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Abstract

Multiwalled carbon nanotubes (MWCNTSs) 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 MWCNTSs 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
1072 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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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 107*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 107° S/cm at 2 wt% of SWCNT loading
[8]. For MWCNT/polyimide composite systems,
Ogasawara et al. reported 10~*~10~2 S/cm of electri-
cal conductivity with 3.3-14.3 wt% of MWCNT
loading [9], and Zhu et al. reported 107'°-107°
S/em 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 107> S/cm with 3 wt% of MWCNT
loading [11]. For transparent applications, the elec-
trical conductivity of the H,O,-treated MWCNT/
polycarbonate(PC) composite system was 10~'S/
cm at 7 wt% loading of peroxide-treated MWCNT
[12]. The electric sheet resistivity of the MWCNT/
PMMA composite system reached 10° Q/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 pum 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).

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 pm. 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

Swt% of polymethylmethacrylate (PMMA)
(M, = 350,000 g/mol, 1.15 g/cm®, 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

Fig. 1. SEM and TEM micrographs of MWCNTs.
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methacrylate)) (M, = 90,000 g/mol, 1.68 g/cm?,
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 0.5wt%. 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, 30s.) 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/cm>.

The MWCNT/PMMA composites films were
mechanically polished using micro-fiber pad and
alumina powder (diameter: 0.3 um, Model:
XL16756, Excel technologies Inc., USA) to enhance
the electrical contact between the MWCNTSs 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
1290cm™") and G (at around 1590 cm™') band
peaks clearly indicate the intrinsic characteristics
of the carbon nanotubes. The carbon nanotubes
exhibit a strong tangential mode band at ca.
1590 cm™' and a weak band at ca. 1290 cm ™!, 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  3300cm~'  (more exactly:  3370-
3470 cm™ "), 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™~' 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 MW CNT/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 MWCNTSs 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 MWCNTSs are not dis-
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Fig. 2. Raman spectra of MWCNTs for various acid treatment conditions.

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
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(a) Before sonication
1 2 3
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(b) After sonication
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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.

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 ™' 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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Fig. 4. Visible-ray transmittance of MWCNT polymer mixtures indicating 1: MWCNT/PMMA/toluene, 2: MWCNT/PMMA/
chloroform, 3: MWCNT/PVDC/DMF, 4: MWCNT/PMMA/THF, 5: MWCNT/PMMA/DMF.

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. 5¢). There are no agglomerates observed
in the MWCNT/PMMA/DMF mixture, indicating

o

1mm

(a) PMMA/chloroform

1 mm

(d) PMMA/DMF

(b) PMMA/toluene

that DMF have the best dispersion ability among
the solvents, which agrees well with results in visual
observation and light transmittance. Although
DMEF 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, MWCNTSs 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

v
4
/
. /
1 mm 1 mm
(c) PMMA/THF
/.
/ 1 mm

(e) PVDC/DMF

Fig. 5. Optical micrographs of MWCNT polymer mixtures coated on glass substrate comparing (a) MWCNT/PMMA/chloroform; (b)
MWCNT/PMMA /toluene; (c) MWCNT/PMMA/THF; (d) MWCNT/PMMA/DMEF and (¢) MWCNT/PVDC/DMEF. All samples were
prepared at the same mixing ratios of MWCNTs/PMMA as 0.005, and 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 (S?) = a(M,,)?, where
(§%) is the mean-squared radius of gyration in the
unit of 0.01 nm*. M,, 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 2<Sz>1/ 2. For the PMMA
system with M, = 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(z,1), to give the auto-correlation function, G(7),
viz: G(1) = [I(t) x I(t + 0)J[I(1)F, where ¢ is the
detecting time and the 7 is correlation time. The nor-
malized first-order auto-correlation function, g(7)
is given by g,(1r) = \/G2(t) — 1. Subsequently, the
function gy(7) is related to the diffusion coefficient
of the particles, viz: gi(t) = Bexp(—D(1)q%), where
q is the scattering vector (¢ = 4nn x sin(60/2)/A) and
D is diffusion constant. Here, n is the refractive
index, 0 is the scattering angle, and A 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 = kgT/
6mnD, where R is the particle radius, kg is the Boltz-
man constant, 7 is the absolute temperature, and #
is the solvent viscosity. In this way, the final size dis-
tributions of our MWCNT/PMMA/DMF mixtures
were obtained from the function G,(7) 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 MWOCNTs
decreases with the acid treatment time to give
224.4, 84.8 and 55.6 nm for 12, 18, and 24 h of acid
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Fig. 6. DLS size distribution of carbon nanotubes dispersed in PMMA/DMEF 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).

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 107'°S/
cm, which was the lowest limit of our instrument.
Those composite films cast from DMF containing
less than 1.0 wt% of MWCNTSs were non-conduc-
tive (<ca. 107'°S/cm). The electrical conductivity
at around 2.0wt% of MWCNT loading is
3.84 x 10~* S/cm, which increases up to 1072 S/cm
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Fig. 7. Transmittance and electrical conductivity of MWCNT/PMMA composites plotted as a function of MWCNT weight fraction (a),
and SEM micrographs of fractured surfaces for the 1.5 wt% (b) and 3.0 wt% composite film (c).

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 MWCNTSs 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 MWCNTSs 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
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Electrode

Polymer-rich layer
covering MWNT surfaces

} After surface peeling-off

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.

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

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

>

(@)

1E-3 4

1E-4

Conductivity(S/cm)

1E-5 (b)

Not tl:eated 1'st

2nd

Number of surface polishing

Fig. 9. Electrical conductivity of MWCNT/PMMA composites as a function of repeated mechanical polishing (a), and surface
micrographs of composites film comparing (b) before polishing, (c) after 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
1073 S/em to 1073 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 107> 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(3,3”-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.
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1. Introduction ultralow-cost electronics [1-3]. In the operation of

OTFTs, charge transport strongly depends on two

Solution-processable organic thin-film transistors
(OTFTs) have attracted great interest due to their
potential application for large-area, flexible, and

* Corresponding author. Tel.: +65 67906064; fax: +65 6792
4762 (M.B. Chan-Park).
E-mail addresses: mbechan@ntu.edu.sg (M.B. Chan-Park),
ecmli@ntu.edu.sg (C.M. Li).
U Tel.: +65 67904485; fax: +65 67911761.

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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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(3,3”-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
(5.2-5.3eV) (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(3,3”-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% H,SO4 + 30% H»0,), 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 SiO,
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-

poly(3.3"-didodecylquaterthiophene) (PQT-12)

Gate

Fig. 1. Schematic depiction of a bottom-contact poly(3,3”-
didodecylquaterthiophene) (PQT-12) thin-film transistor with
untreated Au or AuP S-D electrodes.
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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 I11a 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 Vpg, indicating the existence of con-
tact resistance arising from the energy barrier for
carrier injection. The corresponding device had a
mobility u of only about 0.01 cm® V' s™!, together
with a current on/off ratio of about 10* and a
threshold voltage V1 of about —2 V. The mobility
w1 was estimated using the relation in the saturated
regime given by

2L (0Tns)
=we, \oves )

(1)

where Ipg is the drain current, C; is the capacitance
per unit area of the gate dielectric layer, and Vg is
the gate voltage. V1 of the device was determined
from the relationship between the square root of
Ips at the saturated regime and Vgg of the device
by extrapolating the measured data to Ipg = 0. On
the other hand, the output characteristics of the de-
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Fig. 2. Source-drain current Ipg versus source-drain voltage Vpg
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 pm.

vice with AuP electrodes show no curvature at low
Vbs but a linear current-voltage relationship at
Vbs < Vgs, with much (~6-fold) higher saturation
currents. The corresponding device exhibited an in-
creased mobility of about 0.05cm?V~'s™! with
current on/off ratio of about 10° 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 Vpg 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,
R,,, can be expressed as [21,22]

Vps|” o
Rop = —2> = Rcn + Re
L
= + RC7 (2)

Wu,C:(Vas — V)

where Ry, and Rc are the channel resistance and the
contact resistance, respectively. Fig. 3 shows a plot

2.5
a2 Au S-D electrodes

2.04 . AuUP S-D electrodes

On Resistance (MQ)

0.0 /,_,’a—""/'——
0 20 40 60 80 100
Channel Length (um)

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.
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of Ry, 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 R,, linearly depending on L.
The contact resistance was determined by extrapo-
lating the relationship of R, versus L to L =0.
The contact resistance of the OTFTs with untreated
Au electrodes was about 0.6 MQ. The Rc/Rcy, ratio
is about 1.9 at channel length of 20 um. In sharp
contrast, the devices with AuP electrodes have much
lower contact resistance of about 30 kQ. The Rc/Rcp
ratio is only about 0.6 at channel length of 20 pm.
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]

B A
J o exp <— %) exp <%>, (3)
o 1/4
Where A¢ _ |:q3NA(V "gnlz/sl kT/q):| . (3a)

T is the absolute temperature, ¢ is the electron
charge, ¢p is barrier height, k is Boltzmann’s con-
stant, A¢ is Schottky-barrier lowering due to the
combined effects of the image force and applied
electric fields, N is the dopant density, V is the ap-
plied voltage, V4 is the built-in potential, and &g is
the semiconductor permittivity. According to Egs.
(3) and (3a), the logarithm of the current density
should scale linearly with the fourth root of applied
voltage neglecting the term Vy,; — 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 um and a channel
length of 1 pum 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

a 1E6

1e42] » Au/PQT-12

o AuP/PQT-12
1E-13 : :
0.6 0.8 1.0 1.2 1.4
1/4 1/4

v (V™)
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o AuP/PQT-12

)
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i,

0.0

V (V)

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 um and a width of 800 um
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 ¥ may reflect the terms that
were neglected in Egs. (3) and (3a) to yield the log-linear
relationship. (b) AI-V characteristics of respective planar Au/
PQT-12 and AuP/PQT-12 diodes.

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 Egs. (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 AI-V characteristics of respec-
tive planar Au/PQT-12 and AuP/PQT-12 diodes.
AI =2(1, — I)/(I, + 1) is the relative current differ-

ence between I, and I,, where I, is hole current
injected from an electrodes contact into PQT-12
semiconductor under positive bias and I, is electron
current injected from an electrode contact into
PQT-12 semiconductor. Al of AuP/PQT-12 inter-
face is slightly smaller than that of the Au/PQT-12
interface in Fig. 4b. Since I, and I, 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,

Fig. 5. (a) and (b) are, respectively, AFM topography and phase images (1 um x 1 pm) of PQT-12 thin-film on Au surface after annealing;
(c) and (d) are, respectively, AFM topography and phase images (1 pm x 1 um) of PQT-12 thin-film on AuP surface after annealing; (e)
and (f) are, respectively, AFM topography images (1 um x 1 pm) of Au and AuP surfaces. Height scale (z): z= 20 nm in (a) and (c¢); 10° in

(b) and (d); 10 nm in (e) and (f).
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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. Se 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 (Rg))
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’-diphenyl-N,N’'bis(1-naphthyl-1,1’-biphenyl-4,4’-diamine (a-NPD)), and HDT-modified gold.
© 2007 Elsevier B.V. All rights reserved.

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

In organic devices such as organic field effect
transistors (OFETs) and organic light emitting

* 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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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’-ethyl-hexyloxy)-1,4-phenylene
vinylene] (MEH-PPV) [3,4, 8,9], poly(9,9-dioctylflu-
orene-co-bis-N,N’-4-butylphenyl)-bis-N, N’'-4-butyl-
phenyl-1,4-phenylenediamine (PFB) [10] or N,N'-
bis(3-methylphenyl)- N, N-diphenyl-1,1-biphenyl-4,4'-
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
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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’-diphe-
nyl-N,N’'bis(1-naphthyl-1,1’-biphenyl-4, 4’-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
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Fig. 1. Schematic energy level diagram of metal/organic interfaces with SAM modification. (a) metal/organic, (b) metal modified with
fluorinated alkyl thiol/organic, and (c) metal modified with alkyl thiol/organic.
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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,
o-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 SiO, 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 X
1073 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 N, flow. After this proce-
dure, HDT-modified and bare gold substrates
were loaded into a UHV chamber (base pressure
~107'" Torr) equipped with an electron analyzer
and thermal evaporator at the 4Bl 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 Cls and Ols peaks were not present in
the XPS spectra of the bare gold substrate.

Pentacene (Aldrich) and o-NPD (Chung Wha Sa
Co., Korea) were deposited at a rate of 0.1 A/s at
room temperature. When the thickness of the penta-
cene or o-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
A/s, and the experiment was performed at the
10C1 beam line (wavelength ~1.54 A) 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-
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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 (E}™) 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 (E7*) 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. EJ**
and E;" were determined through linear extrapola-
tion of the UP spectra. The hole-injection barrier,
&y, the work function of the metal, @,,, and the ion-
ization energy (I) were obtained using ®p =
Ezlax(metal) N Ei;nax(orgamc)7 ¢m _ hV . (Emax(metal)_
E;ut(metal)) and [ = hv — (Ekmax(orgamc) _
respectively [1,2]. Using this approach, the work
functions of bare gold and HDT-modified gold were
determined to be 5.09 4= 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 0.85eV for pentacene on bare gold
and 0.74 eV for pentacene on the HDT-modified
gold substrate. Hole-injection barrier (0.85¢V)
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 1.0eV
[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 (Hel) EDCs for
o-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 «-NPD on bare gold and HDT-modified
gold were determined to be 1.03eV and 1.22¢V,
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Fig. 3. UPS EDC of (a) a-NPD deposited on gold, and (b)
o-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.

respectively. Also, in contrast to pentacene, the [/
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 o-NPD on bare gold and HDT-mod-
ified gold substrates, and Fig. 5 shows the positions
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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 4+ 0.02 eV and injection barri-
ers at the interface between pentacene and the
substrate of 0.85 and 0.74 ¢V, 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-

A=0.88 eV Ey

:iA=U eV

Pentacene
[E=4.74 eV

Pentacene
[E=5.14 eV

0. 94eV

1o. 0. 746V
Er puammmmm’- LY~ Ex

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 o-NPD and gold, and (d) band
diagram of the interface between o-NPD and HDT-modified gold
(0.4 nm thick o-NPD layer).

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 «-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
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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 Vazquez et al
showed that the IDIS is reduced from 1.5 x 10'* to
0.5x 10" €V710@72 with the increase of distance
from 2.8 to 3.5 A 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 A [31], and this layer
keeps the pentacene film apart from the gold sub-
strate. Given the finding of Vazquez et al., that
increasing the separation between gold and PTCDA
by just 0.7 A reduces the IDIS by a factor of three,
we can assert that the 20 A 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
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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).

would be 1.14eV, 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
o-NPD on HDT-modified and bare gold substrates
(Figs. 5¢ 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 7 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 7 of the film. This effect on the 7 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, o-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-
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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* o ozp4/ 3,
where o is the average molecular polarizability and
p is the molecular packing density in the solid [30].
Thus the polarization energy can be calculated as
the difference between the 7 of the solid phase and
that of the gas phase. Using a value of 6.58 eV for
the gas phase 7 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 ¢V on HDT-modified gold (Figs. Sa
and b). Since P" is proportional to p 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 7
can be varied with the molecular packing density
(p) 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 ¢V, and I of pen-
tacene was reduced to 4.85eV 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 (4.74eV) 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 o-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
¢ 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 A 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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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.



28 K. Hong et al. | Organic Electronics 9 (2008) 21-29

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 p 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 7 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 / 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 0.11eV
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 /7, and thus to a lower injection barrier
between pentacene and HDT-modified gold com-
pared to bare gold. By contrast, the 7 of the amor-
phous organic semiconductor, o-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) (Alqs). The LiF electron injection
layer (EIL) has not been used at an Al/Alq; interface in the device on purpose to observe properties of LiF. The electron
injection-limited OLED with the LiF layer inside 50 nm Alqs 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 Alq; 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 Alqs; ETL region with copper phthalocyanine (CuPc), all of the electron injection from the cathode of Al/CuPc inter-
face, the induced recombination at the Alqz 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/cm? of current den-
sity and 1000 cd/m? 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].
© 2007 Elsevier B.V. All rights reserved.
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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)
(Algs), LiF and Al layers are the causes of the
enhancement. The subsequent observed phenomena
include the LiF dissociation [8], Alqz 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)/Alq;
(50.0 nm)/alpha-N,N’-bis(naphthalene-1-yl)-N,N’-
bis(phenyl)benzidine (¢-NPB) (50.0 nm)/indium tin
oxide (ITO) (70.0 nm), which does not have a LiF
EIL at the Al/Alq; interface on purpose. The
0.3 nm thin LiF layer has been inserted inside an
Alqs ETL. Inserting LiF at one forth, half or three
forth position inside Alqs of CD gives our device
configurations of Al (100.0 nm)/Alqs (12.5 nm)/
LiF (0.3 nm)/Alg; (37.5nm)/NPB (50.0 nm)/ITO
(70.0 nm), Al (100.0 nm)/Alqs (25.0 nm)/LiF (0.3 nm)/
Algs (25.0 nm)/NPB (50.0 nm)/ITO (70.0 nm), and
Al (100.0 nm)/Algs; (37.5 nm)/LiF (0.3 nm)/Alq;
(12.5nm)/NPB (50.0 nm)/ITO (70.0 nm). Other
devices substituting the ETL part of Alqs by copper
phthalocyanine (CuPc) has also been prepared. The
Fig. 1 depicts CD and each configuration of our
devices.

(a) Control Device (CD)

100.0 nm 50.0 nm 50.0 nm 70.0 nm
[ Al | Alg | NPB | ITO |
Al (100.0 nm) / Alg, (50.0 nm) / NPB (50.0 nm) / ITO (70.0 nm)
(b) Configuration 1 [ LiF 0.3 nm
100.0 nm ___Alg,50.0 nm__50.0 nm 70.0 nm
(@] Al || | NPB [ ITO |
AI(100.0nm)/Alg,(12.5nm)/LiF (0.3nm)/Alq,(37.5nm)/NPB(50.0nm)/ITO(70.0nm)
@] Al [ I [ NPB [ 1m0 ]
AI(100.0nm)/Alq,(25.0nm)/LiF(0.3nm)/Alq,(25.0nm)/NPB(50.0nm)/ITO(70.0nm)
)] Al [ I T NB [ 1m0 ]

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

(c) Configuration 2 [ LiF 0.3 nm
100.0 nm CuPc/Alg,50.0 nm 50.0 nm__ 70.0 nm
I Al | [ NPB [ 110 ]
AI(100.0nm)/CuPc(12.5nm)/LiF(0.3nm)/Alq,(37.5nm)/NPB(50.0nm)/ITO(70.0nm)

@ Al B | ~es [ o]

AI(100.0nm)/CuPc(25.0nm)/LiF(0.3nm)/Alg,(25.0nm)/NPB(50.0nm)/ITO(70.0nm)

@) ] NnpB [ 11O ]

Al(100.0nm)/CuPc(37.5nm)/LiF(0.3nm)/Alq,(12.5nm)/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 Alq; inside CD. (b) The
second configuration has a CuPc electron transport layer (ETL)
substitution of the first configuration.
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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 1077 Torr. Each cell contains a boron
nitride (BN) crucible, each filled with Alqgs,
o-NPB, CuPc, and LiF. The deposition rate of
Alqs, 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 (TiB,) 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, AIl/LiF (x nm)/Alqs
(50.0 nm)/NPB (50.0 nm)/ITO device at 10 V with
the LiF thickness variation, and the sharp increase

1600 | O _
€ —{-LFEIL
= 1200} i
E
2z
g oor D\ |
(0]
kel
5 O
2 400 | 0 O
&) []/

0L i

1 1 1 1 1
0.0 0.4 0.8 1.2 1.6

LiF Thickness (nm)

Fig. 2. LiF thickness versus current density graph of Al/LiF (x
nm)/Alq; (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/cm?. 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)/Alqs/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 Iumi-
nance have been increased in Al (100.0 nm)/Alq;
(12.5nm)/LiF (0.3 nm)/Alqs  (37.5nm)/NPB
(50.0 nm)/ITO (70.0 nm) device (V plots) compared
to the control device (CD) of Al (100.0 nm)/Alqs
(50.0 nm)/NPB (50.0 nm)/ITO (70.0 nm) (I 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/cm?
from 60 mA/cm? 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)/Algs (25.0 nm)/LiF (0.3 nm)/Alq;
(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 V 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 Alqs. A different
enhancement is observed in the devices of A and O plots in which
the recombination of electrons and holes is enhanced without the
electron injection enhancement.

(100.0 nm)/Alqs  (37.5 nm)/LiF (0.3 nm)/Alqs
(12.5nm)/NPB (50.0 nm)/ITO (70.0 nm) devices
(A and O 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 Alqs 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)/Alqz  (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/cm? 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/cm?. So far, there
has not been a report on the depth of the Al diffu-

(a) Al/ Alg, (25.0 nm) / LiF (0.3 nm) / Alg; (25.0 nm) / ...
(Aplots from Fig. 2)

Alg,50.0 nm 50.0 nm 70.0 nm
1) [T NpB T T10 1

l After Al deposition

100.0 nm
@) [ Al [T T NpB T _T10 ]

(b) Al / Alg, (12.5 nm) / LiF (0.3 nm) / Alg, (37.5 nm) / ...
(vplots from Fig. 2)

Alg,;50.0 nm  50.0 nm 70.0 nm
(1) [ [ NPB [ M0 ]

l After Al deposition

100.0 nm
@) I Al [ [ NPB [ JTO 1]

I LiFlayer, = Al LiFand Alg, mixed layer

Fig. 4. The schematic picture of (a) a untouched LiF layer and
(b) an Al, LiF and Alq; mixed layer after Al deposition in the
respective devices of A and V 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.

sion to Alqz 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, C3,H ) with
TEM [14]. The morphology of Al on Alq; might
have a similar nucleation and short-circuiting of
Al on Alqs; 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 (A and O plots in Fig. 3) show no such
enhancement in electron injections.

The strong interdiffusion of Al into Alq; 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 Alqs, the Al partially interdif-
fuses to 12.5 nm as discussed above. For the LiF
EIL device of AI/LiF (0.3 nm)/Alqs/NPB/ITO, it
is best described as having Al interdiffuses into
LiF (0.3 nm) and partial Alqs 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 10° V/cm at 100 mA/cm? cur-
rent density; yet, the range of field at 100 mA/cm?
in a device with a thin EIL lies below 10° V/ecm
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 A and O 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 (O plots) but
the luminance is increased for the device with LiF
at 25.0 nm (A plots). The luminance of the device
with LiF at 37.5 nm (O 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 12.5nm
position (V 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
25.0nm and 37.5 nm positions (A and O plots)
are enhanced in different manner; the electron injec-
tion is not enhanced but the recombination rate is
enhanced compared to CD.

o ]
o (A [ INPB[ITO]
O [a [ [INePB[ITO
A AT T INPBTITO
Vv [A_[T_[NPB[ITO

EL efficiency (cd/A)

=4 1 1 1]
0 50 100 150 200
Current density (mA/cm?)

Fig. 5. Current density versus electroluminescence (EL) efficiency
graph. The devices of O and A plots have lower current densities
(an injection-limited device) but have high EL efficiency com-
pared to CD (O plot). The devices with V and < plots are
injection enhanced ones and, at the same time, have high EL
efficiencies compared to CD. The LiF EIL device (¢ plot), Al/LiF
(0.3 nm)/Alq; (50.0 nm)/NPB (50.0 nm)/ITO device is shown as a
reference.

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/cm? 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.c.,
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 Alqs 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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Fig. 6. LiF (0.3 nm) insertion position versus respective current
density at an applied voltage of 8 V and maximum EL efficiency
graphs (Al/Alq; (x nm)/LiF (0.3 nm)/Algq; (50.0-x nm)/NPB
(50.0 nm)/ITO devices). The indiffusion pattern of the electron
injections is shown up to 12.5 nm distance range from the Al
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/Algs (50.0 nm)/NPB (50.0 nm)/ITO) is 0.84 cd/A and
230 mA/cm? at an applied voltage of 8 V, respectively.

of A and O 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/Alq;
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 7V 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/Alq; interface.

4 LiF Insertion
~ CD

Normalized Intensity (arb.)

