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Growth and Characteristics of C8-BTBT Layer on
C-Sapphire Substrate by Thermal Evaporation

Aye M. Moh,* Pei Loon Khoo, Kimihiro Sasaki, Seiji Watase, Tsutomu Shinagawa,

and Masanobu lzaki

The organic semiconductor 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene
(C8-BTBT) is deposited on a single crystal (0001) Al,O;z (C-sapphire) by a
vacuum thermal evaporation, and effects of the layer thickness and
preparation temperature on structural, morphological, optical, and electrical
characteristics are investigated with X-ray diffraction, atomic force microscopy
observation, optical absorption measurement, and resistivity measurement
with and without light irradiation. The C8-BTBT layers possess the (001)
out-of-plane orientation irrespective of the layer thickness and preparation
temperature. The C8-BTBT grains are growing up in direction parallel to the
substrate surface keeping almost constant height, and the continuous layer is
formed by the coalescence of the C8-BTBT grains. The grain size of the
continuous C8-BTBT layer increases with raise in preparation temperature.
The optical band gap energy could be estimated to be 3.32-3.35 eV regardless
of the layer thickness and preparation temperature. The electrical resistivity
decreases from 2.1 x 10° to 1.2 x 10 Q cm with increase in the preparation
temperature due to the increase in the grain size, and the light irradiation

induce the drastical decrease to 42-28 Q cm.

1. Introduction

The n-conjugated organic semiconductors have been technolog-
ically great impact in fields of organic electronics; organic thin
layer transistors (OTFT), organic field effect transistors
(OFETs), organic light-emitting diodes (OLEDs), and organic
photovoltaics (OPVs).'™ The electrical characteristics including
the charge transportation property™® strongly affects the
performance of electronic devices and relates to the structure,
molecular orientation, morphology,” grain size, and defect
density of organic semiconductor layers.® The surface defects
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suchas steps and vacancies of the underlying
substrate could influence the structure of
the molecular ordering and subsequent
growth of the organic layers.

Molecular semiconductor of n-conjugated
core with two octyl chains, 2,7-dioctyl[1]
benzothieno([3,2-b][1] benzothiophenes (C8-
BTBT) is one of the promising semiconduct-
ing materials for fabricating the organic
electronic devices because of their high
mobility value of 31.3and 43 cm? V™11 1011
The C8-BTBT layer has been prepared by
several techniques of organic molecular
beam evaporation, inkjet printing, and spin-
coating method, and the mobility value
changed depending on the preparation tech-
niques.”'"""4 Furthermore, the orientation of
C8-BTBT molecules changed depending on
the substrate materials of graphene, boron
nitride, and Si0,/Si'""* However, the
growth of C8-BTBT'molecules on single crystal
sapphire substrate appropriate to consider
the structural relation between the organic
layers and single crystal substrate have not
been reported yet. The C8-BTIBT layer growth still remains rich
subject to be better understanding of the linkage between the
structural properties and electrical properties of C8-BTBT active layer.

In this study, we prepared (001)-orientated C8-BTBT layers on
a single crystal Al,0; (C-sapphire) substrate by a vacuum
thermal evaporation. The structural, optical, and electrical
properties were investigated with X-ray diffraction (XRD),
atomic force microscopy (AFM), optical absorption spectra
measurement, and van-der-Pauw method to make the growth
process clear and examine the effects of the layer thickness and
preparation temperature on the electrical characteristics.

2. Experimental Section

Organic semiconductor layers of 2,7 dioctyl[1] benzothieno-
[3,2-b][1]benzothiophene(C8-BTBT) were prepared on a (0001)
[1120] Al, O3 single crystal (C-sapphire) substrates at thickness
ranging from 5 to 100 nm and preparation temperatures of 300,
343, and 373 K by a vacuum thermal evaporation. The C8-BTBT
powder (99% purity, Sigma-Aldrich) was used as a source
material in the vacuum evaporation system (ULVAC, VTS-
350ERH/M) connected with turbo molecular pump and oil-free
scroll vacuum pump. The one side polished C-sapphire substrates
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were annealed in air at 1200°C for 1hr. The preparation was
carried out in the pressure around 4 x 107> Pa, and C8-BTBT
layers were deposited in the thickness ranging from 5 to 100 nm at
a constant deposition rate 0.1 nm/s and preparation temperatures
300, 343, and 373 K. The deposition rate was monitored by a quartz
crystal oscillator sensor in a vacuum evaporation system (ULVAC,
CRTM-6000G). The thickness of the C8-BTBT layers were
determined by using a surface profiler measurement system
(ULVAC, DekTak150).

