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Solution-processed organic crystals are important in field-effect transistors because of
their highly ordered molecular packing and ease of device fabrication. For practical appli-
cations, the patterning of organic crystal transistor arrays is critical. However, uniformity,
which concerns the variation in electrical performance among devices fabricated simulta-
neously on the same substrate, is a common consideration in the commercial applications
of the solution-processed organic crystal transistor arrays. Here, a simple approach for fab-
ricating field-effect transistor arrays based on organic plate-like crystals is reported.
Through this method, a direct spin-coating process from a mixture solution of organic
semiconductor and polymer dielectric can produce organic plate-like crystals. The grain
size of the crystals is observed to be hundreds of micrometers. By controlling the concen-
trations of the active materials, the transistor arrays exhibit high uniformity and good
device performance. The results presented in this work promise that this approach is a
comparable technology to hydrogenated amorphous silicon-based FETs and is a great can-
didate for practical applications in electronic devices.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Patterning of solution-processed organic crystal field-
effect transistor arrays

Organic field-effect transistors (OFETs) have been the
subject of intensive interest because of their potential in
electronic devices [1,2]. A significant number of studies
in this field have considered organic crystals as ideal mate-
rials for devices with good performance because of their
highly ordered molecules. Grain boundaries and molecular
disorder in amorphous or polycrystalline thin films limit
the charge transport by scattering the charge carriers.
The absence of these scattering centers is the principal
. All rights reserved.
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advantage of organic crystals [3]. The reported values of
carrier mobility are much higher in organic crystals than
in OFETs made of polycrystalline semiconductors [4–6].

Among various materials, solution-processed organic
semiconducting crystals are more appreciable because
they allow for ease of device fabrication and low cost. Poly-
meric materials are always processed from solutions, but
they are commonly exhibited in the amorphous or poly-
crystalline phase because of their weak molecular interac-
tion [7–11]. Small-molecule semiconductors have good
thermal and chemical stability and typically exhibit better
performance than polymers. However, small-molecule
semiconductors are often insoluble [12]. Thus, vapor-pro-
cessing techniques in vacuum are the most commonly
used for the growth of small-molecule crystals, such as
rubrene, pentacene, and C60 [5,13,14]. Owing to the inten-
sive efforts in the molecular design, many dissolvable
small-molecule semiconducting materials that can form
into crystalline phase are synthesized and developed by
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Fig. 1. (a) Molecular structures of the materials used, including CYTOP, dioctylbenzothienobenzothiophene (C8-BTBT), and polymethylmethacrylate
(PMMA). (b) Fabrication process of patterning the field-effect transistor arrays based on plate-like organic crystals by using hydrophobic dielectric of
CYTOP. The organic crystals are formed via a simple spin-coating process from a mixture solution of C8-BTBT and PMMA.
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optimizing the relevant device architectures and parame-
ters [15–20]. The field-effect mobility obtained is up to
9 cm2 V�1 s�1 from the devices based on solution-pro-
cessed small-molecule organic crystals [20].

To turn organic crystals into a viable semiconductor
technology, the patterning of organic crystal transistor ar-
rays that allow well-defined geometric features is desir-
able [21–27]. Hand picking and placing the individual
crystals is the most common approach, but it limits the po-
tential applications of this method in reality and lowers the
device performance because of the introduced contamina-
tion and crystal damage [28,29]. Recently, some well-
developed methods, such as those introducing patterned
wettability, have been reported for solution-processed or-
ganic crystal transistor arrays [27,30–36].

1.2. Uniformity of device performance of solution-processed
organic crystal field-effect transistor arrays

At present, many efforts have been devoted to the
improvement of the device performance of solution-pro-
cessed organic crystal FET arrays. Moreover, uniformity,
which concerns the variation of electrical performance
among devices fabricated simultaneously on the same sub-
strate, is also an important consideration. Even when fab-
ricated simultaneously on the same substrate, the pattern
OFET arrays often show large variations of performance.
This acts as a critical limitation to practical applications,
such as active matrix backplanes for electronic papers or
displays [27,30,37]. Thus, the production of FET arrays
based on organic crystals with high uniformity and exhib-
iting small variations of performance is a great challenge.

