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Abstract
The electrical characteristics of organic field-effect transistors (OFETs) based on small-molecule
organic semiconductors (OSCs)have been significantly improved by employing various fabrication
techniques in solution processes to enhance theOSC crystallinity. However, complicated fabrication
and inhomogeneity ofOFETs remain as challenges before commercialization. In this work, we have
efficiently controlled the size and orientation of 6,13-bis(triisopropylsilylethynyl)-pentacene (TIPS-
pentacene) crystalline domains by tuning theCytop bank dimension, inwhichOSC inks are printed,
to improve the device performance. The optimized bank pattern forms uniform thinfilmmorphology
andwell-aligned TIPS-pentacene crystalline domains along the charge transport direction, resulting
in four-fold increase infield-effectmobility and one third reduction in relative standard deviation.

1. Introduction

Organic field-effect transistors (OFETs) are of great
interest in research and industry for the realization of
flexible electronic devices due to their low-cost
manufacturing,mechanical flexibility, lightweight and
large-area processability. In particular, solution pro-
cesses such as spin-coating [1], casting [2, 3], shearing
[4, 5], and printing are strongly desired to fully exploit
the advantages of OFETs [6, 7]. Among them, printing
is considered as a promising candidate due to additive
process, maskless patterning, and low waste. The
electrical performance of printed devices has been
remarkably enhanced by adopting new device struc-
tures [8, 9], optimizing printing processes [10], and
improving crystallinity of the organic semiconductor
(OSC) layers for the realization of practical electronic
applications [11, 12]. In addition, the uniformity of
OFETs has been improved by blending polymer

insulators [13–15], tuning surface conditions [16], and
reducing fabrication factors [17].

There have been many successful attempts with
solution-processable 6,13-bis(triisopropylsilylethy-
nyl)-pentacene (TIPS-pentacene) as the active channel
material in OFETs. TIPS-pentacene, one of the most
widely used small-molecule OSCs, has been success-
fully reported for high uniformity and field-effect
mobility (μFET) by tuning the crystallinity, crystal
orientation, and molecular packing of OSC thin films.
The higher mobility is generally achieved when the
OSC crystals are larger and well aligned along the
direction of charge transport by controlling the direc-
tion and degree of crystallization over a device area
[18, 19]. Yang et al reported a pneumatic nozzle print-
ing technique to control the crystal growth of TIPS-
pentacene thin films [10]. They controlled the size and
orientation of crystalline domain by tuning the sub-
strate temperature and printing speed. Bao and
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coworkers have achieved patterned and aligned single-
crystalline TIPS-pentacene thin films while maintain-
ing non-equilibrium molecular packing motifs by
fluid flow engineering [18]. They also demonstrated
the growth of strained lattice and aligned crystals of
TIPS-pentacene thin films by laterally confining the
OSC crystal growth during solution shearing [19]. By
combining the surface wetting properties and solution
shearing, TIPS-pentacene crystalline domains were
effectively patterned and aligned in a single step [20].
Xiao et al conveniently patterned TIPS-pentacene sin-
gle-crystalline arrays by combining the space-restric-
ted and field/force-induced strategies [21]. However,
most of these techniques require complicated pro-
cesses and specialized fabrication due to extra steps
such as photolithography processes and/or selective
surface treatments.

In this work, we introduce a simple strategy that
efficiently improved the device performance and uni-
formity by using a pneumatic nozzle printing techni-
que. The banks of Cytop were used to concentrate the
OSC ink into defined areas by forming microwells,
resulting in a uniform film morphology. We control
the crystal size and crystalline domain orientation of
TIPS-pentacene thin films by modifying the bank
dimension in which OSC inks are printed. The elec-
trical characteristics of OFETs, including uniformity,
with various bank geometries were measured to inves-
tigate the effect of TIPS-pentacene thin film crystalline
domain sizes and directions on the device perfor-
mance. Themorphology of TIPS-pentacene thin films
was evaluated by determining the orientation and
degree of crystalline domains. The OFET with the
optimized bank geometry, resulting in well-aligned
crystalline domains along the charge transport direc-
tion, exhibited a field-effect mobility of 0.23 cm2

V−1 s−1 and a relative standard deviation (RSD) of
16%, which was four-fold increase and one third
decrease, respectively, compared with other bank geo-
metries. This work provides a step forward to develop
practical electronic applications with high device per-
formance and uniformity while maintaining an easy
and simple fabrication process.