Conventional out-of-plane X-ray diffraction were performed by
a 0/20 scanning technique using Rigaku RINT 2500 X-ray
diffractometer at monochromatic CuKa radiation operated at
20kV, 10 mA with a wavelength (A = 0.154059 nm). X-ray diffrac-
tion spot patterns were recorded by using 2D imaging plate
detector with monochromatic Cu K, radiation using Rigaku RINT-
Rapid II. Surface morphologies were observed by an atomic force
microscopy (AFM, Shimadzu, SPM-9700 Kai) in non-contact
mode in air. Absorption spectra measurements were performed
using a UV-VIS-NIR spectrophotometer (HITACHI, U4100) with
a reference of (0001) C-sapphire bare substrate. Electrical
properties were measured by using van-der-Pauw method at
room temperature (Toyo Technica, Resitest 8310) with and without
AML1.5G light irradiation (Asahi Spectra, HALC100).

3. Results and Discussion

Figure 1 shows out-of-plane X-ray diffraction patterns for 5,
10, 15, 50, and 100-nm-thick C8-BTBT layers prepared on
C-sapphire substrate at 300K, for 100 nm-thick layers prepared
at 300, 343, and 373 K, and the dependence of the FWHM values
on the thickness. Two peaks were observed at around 6.1 and
9.1° on X-ray diffraction patterns irrespective of the layer
thickness and preparation temperature. These two peaks could
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Figure 1. X-ray diffraction patterns (A) of 5 (a), 10 (b), 15 (c), 50 (d),
100-nm thick-C8-BTBT layers (e) prepared on C-sapphire substrate at
300K and (B) 100-nm-thick layers prepared at 300 (i), 343 (ii), and 373 K
(iii), and the dependence of the FWHM values on the thickness (C).
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be identified as (002) and (003) planes of the C8-BTBT layer with
the characteristic monoclinic lattice. The (001) out-of-plane
orientation was developed irrespective of the preparation
temperature. The peak intensity increased with increase in
layer thickness keeping almost constant intensity ratio. The peak
angle of (002) peak showed almost constant value of 6.1 degree
regardless of the layer thickness and preparation temperature.
The FWHM value drastically decreased from 0.3-0.6 degree to
0.1° with increase in layer thickness from 5nm to 50nm and
then showed almost constant value. The FWHM value relates to
the grain size and heterogeneous strain, and the decrease in
FWHM value gives increase in the grain size and/or decrease in
the heterogeneous strain.

Figure 2 shows the X-ray diffraction patterns recorded by the
imaging plate for annealed bare C-sapphire substrate with the
radial and circumferential directions represent by the 20 and p
angles and 100-nm-thick C8-BTBT layers deposited at 300 and
343 K. Many diffraction spots could be observed on the XRD
image for 100 nm-C8-BTBT layers in addition to the spots
observed for bare C-sapphire substrate. Similar spot pattern
represented by arrow @ and @ could be observed irrespective
of the layer thickness and preparation temperature, and two
diffraction spots represented by arrow @ were identified as (002)

(©)

®
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Figure 2. X-ray diffraction patterns recorded for bare C-sapphire substrate
(a), and 100-nm-thick C8-BTBT layers deposited on C-sapphire substrate
at 300K (b), and 343K (c) with imaging plate.
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and (003) planes of C8-BTBT layer. Debye ring could not be
observed on the XRD image irrespective of the layer thickness
and preparation temperature. The out-of-plane XRD represented
in Figure 1 showed the formation of the (001) out-of-plane
preferred orientation, and the similar spot patterns suggested
that the preferred orientation including the in-plane orientation
was almost the same, although it was difficult to estimate
quantitatively.

The C8-BTBT possessed the monoclinic lattice with lattice
constants of 0.5927 nm in a-axis, 0.788 nm in b-axis, 2.918 nm in
c-axis, and 92.443° in B-angle, 151 and ALO, possessed the
characteristic hexagonal lattice with lattice constants of
0.47589nm in g-axis, and 1.2991nm in c-axis."® The lattice
mismatch was estimated to be —24.5% along a-axis, and +4%
along b-axis for the lattice relationship of (001)[100]C8-BTBT//
(0001)[1120]Al,05. The (001)-out-of-plane orientation was devel-
oped for the C8-BTBT layer on C-sapphire substrate, inspite of
the large lattice mismatch.

