
creases and the electron mobility decreases as the volume
fraction of PCPDTBT is increased. Balanced hole and elec-
tron mobilities were attained for the 1:3 ratio. In general,



Fig. 2. Atomic force microscope (AFM) and transmission electron microscopy (TEM) images of spin-coated films cast from PCPDTBT and PC71BM blend
solutions. (a) AFM image of the film without ODT processing, (b) TEM image of the without ODT processing, (c) AFM image of the film with ODT processing
and (d) TEM image of the film with ODT processing.
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balance of the hole and electron mobilities in BiFET is clo-
sely correlated with the efficiency of solar cell devices
[25,26]. The most efficient solar cell fabricated with the
PCPDTBT:PC71BM BHJ material was obtained from this vol-
ume ratio [27].



Fig. 6. (a) Infra-red (IR) absorption spectra obtained from a
PCPDTBT:PC71BM film (1:1 ratio) with/without ODT processing and
with/without vacuum drying. (b) Absorption spectra in the spectral
range between 2400 cm�1 and 3000 cm�1 shown on an extended scale.
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Processing with the ODT additive caused significant
enhancement in the transport performance of the BiFETs.
Fig. 4 shows transport characteristics (Fig. 4a) and mobility
plots (Fig. 4b) obtained from BiFETs fabricated using
PCPDTBT:PC71BM BHJ films processed with the ODT
additive. Prior to measurement, all devices were kept in
high vacuum (>10�6 torr) for 2 h to remove remaining sol-
vent and any residual ODT additive. The ODT processing
additive helps to create improved the connectivity on the
phase separated bicontinuous networks. As shown in
Fig. 2, there is evidence of more complete phase separa-
tion. As a result, both hole and electron mobilities are in-
creased. Balanced hole and electron mobilities were
attained at PCPDTBT:PC71BM ratios between 1:2 and 1:3.
This is consistent with the results obtained from the solar
cell measurements; the most efficient solar cell devices are
obtained with ratios within the 1:2–1:3 regime [18]. In
addition, use of the ODT processing additive causes the
mobility values to become relatively insensitive to the ra-
tio of PCPDTBT and PC71BM.

In order to obtain such enhanced bipolar transport
properties (higher mobilities for both holes and electrons)
with ODT processing, the most important procedure
during the fabrication is the vacuum drying step after
deposition of active layer. Fig. 5 shows the transport char-
acteristics (Fig. 5a) and hole/electron mobilities (Fig. 5b) of
BiFET with ODT processing and without vacuum drying.
The electron mobilities were significantly improved and
are relatively insensitive to the PCPDTBT:PC71BM ratio.
The hole mobilities, however, decreased by nearly an order
of magnitude. Moreover, there is no possibility of obtaining
balanced transport with such widely different mobilities.
This result is consistent with the initial FET results that
were presented as supplementary information in Ref. [18].

Residual ODT in the semiconductor layer appears to be
the cause of the decrease in hole mobility. Moreover, it is
known that sulphur in dithiol can attract holes (function
as a hole trap) due to its proton-acceptor capability [28].
To confirm this point, we have investigated the infrared
(IR) absorption spectra as shown in Fig. 6. The IR spectrum
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obtained from 1:1 mixture film processed with ODT shows
weak absorption at 2560 cm�1 (see the detail absorption
spectra between 2400 cm�1 and 3000 cm�1 on an ex-
tended scale as shown in Fig. 6b. The weak absorption peak
appearing at 2560 cm�1 is associated with the stretch
vibrational mode of S–H [29,30]. The existence of this peak
directly indicates that ODT still remains in the mixture.

Since ODT has high boiling point (ca. 270 �C), exposure
to high temperature is required in order to remove from
mixture film by normal heat drying. The heat drying meth-
od, however, cannot be applied to the PCPDTBT and
PC71BM mixture because drying at such high temperature
degrades the PCPDTBT:PC71BM BHJ material. Thus, in order
to remove ODT from the mixture, the films were dried in
high vacuum (>10�6 torr). As demonstrated by the IR
absorption spectra, vacuum drying successfully removes
residual ODT from the PCPDTBT:PC71BM BHJ films (the S-
H vibration peak completely disappears from IR absorption
spectra; see Fig. 6). We conclude that residual ODT in the
PCPDTBT:PC71BM BHJ films functions as a hole trap and
thereby degrades the hole mobility. Consequently, vacuum
dried BiFET shows enhanced transport properties.

3. Conclusions

In conclusion, we have demonstrated that bipolar FETs
can be fabricated using various ratios PCPDTBT and
PC71BM processed with ODT. ODT processing improves
the nanoscale morphology with more complete phase sep-
aration of the components. As a result, both hole and elec-
tron mobilities are improved in bipolar FETs processed
with ODT. Moreover, because of the well-defined phase
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separation, the hole and electron mobilities become
relatively insensitive on the ratio of p-type PCPDTBT and
n-type PC71BM. If, however, the ODT is not completely
removed from the BHJ films, the hole mobility decreased
by an order of magnitude, implying that residual ODT func-
tions as a hole trap. Finally, we find that after removal of
residual ODT, the PCPDTBT:PC71BM ratio at which the hole
and electron mobility are balanced, is the same ratio
required for solar cell performance (maximum efficiency)
optimization.

4. Experimental

All FET structures were fabricated on a heavily doped n-
type Si wafers with a 200 nm thick thermally grown SiO2

layer; the highly doped n-type Si functioned as the gate
electrode and the SiO2 functioned as the gate dielectric
insulator. Source and drain electrodes (Al) with 50 nm
thickness were deposited onto the SiO2 by e-beam evapo-
ration; the electrodes were patterned using standard pho-
tolithographic methods. All FET devices were made with
bottom contact geometry. The channel length of the de-
vices was 10 lm and the channel width was 1 mm. Before
deposition of the PCPDTBT and PC71BM bulk heterojunc-
tion films, the Al electrodes were etched with standard alu-
minum etchant to remove the aluminum oxide layer.

Active layers were deposited by spin-casting at
3000 rpm for 60 sec from a chlorobenzene solution con-
taining various ratios PCPDTBT and PC71BM (from 1:1 to
1:4) with a concentration of 0.5 wt% (on the basis of
PCPDTBT weight) either with 2.0 vol% ODT additives. The
thickness of the active layer was around 60 nm. After ac-
tive layer deposition, mild thermal treatment was carried
out on a calibrated and stabilized hot plate under N2 atmo-
sphere at 80 �C for 15 min. All fabrication processes were
carried out in the glove box filled with N2. Electrical char-
acterization was performed using a Keithley semiconduc-
tor parametric analyzer (Keithley 4200) under N2

atmosphere.
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with a low bias and a color-saturated emission. It is
worth attention that blue TEOLEDs reported recently al-
most use the Ag/ITO bilayer [6,8–9] as the anode, where
Ag is used as the reflective anode and the resonant wave-
length of the blue emission can be achieved by adjusting
the ITO thickness. Chin et al. [10] reported blue TEOLEDs
with the Ag/ITO anode in which the ITO thickness was
fixed and the optical length in the cavity was adjusted
by altering the thickness of the hole transporting layer.
In our work, we find out that the reflectivity (R) of the
semitransparent Sm/Ag cathode changes to a minimum
value and then increases with the thickness of the 2,9-di-
methyl-4,7-diphenyl-1,10-phenanthroline (BCP) layer,
where the BCP layer is utilized as a light outcoupling
layer. Hence, in this letter we fabricate a blue TEOLED
onto the SiO2-covered Si substrate with Sm/Ag as the
cathode and the BCP layer as the light outcoupling layer.
With this structure, TEOLEDs can be driven by the TFT
circuits fabricated in the Si substrate. It is especially
worth mentioning that the total thickness (100 nm) of or-
ganic materials sandwiched between the cathode and the
anode in this TEOLED is almost same with that in a con-
ventional BEOLED. To obtain a blue emission, the thick-
ness of the BCP layer is designed to reach a minimum R
of the cathode that means a weak multiple-beam inter-
ference occurred in the TEOLED.
2. Theory calculation

In a cavity device, both wide-angle interference and
multiple-beam interference contribute to the EL spectra.
For wide-angle interference there is interference between
directly emitted light and reflected light that have the
same wave vector, and the distance between the emission
region and the reflective electrode plays an important role.
Multiple-beam interference takes place when the radiation
is reflected back and forth between the two electrodes.

Here, the resonant wavelength that corresponds to mul-
tiple-beam interference can be calculated with the Eq. (1)
[11]

2p 2nd cos h
k

� �
�U1ðkÞ �U2ðkÞ ¼ 2kp; ð1Þ

where n is the refractive index of the organic layer, d is the
physical thickness of the organic layer, h is an angle in the
spacer layer (Here, 0� is perpendicular to the electrode
plane), k is the resonant wavelength, U1(k) and U2(k) are
the phase changes on reflection corresponding to the effec-
tive reflectivities R1 and R2 at the interfaces of the opaque
anode/organic material and the organic material/semi-
transparent cathode, respectively, and k is the mode
number.

In a TEOLED, when wide-angle interference is only
taken into account, Eq. (1) can be simplified by ignor-
ing U2(k) and only the organic layers between the
emission area and the reflective anode are under
consideration.

In Eq. (1), when h – 00 U1(k) and U2(k) show different
values for P and S polarization, which can be calculated
with the Eqs. 2 and 3, as follows [12]:
U1;2ðkÞ ¼ arctg
2n0B cos h0

n2
0 cos2 h0A2B2

 !
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ðfor P polarizationÞ: ð3Þ

The above phase changes on reflection originate from
the calculation of the reflectivity of the electrodes. U1(k)
and U2(k) show different track under consideration of the
polarization state.

For P polarization [12],

gP ¼ N= cos h; ð4Þ

RP ¼ jrPjejUP
� �2 ¼ g0P � g1P

g0P þ g1P

� �
g0P � g1P

g0P þ g1P

� ��

¼ n0 cos h1 � N1 cos h0

n0 cos h1 þ N1 cos h0

� �
n0 cos h1 � N1 cos h0

n0 cos h1 þ N1 cos h0

� ��
: ð5Þ

For S polarization [12],

gS ¼ N= cos h; ð6Þ

RS ¼ jrSjejUS
� �2 ¼ g0S � g1S

g0S þ g1S

� �
g0S � g1S

g0S þ g1S

� ��

¼ n0 cos h0 � N1 cos h1

n0 cos h0 þ N1 cos h1

� �
n0 cos h0 � N1 cos h1

n0 cos h0 þ N1 cos h1

� ��
: ð7Þ

Here rP and rS are the complex Fresnel coefficients for
reflection of a wave that correspond P and S polarization,
RP and RS are the energy reflection coefficients or the so-
called reflectivities, n0 and N1 denote the refractive indices
of the organic layer adjacent to the electrode and the elec-
trode, where N1 = Nm � jKm is the complex refractive index
and N1 cosh1 = A � jB, and h0 and h1 are input and output
angles in the organic and metal layers.
3. Experimental

The blue emission TEOLED is grown on Si substrates
precoated with a 1600 nm thick SiO2 layer. Prior to the de-
vice deposition, the substrates are cleaned with acetone
and ethanol by using an ultrasonic bath, rinsed with deion-
ized water, and then dried in an oven. The TEOLED
architectures are Ag (100 nm)/Ag2O (UV-ozone for 30 s)/
4,40, 400-tris(3-methylphenylphenylamino) triphenylamine
(m-MTDATA, 45 nm)/ 4,40-bis[N-(1-naphthyl-1-)-N-phe-
nyl-amino]-biphenyl (NPB, 5 nm)/4,40-bis(2,20-diphenylvi-
nyl)-1,10-biphenyl (DPVBi, 30 nm)/tris-(8-hydroxyl-
quinoline) aluminum (Alq3, 20 nm)/LiF (1 nm)/cathode
[the Sm (11 nm)/Ag (12 nm) cathode for device A, and
the BCP layer onto the SmAg cathode for device B], as
shown in Fig. 1. Here, m-MTDATA, NPB, DPVBi and Alq3

are utilized as a hole-injection layer, a hole-transporting
layer, a blue emissive layer, and an electron-transporting
layer, respectively. Sm is utilized because of both a low
work function of �2.7 eV and a relatively high transpar-
ence. All depositions are in a high vacuum above 10�6 Torr
with a rate of 0.1–0.3 nm/s. The current–voltage–lumi-
nance characteristics are measured with a programmable



Fig. 1. Schematic illustration of devices A and B.

Fig. 2. Transmittivity (a) and reflectivity (b) characteristics of the DPVBi
(30 nm)/Alq3 (20 nm)/Sm (11 nm)/Ag (12 nm)/BCP/air multilayer system.
Here, the thickness of the BCP layer is adjusted from 0 nm to 60 nm.
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Keithley Model 2400 and a Photo-Research PR-650 Spec-
traScan Colorimeter in room-temperature air. Optical con-
stants of the organic materials used in the work are
measured with variable angle spectroscopic ellipsometry.

4. Results and discussion

The transmittivity (T) and R curves of the devices are
calculated with the transfer matrix theory [13]. Here, the
excitons that formed predominantly on the blue DPVBi
layer are supposed to be near the DPVBi/NPB interface.
The generated emission passes through DPVBi (30 nm)/
Alq3 (20 nm)/LiF (1 nm)/Sm (11 nm)/Ag (12 nm)/BCP (if
with) and then escapes from the TEOLED, where the thin
film of LiF is neglected. The T and R curves are shown in
Fig. 2. Without the BCP layer, the maximum T value is
47% at 440 nm, while the R value is 15.6%. With the thick-
ness of the BCP layer increases to 35–40 nm, T reaches the
maximum value of 59.4% (BCP: 35 nm) and 61.4% (BCP:
40 nm) at the wavelength of 460 nm, around the emissive
peak of DPVBi (�464 nm), where R is 6.7% (35 nm) and
7.4% (40 nm), respectively. Here, the microcavity effect
caused by multiple-beam interference is expected as weak
as possible in order to obtain a blue emission. So, the BCP
thickness that we employ is controlled to be 35 nm.