T T T
200 400 600 800
Wavelength (nm)

Fig. 7. The emission spectra of CD and the Al/Alqs (25.0 nm)/
LiF (0.3 nm)/Algz (25.0 nm)/NPB (50.0 nm)/ITO device at an
applied voltage of 7V. The identical spectra eliminate the
possible role of the thin LiF blocking layer.

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/Alq; 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)/Alqs (35 nm)/NPB
(120 nm)/ITO [17]. According to Hung and Mason,
the CuPc layer has the higher electron mobility than
the Alqs layer and can well be substituted for an
ETL. The Al/LiF bilayer was inserted to make a bet-
ter alignment between CuPc and Alg; LUMO levels
and without its presence an enhanced device prop-
erty was not acquired. The report suggested that
the barrier between CuPc and Alq; 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 Alqgs. 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 Alqs 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)/Alqs  (25.0 nm)/NPB
(50.0 nm)/ITO (70.0 nm) and Al (100.0 nm)/CuPc

Configuration 2
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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 O and A 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 V 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)/Alqs (12.5 nm)/NPB
(50.0 nm)/ITO (70.0 nm) devices (A and O plots of
Fig. 8) show both current density and luminance
enhancement compared to CD ([ 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
Alqs (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/cm?> with their luminances above 1000
cd/m? at 5V, 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, J;
and J; has to be equal to a value J (J, =J,=J). J
is the multiple of the conductivity of a dielectric
material, ¢ and the applied electric field to it, E
(J/ = gE). The equation, ¢, E, = 0,E; is hence equa-
ted (01 and E;, for the material 1 and ¢, and E,,
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 o7 0,], E;| E>] and for
a1 ] 027, Ey T E»|). CuPc has higher electron mobil-
ity than that of Alqs according to Hung and Mason,
and hence the conductivity, ¢ of CuPc is higher than
that of Alqs. From the o, E; = 0, E, relation, the elec-
tric field in CuPc would be less than the electric field
in Alqs 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 Alqs. Since the slope of
Alqs 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 Alqs and will generate more light com-
pared to CD. By drawing CD differently, with the
same slope of Fig. 9b and ¢ is drawn, which has the
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(a) (b) (©

Fig. 9. Voltage reduction in an OLED with a copper phthalo-
cyanine (CuPc) substitution. The LUMO and HOMO levels are
—3.0eV and —5.7¢V, for Alq; and —3.6eV and —5.2¢eV, for
CuPc. The Al workfunction is —3.7 eV. The more conductive
CuPc substitution in (b), the more field is distributed in aluminum
tris(8-hydroxyquinoline) (Alqs) than that in CuPc. For the same
applied voltage V, the (b) device has more field in Alqz than the
pristine Alqs of CD in (a), meaning more current density in the
(b) device. The (c) device is CD with the same slope of an Alqs
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.

same current flow as in Figure (b). The applied volt-
age V 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
(12.5nm)/LiF (0.3 nm)/Alqs  (37.5nm)/NPB
(50.0 nm)/ITO (70.0 nm) (V 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 Alq; 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 Alq; 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 Alqz and CuPc
at least up to 12.5nm. 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 Alq; 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

* Corresponding author. Tel.: +91 33 24734971; fax: +91 33
24732805.
E-mail address: sspajp@iacs.res.in (A.J. Pal).

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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.0rgel.2007.07.008
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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 Q/J). 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 x 107 Torr
to act as the top electrode. Area of a typical device
was 6 mm?.

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. -V characteristics were recorded at two
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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 +Vyax to —Vyax and from
—VMax t0 TV Mmax) and also in voltage loops (from
0 to + Vpax t0 — Vmax 10 +Vmax). Here Vyax 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(111) substrate (resistivity = 3-10 mQ 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; 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 0.5nA was achieved at 0.5 V. The tip
position was then fixed to measure a set of /-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,
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Fig. 2. I-V characteristics of a device based on spun-cast film of
Ponceau SS from different +Vy.8. For Vyax = 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 V..

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 Viyjax.
Plots for +Vyax to 0 V for different V., 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 V. The plot shows
the current (at 0.8 V) increases with V., — 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.

0.25

(a) !

0208 st stsatotsad it

3 0.15
= . -~ % --(10) .
o N s e e a
£ 00 B ot st
(01)
0.05 1
o 0
0.00 298 05890080 KPRRE o0
o 20 40 60

Time (Min)

Fig. 3.

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,
42.2 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
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(a) Multilevel Read-Only Memory of a device based on spun-cast film of Ponceau SS. Current was read under +0.8 V pulse (width

2 s; duty cycle = 17 %); for (1 1), current values were divided by six for comparison. (b) Multilevel Random-Access Memory application of
the same device. Current under “‘write-read-erase-read” voltage sequence 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(111) 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; 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
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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 x 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; 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 /-V characteristics in a small voltage range
in loops. Vmax for the -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 8.5V (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
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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).

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 -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'-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 PSOXDI12. Enhanced EL device performance has been
achieved (16,261 cd/m?, 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

* Corresponding author. Tel.: +886 6 2085843; fax: +886 6
2344496.
E-mail address: yunchen@mail.ncku.edu.tw (Y. Chen).

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'-ethylhexoxy)-p-phenylenevin-

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.0rgel.2007.08.001
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Fig. 1. Molecular structures of MEH-PPV and PSOXD12.

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 [§-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 PSOXDI12 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
PSOXDI12 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/m?,
4.79 c¢d/A) has been achieved by using blend of
MEH-PPV and PSOXDI12 (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 PSOXDI2 were prepared
following a synthetic procedure described elsewhere
[11,12], and identified by '"H 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 (7,) 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 5kV. 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 14Q/0. 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 0.5h in a dust-free
atmosphere. A thin layer of the polymer blend
was spin-coated onto the PEDOT Ilayer 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~° 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 Illa
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 mm?.

3. Results and discussion

EL polymers with high glass transition tempera-
ture (T,) 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
T, (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

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 PSOXDI12, 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/PSOXDI12 = 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/
cm?, 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

PL and EL spectral data of the blend films (MEH-PPV and PSOXD12)

MEH-PPV:PSOXDI12 (weight ratio)  App (nm) FWHMpy (nm) PL Int.* (a.u.) Agp (nm) FWHMgp (nm)  EL Int.* (a.u.)
100:0 581 66 0.47 589 81 0.79

95:5 581 56 0.41 587 76 0.67

90:10 580 56 0.41 587 75 0.68

80:20 580 52 0.35 583 70 0.56

50:50 575 45 0.20 575 60 0.40

100:0 (77 K) 598 29 0.17° - - -

% The intensity of PL or EL spectra at 630 nm.
® The intensity of PL spectrum at 650 nm.
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Fig. 3. EL spectra of corresponding devices measured at a
current density of 300 mA/cm? The inset shows plot of the
spectral intensity (at 630 nm) versus blend ratios.

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/PSOXDI12 =
50/50 and clearly the film exhibits homogeneous
phase. The PL and EL spectral blue-shift in MEH—
PPV/PSOXDI12 blends is attributed to the confor-

NCKU SEI 50kV  X120,000 100nm WD 60mm

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 PSOXDI12 [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 PSOXDI12. 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/PSOXDI12 blends. The
lowest unoccupied (LUMO) and highest occupied
molecular orbital (HOMO) levels of PSOXDI12 are
—3.10eV and —5.77eV [12], respectively, which
are much lower than MEH-PPV (—2.7eV and
—5.02eV). 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 1.6eV (neat MEH-
PPV) to 1.2eV (MEH-PPV/PSOXDI2 blends).
The blend (MEH-PPV/PSOXD12) may induce the
formation of type-11 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

MEH-PPV:PSOXD12
100:0

1.0 -

I I I
- =) oo
T T T

Normalized Intensity (a.u.)

o
o
T

0.0 . TN TN TN T (N TN TN TN TN (NN TN SN TN TN (NN SN SO TN 1
350 400 450 500 550 600
Wavelength (nm)

Fig. 5. PL excitation spectra (monitored at 580 nm) of neat
MEH-PPV and its blend with PSOXDI12 at different weight
ratios.
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Fig. 6. Energy band diagram by blending of MEH-PPV and
PSOXD12.

1,3,4-oxadiazole groups in PSOXDI12 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 1cd/m? shifts to
higher voltage from 2.5V (neat MEH-PPV) to
4.0 V(MEH-PPV/PSOXDI12 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 PSOXDI12 is increased from 0
to 50%. Fig. 8 shows the EL spectra of the device
from MEH-PPV/PSOXDI12 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/m?) of the EL device using
MEH-PPV/PSOXDI12 blend (50/50) as emitting

a
600 - _o— MEH-PPV
—e— MEH-PPV/PSOXDI2 = 95/5

500 & MEH-PPV/PSOXDI2.=90/10

7 —— MEH-PPV/PSOXDI2 = 80/20

£ —v— MEH-PPV/PSOXDI2 = 50/50
o
g
A=A
2
Z
=
j5)
A
=
I
-
=
O

11
Bias (V)

Luminance (cd/m?)

Bias (V)

Fig. 7. Current density-bias (J-V) and luminance-bias (L-V)
characteristics for the EL devices (ITO/PEDOT:PSS/MEH-
PPV+PSOXD12/Al).
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Fig. 8. EL spectra of the device from MEH-PPV/PSOXD12
blend (80/20) measured at different bias.

layer are much higher than those of neat MEH-
PPV (1.45 cd/A, 5860 cd/m?) [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 PSOXDI12. 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 PSOXDI12. 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 (H,—
P), carbon tetrafluoride (CF4—P), and oxygen (O,—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’-bis(1-
naphthyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-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 O,—P and CF,~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/m? for the samples treated in CF,—P, followed by the samples treated in O,—P (5.6 V), Ar-P (6.4 V), as-clean
(7.0 V) and H,-P (7.2 V) plasma, respectively. The mechanisms behind the improved performance were proposed and
discussed.
© 2007 Elsevier B.V. All rights reserved.

PACS: 81.65.-b; 68.37.Ps; 68.35.Md; 64.60.qj; 85.60.Jb

Keywords: Plasma; Indium tin oxide; Morphology; OLEDs; Surface treatment; Surface energy

1. Introduction

Indium tin oxide (ITO) is commonly used as an
anode in organic light emitting diodes (OLEDs)
“ Corresponding author. due to its high conductivity, transparency in visible

E-mail  address: zhhuang@SIMTech.a-star.edu.sg (Z.H. wavelength range, wide energy band gap and
Huang). relatively high work function. OLED devices with

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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as-deposited ITO, however, were found to have
many problems, such as shorting, unstable /-7
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 (H,-P), argon (Ar-P), oxy-
gen (O,-P), and carbon tetrafluoride (CF4—P) were
used in this work. Ultra thin HTLs of N,N’-bis(1-
naphthyl)-V,N’-diphenyl-1,1’-biphenyl-4,4’-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 O,—P and CF4P 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 (Préizisions Glas and Optik
GmbH) with an initial sheet resistance of 10 Q/[]
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, H,, CF4, and O,, 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 3min at an rf (13.56 MHz)
power of 600 W, where process pressure was main-
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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 cm? 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 2x2 um?® 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/Alq;/LiF/Al [Alq; =
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 Alqs 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 cm?. 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 1x 10~* 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 0.2V 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 cm?® was collected with a calibrated silicon pho-
todiode. In addition, the power efficiency (Im/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, O,—P and
CF4-P treatments in the order of CF4P> 0O,
P > Ar-P and slightly reduced by H,-P treatment,
compared to the as-clean ITO sample. It should
be noted that the Ar-P, O,—P and CF,-P increase
polar component, in the order of CF4—P > O,—P >
Ar-P, but decrease dispersion component. On the
contrary, H,—P renders the highest dispersion

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

Sample Contact angle (°) 7P . 7¢ . 75 = ysz_._ W 1 =
Water  Glycerol (mJ/m) (mJ/m?) (mJ/m) 30/

As-clean 40.7 343 36.6 19.8 56.4 0.65
H-P 426 34.8 34.1 21.2 55.3 0.62
Ar-P 23.0 21.3 50.2 17.1 67.3 0.75
O,-P 7.9 21.8 62.4 11.8 74.2 0.84
CF+~P 119 273 65.1 9.5 74.6 0.87

The total surface energy ys is the sum of the polar (y?) and dis-
persion (7¢) components (y, = 7P +79) and the polarity y, is the
ratio of the polar component to the total surface energy
(xp = 22/75) [6]-
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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 CH,, where M denotes metallic
atoms (i.e., In and Sn in this study) and CH, 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 nm? 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/m? 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/m? 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 H, 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 H, 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
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raised after H, plasma, by about 1.4 mJ/m?
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 H, plasma has been reported
by several research groups [8,12,41].

In contrast, hydrocarbon contaminants on ITO
surface will be effectively removed by O,—P [40],
which contribute to the high surface polarity for
the same reason as Ar plasma. More importantly,
O, 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
O,-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, O,—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 O,—P, CF4P is a
more oxidative treatment and can definitely remove
hydrocarbon contaminants from ITO surface. Fur-
thermore, the released fluorine atoms or ions during
CF,—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, CF,—P treated ITO surface should
be more stable than that of O,—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 SiO, were

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

Silicon sample 7P 74 ="+ 2 =10/

(mJ/m?) (mJ/m? (mJ/m?) (mJ/m?)
Sl-as-clean 50.2 17.1 67.3 0.75
S2-Ar plasma  54.0 18.1 72.1 0.75
S3-H, plasma ~ 53.3 14.5 67.8 0.79
S4-O, plasma  55.9 17.0 72.9 0.77
S5-CF4 plasma  42.8 12.1 54.9 0.78

The total surface energy y; is the sum of the polar (yP) and dis-
persion (7¢) components (y, = 7P +79) and the polarity y, is the
ratio of the polar component to the total surface energy
(xp = 22/75) [6]-

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 SiO, and ITO is that SiO, 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
SiO, 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 H,—P treatment the ITO surface
exposes more metallic atoms (In and/or Sn) with
greater polarizability, leading to strong dispersion
force. In contrast, CF,—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. la (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

0 1.00 2.00
um

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),
H,-P(c), CF4—P(d), and O,—P(e). It can be seen that
the surface coverage with 2 nm thick NPB highly
depends on the type of plasma treatment. The
CF 4P treated sample has the highest coverage, fol-
lowed by the O,—P, Ar-P, as-clean, and H,—P trea-
ted samples. For the as-clean, Ar-P and H,-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 > H,~P. On the contrary, CF4,—P
and O,—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
O,—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

Hm

Fig. 1. AFM image of as-clean ITO thin film deposited by dc magnetron sputtering: (a) height mode and (b) phase mode.
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Fig. 2. AFM images (phase) of 2 nm thick NPB on ITO surfaces with different plasma treatments: (a) as-clean; (b) Ar-P; (c) H,—P; (d)
CF4-P; and (e) O,-P.

batch and thus the morphological difference should Much of the surface structure observed in thin
be caused mainly by the different plasma treatments. 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 H,—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, H, 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 O, and CF,4 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 (/-V) and Iluminance-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, O,—P and
CF 4P, but to the higher voltage region for the device
with Hj-plasma treated ITO. For instance, the oper-
ating voltages at luminance of 200 cd/m?” are 4.1, 5.6,
6.4, 7.0, and 7.2 V for the samples of CF4-P, O,-P,
Ar-P, as-clean, and H,—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 H,-P treatments, but low-
ered by O,—P and CF,-P treatments. For instance,
at a given current density of ~30 mA/cm?, current
efficiencies of devices with as-clean, Ar-P, H,—P,
O,—P, and CF,-P treated ITO substrates are 2.88,
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Fig. 3. I-V (a) and L-V (b) characteristics of the devices made with ITO treated by different plasmas.
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Fig. 4. Current efficiency (a) and power efficiency (b) vs. current density curves of devices made with ITO electrochemically treated at

different voltages.

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 O,—P and lowered by
H,-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/cm?, maximum power effi-
ciencies are obtained for the devices with as-clean,
Ar-P, H,—P, and O,—P treated ITO substrates in an
order of O,-P (1.251m/W) > Ar-P (1.22 Im/w) >
as-clean (1.14 Im/W) > H,-P (1.09 Im/W). However,
the corresponding power efficiency for device with
CF,4-P treatment is up to 1.67 Im/W which is ~34%
higher than that of O,—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 O, and CF4P treatments promotes the hole
injection from ITO to HTL, while Hy—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 O,—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/m?) 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 Im/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
1s 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 H, 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, H,, 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, O,—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 O,—P and
CF4P 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, O,—P,
Ar-P, as-clean, and H,—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/m> for the samples treated in
CF4-P, followed by the samples treated in O,—P
(5.6V), Ar (64V), asclean (7.0V) and H,—
P(7.2V), 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.
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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
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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

* Corresponding author. Tel.: +81 052 789 4429; fax: +81 052
789 5306.
E-mail address: tmori@nuee.nagoya-u.ac.jp (T. Mori).

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)

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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 SiO, 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'-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 wused N,N’-di(1-naphthyl)-N,N’-diphenyl-
1,1’-diphenyl-1, 4’-diamine) (NPD), and employed
a special ITO substrate with a roughness, R, =
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 x 107° 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-LI; 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 CH;-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

120 _l ........ LI 1 ........ LS 1 ........ LI | ........ LI .l_
JERTIT N 1. SR S S uil
9) : : : : :
B 80 ___. ................ ——
o
E’

m 60 _.T_: ................ ——
E 40 _.. ................. ..................... - -+
8 Hr
20 |._ .................... O cH, |+
0 _I. ........ s 1. ........ P 1. ........ — I ........ — .I_
0 40 80 120 160
Time [min]

Fig. 1. Dependence of contact angles on deposition time of a
SAM-coated ITO substrate.
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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°
CH;-SAM 102.5° 105.1° 100°

values reported in the other groups’ papers. There-
fore, a SAM can be formed on an ITO surface as
well as on an SiO, surface. In addition, the layer
quality of the SAM on the ITO surface is regarded
to be equivalent to that on SiO,. 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 CHj;-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

400

300

200

Radius [um/day]

100

Time [day]

Fig. 3. The radius of polycrystalline region vs. storage time of
NPD thin film on various substrates at 40 °C, with 70% RH.

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

ITO CuPc

F-SAM CH:-SAM

Fig. 2. Polarizing microscopic photographs of 50-nm-thick NPD films deposited on bare, CuPc-, F-SAM-, and CH3;-SAM-coated ITO

substrates (639 x 853 pum).
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Fig. 4. Growth rate and number of nuclei of the polycrystalline
region for NPD thin films on various substrates.

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 um/day. The
growth rates of both CuPc and CH;-SAM are ca.
32 um/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 CH;3-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-
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Fig. 5. Contact angles of water for substrates before deposition
of the NPD thin film.

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 um 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
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Onm

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 x 20 pm).

(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, vy,
the migration rate on the substrate, vg, and the rear-
rangement rate of the growing front, vg. Another
factor, the migration rate on the NPD layer, is
defined as vn. The roughness of deposited NPD
films is R, = 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, vg corresponds to wvy.

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 vy 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
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0 nm

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 (5x 5 um).

!
(a) } (b)
crystalline

channel
Vp

Ve /-

|
underlayer

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, vg; the rearrangement rate of growing front, vg; and the migration rate on
NPD layer, vn.

(underlayer), vs. Fig. 8a shows that the growth of assumed that the vg on F-SAM is much lower than
the polycrystalline region is controlled by both the vs on the others. This mechanism is supported
rates: vp, and vs. Only the NPD polycrystallization by the fact that the channel around a fibril becomes
on F-SAM is thought to be suppressed when it is 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.
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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 SiO; 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.

PACS: 85.30.Tv; 73.61.Ph; 77.84.Jd

Keywords: Organic thin-film transistor; P3HT; Polymer dielectric; Interface; Solvents

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

* Corresponding author. Tel.: +49 40 42878 3854; fax: +49 40
42878 2229.
E-mail address: a.yildirim@tuhh.de (F.A. Yildirim).

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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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
Si0O, as the dielectric.

Production of the devices started with the evapo-
ration of chromium/gold (5nm/35nm) layers on
glass slides by electron beam evaporation. Dielectric
layers were all deposited in a clean-room atmo-

| Au-electrode
Gate dielectric

Cr/Au-electrode

Glass Substrate

Au-electrode

Gate dielectric
Cr/Au-electrode

Glass Substrate

Av-arain

Gate dielectric
Cr/Au-gate

Glass Substrate

Fig. 1. Metal/insulator/metal (MIM), metal/insulator/semicon-
ductor (MIS) and bottom-gate transistor structures.

sphere by spin-coating. Viscosities of the solutions
and the spin parameters were adjusted to get films
of 1-2 um 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 40x 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
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Table 1
Processing conditions and measured properties of selected dielectric materials
Polymer UV Curing Dielectric Resistivity RMS-roughness  Contact Surface
exposure  conditions constant (MIM) (Qm)  (nm) angle with  energy
(20 Hz/100 kHz) water (°) 75 (mJ m~?)
BCB - 250 °C-60 min (vacuum)  3.3/3.0 3.2x10" 1 93 34.3
SU-8 1 min 150 °C-30 min 4.0/3.8 1.0x 10" 1 80 415
NOA 74 30 min - 4.8/4.0 1.2x 10" 1 60 43.1
EL37A - 160 °C-60 min 4.0/3.3 1.7x 10" 1 96 32.1
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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.

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 um 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 mm? 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
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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.

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 um 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 SiO, (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 x 107> mbar. In
order to decrease leakage-currents outside the chan-
nel area, the semiconductor around this areca was
carefully removed by a scalpel. This simple structur-
ing of the semiconductor resulted in a considerable
reduction in gate current (Fig. 4).

1E-8 5
= As processed
o Structured
e
1E-9 4
< [ —
iY
1E-10 4
VG =-80V
1E-11 T T T T T T
20 0 20 -40 60 80
Vb (V)

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.

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 I}/ vs. Vg to the Vg-axis where Vp, was —80 V.
Saturation field-effect mobility values were calcu-
lated from the slope of the transfer curves
(Vp = —80V) by using the equation for transcon-
ductance g,,,. 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, Ip (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.
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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 Vp = —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.

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 =0YV) 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
V) 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-
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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/cm?)

Vth/saturation field-effect mobility (cm?/V s)

P3HT-CHL P3HT-XYL P3HT-TCB Pentacene

Si0, 11.5 +5V/32x 1074 +19V/ 5.5%x107* +8V/1.3x 1073 —10V/0.1

BCB 2.7 +32V/5.6%x107° - - —21V /2.1x1072
SU-8 2.7 +75V/6.2%x 1073 +59V/9.5%107° +64 V/3.3%x 107 +16 V/1.2x 1072

NOA74 3.0 +30 V/5.7x 107 +72V/ 1.7x107° +24V/6.1x 1074 +25V/2.3%x1073

EL37A 2.7 +35V/1.2%x 107 +67V/2.2%x107* +32V/8.0x 107 —2V /23x1072

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].
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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 x 10%, respectively.

P3HT transistors with polymer dielectrics exhib-
ited higher conductivity values than both SiO,
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~# cm?/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

* 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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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
107 cm?/V s and good thermal stability with high
glass transition temperature (7,) 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-fert-butylaniline in o-dichloroben-
zene. The reactions quantitatively proceeded. They

=~ AN
{ !
N/ 5 =N
a\ N=
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N-N

4
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~ \ /
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Fig. 1. Chemical structures of Bpy-TAZs.
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Scheme 1. Synthetic routes of Bpy-TAZs.
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were purified by silica gel column chromatography
to give white crystals, whose structures were con-
firmed by 'H NMR, '>C 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' ]| Bipryridinyl-6-carboxylic acid hydrazide
(Bpy-Hyd)

[2,2'Bipryridinyl-6-carbonitrile (Bpy-CN) was
synthesized from 2,2’-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). éy (270 MHz,
CDCl): 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' ] Bipyridin-6-yl )-4-(4-tert-
butylphenyl)-[1,2,4 ]triazole ( Bpy-TAZ-01)

First, [2,2'IBipyridinyl-6-carboxylic acid N'-
([2,2'Tbipyridinyl-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 N,. 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 (1.45g) in diglyme (50 mL) at
120 °C under N,. 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 N, 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). oy (270 MHz, CDCl;): 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, CDCIl;): 155.08, 154.85,
154.04, 150.99, 148.59, 146.04, 137.53, 136.24,
134.75, 127.11, 12549, 124.33, 123.49, 120.83,
120.73, 34.63, 31.43. MS (EI): m/z 509 (M™). Ele-
mental analysis calculated for C3,H,,N7: C, 75.42;
H, 5.34; N, 19.24. Found: C, 75.63; H, 5.44; N, 18.98.