The spot pattern suggested that the C8-BTBT layers possessed
an in-plane orientation in addition to the (001)-out-of-plane
orientation and a lattice relationship to the C-sapphire substrate,
in spite of the large lattice mismatch. It was difficult to decide the
in-plane lattice relationship with X-ray diffraction techniques
used in this study due to the characteristic monoclinic lattice of
the C8-BTBT and difficulty in the precise analysis, resulting in
not being able to identify whether the C8-BTBT layer was a single
crystal or polycrystalline with the (001)-out-of-plane orientation
and not identified in-plane orientation.

Figure 3 shows AFM images for the bare C-sapphire substrate
and C8-BTBT layers prepared at 300 K with the thickness of 5, 10,
15, 50, and 100 nm. Several atomic steps, approximately 1 um in
interval could be observed on the AFM image, although the
image was with noise. Isolated C8-BTBT islands were formed on
the C-sapphire substrate, and the height of 11.5-11.8nm
corresponded to be approximately fourth the c-axis values of
C8-BTBT molecule. The islands were growing up in direction
parallel to the substrates surface, keeping the almost constant
height with the smooth top surface, resulting in the formation of
continuous layer, although some pores could be located between
the grains. The surface roughness Ra was estimated to be

Www.pss-a.com

1.26 nm at 10-nm-thick C8-BTBT layer. According to the AFM
observation of 15-nm-thick C8-BTBT layer, the small grains with
the size of 0.2-0.68 um stacked on the continuous layer, although
the Ra was estimated to be 1.23nm almost same as that at
10-nm-thick layer. The small grains were growing up to 0.3—-1 um
with keeping smooth top surface and terraces as represented in
inset could be observed clearly, indicating that the small grains
grew by layer-by-layer growth. The surface roughness increased
from 1.23 nm at 15-nm-thickness to 5.2 nm at 100-nm-thickness
via 3.1nm at 50-nm-thickness, suggesting that the small
grains grew up in direction normal to the substrate surface.
The C8-BTBT layer grew up on the C-sapphire substrates by
following process. The (001)-orientated C8-BTBT islands were
growing up in direction parallel to the substrate surface until
forming the continuous layer by the coalescence, and then small
grains grew on the continuous layers by layer-by-layer growth.

The growth of the C8-BTBT layer at 343 and 373 K proceeded
by the similar process as that at 300 K. AFM images for C8-BTBT
layers prepared at 343K with the thickness of 5, 10, 15, 50,
and 100 nm which were shown in Figure 4. The height of the
C8-BTBT islands before the coalescence changed depending on
the preparation temperature, and the height at 343K was
estimated to be 2.4-2.9 nm nearly corresponding to the c-axis
values of C8-BTBT lattice. The size of grain grown on the
continuous layer after the coallescence increased from 0.45-0.76
to 1.8-2.7 um with increase in thickness from 15 to 100 nm.

The C8-BTBT islands prepared at 373 K showed approximately
0.69 pm in size at average thickness of 5nm and increased to
approximately 4.0um at the 100-nm-thickness after the
coalescence of islands. The change in the surface roughness
was similar tendency to that at 343K, and the Ra value was
estimated to be 9.2nm at 100-nm-thickness.

Figure 5 shows the dependence of the surface roughness on
the C8-BTBT layer thickness at 300 and 343 K and the effects of
the preparation temperature on the C8-BTBT grain size at the
thickness of 5 and 100 nm. The surface roughness, Ra showed
almost constant value up to 15 nm irrespective of the preparation
temperature, because C8-BTBT islands with smooth top surface
grew in direction parallel to the substrate surface. And, then
the Ra value increased with increase in the layer thickness, as the

Figure 3. AFM images for bare C-sapphire substrate (a) and C8-BTBT layers
prepared at 300 Kwith the thickness of 5 (b), 10 (c), 15 (d), 50 (e), and 100 nm (f).
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Figure 4. AFM images for C8-BTBT layers prepared at 343 K with the
thickness of 5 (a), 10 (b), 15 (c), 50 (d), and 100 nm(e).
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Figure 5. Dependence (A) of the surface roughness (Ra) on the C8-BTBT
thickness at 300 (a) and 343K (b), and the Effect (B) of the substrate
temperature on the C8-BTBT grain size at the average thickness of 5 (i)
and 100 nm (ii).

growth of the C8-BTBT transferred to layer-by-layer growth after
forming continuous layer.