2. Experimental

2.1.Device fabrication
A bottom-gate top-contact OFET was fabricated on a
glass substrate (Eagle XG, Corning). A 40 nm thick
aluminum (Al) gate electrode was thermally evapo-
rated through a shadow mask on the substrate. The
200 nm thick copolymerized thin film of poly-para-
xylylene (Parylene) C (diX-C, Daisankasei Co., Ltd)
and Parylene F (VT4, Suzhou Chireach Biomedical
Technology Co., Ltd) was simultaneously deposited
for the gate dielectric at a weight ratio of 0.7:0.3. The
fabrication process and condition for the copolymer-
ized Parylene gate dielectric can be found in detail in

our previous study [22]. For the printing of banks in
whichOSC inks are printed, Cytop (CTL-809M, Asahi
Glass) was dissolved in a fluorinated solvent (CT-
Solv.180, Asahi Glass) at a volume ratio of 1:2. The
bank solution was printed using a pneumatic nozzle
printer (350PC, Musashi Engineering, Inc.) on glass
substrates, followed by thermal annealing treatment at
100 °C for 10 min on a hotplate to remove residual
solvents. The substrate and nozzle temperatures were
maintained at 40 °C during the dispenser patterning
process. The OSC solution was prepared with a blend
of 2.5 mg ml−1 TIPS-pentacene (>99.9%, Ossila) and
1.25 mg ml−1 polystyrene (PS) (MW ∼ 280 000,
Sigma-Aldrich) dissolved in mesitylene (98%, Sigma-
Aldrich). The OSC solution was printed onto the area
defined by the banks using the dispenser, followed by
thermal annealing treatment at 70 °C for 10 min on a
hotplate for crystallization of the TIPS-pentacene thin
film and removal of residual solvent. The temperatures
of the substrate and nozzle were maintained at 30 °C
during the printing process. Finally, a 40 nm thick
silver (Ag)was thermally evaporated through a shadow
mask for the source and drain electrodes. Their
channel width and length are 1000 and 50 μm,
respectively. The metal–insulator–metal (MIM) capa-
citor was fabricated by sandwiching the Parylene thin
film between twoAl electrodes.

2.2. Characterization
The thickness of the thin films was measured by a
stylus surface profiler (DektakXT, Bruker). The capa-
citance of the MIM capacitors was measured using an
LCR meter (ZM2376, NF Corporation) within the
frequency range of 1 Hz to 1 MHz. The electrical
characteristics of OFETs were measured using a
semiconductor parameter analyzer (4200-SCS, Keith-
ley) under ambient conditions inside a dark box. The
two-dimensional grazing incidence x-ray diffraction
(2D-GIXRD) analysis was carried out at the 3C beam-
line (λ=1.37 Å) of the Pohang Acceleration Labora-
tory in Korea. The crystalline orientation of TIPS-
pentacene thin films was recorded by polarized optical
microscope (POM) (DM2700M, Leica).