2.2.3. [2,2' ] Bipryridinyl-6-carboxylic acid N'-
(6-bromopyridine-2-carbonyl) hydrazide (BBH)

First, an intermediate product was synthesized
from N,N’-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 700mL 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. oy (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' | 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 1.5h 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-K,COs-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. oy
(270 MHz, CDCl;): 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, CDCls): 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, 12637, 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 C33HogNg: 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' | 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-K,COs-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. éy (400 MHz, CDCls): 8.55 (1H, d, J
4.0 Hz), 8.37 (2H, dd, J 7.9, 2.4 Hz), 8.23 (1H, d,
J 7.0Hz), 790 (2H, t, J 7.8 Hz), 7.85 2H, t, J
89 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, 1.4Hz), 7.27 (2H, d, J
7.0Hz), 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, CDCls): 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 Cs;3HyNg: 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 Q/sq. The solvent cleaned ITO surface was

treated by O,-plazma for 5 min just before loading
the substrates into a high-vacuum chamber (base
pressure below ~6 x 10~* 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 A/s for
organic materials, 0.1 A/s for LiF, and 6 A/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.

"H 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 CHNCcoder.
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
(A =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 N, at the dew point of almost —
60 °C and O, concentration of below 10 ppm. We
employed a 100-nm-thick fullerene Cgo 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.

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 (7T,) of 74 °C. This
T, 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’-diphenyl-N,N’-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 3.6eV for Bpy-TAZ-03
from the absorption spectrum is very wide. This
wide band gap characteristics results from the weak
n-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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[0) ©
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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 T, and evaporated thin-films of
Bpy-TAZ-03 have a thermal stability. On the other
hand, Bpy-TAZ-01 and 02 have no 7,. No 7, and
higher melting points (7,,) of Bpy-TAZ-01 and
Bpy-TAZ-02 indicate that they have higher crystal-
linity than Bpy-TAZ-03. However, high T}, 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 T, 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- HOMO LUMO Band gap T T,
TAZ- (eV) (eV) (eV) (°C) (°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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Fig. 4. Current density—voltage characteristics of OLEDs with
Bpy-TAZs as electron-transporting materials, showing together
the reference devices with Alq and TAZOL.
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Fig. 5. Device structure of OLEDs with different ET materials
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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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Fig. 6. J—V (left axis) and external quantum efficiency (QE)-V
(right axis) characteristics of the phosphorescent OLED with
Bpy-TAZ-03 as a hole-blocking and electron-transporting mate-
rial, showing together a reference device with the conventional
structure.
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Fig. 7. Device structure of phosphorescent OLEDs with Bpy-
TAZ-03 as a hole-blocking and electron-transporting layer, and
chemical structures of used other chemicals in the OLEDs.

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 (¢1) of 9.70 ps from the transient photo-
current, where ¢t was defined as the kink point of
the the transient photocurrent. Hence, electron
mobility (x) was determined to be 8.0 x 107> cm?/
V s at the electric field (E = V/D) of 680 kV/cm with
the following equation:

p=Dd/(trV), (1)

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 Algq of 1.3x
107%cm?/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-
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Fig. 8. Electron transient photocurrent of TOF measurement of
Bpy-TAZ-03 at the applied voltage of 360 V to the Al cathode.
The inset shows device structure used.

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= (tia—t)/t1)2, (2)

where ¢, is the time of the kink and ¢, 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 107*cm?/Vs 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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Fig. 9. Electric field dependence of electron mobility of Bpy-
TAZ-03, Alq, and PyPySiPyPy. Data for Alq and PyPySiPyPy
were referred from the literature by Murata (see text).
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silole derivative, 2,5-bis(6’-(2’,2"-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 T,
should be prepared keeping its high electron mobil-
ity by means of some chemical modifications. Now
further experiments are in progress.

Acknowledgements

The authors thank Mr. S. Hayashi and Mr. N.
Yokoyama of Hodogaya Chem. for helpful advise
to the synthesis of the materials, and also thank
Dr. Y. Nakajima and Mr. D. Yamashita of Riken
Keiki for measuring the ionization potential of com-
pounds with their photoelectron spectroscopic
equipment (Riken Keiki AC-3). This work was sup-
ported by the Cooperative Link for Unique Science
and Technology for Economy Revitalization
(CLUSTER) of the Japan’s Ministry of Education,
Culture, Sports, Science and Technology. It was
also supported by the Ministry’s 21Ist Century
COE program.

References

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

[2] C. Adachi, T. Tsutsui, S. Saito, Appl. Phys. Lett. 57 (1990)
531.

[3] Y. Shirota, J. Mater. Chem. 10 (2000) 1.

[4] U. Mitschke, P. Baeuerle, J. Mater. Chem. 10 (2000) 1471.

[5] S.A. VanSlyke, C.H. Chen, C.W. Tang, Appl. Phys. Lett. 69
(1996) 2160.

[6] M. Thelakkat, H.-W. Schmidt, Adv. Mater. 10 (1998) 219.

[7] K. Katsuma, Y. Shirota, Adv. Mater. 10 (1998) 223.

[8] H. Tanaka, S. Tokito, Y. Taga, A. Okada, Chem. Commun.
(1996) 2175.

[9] M. Ichikawa, K. Hibino, N. Yokoyama, T. Miki, T.
Koyama, Y. Taniguchi, Synth. Met. 156 (2007) 1383.

[10] C. Adachi, T. Tsutsui, S. Saito, Appl. Phys. Lett. 55 (1989)
1489.

[11] Y. Hamada, C. Adachi, T. Tsutsui, S. Saito, Jpn. J. Appl.
Phys. 31 (1992) 1812.

[12] K. Tamao, M. Uchida, T. Izumizawa, K. Furukawa, S.
Yamaguchi, J. Am. Chem. Soc. 118 (1996) 11974.

[13] M. Uchida, T. Izumizawa, T. Nakano, S. Yamaguchi, K.
Tamao, K. Furukawa, Chem. Mater. 13 (2001) 2680.

[14] J. Bettenhausen, P. Strohriegl, Adv. Mater. 8 (1996) 507.

[15] S.B. Heidenhain, Y. Sakamoto, T. Suzuki, A. Miura, H.
Fujikawa, T. Mor, S. Tokito, Y. Taga, J. Am. Chem. Soc.
122 (2000) 10240.

[16] R.G. Kepler, P.M. Beeson, S.J. Jacobs, R.A. Anderson,
M.B. Sinclair, V.S. Valencia, P.A. Cahill, Appl. Phys. Lett.
66 (1995) 3618.

[17] M. Ichikawa, T. Kawaguchi, K. Kobayashi, T. Miki, K.
Furukawa, T. Koyama, Y. Taniguchi, J. Mater. Chem. 16
(2006) 221.

[18] M. Ichikawa, N. Hiramatsu, N. Yokoyama, T. Miki, S.
Narita, T. Koyama, Y. Taniguchi, Phys. Status Solidi RRL 1
(2007) R37.

[19] J. Kido, C. Ohtaki, K. Hongawa, K. Okuyama, K. Nagai,
Jpn. J. Appl. Phys. 32 (1993) L917.

[20] M.A. Baldo, S. Lamansky, P.E. Burrows, M.E. Thompson,
S.R. Forrest, Appl. Phys. Lett. 75 (1999) 4.

[21] H. Murata, G.G. Malliaras, M. Uchida, Y. Shen, Z.H.
Kafafi, Chem. Phys. Lett. 339 (2001) 161.

[22] L.B. Schein, Philos. Mag. B 65 (1992) 795.

[23] S. Tabatake, S. Naka, H. Okada, H. Onnagawa, M. Uchida,
T. Nakano, K. Furukawa, Jpn. J. Appl. Phys. 41 (2002)
6582.



Available online at www.sciencedirect.com

ScienceDirect

Organic
Electronics

o gv

I

ELSEVIER

Organic Electronics 9 (2008) 85-94

www.elsevier.com/locate/orgel

Enhanced cyanine solar cell performance upon oxygen doping

Bin Fan ?, Roland Hany ?, Jacques-Edouard Moser °, Frank Niiesch **

& Laboratory for Functional Polymers, Swiss Federal Laboratories for Materials Testing and Research, Empa,
Uberlandstrasse 129, CH-8600 Diibendorf, Switzerland
® Photochemical Dynamics Group, Institute of Chemical Sciences and Engineering, Ecole Polytechnique Fédérale de Lausanne,
CH-1015 Lausanne, Switzerland

Received 29 July 2007; received in revised form 25 September 2007; accepted 30 September 2007
Available online 13 October 2007

Abstract

The effect of exposing cyanine—fullerene Cgo 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/cm? 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.
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1. Introduction Because of their unique optical properties, they have

more recently been applied in non-linear optics [2—

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.

* Corresponding author. Tel.: +41 44 823 4740.
E-mail address: frank.nueesch@empa.ch (F. Niiesch).

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.

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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/cm? 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—Cgy 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’-diethyl-3,3,3’,3’-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 Cgy (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 Cgg 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 Q/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 Cg 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 cm?. The full device fabrication sequence lead-
ing to the ITO/PEDOT:PSS/Cy-5/Ceo/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 5mW cm 2. In
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Fig. 1. Chemical structures of the materials used in this work. The HOMO and LUMO energy levels, the workfunctions of the electrodes

as well as the reduction potential of triplet oxygen are also indicated.

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 = 1240 x Jgc x 2" x P! where Jsc (mA/
sz) is the short-circuit current-density, P, (mW
cm ?) the incident light intensity at wavelength A
(nm). Current—voltage characteristics were recorded

using a Keithley 2400 source-measure unit. Simu-
lated solar spectra with irradiation intensities of
30 mW/cm?> or 47 mW/cm? were obtained from
the same xenon discharge lamp using an AM1.5G
filter set (Oriel). Power efficiencies were calculated
as n=FF xJsc x Voc x P,!, where FF = V,,x
Jm X Voo x Jg is the fill factor, Vi, (V) and Jp,
(mA/cm?) 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 um. 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/Cgo/Al devices to ambient
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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/cm> 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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Fig. 2. Variation of the short-circuit current Jgc (full squares)
and the open-circuit voltage Voc (empty squares) of ITO/
PEDOT:PSS/Cy-5/Cgo/Al devices as a function of exposure time
to ambient atmosphere and white light irradiation.
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Fig. 3. ICPE and absorbance (a) and current-voltage character-
istics (b) of ITO/PEDOT:PSS/Cy-5 (40 nm)/Csy (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,

Table 1

Photovoltaic characteristics of ITO/PEDOT:PSS/Cy-5/Cgo/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/em?) FF 1 (%)
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 +£1.5V, 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 Cgp—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 Cg, 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

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/cm? 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
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as plus signs. Figure (b) shows the dark current for a freshly prepared ce
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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/Cgo/Al devices
were annealed in a vacuum oven at 100 °C for
30 min. Indeed, a clear rise in the Jgc 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 Cg 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
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areas covered by aluminium, giving rise to cyanine
and Cgo 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, Jgc 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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Fig. 8. Variation of short-circuit current Jsc (full squares) and
open-circuit voltage Voc (empty squares) of an annealed ITO/
PEDOT:PSS/Cy-5/Cgo/Al device as a function of exposure time
to ambient atmosphere and white light irradiation. The device
was annealed in vacuum at 100 °C for 30 min before being soaked
in air. The vertical arrow indicates the time at which the device
was pumped in a vacuum chamber for 12 h.
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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 Cg
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 02(32;) leading to reactive singlet
oxygen Oz(lAg) 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, 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 Cgy [44]. Interestingly, the
authors observed efficient generation of singlet oxy-
gen 02(1Ag) in nonpolar solvents such as benzene

and benzonitrile, while O, 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/cm? 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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Fig. 9. Conductivity measurements of Cy-5 films as a function of
exposure time to ambient atmosphere in the dark (full squares)
and under white light irradiation (empty squares). In both cases,
conductivity measurements were performed in the absence of
light.
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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 x 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 x RGB x 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,

* Corresponding author. Tel.: +86 (20) 8711 4525; fax: +86 (20)
8711 0606.
E-mail address: jlanwang@scut.edu.cn (J. Wang).

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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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 x 64 with pitch size of 0.33 mm x 0.33 mm, while
full color displays have a format of 96 x RGB x 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)

Table 1
Specifications of 1.5 in. PM PLED displays

Monochrome Full color

31.66 mm x 21.11 mm, 1.25in. x 0.83 in.
(1.5 in. in diagonal)
Number of pixels 96 x 64

Pixel pitch 0.33 mm x 0.33 mm

Display area

96 X 3 x 64
0.33 mm x 0.33 mm

Panel resolution 77 dpi 77 dpi
Fill factor FF =77% FF = 58%
Grey level 16 32 %32 %64 =65536

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 Q/1 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 x 10~° 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 SSDI1332T1R1 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
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Fig. 1. Polymer pileup inside a single pixel.

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

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

s "’ii

CI-

Fig. 2. Microscopic photos of the polymer pileup (thicker area) marked by < at different regions of the panel: (a) farthest from the center;

(b) near the center; (c) at the center.



98

Q. Niu et al. | Organic Electronics 9 (2008) 95-100

70

60 H

50 B

40 Y

30 H

20 H

Thicker area/Pixel area (%)

10 H

: : . 250
4200 —
2
g 2
S w
l::llﬁ g
S =L
fe
100 § =
E 3
z =
s E
50 =2 3
Z
. " . 0
B C
Spin Mode

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.

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 ¢d/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 7 is the acceleration coefficient
[17,18], as shown in the following equation. Our
experiments showed that » 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.

(1)

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

L" x 11/, = constant
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Fig. 4. The photographs of 1.5 in. full color and monochrome PM PLED FPDs.

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.

1.51in. diagonal red, green, and blue mono-
chrome PM PLED FPDs with format 96 x 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 x RGB x
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 I’Eclairage (CIE, ,) 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 CIE, , 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

* Corresponding author.
E-mail address: kinneas.ac94g@nctu.edu.tw (M.-H. Ho).

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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.0rgel.2007.09.006
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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
WOLED:s 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 CIE,, of (0.16,0.32) and 13.2 cd/A
with CIE,, of (0.16,0.30) at 20 mA/cm?,
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-

O Br (HO)ZB—Q—B(OH)Q
Cl Cl
N + \_[_< >+/n + ?
~OEt
Pl
OEt

9 o]
0 Et0-1 p-OEt
N—< >~ EtO” L[‘@‘}‘/ OEt
H n

n=1,23

~ &) &
N
O) MO oY HER
)

i, 2 mmol% Pd{OAC),/4 mmol% (t-Bu),P/1.1 eq. t-BuONa, reflux 12 h in toluene
ii, POCI,/DMF, 8 h at RT

iii, P(OEt),, 200°C, 24 h

vi, Pd(PPh,),/K,CO;, (ag.)/toluenefethanol

v, 1.5 eq. -BuONa/DMF, 20 h

%g

Scheme 1. Synthetic routes of IDB-series materials and structure
of DSA-Ph.

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 tetracthyl
biphenyl-4,4’-diylbis(methylene)diphosphonate was
synthesized from 4,4’-bis(chloromethyl)-biphenyl
with same procedure. The tetraethyl triphenyl-
4,4"-diybis(methylene)diphosphonate was synthe-
sized by adding aqueous K,COj3 (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 N, 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 MgSQOy,, 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 zert-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. 'H NMR
(300 MHz, CDCl5): é/ppm 1.19 (t, 12H), 3.08 (d,
4H), 3.99-4.03 (m, 8H), 7.23 (s, 4H).

tetraethyl biphenyl-4,4’-diylbis(methylene)diphos-
phonate. '"H NMR (300 MHz, CDCl;): §/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-4,4"-diylbis(methylene)diphos-
phonate. "H NMR (300 MHz, CDCls): §/ppm 1.24
(t, 12H), 3.19 (d, 4H), 4.03-4.08 (m, 8H), 7.23—
7.64 (m, 12H).

IDB-Ph. 'H NMR (300 MHz, CDCls): 4/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 Cs5oH4oN,: Calcd: C, 89.78; H, 6.03; N,
4.19. Found: C, 89.14; H, 5.83; N, 3.66.

IDB-biPh. "H NMR (300 MHz, CDCl;): §/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 CssHuuN»: Caled: C, 90.29; H, 5.95; N,
3.76. Found: C, 89.72; H, 5.82; N, 3.46.

IDB-triPh. '"H NMR (300 MHz, CDCl5): 6/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 CgHygN,: Caled: 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
(Tw), Glass transition temperatures (7,) 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, CF,, N,N’-bis-(1-
naphthyl)-N,N’-diphenyl,1,1’-biphenyl-4,4’-diamine
(NPB), tris(8-quinolinolato)aluminium (Alqs), 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(z-butyl)-5,11-di [4-(¢-
butyl)phenyl]-6,12-diphenylnaphthacene =~ (TBRDb)
[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~ torr in a thin-film evaporation coater following
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Fig. 1. Structures of MADN, TBRb, blue and white devices.

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 mm?. 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/cm?>.

3. Results and discussion
3.1. Luminescence in solution

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

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 ==
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

Table 1

The photo-physical, electrochemical and thermal properties of DSA-Ph, IDB-Ph, IDB-biPh and IDB-triPh

Material J.abs,max (M) Jem.max (M) HOMO (eV) LUMO (eV) Band gap (eV) T, (°C) T (°C)
DSA-Ph 410 458 5.4 2.7 2.7 89 172
IDB-Ph 408 449 5.2 2.4 2.75 119 325
IDB-biPh 402 447 5.2 2.4 2.75 131 335
IDB-triPh 398 443 5.1 23 2.8 137 344
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Fig. 2. Normalized absorption, photoluminescence (PL) spectra of DSA-Ph and IDB-series materials.
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Fig. 3. Conformational Structures of DSA-Ph and IDB-series materials [DFT with B3LYP/6-31G(d)].

hypsochromic-shifted emission wavelength of IDB-
Ph as compared to DSA-Ph.

It was also found that IDB-biPh and IDB-triPh
(with emission A, 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 n—
7 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, Zexmax 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 Forster energy-transfer from
MADN to IDB-Ph is efficient. Moreover, when
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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.

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 Forster 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
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materials are 1.32x10°cm™', 1.43x10°cm™!,
1.47x10° cm™", 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¢V). This phe-
nomenon can be rationalized by the strong donor
characteristic of iminodibenzyl group, which has a
small ionization potential (/,) [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 (7,) 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
OLED:s.

3.4. Blue device performance

The EL efficiency of the undoped MADN is
1.5 cd/A at 20 mA/cm® with a CIE,, 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
CIE,, 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 (¢12) is 700 h with an initial brightness of
1976 cd/m? monitored in a dry box. Assuming the
scalable law of Coulombic degradation [29] for driv-
ing at Ly of 100 cd/m?, the half-decay lifetime (¢,)
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, 460nm, 456nm and
1.39x10°ecm ™!, 1.47x10°em™!, 1.67%x10° cm !,
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

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

Blue Voltage Yied Pow. Eff. EQE CIE,,

dopant (V) (cd/A)  (Im/W) (%)

Blue device

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

IDB- 5.9 6.3 33 3.7 (0.15,0.24)
biPh

IDB- 6.8 3.7 1.7 2.5 (0.13,0.20)
triPh

Two-element WOLEDs

IDB-Ph 6.5 11.0 53 4.8 (0.29,0.36)
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Fig. 5. Normalized EL spectra of IDB-series doped blue devices at 20 mA/cm?.

in Table 2. The IDB-Ph doped WOLED can achieve
an EL efficiency of 11.0 cd/A and 5.3 Im/W with a
CIE,, 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

increased driving currents from 20 mA/cm® to
200 mA/cm?. Fig. 6 shows the operational lifetime
of the IDB-Ph doped WOLED under a constant
current density of 20 mA/m? monitored in a dry
box. The fgo (the time for the luminance to drop
to 80% of initial luminance) and initial luminance
(Lo) is 420 h with an initial brightness of 2198 cd/m?
monitored in a dry box. Assuming the scalable
law of Coulombic degradation [29] for driving at
Ly of 100 cd/m?, the half-decay lifetime (#,,5) of

1.0 —=— |DB-Ph doped WOLED
I‘-_-."“‘-—l—l_.. P
i el T -y
08 —Hu-m Ippn-m
L —— 20 mA/em’
.;*1 —=— 200 mAjem’
oo fr I!t "
ol E .
3 df 1 2
04 = w
E -
zo }
0.2 I
400 séo 500 700 800
00 . , wa:elength (n:n) , . ,
0 100 200 300 400
Time (hr)

Fig. 6. Device operational stability of the IDB-Ph doped WOLED. Inset: The normalized EL spectra of IDB-Ph doped WOLED at

various current densities.
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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 CIE, , 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 CIE, , 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 CIE, , 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/cm?
with a CIE, , color coordinate of (0.29,0.36). The
white device achieved a half-decay lifetime (#,/,) of
42,000 h at an initial brightness of 100 cd/m”.
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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
structure

1. Introduction

The energy level alignment at organic/metal
interfaces is a key issue for the performance of

* Corresponding author. Tel.: +49 30 2093 7819; fax: +49 30
2093 7632.
E-mail address: norbert.koch@physik.hu-berlin.de (N. Koch).

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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.0rgel.2007.10.004


mailto:norbert.koch@physik.hu-berlin.de

112 S. Duhm et al. | Organic Electronics 9 (2008) 111-118

MOs are pinned relative to the Fermi-level (Eg) 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(l11) 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(111) [12], Ag(111) [12-14] and

Fig. 1. Chemical structure of PTCDA, the indices mark the
anhydride (O,) and the carboxylic (Og) 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(111) 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(111),
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(111),
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 x 10~° mbar)
and analysis chamber (base pressure 2x107'°
mbar) allowed sample transfer without breaking
the ultrahigh vacuum. The Au(111), Ag(111) 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 A/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 A 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 A PTCDA on Au(l11)
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

113

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
Er was found. Increasing the coverage up to 48 A
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 A PTCDA/
Au(111) the sample work function decreased by
0.20eV ~ compared to  pristine Au(ll1)
(¢au=15.15¢V), and by further 0.25 eV at a cover-
age of up to 48 A (i.e., —0.45 eV total vacuum level
shift).

For the Ag(111) substrate the deposition of 1 A
PTCDA resulted in several new photoemission fea-
tures; a peak centered at 0.2 ¢V BE directly below
the Fermi-edge of the metal (L) and another peak
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Fig. 2. Thickness dependent UPS spectra of PTCDA on Au(111), Ag(111) and Cu(111). 0 denotes the layer thickness. A coverage of
about 3 A corresponds to monolayer coverage. The first row displays in each case the secondary electron cut-off spectra and the survey
spectra. H marks in each case the HOMO of multilayer PTCDA. The second row shows the corresponding spectrum in the region close to
the Fermi-energy (Eg) on an enlarged scale. H marks the HOMO and L’ the LUMO-derived interface states in the case of PTCDA/
Ag(111), H” and L” the same for PTCDA/Cu(111). 4y, denotes the decrease in the vacuum level between the pristine metal and

multilayers of PTCDA.
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centered at 1.55 eV BE (H'). Increasing the coverage
up to 2 A led to enhanced intensity of both peaks.
However, for 4 A PTCDA coverage the intensity
of the two peaks L’ and H' decreased and a new
peak centered at 2.20 eV BE emerged. Increasing
the coverage up to the final value of 48 Aled to a
shift of this peak to 2.45 ¢V BE, while the two low
BE peaks vanished. ¢ of pristine Ag(111) was
4,90 eV. For sub-monolayer coverage ¢ decreased
by only 0.10eV and stayed constant for higher
coverages.

