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Abstract
Hot wall epitaxially grown C60 based organic ﬁeld-effect transistors (OFETs) show relatively high electron mobilities of 0.4–1 cm2/Vs.
We report results of thin ﬁlm grown with various growth conditions such as preheating and initial substrate temperatures resulting in
strikingly different fullerene ﬁlm nanomorphology. The mobility is enhanced up to 3 cm2/Vs for ﬁlms grown at a substrate temperatures
of 130 1C. This improvement in the mobility is explained in terms of a transition from a disordered interface consisting of small-elongated
grains to a well-ordered C60 ﬁlm with bigger and rounder grains.
r 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Highest reported and reproduced charge carrier mobilities obtained in organic ﬁeld-effect transistors (OFETs) is
15 cm2/Vs for rubrene single crystals [1] and in the range of
1–2 cm2/Vs for the case of vacuum evaporated pentacene
thin-ﬁlms [2]. Efforts to increase the charge carrier mobility
in OFETs with n-type organic materials have been difﬁcult
due to several physical reasons: (i) rapid degradation
under ambient condition, (ii) electron transport properties
are sensitive to impurities in the crystal [3] and (iii)
difﬁculty with synthesizing materials having electron
afﬁnities that allow the injection of electrons from stable
electrodes in air. The majority of OFETs with n-type
semiconductors were fabricated based on vacuum
evaporated ﬁlms [4–8]. Most of these devices were grown
on inorganic SiO2 or Al2O3 dielectrics except for a very
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few grown on organic dielectrics [9]. Because of the
very different physical nature of these two media, the
deposition may result in highly disordered ﬁlms, leading to
a poor OFET performance [10]. 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 semiconductor ﬁlm critically depends on
the interface properties and growth kinetics. In turn, the
ﬁeld-effect mobility is largely determined by the morphology of the semiconductor ﬁlm at the interface with the gate
dielectric [11]. We have considered such interface related
phenomena with an attempt by growing organic semiconductor layers on top of an organic insulator and by
studying their structure-performance relationship. In this
paper, we present results on OFETs based on C60
ﬁlms grown on top of organic dielectrics by hot wall
epitaxy (HWE). A good interfacial organisation of the
resulting C60 ﬁlm and corresponding improvement in the
mobilities of the OFETs from 0.5 to 3 cm2/Vs are obtained
by optimizing the substrate temperature during C60
deposition.
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2. Experimental procedure
The fabrication procedure of C60 OFETs is described
previously [9]. Fig. 1 shows a scheme of the devices
presented here and the molecular structure of the C60 and
organic gate dielectric divinyltetramethyldisiloxanebis(benzocyclobutane) (BCB), respectively. The C60 ﬁlms
were deposited by HWE on top of the BCB layers at a
constant growth rate of 0.8 Å/s and at a residual pressure
of 8  106 mbar. The working principles of a HWE system
can be found elsewhere [12]. Since in all experiments
reported here the ﬁlm growth rate is constant, henceforth
we refer only to the time of deposition instead of the
physical thickness of the C60 layer. As schematically shown
in Fig. 2 we classify two types of growth processes: (a) BCB
dielectric is preheated at 250 1C for 20 min and cooled
down to 130 1C or room temperature (RT) followed by the
growth of the C60 layer at 130 1C or RT; (b) BCB dielectric
is not-preheated but only warmed up to growth temperature followed by the deposition of the C60 layer at a
substrate temperature of 130 1C or the growth started at
RT. For our HWE, once the substrate is placed on top of
the growth reactor it is indirectly heated through the
thermal radiation emitted from the heaters of the source
and wall of the C60 source quartz tube. This additional but
not controlled amount of heat lead to a lowest reachable
substrate temperature in the range of 90–100 1C. Thus it
was decided to switch on the substrate heater of the C60
source and set it to 130 1C during the deposition of all thick
C60 layers presented in this work. In that way we get a
more controllable temperature of the substrate Ts. Device