This variation of the device performance of organic
crystal FET arrays can be attributed to two reasons. One
reason is the orientation and alignment of the crystals,
which introduce the anisotropy of charge transport and
differences in the width and length of the conducting chan-
nels. The other reason is the morphology of the crystals.
For instance, in our previous work, FET arrays based on
rod-like organic crystals, which were formed in the pat-
terned regions by spin-coating and solvent–vapor anneal-
ing, showed poor uniformity in electrical performance
[32]. Such large variation was attributed to the difference
in the quality of metal/semiconductor contact. Assuming
that the amount of the active materials in each patterned
region is similar, wider and longer crystals should have
smaller crystal thickness. The crystal thickness determines
the access resistance from the metal/semiconductor inter-
face to the conducting channel. Consequently, the metal
contact quality in organic crystal FETs is greatly influenced
by the crystal shapes and sizes, which further results in the
variations of performance.

1.3. Organic plate-like crystals for the application of FET
arrays

Organic plate-like crystals with large grain sizes are
promising candidates for FET arrays with high uniformity
in device performance because they can provide more
physically uniform films. Here, a simple and solution-
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processed approach to pattern the surface wettability
using hydrophobic dielectric and to produce large plate-
like organic crystals only within the patterned regions is
reported. CYTOP was spin-coated onto a SiO2/Si substrate
and then selectively exposed to the O2-plasma to form pat-
terned wettability. Subsequently, a direct spin-coating pro-
cess without any post-treatment can produce plate-like
organic crystals confined well within the patterned re-
gions. The grain size was as large as hundreds of microm-
eters. Finally, by evaporating Au to form the source and
drain electrodes, the transistor arrays were fabricated with
a bottom-gate top-contact structure. By optimizing the
concentration, the transistors exhibited good electrical
performance and high uniformity. The results presented
in this work prove that the proposed method is a technol-
ogy comparable with hydrogenated amorphous silicon-
based FETs.
Fig. 2. (a) and (b) Show the microscope images of the CYTOP film with
patterned arrays after 5 min of the O2-plasma treatment. (c) and (d) Show
the images of the water contact angles for an untreated CYTOP surface
and that after 5 min of the O2-plasma treatment, respectively.
2. Experimental

2.1. Device fabrication

Fig. 1a shows the molecular structures of the materials
used in this work, including CYTOP (Asahi Glass),
polymethylmethacrylate (PMMA, polymeric dielectric),
and dioctylbenzothienobenzothiophene (C8-BTBT, p-type
semiconductor). The fabrication process of the patterned
OFETs is illustrated in Fig. 1b. Highly doped n-type (100)
silicon wafers with 50 nm SiO2 layers were cleaned in an
ultrasonic bath in a succession of acetone and 2-propanol
for 10 min each. C8-BTBT (Nippon Kayaku) and PMMA
(Aldrich, MW = 10,000) were dissolved in anisole. CYTOP
(33 wt.%) was spin-coated onto the pre-cleaned SiO2

(50 nm)/Si substrates (500 rpm for 5 s and 2000 rpm for
60 s). And then, the substrate was baked at 90 �C for
30 min for complete drying. After that, the substrate with
CYTOP was covered with a shadow mask and subjected to
the O2-plasma treatment (60 W) for 5 min. The O2-plasma
treatment was performed in a reactive ion etching system
supplied by Yamato Corporation. This treatment resulted
in partial removal of the hydrophobic CYTOP layer and
the formation of highly hydrophilic regions with a contact
angle of less than 5�. The size of patterned squares is
0.5 � 0.2 mm2 with the depth of �40 nm. Besides, for
FTS-patterned samples, UV–ozone treatment was taken
by a photo surface processor (Model: PL16-200-3, Sen
Lights Corporation) for 3 min with a low-temperature Hg
lamp power supply (Model: UVE-200J, Sen Lights Corpora-
tion). After the patterning of surface wettability, the
mixture solution of C8-BTBT and PMMA in anisole was
spin-coated onto the substrates (500 rpm for 5 s and
4000 rpm for 200 s). Due to the wettability difference, small
droplets were confined in the square regions without
CYTOP coating after this spin-coating process. It resulted
in selective deposition in desired geometry. Hence, the
individual devices were isolated from each other. Finally,
MoOX and Au are thermally evaporated subsequently
through a shadow mask to form the source and drain
electrodes. And the devices exhibited as the bottom-gate
top-contact structure.
2.2. Surface patterning, crystal and device characterization

