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Abstract

We present C60-based n-channel organic field-effect transistors with mobility in the range of 0.4–1 cm2V�1 s�1. A

solution-processed organic dielectric divinyltetramethyldisiloxane-bis(benzocyclobutene) (BCB) was used as a gate

dielectric and C60 films were grown on top by hot wall epitaxy. Devices characterised in inert atmosphere conditions

show high stability with an on/off ratio >104. The determined mobility values are nearly gate voltage independent.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Organic thin-film electronics developed to a

promising technology in the last two decades with

demonstrated prototypes of organic thin film tran-

sistors, organic integrated circuits for radio fre-

quency identification tags (RFID-tags) [1,2] and

active matrix displays [3]. Organic field effect tran-
sistors (OFETs) have also been fabricated in ar-

rays to drive electro-phoretic display pixels [4].
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The performance of the individual transistors lim-

its the switching speed in an integrated circuit,

which can be roughly estimated by the ratio of

mobility and channel length of the transistor [3].

To obtain higher switching speed, the search for

higher mobility materials is therefore important

along with the effort to downscale the transistor

geometry.
Among all the various p-type organic semicon-

ductors, pentacene in thin film form has been

reported as promising material because of its

mobility of 1.5 cm2V�1 s�1 [5a]. Organic single

crystals such as rubrene have shown mobilities as

high as 15 cm2V�1 s�1 [5b]. On the other hand,
ed.
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very few organic semiconductors are n-type,

viz., fullerenes, [6,7] fluorinated phthalocyanines,

[8] naphthalenes and N-substituted naphthalene

1,4,5,8-tetracarboxylic diimide [9] or N,N 0-

dialkil-3,4,9,10-perylene tetracarboxylic diimide
(PTCDI, PTCDI-C5 [10] and PTCDI-C8H, corre-

spondingly) with a highest obtained mobility of

0.6 cm2V�1 s�1 [11]. Most of these results are

achieved by growing the semiconductor on surface

treated or untreated SiO2 or Al2O3. Although the

van der Waals type interactions between organic

molecules and inorganic substrates are rather

weak, the crystallographic phases, the orientation,
and the morphology of the resulting organic semi-

conductor films critically depend on the interface

and growth kinetics. In this paper, we present re-

sults on OFETs fabricated using hot wall epitaxy

(HWE) grown C60 films on top of an organic insu-

lator. HWE, working close to thermodynamical
Fig. 1. (a) Scheme of the staggered n-channel OFET device structure;

the C60 surface in the channel region of the fabricated OFET.
equilibrium is well known [12] as appropriate tech-

nique to grow highly ordered organic thin films,

including C60 films [13]. The relatively smooth sur-

face of the organic insulating film interfaced with a

highly ordered HWE grown C60 film resulted in
mobilities of 0.4–1 cm2V�1 s�1 and an on/off ratio

>104. The obtained mobility is found to be nearly

gate voltage independent with a normalised sub-

threshold slope of 8 VnF/decadecm2. Further-

more, the field effect mobility has been found to

be thermally activated with an activation energy

of �100 meV within the temperature range of

90–300 K.
2. Experimental

A scheme of the device geometry is shown in

Fig. 1(a). The device fabrication starts with etching
(b) AFM image of the BCB dielectric surface; (c) AFM image of
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Fig. 2. Ids(Vds) curve of the OFET in the accumulation mode.

The dotted line is a guide for the eye for saturated Ids. The data

shown here are taken in ascending Vgs mode with an integration

time of 1 s.
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the indium tin oxide (ITO) on the glass substrate.

After patterning the ITO and cleaning in an ultra-

sonic bath, a BCB layer is spin coated at 1500 rpm

resulting in a 2 lm thick film. BCB was used as re-

ceived from Dow Chemicals and curing was done
according to the standard procedure [14]. BCB is

an excellent dielectric material with a rather low

dielectric constant eBCB = 2.6 and a small, nearly

temperature independent thermal expansion coeffi-

cient [15]. A 300 nm thick C60 film was grown by

HWE on top of the dielectric at a substrate tem-

perature of 130 �C. The top source and drain elec-

trodes, (LiF/Al 0.6/60 nm) were evaporated under
vacuum (2 · 10�6 mbar) through a shadow mask.