The grain size of C8-BTBT islands at the 5-nm-thickness
showed almost constant value of 0.69-0.74 um irrespective of the
preparation temperature, indicating that the preparation
temperature did not affect the size of C8-BTBT islands directly
deposited on C-sapphire substrate. The clear effect of the
preparation temperature on the grain size of C8-BTBT layer was
observed at the layer thickness of 100nm. These results
suggested that the growth of C8-BTBT islands before the
coalescence of the C8-BTBT layer was dominated by the
substrate material and the growth after forming the continuous
layer was affected by the preparation temperature.

Figure 6 shows absorption spectra for 5, 10, 15, 50, and
100 nm-thick-C8-BTBT layers deposited on C-sapphire substrate
at preparation temperature at 300 K. The absorption spectra were

Absorbance (arb. unit)

1 1 1
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Figure 6. Optical absorption spectra of 5 (a), 10 (b), 15 (c), 50 (d),
100-nm-thick-C8-BTBT layers (e) prepared on C-sapphire substrate at
300 K.
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almost the same in profile and peak wavelength irrespective of
the thickness and the absorbance increased with increase in
layer thickness. A weak shoulder was observed at the wavelength
of approximately 340nm, and maximum absorption peaks
were seen at the wavelength of 358 nm for all C8-BTBT layers.
The spectra were almost the same in profile and peak wavelength
as that already reported for C8-BTBT layer prepared on quartz
substrate.'”) The optical band gap energy was evaluated
from the absorption edge wavelength by using following
equation,

Eb = hv = ho/de, 1)

where, Eb, A,., h, ¢, and v are band gap energy, absorption edge
wavelength, Planck constant, velocity of light, and frequency.™®
The bandgap energy was estimated by extrapolating the linear
part to a = 0 on the relationship between the photon energy and
absorption coefficient was calculated from the absorbance and
thickness. The optical band gap energy of C8-BTBT layers was
estimated to be 3.32-3.35eV regardless of the layer thickness
and preparation temperature. The absorption coefficient at
358 nm wavelength was calculated from the absorbance and
thickness and ranged from 3.2 x 10* to 6.8 x 10*cm ™.
Figure 7 shows the resistivity of C8-BTBT layers prepared at 300,
343, and 373 K without light irradiation and with AM1.5G light
irradiation. The resistivity was estimated by van-der-Pauw
technique with Hall-effect measuring system with and without
light irradiation, but the carrier concentration and mobility
could not be estimated in this technique. The resistivity in
dark drastically decreased from 2.1 x 10° to 1.2 x 10* Q cm with
increase in preparation temperature from 300 to 373 K. The (002)
peak angle and preferred orientation were almost the same
for all C8-BIBT layers. The grain size, however, changed
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Figure 7. Resistivity of 100-nm-thick-C8-BTBT layers prepared at 300-373 K
without light irradiation (a), and with AM 1.5G light irradiation (b).
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depending on the preparation temperature. The grain boundary
act as scattering defects for transporting carrier as reported
in inorganic semiconductors,*>*” although the carrier trans-
porting phenomena is deflect among organic and inorganic
semiconductor. The result revealed that the grain size was an
important factor affecting to the resistivity of C8-BTBT layers in
dark.

The resistivity drastically decreased to 42-28 Q) cm by irradiat-
ing the light. As the AM1.5G light irradiated to C8-BTBT layers
contained a light at the photon energy higher than the bandgap
energy, the excitation of electron was occurred inside the
C8-BTBT molecules. Although further investigation is
needed on the electrical characteristics, the light irradiation
affects the carrier transporting phenomenon inside the
grains.

4, Conclusions

C8-BTBT layers were prepared on a single crystal (0001) Al,O;
(C-sapphire) substrate by a vacuum evaporation technique, and
the (001) out-of-plane orientation were developed irrespective of
the prepration condition of the thickness and preparation
temperature. The C8-BTBT layer was formed by the growth of
(001)-C8-BTBT islands in direction parallel to the substrate
surface and then the growth in direction normal to the
substrate surface after the formation of the continuous layer.
The optical band gap energy was estimated to be 3.32-3.35eV.
The resistivity of 100nm thick C8-BTBT layers in dark
decreased from 2.1x10° to 1.2 x 10°Qcm with increasing
the preparation temperature 300-373K, and the resistivity
value also decreased to 42-28 Q) cm by a light irradiation.
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