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High-performance organic thin-film transistors with metal oxide/metal
bilayer electrode
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We demonstrate bilayer source-drain �S-D� electrodes for organic thin film transistors �OTFT�. The
bilayer consists of a transition metal oxide �MoO3,WO3, or V2O5� layer and a metal layer. The
metal oxide layer, directly contacting the organic semiconducting layer, serves as the
charge-injection layer. The overcoated metal layer is responsible for the conduction of charge
carriers. We found that the metal oxide layer coupled between pentacene and metal layers played an
important role in improving the field-effect transistor characteristics of OTFTs. Devices with the
bilayer S-D electrodes showed enhanced hole-injection compared to those with only metal
electrode. High field-effect mobility of 0.4 cm2/V s and on/off current ratios of 104 were obtained
in the pentacene based TFTs using the bilayer S-D electrodes at a gate bias of −40 V. The
improvement is attributed to the reduction in the contact barrier and the prevention of metal
diffusion into the organic layer and/or unfavorable chemical reaction between the organic layer and
the metal electrode. © 2005 American Institute of Physics. �DOI: 10.1063/1.2126140�
Substantial progress has been made in developing high-
performance organic semiconductors in the past decade.1–3

Organic semiconducting materials have been used to fabri-
cate transistors, with electronic properties similar to hydro-
genated amorphous silicon �a-Si:H�, a material often used for
flat panel displays. For example, field-effect mobilities
greater than 1 cm2/V s with large on/off current ratio have
been reported for pentacene thin film transistors �TFTs�.4

Such comparable electronic characteristics, together with the
advantage of low temperature and low cost fabrication on
various conformable substrates, make organic thin film tran-
sistors �OTFTs� attractive candidates for use in commercial
products. Although a large number of studies have focused
on improving the intrinsic electrical properties of the organic
semiconductors and towards the development of device fab-
rication techniques,4,5 the contact between the electrodes and
the active layer, which is critical to OTFT device perfor-
mance, has not received much attention.

The range of electronic properties of the transition metal
oxides offers a unique opportunity to control the work func-
tion, and hence, the charge-injection properties. Therefore,
modification of the organic/electrode interface by inserting a
transition metal oxide has received considerable attention in
regards to organic electroluminescent devices.6,7 Similarly,
the source-drain �S-D� contacts in the organic TFTs have
significant influence on device operation, through their con-
tribution to the contact resistance arising from mismatch of
the work functions, and/or interaction between the metal
electrodes and the organic semiconductor.8,9 Inserting a tran-
sition metal oxide, such as MoO3, between the S-D contact
and organic active layer can greatly reduce the contact resis-
tance for the organic TFTs.

Aluminum �Al� is a well-known contact material in
integrated circuits and exhibits good corrosion resistance.
However, its low-work function precludes the application of
Al to high performance OTFT for P-type semiconductors.
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On the other hand, high performance OTFTs can be achieved
by inserting a transition metal oxide layer between Al S-D
electrodes and organic semiconductors. In this letter,
we show that the performance of OTFTs with the
MoO3/Al S-D electrodes greatly improved over those ones
with Al, or even gold �Au�, as the S-D electrodes. The pres-
ence of MoO3 layer at the organic/Al interface significantly
reduces the contact barrier and provides protection from dif-
fusion and other chemical reactions between the organic
layer and the metal.

The schematic structure of top-contact pentacene TFT
and the energy level diagram are shown in Figs. 1�a� and
1�b�. The devices were made using heavily-doped P-type
silicon wafers with a 300-nm-thick SiO2, which functioned
as the gate electrode and the gate insulator, respectively.
Prior to pentacene active layer deposition, the SiO2 surface
was cleaned by UV/O3 cleaner and chemically-modified us-
ing silane coupling agent octadecyltrichlorosilane.4 Follow-
ing the gate insulator treatment, a 40-nm-thick layer of
pentacene �Sigma-Aldrich, �98% purity� was thermally
evaporated at the rate of 0.5 Å/s from a molybdenum boat.
Finally, MoO3 �Sigma-Aldrich, 99.99% purity� and Al were
thermally evaporated onto the pentacene film through a
shadow mask to form the S-D electrodes with a channel
length of 100 �m and width of 5 mm. The thicknesses of
MoO3 and Al films were 20 and 50 nm, respectively. In
addition, Au and Al were investigated as alternatives to the
MoO3/Al as S-D contacts. All the materials were used with-
out any further purification. All thermal evaporations were
done under a pressure of less than 6�10−6 Torr while moni-
toring the film thickness with a quartz oscillator. Electrical
measurements were performed in a vacuum of 10−5 Torr at
the room temperature using an HP 4155B semiconductor pa-
rameter analyzer.