Fig. 2. Substrate temperature (Ts) vs. time (t) for the whole growth
process of the C60 layers on BCB dielectric layers. (a) All pre-heated
samples: SC1: BCB substrate is preheated and cooled down to RT and
short deposit of C60 for 15 s. SB1: BCB substrate is preheated and cooled
down to 130 1C and short deposit of C60 for 15 s. SB2: BCB substrate is
preheated and cooled down to 130 1C and deposit the C60 for 34 min. (b)
All no-preheated samples: SC2: BCB substrate is warmed up to 130 1C and
short deposit of C60 for 15 s. SA1: C60 is deposited for 15 s and Ts is
gradually increased from RT to 40 1C. SA2: C60 is deposited for 34 min Ts
gradually reached 130 1C in the ﬁrst 5 min and was kept constant at 130 1C
during the rest of the growth.

fabrication is completed by evaporation of source-drain
electrode (Li/Al 0.6/60 nm) through a shadow mask under
a residual pressure of 2  106 mbar. The obtained channel
has a length and width of 20–25 mm and 1.4 mm,
respectively. The device characterization was done using
an Agilent E5273A which has one high power sourcemeasure unit (SMU) and one with low power SMU.
Atomic force microscopy (AFM) images were obtained
using a Digital Instrument Dimension 3100 microscope
working in tapping mode. The structural characterization
of the samples was done by means of ex-situ X-ray
diffraction measurement. X-ray o/2y scans carried out
using the CuKa radiation with a wavelength of l ¼ 1.54 Å
by a Siemens D501 Crystalloﬂex powder X-ray diffractometer.
3. Results and discussion

Fig. 1. (a) Scheme of the n-type C60 ﬁeld effect transistor. The inset shows
a view of a C60 molecule. (b) Chemical representation of divinyltetramethyldisiloxane-bis(benzocyclobutene), BCB.

As mentioned in the introduction, FET measurements
show that the ﬁrst few monolayers at the interface to the
dielectric layer dominate the charge transport. Therefore
we will ﬁrst discuss our effort to correlate the ﬁlm
morphology at the organic insulator/semiconductor interface with its transport properties. Comparative study of
thin-ﬁlm morphology with different growth condition is
shown Fig. 3. Fig. 3(a) shows AFM image of C60 layer
(sample: SA1) deposited on BCB dielectric at Ts very close
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Fig. 3. AFM images of C60 thin ﬁlms deposited on BCB dielectric. (a) SA1, (b) SB1, (c) SC1, (d) SC2, (e) SA2 and (f) SB2.

to RT (see Fig. 2(b)). In this case, elongated grains are
observed with an areal density of crystallites around
500 crystallites/mm2. When the C60 layer is grown on the
BCB substrate once preheated at 250 1C for 20 min and
cooled down to Ts of 130 1C (sample: SB1), the resulting
ﬁlm has a strikingly different nanomorphology as compared to SA1 in Fig. 3(b). In the latter case, a bigger grain
size, a density of crystallites around 370 crystallites/mm2
and more round granules are observed.
In order to clarify whether the observed morphological
difference is due to different Ts or due to the effect of preheating of the BCB substrate, the following experiments
are done. In the ﬁrst case (sample: SC1), BCB substrate is
preheated at 250 1C for 20 min.and cooled down to RT and
subsequent C60 layer is grown (See Fig. 2(a)). In the second
case, (Sample: SC2), BCB is heated till 130 1C and
subsequently C60 layer is deposited (see Fig. 2(b)). The