Normally, multiple-beam interference mainly controls
the shape of the EL spectra when the two electrodes have
high reflectivities, while both multiple-beam and wide-an-
gle interference contribute to the EL spectra when one
electrode has a high reflectivity and the other one has a
low reflectivity. In our paper, the low cathode reflection
of devices A and B, especially for device B, may correspond
to a weak multiple-beam interference and a main wide-an-
gle interference. From Fig. 3a, the EL spectra of device A
show a main peak of 468 nm with a shoulder of
�575 nm. Compared with the calculated result of the res-
onant wavelengths of 571 nm and 452 nm for multiple-
beam and wide-angle interference, respectively, we can
deduct the shoulder (�575 nm) primarily caused by multi-
ple-beam interference, which mainly attributes to the
reflection of the SmAg cathode (20.7–30.8% at the wave-
length range of 500–600 nm). While the main peak at
468 nm in Fig. 3a originates from the native emission of
DPVBi. The resonant wavelength (452 nm) based on
wide-angle interference is not obvious in this device. De-
vice B exhibits the EL spectra with two peaks of 456 nm
and 468 nm and the full width at half maximum (FWHM)
of 112 nm, indicating a very weak multiple-beam interfer-
ence and a relatively strong wide-angle interference (the
456 nm peak in the EL spectra may correspond to the
452 nm peak from wide-angle interference).

As can be seen in the inset of Fig. 3a, the shoulder leads
to the Commission International de L’Eclairage (CIE) coor-
dinates of (0.243,0.315) at 6 V for device A, which locate
in the white light area. When the bias increases to 17 V,
the CIE coordinates shift to (0.223,0.270) and the emission
shows the greenish blue light. While in device B the blue
emission show a saturated color, corresponding to CIE
coordinates of (0.201,0.263)–(0.173, 0.199) from 6 V to
17 V, which is comparative with the chromaticity coordi-
nates of (0.165,0.169) in the BEOLED reported by Xie
[14]. This can be attributed to the suppression of multi-
ple-beam interference together with the utilization of
wide-angle interference accompanying with the BCP cover
onto the SmAg semitransparent cathode.



Fig. 3. (a) The EL spectra of devices A and B, and changes of the EL spectra
for devices A (b) and B (c) with the viewing angle. Inset is the changes of
the CIE co-ordinates for devices A and B with the bias.

Fig. 4. Phase changes on reflection of the anode (a) and the cathode (b)
for device A with changed incident angles.
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We observe the EL spectra of devices A and B by chang-
ing the viewing angle from 0� to 80�, as shown in Fig. 3b
and c. Here, 0� means the viewing angle is normal to the
electrode surface. The main peak of device A generates a
redshift of 36 nm, from 468 nm to 504 nm, obviously dif-
ferent from the blueshift in normal TEOLEDs [14]. The
spectra are investigated with the Eqs. (1)–(3) by consider-
ing phase changes of the electrodes on reflection together
with the reduction of the effective optical cavity length
with a concomitantly larger viewing angle [11]. The calcu-
lated results about phase changes on reflection are shown
in Fig. 4. The phase changes on reflection with P or S polar-
ization show obvious difference when the angle is larger
than 0�. Dependence of the reflectivity of the cathode and
the anode for devices A and B on incident angle are shown
in Fig. 5. When the angle deviates from 0�, the reflection for
P and S polarization shows disparate track. As a result, a
higher input angle brings a higher reflection, leading to a
stronger microcavity effect. In device A, when the angle in-
creases up to 80�, high cathode reflectivities of larger than
80% for both P and S polarization lead to significantly nar-
row EL spectra with the FWHM of only 44 nm. Here, the EL
spectra are mainly affected by multiple-beam interference.
We can also calculate the resonant peak under different
angles with the Eqs. (1)–(3). From the result, the resonant
wavelengths for P and S polarization at 40� are 526 nm and
483 nm in device A and their superposition contributes to
the EL spectra with a main peak around 500 nm. For com-
parison, the BCP-covered TEOLED (device B) exhibits stable
EL spectra from 0� to 75� due to weak microcavity effects,
mainly decided by the relatively low reflectivity of the
cathode.

Fig. 6a indicates luminance-current density–voltage
(L–J–V) characteristics for devices A and B. The additive
attachment of the BCP layer onto the SmAg cathode brings
no effect on the injected current, shown as similar I–V
curves. However, from Fig. 6b, the maximum L in device
B is 28167 cd/m2 at 18 V, which is 1.3 times higher than
21510 cd/m2 (at 18 V) in device A. The current efficiency



Fig. 5. Anode (a) and cathode (b) reflectivities of device A under different incident angles, and anode (c) and cathode (d) reflectivities of device B under
different incident angles. The P and S polarization under variational angles show large difference.
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of device B reaches 4.36 cd/A at 7 V, 1.46 times higher than
that of device A.

5. Conclusion

In conclusion, we fabricate blue emission TEOLEDs
based on DPVBi. Different from the conventional TEOLEDs
that use ITO as a thickness adjustment layer to make the
cavity length matchable with the resonant wavelength of
the blue light, in this letter we construct the blue emission
TEOLED with the organic compound BCP as a light outcou-
pling layer. With the proper thickness of the BCP layer to re-
duce the reflectivity of the Sm/Ag cathode, the blue
emission can be obtained by suppressing multiple-beam
interference to a maximum degree and utilizing wide-angle
interference. The chromaticity of the blue emission in the



Fig. 6. L–J–V characteristics (a) and current efficiency curves (b) for devices A and B.
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TEOLED is saturated with the CIE coordinates of (0.201,
0.263)–(0.173,0.199) from 6 V to 17 V, comparative to that
from the BEOLED. In addition, the blue emission shows
stable spectra when the viewing angle alters from 0� to 75�.

Acknowledgments

This work has been supported by the Research Founda-
tion of Nanjing University of Posts and Telecommunica-
tions under Grant no. NY207038.

References

[1] H. Riel, S. Karg, T. Beierlein, B. Ruhstaller, W. Rieß, Appl. Phys. Lett. 82
(2003) 466.

[2] C.J. Lee, R.B. Pode, J.I. Han, D.G. Moon, Appl. Phys. Lett. 89 (2006)
123501.

[3] Z. Xie, L.-S. Hung, F. Zhu, Chem. Phys. Lett. 381 (2003) 691.
[4] S. Han, X. Feng, Z.H. Lu, D. Johnson, R. Wood, Appl. Phys. Lett. 82
(2003) 2715.

[5] B.D. Lee, Y.-H. Cho, W.-J. Kim, M.H. Oh, J.H. Lee, D.S. Zang, Appl. Phys.
Lett. 90 (2007) 103518.

[6] S.-F. Hsu, C.-C. Lee, A.T. Hu, C.-H. Chen, Curr. Appl. Phys. 4 (2004)
663.

[7] S. Chen, Z. Zhao, Z. Jie, W. Xie, Y. Zhao, R. Song, C. Li, S. Liu, J. Phys. D:
Appl. Phys. 39 (2006) 3738.

[8] S.-F. Hsu, C.-C. Lee, S.-W. Hwang, H.-H. Chen, C.-H. Chen, A.T. Hu,
Thin Solid Films 478 (2005) 271.

[9] J. Cao, X. Liu, M.A. Khan, W.Q. Zhu, X.Y. Jiang, Z.L. Zhang, S.H. Xu, Curr.
Appl. Phys. 7 (2007) 300.

[10] B.D. Chin, J. Phys. D: Appl. Phys. 40 (2007) 5541.
[11] B.Y. Jung, N.Y. Kim, C. Lee, C.K. Hwangbo, C. Seoul, Appl. Opt. 41

(2002) 3312.
[12] Y.C. Lin, W.Q. Lu, Optics Theory of Thin Films, National Defence and

Industry Press, Beijing, 1990. p. 63.
[13] S. Chen, W. Xie, Y. Meng, P. Chen, Y. Zhao, S. Liu, J. Appl. Phys. 103

(2008) 054506.
[14] W. Xie, Z. Wu, S. Liu, S.T. Lee, J. Phys. D: Appl. Phys. 36 (2003)

2331.



K.-H. Kim et al. / Organic Electronics 9 (2008) 1118–1121 1119
made to resolve the interface problems but these involved
only cathode or anode.

In this paper, we present a method for improving the
efficiency of the charge carrier injection at both electrodes
of inverted TOLED. In this method, a BOLED is first fabri-
cated on a flexible sheet. This BOLED as a whole is then
transferred to a glass substrate to fabricate an inverted
TOLED or ITOLED. In fact, a whole device transfer of an
optimized BOLED is utilized for the fabrication of ITOLED.

We were motivated by our earlier work [13] on a bi-
layer transfer and the fact that a whole device can be trans-
ferred [14]. More motivating, however, was the fact that
the bottom emitting OLEDs or BOLEDs are well established
already in terms of materials and layer configurations be-
cause of the extensive studies carried out over the last 20
years. Therefore, the optimized results obtained through
the studies can fully be taken advantage of since the
ITOLED fabrication in this work involves a simple transfer
of fully fabricated BOLEDs.

A schematic illustration of the ITOLED fabrication is gi-
ven in Fig. 1. The mold material used for this work is
poly(urethaneacrylate) (PUA) [15]. The mold properties
are such that it is rigid enough to withstand the pressure
applied and yet flexible enough in its film form for large
area applications [16]. Onto a flat PUA mold with poly(eth-
yleneterephthalate) (PET) as a backing plane, a thin Teflon
film (AF2400, DuPont, �100 nm) is spin-coated to lower
the surface energy. Gold is then deposited onto the Teflon
coated mold by thermal evaporation under vacuum
(<10�6 Torr) followed by depositions of NPB, Alq3, LiF, and
Al cathode in succession. The device thus fabricated is a
well-established, optimized green BOLED. The whole de-
vice on the flat mold is then brought into contact with a
glass substrate, as shown in Fig. 1. A pressure of 0.5 MPa
is applied at 50 �C for several minutes. When the flat mold
is removed after cooling and relieving the pressure, the
whole device on the flat mold is transferred onto the sub-
strate. Prior to the transfer, the substrate surface is cleaned
by sequential sonication in trichloroethylene, acetone, and
iso-propyl alcohol and then it is spin coated with a 100 nm
thick poly(methyl methacrylate) (PMMA) film to increase
the surface energy.

This transfer of a stack of layers is always possible if the
work of adhesion at the interface that forms at the substrate
surface is larger than that at the mold surface [17–19] or in
this case, the Teflon-coated mold surface, provided the
work of adhesion at every interface of the device layers is
Fig. 1. Schematic illustration of fabricating ITOLED by whole device
transfer method.
also larger than that at the mold surface. The work of adhe-
sion at the interface between materials i and j, Wij, can be
determined from contact angle measurements on the two
surfaces [20,21]. The work of adhesion thus determined at
the Teflon–Au interface is 21.2 mJ/m2, whereas it is
46.0 mJ/m2 at the PMMA–Al interface. These values clearly
indicate that the device could be transferred from the Tef-
lon-coated mold to the PMMA-coated glass substrate.

To clearly compare the differences in performance and
at the same demonstrate the advantages that can be gained
by fabricating ITOLED by the transfer method, two differ-
ent ITOLEDs were fabricated. One is the ITOLED fabricated
by the transfer method, following the procedure in Fig. 1,
in which various layers are vapor-deposited on PUA mold
in the order of Au/NPB/Alq3/LiF/Al and then the whole de-
vice is transferred onto a glass substrate. The other is one
in which the device layers are vapor-deposited on a glass
substrate in the order of Al/LiF/Alq3/NPB/Au, which is the
reference device. The device structure on the glass sub-
strate is the same for both ITOLEDs: Al (100 nm)/LiF
(0.7 nm)/Alq3 (50 nm)/NPB (50 nm)/Au (30 nm). The rates
of deposition by thermal evaporation are 0.2–0.3 nm/s for
organics and 1–2 nm/s for metals. Electrical measurements
were carried out in an argon-filled glove box with HP
6625A and 34401A and luminance with a calibrated silicon
diode. Shown in Fig. 2 are the current density–voltage,
luminance–current density, and luminous efficiency–volt-
age characteristics of the two types of ITOLED. As shown
in Fig. 2a, the turn-on voltage of the device fabricated by
whole device transfer method (triangle) is much lower at
6 V than that of the reference device (circle) at 18.5 V.
Fig. 2b and c shows that maximum luminance and lumi-
nous efficiency can be increased to 3700 cd/m2 from
170 cd/m2 and to 0.27 cd/A from 0.09 cd/A, respectively,
by fabricating the ITOLED by the transfer method. There
are two main reasons for the drastic improvement in the
device performance. One has to do with a proper way of
inserting the LiF layer. The other is related to the stability
of the interface between Au and NPB.

To demonstrate the importance of deposition sequence,
which is related to the two reasons for the improvement,
we fabricated two TOLEDs (Al/Alq3/NPB/Au and Al/LiF/
Alq3/NPB/Au) and two BOLEDs (Au/NPB/Alq3/Al and
Au/NPB/Alq3/LiF/Al) and examined the current density–
voltage characteristics of the devices. No device transfer
was involved. As shown in Fig. 3, there is no difference be-
tween the two TOLEDs in the device characteristics, even
though an LiF layer is inserted between Al and Alq3, because
of the deposition sequence (Al/LiF/Alq3). It is well known
that the release of Li by dissociation of LiF during the depo-
sition of Al cathode and its subsequent reaction with the
underlying Alq3 layer to form Alq�3 anions are responsible
for the improvement in the device performance [22,23].
Such reaction results in an enhancement of electron injec-
tion due to the formation of a thin n-doped Alq3 layer. In
the deposition sequence of Al/LiF/Alq3 for the TOLED, no
such reaction can take place. As shown in Fig. 3 with two
BOLEDs, the proper deposition sequence of Alq3/LiF/Al
(dark triangle) does result in a significant improvement in
the device performance over the device without LiF (open
triangle). Note in this regard that the deposition sequence



Fig. 2. Characteristics of ITOLEDs fabricated by conventional method
(circle) and whole device transfer method (triangle). (a) Current density–
voltage, (b) luminance–current density, and (c) luminous efficiency–
voltage.

