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A top-contact organic field-effect transistor (OFET) is fabricated by adopting a pentacene/1,1′-bis(di-4-

tolylaminophenyl) cyclohexane (TAPC) heterojunction structure and inserting an MoO3 buffer layer between the TAPC

organic semiconductor layer and the source/drain electrode. The performances of the heterojunction OFET, including

output current, field-effect mobility, and threshed voltage, are all significantly improved by introducing the MoO3 thin

buffer layer. The performance improvement of the modified heterojunction OFET is attributed to a better contact

formed at the Au/TAPC interface due to the MoO3 thin buffer layer, thereby leading to a remarkable reduction of the

contact resistance at the metal/organic interface.
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1. Introduction

Organic field-effect transistors (OFETs) have at-

tracted a great deal of attention because of their ad-

vantages, such as being light weight and flexible, and

various applications, such as organic display, radio

frequency identification tags, and sensors.[1−5] How-

ever, compared with inorganic Si-based transistors,

the charge carrier mobility of OFET is still too low. In

the last several years, the performance of OFET has

been improved significantly by developing promising

functional materials[6−9] and creating optimized de-

vice structures.[10−12] Among many advanced OFET

structures, the organic semiconductor heterojunction

is an effective architecture to improve the performance

of OFET,[6,13,14] which has also been extensively uti-

lized in organic light-emitting diodes (OLEDs)[15,16]

and organic photovoltaic cells (OSCs).[17,18] The rea-

son is that the heterojunction structure in OFET pos-

sesses the advantage of increasing the conductivity of

the active layer, morphological matching between dif-

ferent organic films, and manipulating the interface

molecular level alignment.

Meanwhile, the contact problem between the or-

ganic film and source/drain (S/D) electrodes is cru-

cial, which restricts the development of OFETs, since

an inevitable injection barrier always exists between

the organic semiconductor and S/D electrodes.[19−21]

Therefore, a buffer layer, e.g. MoO3, Bphen, C60,

has been inserted between the organic film and S/D

electrodes to reduce the injection barrier.[22−25] Simi-

larly, in heterojunction OFETs, especially top-contact

OFETs with a heterojunction structure, the injec-

tion barrier still exists between S/D electrodes and

the organic layer. However, most research on hetero-

junction OFETs has focused mainly on the interfa-

cial properties of the two active layers, while the con-

tact behaviour of the organic/electrodes in the het-

erojunction OFET has received less attention. Thus,

introducing a thin buffer layer at the interface of or-

ganic/electrodes could be helpful for further improv-

ing the performance of the heterojunction OFET.

In this work, a heterojunction architecture com-

prised of a pentacene film and a 1,1′-bis(di-4-tolyla-
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minophenyl) cyclohexane (TAPC) film is used as the

active layer of the OFET. Meanwhile, a thin MoO3

buffer layer is inserted between the S/D electrode and

the TAPC film to reduce the charge injection barrier.

The electrical properties of the heterojunction OFET

are characterized and investigated. The reason for the

performance improvement is analysed by using the or-

ganic/metal interfacial properties and the contact re-

sistance.

2. Experiment

As shown in Fig. 1, top-contact heterojunction

OFETs were fabricated according to the following pro-

cedure. The indium tin oxide (ITO) coated glasses

were used as gate electrodes and substrates, respec-

tively. A 520 nm thick PMMA dielectric layer was

spin-coated onto the transistor and baked on a hot

plate at 150 ◦C for 1 h to serve as the gate insu-

lator with a unit capacitance of 5.1 nF/cm2. The

25 nm thick pentacene and 15 nm thick TAPC were

deposited in succession under a vacuum of less than

2×10−4 Pa at the rates of 0.2 Å/s and 0.5 Å/s, respec-

tively. Subsequently, a 5 nm thick MoO3 buffer layer

was deposited on the TAPC film and patterned with

a shadow mask. The source and the drain electrodes

of gold (Au) were thermally evaporated on the MoO3

buffer layer finally. The width and the length of the

channel were 5 mm and 50 µm to 200 µm, respectively.

For comparison, the heterojunction OFET without

the MoO3 buffer layer, pentacene OFETs with and

without MoO3 buffer layers were also fabricated in

the same way. The electrical characteristics were mea-

sured with a Keithley 4200 programmable bias-current

source in air under ambient circumstances.