The microscope images of organic crystals were col-
lected by using Olympus BX51. And the microscope images
showing the crystals at different rotatory degrees were ta-
ken by Nikon Eclipse LV100POL. A standard surface profiler
(Model P-16, KLA Tensor) was applied to measure the film
thickness and the depth of patterned regions. A contact an-
gle goniometer developed by Imoto Corporation was used
to examine the surface wettability with water (18 MX cm)
as the sessile drop for all samples. The FET arrays were
measured under vacuum (<3 � 10�4 Pa) using an Agilent
4156C semiconductor parameter analyzer.

3. Results and discussion

3.1. Patterning the surface wettability

A perfluorinated polymer of CYTOP (33 wt.%) was spin-
coated onto the pre-cleaned SiO2 (50 nm)/Si substrate. The
substrate was then baked at 90 �C for 30 min for the com-
plete drying of the solvent. The CYTOP film is a very hydro-
phobic fluoropolymer with a water contact angle of �105�
(as shown in Fig. 2c) [38]. After that, the substrate with
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CYTOP was covered with a shadow mask and subjected to
the O2-plasma treatment. The O2-plasma treatment lasted
for 5 min, and thus the contact angle of the surface dramat-
ically decreased to less than 5� (Fig. 2d). This treatment re-
sulted in the partial removal of the hydrophobic CYTOP
layer, and a surface with patterned wettability exhibiting
geometry in good accordance with the shadow mask
(Fig. 2a and b). The size of the patterned squares was
0.5 � 0.2 mm2, and the depth was �40 nm, as measured
using a surface profiler. Since the thickness of the CYTOP
layer was �75 nm, 5 min of the O2-plasma treatment could
not reach the surface of SiO2/Si substrate and leaving a
relatively thinner layer of CYTOP.

3.2. Plate-like organic crystals observations

C8-BTBT is a promising and dissolvable organic semi-
conducting small molecule that can present good device
performance in OFETs. Using different deposition tech-
Fig. 3. (a)–(e) Show the microscope images of the typical patterned regions aft
respectively. (f)–(j) are the cross-polarized microscope images in accordance wi
(h), with the angle of facets at the crystal front end is �104�, consistent with the
microscope image of the plate-like organic crystals within the red-dotted square
The scale bars in (a)–(j) are for 100 nm in length. (For interpretation of the refere
of this article.)

Table 1
C8-BTBT and PMMA concentrations for sample groups I–V.

Sample group I II III IV V

C8-BTBT concentration (wt.%) 1.0 0.5 0.5 0.5 0.2
PMMA concentration (wt.%) 2.0 1.0 0.5 0.2 0.2
niques and post-deposition treatments, C8-BTBT can exhi-
bit the polycrystalline phase [30,31,39] or form into rod-
like crystals [20]. One interesting property of the proposed
approach is that a simple and direct spin-coating process
from a mixture solution of C8-BTBT and PMMA can pro-
duce thin films consisting of large C8-BTBT plate-like crys-
tals. A double layer, with PMMA underneath C8-BTBT, was
formed because of phase separation, which is consistent
with the result of a previous study [20].

By fabricating five sample groups (i.e., I–V, Table 1), the
material concentration was found influence the formation
and morphology of the plate-like crystals. As shown in
Fig. 3a–d and f–j, when the concentrations of C8-BTBT
and PMMA were relatively higher (sample groups I–IV),
crystals with grain sizes of hundreds of micrometers were
observed in the patterned regions. The crystals showed
strong birefringence in optical micrographs recorded under
cross-polarized light, confirming their crystalline nature.
Fig. 3k shows typical C8-BTBT crystals, as highlighted by
the red dotted square in Fig. 3h. The angle of facets at
the crystal front end is �104�, consistent with the angle
between crystal planes (110) and 1 �10 (106�) [20,40].

