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The contact effect on the performances of organic thin film transistors is studied here. A C60 ultrathin layer is

inserted between Al source–drain electrode and pentacene to reduce the contact resistance. By a 3 nm C60 modification,

the injection barrier is lowered and the contact resistance is reduced. Thus, the field-effect mobility increases from 0.12

to 0.52 cm2/(V·s). It means that inserting a C60 ultra thin layer is a good method to improve the organic thin film

transistor (OTFT) performance. The output curve is simulated by using a charge drift model. Considering the contact

effect, the field effect mobility is improved to 1.15 cm2/(V·s). It indicates that further reducing the contact resistance

of OTFTs should be carried out.
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1. Introduction

Organic thin film transistors (OTFTs) have ex-
perienced unprecedented progress in recent years due
to their potential applications in low-cost, large-area
flexible displays and low-end electronics.[1−8] How-
ever, the currently developed OTFTs still have some
disadvantages, such as large contact resistance, low
carrier mobility and high operating voltage.[9−13] The
fundamental origin of the contact resistance is still
unclear, which could be minimized by using long-
channel devices and/or highly doped contacts as in-
organic field effect transistors. Generally speaking,
the contact resistance of P-type OTFTs arises from
the mismatch of energy level and the interface inter-
action between source–drain (S–D) electrodes and the
organic semiconductor.[14−16]

The switching speed (cut-off frequency) of OTFTs
is only 0.1–1 MHz, which comes to be the bottleneck
for the applications of OTFTs. For example, radio fre-
quency identification tags require the switching speed
of OTFTs at 13 MHz. As we know, the switching
speed of OTFTs is inversely proportional to the chan-
nel length (L) square. However it must be careful to

avoid the resistance-limited contact in OTFTs when
L is shrunk. Thus, ongoing contact engineering efforts
to make lower resistance contacts to organic semi-
conductor will become more and more important for
OTFTs development and the advancement of organic
electronics.[17−21]

In the present paper, a series of bottom-gated top-
contact pentacene devices with Al as source and drain
electrode modified by a C60 ultrathin layer is fabri-
cated. By modification, the field effect mobility of the
OTFT is greatly improved. Then, a compact model—
charge drift model is used to simulate the output char-
acteristics and a correct extraction of the maximum of
the field-effect mobility is found. Finally, the contact
resistances of the OTFTs are measured and the model
is proved to well simulate devices with low injection
barrier.

2. Experiment

The schematic diagram of pentacene OTFTs is
shown in Fig. 1. The devices were fabricated on
highly doped n+-Si wafer substrates with a 300 nm
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thermally grown oxide layer. The substrates ware ul-
trasonically cleaned sequentially in acetone, alcohol
and deionized water (18 MΩ). Then a 40 nm pen-
tacene layer was thermally evaporated in a high vac-
uum of 1×10−4 Pa through self-organizing process in
the evaporation chamber for organic materials. The
samples were next transported into the evaporation
chamber for inorganic materials through the trans-
port chamber by manipulator hands. The transport
process was in a vacuum of 2×10−1 Pa. Finally, C60

and Al were evaporated through a metal shadow mask
that had been manipulated before transportation. To
improve the crystallization, the devices were annealed
in a N2-filled glovebox (O2, H2O< 0.1 ppm) at normal
pressure (1 atm) and 100 ◦ for half an hour.[22−24] The

parameters of our fabrications are shown in Table 1.

Fig. 1. Schematic diagrams of OTFTs.

The electrical characteristics of the OTFTs were
then measured in air and at room temperature by us-
ing the KEITHLEY I–V System. This system con-
sists mainly of KEITHLEY2612, K EITHLEY2410
and LPT probe station.

Table 1. Fabrication parameters of OTFTs.

evaporating rotating speed of rate of deposition thickness of material

vacuum/ Pa substrate/rpm /nm·s−1 film/nm purity

SiO2 — — 0.1 170 99.99%

Pentacene 1×10−4 12 0.01–0.03 40 98%

C60 2×10−3 20 0.003–0.01 0, 1, 3, 5 99%

Al 2×10−3 20 0.5–1 120 99%

3. Results and Discussion

Figure 2(a) shows the curves for source–drain current (IDS) at different values of gate voltage (VGS) versus
source–drain voltage (VDS) of the OTFTs whose S–D electrodes are modified by 3 nm C60. The device shows
typical p-channel characteristics. Due to the big contact resistance, IDS is very small at low voltages. The
electrical transfer characteristics are shown in Fig. 2(b), from which we can obtain the VT value to be −7.6 V.