The deposition of up to 2 A PTCDA on Cu(lll)
also resulted in two new photoemission features in
the region near to Ef, i.e., a broad peak centered
at 0.80 eV BE (L") and another peak centered at
1.70 eV BE (H”). At higher coverages the intensities
of these peaks decreased and at 48 A 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 2.55eV
BE emerged at multilayer coverage. ¢ of clean
Cu(l11) was 4.90eV. The work function was
decreased by 0.15 eV for a coverage of 1 A PTCDA
and stayed essentially constant for further PTCDA
deposition.

The work function at monolayer coverage was
4.75eV 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¢V for
PTCDA/Au(111) and PTCDA/Cu(111), and at
2.45eV 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
40.05 eV, namely 6.80 eV on Au(l11), 6.85¢V on
Ag(111) and 6.75eV 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(111), 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 0.40eV 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 1.90eV BE was measured
[24]. In contrast, another STS study found the
HOMO centered at 2.18eV BE for monolayer
PTCDA/Au(111) and at 2.32 eV BE for 2-3 layers
PTCDA/Au(111) [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(111) reported differences in
the position of the lowest unoccupied molecular
orbital (LUMO) of up to 0.35¢V 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¢V BE [20], respectively.
Considering the structural differences between
Au(111) 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(l11). However, the small decrease
of ¢ by only 0.45eV induced by a monolayer of
PTCDA on Au(l11) 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(111) 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(111) 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’),
HOMO (now the H’), 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’) is located directly at
the Fermi-level, thus a monolayer PTCDA on
Ag(111) is metallic [15]. The peak emerging at
2.20eV BE at a coverage of 4 A was assigned to
the HOMO of neutral molecules [15]. The shift of
the HOMO peak to 2.45¢V BE for 48 A 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(111), 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(l111) shows that strong
chemical interaction occurs at this interface. As
the behavior of the SECO is similar to PTCDA/
Ag(111), we conclude that significant electron
transfer from the metal to the molecule takes place
as well. Thus, peak L” is assigned to the (partially)
filled LUMO and H” 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(111). The energetic differences indicate that
the hybridization of the molecular levels and the
Cu 3d-bands is different from the case of PTCDA/
Ag(111). Because the peaks are shifted to higher
binding energies, stronger bonding of PTCDA to
Cu(111) is likely. For monolayer PTCDA on
Cu(111) the LUMO-derived interface state (L") 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(l111), 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 dy 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(111) 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(111) interface. The XSW results report an aver-
age carbon bonding distance of PTCDA on
Au(111) (dg =3.27 A) [12] close to the molecular
stacking distance measured in PTCDA single crys-
tals (d2) =3.22 A) [45], which also suggests a
rather weak interaction. For PTCDA on Ag(111)
a clear LUMO-derived peak (L) 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(111) has already been discussed in detail
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Fig. 3. (a) Schematic energy level diagram of PTCDA on Au(111), Ag(111) and Cu(111). The shaded area corresponds to the metal
electron density, gray bars to occupied and open bars to unoccupied molecular orbitals. From left to right, the pristine metal, the interface
region with the LUMO and HOMO derived interface states labeled L’ and H’ for the metallic case of PTCDA/Ag(111) and L” and H” for
the semiconductive case of PTCDA/Cu(111) and multilayer PTCDA (H and L) are shown. The positions of the LUMOs are estimated
from the transport gap, measured with (inverse) photoemission for PTCDA/Ag [31]. (b) Schematic binding positions of PTCDA on the
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].

[15,30] and is presented here for completeness. The
adsorption geometry with an average carbon bond-
ing distance of dyy = 2.86 A [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 (Op) bent towards and the anhydride
oxygens (O,) 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 (L") compared to PTCDA/Ag(111)
nicely correlates with the even smaller bonding dis-
tance of PTCDA carbons (dy = 2.66 A) [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(111) 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(l111). 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(111) 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 4+ 0.10) eV above the center of the PTCDA
HOMO level, the CNL again is located 0.02 eV
above Eg [42]. This result is in good agreement with
our measured HOMO positions. Vazquez 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(111) and PTCDA/Cu(111) 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(111), Ag(111) and Cu(111) 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(111).
For PTCDA on Au(111) no additional states are
observed in the energy gap and the bonding distance
is large. For PTCDA on Cu(l11) 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.
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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-

* Corresponding author. Tel.: +351 289 800 900.
E-mail address: hgomes@ualg.pt (H.L. Gomes).

ing ON/OFF current ratios up to 10° 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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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 Karthduser 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 Al,O; 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, y =2.2 eV, ionization
potential, I, =5.1eV and energy gap, £, =2.9eV
[16]. The aluminium (Al) and barium (Ba) elec-
trodes have workfunctions ¢ =4.3e¢V and

Barium

Polymer (80nm) |
Aluminium |

Glass substrate

b LUMO

Barium
Poly(spirofluorene)

| (PFO)
Aluminium

HOMO

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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¢pa = 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 cm?. The
aluminum electrode was treated with UV/O; 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 (/-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-

ON state

OFF state

Current density (A/cm?)
=

-3 2 -1 0 1 2 3
Applied voltage (V)

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/w)
almost independent of frequency (f), where G is
the conductance and w = 2xf, 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
0V to 5V to 0V 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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Fig. 3. (a) Frequency dependence of the measured capacitance
(C) and the loss (G/w) for an OFF state and for a high
capacitance state. (b) The corresponding current voltage
characteristics.

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
4+0.5V, 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,
Rpc of the device contributes a component,
1/27Rpc, to the overall loss. As seen in Fig. 3a,
despite a major change in capacitance (from ~20
to ~120 nF/cm?) the loss curves simply merge
together as the frequency decreases with only a
slight increase to ~3.6nF/cm? observed at
~300 Hz. Attributing this to the DC leakage
through the device we estimate Rpc to be
~14.6 MQ. 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/w).

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-
11V for 5s). 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/w) 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

=)
3

801

P D
S (=}

Capacitance, Loss per area (nF/cm?)
s}
(=}

0
102 10° 10* 10° 10° 107
Frequency (Hz)

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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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
_ 1/Rpory + 1/Rox

= , 1
S 2n(CpoLy + Cox) M
which for Rox > Rpory reduces to
1
fr (2)

- 2nRpory (Crory + Cox)

In this case it is seen that f3 is sensitive to Rpory
and will move to higher frequencies as Rpory
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 MQ/cm? to 70 MQ/cm? is required
to provide a good fit to the data. As can be seen,
the relaxation frequency of the main dispersion
(controlled essentially by Rpory) 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/cm>. However,
devices programmed to higher conductances, with
current densities in the order of 0.1-1.0 A/cm? 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/w) curves shown in Fig. 4

Circuit elements  Cox Rox CpoLy RpoLy
(nF/em?) (MQ/ecm?) (nF/em?) (kQ/cm?)
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 fz < 100 Hz, then Rpory must be
>1000 kQ and that C is dominated by Cpory which is much less
than Cox.

160
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Fig. 5. The capacitance behavior when the device is programmed
into very high conducting states. These states exhibit very high
loss at low frequencies.

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 -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 /-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
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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.
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Fig. 7. Capacitance-voltage characteristic showing an inductive
dip. The inset shows that this behavior is accompanied by a
rectifying conductance-voltage curve. The conductance was
recorded simultaneously with the capacitance at a frequency of
900 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

125

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, Rpory becomes sufficiently low
to shunt Cpory 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

a O b - c -
Polymer _ ﬁ —_ 14—|7
Ba > Ba f, Ba
Al
Al
| — Al /’"
+ —
h >
1 e
+ +
+ +
+ +
OFF state High capacitive state ON state
c Cp°|y Cox CPoly
(0):4
Cox C poly
Rpoy Rox Rpoly

Fig. 8. Energy-band diagram (not to scale) and the respective equivalent circuit model as the device switches from an OFF state to a
higher conductive state. (a) Equilibrium band diagram, the AC equivalent circuit of the device reduces to two ideal capacitors. (b) When
positive bias is applied electrons injected from the Ba electrode drift through the polymer and accumulate at the polymer/oxide interface.
Rpory becomes sufficiently low to shunt Cpoyy giving rise to the large increase in low-frequency capacitance (capacitance switching) and
the frequency dispersion. (¢) Higher voltages lead to increased electrical stress across the oxide reducing the oxide resistance Rox, which is
the current limiting layer controlling the low-frequency loss in Figs. 3a and 5 following capacitive switching.
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RpoLy < Rox, then the low frequency capacitance
should increase to >600 nF/cm?, consistent with
an oxide layer <10 nm thick. However, the mea-
sured low-frequency capacitance at ~110 nF/cm?
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 Rpory.
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.c.

_ Crory + B*Cox
(1+5)

where ﬁ = ROX/RPOLY~ Thus, if CPOLY =18 IlF/
em? and Cox = 600 nF/cm?, to yield a measured
low-frequency capacitance of 110 nF/cm? then
p =0.43. Inserting this value into Eq. (1) requires
that Rox =890Q and Rpory=2kQ to give a
relaxation frequency fz = 200 kHz in Figs. 3a and
S. Ascribing these values to the DC resistance of
the device yields a DC current density of 35 mA/
cm? at 1V, 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 Egs. (2) and (3) we now
conclude that for the conductive region, Rpory; =
770 Q which is close to the value required to fit
the plots in Fig. 4 (see Table 1). This model requires
that the condition Rpx; > Rpory: 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 pA/cm? and 140 pA/cm? for the two switched

3)

Region 2 T Region 1

500 nF/em* —— §0xide § — — 100 nF/cm®

15 nF/em* —— ?Po]ymer? —— 3 nF/em®
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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).

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
(1) replacing Rpory with Rox, and (ii) noting that
the relaxation time of this part of the device must
lie well below the measurement range, i.c.
fr < 100 Hz if the oxide in this region is not to con-
tribute to the measured capacitance, then we may
deduce that Roxs > 30 MQ. Since Rpory2 > Roxz
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 pA/cm? 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 /- 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.
© 2007 Elsevier B.V. All rights reserved.
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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

* Corresponding author. Address: Semiconductor Physics Lab-
oratory, K.U. Leuven, Celestijnenlaan 200D, B-3001 Heverlee-
Leuven, Belgium. Tel.: +32 16 32 7173; fax: +32 16 32 7987.

E-mail address: zhenia.emelianova@fys.kuleuven.be (E.V.
Emelianova).

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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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 v (r, E, Ey)
of carrier jumps, over the distance r between an ini-
tially occupied starting state of the energy E; to a
vacant target site of the energy E;. This expression
can be written as

v(r,Es, Ey) = voexp[—u(r, Es, Ey)],
”(Et—ES)
E,E)=2 _ 1
lr By E) = 2 + 1B (1

where u is the hopping parameter, v, the attempt to
jump frequency, y the inverse localization radius, T
the temperature, k& the Boltzmann constant, and 7
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 E, n(Es,u), whose hop-
ping parameters are not larger than u can be calcu-
lated in 2D as

u/2y Es+kT (u—2yr)
n(Es, u) —ZTE/ drr/ dE.g(E:)

()
[ ()
(2)

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
Zev !

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 (u)(E) = [;° duexp[—n(Es,u)], one
can estimate the average squared jump distance,

(P)(Ey), a

) _%(_) [ / dEg(E,)
N / e dElg(Et)(l_ <%))4
[ / dEg(E) + / e dEg(E)
8 <1 - (Ele_<u§>>2 71

The equilibrium 2D hopping mobility u can be then
evaluated by averaging the hopping rates over E;
and using the Einstein relation relating the mobility
to the diffusion coefficient as was done for a 3D
hopping system in [6]:

p=0 / dE, exp [— () (E)(P)ENF (B, (4)

where the functions n(E,,u) and <r2>(ES) are calcu-
lated using Eqs. (2) and (3) and f{E;) is the normal-
ized energy distribution function of localized carrier
in a 2D hopping system. The choice of the form of
the function f{ E;) depends upon the carrier density

(3)
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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, E.. A very interesting feature
of this model is that, for a sufficiently steep decaying
DOS, the value of E;; is independent of the energy
of the initially occupied state E;.

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 ¢ = Eg + 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.c.
n(Es, E;) = 1, leads to the following transcendental
equation for the energy é&:

| aBs@le - 7 = 2r)” (5
If at E; and lower energies the DOS distribution de-
creases with energy faster than |E|>, 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,,, 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

Ei 1
/ dEg(E)[Ew — EJ* = - (29kT)*. (6)
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

= [ aseie) ™)

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

evy

=2 [ agrie)

X exp <E‘k; E) [/_Z dEg(E)] 71, (8)

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~! cm? V' s7![12,13]. The typ-
ical surface carrier density accumulated under the
gate insulator is of the order of 10'-10'"?cm2.
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

_ 8(£)
S(E) = 1 + exp[(E — EF)/kT)

h g(E) -
- Um 9y +exp[(E — Er)/kT]| ©)

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

[ g(E)
p=] s E 10)

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

e o0
I :Dk—Tp/ dEg(E)

exp [(E — Er)/kT)
(1+exp[(E — Ep/kT)])*

(11)

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

/°° dEg(E)— P [(E — Er) /KT
. (1 +exp [(E — Ep/kT)))?

E
¢ g(E)
: /x o (BE)

X exp < E‘k; E) [/i dEg(E)] 71.

When one has to take into account the effect of fill-
ing of localized states, one should use the density of
vacant hopping sites g 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:

. evy
n= kTp?

(12)

/ fr g(E)
o l4exp[—(E—EFr)/kT)

! (29kT)?.

T
(13)

It should be mentioned that one can use the Egs.
(12) and (13) to calculate the 2D hopping mobility
if the effective transport energy, calculated from
Eq. (13) is well above the position of Eg [6]. If
E,. — Eg ~ kT one should use Egs. (2)-(4), and

[E— E]’

E.V. Emelianova et al. | Organic Electronics 9 (2008) 129-135

(11) to calculate the 2D hopping mobility where
the DOS function g(E) is replaced by function
g,(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

o(E) = \NE exp [—ZE—} (14)

where NP is the total density of 2D hopping sites
and o is the standard deviation of the hopping sites
distribution. The temperature dependence of E;, 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 Egs. (4)—(6) in [18] for a DOS
distribution described by Eq. (14) with for both
systems the same value of ¢ =0.1¢eV, and with a
3D total density of intrinsic sites equal to
N® = [N?P}*”* were used. The inverse localization
radius was taken y=3.5nm ' 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

0.02 |-
0.00 [ ----3D hopping system
L —— 2D hopping system

-0.02 -
> -0.04 N
©
. -0.06
>
o -0.08
c
® .0.10
g .
(9] - Charge carrier
2 -0.12 _-zz=7 concentration p
§ -0.14 ///;; =7 0'1Nt
= 2 =7 0.05N,

-0.16 //’::’; c=01eV 0.01N,

048 -7 _27" y=35nm’ 0.001N,

PE N,(3D) = 10?2 cm™® 10”N,
-0.20 i N,(2D) = 4.64 * 10" cm™® 10'6N1
.0.22 L | | L |
100 150 200 250 300

Temperature, K

Fig. 1. Temperature dependence of the transport energy in 2D (straight lines) and 3D (dashed lines) hopping systems with a Gaussian
DOS distribution of localized states parametric in charge carrier concentration. The total density of intrinsic sites in the 3D system was
taken as N;° = [N‘ZD}B/ ? while the other system parameters are identical for both systems.
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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 E\,, 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 ¢ in the expression
1 ~ exp[—(ca/kT)?], 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 = 0.01N?°*P 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-

ductivity is due to jumps of carriers localized above
the Fermi level and obeys the log(u) ~ 1/77 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

0.01
1E-3
1E-4
1E-5
1E-6
1E-7
1E-8

Mobility, cm*/Vs
m
o

1E-10
1E-11
1E-12
1E-13

4 5 6 7 8 9 10 11 12
1000/T, K"

1E-14

300 400 500

(1000/T)?, K*

Fig. 2. Hopping mobility vs square inverse temperature for 2D and 3D hopping systems for high (1% of total density of intrinsic states)
and low (107'° density of intrinsic states) charge carrier concentrations. The total density of intrinsic sites in the 3D system was taken as
NP = [N?P”* and the other system parameters while identical for both systems. The insert shows an Arhenius-like behaviour of 2D and

3D mobilities at high carrier concentration.
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Fig. 3. Experimental data on the field-effect mobility in P3HT samples with different regioregularity [12] vs. inverse temperature together
with the theoretical curves calculated from Eq. (10). The inverse localization radius is the only changed fitting parameter. The following set
of material parameters has been used for the calculation: Ny =2x 10" cm 2 Ng=2x102cm 2, p=1x1073 (N, + Ny), ¢ = 0.08 eV,
61 =0.006 eV, Eq=0.28 eV, vy = 10> s~ The insert shows a double Gaussian DOS distribution Eq. (14) that was used to calculate the

theoretical curves from Egs. (10), (12) and (13).

DOS distribution that incorporates both intrinsic
DOS and the deeper localized states to fit experi-
mental data (see the insert in Fig. 3):

5 =T e [ 2]

V2no 202
Ny (E — Eq)°
SV 15
+ o exp | (15)

where Ny is the total density of disorder-induced
localized states, E4 is the energy of their maximum
and o, 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
-7 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 y) 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-y) In this case even excursion of the
carriers in the direction of the m—mn-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
y 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 v, and y 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 vy
are quite small to what is found in literature.
Already for electron transfer assisted by o-bonds
values between 6.8 and 10.9 nm ™' are found for y
[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 y and
the fixed parameter vo. For vy we used a value of
1x 10" 571 [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 E\ —
Ep ~ kT, one should use Egs. (2)-(4), and (11)
instead of Egs. (12) and (13) to calculate the 2D
hopping mobility.

Acknowledgements

E.V. Emelianova would like to thank A.K.
Kadashchuk for discussions and H. Bissler for
usefull comments. The FWO and the K.U.Leuven
Research Fund through GOA 2006/2 are acknow-
ledged for financial support.

References

[1] G. Hadzijoannou, P. van Hutten (Eds.), Semiconducting
Polymers, Wiley, Weinheim, 2000.

[2] P.M. Borsenberger, L. Pautmeier, H. Béssler, J. Chem. Phys.
94 (1991) 5447.

[3] H. Bissler, Phys. Status Solidi B 15 (1993) 175.

[4] M.A. Abkowitz, J.S. Facci, W.W. Limburg, J.F. Yanus,
Phys. Rev. B 46 (1992) 6705.

[5] L.B. Schein, Philos. Mag. B 65 (1992) 795.

[6] V.I. Arkhipov, P. Heremans, E.V. Emelianova, G.J. Adria-
enssens, H. Bissler, J. Phys.: Condens. Matter 14 (2002)
9899.

[7] V.I. Arkhipov, E.V. Emelianova, P. Heremans, H. Bissler,
Phys. Rev. B 72 (2005) 235202.

[8] L.I. Fishchuk, A.K. Kadashchuk, A. Vakhnin, Yu. Korosko,
H. Bissler, B. Souharke, U. Scherf, Phys. Rev. B 73 (2006)
115210.

[9] W.F. Pasveer, J. Cotaar, C. Tanase, R. Coehoorn, P.A.
Bobbert, PW.M. Blom, D.M. de Leeuw, A.M.J. Michels,
Phys. Rev. Lett 94 (2005) 206601.

[10] M. Pope, S.E. Swenberg, Electronic Processes in Organic
Crystals and Plymers, 2nd ed., Oxford University Press,
Oxford, 1999.

[11] S.M. Sze, Physics of Semiconductor Devices, 2nd ed., Woley,
New York, 1981.

[12] H. Sirringhaus, P.J. Brown, R.H. Friend, et al., Lett. Nature
401 (1999) 685-688.

[13] F. Dinelli, M. Murgia, P. Levy, M. Cavallini, F. Biscarini,
D.M. de Leeuw, Phys. Rev. Lett. 92 (2004) 116802.

[14] H. Shimotani, G. Diguet, Y. Iwasa, Appl. Phys. Lett. 86
(2005) 022104.

[15] A. Miller, E. Abrahams, Phys. Rev. 120 (1960) 745.

[16] V.I. Arkhipov, E.V. Emelianova, G.J. Adriaenssens, Phys.
Rev. B 64 (2001) 125125.

[17] Y. Roichman, N. Tessler, Appl. Phys. Lett. 80 (2002) 1948.

[18] V.I. Arkhipov, P. Heremans, E.V. Emelianova, G.J. Adria-
enssens, H. Bissler, Appl. Phys. Lett. 82 (2003) 3245.

[19] Y. Kim, S. Cook, S.M. Tuladhar, S.A. Choulis, J. Nelson,
J.R. Durrant, D.D.C. Bradley, M. Giles, I. Mcculloch, C.-S.
Ha, M. Ree, Lett. Nature Mater. 5 (2006) 197-203.

[20] N. Hush, M.N. Paddon-Row, E. Cotsaris, H. Oevering, J.W.
Verhoeven, Chem. Phys. Lett. 117 (1985) 8.

[21] M. Van der Auweraer, G. Biesmans, B. Verschuere, F.C. De
Schryver, F. Willig, Langmuir 3 (1987) 992-1000.

[22] J. Miller, in: V. Balzani (Ed.), “‘Supramolecular Photochem-
istry, NATO ASI Series C, vol. 214, Reidel Publishing
Company, Dordrecht, 1987, p. 241.

[23] J.W. Verhoeven, in: J. Jortner, M. Bixon (Eds.), Electron
Transfer-From Isolated Molecules to Biomolecules, Part
One, Advances in Chemical Physics, vol. 106, John Wiley &
Sons, 1999, p. 603.

[24] V.I. Arkhipov, E.V. Emelianova, H. Bissler, Chem. Phys.
Lett. 372 (2003) 886.



ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Organic Electronics 9 (2008) 136-142

Organic
Electronics

www.elsevier.com/locate/orgel

Letter

Sequentially doped blue electrofluorescent organic
light-emitting diodes

Y. Divayana, X.W. Sun *

School of Electrical and Electronic Engineering, Nanyang Technological University, Nanyang Avenue, Singapore 639798, Singapore

Received 12 August 2007; received in revised form 21 October 2007; accepted 22 October 2007
Available online 30 October 2007

Abstract

We report on a blue fluorescent [4,4'-bis(9-ethyl-3-carbazovinylene)-1-1'-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: 32.50.4d; 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

* 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)

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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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to highlight this unique feature of sequential
doping.

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’-di(naphth-2-yl)-N,N'-
diphenyl-benzidine (NPB) as the hole transporting
layer, 4.,4’-bis(N-carbazolyl)biphenyl (CBP) as
the host, 4,4’-bis(9-ethyl-3-carbazovinylene)-1-1'-
bisphenyl (BCzVBi) as the guest, and 2,9-dimethyl-
4,7-diphenylphenanthroline (BCP) as the hole block-
ing layer and tris-(8-hydroxyquinoline) aluminum
(Alqgz) 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 Q/square). Before deposition, the ITO
was treated by oxygen plasma at 10Pa 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 2x 107* Pa at deposition rate of 0.5-4 A/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 (xnm)] (6

cells)/BCzVBi (0.5 nm)/BCP/Alqs, 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/cm? are shown in Fig. 1b. The
inset of Fig. 1b shows the external quantum effi-
ciency (EQE) of the respective devices in Fig. la. 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
4.5cd/A and 2.3 Im/W, respectively, at a current
density of 100 pA/cm? 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 (Forster process) type interaction, due to
its long range capability [10]. However unlike the
known Forster 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 Forster 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



Y. Divayana, X.W. Sun | Organic Electronics 9 (2008) 136142 139

a T T ]
v
10°F @
3 o @ 410°
(\E i A Dv mOVAN v/
O —
o VAN mEOYAN o
< 10°F e n8R Y i €
£ £ o A v 3
= 0 v 410" o
€ 10k W e
) E S
o 3 0O oA v ] c
s 0DoA v BCzVBi Thickness E E
“—_E, 5 O 0.1nm ] 10" -
o O 05nm
I > A 1.0nm ]
VvV 2.0nm
' TN
10
Voltage (V)
b T T T T T
1.0 . BCzVBi Thickness B
\ 0.1 nm
L o
e ----0.5nm
0.8 Vgl s 1.0 nm e
Vg S 2.0 nm
—_ O O Fitting Data
g 0.6 K (Monomer+Aggregate)
>
‘»
c
2 0.4
£

0.2

0.0

Wavelength (nm)

Fig. 2. (a) Current density and luminance versus voltage for devices with various BCzVBi thicknesses. (b) Normalized emission spectrum
for device in (a), fitting data shown in square are obtained from a linear combination of monomer and aggregate emissions with f'=0.7.