Fig. 3l shows the cross-polarized images of the crystals at
the channel region, as highlighted by the red dotted square
in Fig. 3i, with the substrate rotated at different degrees. In
Fig. 3i, several large organic crystals were observed in the
er the deposition of source and drain electrodes for sample groups I–IV,
th (a)–(e), respectively. (k) Shows the crystals in the red-dotted square in
angle between the crystal planes 110 and 1 �10 (106�). (l) Cross-polarized

in the channel region of (i), with the substrate rotated at different degrees.
nces to color in this figure legend, the reader is referred to the web version



Fig. 4. (a) and (b) are the bright-field microscope images of the polycrystalline C8-BTBT small dots in the patterned region after spin-coating a pure
C8-BTBT solution (0.5 wt.%) and a pure PMMA solution (0.5 wt.%), respectively. (c) and (d) Show the bright-field and cross-polarized microscope images of
an as-spun film from a mixture solution of C8-BTBT (0.5 wt.%) and PMMA (0.5 wt.%) on the surface patterned by CYTOP with 1 min of the O2-plasma
treatment. The depth of the patterned region is �20 nm. (e) and (f) are the bright-field and cross-polarized microscope images of the film on the substrate
with a relatively thinner CYTOP layer treated with 5 min of the O2-plasma treatment, respectively. The depth of the patterned region is �15 nm. (g) and (h)
are the bright-field and cross-polarized microscope images of a film from a C8-BTBT/PMMA solution on the substrate, the wettability of which is patterned
by applying self-assembled molecules of (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (FTS). The film exhibits the polycrystalline phase. In (a)–(f), d
and t represent the depth of the patterned region and the duration of the O2-plasma treatment, respectively.
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channel region. In Fig. 3l, each of these crystals changed its
color simultaneously during rotation. It indicates that each
crystal is assembled with the same crystal orientation.
However, Fig. 3e and j show that lower concentrations of
C8-BTBT (0.2 wt.%) and PMMA (0.2 wt.%) produced an as-
spun film of amorphous C8-BTBT with no crystallinity,
which could be attributed to the fact that a lower concentra-
tion results in a larger distance among C8-BTBT molecules
than that with strong molecular interaction for the forma-
tion of crystals. Moreover, the material concentration has
critical influences on electrical performance, especially on
device uniformity, which will be discussed later.

3.3. Discussion on the formation of C8-BTBT plate-like crystals

A similar patterning process using hydrophobic
dielectric was also applied for polycrystalline triisopropyl-
silylethynyl pentacene (TIPS-PEN) transistors with a
crystallization-assisting layer of hexamethyldisilazane
[38]. In the proposed method, the formation of organic
plate-like crystals is determined by the addition of PMMA
into the C8-BTBT solution and the influence of the CYTOP
sidewalls at the edges of patterned regions. As reference to
the C8-BTBT plate-like crystals, C8-BTBT films formed
through the spin-coating process from the anisole solution
in the absence of any PMMA adopt small polycrystalline
dots in the middle region of the patterned areas (Fig. 4a).
The formation of small polycrystalline dots suggests strong
molecular interaction of the C8-BTBT molecules. In compar-
ison, a pure PMMA solution formed a physically more uni-
form film in the patterned region (Fig. 4b). Considering the
plate-like crystals obtained from the mixture solution of
C8-BTBT and PMMA, it could be deduced that PMMA was
well spread in the patterned region along with the C8-BTBT
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molecules, preventing the shrinking of C8-BTBT into small
dots.

To investigate further the formation of plate-like crys-
tals, the mixture solution of C8-BTBT (0.5 wt.%) and PMMA
(0.5 wt.%) was spin-coated onto patterned CYTOP-coated
substrates with thinner CYTOP sidewalls. In Fig. 4c and d,
the CYTOP layer was patterned by the same shadow mask
but had a shorter time for the O2-plasma treatment
(1 min), resulting in a thinner CYTOP sidewall of 20 nm.
Much smaller plate-like crystals could only be observed
in the regions close to the edges of the patterned region.
The differences in the crystal size and orientation could
be due to the height of the CYTOP sidewall.

