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A high-performance organic active matrix pixel was fabricated by using a metal oxidesV2O5d
coupling layer that effectively integrates an organic light-emitting diodesOLEDd on top of an
organic field-effect transistorsOFETd. The field-effect mobility of the OFET approached
0.5 cm2 V−1 s−1 and the ON/OFF current ratio was.103. The brightness of the OLED was on the
order of 2000 cd/m2, with an efficiency above 3.3 cd/A. The present work describes in detail a
methodology for sizing and stacking an OFET in bottom-emitting active matrix pixel circuits. The
confinement of pixel dimension ensures the uniformity of light emission. The material for coupling
layer can be tailored to achieve maximum device efficiency. A unique active matrix pixel circuit is
proposed that renders both the OFET and OLED their individual performance after integration.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1941461g

Since the finding of electroluminescence from vacuum-
deposited organic film reported by Tanget al.1 in 1987, there
has been tremendous effort, both academically and commer-
cially, towards the development of organic electronics.
Among them, the organic light-emitting diodesOLEDd has
been studied most extensively due to its low fabrication cost
and mechanical flexibility.2–5 As a result, it has become pos-
sible to fabricate low-cost flexible displays. Recent progress
in the OLED has focused on maximizing the electrolumines-
cencesELd efficiency. The current state-of-the-art figure is
approximately 105 cd/m2.6,7 There are two generally adopted
addressing schemes to integrate a lighting device into elec-
tronic display. First is passive matrix addressing, where forN
number of emitting rows, each row is addressed with 1/N of
the frame time. Since the response time of each emitter is
limited, PM scheme is limited to low content display.6 In
addition, the high leakage current in nonselected pixels and
high voltage drop across the intersection electrodes exacer-
bate the already deficient lifetime of OLED at such high
luminance. Fortunately, the lifetime issue can be resolved
using the active matrixsAM d scheme in which a thin-film
transistor combined with a capacitor, is applied to function as
a switch for each OLED.8–10 In turn, the AM scheme not
only allows high information content display, but also pro-
vides low power consumption, high brightness, and im-
proved gray scale capability. Generally, amorphous or poly-
crystalline silicon11 have been the choice of material for the
thin-film transistor in order to achieve a high filling factor
and low stress direction for light emission. However, silicon
transistors are incompatible with plastic substrates due to
their complicated processing at high temperatures. On the
other hand, organic thin film transistorssOTFTsd have the
advantages of light weight, simple fabrication process, and
compatible integration with flexible plastic substrates.12,13To
exploit the possibility of applying AM schemes on plastic
substrates, we use organic transistors in our smart pixel de-
vices.

There have been many attempts to fabricate AM pixels
using all-polymer14,15 and all-organic16,17 materials. Sir-
ringhauset al.14 reported a polymer field effect transistor
with ON/OFF current ratio and field-effect mobility as high
as 106 and 0.05 cm2/V s, respectively, in the AM pixel.
However, the external quantum efficiency of the individual
polymer light-emitting diodes in such scheme was reduced
by two orders of maginitude due to unbalanced carrier injec-
tion at the source and drain electrodes of the field-effect tran-
sistor sFETd. By replacing the emitting unit with OLED,
Dodabalapuret al.16 were able increase the external quantum
efficiency to nearly 0.45%. Recently, an OLED driven by
pentacene-based FET was reported by Kitamuraet al.17

Their combined device has individual field-effect mobility of
0.1 cm2/V s, ON/OFF ratios of 103, and luminous efficiency
of 17 cd/A. However, this approach still required deposition
of SiO2 layer to define the emission area.