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 2nm and
0.1 nm of BCzVBi is 8165 cd/m® and 3697 cd/m”,
respectively. Current and power efficiency reaches
5.3cd/A and 2.5Im/W, respectively, at a current
density of 100 pA/cm® 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.
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Table 1

Summary of performances for devices with various BCzVBi thicknesses

Thickness EQE (%) @  Current Power Operating CIE Fraction Peak of  Corresponding

of J=100 pA/ efficiency efficiency voltage @ (x,») of aggregate emission conventional

BCzVBi  cm? (cd/A) @ (Im/W) @ J =100 pA/ ) spectrum  doping

(nm) J=100pA/ J=100pA/ cm? (nm) concentration (%)
cm? cm?

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 23 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

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 I'Eclairage (CIE) coordinate, it shifts from deep
blue (x,y)=1(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

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
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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 (1) by R® & 5 [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 BCzVBIi 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(4)),
and the other emission of a purely aggregate elec-
tronic state (gaggregate(4)) (such as dimers or
excimers),

g(;b) = (1 - f)gMonomer<)”) —+ f.gAggregate(;“) (1)

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 cm?/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.
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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 cm?/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 £6dZ, was specially designed
for the preparation of oriented, anisotropic layers
of soluble molecular materials on substrates that
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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 pm/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/SiO,. 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).
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Fig. 2. Optical micrograph (reflected light) of DT-TTF films
prepared by zone casting on a Si/SiO, 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.

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 A (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
(001) 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 um 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
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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 pm/s; (b) 10 um/s and (c) 16 pm/s.
White arrow indicates the casting direction.

mobility observed was 0.05cm?/Vs. The highest
OFET mobility found was 0.17 cm?/V s, which is
one order of magnitude lower than the maximum
mobility obtained for a single crystal DT-TTF but

0.1
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Fig. 5. Mobility values obtained for the zone cast films
investigated.

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 (Isp) versus the applied
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Fig. 6. (a) Isp versus Vgp 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 cm?/V s. (b) For the same device as in Fig. 6a,
ISD versus VG at VSD =—-40V.
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source—drain voltage (Vsp) across the two elec-
trodes for different gate voltages (V). 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 (Isp versus Vg at fixed Vgp = —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/SiO, 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 /- 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

* Corresponding author. Tel.: +31 40 2473034.
E-mail address: j.loos@tue.nl (J. Loos).

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.

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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 -} 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 -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-[6,6methanofullerene (PCBM) [13]
was synthesized in the University of Groningen, the
Netherlands, and poly[2-methoxy-5-(3’,7'-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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Fig. 1. Energy level diagram for the materials used in present
work (energy levels according to Ref. [15]).
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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.

0 0.5 10

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 —2.3V
(Fig. 2b) and +10V (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

0
15 Hm

Fig. 2. C-AFM image series acquired at ambient conditions in air of a thin PCBM/MDMO-PPV film spin-coated from toluene solution:
(a) topography image, and current distribution images of the same area for (b) a negative bias at the tip of —2.3 V, and (c) for a positive
bias at the tip of +10 V. The very slight contrast (c) is caused by some superposition with topography information during the current

measurements.
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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-

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.
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Fig. 3. (a) Topography of a PCBM/MDMO-PPV thin film sample obtained in contact mode; (b)~(d) C-AFM images acquired in the inert
and water free atmosphere of a glove box showing the current distribution of the same sample area for (b) a positive bias at the tip of
+10.0 V, (c) for a negative bias at the tip of —5 V, and (d) for a negative bias at the tip of —10 V, (e) I~V curve obtained on pure PCBM

film spin-coated on glass/ITO/PEDOT:PSS.
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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/m?. 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

* Corresponding author. Fax: +34 9 6354 4859.
E-mail addresses: henk.bolink@uv.es (H.J. Bolink), alan-
sellinger@imre.a-star.edu.sg (A. Sellinger).
' Fax: +65 6872 0785.

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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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 wusing 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-4'-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(zBu);] and
NaOrBu 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 ('H, *C, *'P), 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 Sa,
however, the shift is more pronounced indicating
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Table 1
Photophysical and thermal properties of CP dendrimers
Molecular weight Jem (NM)? Jem.fitm (D) PLQE® T,° (°C) 749 (°C)
4a 2441.6 470 0.80 173 436
Sa 2898.2 476 484°, 519" 0.67 191 459
4b 2525.8 479 0.83 168 490
5b 29082.4 484 0.68 183 483

# Measured in CH,Cl,.

® Photoluminescent quantum efficiency, measured in CH,Cl, using quinine sulfate as standard.

¢ T, and T,, were obtained from DSC measurements.

4 T, was obtained from TGA and reported as temperature at 5% weight loss using 10 °C/min ramp cycle.

c‘ 5% in polystyrene.
' Pure film.

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 T,’s with no observable T},’s, which
confirms the amorphous nature of these materials.
The biphenyl series (5) have slightly higher T},’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

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 x 107> cm?/
Vs were found which is not especially high, how-
ever, larger than the normally observed electron
mobilities. In comparison, the mobility of dendri-
mer Sa was significantly lower, in the range of
1 x 107® cm?/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 2.5V which is low considering the built-in
potential for these devices of approximately
2.4 eV. This low turn-on voltage confirms the earlier

Compound UV/vis absorption band edge (nm) Eoxonset [V]* HOMO [eV] LUMO [eV] HOMO-LUMO Gap [eV]*
4a 438 0.84 —5.24 —2.41 2.83
S5a 444 0.83 —5.23 —2.44 2.79
4b 449 0.79 -5.19 —2.43 2.76
5b 459 0.78 —5.18 —2.48 2.70

# Measured in CH,Cl,.
® Calculated from CV data.

¢ Calculated from CV data and UV/vis absorption spectra band edge.

4 Calculated from UV/vis absorption spectra band edge.
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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 Luminance External quantum Current Power efficiency Apax(nm) Colour
(A/m?) (cd/m?) efficiency (%) efficiency (cd/A) (Im/W) coordinate (x, y)
4a 1910 3615 0.72 1.89 0.74 485 0.207, 0.324
4a* 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

# OLED with an emitting layer thickness of 80 nm.

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 (8V) and 11,000 cd/m*> (12V) are
reached. The efficiency associated with this high
brightness device is 1.89 ¢d/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 c¢d/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 Sa, 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 Sa 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 Sa. 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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Fig. 1. Current density (symbols) and luminance (lines) for ITO/
PEDOT:PSS/dendrimer/TPBI/Ba/Ag OLED devices containing
the dendrimers; 4a (blue, up triangles), 5a (red, circles), 4b
(magenta, squares) and Sb (green, down triangles). (For inter-
pretation of the references in colour in Figs. 1 and 2 legends, the
reader is referred to the web version of this article.)

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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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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Fig. 2. Electro-luminance spectra obtained from two types of OLEDs, one using the dendrimer alone as the emitting layer (left), 4a (blue
up triangles), Sa (red, circles), 4b (green, down triangles), Sb (cyan, squares), and one using a blend of PVK:PBD:dendrimer as the emitting
layer (right), 4a —5 wt.% blue diamonds, 5a —5 wt.% magenta squares, 5a —25 wt.% red up triangles, 4b —5 wt.% green circles and 5b
—5 wt.% cyan down triangles. The device architecture is: ITO/PEDOT:PSS/emitting layer/TPBI/Ba/Ag.
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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

"H and "*C NMR data were recorded on a Bru-
ker DPX 400 MHz spectrometer with chemical
shifts referenced to CDCl;. 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~'. 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 = Eredonsert T 4.4 €V, IP = Eoxonset T
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 O, and
H,O0). 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 x 10~® 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 um) 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.

Keywords: Inkjet; Light-emitting polymer device; LEC

1. Introduction

In the middle of the 20th century it was demon-
strated that a new material class — organic semicon-

* Corresponding author. Address: Christian Doppler Labora- ductors— can be used to achieve electroluminescence
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Graz, Austria. reveal the paramount advantage of excellent process-
E-mail address: e list@tugraz.at (E.J.W. List). ability, since these materials are soluble in common

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.0rgel.2007.10.007


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 um) 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: M, 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 um. 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
2.5wt.% 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, '2in.
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
¢-MEH-PPV/PEO-100,000/LiTf  (weight ratio
20:10:4 in each case). The concentration of
¢-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 um. 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. la, an image of an interdigital surface

electrode structure, which is utilized in the following
studies, is shown. The anode as well as the cathode
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Fig. 1. (a) Interdigital surface electrode structure recorded with
an optical microscope. Interelectrode spacing: 1 pm (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 um 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 ps
after leaving the nozzle. Such a beneficial behavior
is in contrast to a conventional MEH-PPV (M,:
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

a

¢-MEH-PPV/PEO-100,000/LiTf

¢-MEH-PPV/PEO-35,000/LiTf .

Fig. 2. Drop formation of: (a) the MEH-PPV dispersion at 0, 20,
50, 200 us 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 ps after leaving the printer nozzle.
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Fig. 3. (Squares) (V) and (triangles) L(V) characteristics of
surface cell light-emitting devices fabricated by inkjet printing: (a)
¢-MEH-PPV surface PLED, (b) c-MEH-PPV/PEO-100,000/LiTf
surface LEC, and (¢) ¢-MEH-PPV/PEO-35,000/LiTf surface
LEC. The insets show the EL spectra of the corresponding
devices.

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/m?, 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
i1s 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 3V [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 e¢V) 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 um is that
the emission onset voltage should be at least 10
times larger (E = Vid; E: electrical field, V: bias

a EL 25 ym interelectrode gap

Cathode Anode

b LUMO
AE, E,
AR, ]
Cathode Anode
HOMO
c L
-l® N
-l® electrochemical
- p-doping
o ol+
-\®
[CIOCC]
©0 06 01—

Fig. 4. (a) Image of the light emission of a SLEC fabricated by
inkjet printing. Interelectrode spacing: 25 um. Bias voltage: 70 V.
Schematic electron energy diagrams of: (b) an unbiased SLEC
(V=0V) and (c) an SLEC at a bias of V' = E,/e, consisting of a
gold anode and a gold cathode, which results in the asymmetric
barrier heights for electron injection 4E, and hole injection AE},.
Large circles: cations and anions; small circles: positive polarons.
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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 cc-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
¢-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 ps 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 lincar PEO-100,000 chains. After 200 ps 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
¢-MEH-PPV/PEO-100,000/LiTf ink are shown. The
current and the light emission onset are found at
3.2V, 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/m? 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 PLED's 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 55V for
the PLED to around 3V 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 ¢-
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. 3¢, the I( V) and L( V) characteristics of a
¢-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 c¢d/m>.
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 12V,
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 um 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 PEQ/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 4Ey is significantly
lower than that for electrons AE, (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)>(CBDK) [bis(2-phenylpy-
ridinato-N,C?)iridium(1-(carbazol-9-yl)-5,5-dimethylhexane-2,4-diketonate)], Ir(dfppy)»(CBDK) [bis(2-(2,4-difluorophe-
nyl)pyridinato-~,C?)iridium(1-(carbazol-9-yl)-5,5-dimethylhexane-2,4-diketonate)] and two reported complexes,
Ir(ppy)a(acac) (acac = acetylacetonate), Ir(dfppy),(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’-diphe-
nyl-N,N’-bis(1-naphthyl)-1,1’-diphenyl-4,4’-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)/MgjoAgo; (200 nm)/Ag (80 nm)
were examined. In addition, a most simplest device, ITO/Ir(ppy)-(CBDK) (80 nm)/MggoAgo; (200 nm)/Ag (80 nm),
and two double-layer devices with configurations of ITO/NPB (30 nm)/Ir(ppy)»(CBDK) (30 nm)/MgyoAgs; (200 nm)/
Ag (80 nm) and ITO/Ir(ppy)>(CBDK) (30 nm)/AlQ (30 nm)/MggoAgo; (200 nm)/Ag (80 nm) were also fabricated and
examined. The results show that the non-doped four-layer device for Ir(ppy),(CBDK) achieves maximum lumen efficiency
of 4.54 Im/W and which is far higher than that of Ir(ppy).(acac), 0.53 Im/W, the device for Ir(dfppy),(CBDK) achieves
maximum lumen efficiency of 0.51 Im/W and which is also far higher than that of Ir(dfppy)-(acac), 0.06 Im/W. The results
of simple devices involved Ir(ppy),(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)>(CBDK) and Ir(dfppy),(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),(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 p-diketonate and designed a
red phosphorescent emission iridium complex,
Ir(DBQ)>(CBDK) [bis-(dibenzo[f,i]quinoxalinato-
N,C?)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)(CBDK) [bis(2-phen-
ylpyridinato-N,C?)iridium(1-(carbazol-9-yl)-5,5-dim-
ethylhexane-2,4-diketonate)] and Ir(dfppy),(CBDK)
[bis(2-(2,4-difluorophenyl)pyridinato-N,C?)iridium(1-
(carbazol-9-yl)-5,5-dimethylhexane-2,4-diketonate)]
were synthesized. For comparison, two reported
complexes, Ir(ppy).(acac) and Ir(dfppy),(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),(CBDK)) as emitter is
far higher than that of Ir(ppy).(acac) (or Ir(dfp-
py)a(acac)). In addition, a most simplest device and
two double-layer devices involved Ir(ppy),-
(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

"H 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 § (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).(acac)
and Ir(dfppy),(acac) were synthesized according to
the literature [7]. Tris(8-hydroxyquinolinolinola-
to)aluminium (AlQ) was prepared by published
methods. Both N,N’-diphenyl-N,N’-bis(1-naph-
thyl)-1,1’-diphenyl-4,4’-diamine (NPB) and 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline  (BCP)
were purchased from Aldrich. NPB, BCP and AIQ
were all subjected to gradient sublimation prior to
use.
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2.3. Gd(CBDK); - 2EtOH

To a round-bottomed flask (50 mL), HCBDK
(0.307g, 1.00mmol) 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 GdCl; - 6H,O (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 CgsH7»-
GdN;Og: C, 65.73 (65.78); H, 6.29 (6.21); N, 3.59
(3.60).

2.4. C"N,Ir(u-Cl),IrC"N, dimer complexes

Cyclometalated Ir"'-p-chloro-bridged —dimers
were synthesized according to the Nonoyama route,
by refluxing IrCl; - 3H,O 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)>(LX) complexes

Synthesis of Ir(C"N),(LX) involved the following
steps: cyclometalated Ir'™-p-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 N, 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)(LX).

2.6. Ir(ppy)2( CBDK)

Yield: 72%. "H NMR (400 MHz, CDCls): §/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 C42H36II'N3OZZ C, 62.49 (6251), H, 441 (450),
N, 5.28 (5.21).

2.7. Ir(dfppy)>( CBDK)

Yield: 81%. '"H NMR (400 MHz, CDCls): 6/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 (caled.) for
CyoH3F4IrN;O,: 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 CH,Cl, solution
containing BuyNPFg (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 x 107> M.
The scan rate was 50 mV s~'. 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 x 107> Pa) thermal evaporation onto
a precleaned indium-tin oxide (ITO) glass substrate
with a sheet resistance of 7 Q/sq. A shadow mask
with a rectangle (3 x 3 mm) openings was used to
define the cathode of a 200 nm thick layer of
Mgy oAgy; 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 (/-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),(CBDK) was prepared
by slow evaporation of a mixed chloroform and
ethanol solution. The Ir(dfppy),(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),(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 m—m interaction of 3.78 A (Fig. 1).
The second kind of interaction attributed to hydro-
gen bonding can be easily seen in the intermolecular
packing diagram of Ir(dfppy),(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); - 2EtOH

The complex Gd(CBDK); - 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),(CBDK), the hydrogen
atoms are omitted for clarity.

of CBDK. As shown in Fig. 3, the spectrum of
Gd(CBDK); - 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 ™! (3.00 eV), which is a little lower than
that of acac anion, 25,300 cm ™' (3.14 eV) [36], but
higher than the triplet energy level of Ir(dfppy),
[37] and Ir(ppy), [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).(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).(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),-
(CBDK) and Ir(dfppy),(CBDK) are different to
these of Ir(ppy).(acac) and Ir(dfppy),(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),-
(CBDK) and Ir(dfppy),(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).(acac) and
Ir(dfppy).(acac) complexes still can be found in
absorption spectra of Ir(ppy),(CBDK) and Ir(dfp-
py)2(CBDK), respectively. It can be seen from the
photoluminescence spectra that Ir(ppy)>(CBDK)
and Ir(dfppy),(CBDK) have the similar emission
to Ir(ppy).(acac) and Ir(dfppy),(acac), respectively.
The Ir(ppy)»(CBDK) and Ir(dfppy),(CBDK) have
maximum emission bands at 521 and 487 nm with



Z. Liu et al. | Organic Electronics 9 (2008) 171-182 175

Fig. 2. Portion of the crystal-packing diagram of Ir(dfppy),(CBDK) showing the non-bonding interactions.
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Fig. 3. Emission spectra of Gd(CBDK); in ethanol (1 x 107> mol/L) at 298 and 77 K.

decay lifetimes of 0.9 and 1.0 ps, respectively, which
are similar to that of corresponding Ir(ppy).(acac)
and Ir(dfppy),(acac), maximum emission bands at
519 and 483 nm with decay lifetimes of 1.1 and
1.3 ps. Citing the quantum yield of 0.34 [38] and
0.62 [37] for complexes Ir(ppy)»(acac) and Ir(dfp-
py)2(acac) as standard materials, respectively, the
phosphorescence  quantum  yields for Ir(p-
py)2(CBDK) and Ir(dfppy),(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),(CBDK) are similar
to these of Ir(ppy)s(acac) and Ir(dfppy).(acac),
respectively. The maximum emission bands for
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Fig. 4. The UV-vis absorption spectra and photoluminescence spectra of (a) Ir(ppy),(CBDK) compared

with Ir(ppy)z(acac), (b)

Ir(dfppy),(CBDK) compared with Ir(dfppy)s(acac) in CH,Cl, (1 x 107> mol/L).

Ir(ppy)o(CBDK) and Ir(ppy)s(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 CH,Cl, solution, respectively.
The maximum emission bands for Ir(dfp-
py)2(CBDK) and Ir(dfppy),(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 pB-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-
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Fig. 5. The photoluminescence spectra of Ir(ppy)>(CBDK) and Ir(dfppy),(CBDK) compared with Ir(ppy).(acac) and Ir(dfppy),(acac) in

solid state, respectively.

tion spectra. The cyclic voltammograms of Ir(p-
py)2(CBDK), Ir(ppy)s(acac), Ir(dfppy)-(CBDK)
and Ir(dfppy),(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)>(CBDK) and Ir(ppy).(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-

1.0

0.5 1

Current (a.u.)

0.0~

-0.5 4

mated from the UV-vis absorption spectra, they
nearly have the same band gap of 2.25eV, thus
the LUMO energy levels are 2.78 and 2.70 eV for
Ir(ppy)>(CBDK) and Ir(ppy)s(acac), respectively,
from which we can see that the HOMO and LUMO
energy levels of Ir(ppy),(CBDK) and Ir(ppy),(acac)
are similar. However, when examined Ir(dfp-
py)2(CBDK) and Ir(dfppy).(acac), the oxidation
potentials were observed to be 1.02 and 0.34 eV,
and thus the HOMO energy levels of the two

Ir(dfppy),(acac) Ir(ppy),(CBDK)

Ir(ppy),(acac)

T T T
0.0 0.2 0.4 0.6

T T T T T T 1
0.8 1.0 1.2 1.4
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Fig. 6. Cyclic voltammograms of Ir(ppy),(CBDK) and Ir(dfppy),(CBDK) compared with Ir(ppy),(acac) and Ir(dfppy),(acac) in a CH,Cl,

solution containing 0.1 M BuyNPFy at a scan rate of 50 mV/s.
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Table 1
Electrochemical potentials and energy levels of the iridium
complexes

Iridium complex E EP HOMO®  LUMO!
V) (eV) (eV) (eV)
Ir(ppy)>(CBDK) 0.71 2.25 5.03 2.78
Ir(ppy)2(acac) 0.63 2.25 4.95 2.70
Ir(dfppy)»(CBDK) 1.02 2.39 5.34 2.95
Ir(dfppy)a(acac) 0.34 2.39 4.66 2.27

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

® Band gap estimated from the UV-vis absorption spectra.

¢ Calculated from the oxidation potentials.

9 Deduced from the HOMO and E,.

complexes were estimated to be 5.34 and 4.36 ¢V,
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),(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), (2.64 eV) than that of Ir(ppy),
(2.47 eV) fragment, there may have a different distri-
bution of the HOMO over the Ir(dfppy)>(CBDK)
which lead to such a difference in HOMO and
LUMO energy. All the data deduced above indicate

= | Ry y I R,
(0]
N ~ . N O
'Ir‘/ \ ‘Ir/ \
. F “‘
0] 0=
2 R, 2 R,
F 2

Ir(ppy (LX) Ir(dfppy)(LX)
R,=R,= -CH; Ir (ppy)a(acac)
) Ir (dfppy)a(acac)
( Ir (ppy)2(CBDK)

Ry=-tBu, R=(3-L0) 1t (dfppy),(CBDK)

that the energy level of Ir(ppy),(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),
(CBDK), Ir(ppy)a(acac), Ir(dfppy)>(CBDK) and
Ir(dfppy)a(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)/Mgg 9Ago (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).(acac) was
used, respectively, as emitting layer, both devices 1
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 11
at 17 V. There are no characteristic emission peaks
from NPB or AlIQ, indicating that the emission orig-
inates predominantly from the iridium complex.

BCP AlQ

Ag

Mg: Ag

AlQ (45nm)

BCP (5nm)

Ir Complex (20nm)
NPB (20nm)

1TO

Fig. 7. Chemical structures of the materials used 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/m?) compared with
device 1I (8V, 0.62cd/m?), 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/m? at 14V, the highest power
efficiency and current efficiency are 4.54 Im/W
(4V, 2.95cd/m? 0.051 mA/cm?), 6.34cd/A (5V,
10.66 cd/m?, 0.168 mA/cm?), respectively, while

device II displays the highest brightness of
4569 cd/m? at 19V, the highest power efficiency
and current efficiency are 0.531m/W (12,
97.2 cd/m?, 4.8 mA/cm?), 2.01 cd/A (12 V), respec-
tively. In addition, when the brightness of the device
I increased to 998.9 cd/m? (17.56 mA/cm?), it still
has a power efficiency of 1.98 Im/W (current effi-
ciency of 5.68 cd/A). While the current density
increased to 170.5 mA/cm? (5570 cd/m?), the device
still has a power efficiency of 0.86 Im/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)>(CBDK) or Ir(dfppy),(acac) was
used as emitting layer, respectively, both devices I11
and IV emit blue-green light with an emission
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Fig. 8. Current density—luminance—voltage curves, EL spectra of device I (a — Ir(ppy)>(CBDK) was used as emitter) and device II (b —
Ir(ppy)2(acac) was used as emitter).
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peaking around 510 nm under different driving volt-
age. The CIE chromaticity coordinates are the same
of x=10.29, y=0.50 for device III at 12V 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. 9¢c and d, insert) were
detected when examined devices I1I 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/m?)
compared with device IV (11 V, 0.82 cd/m?). Device

III exhibits the highest brightness of 1416 cd/m? at
15V, the highest power efficiency and current effi-
ciency are 0.51 Im/W (6 V, 1.04 cd/m?, 0.106 mA/
cm?), 1.35¢cd/A (7V, 5.17 cd/m? 0.38 mA/cm?),
respectively, while device IV displays the highest
brightness of 515 cd/m? at 19 V, the highest power
efficiency and current efficiency are as low as
0.06Im/W (14V, 8.1cd/m?, 2.8 mA/cm?) 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.
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Fig. 9. Current density—luminance—voltage curves, EL spectra of device III (¢ — Ir(dfppy),(CBDK) was used as emitter) and device IV (d —
Ir(dfppy)z(acac) was used as emitter).
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Fig. 10. EL spectra of devices V-VII.