Fig. 3. Current density–voltage characteristics of the devices with four
different structures of Al/Alq3/NPB/Au (open circle, TOLED), Al/LiF/Alq3/
NPB/Au (closed circle, TOLED), Au/NPB/Alq3/Al (open triangle, BOLED),
and Au/NPB/Alq3/LiF/Al (closed triangle, BOLED).

Fig. 4. Image of green light-emitting ITOLED pixel fabricated on a flexible
substrate by whole device transfer method. (For interpretation of the
references in color in this figure legend, the reader is referred to the web
version of this article.)
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is Alq3/LiF/Al when ITOLED is fabricated by the transfer
method.

Earlier studies on the interface between Au and NPB re-
vealed [9,10] that the metal deposited on NPB penetrates
the organic layer and the metal clusters interdiffuse during
the metal deposition, which results in deteriorated device
performance. In the fabrication by device transfer, how-
ever, NPB is deposited onto an existing gold layer, thereby
avoiding the interface problem. The improvement thus
realized is clear in Fig. 3 where the TOLED without LiF
(open circle) is compared against the BOLED without LiF
(open triangle). Similar improvement could be realized
with transparent indium tin oxide (ITO), although Au was
used in this work.

Another distinct advantage the device transfer method
offers is that flexible substrates are not damaged, whereas
they can be during metal deposition by thermal evapora-
tion in the conventional fabrication, which makes the
method more suitable for flexible applications. Shown in
Fig. 4 is a green ITOLED pixel fabricated on flexible PET
by whole device transfer method.

In summary, a fabrication method for top-emitting OLED
(TOLED) has been presented that takes full advantage that
traditional bottom-emitting OLED can offer. The perfor-
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mance of the inverted TOLED thus fabricated has been found
to be as good as that of BOLED, which has been optimized in
numerous studies over a long period of time. The whole de-
vice transfer that is involved in the fabrication allows for
electrode engineering, which is otherwise not possible for
fabricating ITOLED. The method also allows fabrication of
ITOLED on flexible substrates without damage.
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Two principal routes exist for the fabrication of mono-
lithically integrated electronic circuits on arbitrarily
shaped surfaces. One involves the patterning of circuits
on a flat substrate, followed by deformation into its final
shape [5]. This approach allows for the use of well-estab-
lished patterning techniques prior to substrate deforma-
tion. Excessive strain during the deformation process
may, however, cause damage to the various device layers,
limiting its applicability to a narrow class of materials,
and to surfaces with only limited deformation [5]. An alter-
native approach involves patterning directly on a pre-
shaped substrate, such that the circuits are not subject to
deformation-induced strain. This latter route is attractive
because it allows for the realization of high performance
devices over a nearly unlimited range of surface geome-
tries. However, it presumes the availability of reliable pat-
terning techniques for three-dimensional (3D) surfaces.
Although various techniques for the generation of textured
or patterned 3D surfaces have been reported [6–11], none
have been used for the full realization of conformal elec-
tronics on nonplanar substrates. A combination of these
two approaches includes partial fabrication of the circuit
on a flat surface, followed by moderate deformation into
its final 3D shape, at which point the fabrication is com-
pleted [12]. This typically employs wet chemical process-
ing and conventional photolithography that are
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Fig. 1. (a) Schematic of the hemispherical organic photodetector focal plane a
produces an image of the object on the spherical focal plane, where an array of p
FPAs, but are not employed in our work. (b) Photograph of a completed hemisp
1 cm radius plastic hemisphere fabricated following the process in Fig. 1c. (c) Pro
plastic substrate, coated initially with a metal strike layer, is placed in proximity
aluminum mold. (c-II) The vacuum holding the PDMS stamp is released, allowing
are formed between metal patterns on the stamp and strike layer on the plast
application of vacuum, leaving behind the metal patterns on the hemisphere.
incompatible with a range of semiconductor materials
and substrates.

Here, we demonstrate a material transfer technique
employing elastomeric stamps and cold welding [13–15]
that allows for the definition of unstrained metallic pat-
terns directly on top of curved surfaces covered with or-
ganic semiconductor materials. This allows for the
fabrication of an organic, passive matrix focal plane array
(FPA) on top of a 1.0 cm radius plastic hemisphere, de-
picted schematically in Fig. 1a. In contrast to similar, previ-
ously reported direct 3D material transfer methods [11,16–
19], our technique is compatible with the realization of
high performance monolithically integrated circuits com-
posed of organic optoelectronic devices on arbitrarily de-
formed substrates, requiring no wet chemistry or high
processing temperatures.

The passive matrix FPA consists of two perpendicular
electrode stripe arrays placed above and below continuous
layers of organic semiconductor materials forming the ac-
tive photodetection regions. Individual photodetectors are
defined at crossings of the upper and lower stripes, where
device readout is realized by probing the appropriate row
and column electrodes. Fig. 1b shows an example of a com-
pleted hemispherical FPA consisting of (500 lm)2 copper
phthalocyananine (CuPc)/C60 based double heterojunction
photodiodes.
e 
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rray (FPA) and its incorporation into a simple imaging system. The lens
hotodiodes has been defined. The readout circuits are commonly used in

herical focal plane with a 11 � 13 array of (500 lm)2 photodetectors on a
cess sequence for fabricating a hemispherical FPA. (c-I) The hemispherical
to a patterned PDMS stamp of the same shape, deformed by vacuum in an
the stamp to snap into contact with the substrate surface. Metallic bonds
ic dome. (c-III) The PDMS stamp is separated from the substrate by re-
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The fabrication process of the FPA shown schematically
in Fig. 1c proceeds as follows: A flat and transparent, gly-
col-modified polyethylene terephthalate (PETg) sheet is
drawn by vacuum into a shaped Al mold, while being
heated to 140 �C above its softening temperature. The
mold is then cooled to freeze the substrate shape. Next, a
2 nm Cr adhesion layer, and a 6 nm Au strike layer are
thermally deposited onto the outer surface of the hemi-
sphere in vacuum.

A flat PDMS stamp with an array of raised ridges that
corresponds to the positions of the metal columns on the
FPA is fabricated using a pre-etched Si ‘‘master” consisting
of an array of parallel, 40 lm or 500 lm wide by 15 lm
high ridges, each separated by a distance equal to their
widths [14–15]. Masters composed of a rigid material such
as Si were patterned with lines of 40 lm feature size using
conventional photolithography. A curing agent and PDMS
prepolymer were thoroughly mixed at a 1:7 weight ratio,
followed by degassing for 1 h to remove all air bubbles
and to ensure complete mixing. The prepolymer is then
poured onto the Si master and cured at 100 �C for 1 h to
form a stamp with duplicated patterns from the master.

The stamp is coated with a 10 nm thick Au layer by vac-
uum thermal evaporation, and then is also deformed into a
hemispherical shape by applying vacuum to its flat surface,
using the same mold as before. The spherical substrate is
placed onto the mold in close proximity to the deformed
PDMS stamp. The vacuum is then released, causing the
PDMS stamp to ‘‘snap” back onto the substrate, conformal-
PD

me
stri

carbon tape

1mm

1.7cm

a

b
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e

Fig. 2. (a) Optical microscope image of a 500 lm wide, cm-long and 10 nm thick
(b) Scanning electron microscope image of an array of 40 lm wide metal stripe
stripe patterns at the edge of the substrate results from the PDMS stamp deforma
a metal stripe patterned via the direct material transfer illustrated in Fig. 1c, be
adhesive layer on PDMS after deforming into a 1 cm radius hemisphere. Cracki
increased adhesion between metal film and PDMS. (e) Microscope image showi
substrate, followed by deformation to the same degree as in (c) and (d).
ly contacting its surface, as shown in Fig. 1c. A bond is
thereby formed between the metal-coated ridges on the
stamp and the strike layer. The PDMS stamp is parted from
the substrate through re-application of the vacuum, leav-
ing behind the metal stripes. The strike layer is then re-
moved by sputtering in a 30 sccm, 20 Torr and 100 W
Argon plasma etching for 2 min.

Following the transfer of the bottom (anode) electrode
rows, organic semiconductor layers forming the diode ac-
tive region are evaporated across the full surface of the
hemisphere. The double heterojunction photodetectors
consisted of a 50 nm thick CuPc donor layer, a 50 nm thick
C60 acceptor layer, a 10 nm thick bathocuproine (BCP) exci-
ton blocking layer, and a 6 nm thick Ag strike layer grown
sequentially by vacuum thermal evaporation. Finally, the
top array of 20 nm thick Ag cathode columns are applied
by a second, similar stamping process oriented perpendic-
ularly to the first array of metal rows. The strike layer and
the underlying organic semiconductors where then once
again by exposure to an Ar plasma.

Using this process, Au or Ag stripes of thicknesses of up
to 20 nm were transferred onto a 1 cm-radius hemisphere
(Fig. 2a and b). Transfer of thicker metals proved to be dif-
ficult, possibly due to wrinkling of the PDMS stamp during
metal deposition [21].

Fig. 2a shows an array of 10 nm thick, 500 lm wide Au
stripes transferred onto a PETg hemisphere. A sheet resis-
tance of 7 X/h for 10 nm Au was estimated from measure-
ments made between several points along the metal
20umMS

Au/Cr after deformation

100um
50um

organicsmetal
contact

20um

Au transferred via 
a 3D stamp

tal
ke layer

Au stripe array on a PETg hemisphere produced with the process in Fig. 1c.
s patterned on a hemispherically shaped substrate. The distortion of the

tion illustrated in Fig. 1c. (c) Optical microscope image showing the edge of
fore Ar plasma etch. (d) Microscope image of Au film with a 20 Å Cr as an
ng is apparent after same strain is applied as compared to Fig. 2c due to
ng cracks on both metal and organic layers predeposited on a flat plastic
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stripes. This corresponds to 7 � 10�6 X cm, consistent with
that of conventional Au thin films. Since the strike layer
thickness is the same as that of the transferred lines, signif-
icant fracturing of the transferred metal would lead to dis-
continuous electrodes created during the Ar etch, which is
clearly not observed.

In Fig. 2b, we show a distortion of 40 lm wide stripe
patterns along the edge of the interconnect array due to
3D deformation of the parallel stripes on the planar stamp.
If desired, this distortion can be corrected by modifications
to the stamp pattern. The edge features of the 40 lm metal
stripes have a roughness of 1–2 lm, suggesting that pat-
tern resolutions <10 lm are achievable.

The strain introduced on the PDMS stamp (or plastic
substrate) during deformation is a function of the radius
of curvature [6]. The average strain for a full hemisphere
as demonstrated here, is approximately 20%, being slightly
higher at the apex than at the rim. Given that free-standing
metal films fracture at strains of only a few percent [22–
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Fig. 3. (a) Current density–voltage characteristics for an individual (40 lm)2 o
forward bias was fit (solid line) using the modified Shockley equation, J = Js�exp[(
saturation current density Js = (60 ± 2) lA cm�2 and n0 = 3.49 ± 0.03 are used. Not
of several diodes in the passive matrix array, and is thus affected by the sum of
hemispherical array, showing a response time of 20 ± 2 ns. (b) Total dark current
40 lm detector (closed circles) in a 100 � 100 focal plane array. The reverse bia
shown for comparison. (c) External quantum efficiency of a transferred detecto
substrate with and without a 100 Å patterned Au anode array.
23], the high quality metal pattern transfer suggests that
significant shear slip occurs at the metal/PDMS interface
during stamp deformation, due to the weak adhesion at
the Au/PDMS interface. As shown in Fig. 2c, 10 nm thick
Au stripe transferred by a 3D stamp shows no metal crack-
ing. If the adhesion between metal film and PDMS is en-
hanced, for example, by inserting a 2 nm thick Cr
adhesive layer (Fig. 2d), the metal film can not be trans-
ferred and cracks under the same amount of strain as in
Fig. 2c [23]. In Fig. 2e, we show that metal contacts depos-
ited onto plastic substrates prior to deformation also leads
to significant cracking of both organic and metallic layers
due to the strong metal/PETg bond that inhibits shear-in-
duced slip.

Following the transfer of the bottom (anode) electrode
rows, organic semiconductor layers forming the double
heterojunction copper phthalocyanine (CuPc)/C60 diode
[20] active region are evaporated across the full surface
of the hemisphere, followed by deposition of a 10 nm thick
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Fig. 4. Photocurrent density vs. input power density of a (200 lm)2

photodetector in a 20 � 20 array under various biases. Linear fits at each
bias are shown as solid lines. The dynamic range, determined by the 1 dB
compression point and minimum detectable power level, is approxi-
mately 20 dB, giving a 7-bit resolution. Inset: Gray scale image of a
rectangular illuminated area on the hemispherical FPA, corresponding to
a 2 � 3 block of photodetectors. Photocurrents of all pixels in a 7 � 7
block containing the illuminated block are depicted, showing high
contrast obtained between illuminated and unilluminated pixels. Illumi-
nation was provided by a 633 nm laser beam.
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Ag strike layer. Finally, the top array of 20 nm thick Ag
cathode columns are applied by a second, similar stamping
process oriented perpendicularly to the first array of metal
rows.

Electrical characterization of individual pixels was per-
formed on the 100 � 100 array of (40 lm)2 photodetectors
fabricated on a 1 cm radius hemispherical substrate. Pho-
todetector dark currents measured along a row or column
yielded a total current density of 530 ± 20 lA cm�2 at �1 V
(Fig. 3a), which is approximately 100 times greater than for
an individual diode. The dark current density for an iso-
lated device is thus less than or equal to 5.3 ± 0.2 lA cm�2,
which is comparable to that measured for an analogous,
1 mm-diameter control device on a flat glass/ITO substrate,
as shown in of Fig. 3b.

The external quantum efficiency, shown in Fig. 3c, is
>10% for wavelengths between k = 480 nm to 740 nm,
peaking at 12.6 ± 0.3% at k = 640 nm. As shown in Fig. 3d,
transmission through the 10 nm thick Au layer on PETg is
60% at k = 640 nm, leading to a decrease of external quan-
tum efficiency compared to previously reported CuPc/C60/
BCP double heterojunction photodetectors [20]. Given the
reflection from the metal cathode, absorption of both me-
tal contacts, and a calculated absorption of the organic do-
nor/acceptor layers of 40% at k = 640 nm [24], the internal
quantum efficiency is approximately 30%. This is lower
than previously reported [24] due to the thick CuPc layer
used to reduce the possibility of electrical shorts between
top and bottom electrodes. This, in turn, reduces the exci-
ton diffusion efficiency, and hence the internal quantum
efficiency.

