
Influence of Surface Energy and Roughness of Substrate on Thin Pentacene
and C60 Films Prepared by Vacuum Deposition

Hu Yan,�1 Takuya Uchida,2 Tsubasa Kagata,1 Yu Iriyama,2 and Hidenori Okuzaki�1
1Laboratory of Organic Robotics, Interdisciplinary Graduate School of Medicine and Engineering,

University of Yamanashi, 4-4-37 Takeda, Kofu 400-8511
2Division of Interdisciplinary Sciences, University of Yamanashi, 4-4-37 Takeda, Kofu 400-8510

(Received March 12, 2009; CL-090259; E-mail: yanhu@yamanashi.ac.jp, okuzaki@yamanashi.ac.jp)

Substrate surface roughness predominantly influenced grain
size of pentacene in vacuum-deposited thin films while surface
energy of the substrate did not, i.e., larger pentacene grain was
obtained on a substrate with lower roughness instead of lower
surface energy. On the other hand, grain size of C60 deposited
in the same manner was influenced by both surface energy and
roughness, i.e., large C60 grain was obtained on substrates with
lower surface roughness and energy.

Among organic electronic devices, organic field-effect tran-
sistors (FETs) have become a main target to be developed for
current sources of thin display panels.1–6 In this application, a
large transistor current is necessary, which may be realized
mainly by improvement of FET mobility and also partially by
shortening channel length of the transistors to several microme-
ters. Recently we have reported a facile fabrication method for
channel patterns of organic FET, in which channel lengths are
less than 5mm, by using wet-spun PEDOT/PSS microfibers.7

Pentacene-based FETs fabricated on the channel patterns
showed very large drain current.3 Very recently we have applied
this channel-patterning technique to low-voltage pentacene/
HfSiO FET4 operating at driving voltage as low as �10V and
to pentacene/C60 FET

5 which exhibits ambipolar FET character-
istics in air atmosphere.

In the above-mentioned organic FETs, thin films of organic
semiconductors such as pentacene and C60 are prepared by vacu-
um deposition. In this deposition method, the thin films are
formed as grains of the organic semiconductors. Commonly it
is believed that larger grain size results in higher FET hole or
electron mobility. The grain size, however, can be influenced
by physical characteristics of the substrate surface and substrate
temperature in addition to the deposition conditions such as dep-
osition rate. However, to date few systematic studies on the in-
fluence of substrate conditions such as surface energy and rough-
ness on pentacene or C60 grain sizes have been reported.

Herein we report the results of systematic investigation of
the influence of substrate surface energy and roughness on grain
sizes of pentacene and C60 in thin films prepared by vacuum dep-
osition, coupled with atomic force microscopic (AFM) measure-
ments.

Heavily doped n-type silicon wafers with thin SiO2 layer
(350 nm) or thin HfSiO layer (100 nm) were washed in pure
water and acetone, and finally UV–ozone treatment was carried
out in order to remove organic contaminants. A self-assembled
monolayer (SAM) of octadecyltrichlorosilane (OTS) was then
prepared on the UV–ozone-treated substrate by immersion. A
30 nm pentacene or C60 layer was thermally deposited in vacuum
on the SAM-free or -formed substrate. We evaluated the SAM

formation on the SiO2 or HfSiO surface by a combination of
measurement of water contact angle and Zisman plot.8 Surface
roughness of the SAM-free or SAM-formed substrates and grain
sizes of the pentacene or C60 were estimated by tapping-mode
AFM measurements. Pentacene FET was fabricated on the
OTS-SAM formed SiO2/Si substrate, and the FET characteris-
tics were measured by a semiconductor parameter analyzer
(4200-SCS Keithley).

We evaluated surface energy of the SAM-free or SAM-
formed HfSiO or SiO2 surfaces by measurement of water contact
angle. The water contact angle on the surface of the HfSiO dras-
tically increased from 34 to 109� by immersing the surface in
OTS–hexane solution for 10min. The contact angle further in-
creased to 113� and saturated at around this value after 3 h.
We calculated the critical surface tension of the SAM formed
HfSiO surface with contact angle of 113� to be 19mN/m from
a Zisman plot.4 The value of the critical surface tension is basi-
cally consistent with that of methyl groups in perfect octadecyl-
amine SAM, 22mN/m.8 The change of contact angle was quite
similar to the case of SiO2 surface whose contact angle saturated
at 111� by immersing in the OTS for 4 h, and the critical surface
tension is measured to be 17mN/m similarly by a Zisman plot.4

To evaluate roughness of the substrate surfaces, we carried
out AFMmeasurements. The AFM height images showed values
of the surface roughness (Ra), which were 0.11 and 0.80 nm for
the SAM-free SiO2 and HfSiO, respectively. After the SAM
formation the roughness did not evidently change, i.e., 0.12
and 0.50 nm for the SiO2 and HfSiO, respectively. The results
indicated that the SAM treatment does not much improve the
surface roughness.