ITO coated glass

PMMA

pentacene

AuAu

TAPC

MoO3 MoO3

N N

Fig. 1. (colour online) Architecture of the heterojunction

OFET, and the chemical structures of TAPC and pen-

tacene in this study.

3. Results and discussion

Figures 2(a)–2(h) show the typical output and

transfer characteristics of the OFETs with four struc-

tures, i.e., the single pentacene layer OFET with-

out any buffer layer (structure A), the pentacene

OFET with an MoO3 buffer layer (structure B), the

pentacene/TAPC heterojunction OFET without any

buffer layer (structure C), and the pentacene/TAPC

heterojunction OFET with an MoO3 buffer layer

(structure D). These devices all exhibit high currents

with good saturation behaviour and conform well to

the conventional FET models in both the linear and

the saturation regimes. Figures 2(a) and 2(b) show

the characteristics of the OFET with structure A.

When the gate voltage VGS is maintained at −40 V

and the drain voltage is swept from 0 to −40 V, the

saturation current ISD is found to be 138 µA. From

the I
1/2
SD − VGS curve, the extracted threshold voltage

(VT) is about −11.5 V. Figures 2(c) and 2(d) show

the characteristics of the OFET with structure B. It

can be seen that the saturation current ISD and VT
of this transistor show only a little improvement, and

the corresponding reason is that the performance of

the OFET could be obviously enhanced by optimizing

the Au S/D deposition rate, which has been demon-

strated in our recent work,[26] and similar results have

also been reported by other groups.[27,28] As indicated

in Figs. 2(e) and 2(f), the heterojunction OFET with

structure C has not only a high value of the thresh-

old voltage (∼ −18 V), but also a lower value of ISD
than that of the single pentacene layer device (struc-

ture A). When an MoO3 buffer layer is inserted be-

tween TAPC and Au, the OFET with structure D

shows improvements on both ISD and VT, which are

shown in Figs. 2(g) and 2(h), repectively. Meanwhile,

the field-effect mobilities of the devices with different

structures can be calculated in the saturation region

using the following equation:

IDS = (WCi/2L)µ(VGS − VT)
2, (1)

where Ci is the capacitance per unit area of an insula-

tor, IDS is the output current in the saturation region,

and W and L are the channel width and length, re-

spectively. From Eq. (1), the calculated field-effect

mobilities of the pentacene OFETs (with structures

A and B) are about 0.67 ∼ 0.68 cm2/(V·s), while

those of the devices with the heterojunction structure

(structure C and D) are higher than 0.9 cm2/(V·s).
The higher mobility of the heterojunction OFET

presents the conductivity of the heterojunction pen-

tacene/TAPC film, which is much higher than that of

the pentacene film. The extracted field-effect mobili-

ties, saturation currents, as well as threshold voltages

of these OFETs are listed in Table 1.
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Fig. 2. Typical output IDS −VDS and transfer IDS −VGS curves of OFETs with different structures: structure A ((a),

(b)), structure B((c),(d)), structure C((e),(f)), structure D ((g),(h)). The channel width and length are W = 5 mm and

L = 50 µm for all the devices.

From Table 1, it can be clearly observed that

VT of the heterojunction OFET without any buffer

layer presents the highest value among all the devices.

While VT of the heterojunction OFET with an MoO3

buffer layer presents the lowest value, which is even

lower than that of the pentacene OFET with an MoO3

buffer. In addition, the saturation current of the het-

erojunction OFET with structure D is almost twice as

high as that of the device with structure C. This re-

sult demonstrates the effectiveness of using an MoO3

buffer layer in the heterojunction OFET for improv-

ing the contact behaviour, which in turn results in the

improvement on the charge injection efficiency.[22]

Table 1. Values of saturation current ISD, thresh-

old voltage VT, field-effect mobility µ of OFETs with

structures A, B, C, and D.

Device Saturation Threshold Field-effect mobility

current/µA voltage/V /cm2·V−1·s−1

Structure A 138 −11.5 0.67

Structure B 146 −11 0.68

Structure C 115 −18 0.93

Structure D 220 −9 0.91

In order to understand the reason for the im-

proved performance after inserting an MoO3 buffer

layer in the heterojunction OFET, the interfacial

properties are further investigated by analysing the

energy level between S/D electrodes and TAPC or-

ganic film. In the previous work, it has been shown

that the contact between the S/D electrode and the

organic active layer can be improved significantly by

inserting an MoO3 buffer layer in the top-contact

OFET.[22,29] Figure 3 shows the energy level diagrams

of Au/TAPC and Au/MoO3/TAPC in this work. In

the heterojunction device without any buffer layer be-

tween the S/D electrode and the TAPC, a large injec-

tion barrier is formed when the Au electrode directly

contacts TAPC film. The injection barrier is caused

by two factors: a) the highest occupied molecular or-

bital (HOMO) of TAPC ∼ 5.5 eV, which is higher

than that of the work function of Au ∼5.1 eV; b) the

energy shift caused by the dipole formation effect at

the interface of the metal/organic junction, which can

be expressed by the following model:[30]