3. Results and discussion

Figure 1(a) illustrates the fabrication processes for the
printed OFET based on TIPS-pentacene (see supple-
mentary movies 1 and 2 is available online at stacks.
iop.org/FPE/4/042001/mmedia). After the deposi-
tion of the gate electrode and dielectric layers, Cytop
solution was printed on the gate dielectric using a
pneumatic nozzle printer to form the bank patterns,
followed by the OSC solution printing in the defined
area by bank patterns. The Cytop banks were hydro-
phobic, whereas the inner surface was hydrophilic, to
prevent droplets pinning at the bank walls and ensure
that the TIPS-pentacene inks were filled uniformly
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and evaporated slowly. To control the crystalline
domains of the TIPS-pentacene thin films, we fabri-
cated bank patterns in three different dimensions; the
length and width of banks I, II, and III were 1830
μm×1120 μm, 3660 μm×1120 μm, and 1830
μm×2240 μm, respectively (figures 1(b)–(d) and
S1). Bank I, the reference pattern herein, was the most
desired dimension because it requires the smallest
occupied area and least material consumption. A
TIPS-pentacene thin film printed in bank I shows a

radial crystalline domain as shown in figure S2(a).
Under bank II, the extended length pattern, the
crystalline domains of TIPS-pentacene thin films were
more aligned in a parallel manner with respect to the
bank I pattern, whichwere perpendicular to the charge
transport direction (figure S2(b)). Meanwhile, more
perpendicularly aligned crystalline domains of TIPS-
pentacene thin films with respect to the bank I pattern
were observed under bank III, the extended width
pattern (figure S2(c)).

Figure 1. Schematic illustrations of (a) the fabrication processes for printedOFET and (b)–(d)TIPS-pentacene thinfilmmorphologies
printed into bank (b) I, (c) II, and (d) III patterns. The bank length (Lb) and bankwidth (Wb) are 1830μmand 1120μm, respectively.

Figure 2.Typical (a) transfer and (b) output curves for TIPS-pentacene-basedOFETswith bank I (black lines), bank II (blue lines),
and bank III (red lines). The solid and dashed lines represent IDS and IGS, respectively.
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The electrical characteristics were measured to
investigate the effects of bank patterns on the device
performance (figure 2). To verify only the effects of
bank patterns, we deposited the gate dielectric and
OSC layers at the same time. The transfer character-
istics represented in terms of the drain-source current
(IDS) as a function of the gate-source voltage (VGS)
were considerably dependent on the bank types
(figure 2(a)). The OFET under bank III exhibited two
times higher IDS than that under banks I and II. How-
ever, the gate-source current (IGS)wasmeasured in the
range of 10−12 to 10−10 A due to the reliable Parylene
copolymer gate dielectric bulk quality [22]. The trans-
fer curves show a negligible hysteresis behavior within
the forward and reverse VGS scans, regardless of bank
patterns. To quantitatively compare the device perfor-
mance, the electrical parameters such as threshold
voltage (VTH), μFET, and on/off current ratio (Ion/Ioff)
were extracted using the following equation:

I
W

L
C V V

2
,DS

CH

CH
FET OX GS TH

2m= -( )

where COX is the gate dielectric capacitance per unit
area and WCH and LCH are the channel width and
length, respectively. The extracted dielectric constant

and estimated dielectric thickness were 3.15 at 10 Hz
and 200 nm, respectively (figure S3). The extracted
VTH was about −1.24 V, regardless of bank type,
because the same device structure was employed for
the fabrication of OFETs. On the other hand, other
parameters such as μFET and Ion/Ioff varied slightly
with the bank patterns. The OFET under bank III
exhibited the highest μFET of 0.22 cm2 V−1 s−1

compared to those under banks I and II, which showed
μFET values of 0.05 and 0.06 cm

2 V−1 s−1, respectively.
An Ion/Ioff higher than 105 was obtained from the
OFET under bank III while OFETs under banks I and
II showed a half order of magnitude decrease of
Ion/Ioff. To optimize the bank dimensions, we further
extended the bank width by four times, namely banks
IIIa and IIIb. Despite longer length of the bank
patterns, OFETs show negligible changes in terms of
the VTH, μFET, and Ion/Ioff compared to bank III. The
output characteristics supported the observations that
the device performance was considerably dependent
on the bank patterns (figure 2(b)). The output curves
show good saturation behaviors and no sign of
significant contact resistance issues, regardless of bank
type. The results indicated that bank III improves the
device performance, resulting in four times enhance-
ment of μFET and two times higher Ion/Ioff, without

Table 1.Electrical parameters of printedOFETs under banks I, II, and III patterns.

