This article was downloaded by: [University of Haifa Library]

On: 22 August 2012, At: 09:55

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

Carrier Transport Mechanisms
in Organic Light-Emitting
Devices with a N,N’-diphenyl-
N,N’-bis(1-naphthyl)-1,1’-
biphenyl-4,4’-diamine:tris-(8-
hydroxyqguinoline) Aluminum
Mixed Layer Acting as an
Emitting Layer

Y.B. Yoon?®,D.C.Choo?,D.U. Lee®, T. W. Kim ? ,

K.D. Kwack ®, J. H. Kim®, J. H. Seo €& Y. K. Kim ©

# Research Institute of Information Display, Division
of Electronics and Computer Engineering, Hanyang
University, Seoul, Korea

b Department of Electronic Engineering, Hong-ik
University, Seoul, Korea

¢ Department of Information Display Engineering &
COMID, Hong-ik University, Seoul, Korea

Version of record first published: 21 Dec 2006

To cite this article: Y. B. Yoon, D. C. Choo, D. U. Lee, T. W. Kim, K. D. Kwack, J. H.
Kim, J. H. Seo & Y. K. Kim (2006): Carrier Transport Mechanisms in Organic Light-
Emitting Devices with a N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4"-
diamine:tris-(8-hydroxyquinoline) Aluminum Mixed Layer Acting as an Emitting Layer,
Molecular Crystals and Liquid Crystals, 458:1, 273-279



http://www.tandfonline.com/loi/gmcl20

Downloaded by [University of Haifa Library] at 09:55 22 August 2012

To link to this article: http://dx.doi.org/10.1080/15421400600932173

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.



http://dx.doi.org/10.1080/15421400600932173
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Haifa Library] at 09:55 22 August 2012

Mol. Cryst. Liq. Cryst., Vol. 458, pp. 273-279, 2006 .
Copyright © Taylor & Francis Group, LLC ljzl?;gciﬁnas

ISSN: 1542-1406 print/1563-5287 online
DOI: 10.1080/15421400600932173

Carrier Transport Mechanisms in Organic Light-Emitting
Devices with a N,N'-diphenyl-N,N’-bis(1-naphthyl)-
1,7-biphenyl-4,4'-diamine:tris-(8-hydroxyquinoline)
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The current density-voltage (J-V) measurements on organic light-emitting devices
(OLEDs) with and without a N,N'-diphenyl-N,N'-bis(1-naphthyl)-1,1'-biphenyl-
4,4'-diamine (NPB):tris-(8-hydroxyquinoline) aluminum (Alqs) mixed layer were
performed to investigate the carrier transport mechanism. The slopes of the double
logarithmic J-V curves for the OLEDs with and without the mixed layer in the
space-charge-limited current (SCLC) region were 6.5 and 2, respectively. The dra-
matic increase in the slope of the double logarithmic J-V curve for the OLEDs with
the mixed layer was attributed to the decrease in the mobility difference of the
charge carriers at the NPB/Alq3 heterointerface resulting from the minimization
of the energy barriers, and the carrier transport behaviors in the SCLC region were
significantly affected by the unintentional virtual electrode, serving as a charge
carrier reservoir, that formed at the heterointerface.

This work was supported by the Korea Research Foundation Grant funded by the Korean
Government (MOEHRD Basic Research Promotion Fund) (KRF-2004-015-D00166).

Address correspondence to T. W. Kim, Research Institute of Information Display,
Division of Electronics and Computer Engineering, Hanyang University, Seoul
133-791, Korea. E-mail: twk@hanyang.ac.kr