Among the four iridium complexes, Ir(ppy),-
(CBDK) has been demonstrated with the best
performance, and thus the electroluminescent
performance of Ir(ppy),(CBDK) was further studied.
Two double-layer devices, ITO/Ir(ppy)-(CBDK)
(30 nm)/AIQ (30 nm)/MgpoAgy; (200 nm)/Ag
(80 nm) (device V), ITO/NPB (30 nm)/Ir(ppy)s-
(CBDK) (30 nm)/MggoAgo; (200 nm)/Ag (80 nm)
(device VI) and a most simplest device VII, ITO/Ir-
(ppy)2(CBDK) (80 nm)/MgooAgo; (200 nm)/Ag
(80 nm) were fabricated. Data show device V emits
green light from AIQ, which indicate that Ir(ppy),-
(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)>(CBDK) also has a good electron transport-
ing ability. Device VII has a turn-on voltage (5V,
1.15 cd/m?) and a highest brightness of 179 cd/m?
at 9 V. The device emits green light with an emission
peaking around 525 nm from Ir(ppy),(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’-(3-carboxyphenyl)-bis-N, N’-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.
© 2007 Elsevier B.V. All rights reserved.
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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’-(3-
carboxyphenyl)-bis-N,N’-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
PLED:s.

2. Experimental details

The LEPs under study in this work are Sumi-
tomo’s LUMATION™ 1300 Green and LUMA-
TION™ Blue and Merck OLED Gmbh’s
SuperYellow. The interlayers are TFB and
BFA, provided by the Dow Chemical Company.
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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 54¢eV [4], 52¢eV [13] and 5.3eV [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 — CHS8000 - 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~¢ 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 (O, <0.1 ppm.
H,O <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 LUMATION™ Blue LEP
with and without interlayers. Clearly the interlayers
effect the hole currents, as shown in Fig. la. 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 Ilevels of the interlayers are lower
than the LUMATION™ 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/LUMATION™ Blue LEP barrier of
0.1 eV. However, in this case both TFB and BFA
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would have a reduced hole current compared to the
pure LUMATION™ Blue LEP. This is not observed
in Fig. la. 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 x2 and BFA reduces the
hole-only current by about x4 at a voltage of § 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 LUMATION™
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. la. 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-
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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

o 2 4 6 8
10 (a) Hole only oo
10°F T L asaast ]
. {g:-:A AL
10 F A 1
. o
N’é‘ 107F /I ;Z;A/ E
3 10°F e ]
A
é 10" raﬂ‘ﬂﬁfff}A ]
z I
G : : : -
= . DTS00
3 10*F (b) Dual Carrier " MMMAA% ]
E 1 g&'ﬁ
o 10F o5 1
E o P
@] 10°F JO/A/ 1
10"F o;,f ]
107 F /A/ —m— Green 1
10°F oo :ggggif' —o— Green - TFB ]
0% iﬁéf wwmEE —a— Green - BFA ]
10° : : - :
0 2 4 6 8
Voltage (V)

Fig. 3. Current-voltage (V) characteristics of (a) the hole-only
and (b) the dual carrier Green devices with different interlayers.

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. la,
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
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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 5.5V 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 x2
between TFB and BFA) are not as great as the dif-
ferences in hole current (of order x7) 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 x1.25 between
BFA and the non-interlayer device) are not as great
as the differences in hole current (of order x10) at
the same bias range. Therefore, the differences
between different hole-injecting electrodes will be
diminished in the dual carrier devices.
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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/cm?, and then
decreasing to the TFB value at about 400 mA/
cm®. As the non-interlayer devices hole injection
at higher biases in Fig. la 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 x1.25
between BFA and the TFB device) are not as great
as the differences in hole current (of order x8) at the
same bias range. The differences between different
hole-injecting electrodes are again diminished in
the dual carrier devices.
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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 (uCP).
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 x 1072 cm?/V s
and 3.5 x 10™* cm?/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.

PACS: 68.55.am; 85.30.Tv; 85.30.Pq
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1. Introduction

Over the past few years, organic field effect tran-

sistors (OFETs) have attracted considerable atten-
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d’Armi, 09123 Cagliari, Italy. Tel.: +39 0706755769; fax: +39 low cost large-area devices on plastic substrates,
0706755782, opening an entirely new market segment. Many
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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 SiO, 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 um 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
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to that of SiO, (k. ~ 3.0), high resistivity (surface
resistivity 10'® Q~?) and low permeability to oxygen,
hydrogen, water and CO,. 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, pCP). 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=5mm and L=75pum
(where W and L are the channel width and length,
respectively) were used. However, clectrode 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 UCP 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 cm?/V s and I,,/I,q ratios
around 10° [35]. As n-type material we employed
C60. Where indicated, we used pentacene (C,H4)
as a buffer layer prior to C60 film deposition. Penta-
cene and C60 were evaporated from resistively
heated Al,Os crucibles in a custom-built vacuum
chamber (base pressure 5 x 107® 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 (V) and the
drain-source voltage (V4) and to measure the
drain-source current (/) (the source being the com-
mon ground).

X-ray diffraction measurements were performed
at the beamline W1.1 at the synchrotron radiation
sourcc HASYLAB (Hamburg, Germany) using a
wavelength of 0.11808 nm. In order to achieve a flat
substrate surface, Mylar® foil was fixed on quartz

[] Mylar®

[ reDOTPSS

|:| Pentacene
D Cﬁ(]

.8

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.

coupons (area 1 cm?) 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 Mode™ 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¢V [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 x 107> cm?/Vs. 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
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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 x 1072 ecm?/V S,
and electron mobilities up to 3.5 x 107*cm?/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].
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Fig. 2. Typical output (a) and transfer (b) characteristics of top contact FETSs realized with a 3 nm pentacene buffer layer and a 30 nm C60

layer. The device works as a unipolar n-type FET.
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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 V', — V values) can be noticed if compared to Fig. 2a.

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 (AVt=+25V) was also detected
when using a thicker pentacene buffer layer. It is
noteworthy that passing from 3nm 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®

1 TP(001)

@ *  C80
| TP(002)
M C60
onP

Log(int) (arbitrary units)

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(hk/) denotes reflections of
planes (hk/) originating from the pentacene thin film phase (see
text). The star marks a substrate contribution.

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 (g,) value of
0.4085 A~' (lattice spacing d = 1.538 nm) and its
weak second order peak at 0.813A~' can be
assigned to reflections of the (001) and (002) 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 ¢, =0.7720 A~" (lattice spacing
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Fig. 5. Scanning force microscopy (SFM) micrographs of 1 x 1 ym? 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).

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 + Snm 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 pum 2 and grain diam-
eters <30 nm. From Fig. 5¢c 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 Al,O;, 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
Al,O; 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 Al,O3
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 Al,Os. With n-octadecyltrichlorosilane (OTS) the mobility reaches the value of 1072 cm?/V s, comparable to the
mobility on transistors with properly functionalized SiO, 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 ble electrical properties and potential advantages
for their processability and compatibility with plas-

Organic semiconductors are considered as a tic substrates. While a lot of work has been devoted

replacement for amorphous silicon in thin film tran-
sistor (TFT) applications, since they show compara-

* Corresponding author. Tel.: +39 039 6036383; fax: +39 039
6881175.
E-mail address: ferrari@petroceramics.com (S. Ferrari).

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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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
(Al,03) 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 Al,O5 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 SiO,, 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 Al,O;3 there are indications that
other factors might affect the mobility in the transis-
tor. In particular the higher polarity of the Al,Os
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 AlL,O; 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
1072 cm?/V s, even when SAMs are used to improve
the semiconductor/insulator interface. In particular,
for devices based on Al,O; as gate insulator, the
highest mobility ever reported is 5 x 107> cm?/V s
[9].

In order to elucidate the mechanism for mobility
reduction using Al,O3 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 Al,O; based devices (see Fig. 1a) were fabri-
cated on a substrate of Si covered with a 100 nm
thick thermally grown SiO,. 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 Al,O; 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 H>,O and they were injected into the
growth chamber by N,. 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 um. Before the deposi-
tion of the semiconducting layer, Al,O; 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

SAl
SOURCEM\ P3HT DRAIN

NN

Sio,

SUBSTRATE

GATE (Si-n)

GATE (Au) a b

Fig. 1. Schematic cross-section of the devices used in this study:
AL O; based device (a) and SiO, based device (b).
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TifAu/Ti Al>0O4 50 nm Proc C|

Fig. 2. TEM cross-section of Al,O3 (50 nm) on a Ti (15 nm)/Au
(30 nm)/Ti (15 nm) stack. The atomic layer deposition technique
offers highly uniform and conformal Al,O; layers. Al,O; was

employed as gate insulator and Ti/Au/Ti stack as gate electrode
in Al,O; based TFTs.

10" - experimental data
1 —— calculated data

Intensity (arb. u)

2-Theta (degree)

Fig. 3. XRR profile and simulation of Al,O5 film grown by ALD

on SiO, at 125°C. The calculated thickness is 52 nm, the

roughness is 0.5 nm and the density is 3.2 g cm™>.

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 2mM 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

PHOSPHONIC ACIDS SILANES
P N N N N NN NN AN
0" on o el
OPA oTS
oH cl
T 4 NOPA T NOTS
0” “oH -]

BEHP o b DDS
/\/)/ 'P\ CI/ \CI

[e] OH

Fig. 4. Chemical structure of the molecules used to obtain SAMs
on Al,O; and SiO, substrates. These molecules were chosen so
that the dependence of TFTs performances could be studied
depending on chain length and binding group.

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 1h, 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
Al,Os-based OTFTs were compared with a bench-
mark TFT having a 130 nm thick DDS-functional-
ized SiO, 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 = 23961 D 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~ 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
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Table 1
Thickness ¢ and rms roughness o of the oxide/SAM systems
considered in this study

Substrate SAM ¢t (nm) o (nm)
Literature Experimental Experimental

AL O; 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
SiO, 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.

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

the AFM pictures of a selected set of different SAMs
on Al,O3 and on SiO,.

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 ¢ 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,

5nm

0nm

2nm

0nm

Fig. 5. AFM pictures showing the surface morphology of SAMs on Al,O; and SiO, surfaces. (a) OTS on Al,Os; (b) OPA on AL O;;
(c) BEHP on Al,Os; (d) DDS on SiO,. Information about the topography 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 4nm 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 SiO,
(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 Al,O3 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

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 (100) 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 (100) reflection
of the P3HT. The appearance of the (100) 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 (100) 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 SiO, 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 (A~") and 0.36 (A~") for P3HT films on OPA

1e+07 T T N
1e+06 '
1e+05 'é
< 10000 Bare annealed 3
£ 1000 E
S oTS ;
> 100 3
.g E
5 10 OPA E
o 3
£ 1 3
NOPA E
0.1 3
0.01 Bare, 3
0.001 oe—

0.2 0.3 0.4 0.5 0.6

q (A

Fig. 6. XRD spectra of the RR-P3HT thin films on functionalized Al,O; surfaces. A highly crystalline film on bare Al,O;, obtained by
annealing, is also shown for comparison. The solid lines represent fits to the reflectivity/diffraction data based on refined structural models.

The different data are offset by a factor 100 for clarity.
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and OTS respectively, interplanar distances of 18 A
and 17.6 A 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 (A™"), as seen
in Fig. 6, which corresponds to an interplanar dis-
tance of 16.5 A [17] (film deposited on bare Al,O3).

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 (Vg) dependent mobility,
which reflects the increase of the mobility on the
accumulated carrier density (Q’) usually found in
organic semiconductors. This dependence can be
modelled as a power law [19,20]:

p=k-(Vg—"Vr) =k0Q" (1)

Using this expression the drain current in the satu-
ration region can be written as

In = y%kcox% Vg — Vo)™ (2)
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 Vg = —15V) the
best values have been also reported. The 7, /o ra-
tio is always very high, ranging between 10* and 10°
and there are no differences between functionalized

a -1.2 T T T T T T T T

-1.0 4

-0.8 4

-0.6 4

Iy [A]

-0.4

-0.2 1

0.0

lp [

o 2 -4 6 8 -0 -12 -14 -16
Ve VI

Fig. 7. Transfer characteristic curve of Al,O; based TFT
(L =12 pm, W= 1.6 mm) functionalized with OPA (a) and with
OTS (b), measured at V'p = —15V. In the inset the output
characteristics are shown, measured for Vg ranging from 0 V to
—15V.

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 Al,Os, the use of BEHP, DDS
and NOTS does not improve the mobility, which
is around few 10~* cm?/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 107> cm?/V's,
and OTS, which reaches 0.83 x 1072 cm?/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 Al,O; based TFTs
and it is very close to the one measured on our
DDS-functionalized SiO, based devices (about
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Table 2
Summary of the electrical properties of Al,O; based transistors with modified surface dielectrics
Sample Best mobility (cm?/V s) Average mobility (cm?/V s) Vin (V) Ion/Ioir at Vg = —15V
Bare Al,O3 4.1 %107 (3.0+1.15) x 107 -3.6+1.14 (743) x 10*
Al,O; + BEHP 3.4 x 107 (2.6 £0.3) x 107 —5740.6 (1.0 £0.5) x 10°
ALO; + NOPA 6.9 x 107 (5.1+£0.5) x 107 —34+403 (8+3) x10*
Al,O; +OPA 2.0 x 1073 (1.240.2) x 1073 —21405 (1.1£0.1) x 10°
AL,O; + DDS 3.7 x107* (2.6 +£0.3) x 107 —44+0.5 (1.0 £0.3) x 10°
Al,O; +NOTS 23 %107 (2.0£0.1) x 107 —2940.3 (1.0 £0.3) x 10°
ALO; + OTS 9.2 x107? (8.3+£04) x 1073 +5.6+£0.2 54+7
SiO, + DDS 12 %1072 (8.8+£0.7) x 1073 -18+04 (8+2) x 10°
Mobilities extracted at Vg = —15V.
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Fig. 8. Mobility values extracted at Vg = —15V in the satura-
tion region from transistors using bare and functionalized Al,O;
dielectrics (light gray). Functionalized SiO, (dark gray) dielectric
also given for reference.

1072 cm?/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 SiO,. This
demonstrates that by means of a proper functional-
ization, high mobilities can be obtained with Al,O;.

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 Al,O; 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 %107 and 2.5 x 107*.

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

Fig. 9. Hysteresis factor (HF) as a function of the SAM in AL,O;
based devices (light gray) and in SiO, (dark gray), given for
reference.

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
AL O; 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 Al,O;, we exploit the power law
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dependence of the mobility on the accumulated
charge density. In fact, from the parameters k&’ and
y 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 (Vps = —1 V,Vg =
—10 V), to minimise the dependence of k' and y 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 y, which is the slope of u versus Q'
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 g(e) = kLT‘O exp(;7-) and y is related
to the DOS characteristic temperature 7, by the fol-
lowing relation: y = 2(2 —1). We take kT, as an
index of the DOS broadness. Therefore from y 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 AT, 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 Al,Os,
and further diminishes on the longer chain SAMs.

10°}

[V [cm?/Vs]

10°

Q' [C/lem?]

Fig. 10. Mobility as a function of Q' for RR-P3HT deposited on
bare Al,O;, functionalized Al,O; and on DDS-SiO,. The
reported curves are an average of the mobility extracted from
various devices in the linear regime.
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Fig. 11. DOS broadness for RR-P3HT deposited on bare,
functionalized Al,O; (light gray) and on DDS-SiO, (dark gray).

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 £7: being an high-k oxide, Al,O;
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 Al,O4
surface, which explains the observed trend.

4.2. Effective wavefunction overlap

As to k', it is shown in the Appendix how to
extract from it an interval of possible values for
the effective wavefunction overlap «~', which deter-
mines the ease of the hopping process between adja-
cent sites.

The possible intervals for the effective wavefunc-
tion overlap o~! for the various SAMs are reported
in Fig. 12. It can be seen that bare Al,O; and the
various SAMs have approximately the same range
of values, with the remarkable exception of OTS
which has a larger «~!. 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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Fig. 12. Effective wavefunction overlap o' as function of the

attempt to escape frequency v for RR-P3HT deposited on bare
AL O;, functionalized Al,O; and on DDS-SiO, (N, = 10 m™3).

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 and o~ !, 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 AlOs;,
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 Al,O; thanks to its limited
DOS broadness, whereas it has a «~' which is not
different from bare AL, Os;.

4.4. Comparison between OTS-Al,O3 and DDS—
SiO,

Finally, we compare our best result on Al,O;,
functionalized with OTS SAM, to our benchmark

reference SiO, functionalized with DDS. In Fig. §
OTS-Al,O; and DDS-SiO, 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 Al,O4
and its smaller thickness, at the same applied gate
voltage the charge density on Al,Os is about four
times larger than on SiO,. When compared at the
same accumulated charge density @', as in Fig. 10,
the former has a lower mobility than the latter.
Looking at Fig. 11, it can be seen that OTS-—
Al,O; and DDS-SiO, have the same degree of
energetic disorder: if disordered surface dipoles
are present on the surface of Al,Os, 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 secen that OTS-Al,O; has an
effective wavefunction overlap o' which is smaller
than DDS-SiO,. This difference is the origin for
the observed mobility difference, and highlights
the specificity of Al,O; which, even after a long
chain functionalization, still yields performances
which are inferior to a short chain functionalized
SiO;.

5. Conclusions

We performed a systematic study of the effect of
SAM on the electrical properties of transistors using
ALD Al,O;3 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 Al,O;. With respect to func-
tionalized SiO,, OTS-functionalized Al,O; equals
functionalized SiO, 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 Al,O5 and developing
transistors with a sufficiently thin dielectric, a mobil-
ity of 0.8 x1072cm?/Vs could be measured, a
result which is comparable to that of SiO, based
transistors.
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Appendix

In Eq. (1), the parameter k&’ can be rewritten as

K = ool () (A.1)

where f(y) is a known function which depends only
on y, ! is the effective wavefunction overlap, and
gy 1s the so-called conductivity prefactor [20].
According to Ref. [27], the parameter o, can be esti-
mated as

2
o) = k_T
where v is the attempt to escape frequency and N, is
the total density of states per unit volume. Substitut-

ing Eq. (A.2) in Eq. (A.1), we find
/ ez % —1\ 343
K= [ﬁf(w}fvw(a e (A.3)

There are three unknowns in &', namely o, N, and v,
whereas the term between square brackets is known.
Indeed, N, is reported in the literature to be in the
range 10%°-10°" m~3, and since it appears in Eq.
(A.3) raised to one third, the dependence of k' on
this parameter is weak [27]. On the other hand, v
is reported to be in the range 10'>-10'* Hz, thus
having a larger impact on k’. Therefore we solve
Eq. (A.3) for o' and we plot this quantity as a
function of v. Restricting to the ranges where o'
and v are physically significant, that is 10'> Hz <
v< 10" Hz and o' below a few A, we can estimate
an interval of possible values for o~!.

Results are shown in Fig. 12 for Ny = 10* m~3 (no
significant differences occur by taking Ny = 10%” 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 cm?/V s, low threshold voltages, and high on/off
ratios of 10°. 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

* Corresponding author.
E-mail address: d.knipp@jacobs-university.de (D. Knipp).

thin film transistors (0TFTs) [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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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 pCP 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 H,O, and H>SO,4. The
cleaning procedure results in the formation of an —
OH terminated surfaces. Such —-OH terminated
surfaces are hydrophilic. A solution of OTS
(CH3(CH,)7SiCl;3) 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.

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 um 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. 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.

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 pm. Small features down to 1 pum 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 pm, and a channel
width of 4000 pm 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

@ Q0000

x (b)
Source Pentacene Drain
Dielectric
Gate
| 1 2 o
0 L

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.
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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 = Vps = —10 V) and the off-state (Vgs <5 V)
— of approximately six orders of magnitude. A
threshold voltage of 0.2V 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

L 2

where W and L are the width and the length of the
channel. Cg is the gate capacitance per unit area,
and Vgs, Vps and Vr are the gate—source, drain—
source and threshold voltages, respectively. The
transistor operates in the linear region if
Vbs < Vgs—Vr. Based on Eq. (1) the effective
charge carrier mobility of the transistors in the lin-
ear region can be determined by

1 L 0lps
S )

VosCo W Vs
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

w V
Ips = —Cg - hegy - Vs - (VGSVTDS)a (1)
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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.
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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.

electrodes. The channel length was 40 pm. The
charge carrier mobility reaches a maximum of
0.20 cm?/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, Vps, in Eq. (1) is replaced by
Vbs — IpsRc, where R, corresponds to the sum of
the drain and source contact resistances. Thus, the
drain—source current can be described by

w
Ips = ICG,UO(VDS — IpsRc)

V IpsR
'(VGS_VT_DS+ > C).

3
3 3 3)
Eq. (3) can be simplified by assuming that Vgg — Vr
is significantly larger than Vpg/2 — IpsRc/2, so that
the drain—source current can be expressed by

w
T L+WuyCoRc(Vas —Vr)

1, CoVos(Vas — V).

4)

Subsequently an expression for the effective mobil-
ity, Ueq, of the transistors as a function of the chan-

Ips

nel length and the contact resistance can be defined
by [23]:

L
M ¥ WiCoRe(Vas — V1)

(5)

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 = Vps + V7). 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 uy=0.3cm?/Vs, a threshold voltage
of V= —1V and a contact resistance of 12 kQ cm
was determined for a transistor with a channel
length of 40 um.

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 ~—1.5V and a charge carrier mobility of
~0.5cm?/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 kQ cm. The
extracted parameters are again listed in Table 2.

In the saturation region the transfer curve of the
transistors is described by

W
2L
Eq. (6) is valid for Vpg = Vgs— V. The transistor
in Fig. 4 exhibits a maximum saturation mobility
of 0.18 cm?/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

Hetr =

Ips Co - e - (Vas — V). (6)



A. Benor, D. Knipp | Organic Electronics 9 (2008) 209-219 215

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.]

Measurement 0.20/0.45

Saturation region

Charge carrier mobility [cm?/V s]

Threshold voltage [V]
—-0.8/-1.0

Parameters Charge carrier mobility [cm?/V s] Threshold voltage [V]
Measurement 0.18/0.50 0.2/-1.3
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.]
Standard

With contacts

Charge carrier mobility [cm?/V s]
0.15/045
0.30/0.52

Saturation region
Parameter [Dim.]
Standard

With contacts

Charge carrier mobility [cm?/V s]
0.11/0.50
0.30/0.55

Threshold voltage [V]
0.1/-0.5 -
—1.0/-0.55 12/0.6

Contact resistance [kQ cm]

Threshold voltage [V] Contact resistance [kQ cm]
1.3/-0.8 -
—-0.3/-0.9 11.2/0.4

(7)

Hefr =

1 2L [oVIns\
Co W \ovegs )

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, Vps, in Eq. (3) was substituted by Vgs — Vr
Thus, the following expression for the drain—source
current in the saturation region can be derived.

w
2L
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 Vps = Vgs — V1, which will lead to
the following approximation of the drain-source
current in the saturation region:

Ips CGHO[(VGS - VT)Z - Ilz)sRé]- (8)

w 2
Ips ~ 5 Calto (Vas — V1)

toWCGRc (Vs — VT)2

— . 9
L+ WRcCapoy(Vas — V) ®)

Based on Eq. (9) the following expression for the
effective charge carrier in the saturation region can
be derived:

P [1 B (L W CoRe(Vas — V) )ﬂ (10)

+ WRcCopy(Vas — Vr

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 cm?/V s, a threshold voltage
of —0.3V, and a contact resistance of 11.2 kQ 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.

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 um 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
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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.

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.



A. Benor, D. Knipp | Organic Electronics 9 (2008) 209-219 217

Channel

Pentacene Electrode
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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 (¢) and microcontact printing in combination with selective dewetting/wetting (d).

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 cm?/V s and on/off ratios of 10°. 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, o, of 74 meV and a positional disorder parameter, X, of 2.6.
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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

* Corresponding author. Tel.: +44 1334463114; fax: +44
1334463104.
E-mail address: idws@st-and.ac.uk (I.D.W. Samuel).

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.