Fig. 2. (a) Output characteristics and (b) transfer characteristics of OTFT device with a 3 nm C60 modifying

Al as source and drain electrode.

At present, the metal–oxide–semiconductor field-effect transistor (MOSFET) model is used to describe
OTFTs.[25−28] In the gradual channel approximation, the expression of IDS is

IDS =
WCiµef

L

[
(VGS − VT)VDS − V 2

DS

2

]
, (1)

in which W is the width of transistor channel, L is the length of transistor channel, µef is the field-effect mobility,
VT is the threshold voltage, and Ci is the capacitance per unit area of the insulator.
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As we have known, a thin film transistor (TFT)
always works in the linear regime when the pixel
charges up in active-matrix liquid crystal display
(AMLCD). Thus, here we investigate mainly the per-
formance of OTFTs in the linear regime.

The following expression is used to describe IDS

in the linear regime:

IDS =
WCiµef

L
(VGS − VT)VDS. (2)

The µef is extracted from the transconductance
of the device, and it is defined as

gm =
dIDS

dVGS
=

WCiµef

2L
• VDS, (3)

µef =
2L

WCiVDS
• dIDS

dVGS
. (4)

Then, we can obtain the performance of the
OTFTs as listed in Table 2. The performance of de-
vices has been improved by an ultrathin C60 layer
modifying the S–D electrodes. The µef increases with
the thickness of C60 increasing from 0 to 3 nm. It is

in accordance with the result reported by Li et al.[20]

They used a C60 ultrathin buffer layer between in-
dium tin oxide (ITO) and pentacene and found that
the work function of ITO/C60 increased with the C60

thickness increasing from 0 to 5 nm. In our experi-
ments, the work function of bare Al is 4.2 eV and the
highest occupied molecular orbital (HOMO) of pen-
tacene is 5.0 eV. The injection barrier between Al and
pentacene is 0.8 eV, which is responsible for the low
µef (0.12 cm2/(V·s)) of the OTFT devices. With the
increase of C60 thickness, the work function of Al/C60

is closer to the pentacene HOMO and facilitates hole
injection. The µef of the OTFT device increases to
0.52 cm2/(V·s) at 3 nm C60 layer, which is nearly
four times higher than that of no modifying layer. An-
other probable reason may be that an ultrathin C60

layer prevents the metal atom from diffusing into the
organic layer and other chemical reactions from tak-
ing place between the organic layer and the metal.[29]

However, when the C60 layer is thicker, it can block
the carrier transport, resulting in the decrease of µef .

Table 2. Performances of the OTFTs with different thicknesses of C60 buffer layer.

C60 thickness/nm µef /(cm2/(V·s)) VT/ V (on/off)/103

0 0.12 –11.6 0.95

1 0.25 –8.2 1.0

3 0.52 –7.6 1.1

5 0.42 –9.4 1.4

Note: W = 2.5 mm, L = 50 µm, and Ci = 10 nF.

We can observe from Fig. 2(a) that by a 3 nm
C60 ultrathin layer modification, the performances of
OTFTs are still affected by the contact resistance, es-
pecially at the onset voltage. Next, we use a compact
model—charge drift model developed by Lara Bullejos
et al.[30] to investigate the contact effects on OTFTs.
We define a parameter b ≡ VC/VDS = RC/RT, which,
in fact, is the ratio between contact resistance and
channel resistance. Here, VC is the contact voltage.
Then the IDS can be obtained from Eq. (1) as

IDS =
WCiµef

L

[
VGS − VT − (1 + b)VDS

2

]

× (1− b)VDS. (5)

The model assumes that three phenomena occur
during the charge transport through the depleted re-
gion of the OTFTs. (a) Charge carriers pass through a
potential barrier at the contact, which causes the volt-

age for carrier injection through the barrier Vinjection.
(b) The charged dipoles formed by the ions modu-
late the injection barrier and are capable of accepting
other hopping electrons. These ions are created at the
electrodes by a redox reaction in the organic material,
thereby causing a voltage for redox process, Vredox. (c)
Drift of charge carriers in the bulk of the contact re-
gion causes the voltage required for charge drift Vdrift.
Thus, the VC can be written as

VC = Vinjection + Vredox + Vdrift. (6)

From Ref. [20] and the performance of the OTFTs
modified by 3 nm C60, it follows that the barrier
height between Al and pentacene is very low, mak-
ing Vinjection ≈0 and Vredox ≈ 0.