The photodetector noise performance may be evaluated
by determination of the detectivity D* = (ADf)1/2/NEP,
where A is the detector area, Df is the bandwidth, and
NEP is the noise equivalent power [25]. In our case, shot
noise limited detection at �1 V gives, NEP = (2qID)1/2/R(k),
where q is the electronic charge, ID is the dark current,
and R(k) is the detector responsivity. At k = 640 nm, we
obtain R = 0.065 AW�1. In this case, D* = 5 � 1010 cm
Hz1/2 W�1 in a 1 Hz bandwidth, which is approximately
ten times less than that of a Si photodiode [26].

The current density vs. voltage characteristics of 100
pixels were measured over four different regions on the
1 cm hemisphere. None of the 100 devices was found to
be electrically shorted. Indeed, devices in the center and
near the edge of the matrix show less than 10% variation
in average dark current, possibly due to variations in layer
thickness across the hemispherical surface. This residual
non-uniformity can be minimized by substrate rotation
during material deposition. Among all devices, 97% have
dark current densities <20 lA cm�2 at �1 V.

The temporal response of a photodetector in the array
to an optical pulse shown in the inset of Fig. 3a, was
(20 ± 2) ns. The response was characterized by illumina-
tion with a 5 Hz train of 700 ps full width at have maxi-
mum (FWHM) pulses at k = 475 nm from a dye pumped
with a N2 laser. The average optical power was
0.29 ± 0.02 lJ over a 5 mm diameter illuminated spot.
The response is limited by the detector resistance and
capacitance, where a series resistance of approximately
20 kX, is estimated from the forward-biased current den-
sity vs. voltage characteristic in Fig. 3a (solid line), and
the capacitance measured at 10 kHz was 1.31 ± 0.01 pF.
The response time is compatible with pixel readout rates
of �107 pixels/s, which translates into a frame readout rate
in excess of the 30 frames per second video standard for a
640 � 480 pixel array. Real-time imaging applications are
thus achievable with this architecture.

To demonstrate the imaging capabilities of hemispher-
ical FPAs, we fabricated a 20 � 20 array of (200 lm)2 pixels
spaced by 300 lm on a 1 cm radius hemisphere, a configu-
ration that facilitated probing and readout. The detector
dynamic range was extracted by measuring the photocur-
rent of a single device under different illumination levels at
k = 633 nm and three different bias voltages, as shown
Fig. 4. Fits to the data are shown as solid lines, indicating
approximately linear photocurrent variation with optical
power in the range of 2 to 200 lW cm�2. Photocurrent
compression with respect to the linear fits is observed at
high optical powers, while at very low optical powers,
the photocurrent is noise limited, evidenced by the error
bars. Note that the increasing y-axis intercept with increas-
ing reverse bias corresponds to a larger responsivity. The
dynamic range (DR) is defined as 10log(P1/P0), where P1

is the optical power for 1 dB photocurrent compression
at high intensities, and P0 is the lowest detectable optical
power. For 0 V bias, DR = 20 dB, corresponding to a 7-bit
gray-scale. At higher reverse bias, the 1 dB compression
point exceeds the highest input power while P0 remains
the same. The increased linearity, therefore, leads to an in-
creased DR due to the space charge field that sweeps out
more free carriers at high intensity.

To demonstrate imaging capabilities, a rectangular, a
1.3 � 0.8 mm2 aperture placed in proximity to the hemi-
spherical center line, was illuminated at k = 633 nm at
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120 lW cm�2. The illuminated area included a 2 � 3 pixel
block and portions of the immediately adjacent pixels.
Photocurrents from pixels within a 7 � 7 block including
the illuminated area were measured and used to generate
the 7-bit gray scale image in Fig. 4, inset. The dashed rect-
angle illustrates the approximate extent of the illuminated
area. A contrast of 99% exists between the highest and low-
est pixel photocurrents located, respectively, at the center
and periphery of the block. A photocurrent non-uniformity
of 13% is observed among pixels in the high-illumination
2 � 3 pixel block, excluding the pixel at position (5,5). Gray
levels at partially illuminated pixels on the periphery of
the rectangle exhibit a minimum contrast of 71% with re-
spect to the maximum photocurrent. The observed non-
uniformities are due to imperfections in the imaging sys-
tem, light leakage, scattering from metal contact surfaces,
and slight variations in the individual pixel characteristics.
Given low carrier mobility of vacuum-deposited organic
semiconductor materials, low pixel electrical crosstalk is
expected in this passive architecture.

In summary, we have demonstrated a direct material
transfer technique that is adaptable to surfaces of arbitrary
3D shape. The technique avoids introduction of excessive
strain into heterogeneous material layers, thus allowing
for the fabrication of high performance organic electronic
devices with micrometer scale dimensions on curved sur-
faces with radii 1 cm or less. The technique was applied
to the fabrication of a lightweight and compact hemispher-
ical FPA. Another interesting yet challenging application is
the use of curved FPAs as retinal prostheses to replace pho-
toreceptor cell layers that have degenerated and lost sen-
sation to different shades of light.
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Fig. 1. Schematic diagrams depicting device structures A through D
described in the text. In devices B, C, and D, red emissive fluorescent dye-
doped sensor layers (5 nm) are placed in the devices to reflect exciton
diffusion. In device C, a thin organic layer (1.5 nm) with wide energy gap
is placed underneath the sensor layer, which functions as an exciton
blocking layer but does not impede hole reaching the sensor layer, if any.

Fig. 2. Normalized EL spectra of device A operated under a DC current
density of 25 mA/cm2, at temperatures of 21, 40, and 60 �C.

Fig. 3. (a) Normalized EL spectra of device B operated under a DC current
density of 25 mA/cm2, at temperatures of 21, 45, and 65 �C and (b)
normalized EL spectra of device C under the same conditions.

Y. Luo et al. / Organic Electronics 9 (2008) 1128–1131 1129
behavior. In these devices, indium–tin-oxide (ITO) is em-
ployed as anode, Mg:Ag is used for cathode, and N,N0-
di(naphthalene-1-yl)-N,N0-diphenyl-benzidine (NPB) is uti-
lized for forming the hole transport layer (HTL). The only dif-
ference among these devices is the emitting/electron
transport layer (EML). In device structure A, a pure Alq3 layer
constitutes the entire EML. In device structure B, the EML
consists of a fluorescent dye-doped sensor layer sandwiched
between two pure Alq3 layers, where the dopant is 2.0 vol.%
4-[dicyanomethylene]-2-t-butyl-6-(1,1,7,7-tetramethylju-
lolidyl-9-enyl)-4H-pyran (DCJTB). Device structure C is very
similar to structure B, except that a thin exciton blocking
layer (EBL) made of 2-tert-butyl-9,10-di-beta-naphthylan-
thracene (TBADN) is inserted in between the lower Alq3

layer and the sensor layer. Device structure D is also similar
to structure B, but the sensor layer in this case is located at
the NPB/Alq3 interface. Details of device fabrications and
luminescence measurements are as described in our previ-
ous reports [5,7].

Fig. 2 shows the normalized EL spectra of device A oper-
ated under a DC current density of 25 mA/cm2, at the tem-
peratures of 21, 40 and 60 �C, respectively. As the
temperature increases, the EL intensity of the device de-
creases dramatically. This observation is consistent with
those of other researchers [8,9] and attributed to increased
exciton diffusion at elevated temperatures. As was men-
tioned earlier, however, the exciton diffusion model still
lacks convincing experimental verification, which is the
objective of the work presented in this paper.



Fig. 4. Normalized EL spectra of device D operated under a DC current
density of 25 mA/cm2, at temperatures of 21, 35, 52, and 69 �C.
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Fig. 3a shows the normalized EL spectra of device B
operated under a DC current density of 25 mA/cm2, at tem-
peratures of 21, 45 and 65 �C. There are two peaks in the
spectra, where the one at 540 nm is due to the emission
of the lower Alq3 layer, and the one at 625 nm results from
the red emissive sensor layer. With rising temperatures,
the green portion of the spectra decreases, while the red
portion of the spectra increases. In principle, there are
two plausible explanations for this behavior of EL spectra
with rising temperatures. The first one could be due to
the drifting of charge recombination zone toward the sen-
sor layer. In fact, this could be true when more and more
holes cross the lower Alq3 layer without recombination
and reach the sensor layer at elevated temperatures. The
second is based on the assumption that the majority of
excitons are initially being formed at NPB/Alq3 interface
[6], but diffuse further toward the sensor layer before
relaxation. As temperature increases, exciton diffusion
length increases [1], which increases the number of exci-
tons reaching the sensor layer, resulting in not only a de-
crease in the population of excitons relaxing inside the
green emission zone but also an increase in their popula-
tion in the red emitting sensor layer.

To verify which of the above explanations is true, we
measured the EL spectra of device C at temperatures of
21, 45 and 65 �C. In this device, a thin (1.5 nm) exciton
blocking layer (EBL), formed with a blue emitter (TBADN)
is located underneath the sensor layer, thus prevents exci-
tons from reaching the sensor layer. The purpose of using
TBADN as EBL is twofold: (i) TBADN has a significantly lar-
ger energy bandgap than Alq3, and thus effectively confines
excitons inside the lower Alq3 layer [5,10] and (ii) TBADN
is a bi-polar material with a HOMO level close to that of
Alq3 [11–13], and, as such, will not substantially impede
any holes from reaching the sensor layer, especially in view
of its limited thickness (1.5 nm) which would also facilitate
tunneling. Our measurements (data not shown here) show
that the driving voltage at 25 mA/cm2 in case of device C is
7.3 V, and is only �0.2 V higher than in case of device B, in-
deed proving the validity of the second argument. In this
case, we expect that the population of excitons reaching
the red sensor layer of this device to be substantially re-
duced in comparison to the one without the EBL (device
B), but the number of holes reaching the sensor layers of
these two devices remain predominantly unchanged. To
this end, if the change in EL spectra of device B with tem-
perature is indeed induced by shifts in the emission zone
as the result of the increased number of holes reaching
the sensor layer, we should still be able to observe the
same effect in device C. However, as shown in Fig. 3b,
the red portion of the spectra almost completely disap-
pears in device C, for all temperatures. This result strongly
suggests that the change in EL spectra of device B with
temperature (Fig. 3a) is the result of increased number of
excitons reaching the sensor layer by thermally activated
diffusion at the higher temperatures, rather than the shift
of the charge recombination zones. In other words, it dem-
onstrates that exciton diffusion increases with rising
temperature.

Based on the above result alone, however, it is still not
possible to make a definitive conclusion that the reduced
EL intensity at elevated temperatures (Fig. 2) is indeed in-
duced by the increased exciton diffusion. A possible argu-
ment to contradict this conclusion would be that the
reduced EL could be derived from changes in magnitude
of charge injection efficiency from the contacts at the high-
er temperatures, leading to a subsequent deterioration in
charge balance. In order to further resolve this, we doped
the Alq3 layer adjacent to the NPB/Alq3 interface with
2 vol.% DCJTB red emissive fluorescent dye (device D). In
this device, the DCJTB doped layer is very thin in compar-
ison to the total thickness of Alq3, and thus we can assume
that the charge injection characteristics in device D remain
essentially unaltered from those in the undoped device
(device A). Therefore, if the deterioration of charge balance
is the main cause for the reduced EL intensity at higher
temperatures of device A, we should be able to observe a
similar result in device D. As shown in Fig. 4, however, de-
vice D illustrates an opposite temperature-dependence as
compared to that of device A (Fig. 2), where increasing
temperature leads to an increase in EL intensity, revealing
that it is the increased exciton diffusion, rather than the
possibly deteriorated charge balance, that is responsible
for the reduced EL intensity of device A at higher
temperatures.

Generally, exciton diffusion may reduce luminescence
efficiency through two means: (i) exciton–exciton annihi-
lation [14] and (ii) exciton quenching via randomly distrib-
uted nonradiative recombination sites [1,3]. In case of PL,
exciton–exciton annihilation should not be a dominant
factor since the exciton density is usually low, and thereby
only the randomly distributed nonradiative recombination
sites play an important role in quenching excitons during
thermally activated diffusion. In case of EL, however, the
exciton density is usually several orders of magnitudes
higher, and thus both scenarios could be responsible for
the reduced EL intensity at higher temperatures. We have
compared the effect of temperatures on the efficiency of
EL and PL for device A, and found that the temperature-
dependence of EL is stronger than that of PL. This result
is in agreement with the expectation that exciton–exciton
annihilation process is different in EL and PL.



Fig. 5. Current density versus voltage (J–V) characteristics of device A, at
temperatures of 24, 45, and 60 �C.
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At the moment, it is still not clear what causes the in-
crease in EL efficiency with increasing temperatures of
the doped devices (Fig. 4). We plausibly attribute this
observation to the combined effects of (i) limited exciton
diffusion in fluorescent dye-doped systems and (ii) en-
hanced charge balance as a result of increased electron
injection at the cathode contact at higher temperatures.
As shown in device D, although only a thin layer of EML
is doped with red emissive dye, it shows predominantly
red emission, indicating that exciton diffusion of this de-
vice is in fact effectively limited by the doped molecules.
In regards to the charge balance of a device that employs
ITO as an anode and Mg:Ag as a cathode, injection of holes
is usually easier, thus making electron injection the limit-
ing factor [15]. So the possible enhancement in charge bal-
ance of this device at higher temperatures could originate
from a significantly increased electron injection, evident in
the shift in current density versus voltage (J–V) character-
istics of the devices to higher currents as temperature in-
creases (Fig. 5). In contrast, for the undoped device
(device A) similar increase in charge balance as a result
of heating may be over compensated for by significant in-
creases in exciton diffusion, resulting in a net reduction in
EL efficiency at higher temperatures (Fig. 2).