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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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 Béss-
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 Q/[J) from a
45mg/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 mm?. 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 pJ) 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 ¢V 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 (¢,,) 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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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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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, i, were deduced from the transit
times 7, via the relation u = d*/( Vt.), 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 <20 ¢,. 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 um from a chloroform solution onto ITO
coated glass substrates. Semitransparent aluminium
electrodes of 30 nm thickness were then deposited
by thermal evaporation (at 10~®mbar) through a
shadow mask onto PFO film yielding sandwich
structures with an active area, defined by the elec-
trode overlap, of ~5.6 mm? Optical excitation of
the carrier packet was achieved by illumination
through the Al electrode using a 20 uJ short dura-
tion (500 ps) light pulse from a N, 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, #,., 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~10°V/cm. At higher fields (E > 10° V/cm),
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Fig. 2. Typical room temperature TOF hole transient for a first
generation bis-fluorene dendrimer (G1F). GIF film of thickness
d=300nm, E=1.6 x 10° V/cm. Also shown is the structure of
GIF.
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Fig. 3. The field dependent mobility at temperatures from 195 to
335 K at intervals of 20 K.

the mobility increases weakly with increasing field,
and is consistent with the Poole-Frenkel relation

(Eq. (1)):

In[u(E) /1ig_o) = SE" (1)
where S is the slope and g is the zero-field
mobility.

The zero-field mobilities obtained for various
temperatures from Fig. 3 are plotted against 1/7°
in Fig. 4. A linear relationship is observed for
In(y) against 1/7 as expected in the Gaussian disor-
der model (GDM)[37] (Eq. (2))

Ke=0) = Ho exp(—(To/T)2) (2)

where o is the mobility at infinite temperature and
Ty is a characteristic temperature of the material
investigated. 7, is obtained from the slope of
Fig. 4 and is 579 K.
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Fig. 4. The zero field mobility plotted against 1/7° in order to
determine energetic disorder parameter.

The two central parameters of the disorder for-
malism are o, the energy width of the hopping site
manifold, and X, the positional disorder due to a
distribution of intersite distances. The width of the
Gaussian density of states is related to 7, by
To = 20/3k, where k is the Boltzmann constant
and this gives a value of 0 =74 +4 meV.

The deviation from the straight line in the plot of
In(y) against 1/7% between 215 K and 195K (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 T,
according to Eq. (3)

(6/kT)* = 44.8 + 6.710gL (3)

where L is the thickness of the sample in centimetres
[31,37]. With a thickness of 300nm and
o = 74 meV, the onset of the ND-D transition for
GI1F 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, X on the electric
field dependence of the mobility is given by

i< exp{Cla?/ (kT — 2*|EV?) ()

where C is a constant. The value of X was deter-
mined by plotting the slope S (determined using
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Fig. 5. The photocurrent transients for temperatures in the range
195-315 K, for GIF films. The electric field is 1.6 x 10° V/cm.

Eq. (1)) in the higher field regime (>10° V/cm) for
various temperatures against &2, where 62 =
(6/kT)*. The result is shown in Fig. 6 for the tem-
perature range 195-315K, and by fitting to the
linear region of this plot [37], we extract X from
the intercept. This analysis yielded a positional

disorder parameter of 2.6 for the GIF films.
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Fig. 6. The slope, S, at different temperatures is plotted against
62 to obtain the positional disorder parameter, X.
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Fig. 7. Comparison of field dependent hole mobilities at room
temperature for PFO and G1F. Data are plotted on a log-linear
scale as function of the square root of the electric field.

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 x 10~*cm?/V s for an applied electric
field ranging from 8.7 x 10% to 4.3 x 10° V/cm, in
good agreement with those previously reported
[23]. The G1F hole mobility values were in the range
of 4-5x107°cm?/Vs for applied electric fields
ranging from 1-3 x 10° 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 GIF
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
(6/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
(%) reduces the average barrier height for jumps
to higher energy sites in the field direction. In this
case the mobility will approach the uo E-' law
expected for a pure hopping system in which back-
ward transitions are excluded. This behavior is
observed in the GIF 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> 10° V/cm) is due to the decrease of the ener-
getic disorder parameter (6). 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, 7, = 215 K, can be
seen more clearly by plotting the mobility at zero
field versus 1/7* (Fig. 4). The deviation from the
straight line in the plot of In(u) against 1/7% 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 ¢ value is consistent with a well ordered conju-
gated material, leading to a value of 6 = 2.9 at
295 K, in agreement with Bissler’s Monte Carlo
simulations [37,39], where photocurrent transients
reveal a plateau of variable temporal length (that
is, a non-dispersive transient) for ¢ < 3.5.

We finally consider how the field dependent
mobility of the GI1F dendrimer compares with
PFO. The dendrimer does not have the extended
conjugation of PFO, but its mobility (4.6 x 107>
cm?/V s at a field of 2.1 x 10° V/cm) is close to that
of the PFO (1.5 x 10~%cm?/V s also measured at
2.1 x 10° V/cm) and higher than the value measured
for other conjugated polymers (e.g. MEH-PPV [40],
mobility 3.9 x 10°°cm?/Vs at a field of 2.1 x
10° V/em).

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 GI1F is expected to be by hop-
ping between the chromophore containing the
bis(fluorene) core in GIF.

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 In(u) E' behaviour within a lim-
ited field interval (E>10°V/cm), the slope

parameter (S) changing sign below a certain value
of ¢, that is, above a certain temperature, and finally
a non-dispersive charge transport behaviour for an
energetic disorder parameter 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 (4max ~ 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/m? was observed at a current density of 34 mA/cm? 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.
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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

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.0rgel.2007.10.013
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R R,
Rs Ry

1. R1, R2, R3, R4 = phenyl
2. R4, R4 = phenyl;
R,, Rz = p-tert-butylphenyl
3. R4, Ry, R3, R4 = p-tert-butylphenyl

Chart 1. Structures of 7,16-dihydroheptacene derivatives (1-3).

[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 (Ley = 420-
428 nm) in dilute solution and in a poly(methylmeth-
acrylate), [PMMA], matrix [6]. Their radiative (k% ~
6 —8 x 107 s7!) and nonradiative (k% ~ 3 — 3.6 x
10® s7') rate constants of deactivation from the sin-
glet surface were found to be similar to those of
anthracene (k% ~2 x 10%s™!' and A% ~6 x 10°s7).
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 [§].
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 Q/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 4+ 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; 60s). Subsequently, layers of LiF
(~1nm), aluminum (~30nm), and silver
(~150 nm) were deposited thermally. The vacuum
system had an operating pressure of about 10~ 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/AgNOj 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 —4.6eV 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
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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 pJ at the sample. The pump beam was typically
arranged to be 5 puJ/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 um 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 4+ 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 (e, = 420 — 428 nm) in com-
mon organic solvents. They also showed blue emis-
sion in the PMMA matrix with the quantum
efficiency of fluorescence (®r) 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 x 107> M or higher in
dichloromethane), while these peaks were absent
in the fluorescence spectra recorded at lower con-
centration (5.5 x 107* M solution; Aem =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 x 1072 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-
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064

0.34
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0.0

460 500 660 760
Wavelength (nm)
Fig. 1. Normalized emission spectra of compound 1 (a) red: PL
spectra in dichloromethane, 5.5 x 10~ M; (b) blue: PL spectra in
dichloromethane, 5.5 x 107> 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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Fig. 2. X-ray crystal structure of 1: a view showing molecular
packing and n—m interaction between two anthracene moieties
(distance = 4.277 A).

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 A.

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 (E}/,)
of 1 at +1.07 V, +1.25V, and +1.54 V without any

reduction potential. The E/; 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
(Eu.r) 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

Table 1

Electrochemical properties and HOMO-LUMO energy gaps (Ey.p) of 1-3

Compound E\pox1y” (V) E\pp0x2)" (V) HOMO? (eV) LUMO?® (eV) EyL (eV)
1 +1.07, +1.25 +1.54 —5.87 -2.81 3.06 (3.43)°
2 +1.04, +1.22 +1.50 —5.84 -2.80 3.04

3 +1.04, +1.24 +1.53 —5.84 -2.83 3.01

? Determined from cyclic voltammetry (solvent-dichloromethane).

® Estimated from the onset of the absorption spectra.

¢ Calculated using density functional theory (DFT) method [B3LYP/6-31G(d)].

Fig. 3. (a) HOMO and (b) LUMO of the geometry 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 Eyp value for 1 (3.43eV) is close to the
electrochemically estimated value (3.06 ¢V).

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-zert-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 © 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 (/-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/m? was observed at a current density of
34 mA/cm? 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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0.00 5.00 10.00 15.00 20.00
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Fig. 5. Current density—voltage (I-V) curves for devices 1, 2, 3,
and 4.
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Fig. 6. Voltage-luminance (V-L) curves for devices 1, 2, 3, and 4.

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 S,<S; absorption spectra obtained by
ultra-fast pump-probe experiments (instrument
response function ~150fs) of 1 are presented in
Fig. 7. Excitation of a degassed solution of 1

0.015

1y =21.0413.33 ps
k. 1> = 257.07116.84 ps
——129ps

400 800 1200
Time (ps)

AOD

Wavelength (nm)

Fig. 7. Transient absorption spectra obtained from ultra-fast
pump-probe experiments of 1 in dichloromethane (1 x 1074 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.)

Table 2
Vibrational relaxation time (7;) and lifetimes of the S; state (t;)
of 1-3 recorded in dichloromethane

Compound 71 (ps) 72 (ps)

1 21 +03 257+ 17
2 9+1 229 + 10
3 16 +1 330 + 18

(1 x 107*M in dichloromethane) at 340 nm pro-
duced a broad transient absorption in the 500—
650 nm region, which is assigned to the S; state of
1 because of its similarity with the reported S
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 (7; and 7,) are sum-
marized in Table 2. The shorter decay times (1) can
be assigned to the reorganization of the aromatic
ring systems or vibrational relaxation on the S; sur-
face. Longer lifetimes calculated to be in the range
of 0.23-0.33 ns can be assigned as the lifetimes of
the Sy state of 1-3. There are no differences among
1-3 in terms of the absorption and the lifetimes of
their S, states.

It is also noted that about 40% of the S| mole-
cules of 1 do not come back to the S} state after they
are excited to a certain S, 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 S, state
decomposes. Although the experiments were per-
formed under argon, a small amount of diffused
oxygen may be reacting with the excited S, state
causing its decomposition. It is also known that a
T, state is isoenergetic to the S; 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 S; molecules intersys-
tem cross into the 75 state, thus finding an alternate
channel to relax than to come to the S, state.

4. Conclusions

7,16-Dihydroheptacenes containing the phenyl
and fert-butylphenyl groups at the 6,8,15, and 17
positions were studied as emitting materials for
OLED:s. Their dilute solutions showed blue emission
(Amax ~ 420 nm) while at higher concentration they
showed excimer emission (A, ~ 480 and 510 nm).
Interestingly, the OLED devices containing 1 showed
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green emission (Ay.x ~ 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 A, which is con-
sidered to be optimal distance. Pump-probe experi-
ments of 1-3 revealed that the S, state shows a
broad absorption (~500-650 nm) in dichlorometh-
ane with a lifetime of ~0.23-0.33 ns.
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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 n-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 m-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 cm?/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.

PACS: 73.90.+f
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1. Introduction carrier mobility, i.e. the efficiency of charge trans-
port. The effective mobility of a transistor device

One of the key physical parameters for successful can be improved by optimizing a number of factors
use of organic semiconductor devices is the charge- including the purity and structural quality of the

active organic layer, the quality of the dielectric

* Corresponding authors. Tel.: +1 361 595 9971. layer., the interfaces 'between the different layers,

E-mail addresses: kfxcO00@tamuk.edu (X. Chi), yschen99@, and in the case of thin-film devices, film morphol-
nankai.edu.cn (Y. Chen). 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 m-electron systems (m-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 (m-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 n—m overlap is not maximized. Single
crystal rubrene field-effect transistors revealed aniso-
tropic charge-carrier mobilities, with the highest
reported value of approximately 20 cm?/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 m-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 m-stack arrangements and to
study their electronic transport properties. The
results may then serve as guidance in search of high
performance organic semiconductors.

0 LR
L O T
I 1I

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 I 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 PCls in POCI;
affords hexachloro intermediate in 53% yield, which
is then refluxed with Nal in DMF giving molecule
ITin 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 m-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).

N (e =2.65). Typical FET dimensions of the chan-
nel lengths (/) 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 P2,/n. Fig. la
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

/7
B

/\')‘\J

(\\_jl-(o

g

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 33°.
The molecules form isolated stacks along the a-axis,
with an inter-planar distance of 3.58 A (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 Aand 1 A along
short and long molecular axis, respectively; the latter
is much shorter than the value found in rubrene
(6.1 A). 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 n—= interaction between them, and
the closest carbon-carbon distance is found to be
3.83 A. 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 A (~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 35° compared to 33° 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.
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Fig. 2. The stacking pattern of tetrachlorotetracene along a axis.

O

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.

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 o-framework sand-
wiched between two negatively charged m-electron
clouds, and that the net favorable n—r interactions

between molecules are actually the result of n-c
attractions that overcome m—m repulsions. There-
fore, the electrostatic force rather than the n—n 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 nt
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 m-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 7 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
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Fig. 5. ESP surface plots for (a) tetracene (b) and
tetrachlorotetracene.

molecule are almost superimposed on the carbon
atoms of the other molecule, thus optimizing the
electrostatic forces between the stacked molecules.

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 Vg, the drain current exhibits a nonlinear
dependence on Vg, suggesting non-Ohmic contact
behavior. At higher voltages, however, saturation is
observed as V4, becomes comparable to Vi, 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 ~10%, a field-effect mobility of 1.7 cm?/V s,
and a threshold voltage of V;~—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 cm?/V s. Occasionally, a field-effect
mobility as high as 5 cm?/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,
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Fig. 6. Output characteristics of a typical tetrachlorotetracene single crystal field-effect transistor.
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Fig. 7. Transfer characteristics of a typical tetrachlorotetracene single crystal field-effect transistor.

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 7—n 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 m-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 m—m 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 cm?/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)/Alqs (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)/Alqs(52 nm)/LiF/Al is fabricated with high
efficiency (6.15 cd A™"), high brightness (9500 cd m~2) and good white light CIE coordinates (0.32, 0.37).
© 2007 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa; 61.05.cp; 65.90.+1; 73.40.1q; 73.61.ph

Keywords: Fluorene; Oligomers; Organic electroluminescence

1. Introduction toward photonic and optoelectronic displays [1].
Many features of the materials, such as photolumi-

Organic conjugated materials have attracted con- nescence efficiency, thermo- and electrochemical-
siderable attention due to potential applications stability are relative to their device applications.
In this content, the condensed state structures of
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85193421. of their applications especially in electroluminescent
E-mail address: ygma@jlu.edu.cn (Y. Ma). (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

CgHys3 CeHi3 CgHq3 CgHy3 CgH1z CsHisz

OO0 Q00000

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-(9,9'-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,

-0 50O 50

T3

Chart 1. The molecular structures of the trimers T1-T4.
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Scheme 1. The synthetic routes of the trimers T1-T4.

because their preparation is following the reported
literatures [10,12]. Treatment of la 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 Na,COj3 and toluene can obtain rele-
vant fluorene trimers T1-T4 with acceptable yields
of 50-72%. All trimers are verified by "H and *C
NMR spectroscopy, MALDI-TOF mass spectrome-
try, as well as elemental analysis. The "H 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,

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 C;5Hg,. 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 n—r" 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

. 72
+——— Chemical shift/ ppm

Fig. 1. The '"H NMR spectrum of T3 and T4 in CDCl; in aromatic range at room temperature.
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Fig. 3. The normalized UV/Vis and PL spectra of T1-T4 in
solution (a) and in films (b). All the films (~100nm) are
fabricated by spin-coated method.

with Ag.x 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 (A,a 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 A. Hence n—r 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-
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Table 1
Summary of physical properties of four trimers
Trimer Tg"l Tmb TdC Zl,max,absd jQ,max.abse ;“l.maxPLd j~2,max]’Le QI’Lf in QPLg in HOMO/
(°C) (°C) (°C) (nm) (nm) (nm) (nm) solution (%) films (%) LUMO" (eV)
T1 25 105 357 351 351 394 422 70 65 —5.57/-2.10
T2 na' 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 na' 387 351 351 394 424 85 82 —5.63/-2.23
% Glass phase transition temperature by DSC.
® Melting temperature by DSC.
¢ Decomposition temperature by TGA.
9 In dilute THF solutions (~1.0 x 10~* M/L).
¢ In films (~100 nm) by spin-coated method.
f Using quinine sulphate in 1 M sulphuric acid as standard.
€ Measurement in calibrate integrating sphere.
" Highest occupied molecular orbital and lowest unoccupied molecular orbital by CV.
i No T, ¢ detectable, only exhibit a distinct T},.
3 No T, detectable, only show a clear T,.
a T
pristine
—— 1 min
~———2min
—_ AeTA N
s
% 1 1 1 1
g b T2
€ pristine
Y — 1 min
e. ———2 min
O-O00-000
SOOTO

Fig. 4. The illustration of the molecular stacking of T3.

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.

400 500 600 700
Wavelength (nm)

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.

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
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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).
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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.

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 (7). 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 (7}) is observed at
25 °C. The DSC curve of T3 exhibits a glass phase
transition (7,) at 80 °C as well as a sharp endother-
mic peak (7,) 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
(T,) 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 T, 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 (7y)
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-
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crystalline

amorphours

Fig. 8. The crystalline solid of T2 (left, acicular crystal) and
amorphous solid of T4 (right, glass) under an ultraviolet lamp
(365 nm).

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 7, up to
440 °C which is very close to its decomposition tem-
perature T4 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 T (25 °C). Con-
sidering the large energy gap (~3.4eV) 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 4,4',4"-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¢V) [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)/Algs (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 Alq; (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.

LiF
2.2eV n
23 eV
2.6 ¢V
TCTA 3leV
Trimers
BCP Alg Al
I
ITO/PEDOT 43¢V
——
5.0V
55eV
57 eV
S58eV
6.2eV

Fig. 9. Band diagram of ITO/PEDOT:PSS/TCTA/trimers/BCP/
Alqs/LiF/AL

Intensity/a. u.

-
L}

400 500
Wavelengthinm

Efficiencylcd A’
| ]

=T33

——T4

—
7 8 9 10 1 12 13 14

Voltage/V

Fig. 10. EL efficiency-voltage characteristics of devices using T2,
T3 and T4. Insert is The EL spectra of T4.
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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 1.52cd A™" 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 10V, the brightness is 710 cd m~2 for T4, and

Table 2
Performances of devices having structures ITO/PEDOT:PSS/
TCTA/trimers/BCP/Alqs/LiF/Al

Trimer Max Nextw Max Brightness CIE @
efficiency (%) brightness @ 10V v
(cd/A) (cd/m?) (cd/m?) (x,¥)
T2 1.77 29 805 100 0.16, 0.07
T3 1.27 1.8 380 99 0.17, 0.09
T4 1.52 27 772 711 0.16, 0.07
# External quantum efficiency in device.
800 /
600 |
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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)/Alqs (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™", 5.25 ¢d A 'and 6.15¢cd A7,
respectively. The maximum luminance for T2, T3
and T4 are 12,350cdm™2, 7363cdm™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/Alqs/LiF/Al

Trimer Max efficiency Max brightness CIE@ 15V
(cd/A) (cd/m?) (x.7)
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
10
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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 T, 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 'H
and >C NMR spectra were recorded on AVANCZ
500 spectrometers at 298 K by utilizing deuterated
chloroform (CDClI;) as solvent and tetramethylsil-
ane (TMS) as standard. All the compounds were
characterized by Flash EA 1112, CHNS-O eclemen-
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 A). 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 (® = 0.545) at
room temperature. Cyclic voltammetry (CV) were
performed with a BAS 100 W Bioanalytical Sys-
tems, using a glass carbon disk (® = 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-NBuy]BF,4] 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)-9,9'-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%). '"H NMR (500 MHz,
CDCl,): 6 7.81-7.79 (d, 2H, Ar-H), ¢ 7.74-7.73 (d,
2H, Ar-H), ¢ 7.71 (s, 2H, Ar-H), 6 2.01-1.99 (m,
4H, CH,), ¢ 1.39 (s, 24H, CH;), 61.08-0.98 (m,
12H, Ar-H), ¢ 0.75-0.73 (m, 6H, CHj), ¢ 0.55-
0.54 (m, 4H, CH,). MS (m/z) 586.5. Anal. Calcd
for C;3;Hs6B>04: 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)-9,9'-spirofluorene (3b)

The procedure was followed to prepare 3a from
1a (0.711g, 1.5 mmol) to afford a white solid (yield
55%). '"H NMR (500 MHz, CDCls): o 7.88-7.83
(m, 6H, Ar-H), 6 7.37-7.34 (t, 2H, Ar-H), § 7.13
(s, 2H, Ar-H), ¢ 7.10-7.07 (t, 2H, Ar-H), ¢ 6.70-
6.68 (d, 2H, Ar-H), 6 1.22 (s, 24H, CHj3). MS
(WI/Z) 567.6. Anal. Calcd for C37H38 B204: C, 782,
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 Na,CO; (tolu-
ene/water at a 3:2 ratio) were added to the mixture
of the (l:1 equiv) and Pd(PPh;)s (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/CH,Cl, as the eluent to afford a
white solid (yield 52%). '"H NMR (500 MHz,
CDCly): 6 7.82-7.80 (d, 2H, Ar-H), ¢ 7.79-7.78 (d,
2H, Ar-H), 6 7.75-7.73 (d, 2H, Ar-H), 67.67-7.66
(m, 4H, Ar-H), 0 7.64 (s, 2H, Ar-H), ¢ 7.62 (s,
2H, Ar-H), § 7.38-7.30 (m, 6H, Ar-H), o 2.08-
2.01 (m, 12H, CH,), ¢ 1.15-1.07 (m, 36H, CH,), ¢
0.78-0.76 (m, 30H, CH,CH;). "C NMR
(500 MHz, CDCly): ¢ 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
C;sHog: 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/CH,Cl, as the eluent to afford a
white solid (yield 67%). '"H NMR (500 MHz,
CDCl): 6 7.83-7.81 (d, 6H, Ar-H), ¢ 7.78-7.76 (d,
2H, Ar-H), 6 7.72-7.70 (d, 2H, Ar-H), 6 7.68-7.66
(d, 2H, Ar-H), 6 7.35-7.30 (m, 12H, Ar-H), ¢
7.08-7.03 (m, 8H, Ar-H), 6 6.82 (s, 2H, Ar-H), ¢
6.77 (s, 2H, Ar-H), 6 6.70-6.69 (m, 6H, Ar-H), ¢
6.65-6.63 (d, 2H, Ar-H). *C NMR (500 MHz,

CDCls): 0 149.6, 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 C;sHyy: 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/CH,Cl, as the eluent to afford a
white solid (yield 72%). "H NMR (500 MHz, CDCl;):
07.97-7.95(d, 2H, Ar-H), 6 7.91-7.90 (d, 2H, Ar-H),
07.70-7.69 (d, 2H, Ar-H), 6 7.65-7.64 (d, 2H, Ar-H),
07.60-7.59 (d, 2H, Ar-H), 6 7.43-7.41 (m, 4H, Ar-H),
07.35-7.33(d, 2H, Ar-H), 6 7.31-7.28 (t, 6H, Ar-H),
0 7.19-7.16 (t, 2H, Ar-H), ¢ 7.00 (s, 2H, Ar-H), ¢
6.90-6.89 (d, 2H, Ar-H), ¢ 1.95-1.92 (m, 8H, CH,),
0 1.09-0.99 (m, 24H, CH,), 6 0.74-0.72 (m, 12H,
CH;), 6 0.61-0.58 (m, 8H, CH,). *C NMR
(500 MHz, CDCls): ¢ 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 C;sHgy: 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/CH,Cl, as the eluent to afford a
white solid (yield 50%). 'H NMR (500 MHz,
CDCls): 6 7.92-7.90 (d, 2H, Ar-H), ¢ 7.87-7.85 (d,
6H, Ar-H), § 7.66-7.63 (d, 2H, Ar-H), § 7.54-7.53
(d, 2H, Ar-H), 7.40-7.35 (m, 8H, Ar-H), ¢ 7.32—
7.30 (d, 2H, Ar-H), 6 7.14-7.08 (m, 6H, Ar-H),
7.00 (s, 2H, Ar-H), ¢ 6.81-6.80 (d, 4H, Ar-H), ¢
6.71-6.69 (d, 2H, Ar-H), ¢ 1.91-1.88 (m, 4H,
CH,), ¢ 1.03-0.93 (m, 12H, CH,), 6 0.70-0.67 (m,
6H, CH;), 6 0.56 (m, 4H, CH,). *C NMR
(500 MHz, CDCly): 6 151.6, 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 C;sHgy: 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 Q/CJ
were used as the substrates and carefully cleaned
before the deposition of organic materials. Organic
layers were deposited by high-vacuum (<10~° Torr)
thermal evaporation. A LiF buffer layer and a 150-
nm-thick Al cathode were vapour-deposited at a
background pressure of 107® 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.