The iterative procedure is summarized as follows.
First, initial estimates of the threshold voltage and
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the mobility are made by the MOSFET model. Sec-
ond, as the contact effects only slightly increase the
threshold voltage of the OTFTs,[31] we set the VT to
be a constant in the procedure. Third, the mobil-
ity and the voltage drop at the contact are extracted
from the output characteristics by iterative procedure
through using Eq. (5). The procedure is illustrated

in Fig. 3 and begins with the initial values mentioned
above: µ0 = µef = 0.52 cm2/(V·s), and b0 = 0. Af-
ter four loops, a good agreement with experimental
data can be obtained, where µ4 = 1.15 cm2/(V·s),
and b0 = 0.32. It means that VC is nearly one-third
of VDS; the correct field effect mobility of the OTFT
is nearly twice the apparent value.

Fig. 3. Iterative procedures to fit output characteristics in the OTFTs (VGS = −20 V), where panel (a) is for

the initial values, b = 0, µ0 = µef ; panel (b) for a new value b1 obtained by fitting Eq. (5) to the experimental

output characteristics in the left region (with using µ = µ0 and varying the value of b to fit the experimental

data), panel (c) for a new value µ1 obtained by fitting Eq. (5) to the experimental output characteristics in the

right region (with using b = b1 and varying the value of µ to fit the experimental data) and panel (d) shows

that good agreement with experimental data can be obtained after 4 loops.

Next, the contact resistance (Rc) of the OTFT de-
vices is calculated in the linear regime. The transistor
total resistance (Rtot) can be expressed as

Rtot = Rch + Rc =
L

WCi(VGS − Vt)µef
+ Rc, (7)

in which Rch is the channel resistance. Using the
transmission line method (TLM) that is a direct ap-
plication of Eq. (7), we can extract Rc values for dif-
ferent VGS values. From Fig. 4, we can see that the Rc

gate-voltage dependency is generally correlated with
the increase of charge carrier concentration which in-
troduces the current in the channel at higher VGS val-
ues. The intersection with Y axis (L →0) gives the
Rc value (as seen in Table 3). Rc decreases with VGS

increasing from −10 V to −20 V, while the value of b

increases from 0.31 to 0.36.

Fig. 4. Plots for total resistance Rtot versus channel

length L of the OTFTs.

It can be seen that when VGS increases, both Rc

and RL decrease with the increase of charge carrier
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concentration, and Rch decreases faster. This may be
attributed to the non-ohmic part of Rc.[32] The value
of b is 0.36 at −20 V, which is close to the model
value 0.32. Thus, the charge drift model can be used
in OTFTs with low injection barrier such as the de-
vice by 3 nm C60 modifying Al as the source and drain
electrode.

Table 3. Contact resistances of the OTFTs at differ-

ent values of VGS.

VGS/ V Rc/MΩ RT/MΩ b

–10 8.5 27.3 0.31

–15 3.6 10.8 0.33

–20 2.2 6.1 0.36

4. Conclusions

The OTFTs with bottom-gated top-contact
structure are fabricated, in which a C60 ultrathin

buffer layer is inserted between pentacene and Al elec-
trode. After modification, the mobility of the OTFT
device is improved from 0.12 to 0.52 cm2/(V·s). Then,
we use a charge drift model to simulate the IDS−VDS

curve and find that the contact effect is still a big
problem that cannot be neglected. Considering the
contact resistance effects could result in an correct
extraction of the maximum field-effect mobility reach-
ing 2 to 1.15 cm2/(V·s). By the TLM, we find that
the results from the charge drift model are almost in
agreement with the experimental data. It indicates
that the model is applicable for OTFTs with low in-
jection barrier. Finally, the performances of OTFTs
are improved by inserting an appropriate C60 ultra-
thin layer. However, the contact effect is still too big
to be neglected. Further efforts to make lower resis-
tance contacts to organic semiconductor are still im-
portant for developing OTFTs and advancing organic
electronics.
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