In conventional design rules, a current density of
10 mA/cm2 supplied by the FET must obtain a luminance
greater than 100 cd/m2 in order to be sufficient for indoor
viewing.18 In this letter, we introduce a coupling layer con-
necting the OLED and the organic FETsOFETd which al-
lowed such luminance in organic AM device. This coupling
layer serves two purposes. The first is to control the work
function of the adjacent electrode and second is to improve
the interface between the organic layer and the electrode,
which in turn controls charge injection. This is the missing
factor in the attempts to integrate the two devices,14 which
results in the reduction of the quantum efficiency of the
OLED and the field-effect mobility of the FET. In addition,
we describe an effective integration structure of an OLED
and a pentacence-based FET with polymer as the insulator.
The structure significantly increases the filling factor and
simplifies the metal wiring in the AM addressing scheme.
V2O5 was proposed to replace indium tin oxidesITOd as hole
injector of charge generation layer in tandem-EL devices.19

With the insertion of a V2O5 coupling layer between OFET
and OLED that modifies the injection barrier between the
drain and the organic layer, we were able to obtain a compa-
rable current density at a lower operating voltage of theadElectronic mail: yangy@ucla.edu

APPLIED PHYSICS LETTERS86, 253503s2005d

0003-6951/2005/86~25!/253503/3/$22.50 © 2005 American Institute of Physics86, 253503-1
Downloaded 17 Jun 2005 to 140.112.33.177. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.1941461


OLED. The electrical characteristics of AM pixel with and
without the coupling layer are compared. Our effective inte-
gration scheme illustrates the possibility of simple fabrica-
tion in using organic molecules for multilayer structured pix-
els.

The integrated devices were fabricated by first making
OFETs using ITO patterned glass substrate as the gate elec-
trode. In order to decrease the leakage from gate to source
and drain, a 30 nm thick 3,4-polyethylenedioxythiophene-
polystyrenesulfonatesPEDOT:PSSd was subsequently spin
coated onto the ITO surface. The PEDOT:PSS layer also
serves to smooth the originally rough ITO surface.20 The
materials pentacene, poly-4-vinylphenolsPVP,Mw=20 000d,
polysmelamine-co-formaldehyded methylated sMn=511d,
polyoxyethylenes12d tridecyl ethersPEO12d, and propylene
glycol monomethyl ether acetatesPGMEAd were purchased
from Sigma-Aldrich. a-NPD sN,N8-diphenyl-
N,N8-biss1-naphthyld-1 ,18biphenyl-4,49diamined and Alq3
fTriss8-hydroxyquinolatodaluminumg were obtained from
e-Ray Optoelectronics Technology. The insulating layer was
prepared by dissolving PVPs11%d and polysmelamine-co-
formaldehyded methylateds4%d in PGMEA. The solution
was then spin coated onto the PEDOT:PSS/ITO substrates
and prebaked at 100 °C for 5 min. Followed by secondary
baking at 200 °C for 15 min, this polymer layer started to
form a crosslinked structure. To improve the surface rough-
ness of pentacene film, PEO12s0.05%d was first dissolved in
2-ethoxyethanol, then spin coated on the crosslink polymer.
Pentacene was then thermally deposited as the semiconduct-
ing layer. The gold source and drain electrodess10 nmd were
then evaporated through a shadow mask. To fabricate the
OLED, a 12 nm thick V2O5 was first evaporated onto the
OTFT. An a-NPD layer and an Alq3 layer with thicknesses
of 40 and 60 nm, respectively, were successively evaporated
to form the OLED structure. Lastly, the integrated device
was completed by the thermal evaporation of LiF and Al

electrodes with a thickness of 0.5 and 80 nm, respectively.
The electrical and optical measurements were performed in a
nitrogen atmosphere at the room temperature using a HP
4155B semiconductor analyzer and PR-650 SpectraScan
spectrophotometer.