Another important issue is whether the reduced EL
intensity at elevated temperatures (Fig. 2) is also due to
cathode induced exciton quenching, since more excitons
may diffuse toward the cathode at higher temperatures.
In device C, excitons are effectively confined in the lower
Alq3 layers by the EBL, but we still observed a significant
decrease in EL efficiency with increasing temperatures
(Fig. 3b). This result suggests that the reduced EL intensity
at elevated temperatures should not be the consequence of
cathode induced exciton quenching, but rather the result
of quenching phenomena in the bulk of the undoped emit-
ting layer [5].

In summary, our experimental results strongly support
a temperature-induced exciton diffusion model. In this
model, the reduced EL efficiency at higher temperatures
of an undoped device is attributed to the increased exciton
diffusion, which leads to an intensified exciton–exciton
annihilation and exciton quenching by randomly distrib-
uted nonradiative sites. For a fluorescent dye-doped de-
vice, however, the EL efficiency increases with rising
temperatures. The major reason behind this discrepancy
between doped and undoped devices is that excitons are
effectively localized onto the doped molecules in the
doped devices, which prevents excitons from being
quenched during thermally activated diffusion.
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stable than Al. From the other view point of optical proper-
ties, the skin depth of Ag (�13 nm) is longer than that of Al
(�7 nm) in the visible range. As a result, a thicker Ag film
can be deposited to reduce the sheet resistance without
compromising the light transmittance. In addition, the
thicker Ag film can also provide more effective protection
of the polymer films from the damage caused by ITO
sputtering.

The devices were fabricated on patterned indium tin
oxide (ITO)-glass substrates. After cleaning, the ITO glass
was dried in an oven and then treated with UV-ozone. By
spin coating, the substrates were covered with a thin layer
of poly(3,4-ethylenedioxythiophene):poly(styrenesulfo-
nate) (PEDOT:PSS), and were subsequently baked at
120 �C for 1 h. The active layer, consisting of poly(3-hexyl
thiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) dissolved in 1,2-dichlorobenzene
(DCB) with a weight ratio of 1:1, was spin-coated on the
top of PEDOT:PSS. The polymer blend was thermally an-
nealed at 110 �C for 15 min. To complete the device, an ul-
tra-thin interlayer of Cs2CO3 (�1 nm) and Ag were
thermally evaporated under a vacuum of �6 � 10�6 torr,
sequentially, and finally capped by rf sputtered ITO. The
ITO sputtering was conducted at a power of 50 W under
Ar atmosphere (3 � 10�3 torr). The optimization of the
thicknesses of Ag and ITO is quite crucial, since there was
a trade-off between the sheet resistance and the transmit-
tance of the electrode. After trying various thicknesses of
Ag and ITO, it was found that the optimum thicknesses
for Ag and ITO were 7 nm and 100 nm, respectively. In or-
der to reduce the sheet resistance of the transparent cath-
ode, a 60-nm thick Al counter-electrode (CE) grid was
incorporated by thermal evaporation. The areas of the CE
grid and the overall device defined through various sha-
dow masks were 0.6 mm2 (0.12 mm�5 mm) and 12 mm2

(2 mm�6 mm), respectively. The detailed schematic illus-
tration for the device structure is presented in Fig. 1. For
some devices, the thermal post-annealing at 140 �C for
5 min was further performed in the glove box. The current
density–voltage (J–V) characteristics of the devices were
measured utilizing a Keithley 2400 source-measure unit.
The photocurrent was obtained under illumination from
Fig. 1. (a) Device structure of the transparent polymer solar cells
incorporating the Al counter-electrode (CE) grid in this study. (b) Detailed
schematic illustration for the Al CE grid.
a 150 W Thermal Oriel solar simulator (AM 1.5G). The illu-
mination intensity was calibrated using a standard Si pho-
todiode with a KG-5 filter (Hamamatsu, Inc.) [16]. The
transmittance of the transparent cathode was measured
using a Perkin Elmer Lamda 950 ultraviolet/visible/near
infrared spectrometer.

Fig. 2 shows the J–V characteristics of the polymer solar
cells under illumination in this work. The open-circuit
voltage (Voc), short-circuit current density (Jsc) and fill
factor (FF) of the as-made semi-transparent OPV (Device
I) with a structure of ITO/PEDOT:PSS/P3HT:PCBM/Cs2CO3/
Ag(7 nm)/ITO(100 nm) were 0.45 V, 3.72 mA/cm2, and
23.24%, respectively, resulting in a PCE of 0.39%. The poor
performance of the semi-transparent device was probably
due to the physical damage of the polymer blends caused
by ITO sputtering as well as the relatively high sheet resis-
tance of the cathode (Ag/ITO). Nevertheless, after Device I
was post-annealed at 140 �C for 5 min, the device perfor-
mance was dramatically improved (Device II in Fig. 2). In
fact, post-annealing has been proposed to enhance the de-
vice performance of OPVs by several research groups
[3,17–19]. Since no obvious variation in absorption was
observed after the post-annealing treatment, we also attri-
bute the enhanced PCE to the improvement of the organ-
ics/cathode interface as well as the increased charge
mobility [3,17–19].

To understand the nature of charge transport in OPVs,
the Jsc dependence on the incident light intensity (Pin)
was further studied. Fig. 3a clearly shows that the Jsc fol-
lowed a power-law dependence, Jsc / (Pin)s. After the
post-annealing treatment, the exponential factor (s) de-
duced from the linear fit to the experimental data rose
from 0.71 to 0.86. However, this value is still a little lower
than that of the device with Cs2CO3/Ag(100 nm) cathode
(s = 0.95, not shown here). This is probably due to the rel-
atively higher sheet resistance of the cathode (Ag/ITO). In
Fig. 2. J–V characteristics of semi-transparent polymer solar cells in this
study under 100 mW/cm2 illumination (AM 1.5G). Device I: the as-made
device (d); Device II: Device I with post-annealing treatment (N); Device
III: Device II incorporating an Al CE grid (�); Device IV: Device III with an
Ag mirror underneath when illuminating (j). Note that the photoactive
layers for all the devices were thermally annealed at 110 �C for 15 min
and post-annealing was performed at 140 �C for 5 min for Device II, III,
and IV.



Fig. 3. (a) Short-circuit current density (Jsc), and (b) power conversion
efficiency (PCE) as a function of incident light intensity (Pin).

Fig. 4. The incident photo-to-electron conversion efficiency (IPCE) curves.

Table 1
The photovoltaic characteristics of the polymer solar cells in this study

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

Device I 0.45 3.72 23.24 0.39
Device II 0.55 6.66 33.50 1.23
Device III 0.57 7.93 46.24 2.09
Device IV 0.59 10.50 45.68 2.83

Fig. 5. The transmittance spectrum of the Cs2CO3/Ag(7 nm)/ITO(100 nm)
transparent cathode and the simulated transmittance spectrum of
transparent cathode with a 5% Al CE grid. The inset shows the picture
of the semi-transparent device.
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order to overcome this problem, an Al counter-electrode
(CE) grid with 5% shadow fraction was utilized to reduce
the sheet resistance of the cathode. After incorporating
the CE grid (Device III), the FF of the semi-transparent
OPV was notably improved, yielding a PCE of 2.09% (Device
III in Fig. 2). Furthermore, the exponential factor was also
raised to 0.94, indicating the absence of space charges in
the devices [20,21]. This assumption can be further con-
firmed from the dependence of the efficiency on the illumi-
nation intensity (Fig. 3b). Unlike Device I or Device II,
which showed a negative correlation once the intensity
was larger than 30 mW/cm2, Device III exhibited rather
stable efficiencies at higher intensities. The incident
photo-to-electron conversion efficiency (IPCE) curves for
the four devices are also depicted in Fig. 4. Device III, as ex-
pected, exhibited higher IPCE than Device I or II. It is worth
noticing that the PCE of Device III can be further improved
to 2.83% by placing an Ag mirror behind the device while
illuminating (Device IV). The improved PCE is believed to
be attributed to the reduced photo loss through the trans-
parent cathode. This somehow explained why the semi-
transparent OPVs are typically inferior to conventional de-
vices with thick metals as the cathodes. All the photovol-
taic characteristics are summarized in Table 1.

Fig. 5 displays the transmittance spectrum of the
Cs2CO3/Ag(7 nm)/ITO(100 nm) transparent cathode. As
shown in Fig. 5, the transparent cathode exhibited high
transmittance (�70%) in the visible regime. Further, we
noted that the incorporation of a 5% CE grid did not signif-
icantly diminish the transparency. Assuming that the CE
grid is completely opaque, the simulated transmittance
spectrum for the transparent cathode with an Al CE grid
(Tsimu.) can be obtained by the following relationship:
Tsimu. = Tmea. � (1 � ss), where ss is the area fraction of the
CE grid (ss = 0.05 in our case). As a consequence, with the
help of the CE grid, the PCE of semi-transparent OPVs can
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be significantly enhanced without dramatically sacrificing
the overall transmittance. This is of much importance for
some applications, such as stacked cells or tandem cells.

In conclusion, we demonstrated semi-transparent poly-
mer solar cells comprising a Cs2CO3/Ag/ITO structure as the
transparent cathode. We also found that the device perfor-
mance of the semi-transparent OPVs can be significantly
improved through the post-annealing treatment. Further,
with the help of the Al CE grid, the semi-transparent OPV
exhibited a power conversion efficiency of 2.09%.
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nanostructures and metal-like conductivities, conducting
polymers, nanotubes, and nanofibers have attracted much
attention for their potential applications in nanodevices
[14].

In this study, we synthesized acid-doped [15] PANI
nanotubes (a-PANINs) for use as the interfacial layer in
P3HT:[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)-
based polymer bulk heterojunction solar cells to collect
holes efficiently from the active layer and transport them
to the buffer layer under the internal electric fields of the
fabricated ITO/buffer/a-PANINs/P3HT:PCBM/Al devices.
Regioregular P3HT with 98% HT–HT coupling and PCBM
(99.5% purity) were obtained from Aldrich Co. A solution
of n-dodecylbenzenesulfonic acid (DBSA) (3 g) and ammo-
nium persulfate (6 g) in de-ionized water (30 mL) was
mixed with a solution of aniline (1 g) in HCl (ca. pH 1.5,
5 mL). The resulting dark-green mixture was gently stirred
for 5 min and then a further charge of aniline (10 g) was
added. After 4 h of gentle magnetic stirring, the green/
black precipitate of the a-PANINs was suction-filtered
and washed with copious amounts of de-ionized water
and methanol. Drying under vacuum at 100 �C for 12 h
yielded a dark-green powder [16–19]. A 60-nm-thick film
of PEDOT-PSS (Baytron AI 4083) was spin-coated at
4000 rpm from an aqueous solution onto pre-cleaned in-
dium tin oxide (ITO)-coated glass (sheet resistance: 15 X/
h; Ritek) in a clean-room atmosphere (class 10000) and
then dried at 180 �C for 5 min. The a-PANIN layer (30–
50 nm) was then spin-coated from toluene solution
(0.2 mg/mL, 5 mL) onto the ITO/PEDOT-PSS layer. Next, a
P3HT:PCBM active layer was spin-coated [P3HT:PCBM,
1:1 (w/w) in o-xylene; 30 mg/mL] onto the a-PANIN layer
Fig. 1. (a) Energy-level diagram, (b) device structure, (c) FE-SEM image of the a-P
used in this study.
and then the system was dried at 150 �C for 10 min. Subse-
quently, an Al cathode (200 nm) was deposited on top of
the active layer through thermal evaporation at ca.
2 � 10�6 torr through a mask, defining an active area of
3 mm2, and then dried at 150 �C for 30 min. The work func-
tions of these materials in air were measured through pho-
toelectron spectroscopy (PESA, AC-2). Using a Hall
measurement system (ECOPI, HMS-3000), we determined
that the electrical conductivities (rRT) of the as-spun a-PA-
NIN and PEDOT-PSS films were in the ranges 3–4 and
2 � 10�4 –4 � 10�4 S/cm, respectively.

Fig. 1a displays the energy levels of the compounds
used in this study. Fig. 1b and d present the device struc-
ture and chemical structures of the materials, respectively.
The field-emission scanning electron microscopy (FE-SEM)
image in Fig. 1c reveals that the product was composed of
>12-lm-long tubes having mean and effective diameters
in the ranges 300–500 and 400–600 nm, respectively. The
inset to Fig. 1c indicates that the well-extended 1-D nano-
structure of each a-PANIN had the form of a 1-D nanotube,
the hollow tunnel of which could aid in the transport of
charges further through the tubular structure, preventing
interference, recombination with electrons, or defects.
The length scale of phase separation in the photoactive
layer is a key factor affecting the performance of polymer
solar cells. To achieve high-performance cells based on
P3HT:PCBM, the PCBM component must form clusters hav-
ing lateral dimensions of the order of 20–50 nm within,
and continuous pathways through, the whole film
[20,21]. The sub-micron scale of the features in the a-PA-
NIN surface was appropriate for the P3HT:PCBM domain,
providing a well-defined contact area for the transport of
ANINs (inset: TEM image), and (d) chemical structures of the compounds



Fig. 2. UV–Vis–near-IR spectra of the regular polyaniline particles and
the a-PANIN nanofibers.
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free charge carriers. Fig. 2 presents the UV–Vis–near-IR
spectra of the regular polyaniline particles (bulk) and the
a-PANINs. The UV–Vis spectra of the a-PANINs revealed
that they existed in the emeraldine oxidation state, i.e.,
the formation of polarons after proton doping with DBSA
and Cl� ions, with peaks centered at ca. 440 and 800–
1600 nm. The emeraldine oxidation state of polyaniline,
which contains 50% imino-type and 50% amino-type nitro-
gen atoms, can be represented by the formula in Fig. 1d. An
interesting feature of the nano-polyaniline is the extended
free carrier tail absorption in the near-IR region; it is usu-
ally found when polyaniline is secondarily doped by DBSA
and Cl� because of the prolonged conjugation chain length
that results from rearrangement of coiled backbones into
straighter conformations. The prolonged polyaniline mole-
cules are arranged helically into nanofibers or nanotubes to
prevent intra- or inter-molecular complexation and to re-
tain the high-conjugation length (the presence of the free
carrier tail), leading to the high absorbance at the near-IR
region relative to that of the regular polyaniline particles.
This behavior reveals that the extended conjugation length
of the a-PANINs can provide longer pathway for holes to
travel without exciton recombination or interference from
impurities.
Fig. 3. (a) FE–SEM cross-sectional image of the ITO/PEDOT:PSS/a-PANINs/
P3HT:PCBM layers; (b) XRD patterns of the bulk, pristine, and annealed a-
PANINs films.
Fig. 3a presents a cross-sectional SEM image of the lay-
ers in the device. Because it was difficult to redissolve the
a-PANIN layer into o-xylene after it had been dried at
150 �C, this layer survived the spin-coating of the active
layer from o-xylene solution. Fig. 3b presents the X-ray dif-
fraction (XRD) patterns of the bulk, pristine, and annealed
a-PANIN films. We assign the sharp peak centered at a va-
lue of 2h of 3� to the periodic distance between the dopant
and the nitrogen atoms on adjacent main chains. We attri-
bute the broad bands centered at values of 2h of 20 and 27�
to the periodicities parallel and perpendicular to the poly-
mer chains [22], respectively. These results indicate that
the a-PANIN layer was partly crystalline as a result of its
special tubular morphology, which was further enhanced
upon thermal treatment. We expected that this high crys-
tallinity would result in higher charge mobility in the a-
PANIN layer and, correspondingly, improved device
performance.