The O2-plasma treatment time also has an influence on
the wettability of the surface. Consequently, a CYTOP layer
was spin-coated from the solution with a lower concentra-
tion (9 wt.%). The substrate was subjected to the O2-plas-
ma treatment for 5 min. This treatment was also
incapable of removing the entire CYTOP layer in the pat-
terned region, giving similar wettability. The resulting pat-
terned regions had CYTOP sidewalls with a height of
�15 nm. By spin-coating from the C8-BTBT/PMMA solution
with the same concentration, the resulting film also com-
prised relatively smaller plate-like crystals close to the
edges of the patterned region compared with the crystals
in a patterned region with higher CYTOP sidewalls
(Fig. 4e and f). Furthermore, the SiO2/Si surface was also
patterned by using a self-assembled molecule material of
(tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane
(FTS). The wettability was patterned by using a shadow
mask under the UV–ozone treatment for 5 min. Conse-
quently, the height of the sidewalls of the patterned re-
gions was at the level of the molecular length (1–2 nm).
The patterned region was highly hydrophilic, with a con-
tact angle of �7�, close to that of a CYTOP-patterned sur-
face. However, a polycrystalline film formed in the
patterned regions by spin-coating from the C8-BTBT/
PMMA solution (Fig. 4g and h). Therefore, based on these
Fig. 5. Illustrative representation of the mixture solution on the surface of the p
can be attributed to the strong molecular interaction and large-distance movem
the highly hydrophilic surface of the patterned regions.
results, the formation of C8-BTBT plate-like crystals can
also be attributed to the influence of the CYTOP sidewalls
at the edges of the patterned regions on the amount of
the solution within the patterned regions during spin-coat-
ing and/or on the enhancement of the PMMA spreading.

Consequently, the formation of plate-like organic crys-
tals was stimulated by the strong molecular interaction
and large-distance movement of the C8-BTBT molecules,
with the assistance of the PMMA spreading on the surface
of the patterned regions (Fig. 5). The hydrophobic CYTOP
sidewall at the edges of the patterned regions can enhance
the spreading of PMMA. The influence of the height of the
CYTOP sidewall is of interest and is still under investiga-
tion. Besides, anisole used in this work is a high-boiling
point solvent (boiling point = 154 �C) that enables slow sol-
vent evaporation during the spin-coating process, resulting
in a thermodynamically preferred crystalline structure.

3.4. Measuring the transistor behavior

In sample groups I–IV, similar crystal shapes and sizes in
the patterned regions were observed, while device perfor-
mance was greatly influenced by the material concentra-
tions. The transfer and output curves of the C8-BTBT
plate-like crystal OFETs fabricated from sample groups I–
IV are shown in Fig. 6. The lFET and Vth values are calculated
in the saturation regime using the following equation [41]:

ID ¼
W

2CiL
lFETðVG � VthÞ2; ð1Þ

where W and L are the width and length of the channel,
respectively, and Ci is the capacitance per unit area of the
gate dielectric. The average thickness of PMMA underneath
the C8-BTBT crystals was measured as 30, 10, 8 and 6 nm
for sample groups I–IV, respectively. As shown in Fig. 6a,
the devices with different material concentrations all
showed typical field-effect transistor behavior. The average
lFET from sample groups I–IV increased from 0.02, 0.04,
atterned region, showing that the formation of plate-like organic crystals
ent of C8-BTBT molecules, with the assistance of the PMMA spreading on



Fig. 6. (a) and (b) Show the transfer and output curves of sample groups I–IV, respectively. In the transfer curves in (a), the gray lines denote all recorded
characteristics, and the black lines denote representative curves.
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and 0.08 to 0.40 cm2 V�1 s�1 when the material concentra-
tion decreased from C8-BTBT (1.0 wt.%)/PMMA (2.0 wt.%)
to C8-BTBT (0.5 wt.%)/PMMA (0.2 wt.%). Moreover, a typi-
cal value of lFET of the devices in the sample group V with
amorphous films was 3.0 � 10�3 cm2 V�1 s�1.