LiF/Al is expected to form ohmic contacts on

fullerenes [16]. The channel length, L of the device

is 35 lm and the channel width is W = 1.4 mm,

which results in a W/L ratio of � 40. From the

measurement of the BCB film thickness, d = 2 lm
and the dielectric constant of BCB, eBCB = 2.6, a

dielectric capacitance CBCB = 1.2 nF/cm2 was cal-
culated. In our devices we have a d/L ratio

� 0.05 acceptable not to screen the gate field by

the source drain contacts. Device transportation

from the HWE chamber to the glove box and fur-

ther electrical characterisation (using Keithley 236

and Keithley 2400 instruments) were carried out

under argon environment. The surface morphol-

ogy and thickness of the dielectric was determined
with a Digital Instrument 3100 atomic force

microscope (AFM) and a Dektak surface profi-

lometer respectively. Device characterisation at

various temperatures was performed in a He flow

cryostat (Cryo Industries) using a Lakeshore 331

as temperature controller.
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Fig. 3. Semilogarithmic plot of Ids vs. Vgs (left scale) and plot of

Ids
0.5 vs Vgs (right scale) for the same C60 OFET as in Fig. 2.

The full line shows a fit to the data (return curve) using Eq. (1)

from which a field-effect mobility l = 0.63 cm2/Vs is obtained.

Each measurement was carried out with an integration time of

1 s.
3. Results and discussion

As shown in Fig. 1(b), the dielectric layer

showed a very smooth surface with a roughness

<5 nm. This enables us to grow the semiconductor

(C60) with a very good control of the film morphol-

ogy (Fig. 1(c)). A recent study shows that the first

couple of monolayers next to the dielectric domi-
nates the charge transport in organic semiconduc-

tor layers [17].
Fig. 2 shows the transistor characteristics of a

device with a well saturated curve occurring pinch

off at a drain source voltage Vds P Vgs (gate volt-

age). From the slope at Vds = 0 V of the curve at

Vgs = 0 V, we estimated a conductivity of 5 ·
10�6 Scm�1. For the same device (see Fig. 3) we

measured the transfer characteristics. The data

presented in Fig. 3 hold for Vds = 60 V. One can
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see that the transistor turns on at an onset voltage

of Vt = �35 V without significant hysteresis and

the drain–source current Ids increases quadrati-

cally. The device shows an on/off ratio > 104 which

is calculated as the ratio of Ids at Vgs = 60 V and Ids
at Vgs = Vt. We have observed consistently the ef-

fect of having large drain–source current even

when Vgs = 0 V. This effect is minimized when

the dielectric layer is preheated at high tempera-

ture prior to the deposition of the active layer. This

effect is proposed to be due to the presence of unin-

tentional dopants at the interface of the untreated

dielectric. Interfacial effects seem to play a major
role in organic electronics devices [18]. From

Vt = �(qn0dsCBCB) + Vfb, [19] where Vfb = 0.1 V

[16] is the flat band potential (which accounts for

the work function difference between the semicon-

ductor and the gate electrode without considering

fixed charges at the dielectric and at the interface),

ds is the thickness of the semiconductor, q is

the elementary charge and CBCB is the capaci-
tance of the gate dielectric, we were able to esti-

mate the density of free carriers at equilibrium

n0. This yields a relatively high electron density

of �1017 cm�3.

As shown in Fig. 3, from the fit to the data

using equation [20]:

Ids ¼
lWCBCD

2L
ðV gs � V tÞ2 ð1Þ

we extract a field effect mobility of 0.63 cm2V�1 s�1

in the saturation regime forVds = 60 V (note the fit-

ting line used for the mobility extraction fits the

data over a wide range of Vgs). However, for calcu-

lating the field effect mobility, the contact resis-

tance of LiF/Al and C60 is not taken into account

by assuming that the contact resistance is fairly
low. Our studies of the dependence of the field

effect mobility on the metal work function in solu-

ble methanofullerene based OFETs have shown a

highest obtained mobility l of 0.2 cm2V�1 s�1 with

LiF/Al as drain–source electrode. Use of higher

work function metal electrodes viz. Cr, Au, etc. in

these OFETs leads to slightly reduced mobilities

presumably due to large contact resistance [18].
Similarly we have also observed a slight decrease