φreal = φideal +∆

= U(HOMO− ψmetal) · (HOMO− ψmetal)

+
∑

i

∫ π

0

Ni(θ)Pi cos θ

εrε0
dθ, (2)

where φreal is the practical injection barrier height

from the S/D electrode to the organic semiconduc-

tor; φideal is the barrier height from the work function

of the metal ψmetal to the HOMO level of the organic

semiconductor; U(x) is the unit step function, and

U(x) = 0, if x < 0, U(x) = 1, if x ≥ 0; θ is the align-

ment angle between the dipole element and interface

normal; Ni and Pi are the density and the moment of

the dipole element type i, respectively. From Eq. (2),

the φreal from Au to TAPC is determined both by

φideal and the dipole formed at the metal/organic in-

terface shown in Fig. 3(a). Therefore, by inserting a

thin MoO3 layer between the Au electrodes and the

TAPC film, as shown in Fig. 3(b), the barrier height

from Au to TAPC is modulated, and the dipole forma-

tion effect is mitigated,[23,30] resulting in a reduction
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in the injection barrier. In addition, the MoO3 buffer

layer could also reduce the charge carrier traps at the

organic/metal interface.[23,26,29,30] Therefore, the in-

jection current increases effectively, and the VT de-

creases from −18 V to −9 V. Moreover, the reason for

this improvement can be further illuminated by the

contact resistance based on the transfer line method,

which could be helpful for scrutinizing the contact be-

tween Au and TAPC.

EF
EF

Au

HOMO
HOMO

LUMO
LUMO

TAPC pentacene

(b)

Au
HOMO

HOMO

LUMO
LUMO

TAPC pentacene

MoO3(a)

Fig. 3. (colour online) Energy level diagrams of the

Au/TAPC interface (a) without and (b) with an thin

MoO3 buffer layer.

The values of contact resistance RC of the OFET

with various structures are calculated from by[19,26]

Rtotal = RC +
L

W · µ · Ci(VGS − VT)
, (3)

where Rtotal is the total resistance in the linear region

of IDS −VDS characteristics. As the channel width W

is a constant, Rtotal can be treated as a function of the

channel length L of the OFET. As a result, RC can be

extracted by giving L = 0 in Eq. (3). When the gate

voltage is VGS = −40 V and the drain-source voltage

VDS is in the linear region, the linear relationships be-

tween Rtotal and L of OFET with different structures

can be derived from Fig. 4. Hence, the calculated

contact resistance RC shows little discrepancy in the

pentacene OFET, corresponding to 0.038 MΩ for the

device with structure A and 0.035 MΩ for the device

with structure B. While in the heterojunction OFETs,

pentacene/Au
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0.4
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Fig. 4. (colour online) Transfer line method plots for var-

ious devices with different structures. The zero-intercept

of the fitted lines determines the contact resistance RC.

The gate voltage is VGS = −40 V.

RC is reduced from 0.061 MΩ to 0.011 MΩ for the case

where the thin MoO3 buffer layer is inserted between

the TAPC and Au electrodes, which is even lower than

that of devices with structure B. Such results exhibit

that the contact between the TAPC and Au electrodes

is optimized by inserting the MoO3 buffer layer.

4. Conclusions

In conclusion, by inserting a thin MoO3 buffer

layer between the TAPC and Au electrodes in

TAPC/pentacene heterojunction OFETs, the perfor-

mance of the heterojunction OFET, such as injec-

tion current and threshold voltage, can be greatly im-

proved, The obvious improvement is attributed mainly

to a reduction in the contact resistance at the or-

ganic/metal interface, which is of benefit to the charge

carrier injection from the Au electrode to the TAPC

film. Such a result suggests that the use of a buffer

layer to reduce the contact resistance is an extremely

promising technique in improving the performance of

heterojunction OFETs, which is helpful for designing

the architecture of heterojunction OFETs with im-

proved performance.
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