Figure 1sad shows the cross section of the integrated de-
vice, which is comprised of an OLED lying on top of a
pentacene-based FET. The OLED has a bottom-emitting con-
figuration with a semitransparent metal anode. A photograph
of the operating device is shown in Fig. 1sbd.The light-
emitting area of the OLED was 1 mm2, and the channel
length sLd and width sWd of pentacene transistor were 100
and 6000mm, respectively. The typical output characteristic
of the individual OFET is shown in Fig. 2. It showed a satu-
ration region with ON/OFF current ratio of approximately
103. Based on thesISD

satd1/2 versusVG characteristic, we were
able to obtain a field-effect mobility of 0.18 cm2/V s and a
threshold voltage of −4.6 V in the saturation region atVDS
=−40 V. The overall performance of the pentacene-based
FETs was comparable to the inorganic amorphous Si:H

FIG. 1. sad Schematic of the cross section of the integrated OTFT and
OLED and the equivalent circuit diagram. The combined device is the basic
constituent of a full active matrix pixel.sbd Photograph of an operating
device.

FIG. 2. Output characteristics of the pentacene TFT for different gate-source
voltage. The inset shows theID−sIDd1/2−VG plots atVD=−40 V.

FIG. 3. Brightness-current-voltage characteristics of the EL devicesPd with
and sjd without V2O5. The inset shows the brightness as a function of
forward bias current.
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FETs, and the performance was not degraded even when the
OFET was stacked with an OLED device.

The brightness-current density-voltagesB-I-Vd and the
correspondingB-I characteristics of the individual OLED de-
vices integrated to OFET, both with and without the V2O5
coupling layer, are shown in Fig. 3. From theI-V character-
istics, the diode shows a clear turn-on voltage at 2.2 V when
the V2O5 coupling layer is present, and showed no clear
turn-on voltage when the V2O5 layer was removed. In addi-
tion, the current density and the brightness increased dra-
matically with the presence of the V2O5 layer. This suggests
that the coupling layer reduced the hole injection barrier at
the metal/organic interface and created a more homogeneous
adhesion between the hole transporting layer and the anode.
Due to lifetime issues, an EL device should operate at a low
current density without compromising its brightness. At a
constant current density of 5 mA/cm2, the device with V2O5
coupling layer had a luminance of 162 cd/m2, which corre-
sponds to a luminance efficiency of 3.3 cd/A. In contrast,
the device without V2O5 layer shows the luminance effi-
ciency of only 0.9 cd/A at a similar current density. The
improvement in both brightness and efficiency of the inte-
grated devices can be attributed to more balanced injection
of holes and electrons.

The cathode voltageVC, versus OLED current and
brightness characteristic curves of the integrated device are
shown in Fig. 4. The integrated device exhibited the charac-
teristics of a unipolar FET with good saturation behavior as
shown in Figs. 4sad and 4scd. At small voltage, the output
characteristic of the device showed an injection barrier for
holes from the higher unoccupied molecular orbital levels of
Au to a-NPD. A more balanced injection of holes and elec-
trons was achieved after inserting the coupling layer. The
brightness characteristics of the devices are shown in Figs.
4sbd and 4sdd. The light emission associated with the electri-
cal output characteristic increased with increasing gate-

source voltage. This is attributed to the effect of the gate-
source voltage modulating the carrier density in the channel.
Accordingly, by applying a negative voltage between cath-
ode and source, the magnitude of holes and electrons in-
jected into the emissive layer can be controlled by the carrier
density. The emission area is confined by the drain electrode
with uniformity of light emission. By supplying a current
density of 5 mA/cm2 with Vg=−50 V, LED illuminated with
a brightness on the order of 162 cd/m2 as shown in Fig. 4sbd,
which is sufficient for indoor viewingstypically 100 cd/m2d.
Our results are promising and clearly demonstrate the viabil-
ity of our technological approach to prepare a multilayer de-
vice. With this fabrication technology it is possible to
achieve large-area, high-resolution displays using all organic
material on plastic substrate.

This technology can be used in integration of other simi-
lar organic devices. This idea introduces various possibilities
for tuning the electrical properties of the integrated devices.
The natural compatibility of the functional material between
LED and FET will be further discussed elsewhere.
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FIG. 4. Output characteristic of an integrated emissive pixel:sad and sbd
with V2O5. scd and sdd without V2O5.
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