Bank pattern VTH (V) Ion/Ioff (× 105) μFET (cm
2 V−1 s−1) RSD (%)

Bank I −1.23±0.14 0.94±0.91 0.05±0.03 50.28

Bank II −1.25±0.06 0.87±0.14 0.06±0.02 32.08

Bank III −1.23±0.04 1.51±0.61 0.22±0.04 16.68

Bank IIIa −1.28±0.05 3.65±1.78 0.22±0.04 18.07

Bank IIIb −1.27±0.05 2.97±1.09 0.23±0.04 16.12

*Averaged over 20 devices.
*TheRSDwas calculated considering the fourth decimal point.

⁎ RSD
variation

average
100%.FET

FET

m
m

= ´
( )
( )

Figure 3. (a)–(c) 2D-GIXRDpatterns of TIPS-pentacene thinfilms printed in bank (a) I, (b) II, and (c) III patterns. (d)Out-of-plane
XRDpatterns of TIPS-pentacene thinfilms under various bank patterns. (e)–(g)POM images of TIPS-pentacene thinfilms printed in
bank (e) I, (f) II, and (g) III patterns. The scale bar represents 30μm. (h) Field-effectmobility (red solid symbols), relative standard
deviation (blue open symbols), and crystalline domain degree (black bars) ofOFETs under various bank patterns.
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Table 2.Comparison of fundamental parameters ofOFETs based onTIPS-pentacene.

Author [reference] OSCdepositionmethod/Number of extra process forOSC OSC condition Operation voltage[VGS/VDS] LCH/WCH μFET (cm
2 V−1 s−1) RSD (%)

Yang et al [10] Pneumatic printing/0 16 mg ml−1 −50/−100 100/300 0.5 ∼ 40

Raghuwanshi et al [12] Drop casting/1 0.5wt% −10/−10 153/973 0.44±0.25 56.8

Bharti et al [3] Drop casting/0 0.5wt% −5/−5 278/250 0.5±0.3 60

Kim et al [5] Solution shearing/5 2 mg ml−1 −100/−100 40/400 2.26±0.6 27

Diao et al [18] Solution shearing/6 16 mg ml−1 −100/−100 50/1000 8.2±1.2 14.7

Giri et al [19] Solution shearing/5 16 mg ml−1 −40/−40 5/2 1.12±0.23 21

Park et al [20] Solution shearing/4 16 mg ml−1 −50/−50 2/500 0.167 28

Xiao et al [21] Solution shearing/1 8 mg ml−1 −100/−100 30/240 ∼ 6.22 26

Kwak et al [7] Inkjet printing/4 1wt% −40/−40 30/300 0.1±0.03 30

Thiswork Pneumatic printing/1 2.5 mg ml−1 −10/−10 50/1000 0.22±0.04 16
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additional fabrication processes for OSC deposition
such as contact and interfacial engineering. The
electrical parameters are summarized in table 1.

From the electrical results, we observed the corre-
lation between TIPS-pentacene thin film crystalline
degree and device performance (figure 3). The 2D-
GIXRD analysis provided that the crystal structure of
the TIPS-pentacene thin film was identical, regardless
of bank pattern (figures 3(a)–(c)). The diffraction
spectra under different bank patterns show (00l)
reflections corresponding to a qz axis with an inter-
layer distance (d-spacing, d=2πqr,z