Yang and co-workers [23] found that higher crystallinity
of the interface layer results in higher solar-cell perfor-
mance because of the higher charge mobility that the inter-
face layer provides. We also prepared a p-type-only device
having the structure ITO/PEDOT:PSS (80 nm)/a-PANINs
(100 nm)/MoO3(10 nm)/Al (150 nm) to investigate the hole
mobility behavior in the PEDOT:PSS/a-PANINs layer. We
calculated the hole mobilities from the current–voltage
plots (not shown here) of this p-type-only cell structure,
using the Mott–Gurney space charge limited current (SCLC)
model (J ¼ 9ere0lV2=8L3; where J is the current density, er

is the dielectric constant, e0 is the vacuum permittivity, l
is the mobility, V is the applied voltage, and L is the gap of
the electrodes) and the Poole–Frenkel law [l ¼
lo expðE=EoÞ1=2; where lo is the zero-field mobility, E is
the electric field (equal to V/L), and Eo is the field coefficient]
[23,24]. The zero-field hole mobility (lo) increased from
7.38 � 10�4 to 1.13 � 10�3 cm2/Vs after the device had
been heat-treated at 150 �C for 10 min, presumably as a re-
sult of ordering in the structure of the a-PANIN film. This
finding reveals that the highly crystalline 1-D tubular mor-
phology of the a-PANIN layer provided both a well-defined
contact surface between the interfaces and efficient path-
ways for the transportation of free charge carriers toward
their respective electrodes, thereby reducing the degree of
exciton recombination within the photoactive cell.

Fig. 4 displays the I–V characteristics of cells incorporat-
ing and lacking the a-PANIN interfacial layer; Table 1 sum-
marizes the performance parameters. The solvent effect
resulted in a lower power conversion efficiency (PCE) rela-
tive to that described in a previous report [25] where dif-
ferent organic casting solvents were used. We attribute
this lower photovoltaic action to the film morphology ob-
tained from o-xylene, which appears to be unsuitable for
the formation of an interpenetrated network [26] and dis-
rupts the charge transport in the polymer matrix. The in-
crease in the values of Jsc, Voc, and PCE after thermal
treatment might indicate that the molecules comprising
each layer were sufficiently thermally agitated to interdif-
fuse, thereby increasing the heterojunction area [21,27,28].
A comparison of the cells incorporating the a-PANIN inter-
facial layers before (device B) and after (device D) anneal-
ing at 150 �C for 30 min reveals that thermal annealing of



Fig. 4. Current–voltage characteristics (AM 1.5 G, 100 mW/cm2) of the
devices discussed in this report.

Table 1
Characteristics of the photovoltaic cells measured under AM 1.5 G,
100 mW/cm2 solar illumination

Devicea Voc (V)b Jsc (mA/cm2)c FF (a.u.)d PCE (%)e Rs (X cm2)f

A 0.58 6.33 0.44 1.67 45
B 0.60 7.09 0.45 1.91 30
C 0.64 8.83 0.55 3.39 17
D 0.64 10.96 0.60 4.26 13

a Devices: (A) as-cast ITO/PEDOT-PSS/P3HT:PCBM/Al; (B) as-cast ITO/
PEDOT-PSS/a-PANINs/P3HT:PCBM/Al; (C) ITO/PEDOT-PSS/P3HT:PCBM/Al,
annealed at 150 �C for 30 min; (D) ITO/PEDOT-PSS/a-PANINs/
P3HT:PCBM/Al, annealed at 150 �C for 30 min.

b Open circuit voltage.
c Short circuit current.
d Fill factor.
e Power conversion efficiency.
f Series resistance.
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the three-layer organic solar cell increased the crystallinity
percentage of the a-PANIN layer, thereby resulting in im-
proved photovoltaic performance. After annealing
(150 �C, 30 min) the devices lacking (device C) and incor-
porating (device D) the a-PANIN interfacial layer, the PCE
increased from 3.39% to 4.26%. These findings suggest that
the 1-D nature of hole transport in the a-PANINs reduced
the number of cul-de-sacs for holes [29].

We propose the following photovoltaic mechanisms for
the functioning of the solar cells incorporating the a-PANIN
interfacial layers: (i) The bulk heterojunction P3HT:PCBM
photoactive layer accepts photons from white light and gen-
erates excitons. (ii) The partial excitons are swept to the well-
contacted, highly ordered a-PANIN interfacial layer under
the influence of the built-in chemical and electric potentials.
The high conductivity and mobility of the annealed a-PANIN
layer efficiently extracts the photo-induced holes, providing
conducting pathways to the buffer layer while reducing the
degree of exciton recombination and resulting in a more effi-
cient charge separation. The enhanced hole collection can be
ascribed in part to geometrical field enhancement at the a-
PANIN layer, similar to the observation of a previous study
using single-wall carbon nanotubes (SWNTs) as the
interlayer [30]. The greater order in the structure of the a-PA-
NINs following thermal treatment improved the degree of
contact between the buffer layer and the photoactive film,
decreasing the series resistance of the cell while increasing
both the current and the FF [24,27,31]. (iii) The separated free
charge carriers proceed toward their respective electrodes to
generate electric current.

In conclusion, we have prepared polymer photovoltaic
devices based on the structure ITO/PEDOT-PSS/a-PANINs/
P3HT:PCBM/Al. The performance of the solar cell can be
improved significantly through incorporating an a-PANIN
layer into the device structure without complicating the
process of device fabrication.
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ting diodes (OLEDs), such as surface modification using O2

[3], Hf-doping in ITO [4], and the insertion of an organic or
insulating interfacial layer [5,6].

Recently, we deposited a sub-nm-thick HfOx layer on
the surface of an ITO anode using an atomic layer deposi-
tion (ALD) process at room temperature, and found that
it gave rise to a significant improvement of the OLED per-
formance by reducing the hole injection barrier to the or-
ganic hole transport layer [7]. Based on these preliminary
results obtained in OLEDs, a similar surface modification
of an ITO electrode using the ALD process was applied to
OTFT devices to decrease the source/drain contact resis-
tance between ITO and pentacene channel layer. Several
metal-oxides having different dielectric permittivities
were deposited on the ITO surface by using an ALD process
at room temperature, and the contact resistance was mea-
sured by using a simple device structure. In addition, the
band alignments of pentacene/ITO structures with differ-
ent metal-oxide interlayers were evaluated by using
in situ X-ray photoelectron spectroscopy (XPS) and ultra-
violet photoelectron spectroscopy (UPS) during the step-
by-step deposition of pentacene.

2. Experimental

In order to measure the contact resistance between the
ITO and pentacene, simple device structures without a gate
dielectric layer were fabricated, as depicted in Fig. 1a. First,
a 150 nm-thick ITO film was patterned on the glass sub-
strate using a conventional photolithographic process and
the channel length was varied from 50 to 250 lm with a
step size of 50 lm. Before the metal-oxide treatment using
an ALD process, the surface of the ITO film was sequentially
cleaned in acetone and isopropyl alcohol, and dried for 1 h
at 200 �C in air ambient. For the surface modification of
ITO, some of the patterned samples were treated with
Al2O3, Ta2O5, or TiO2 for various numbers of cycles (3, 5,
and 20) using an ALD system at room temperature. The
ALD processes for Al2O3, Ta2O5, and TiO2 were performed
using TMA (trimethyl-Al), PDMAT (pentakis(dimethyl-
amino)-Ta), and TDMAT (tetrakis(dimethylamino)-Ti) as
metal precursors, respectively, and H2O vapor was used
as an oxidant. Ar was used as a purging gas and all of the
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Fig. 1. (a) A schematic cross-sectional diagram of the contact structure used in t
channel length with different surface treatments using various metal-oxides.
precursors were maintained at room temperature except
PDMAT (65 �C) during the ALD process. Each ALD cycle of
metal precursor pulsing/purging/H2O pulsing/purging
was composed of 2s/3s/3s/3s for Ta2O5 and TiO2 deposi-
tion, and 0.5s/8s/2s/8s for Al2O3 deposition, respectively.
As a final step, a 70 nm-thick pentacene channel layer
was deposited using a thermal evaporator and the electri-
cal measurement was performed after carefully removing
the pentacene layer present on the measurement pads
using acetone.

The I–V characteristics of the fabricated device struc-
tures were immediately measured to avoid degradation
due to air exposure using a Keithley SCS/4200 system.
For the evaluation of the band alignments of the penta-
cene/ITO structures with different metal-oxide interlayers,
pentacene was deposited using a thermal evaporator and
the valence band (sample bias, �15 V), C 1s, O 1s, N 1s,
and Si 2p spectra were collected in situ immediately after
the deposition of each desired layer was completed. The
XPS and UPS spectra were obtained by a PHI 5700 spec-
trometer using monochromatic Al Ka (1486.6 eV) and He
I (21.2 eV) sources, respectively. The incident angle of pho-
ton and the take-off angle of photoelectron were main-
tained at 90� and 45�, respectively.

3. Results and discussion

Using a contact structure, as shown in Fig. 1a, the total
resistance was first measured as a function of the channel
length by scanning the applied voltage from negative to
positive bias. Fig. 1b shows the measured total resistances
of the ITO samples treated for 5 cycles at room tempera-
ture with the different metal-oxides as a function of the
channel length. For the device structure we fabricated,
the total resistance can be expressed as follows

Rtot ¼ 2Rcontact þ Rchannel ¼ 2Rcontact þ
qchannel

A
L: ð1Þ

Here, L is the channel length and A is the cross-sectional
area of the current path. Because the total resistance is lin-
early proportional to the channel length, the contact resis-
tance and channel resistance per unit area can be derived
from the y-axis intercept and slope, respectively. These
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Table 1
The summarized contact and channel resistances after ALD treatment at room temperature using various metal-oxides for different numbers of cycles

Sample Treatment condition Contact resistance (Rc, X) Channel resistance (qch/cm2)

ITO (reference) – 1.70 � 109 6.00 � 1011

Al2O3 RT, 5 cycles 1.76 � 109 6.51 � 1011

TiO2 RT, 3 cycles 5.79 � 107 2.02 � 106

RT, 5 cycles 1.80 � 108 6.18 � 106

RT, 20 cycles >1010 –
Ta2O5 RT, 3 cycles 4.22 � 108 1.07 � 107

RT, 5 cycles 3.54 � 107 1.41 � 107

RT, 20 cycles 5.61 � 109 2.16 � 107
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measured values are summarized in Table 1 as a function
of the number of deposition cycles for the various metal-
oxides. According to Fig. 1b, compared to the reference
sample without any treatment, the contact resistance
was significantly reduced (by two orders of magnitude)
for the ITO samples treated with Ta2O5 and TiO2 for 5 cy-
cles. However, Al2O3 treatment did not lead to any
improvement showing a similar behavior to the reference
one. According to the bulk data, the dielectric constants
of Al2O3, Ta2O5 and TiO2 are known to be around 9, 26,
and 80, respectively [8]. Although the dielectric permittiv-
ity values of ultra-thin metal-oxide films may be signifi-
cantly lowered due to the thin film effect, the degree of
improvement of the contact resistance is strongly depen-
dent on the magnitude and number of dipole moments
in the case of metal-oxides deposited on an ITO electrode.
By increasing the total number of deposition cycles, the
contact resistance was significantly increased again be-
cause of the increase in the physical thickness of the insu-
lating metal-oxide films, as was confirmed in another
experiment using HfO2 in OLEDs [7].

In our experimental conditions, the numbers of deposi-
tion cycles resulting in the lowest contact resistance were
5 and 3 for the Ta2O5 and TiO2 treatment, respectively, as
listed in Table 1. The difference in the optimum condition
for the different metal-oxide treatments is believed to be
caused by the difference in the growth rates; the growth
rate of TiO2 is over two times higher than that of Ta2O5

at 200–250 �C [9]. The intensity difference of In 3d5/2 peaks
coming from the TiO2/ITO and Ta2O5/ITO samples mea-
sured by XPS also confirmed that the thickness of TiO2
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Fig. 2. The XPS spectrum of the ITO surface after ALD treatment for 5 cycles at r
from Ta2O5.
was higher than that of Ta2O5. In addition to the improve-
ment of the contact resistance, the channel resistance was
also decreased by one order of magnitude as shown in
Fig. 1b and Table 1. Because the resistivity of the pentacene
layer is strongly dependent on the surface roughness,
atomic force microscopy (AFM) measurement of the
deposited pentacene thin film was performed on all of
the samples with different underlying metal-oxide layers.
All of the pentacene layers showed island structures with
polycrystalline-like surface morphology having a grain size
of 1–2 lm, and no noticeable difference of surface mor-
phology was found among them within the range of exper-
imental error (data not shown here). Recently, several
research groups reported that the use of a gate insulator
with a high dielectric constant enhances the polarization
of the subsequently deposited pentacene layer and, as a
consequence, increases the carrier concentration and
mobility [10,11]. Therefore, the introduction of an ultra-
thin high-k layer under the pentacene may enhance the
carrier mobility of the OTFT device as an additional benefit
in our experimental results and a more detailed study is
currently under way to investigate this.