Acknowledgments

We are grateful for financial support from Na-
tional Science Foundation of China (Grant Num-
bers 20125421, 90101026, 20474024, 50473001,
50303007, 50473006), and by Ministry of Science
and Technology of China (Grant Number
2002CB6134003) and PCRIT.

References

[17 J.S. Miller, Adv. Mater. 5 (1993) 671;
J. Roncali, Chem. Rev. 92 (1992) 711;
A. Kraft, A.C. Grimsdale, A.B. Holmes, Angew. Chem., Int.
Ed. 37 (1998) 402.

[2] H. Aziz, Z.D. Popovic, Chem. Mater. 16 (2004) 4522.

[3] M.D. Joswick, I.LH. Campbell, N.N. Barashkov, J.P. Ferr-
aris, J. Appl. Phys. 80 (1996) 2883;
L.-M. Do, M. Oyamada, A. Koike, E.-M. Han,
N. Yamamoto, M. Fujihira, Thin Solid Films. 273 (1996) 209;
L.-M. Do, E.M. Han, Y. Niidome, M. Fujihira, T. Kanno, S.
Yoshida, A. Maeda, A.J. Ikushima, J. Appl. Phys. 76 (1994)
S118;
Y. Kuwabara, H. Ogawa, H. Inada, N. Nona, Y. Shirota,
Adv. Mater. 6 (1994) 667.

[4] W.-L. Yu, J. Pei, W. Huang, A.J. Heeger, Adv. Mater. 12
(2000) 828;
D.-C. Shin, Y.-H. Kim, H. You, S.-K. Kwon, Macromol-
ecules 36 (2003) 3222;
D. Vak, B. Lim, S.-H. Lee, D.-Y. Kim, Org. Lett. 7 (2005)
4229;
C. Ego, A.C. Grimsdale, F. Uckert, G. Yu, G. Srdanov, K.
Miillen, Adv. Mater. 14 (2002) 809.

[5] E.-M. Han, L.-M. Do, N. Yamamoto, M. Fujihira, Thin
Solid Films 273 (1996) 202;

C. Adachi, K. Nagai, N. Tamoto, Appl. Phys. Lett. 54 (1989)
1145;
K.A. Higginson, X.-M. Zhang, F. Papadimitrakopoulos,
Chem. Mater. 10 (1998) 1017.

[6] Y. Shirota, J. Mater. Chem. 10 (2000) 1;
D. Mutaguchi, K. Okumoto, Y. Ohsedo, K. Moriwaki, Y.
Shirota, Org. Electron. 4 (2003) 49;
K. Okumoto, Y. Shirota, Chem. Mater. 15 (2003) 699;
H. Doi, M. Kinoshita, K. Okumoto, Y. Shirota, Chem.
Mater. 15 (2003) 1080;
H. Utsumi, D. Nagahama, H. Nakano, Y. Shirota, J. Mater.
Chem. 12 (2002) 2612.

[7] P.W. Wang, Y.J. Liu, C. Devadoss, P. Bharathi, J.S. Moore,
Adv. Mater. 8 (1996) 237.

[8] Y. Shirota, T. Kobata, N. Noma, Chem. Lett. (1989) 1145.

[9] S.J. Wang, W.J. Oldham, R.A. Hudack, G.C. Bazan, J. Am.
Chem. Soc. 122 (2000) 5695.

[10]J. Pei, J. Ni, X.-H. Zhou, X.-Y. Cao, Y.-H. Lai, J. Org.
Chem. 67 (2002) 8104;
D. Katsis, Y. Geng, J.J. Ou, S.W. Culligan, A. Tra-
jkovska, S.H. Chen, L.J. Rothberg, Chem. Mater. 14
(2002) 1332;
H. Tian, B. Chen, P.-H. Liu, Chem. Lett. 30 (2001) 990.

[11] J. Salbeck, M. Schorner, T. Fuhrmann, Thin Solid Films 417
(2002) 20;
J. Salbeck, N. Yu, J. Bauer, F. Weissortel, H. Bestgen,
Synth. Met. 91 (1997) 209.

[12] K.-T. Wong, Y.-Y. Chien, R.-T. Chen, C.-F. Wang, Y.-T.
Lin, H.-H. Chiang, P.-Y. Hsieh, C.-C. Wu, C.H. Chou, Y.O.
Su, G.-H. Lee, S.-M. Peng, J. Am. Chem. Soc. 124 (2002)
11576;
C.-C. Wu, T.-L. Liu, W.-Y. Hung, Y.-T. Lin, K.-T. Wong,
R.-T. Chen, Y.-M. Chen, Y.-Y. Chien, J. Am. Chem. Soc.
125 (2003) 3710;
H.-W. Lin, C.-L. Lin, H.-H. Chang, U.-T. Lin, C.-C. Wu,
Y.-M. Chen, R.-T. Chen, Y.-Y. Chien, K.-T. Wong, J. Appl.
Phys. 95 (2004) 881;
C.-C. Wu, T.-L. Liu, Y.-T. Lin, W.-Y. Hung, T.-H. Ke, K.-
T. Wong, T.-C. Chao, Appl. Phys. Lett. 85 (2004) 1172;
C.-C. Wu, W.-G. Liu, W.-Y. Hung, T.-L. Liu, K.-T. Wong,
Y.-Y. Chien, R.-T. Chen, T.-H. Hung, T.-C. Chao, Y.-M.
Chen, Appl. Phys. Lett. 87 (2005) 052103;
T.-C. Chao, Y.-T. Lin, C.-Y. Yang, T.S. Hung, H.-C. Chou,
C.-C. Wu, K.-T. Wong, Adv. Mater. 17 (2005) 992;
K.-T. Wong, R.-T. Chen, F.-C. Fang, C.-C. Wu, Y.-T. Lin,
Org. Lett. 7 (2005) 1979;
C.-C. Wu, Y.-T. Lin, K.-T. Wong, R.-T. Chen, Y.-Y. Chien,
Adv. Mater. 16 (2004) 61;
K.-T. Wong, Y.-L. Liao, Y.-T. Lin, H.-C. Su, C.-C. Wu,
Org. Lett. 7 (2005) 5131.

[13] H.S. Lee, T. Tsutsui, Thin Solid Films 363 (2000) 76;
Y. Geng, A. Trajkovska, S.W. Culligan, J.J. Ou, H.M.P.
Chen, D. Katsis, S.H. Chen, J. Am. Chem. Soc. 125 (2003)
14032.

[14] S.W. Culligan, Y. Geng, S.H. Chen, K. Klubek, K.M. Vaeth,
C.W. Tang, Adv. Mater. 15 (2003) 1176.

[15] P.K. Tsolakis, J.K. Kallitsis, Chem. Eur. J. 9 (2003) 936.

[16] Q. Hou, Q. Zhou, Y. Zhang, W. Yang, R. Yang, Y. Cao,
Macromolecules 37 (2004) 6299;
J. Teetsov, M.A. Fox, J. Mater. Chem. 9 (1999) 2117,
K.-H. Weinfurtner, F. Weissortel, G. Harmgarth, J. Salbeck,
Proc. SPIE-Int. Soc. Opt. Eng. 3476 (1998) 40.



252 S. Tang et al. | Organic Electronics 9 (2008) 241-252

[17] E.JJ.W. List, R. Guentner, P.S.D. Freitas, U. Scherf, Adv. [18] L. Liu, S. Tang, M. Liu, Z. Xie, W. Zhang, P. Lu, M. Hanif,
Mater. 14 (2002) 374; Y. Ma, J. Phys. Chem. B. 110 (2006) 13734;
L. Romaner, A. Pogantsch, P.S.D. Freitas, U. Scherf, M. L. Liu, S. Qiu, B. Wang, W. Zhang, P. Lu, Z. Xie, M. Hanif,
Gaal, E. Zojer, E.J.W. List, Adv. Funct. Mater. 13 (2003) 597; Y. Ma, J. Shen, J. Phys. Chem. B. 109 (2005) 23366.
L. Romaner, G. Heimel, H. Wiesenhofer, P.S.D. Freitas, U. [19] J. Jayaseharan, K. Kishore, G. Nalini, T.N. Gururow, J.
Scherf, J.-L. Brédas, E. Zojer, E.J.W. List, Chem. Mater. 16 Polym. Sci. Part A: Polym. Chem. 37 (1999) 4033.
(2004) 4667; [20] G. Cheng, Y. Zhang, Y. Zhao, S. Liu, S. Tang, Y. Ma, Appl.
X.H. Yang, F. Jaiser, D. Neher, P.V. Lawson, J.-L. Brédas, E. Phys. Lett. 87 (2005) 151905;
Zojer, R. Giintner, P.S.D. Freitas, M. Forster, U. Scherf, Adv. Y. Zhang, G. Cheng, Y. Zhao, J. Hou, S. Liu, S. Tang, Y.

Funct. Mater. 14 (2004) 1097. Ma, Appl. Phys. Lett. 87 (2005) 241112.



Available online at www.sciencedirect.com

ScienceDirect

Organic
Electronics

E;

S

ELSEVIER

Organic Electronics 9 (2008) 253-261

www.elsevier.com/locate/orgel

Characterization of indium tin oxide surfaces after
KOH and HCI treatments

S. Gardonio?, L. Gregoratti ®*, D. Scaini?, C. Castellarin-Cudia , P. Dudin *®*,
P. Melpignano®, V. Biondo®, R. Zamboni®, S. Caria®, M. Kiskinova ?
#Sincrotrone Trieste, Area Science Park, SS14-Kml163.5, 34012 Trieste, Italy

® Centro Ricerche Plast-Optica, via Jacopo Linussio 1, 33020 Amaro (UD), Italy
€ Istituto per lo Studio dei Materiali Nanostrutturati CNR, via P. Gobetti 101, 40129 Bologna, Italy

Received 3 September 2007; received in revised form 27 November 2007; accepted 2 December 2007
Available online 8 December 2007

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 many technological properties such as high trans-
parency for visible light, good electrical conductivity

Indium tin oxide (ITO) films are transparent con- and excellent substrate adherence. Most of the

ductors that have been deeply investigated in the
last decade because of their applications in the
design of optoelectronic devices. ITO films combine

* Corresponding author. Tel.: +39 0403758025; fax: +39
0403758565.

E-mail address: luca.gregoratti@elettra.trieste.it (L. Gregor-
atti).

1566-1199/$ - see front matter © 2007 Published by Elsevier B.V.

doi:10.1016/j.0rgel.2007.12.002

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
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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 (ii1) 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 40s) seems to
increase the surface roughness [25].

In the fabrication of OLED KOH and hydrochlo-
ric acid (HCI) 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 Q/sq ', 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 N,. The effects of
KOH and HCI 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
(u-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 u-XPS mode conven-

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 x 50 x 5 um 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 x 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 A.

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 x 16 pm? area of pris-
tine ITO is shown together with a 1 x 1 yum?® 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 (R,) is 2.64 nm. A 64 x 64 um? In 3d core
level map of a pristine ITO surface is shown in

Table 1

Steps followed for the ITO surface preparation of samples A, B, C and D

Step Sample A Sample B Sample C Sample D

1 Spin coating deposition of photoresist* on ITO surface Same as Surface coverage with Same as
sample A commercial varnish® sample C

2 Surface coverage with mask and exposure to UV radiation = None None None

3 Developing of photoresist with KOH solution (1%) for Same as None None

2 min and then rinse in DI water sample A
4 Etching with acid solution® for 3 min None Etching with acid solution® None
5 Rinsing in DI water and removal of resist with acetone None Removal of varnish with Same as
acetone sample C

% AZ4562 from CLARIANT.
® Toluensulfonamido fenolformaldeide.

¢ Composition of acid solution: 6% acetic acid, 31% chloridric acid and 63% water.
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Fig. . AFM image of a (a) 16 pm x 16 pm and (b)l pum x 1 um area on pristine ITO surface.

Fig. 2a. The In content is not homogenous; major
darker spots of a diameter of about 0.5 um are ran-
domly distributed while weaker variations in the
contrast are present over all the surface. The local
XPS p-spectra at most representative regions are
shown in Fig. 2b. The p-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-

19.2 ym

Intensity (a.u.)

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 x 16 um?® and 1 x 1 pm? area of a pris-

MLMJM

In MNN

Cls
In3d J,

OKLL  1n 4d

-500 -400 -300 -200  -100 0
Binding energy (eV)

Fig. 2. (a) In 3d map of pristine ITO surface; (b) XPS p-spectra collected at point 1 and 2 indicated in the map (a).
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Fig. 3. AFM maps of a (a) 16 x 16 um and (b) 1 x 1 pm area on a ITO sample etched on KOH-isopropanol saturated solution for 24 h.

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 (R, = 3.5 nm) is

Intensity (a.u.)

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

In 3d Cls OKLL In 4d

In MNN Si 2p

Mg

lIIIIlIIIIllIIlII|IIII|I]1I

-500 -400 -300 -200 -100 0
Binding energy (eV)

Fig. 4. (a) In 3d map of KOH etched ITO surface; (b) XPS p-spectra 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 p-spectra at most representative
regions are shown in Fig. 4b. The p-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 Is 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 pu-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.

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 HCI. 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

O(ls |nfd

Sn 3d

b) ITO after 24 KOH etch.

L

In ﬁs Si l2p

b)
I N

.a.')I....I....I....I..
-130 -120 -110 -100

Binding energy (eV)

Infs Snﬁ\‘lr}{;

a) Pristine ITO
N

||||I|||||||||I|||||||||I|||||||||I|||||||||I|||||||!\T\¢—\|
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Fig. 5. XPS spectra acquired on (a) a pristine ITO and on (b) an ITO sample etched for 24 h with a saturated KOH-isopropanol solution.

In the inset the same spectra are shown in a shorter energy range.



S. Gardonio et al. | Organic Electronics 9 (2008) 253-261 259

In fs Si 2p

D (vamish + acetone)

C (varnish + HCL + acetone)

w/'/\\\_w_.._ . e S

A (resist + 2min . KOH sol (1%) +HCI)

e N\ .

Pristine ITO

v bt bt by a baa s s byl

-130 -120 -110 -100

Binding energy (eV)

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.

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 x 20 um?. 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 HCI 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 p-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
HCI 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
HCI 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 I'TO 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 HCI 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 (Cs,CO3), between organic semiconductor and source/drain electrodes. Devices
with the Cs,CO3/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 cm?/V s
and on/off current ratios of 10° were obtained in the [6,6]-phenyl C60 butyric acid methyl ester-based organic thin film
transistors using the Cs,COj3/Al electrodes at a gate bias of 40 V.

© 2007 Elsevier B.V. All rights reserved.
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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 cm?/Vs and high on/off

* Corresponding author. Address: Research Center for Applied
Sciences, Academia Sinica, Taipei 11529, Taiwan. Tel.: +886 2
2789 8000.

E-mail address: gchu@gate.sinica.edu.tw (C.-W. Chu).

current ratio (>10°) 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 m-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-

1566-1199/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.0orgel.2007.11.008
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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 Cs,COj 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 Cs,COj;. The presence of a Cs,COj3 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 Q/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, C;, was 5.47 nF/cm?. 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, Cs,COj;
(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 Cs,CO5 and Al films were
I nm and 80 nm, respectively. A schematic cross-
section of our top-contact OTFTs is presented in
the inset of Fig. la with a channel length of
170 um and width of 2 mm. For comparison, Ca,
Al, and Au were investigated as alternative to the
Cs,CO3/Al as S/D contacts. All thermal evapora-
tions were done under a pressure of less than
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Fig. 1. (a) Typical transfer characteristics of the OTFT with
Cs,CO3/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 Cs,CO3/Al
electrodes. Inset: source/drain current-voltage characteristics of
the OTFT with Au electrode.
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6 x 107 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 Cs,COs/Al S/D elec-
trodes, are shown in Fig. la 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 V'pg =0V and significant low gate
leakage (<4 x 1072 A) even at Vg =40V. Strong
field-effect modulation of the channel conductance
was observed, with on/off current ratios (I,n/Iog)
as high as 10° (measured between gate voltage,
Vg = —10-40). The field-effect mobility (u) and
threshold voltage (V1) were extracted from the mea-
sured transfer curve by comparing it with the stan-
dard transistor’s current-voltage equation in the
saturation regime: Ipssa = (WC/2L)(Vs — V1)
[2,17] where Ipgsa is the saturated drain current.
The u and the V1 of the OTFT were found to be
4.45 x 1072 cm?/V s and —2.3 V, respectively.

It has been proposed that PCBM has much lower
electron affinity compared to Cg [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
Cs,CO5/Al devices results in higher u and lower
Vr, not only with respect to Al (¢ =4.1¢V), but
also compared to Ca (¢ = 2.8 eV). The device with
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Fig. 2. Idealized Isp— VG (solid) and (ISD)UZ—VG (open) plots for
different materials as the source/drain contacts at Vp=40V.
Cs,CO3/Al (triangles); Ca/Al (circle); Al (square).

Ca and Al electrodes had similar I,,/I,; compared
to the device with Cs,CO;3/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 (@ =5.0eV) 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 Cs,CO;3/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 Cs,COj3 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 Cs,COj3 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 Cs,CO; lowering the barrier for electron injection
from Al to the LUMO level of PCBM. Moreover,
earlier studies on Cs,COj; indicated that Cs,CO;
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 i (ecm?/ v, S (V/ On/off
electrode vly) (V) decade) ratio
Au 0.0081 4.87 1.81 10°
Al 0.0120 3.15 1.80 10°
Ca/Al 0.0227 0.74 1.45 10°
Cs,COs/Al  0.0445 —2.30 1.39 108

The values are an average of ten different devices with practical
standard deviation.
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organic semiconductor intact [23]; therefore, Cs,O
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 |Vsp| =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 x 10% to 3 x 108 Q as Vg varied from 10 to 40 V.
In contrast, the Rc of Cs,CO5/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 R¢ 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 Cs,CO; in our OTFTs
will lead to the reduction of V, as can be seen in
Table 1. This result demonstrates that the introduc-
tion of the Cs,CO; in our OTFTs played an impor-
tant role in the enhancement of the device
performance.

Recently, Li et al. reported that Cs,CO; 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 Cs,CO;
film has a capacitance of about 6.9 nF/cm? 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 Cs,O and CO, [23,27]. Since Cs,CO; layer was
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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 Cs,O; the electrical conductivity
of the composite film is still in the insulating region.
Hence, as-deposited Cs,CO; film is a dielectric with
good insulating properties. With the presence of a
thin Cs,COj 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 Cs,CO;
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 Cs,COj; layer. The device with 1 nm
thick Cs,COj3 exhibits the highest mobility. With
the further incremental thickness of Cs,CO; 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 Cs,CO; 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 Cs,CO; 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.

1.6 T T T T T
—n— Al o°
S
N —o— 1nm O
= _ 1.2 Qo 4
< (
2
Q 4
FA
[2]
0

Fig. 4. (Isp)"*~Vg plots of OTFTs with a variety of Cs,COs
thickness. Thicknesses of the Cs,CO; 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
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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,
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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), is one of the best white
electroluminescent material used in fabricating
OLEDs [9-11] and Be(BTZ), 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 T — n" 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),, 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 (Alqs) 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-

OO0 Uiy
\ VA

O/M\ v o \
<10 O

M(BTZ), M(MeBTZ),

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), and Be(BTZ), 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. '"H NMR
data were recorded with Switzerland Bruker
DR x 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. '"H NMR (300 MHz, CDCls): & 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%. '"H NMR (300 MHz, CDCIs):
8 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 C4H;;SNO: C, 69.68; H, 4.59; N, 5.80;
found: C, 70.76; H, 5.365; N, 5.307; FT-IR (KBr)
cm~ 't 3054, 2915, 2855, 2350, 1618, 1506, 1438,
1242, 1085, 761, 628.

2.2. Synthesis of complexes

BeSO4-4H,0 (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
BeSO44H,0 solution was slowly poured into the
MeBTZ solution while stirring. Be(MeBTZ), was
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precipitated after the mixed solution was adjusted to
pH 9-10 using triethylamine at room temperature. 'H
NMR (300 MHz, CDCl;) & 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"]
caled for C,3H,oBeS,N,O,, 489.11; found, 489.1;
Anal. calcd for C,3H,oBeS,N,O»: C, 68.69; H, 4.12;
N, 5.72; found: C, 68.77, H, 4.17; N, 5.71; FT-IR
(KBr) cm™': 3042, 2914, 1670, 1618, 1506, 1438,
1242, 1085, 761, 628.

The same procedure was employed to obtain
Be(BTZ), and its single crystal was grown by vacuum
sublimation. The colorless single crystal was collected
with typical size of 0.20 x 0.20 x 0.10 mm. The
crystal data for Be(BTZ), are monoclinic, a =
24.522(3) A, b = 12.0546(14) A, ¢ = 14.7981 (17) A,
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), was synthesized from the reaction
between MeBTZ and Zn(CH;COO), - 2H,0 in etha-
nol solution. The mixed solution was heated in reflux
and stirred for 2h. The yellow powder of
Zn(MeBTZ), was filtered. '"H NMR (300 MHz,
DMSO) & 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'] caled. for CygHag
ZnS>N>0,, 544.03; found: 545.3; Anal. calcd for
ngHzoZl’lSzNzOzl C, 6159, H, 369, N, 513, found:
C, 61.40; H, 3.70; N, 5.12; FT-IR (KBr) cm™': 3043,
2926, 1653, 1458, 1412, 1225, 1088, 669, 482.

Zn(BTZ), was synthesized by the reaction
between BTZ and Zn(CH5;COO), - 2H,0.

3. Results and discussion

Zn(BTZ), and Be(BTZ), were found to be rea-
sonably stable upon exposure to air and exhibit high
thermal stability. Their melting temperatures (7},)
and endothermic transiting points are shown in
Table 1. A single endothermic transition was

Table 1

Thermal analysis data for four metal chelates (7, onset: the onset
of endothermic transition; T,: melting temperature; 74: decom-
position temperature)

Metal Zn(BTZ), Zn(MeBTZ), Be(BTZ), Be(MeBTZ),
chelate

(°C)

T onset 280 277 217 290
T 287 284 224 296
Ty 453 505 455 483

observed at 280 °C with only 1% weight loss prior
to decomposition at 453 °C for Zn(BTZ),. The
onset temperature of endothermic transition (7)
appeared at 217 °C for Be(BTZ), with Ty, of
224 °C and decomposition point (7y4) 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),, the decomposition point of
Zn(MeBTZ), 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), was located at 296 °C and
endothermic transition occurred at 290 °C. The C-3
methyl-substituted derivatives had higher 7, and
T, 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 sg — s;
transition, are attributed to the local T — 7" 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 © — n* 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 x 107> mol/L and in powder at room temperature
have distinct redshift. For instance, the maximum
emission wavelength, 4,,.x, of Be(MeBTZ), 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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Fig. 2. TG, DTG, and DSC curves of Zn(MeBTZ), and Be(MeBTZ), (under a dry argon gas flow at a heating rate of 10 °C/min).

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 Be*" 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 Zn>". 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 or%anic ligand. This transition
is attributed to a 1 —» n 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
(Euomos ELumo) were calculated by DFT. The val-
ues are list in Table 3. As can be seen, the methyl-
substituted complexes show lower Eyomo and
Ei ymo. 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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Table 2
Molecular orbital amplitude plots of four materials
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