The other outstanding characteristics of organic plate-like
transistors are the low Vth and small subthreshold swing (S).
Vth and S are mainly determined by the density and distribu-
tion of trap states in the active area of the OFETs [42], and the
small values of Vth and S for the present devices indicate low
trap density at the semiconductor/insulator interface. In par-
ticular, S, which manages the voltage swing for a device to
operate from off to on, can be applied for the estimation of
the maximum trap density (Ntrap) at the semiconductor/
dielectric interface by using the following equation [38,43]:

Ntrap �
qS logðeÞ

kT
� 1

� �
Ci

q
; ð2Þ

where q is the electronic charge, k is Boltzmann’s constant,
and T is the temperature. Using this equation, the interface-
trap densities of sample groups I–IV were estimated to be
8.4 � 1011, 9.9 � 1011, 9.8 � 1011, and 1.1 � 1012 cm�2,
respectively. The O2-plasma treatment can introduce hy-
droxyl groups and fixed interface charges [44]. These values
indicate that the PMMA modification of the hydroxyl
groups on the SiO2 layer, which can be attributed to the
phase-separation-introduced C8-BTBT/PMMA double layer,
reduces trap density. Furthermore, devices from all the
Fig. 7. Histograms of (a) field-effect mobility, (b) threshold vol
sample groups exhibited a very high on/off ratio (109–
1010), which also suggests that the defect concentration in
the crystals and at the active interfaces was limited. More-
over, the FETs based on C8-BTBT plate-like crystals showed
good saturation behavior at high drain voltages (VD) in the
output curves (Fig. 6b).

3.5. Measuring the uniformity of device performance

At present, many techniques have been developed for
the patterning of organic crystal transistor arrays aimed
at simplifying the fabrication processes and achieving bet-
ter device performance by exhibiting higher mobility.
However, the other important issue in the practical appli-
cations of patterned organic crystal FETs arrays is the min-
imization of the variations of performance among devices.
High uniformity with small variation is a basic require-
ment in electronic products such as active matrix back-
planes for displays. Aside from the influence of channel
traps and metal/semiconductor contact quality, this varia-
tion is frequently attributed to the orientation/alignment
of crystals and the uniformity of films.

As plotted in Fig. 7, the histograms of lFET, Vth, and S of
sample groups I–IV showed uniformity in device
performance with different material concentrations. Each
sample group had over 30 fabricated devices. From sample
groups I–III, better device performance and smaller
variation were obtained when the concentration of the
tage, and (c) subthreshold swing of sample groups I–IV.
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active materials decreased. In sample III, the average lFET

was 0.08 cm2 V�1 s�1, with a standard deviation of
0.03 cm2 V�1 s�1. Vth and S were �1.17 ± 1.00 V and
�0.30 ± 0.06 V/dec, respectively.

The small variations in lFET, Vth, and S enabled the FETs
based on the organic plate-like crystals fabricated through
the proposed technique to be attractive for use in practical
products. When the concentration was further decreased
(sample group IV), the average lFET increased to 0.40
cm2 V�1 s�1, with a maximumlFET of up to 1.25 cm2 V�1 s�1.
As reported in the literature, lFET of the organic crystal tran-
sistors is frequently influenced by metal/semiconductor
contact quality [26,32,45]. Hence, the improvement in lFET

in sample groups I–IV can be attributed to the reduced
amount of PMMA covering the crystals when the concentra-
tion decreases. However, the variation of the performance in
sample IV was larger than that of sample group III. Based on
the presented results, high uniformity in performance indi-
cates that the addition of the polymer dielectric to the
C8-BTBT solution provides good-film forming characteris-
tics with improved rheology, including viscosity and surface
tension. The influence of polymer dielectric on the forma-
tion of organic semiconductor films has also been discussed
by Ohe et al. for their TIPS-PEN OFETs [46]. Therefore, the
relatively poorer uniformity of sample group IV can be
attributed to the fact that the lower PMMA concentration
resulted in a film with relatively poorer uniformity.

4. Conclusion

In conclusion, a simple approach to pattern the surface
wettability using hydrophobic dielectric and to produce
plate-like organic crystals within the patterned regions
via a direct spin-coating process was demonstrated.
C8-BTBT crystals with grain sizes as large as hundreds of
micrometers were observed in the patterned regions. By
optimizing the material concentrations, the resulting tran-
sistors exhibited good device performance and high unifor-
mity, comparable with those of hydrogenated amorphous
silicon FETs. The improvement in uniformity can be attrib-
uted to the large grain size of the organic semiconductor,
which can prevent orientation/alignment-introduced vari-
ation, and to the good film uniformity that resulted from
the addition of the polymer dielectric to the organic semi-
conductor solution. The proposed approach is promising
for application in the practical production of electronic de-
vices. Also, it is basically applicable to plastic substrates for
flexible device, which is currently under investigation.
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