Figure 2�a� shows the source-drain current �IDS� versus
source-drain voltage �VDS� of the OTFT with Al/MoO3 as
the S-D electrodes at different gate voltages �VG�. The device

showed typical P-channel characteristics. As can be noted,
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the output characteristics displayed very good, clear satura-
tion currents which behaved quadratically as a function of
the gate bias. The corresponding plots of −IDS and �−IDS�1/2

versus VG for the device are shown in Fig. 2�b�. Strong field-
effect modulation of the channel conductance was observed,
with on/off current ratios �Ion/ Ioff� as high as 104 �measured
between gate voltage, VG=−40–10�. The field-effect mobility
��� was calculated at the saturation regions from the follow-
ing equation:10

IDS = �WCi/2L���VG − VT�2,

where Ci is the capacitance per unit area of the insulator, and
VT is the threshold voltage. The field-effect mobility and the
threshold voltage of the OTFT were 0.40 cm2/V s and
−10.43 V, respectively. On the other hand, Figs. 3�a� and
3�b� show IDS versus VDS curves for the OTFTs with Au and
Al as the S-D electrodes, respectively. Both these devices
showed typical P-channel characteristics as well. The trans-
fer characteristics for different materials for the S-D elec-
trodes are shown in Figs. 4�a� and 4�b�. The device with Au
S-D electrode had similar Ion/ I0ff compared to the device
with MoO3/Al S-D electrode, while Ion/ Ioff for the Al
electrode was 102. In addition, the decreased slope of the
transfer characteristics corresponded to a twofold decrease
in the field-effect mobility to �h=0.18 cm2/V s for the Au
contacts. For the case of Al, the saturation current of the
channel further reduced, and field-effect mobility of 2.8
�10−3 cm2/V s was calculated. These results demonstrate
that the introduction of the metal oxide in our OTFTs played
an important role in decreasing the contact resistance. Other
metal oxides were combined with Al for the S-D electrodes
and the electrical characteristics of the OTFTs with different
S-D electrodes in this study are summarized in Table I.

In order to understand the performance improvement in
the devices with MoO3/Al as electrodes, we must consider

FIG. 1. �a� Structure of the organic thin film transistor; �b� energy level
diagrams of pentacene, MoO3 and the metals �Al, Au�.
the electronic properties of the transition metal oxide. The
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energy level diagrams for pentacene, MoO3, Au, and Al are
illustrated in Fig. 1�b�. MoO3 is a wide gap semiconductor
with band gap of 3–3.1 eV, and an electron affinity of around
2.2 eV,11,12 which implies the valance band position at
around 5.3 eV. The highest occupied molecular orbital
�HOMO� of pentacene lies at 5.0 eV �Ref. 13� and is aligned
with the valence band of MoO3, resulting in no barrier for
injection of holes into the pentacene layer. It has been sug-
gested that the excess constituent can act as doping centers

FIG. 2. �a� Source-drain current-voltage characteristics of the OTFT with
MoO3/Al electrodes. �b� The transfer characteristics of the OTFT with
MoO3/Al electrodes at a constant drain voltage of −40 V.

FIG. 3. Source-drain current-voltage characteristics of the OTFT where the

source-drain electrodes are: �a� Au and �b� Al.
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and that this dopant controls the electrical properties of the
film.14,15 Since MoO3 layer was deposited by evaporation,
MoO3 yields a film containing species from MoO to MoO3
as well as free Mo. Additionally, impurities might be intro-
duced into the film, arising from boats used during thermal
evaporation, as well as from the impurities present in MoO3
powder. The width of the depletion region between metal and
MoO3 junction decreases as the doping concentration in the
MoO3 film increases; as a result, the probability of tunneling
through the barrier increases. Therefore, an Ohmic contact is
likely to be achieved at the metal and MoO3 interface. To
further demonstrate this, devices were fabricated using
MoO3 covered with different metals �Au, Ag, and Al� as the
electrodes. Figure 5 shows the transfer characteristics of OT-
FTs using MoO3 covered with different metals as the elec-
trodes. They show similar electrical characteristics and im-
proved performance compared to metal-only electrodes.

Because of the small mismatch between the work func-
tion of Au and the HOMO level of pentacene, Au is one of
the most promising metal electrodes for pentacene TFTs.
However, metals deposited onto the pentacene surface either
penetrate the surface, thereby doping the upper layer of pen-
tacene, or diffuse into pentacene to form a metallic overlayer,
which is a mixture of metal and pentacene instead of pure
metal. The interface dipole immediately forms increasing the
barrier height between metal and pentacene.16 The modified
MoO3 layer interface provides protection against metal dif-
fusion into the organic layer and an unfavorable chemical
reaction between organic and metal electrodes. The modifi-

FIG. 4. Transfer characteristics for different materials as the source-drain
contacts MoO3/Al ���; Au ���; Al ���: �a� −ISD−VG and �b� �−ISD�1/2

−VG plots at VD=−40 V.

TABLE I. Electrical parameters of the OTFTs in this study.

Drain-source
electrodes

Mobility
�cm2/V s�

Threshold voltage
�V� On-off ratio

Al 2.8�10−3 −16.2 2.3�102

Au 0.182 −8.75 2.8�104

MoO3/Al 0.4 −12.1 3.8�104

WO3/Al 0.253 −12.88 4.1�104

V2O5/Al 0.226 −10.43 1.8�104
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cation decreases the intensity of interface dipole and en-
hances charge injection.

In conclusion, the OTFTs with MoO3 as a hole injection
layer between the metal electrodes and the organic semicon-
ductor layer were fabricated through thermal evaporation.
Compared with OTFTs without the metal oxide, the current
and the field-effect mobility were significantly improved.
Therefore, using a transition metal oxide as the hole injection
layer is an effective way to improve the characteristics
of OTFTs, making the device suitable for commercial
applications.
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