resulting AFM images of the two cases are also strikingly
different as shown in Figs. 3(c) and (d). SC2 is found to be
with similar features as SB1. On the other hand, the SC1
features look similar to SA1. From these morphological
study, it can be concluded that the growth temperature is
the dominant parameter to obtain bigger crystallites at the
interface, while the preheating of the BCB seems to be not
so important. However, the AFM images of preheated
and not preheated BCB show in both cases a very ﬂat
surface with a roughness of less than 5 nm. Since the
fabrication of C60 OFETs [9] involves longer growth
(34 min) of C60 ﬁlm, we will compare the surface
morphology of such ﬁlms (SA2 and SB2). In both cases,
the resulting ﬁlms show similar morphologies. That means
that the surface morphology of thick ﬁlms is not inﬂuenced
by the morphology at the interface, since most of the
growth occurs at Ts ¼ 130 1C.
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Our X-ray studies on SA1, SB1, SC1 and SC2 do not
reveal any characteristic features mostly due to insufﬁcient
thickness of the ﬁlm. Results on SA2 and SB2 have features
as shown in Fig. 4. Figs. 4(a) and (b) shows C60 peaks of
the X-ray measurements in the o/2y scan mode for SA2
and SB2, respectively. The vertical dotted and dashed lines
represent the theoretical values of the peak positions
simulated with the software Powder Cell 2.3 for the C60
and ITO crystals, respectively. The graphs show a very
good agreement between the simulated and the experimentally obtained peak positions. The simultaneous presence
of the C60 peaks (1 1 1) and (2 2 0) in the X-ray patterns
shows that these ﬁlms are polycrystalline and the C60
crystallites are randomly oriented. The two amorphous
components, namely the BCB dielectric and the glass, show
broad halos covering the ranges of the angles 2y from 10 to
201 and from 151 to 401. Basically, both ﬁlms have very
similar positions as well as intensity and width of the C60
peaks which means that both ﬁlms have very much alike
crystalline structure. We have also observed that there is no
signiﬁcant difference between the X-ray patterns of the not
preheated and preheated glass/ITO/BCB substrates.
The effect of the substrate temperature on initial stage of
the C60 ﬁlm growth is also reﬂected in the performance of
the OFETs. Fig.
pﬃﬃﬃﬃﬃﬃ5 shows the square root of the sourcedrain current I ds vs. (VgsVt) for drain-source voltage,
Vds ¼ 60 V, where Vgs and Vt are the gate and onset
voltages, respectively. The ﬁeld effect mobilities me
obtained from these two set of devices are 0.5 and 3 cm2/
Vs for SA2 and SB2, respectively. We used here standard
transistor Eq. (1) to evaluate the mobility [13]:
I ds ¼

mWC i
ðV gs  V t Þ2 ,
2L

(1)

pﬃﬃﬃﬃﬃﬃ
Fig. 5. I ds vs. (VgsVt) plot for SB2 and SA2 with corresponding
obtained mobility of 3 and 0.5 cm2/Vs, respectively. The lines are
theoretical ﬁts to the experimental data using Eq. (1).

where W is the channel width, L the channel length and Ci
the dielectric capacitance. In the estimation of the ﬁeldeffect mobility, we have assumed a Vgs independent
mobility and also we have not taken into account contact
resistances for simplicity. The improvement in the me is
assumed to be due to transition of C60 ﬁlm morphology at
the interface from small elongated grains to bigger rounder
and closely packed grains as depicted in Figs. 3(a) and (b).
4. Conclusions
Our results show that the temperature of the BCB
dielectric during the deposition of the ﬁrst few layers of C60
plays a crucial role in determining the better morphology
of the C60 ﬁlm at the interface and hence in the
performance of the OFET. From the experimental
observation, substrate pre-heating temperature is less
relevant to the ﬁlm morphology and hence to the device
performance. An improvement in the ﬁeld-effect mobility
from 0.5 to 3 cm2/Vs is observed when the temperature of
the substrate is increased from nominally RT to 130 1C.
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Fig. 4. X-ray o/2y scan patterns for: (a) 300 nm thick C60 layer grown on
un-preheated BCB, (b) 300 nm thick C60 layer grown on BCB preheated at
250 1C for 20 min. Curve (b) have been shifted down in intensity for
clarity. The vertical dotted and dashed lines mark the computer simulated
peak positions of C60 and ITO, respectively.
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