−1) of 17.1 Å, which
indicated that the molecular structure was perpend-
icular to the substrate (figure 3(d)). It is noted that the
charge transport was hindered by the coexistence of
the two different crystalline phases of small-molecule
OSCs, inducing the charge carrier trap sites [23, 24].
The crystalline degree of the TIPS-pentacene thin
films along to charge transport direction was deter-
mined using POM images (figures 3(e)–(g)). The crys-
talline domains show radial, parallel, and
perpendicular respect to the charge transport direc-
tion under banks I, II, and III, respectively. Figure S4
and table S1 show amethod for estimating the crystal-
line degree of TIPS-pentacene thin films from a POM
images. The crystalline degree was averaged from ten
channels for each bank pattern and summarized in
table S2. Under bank III, the TIPS-pentacene thin film
exhibited the highest crystalline degree of 51°
(figure 3(h)). In addition, the crystalline degree was
maintained for the extended width bank pattern. In
contrast, the 27° and 32° of the crystalline domains
were observed under banks I and II, respectively. This
can be attributed to drying solvents from the center
radially outward bank patterns.

The uniformity, one of the most important issues
before commercialization, was determined by calcu-
lating the RSD of μFET. Despite a similar crystalline
degree, the TIPS-pentacene thin film printed in bank I
showed various crystalline degrees, resulting in high
RSD of field-effect mobility. Under bank II, the crys-
talline domains of the TIPS-pentacene thin film were
grown in a perpendicular direction respect to the
charge transport, but larger and similar degrees of
crystalline domains led to relatively low RSD com-
pared to the OFET using bank I. The results indicated
that bank III led to a higher andmore oriented crystal-
line domain along the charge transport direction,
which allows the isotropy of charge transport. The
RSD was remarkably decreased from 50% to 16% by
employing bank III. In other words, the crystalline
domain in the same direction of the charge transport
improves the uniformity and device performance
simultaneously by reducing the trap states at the grain
boundaries. The difference in field-effect mobility
under different bank dimensions can be attributed to
the difference in the degree of crystallinity of TIPS-
pentacene thin films. In addition, bank III contains a
lower density of grain boundaries, resulting in higher

field-effect mobility. Furthermore, since the crystal-
line domains are aligned along the charge transport,
field-effect mobility is likely further enhanced. There-
fore, we concluded that the crystalline degree of TIPS-
pentacene respect to the contact electrodes is the
major factor that bring the higher device performance.

The fundamental parameters of OFETs based on
TIPS-pentacene fabricated in various techniques were
summarized in table 2 in terms of the number of extra
processes for OSC deposition, OSC preparation,
operation voltage, channel dimensions, field-effect
mobility in the saturation regime, and RSD. We effi-
ciently improved the device performance using only
bank printing without complicated manufacturing
processes. By comparing with previously published
papers, the 0.22 cm2 V−1 s−1 of field-effect mobility is
comparable or relatively low, but the operating voltage
is only 10V, and the RSDdecreased to only 16%.

4. Conclusion

In conclusion, we have efficiently improved the device
performance using a simple printing process, which
added only one more step for OSC deposition. By
tuning the bank pattern, we were able to control the
degree of crystalline domains of TIPS-pentacene thin
films. Under the optimized bank dimension, bank III,
a TIPS-pentacene thin film exhibits a well-oriented
crystalline domain along the charge transport direc-
tion, resulting in the highest μFET of 0.22 cm

2 V−1 s−1

and lowest RSD of 16%, compared to OFETs using
banks I and II. We observed the correlation between
the degree of crystalline domains and device perfor-
mance including the field-effect mobility and unifor-
mity. Since the device structure and materials for
OFETs were exactly the same, other parameters such
as VTH, contact resistance, and crystal structure of
OSCs were almost identical, regardless of bank pat-
terns. As a result, a solution-processed low-voltage
OFET was successfully demonstrated in printing
techniques and the device performance was consider-
ably enhanced by tuning the bank dimensions, result-
ing of charge transport enhancement. This work
provides an approach to the development of practical
electronic devices in simple and low-cost manufactur-
ing systemswith high uniformity.
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