We have deposited 30 nm-thick pentacene layers on SAM-
free or SAM-formed SiO2 substrate. The average grain sizes
(Sg) of the deposited pentacene crystals were 498 and 458 nm,
respectively, as shown in Figures 1A and 1C. Similarly we also
deposited the pentacene layer on the SAM-free or SAM-formed
HfSiO substrate, and the Sgs were 116 and 87 nm, respectively
(Figures 1B and 1D). The experimental fact indicates that the
surface energy little influences the Sg of the vacuum-deposited
pentacene crystal since surface energy was so much different
between the SAM-free and SAM-formed surfaces, i.e., contact
angles of water were 34 and 116� (corresponds to critical surface
tension of 19mN/m) for SiO2, and 7 and 111� (17mN/m) for
HfSiO, respectively.4 We also carefully analyzed the influence
of the surface roughness on the Sg. On both SAM-formed SiO2

and HfSiO substrates the Sg’s were 458 and 87 nm, respectively,
as mentioned. The critical surface tensions were 19 and 17
mN/m, respectively, indicating both substrate surfaces are cov-
ered with a monolayer of methyl groups.8 In other words, ones
can reasonably regard that the both surfaces are the same
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substance surfaces but with much different surface roughness,
i.e., 0.1 and 0.5 nm for the SAM-formed SiO2 and HfSiO sub-
strates, respectively. Accordingly, it is concluded that the rough-
ness predominantly influences the Sg of the vacuum-deposited
pentacene crystals, while the surface energy does not.

On the other hand, the influence of the surface energy and
roughness on Sg’s of the deposited C60 crystals were much dif-
ferent from the case of pentacene. Two kind of grains, i.e., small-
er primary grain and much larger grain (LSg ¼ 215 nm) aggre-
gated by the smaller primary grains (SSg ¼ 74 nm), were ob-

served, as shown in Figure 2. Both surface energy and roughness
little influenced the primary grain size. However, the larger
grains formed only on the SAM-formed SiO2 substrate which
has less surface energy and roughness (Figure 2C). The larger
grains transferred into denser and single grains accompanying
reduction of total size. Intermolecular interaction among C60

molecules is much stronger than that of pentacene.9 Therefore,
the different influence on the C60 and pentacene is easily under-
stood, however, it is not well explained at this stage.

We have fabricated a pentacene FET by deposition of thin
pentacene film on the SAM-formed SiO2/Si which corresponds
to Sg of 458 nm (Figure 1C) and compared with our previous
pentacene FET4 fabricated on HfSiO/Si which corresponds to
Sg of 87 nm (Figure 1D). Figure 3 shows the output characteris-
tics of the present pentacene FET, indicating good saturation
with a high mobility of 0.2 cm2 V�1 s�1 and on/off current ratio
of 4� 105. The value of mobility is much higher than the previ-
ous FET4 whose mobility is 0.02 cm2 V�1 s�1. It should be noted
that the mobility is not solely dependent on the grain size while
other factors such as molecular orientation regarding the dielec-
tric surface also strongly influences the mobility.2
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Figure 1. AFM images of pentacene grains on various substrate
surfaces for vacuum-deposition of pentacene. (A) On SAM-free
SiO2; (B) On SAM-free HfSiO; (C) On SAM-formed SiO2; and
(D) On SAM-formed HfSiO.

Figure 2. AFM images of C60 grains on various substrate sur-
faces for vacuum-deposition of C60. (A) On SAM-free SiO2;
(B) On SAM-free HfSiO; (C) On SAM-formed SiO2; and (D)
On SAM-formed HfSiO.

Figure 3. Output characteristics of pentacence FET fabricated
on SAM-formed SiO2/Si substrate.
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