273



Downloaded by [University of Haifa Library] at 09:55 22 August 2012

274 Y. B. Yoon et al.
Keywords: carrier transport mechanism; mixed layer; organic light-emitting devices

PACS Numbers: 78.60. Fi and 78.66. Qn

. INTRODUCTION

Organic light-emitting devices (OLEDs) have emerged as promising
candidates for potential applications in the fabrication of full-color
flat-panel displays with high efficiencies because they have the unique
advantages of fast response, low power consumption, wide-view angle,
high contrast, and large flexibility [1-5]. In spite of the several advan-
tages of OLEDs in applications to flat-panel displays, OLEDs still
have inherent problems due to limited self-luminescence [6,7], short
lifetime [8,9], and poor color stability [10]. Since the local fields gener-
ated by the accumulated charges, the positive immobile charges, and
the trapped charges in the space-charge-limited-current (SCLC)
region degrade the efficiencies of the OLEDs, correlated studies
between the electrical properties and the carrier transport mechan-
isms in OLEDs are necessary for improving the lifetimes of OLEDs.
Even though many structural works concerning the enhancement of
the efficiencies and the lifetimes of OLEDs utilizing various struc-
tures, such as a doped layer in the host mixed structure [11], a graded
mixed structure [12], a fuzzy-junction structure [13], a multiple-quan-
tum-well structure [14], an organic-inorganic hybrid structure [15],
and a stacked structure [16], have been performed, studies on carrier
transport mechanisms in OLEDs with a mixed layer acting as an emit-
ting layer (EML) have not yet been carried out. Furthermore, system-
atic studies of the carrier transport mechanisms in OLEDs with a
mixed layer acting as an EML play a very important role in enhancing
the lifetimes of OLEDs.

This paper reports on the carrier transport mechanisms in OLEDs
utilizing a mixed layers, acting as an EML, deposited by using organic
molecular-beam deposition (OMBD). Current density-voltage (J-V)
measurements were carried out to investigate electrical properties of
the OLEDs with a mixed layer. The double logarithmic J-V character-
istics of the OLEDs with and without a mixed layer were carried out to
investigate the carrier transport mechanisms in the OLEDs.

Il. EXPERIMENTAL DETAILS

The sheet resistivity and the thickness of the indium-tin-oxide (ITO)
thin films coated on glass substrates used in this study were
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30Q/square and 1000 10&, respectively. The ITO substrates were
cleaned using sonications of acetone, methanol, and distilled water
at 60°C for 15 min. The chemically cleaned ITO substrates were kept
for 48h in isopropyl alcohol. After the cleaned ITO substrates had
been dried by using N, gas with a purity of 99.9999%, the surfaces
of the ITO substrates were treated with an oxygen plasma for 2min
at an O, pressure of approximately 2 x 1072 Torr. The three kinds of
samples used in this experiment consisted of the following structures
from the top: an aluminum (Al) cathode electrode, a lithium quinolate
(Liq) electron injection layer (EIL), a tris-(8-hydroxyquinoline) alumi-
num (Alqs) EML/electron transport layer (ETL) with a perylene,
4-dicyano-methylene-2-methyl-6—4-dimethylami-nostyryl-4H-piran
(DCM1) as a yellow dopant (1%) [17], a N,N’-diphenyl-N,N’-bis(1-
napthyl)-1,1’-biphenyl-4,4'-diamine (NPB) hole transport layer (HTL),
an ITO anode electrode, and glass substrates. The doping concen-
tration of DCM1 in the Alqs EML or the host mixed layer was 1%
and was controlled by using the deposition rate. While the thicknesses
of the Alqgs layer and the NPB layer for the OLEDs were different, the
distance from the Al cathode to the DCM1 dopant interface for elec-
tron injection was maintained at a constant value of 50 nm. After
organic and metal depositions, the OLED devices were encapsulated
in a glove box with Oy and Hy;O concentrations below 1ppm. The
organic materials were evaporated onto an ITO-coated glass substrate
at a chamber pressure of about 3 x 10 Torr. The growth rates of
the organic layers and the metal layers were approximately 0.01A/s
and 1A/s, respectively.

The J-V characteristics of the OLEDs were measured on a program-
mable electrometer with built-in current and voltage measurement

TABLE 1 OLEDs with Various Structures Used in this Study. The Mixed
Layer Consists of NPB and Alqgs, and the Ratio of the Deposition Rate of the
NPB Layer to that of the Alqgs Layer is 1:1. The Doping Concentration of the
DCM1 Molecule in the Emitting Layer is 1%

Device
Layer I II I

Anode Al

EIL (nm) Liq (2)

ETL (nm) Alqs (60) Alqgs (50) Alqs (50)
EML:DCM1 (nm) Alqs (10) Mixed NPB:Algs (10)
HTL (nm) NPB (50)

Cathode ITO
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(a) (b)

FIGURE 1 Molecular structures of the organic layers used in this study:
(a) NPB, (b) Algs, (c) Liq, (d) DCM1.

units (MODEL 236, Keithely). The brightness was measured using
a brightness meter (chroma meter CS-100A, Minolta). The OLED
structures used in this study are summarized in Table 1, and the mol-
ecular structures of the organic layers used in this study are shown in
Figure 1. Schematic energy band diagrams of the fabricated OLEDs
with various structures used in this study are shown in Figure 2.