in the field effect mobility in C60 OFETs with higher

work function electrodes (not shown here). The
device performance and the mobility strongly de-

pends on the choice of the dielectric layer mainly

due to the different surface energies of dielectric

layers. The sharp turn on of Ids is a measure of

the quality of the dielectric/semiconductor inter-
face which is defined by the normalized subthresh-

old slope, S = CBCBdVgs/d(logIds) [5]. As usually

observed in organic FETs, a subthreshold slope

of 8 VnF/decadecm2 obtained by us is very high

which can be reduced by reducing the thickness

of the dielectric layer. We presume, the most

important factor in achieving this high mobility

OFET is the combination of a smooth organic
dielectric surface with a highly ordered C60 film

grown by HWE [13]. It can be mentioned here that

very few studies have been done so far on growing

highly ordered organic thin films on top of organic

dielectrics partly due to low glass transition tem-

peratures and unwanted hysteresis. Use of BCB

among other organic dielectrics is based on the fact

that it provides devices with a small hysteresis. In
addition BCB is a high glass transition temperature

polymer, an additional advantage for optimizing

the film growth conditions at high substrate tem-

peratures. Previous reports on C60 FETs grown

on SiO2 have shown highest obtained mobilities

of 0.5 cm2V�1 s�1 [6e].

We further analysed the validity of Eq. (1) for

different Vds via local approximation assuming
Vgs independent of l:

l ¼ 2L
WCBCD

o
ffiffiffiffiffiffi
Ids

p

oV gs

� �2

ð2Þ

The mobility as a function of Vgs was deter-

mined assuming Eq. (2), which is valid in the satu-

ration regime, at Vds = 60 V. As shown in Fig. 4

the mobility is found to be almost constant for

Vds P 123Vgs with values as high as 1 cm2/Vs at
Vgs, Vds = 60 V. These mobilities are comparable

with the electron mobility determined by photo-

current measurements [21] or time of flight exper-

iment on single crystalline C60 [22]. Further we

carried out measurements at very large Vgs (up

to 100 V) and very large Vds (up to 100 V) where

we observed a non-linear transport which leads

to a trap filled limited (TFL) regime [23]. We have
observed a drastic increase in the device perfor-
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Fig. 5. Arrhenious plot of the temperature dependent mobility

of C60 BCB OFETs.
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mance and its field-effect mobility in the devices

when the dielectric layer is cleaned by preheating

in situ at temperatures above 250 �C which nor-

mally occurs during the epitaxial growth of thin

films [23]. The values shown here are an average
of at least fifty different devices fabricated under

identical conditions with a narrow statistical distri-

bution in the obtained mobility. We also calcu-

lated the transconductance, g = (oVgs/oIds) [20] of

these devices and plotted the channel resistance

g�1 vs. Vgs in Fig. 4. We observed a g in the range

of 3–10 lS which is again a relatively high value

for an n-type organic semiconductor.
Loading of the devices in a cryostat for low

temperature studies was done by carefully loading

the devices inside the glove box environment. Such

an arrangement is in general needed in order not to

degrade the device performance which normally

occurs in n-channel OFETs during transportation.

C60 OFETs exhibit a temperature dependent

mobility with an Arrhenious behaviour as shown
in Fig. 5. The activation energy obtained is

�100 meV. This activation energy may be influ-

enced by several parameters including a tempera-

ture dependent contact resistance. An activation

energy of the same order is also found in soluble

methanofullerene based OFETs while it is difficult

to state what really causes the activation energy in

these devices [18].
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channel transconductance after Eq. (2) showing a step-wise

dependence on Vgs with a nearly constant l over a large range

of Vgs in the saturated regime (Vds = 60 V). Channel resistance

1/g (right scale) as a function of Vgs.
4. Conclusions

In conclusion, we have demonstrated an n-
channel OFET with an electron mobility of

0.4–1 cm2V�1 s�1 along with an on/off ratio >104

using a solution based organic dielectric BCB

film in combination with HWE grown C60 films.

The obtained mobility is nearly gate voltage

independent.
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