In order to verify the chemical structure of the metal-
oxide interface layer, XPS measurement was performed be-
fore the ex situ deposition of the pentacene layer (Fig. 2).
Only the Al 2p and Ta 4f core peaks are shown in Fig. 2 be-
cause all of the Ti core peaks were overlapped with other
elemental peaks originating from the underlying ITO sub-
strate. Although the deposition temperature was extre-
mely low compared to the typical ALD processing
conditions (over 200 �C), no metallic component was ob-
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Fig. 3. The PES spectra (a) near the high energy binding cutoff region and (b) near the HOMO region collected during the step-by-step deposition of
pentacene on ITO treated with Ta2O5 using ALD process for 5 cycles at room temperature.

H. Kim et al. / Organic Electronics 9 (2008) 1140–1145 1143
served, due to the fast oxidation of the reactive metal pre-
cursors with H2O during the deposition or the subsequent
exposure to air ambient.

One possible reason for the improvement of the contact
resistance between pentacene and ITO is the reduction of
the barrier height for hole injection from ITO to pentacene.
In order to confirm this mechanism, a series of XPS and UPS
measurements were performed in situ during the step-by-
step deposition of pentacene on clean or ALD-treated ITO
samples with the various high-k metal-oxides. For the
treatment of the ITO substrates, Al2O3 having a medium-
range k value and Ta2O5 having a high-range k value were
deposited on ITO for 5 cycles at room temperature. The
photoemission spectroscopy (PES) spectra obtained during
the growth of pentacene on Ta2O5-treated ITO are shown
in Fig. 3. Fig. 3a shows the spectra of the secondary elec-
tron cutoff region as a function of the pentacene thickness.
The cutoff position was determined by fitting the cutoff tail
of the spectra after considering the spectrometer resolu-
tion of 0.1 eV for our system (The fitting procedure is de-
picted with red lines) [12]. As the thickness of pentacene
layer increases, the secondary electron cutoff position con-
tinuously shifted toward low binding energies and the to-
tal shift reached to 0.12 eV. Fig. 3b shows the
corresponding valence band region of the same sample.
The spectral features of pentacene gradually dominated
the spectra with the increase of the pentacene layer thick-
ness and the final sample with 76.8 nm-thick pentacene
film showed the highest occupied molecular orbital
(HOMO) onset value of 1.14 eV below the Fermi level
(EF). The HOMO onset position was also determined by
line-fitting after considering the broadening effect. For
the precise determination of the band alignment at the
interface, the amounts of band bending of the overlayer
(pentacene) and substrate (ITO) were estimated as follows.
The band bending of the overlayer was estimated from the
shift of the C 1s level during the step-by-step deposition of
pentacene since the HOMO emissions of the early stages
were not clear. This method would give reliable results
since the band bending should occur through whole energy
levels. We obtained the band bending of 0.54 eV toward
low binding energies as the film thickened, however, the
ITO substrate did not show any significant shift in core lev-
els during the deposition.

In order to evaluate the band alignment at the interface,
first, both the valence band maximum (VBM) and conduc-
tion band minimum (CBM) of ITO were determined. The
VBM position relative to the EF was determined from the
In 3d5/2 peak position measured at 444.8 eV (peak not
shown) since the VBM position could not be obtained from
the valence band spectra due to the unclean emission fea-
tures from the ITO surface. Using the known energy differ-
ence of 441.8 eV between In 3d5/2 and VBM [13], the VBM
position of 3.0 eV was determined, which matches well
with the reported results [14]. In addition, the CBM posi-
tion was calculated to be located at 0.6 eV above the EF

considering the band gap of ITO (3.6 eV [13]).
Combining the VBM and CBM of ITO with the cutoff

shift and the band bending of pentacene, we analyzed
the band alignment at the pentacene/Ta2O5/ITO interface
as follows. Since the cutoff shift contains both information
of interface dipole (eD) and band bending, one should sep-
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arate two contributions to the cutoff shift using the rela-
tion: (cutoff shift) = (interface dipole) + (band bending).
The amount of the interface dipole, |eD|, was obtained to
be 0.42 eV from this relation using the previously deter-
mined total cutoff shift (0.12 eV) and band bending
(0.54 eV) values. This eD corresponds to the positive dipole
with its negative pole pointing toward the substrate [15].
In this case, the band bending overwhelmed the interface
dipole so that the cutoff positions shifted toward only
one direction. The ionization energy (IE) of the final film
was obtained by subtracting the cutoff position
(17.25 eV) from the photon energy (21.2 eV) followed by
adding the HOMO onset value (1.14 eV). The obtained IE
value was 5.09 eV, which accords well with the reported
value [16].

In a similar way described above, the pentacene/ITO
and pentacene/Al2O3/ITO interfaces were also analyzed
using the measured spectra, and the determined band
alignments at three different interfaces (pentacene/ITO,
pentacene/Al2O3/ITO, and pentacene/Ta2O5/ITO) are de-
picted in Fig. 4, where the pentacene energy gap of
2.2 eV was used as previously reported [17]. The hole
injection barriers, which is the energy difference be-
tween the VBM of ITO and the HOMO of pentacene,
were obtained by subtracting the HOMO onset and band
bending values from the ITO VBM. They are 1.47, 1.42
and 1.34 eV for the interfaces of pentacene/ITO, penta-
cene/Al2O3/ITO, and pentacene/Ta2O5/ITO, respectively.
Therefore, hole could be injected most easily at penta-
cene/Ta2O5/ITO interface having an ultra-thin dielectric
interlayer with the highest dielectric constant. The ther-
mally activated injection model indicates that the bar-
rier reduction of 0.13 eV, comparing the pentacene/ITO
with pentacene/Ta2O5/ITO interfaces, gives two orders
of magnitude higher current (I(Ta2O5)/I(ITO) = exp
(0.13 eV/kT) � 1.52 � 102, at room temperature). This
amount of current increment is reasonably similar to
that of the contact resistance reduction (by two orders
of magnitude) obtained from the device measurements
(Table 1). However, in the case of Al2O3 treatment, the
barrier reduction of 0.05 eV only increases the current
by �6.9 times due to the relatively low dielectric con-
stant, which is believed to be within the experimental
error and resulted in a similar contact resistance value
to that of the reference sample (pentacene/ITO).

4. Conclusion

In summary, various ultra-thin metal-oxide films with
different dielectric constants were deposited on an ITO sur-
face using the ALD process at room temperature, and the
contact resistance between the ITO and pentacene was eval-
uated. The contact resistance was significantly improved
due to the increase of the dielectric constant of the inter-
layer, and the optimum number of deposition cycles de-
pended on the growth rate of each dielectric film. The
deposited interface layer had a metal-oxide binding config-
uration without any metallic component. Through the in situ
XPS and UPS measurements during the step-by-step deposi-
tion of pentacene on the ITO surface, the energy level align-
ments of ITO and pentacene with various metal-oxide
interlayers were obtained, and the magnitude of the hole
injection barrier at the pentacene/Ta2O5 interface were
found to be about 0.1 eV smaller than those at the penta-
cene/ITO and pentacene/Al2O3 interfaces, which is believed
to be the direct origin of the increased hole density at the
interfaces and the subsequent improvement of the contact
resistance.
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films on plastics, and in many cases do not yield flexible
devices due to decohesion, delamination, and/or cracking.
And the conventional polymeric films generally exhibit
low capacitances, and the corresponding OTFTs operate
at relatively high voltages. Moreover, ultrathin self-assem-
bled mono- or multilayers have quite a few critical issues
to solve: slow formation speed, high defect density, and
difficulty in producing multicomponent multilayer films.

Organic–inorganic nanohybrid thin films are drawing
substantial attention due to the potential of combining
the distinct properties of organic and inorganic compo-
nents. The organic–inorganic hybrid superlattices are
particularly attractive as the gate dielectric of low-volt-
age-operating OTFTs because they can provide means for
combining the high-k and high dielectric strength (leakage
resistance) properties. Systematically composed of hetero-
geneous materials, such hybrid superlattices exhibit
unique electrical properties which differ from their constit-
uents [18–22]. Therefore, they may provide the opportu-
nity for developing new materials with synergic behavior,
leading to improved performance or new useful properties.
Recently, we developed a new vapor phase deposition
method of high quality self-assembled organic layers
(SAOLs), called molecular layer deposition (MLD), in order
to realize precisely controlled organic–inorganic nanohy-
brid superlattice dielectrics for pentacene OTFTs [23–27].
MLD is a gas phase process analogous to atomic layer
deposition (ALD), which is a potentially powerful method
for preparing high quality multicomponent superlattices
under vacuum conditions. In the MLD method, the high
quality organic thin films can be quickly formed with
monolayer precision under ALD conditions (temperature,
pressure, etc). The MLD method can be combined with
ALD to take advantages of the possibility of obtaining or-
ganic–inorganic hybrid thin films.

Herein, we report a low-temperature fabrication of
mixed organic–inorganic nanohybrid superlattices on flex-
ible plastic substrates by using MLD combined with ALD
(MLD–ALD) at the same chamber on the purpose of dis-
playing all the advantages of MLD–ALD method: accurate
control of film thickness, large-scale uniformity, excellent
conformality, good reproducibility, multilayer processing
capability, sharp interfaces, and excellent film qualities at
relatively low temperatures. And finally, we also demon-
strate the performance of low voltage pentacene OTFTs
delicately prepared with the dielectric superlattices on
flexible plastic substrate.

2. Experimental section

2.1. Preparation of Si substrates

The Si(100) substrates used in this research were cut
from n-type (100) wafers with a resistivity in the range
of 1–5 Xcm. The Si substrates were initially treated by a
chemical cleaning process proposed by Ishizaka and Shi-
raki which involved degreasing, HNO3 boiling, NH4OH boil-
ing (alkali treatment), HCl boiling (acid treatment), rinsing
in deionized water, and blow-drying with nitrogen to re-
move contaminants and grow a thin protective oxide layer
on the surface [28].
2.2. Atomic layer deposition of Al2O3 thin film

The oxidized Si(100) substrates were introduced into
the atomic layer deposition (ALD) system Cyclic 4000
(Genitech, Taejon, Korea). The Al2O3 thin films were depos-
ited onto the substrates using [Al(CH3)3] (Aldrich; 99%) and
H2O as ALD precursors [29,30]. Ar served as both a carrier
and a purging gas. The trimethyl aluminum (TMA) and
water were evaporated at 20 �C. The cycle consisted of
1 s exposure to TMA, 5 s Ar purge, 1 s exposure to water,
and 5 s Ar purge. The vapor pressure of the Ar in the
reactor was maintained at 300 mtorr. The Al2O3 thin films
were grown at 150 �C under a pressure of 300 mtorr.

2.3. Atomic layer deposition of TiO2 thin film

The TiO2 thin films were deposited onto the substrates
using [Ti(OCH(CH3)2)4] (Aldrich; 99.999%) and H2O as
ALD precursors [30,31]. Ar served as both a carrier and a
purging gas. The titanium isopropoxide (TIP) and water
were evaporated at 60 and 20 �C, respectively. The cycle
consisted of 2 s exposure to TIP, 5 s Ar purge, 2 s exposure
to water, and 5 s Ar purge. The vapor pressure of the Ar in
the reactor was maintained at 300 mtorr. The TiO2 thin
films were grown at 150 �C under a pressure of 300 mtorr.

2.4. Molecular layer deposition

Alkene-terminated self-assembled organic layers
(SAOLs) were formed by exposing the Si substrates to
[CH2@CH(CH2)6SiCl3] (Aldrich; 96%) with H2O vapor at
150 �C in the ALD chamber. The 7-octenyltrichlorosilane
(7-OTS) and water were evaporated at 100 and 20 �C,
respectively. Exposure times in this process were 5 s for
7-OTS with water vapor and 10 s for Ar purge. The reactor
pressure during a process was about 300 mtorr. The termi-
nal C@C groups of the SAOLs were converted to carboxylic
groups with ozone treatment in the ALD chamber. The
ozone was generated by an ozone-generator and dosed to
the 7-OTS coated samples for 30 s at 150 �C. The C@C
groups of the SAOLs reacted with ozone to convert to car-
boxylic acid groups. Highly active metal hydroxyl groups
were formed on the COOH-terminated SAOLs by using
TMA or TIP adsorption followed by exchange reaction of
water molecule in order to provide highly active adsorp-
tion sites for the anchoring of the next monolayer. The
molecular layer deposition of the alkylsiloxane SAOLs con-
sisted of a repetition of three steps: adsorption of 7-OTS,
modification of 7-OTS with a carboxylic group using ozone,
and activation of carboxylated 7-OTS with an aluminum
(or titanium) hydroxyl group.

2.5. Device fabrication

The gate electrode of transistor is formed by sputtering
of 100 nm ITO on polycarbonate (PC) substrates. The
23 nm-thick dielectric layer is fabricated by MLD–ALD at
150 �C. For good crystalline pentacene channel formation,
the dielectric surface was terminated with a hydrophobic
SAOL. Pentacene (Aldrich Chem. Co., 99% purity) channels
were patterned on the SAOLs through a shadow mask at



Fig. 1. Schematic outline of the procedure to fabricate organic–inorganic nanohybrid superlattices by using molecular layer deposition combined with
atomic layer deposition.
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a substrate temperature of RT by thermal evaporation. We
fixed the deposition rate to 1 Å/s using an effusion cell
(ALPHAPLUS Co., LTE-500S) in a vacuum chamber (base
pressure �1 � 10�6 Torr). The thickness of the pentacene
film was 50 nm as monitored by a quartz crystal oscillator
and confirmed by ellipsometry. Nominal channel length of
the pentacene-TFT was 90 lm while channel width was
500 lm. Au was adopted as top-contact source/drain
electrode.