lll. RESULTS AND DISCUSSION

The J-V characteristics of the OLEDs with various structures show
that the current density of device III is smaller than those of devices
I and II at the same driving voltage, which is attributed to an increase
in trap states generated by the dopant DCM1 and the host NPB

'

H

1 34ev
311eV

! 42ev

DCM1Alq,) A7

lr 53 eV

546V Tggev 54V eV

FIGURE 2 Schematic energy diagrams of devices (a) I, (b) II, and III. The
LUMO and the HOMO represent the lowest unoccupied molecular orbital
and the highest occupied molecular orbital, respectively, and the energy level
of 0eV indicates a vacuum level.
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FIGURE 3 Double logarithmic plot of the current density-voltage for the
OLEDs with various structures.

resulting from the existence of the DCM1 doped NPB:Alqs; mixed layer
in device III. Since the NPB and the DCM1 molecules coexist in the
EML of device III, the increase in the operating voltage to achieve
the same current density in device III is larger than those in devices
I and II. Since the DCM1 and the NPB molecules in the mixed layer
act as traps, which impede the charge transport and increase the hop-
ping distances of the holes and the electrons, the significant variation
in the carrier mobility in the layer can be removed by using a
NPB:Alqs mixed layer.

The double logarithmic J-V characteristics of the OLEDs with vari-
ous structures are shown in Figure 3. The double logarithmic J-V
characteristics show that ohmic, trap-charge-limited current (TCLC),
and the SCLC regions sequentially appear with increasing applied
voltage and that the slopes of the double logarithmic J-V curves, which
are given by m = A(log J)/A(log V), are different for the three regions.
When the TCLC density with an exponential trap distribution in the
energy gap is determined from the trap distribution for electron injec-
tion [18], since the J-V characteristics exhibits a power law depen-
dence of J oc V"1, which is attributed to the continuous charging of
exponential trap states, the TCLC region appears at the double logar-
ithmic J-V characteristics of the OLEDs with various structures.
A large injection into an organic layer with a low carrier mobility
caused charge to be accumulated, which partially decreases the
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magnitude of the applied electric field, resulting in a redistribution of
the charge. Since the carrier mobility in the SCLC region is inde-
pendent of the electric field, the current density in the SCLC region
obeys the Mott-Gurney equation [19,20].

The slope m of the double logarithmic J-V curve in the SCLC region
under an applied electric field can be determined from the internal
electric field and the screening effect due to the space charges existing
at the organic heterointerfaces. Even though the theoretical slope of
typical OLEDs operating in the SCLC region is 2, the slopes of devices
IT and IIT in the SCLC region are 4 and 6.5, respectively. The dramatic
increase in the slope of the double logarithmic J-V curve for device III
is attributed to the decrease in the mobility difference of the charge
carriers at the NPB/Alqs heterointerface resulting from the minimiza-
tion of the energy barriers. The holes injected from the anode to the
organic layer in devices I and II accumulated at the organic heteroin-
terface due to the existence of the energy barrier (0.4eV) resulting
from the difference between the highest occupied molecular orbital
levels of the NPB and the Alqgs layers, as shown in Figure 2. [21].
Therefore, an unintentional virtual electrode serving as a charge car-
rier reservoir was formed in the devices I and II, resulting in a lower
slope in the SCLC region at a high applied electric field. The prob-
ability of a electron and a hole coexisting in the NPB:Alq3 mixed layer
in device III is relatively high, and the lowering of the heterointerface
barrier due to the existence of the mixed layer increases the carrier
transport. Since the carrier transport behaviors of the OLED device
with a mixed layer are not significantly affected by a low density of
space charges with m = 6.5, the space-charge distribution and the
induced internal electric field at the NPB/Alqs heterointerface,
together with the variations in the carrier distribution and the electric
field under an applied voltage, are very important for understanding
the carrier transport mechanism and for enhancing the long-time
stability of OLEDs.

IV. SUMMARY AND CONCLUSIONS

The slopes of the double logarithmic J-V curves for the OLEDs with
and without the mixed layer in the space-charge-limited current
(SCLC) region were 6.5 and 2, respectively. The dramatic increase in
the slope of the double logarithmic J-V curve for the OLEDs with
the mixed layer was attributed to the decrease in the mobility differ-
ence of the charge carriers at the NPB/Alqs heterointerface resulting
from the minimization of the energy barriers, and the carrier trans-
port behaviors in the SCLC region were significantly affected by an
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unintentional virtual electrode, serving as a charge carrier reservoir,
that formed at the heterointerface. These results can help improve
understanding of carrier transport mechanisms in OLEDs with a
mixed layer acting as an EML.
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