2.6. Instrumentation

The samples were analyzed by a JEOL-2100F transmis-
sion electron microscopy. Specimens for cross-sectional
TEM studies were prepared by mechanical grinding and
polishing (�10 lm thick) followed by Ar-ion milling using
a Gatan Precision Ion Polishing System (PIPSTM, Model
691). Atomic force microscopy images of the samples were
obtained on a PSIA XE-100 operating in tapping mode.
Contact angle analysis was performed using a model A-
100 Ramé-Hart NRL goniometer to measure water contact
angles in room air using the sessile drop method. All XP
spectra were recorded on a VG Scientific ESCALAB MK II
spectrometer using Al Ka source run at 15 kV and 10 mA.
All current–voltage (I–V) properties of the pentacene TFTs
and test structures were measured with a semiconductor
parameter analyzer (HP 4155 C, Agilent Technologies),
and C–V measurements were made with a capacitance me-
ter (HP 4284 LCR meter, Agilent Technologies, 1 MHz) in
the dark and in an air ambient (relative humidity �45%)
at 20 �C.

3. Results and discussion

Mixed-organic–inorganic nanohybrid superlattices
were grown by using MLD, combined with ALD, in the
same deposition chamber. The alkylsiloxane self-assem-
bled organic layers (SAOLs) were grown under vacuum
by repeated sequential adsorptions of C@C-terminated
alkylsilane and titanium (or aluminum) hydroxide with
ozone activation, which was called ‘‘molecular layer depo-
sition” [23–27]. For the ideal organic layer structure with
completely perpendicular, fully extended alkyl chains, the
expected monolayer thickness of the SAOLs is about 12 Å.
The thickness of the SAOLs versus the number of MLD
cycles was measured using cross-sectional transmission



Fig. 2. TEM images of SAOLs-Al2O3–SAOLs-TiO2 nanohybrid superlattices made by MLD with ALD (white is the SAOLs layer, black is the TiO2 layer, and grey
is the Al2O3 layer).
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electron microscopy. The measured thickness of the mono-
layer was about 11 Å, which indicate that the chain is only
tilted 20–25� from the surface normal. The quality of the
monolayer was also checked by XPS and contact angle.
The 1sC/2pSi peak area ratio measured by XPS is about 0.7
and the water contact angle is about 92�, which are close
to those of a densely packed 7-octenylsiloxane monolayer
prepared in liquid phase.

The growth of the SAOLs thickness is extremely linear
relative to the number of cycles, indicating that the MLD
conditions were sufficient for complete reaction [23]. The
measured growth rate was about 11 Å per cycle. The AFM
images of the SAOLs indicated very smooth and uniform
surfaces, and the root mean square (RMS) roughness of
the surfaces was as low as 3.2 Å. In comparison, the surface
roughness of the initial cleaned Si substrate is about 2.1 Å.
Regardless of the cycle number, the surfaces of the SAOLs
are as smooth as that of the initial cleaned Si substrate,
indicating that the MLD growth occurs in a two-dimen-
sional fashion via layer-by-layer growth. These results sug-
gest that the molecular layer deposition of the self-
assembled organic layers is self-controlled and proceeds
via layer-by-layer growth, and that the MLD conditions
are sufficient for complete reaction at 150 �C.

Metal oxide (Al2O3 or TiO2) inorganic nanolayers were
grown by atomic layer deposition using self-terminating
surface reactions at 150 �C, followed by deposition of the
SAOLs films using MLD; we name those organic–inorganic
hybrid layers as SAOLs-Al2O3 (or SAOLs-TiO2). Fig. 1 shows
a schematic outline of the procedure to fabricate one unit
of SAOLs-Al2O3 (or SAOLs-TiO2) as obtained by 1 cycle of
MLD process. The inorganic nanolayer thickness per cycle
is saturated when the pulse time exceeds 2 s, which indi-
cates that the growth is self-controlled. The growth of
the nanolayer thickness is extremely linear relative to the
number of cycles, indicating that the ALD conditions were
sufficient for complete reaction. The measured growth
rates of the Al2O3 and TiO2 nanolayers were 1.0 and 0.6 Å



Fig. 3. Electrical properties of the SAOLs-Al2O3–SAOLs-TiO2 superlattices.
(a) Leakage current density as a function of applied voltage. (b) Effective
dielectric constant as a function of frequency.
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per cycle, respectively. Regardless of the number of the cy-
cle, the surface morphology of the nanolayers is smooth
and uniform, and the root mean square (RMS) roughness
of the surface is as low as 3.0 Å. These observations indi-
cate that the inorganic nanolayer ALD is self-controlled
and extremely linear relative to the number of cycles,
and the nanolayers are smooth at 150 �C.

The SAOLs-Al2O3–SAOLs-TiO2 nanohybrid superlattices
were grown by repeating a cyclic MLD and ALD at the same
deposition chamber. Various SAOLs-Al2O3–SAOLs-TiO2

nanolaminate films were deposited on Si(100) substrates
at 150 �C, as shown in Fig. 2. The Si substrates were first
coated with TiO2 by ALD and the top layer of each nanola-
minate film was Al2O3. The thicknesses of SAOLs and inor-
ganic nanolayers in each sample were controlled by
adjusting the number of MLD and ALD cycles with SAOLs,
Al2O3, and TiO2 growth rates of about 11, 1.0, and 0.6 Å/cy-
cle, respectively. The TEM images provide direct observa-
tion of the superlattice structures and confirm the
expectations for the individual SAOLs, Al2O3, and TiO2

nanolayers in the nanolaminate films. The ability of the
SAOLs-Al2O3–SAOLs-TiO2 nanohybrid superlattices to sur-
vive the TEM preparation process confirms that they have
excellent mechanical stability. The superlattices appear to
be relatively uniform, which is confirmed by AFM. The
nanohybrid superlattices were thermally stable in air up
to temperatures of about 500 �C. Above 550 �C the super-
lattices slowly decomposed with the degradation of hydro-
carbon fragments in the SAOLs.

In order to investigate the electrical properties of the
SAOLs-Al2O3–SAOLs-TiO2 superlattices, the nanohybrid
superlattice films were sandwiched between Pt metal elec-
trodes by using MLD–ALD. A 100 nm thick Pt film was
deposited on the Si(100) substrate by radio frequency
magnetron sputtering. Several nanohybrid superlattices
were grown on the bottom Pt electrodes by using MLD–
ALD at the same chamber. A 1.2 nm-thick Al2O3 (or TiO2)
film was grown on the electrodes by ALD, followed by
deposition of one monolayer of the SAOLs films using
MLD. In this case, one unit of the SAOLs-Al2O3 (or SAOLs-
TiO2) is an organic–inorganic thin film, which has a
1.1 nm-thick SAOLs as obtained by 1 cycle of MLD process
and a 1.2 nm-thick Al2O3 (or TiO2) nanolayer by ALD. The
mixed organic–inorganic hybrid superlattices of the
SAOLs-Al2O3 and SAOLs-TiO2 were formed on the bottom
Pt electrodes by alternating the deposition of SAOLs-
Al2O3 and SAOLs-TiO2. All superlattice films studied were
approximately 23 nm thick and consist of 10 units of the
organic–inorganic layers, where the 10 units now have
four different mixing ratios of SAOLs-Al2O3/SAOLs-TiO2:
10/0, 8/2, 7/3, 5/5. For comparison, an inorganic Al2O3–
TiO2 superlattice film without SAOLs was fabricated as a
reference sample.

The patterned top Pt electrodes (100 nm) were depos-
ited onto the superlattice films using a shadow mask, and
the gate area was about 1 � 10�4 cm2. Fig. 3a shows the
leakage current density versus voltage characteristics of
the Pt/SAOLs-Al2O3–SAOLs-TiO2/Pt capacitors. We system-
atically measured the dependence of the leakage current
density on the applied potential for a set of the nanohybrid
superlattices with the different mixing ratios (SAOLs-
Al2O3–SAOLs-TiO2). The positive bias means that the top
metal electrode is positive with respect to the bottom me-
tal electrode on Si. In general, the plot shows a decrease in
current density with increasing the component of SAOLs-
Al2O3. All our samples do hardly show direct tunneling
although the film with mixing ratio of 5/5 shows some
inferior leakage properties. The most excellent leakage cur-
rent resistance was shown from pure SAOLs-Al2O3 sample.
However, the reference sample (Al2O3–TiO2 without
SAOLs) exhibited direct tunneling. Fig. 3b illustrates the
frequency dependency of the dielectric constant of the
superlattices at room temperature. The dielectric constant
at 1 MHz for the reference sample is about 23. The dielec-
tric constant at 1 MHz for the pure SAOLs-Al2O3 sample is
about 6, which remained almost constant in the frequency
range from 100 Hz to 1 MHz. In general, the plot shows an
increase in dielectric constant with increasing the compo-
nent of SAOLs-TiO2. In particular, the film of mixing ratio of
5/5 displays the highest dielectric constant of 11. It is thus
regarded that SAOLs-Al2O3 units tend to help reduce leak-
age while SAOLs-TiO2 units help increase the dielectric
constant, which is quite understandable if we consider
the dielectric properties of Al2O3 and TiO2.



Fig. 4. (a) Schematic diagram of the OTFTs with the superlattice dielectric films on ITO-coated polycarbonate substrate. (b) Photograph of our flexible OTFT.
(c) Drain current–drain voltage (ID–VD) output curves for our OTFTs with the nanohybrid dielectrics of four different mixing ratios: SAOLs-Al2O3/SAOLs-
TiO2 = 10/0, 8/2, 7/3, 5/5. (d) Drain current-gate voltage (ID–VG) transfer curves and the gate leakage levels of the OTFTs. (e) VTC curves and voltage gain of
inverter setup with OTFTs and 22 MX load-resistance.
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Table 1
Summary of the electrical properties of our nanohybrid dielectrics and their corresponding OTFTs

10/0 8/2 7/3 5/5

Dielectric properties Dielectric constant 5.5 7.6 8.1 10
Capacitance (nF/cm2) 221 305 325 402
Dielectric strength (MV/cm) �4.0 �3.0 �2.4 �1.8

OTFT properties Saturation mobility (cm2/V s) 0.31 0.25 0.34 0.54
Vth (V) �0.30 �0.60 �0.75 �0.75
On/off ratio 3.7 � 103 1.6 � 103 1.2 � 103 1.5 � 103

Maximum ID (lA) �0.50 �0.65 �0.82 �1.50

Inverter properties VTC hysteresis (V) 0 0.3 0.4 0.5
Gain 3.0 3.3 3.8 4.5
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Based on the low electrical leakage and high dielectric
constant results of Fig. 3a and b, it is very likely that the
superlattice dielectric films are a good candidate for a high
quality gate insulating film on flexible substrates. We thus
have fabricated organic pentacene thin-film transistors
(OTFTs) with the 23 nm-thick SAOLs-Al2O3–SAOLs-TiO2

superlattice films of the four mixing ratios of SAOLs-
Al2O3/SAOLs-TiO2: 10/0, 8/2, 7/3, 5/5. Those dielectrics
and organic pentacene channel were deposited on ITO-
coated polycarbonate substrate, as shown in the device
schematics of Fig. 4a. SAOLs offer structural flexibility,
whereas inorganic layers provide the potential for dielec-
tric properties, and thermal and mechanical stability.
OTFTs with SAOLs-Al2O3–SAOLs-TiO2 can endure strenu-
ous bending, as shown in Fig. 4b, and therefore are poten-
tially useful for flexible electronics. For good crystalline
pentacene channel formation, the dielectric surface was
terminated with a hydrophobic organic layer. After OTFT
fabrication, we also set up load-resistance inverter using
our OTFTs and 22 MX load. According to the output curves
of Fig. 4c, transfer curves of Fig. 4d, and inverter curves
(voltage transfer curves: VTC) of Fig. 4e, the OTFT with
the dielectric of mixing ratio of 5/5 displays the highest
properties in drain current (1.5 lA), field effect mobility
(0.54 cm2/V s), and inverter voltage gain (�dVout/
dVin = �4.5) operating at a low voltage of �2 V while the
device also showed several other disadvantages: high gate
current leakage, large gate-voltage, and VTC hysteresis. The
gate-voltage induced hysteresis and leakage current de-
creased with increasing the mixing ratio of SAOLs-Al2O3,
which but trades with the mobility of OTFTs; the mobility
was as low as 0.25 cm2/V s with the dielectric of mixing ra-
tio of 8/2. In particular, the hysteresis was almost removed
with the SAOLs-Al2O3 only dielectric (10/0 ratio) and we
thus regard that the most stable OTFT is achieved with
pure SAOLs-Al2O3 dielectric. The origin of the hysteresis
attributes to the electron injection from gate electrode dur-
ing negative gate bias sweep. The injected electrons make
the dielectric electrically negative, staying in the dielectric
and then additional holes are drawn to the channel/dielec-
tric interface during OTFT operation. As a result, we ob-
serve clockwise hysteresis as shown in Fig. 4d. All these
electrical properties of our OTFTs were expected along
with the basic properties of mixed or unmixed nanohybrid
dielectrics, dielectric capacitance, and dielectric strength
(or leakage resistance) which were measured and shown
in Fig. 3a and b. Under a same gate bias, the thin dielectric
containing more SAOLs-TiO2 component would experience
higher density of charges injected from channel and gate
electrode although it has higher capacitance, so that the
OTFTs with such dielectrics display high mobility but large
gate hysteresis as well. We summarized all the electrical
properties of our dielectrics and their corresponding OTFTs
in Table 1, where the dielectric strength was determined at
an arbitrary leakage standard of 1 � 10�6 A/cm2. In gen-
eral, the on/off current ratio of all the OTFTs was about
the same, to be �103.

4. Conclusion

We have demonstrated here that the MLD–ALD method
is an ideal fabrication technique for mixed organic–inor-
ganic nanohybrid superlattices on flexible plastic sub-
strates. The SAOLs-Al2O3–SAOLs-TiO2 superlattice films
prepared exhibit good thermal and mechanical stability,
good flexibility, large-scale uniformity, sharp interfaces,
and various unique electrical properties. The resulting
pentacene OTFT delicately prepared with the 23-nm-thin
dielectric superlattices on flexible plastic substrate dis-
plays the highest properties in drain current (1.5 lA), field
effect mobility (0.54 cm2/V s), and inverter voltage gain
(�dVout/dVin = �4.5) operating at a low voltage of �2 V.
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