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ABSTRACT: The effects of spin speed and an amorphous fluoropolymer (CYTOP)-patterned substrate on the crystalline
structures and device performance of triisopropylsilylethynyl pentacene (TIPS-PEN) organic field-effect transistors (OFETs) were
investigated. The crystallinity of the TIPS-PEN film was enhanced by decreasing the spin speed, because slow evaporation of the
solvent provided a sufficient time for the formation of thermodynamically stable crystalline structures. In addition, the adoption of a
CYTOP-patterned substrate induced the three-dimensional (3D) growth of the TIPS-PEN crystals, because the patterned substrate
confined the TIPS-PENmolecules and allowed sufficient time for the self-organization of TIPS-PEN. TIPS-PENOFETs fabricated
at a spin speed of 300 rpm with a CYTOP-patterned substrate showed a field-effect mobility of 0.131 cm2 V�1 s�1, which is a
remarkable improvement over previous spin-coated TIPS-PEN OFETs.
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’ INTRODUCTION

Organic field-effect transistors (OFETs), fabricated by solution-
processing, have attracted significant attention because of their low
operating temperatures, large areas, and ease of fabrication.1�4 In
particular, solution-processable triethylsilylethynyl anthradithio-
phene (TES-ADT) and poly(2,5-bis(3-alkylthiophen-2-yl)thieno-
[3,2-b]thiophenes) (PBTTT) OFETs have been shown to exhibit
high device performance comparable to that of OFET-containing,
vacuum-deposited semiconducting films.5�7

To achieve high device-performance OFETs, it is essential to
assemble a semiconductor layer with favorable molecular orien-
tation and uniform morphology, both of which are decisive
determinants of device- performance.8,9 In recent solution-
processed OFET developments, the formation of active layers
via the selectively self-organized patterning technique has come
into the spotlight.10,11 This method allows semiconductor crys-
talline growth suitable for charge carrier transport in the pat-
terned active regions by controlling of the solvent drying
conditions and the surface wettability of the substrate. This
technique results in high device performance and isolation
between neighboring unit devices. Lee et al. reported the
formation of a highly crystalline triisopropylsilylethynyl penta-
cene (TIPS-PEN) layer on a wettability-controlled substrate,
resulting from control of the solvent evaporation rate.11 In
addition, an organic inverter with self-organized TIPS-PEN
layers was recently demonstrated on a wettability-controlled
substrate employing an amorphous fluoropolymer (CYTOP)
polymer layer.10 These studies have made a considerable con-
tribution to the improvement of device performance via the
drop-casting technique. However, they were limited in terms of
the reproducibility of film formation.12

Spin-coating is a powerful film fabrication technique that can
facilitate thin and uniform film formation.13,14 In addition, it

enables the evaporation of the solvent to be easily controlled by
altering the spin speed during film formation,15 which in turn
affects the crystalline structure and the film morphology.16 For
example, a slow solvent evaporation rate gives sufficient time
for TIPS-PEN molecules to be aligned with the ordered crystal-
line structure. However, spin-coated TIPS-PEN OFETs repor-
ted to date have shown low field-effect mobilities (μ, < 0.04 cm2

V�1 s�1), even with the use high boiling point solvents that led to
slow evaporation rates.9

In this study, we investigate the self-organization behavior of
TIPS-PEN molecules observed during spin-coating film forma-
tion, while varying the spin speed and patterning of the active
layer. To demonstrate which film- fabrication factors induce
molecular orientation and film morphology favorable to charge
transport, optical microscopy (OM) and two-dimensional (2D)
grazing incidence X-ray scattering (GIXS) were used. The
findings confirmed that high performance TIPS-PEN OFETs
can be obtained by optimizing the spin speed and by applying a
selectively patterned substrate as a crystallization-assisting layer.

’EXPERIMENTAL SECTION

For the fabrication of the OFETs, a heavily doped (100) Si wafer was
used as the gate electrodes, and a thermally grown 300 nm thick layer of
SiO2 was used as the gate dielectric. To make a patterned layer in the
desired substrate regions, we chose CYTOP as a patterning material
(purchased from Asahi Glass and used without further purification).17

The fabrication process for the patterning layer followed our previous
work:10 a 10 wt % CYTOP solution in its solvent (CT-solv. 180) was
spin-coated on the SiO2 gate dielectric (water contact angle, θwater, of
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ca. 108�) at 5000 rpm (rpm), followed by annealing for 20 min at
120 �C. The thickness of the CYTOP film, measured using an
ellipsometer (J.A. Woollam. Co. Inc.), was ca. 20 nm. The patterned
area was then easily obtained using oxygen plasma with a shadow mask,
because the oxygen plasma cleared the C�F bonds in the CYTOP.18

The CYTOP layer etched by the oxygen plasma (which were composed
of SiO2-) was completely removed10 and the uncovered areas were
treated with HMDS to change the hydrophilic SiO2 surface to a
hydrophobic surface (with θwater of ca. 60�) that was less hydrophobic
than the CYTOP areas (Figure 1a). The length (L) andwidth (W) of the
patterned layer was 1000 and 2000 μm, respectively. Also nonpatterned
substrates were equally treated with HMDS.
TIPS-PEN was used as an organic semiconductor.19�23 TIPS-PEN

was purchased from Polysis Co. A solution of TIPS-PEN (5 wt %) in
toluene (boiling point (b.p.) = 110.6 �C) was spin-coated on the
nonpatterned and patterned substrates at a various spin speeds of 300,
1000, 2000, and 3000 rpm. For the patterned substrates, TIPS-PEN
molecules were only deposited onto the HMDS-treated areas, due to the
dewetting properties of the CYTOP against common organic solvents.
Gold source and drain electrodes (thickness 100 nm) were then defined
on top of the semiconductor using a shadow mask. A channel L of
100 μm and a channel W of 1000 μm were obtained.
The electrical characteristics of the TIPS-PEN OFETs were deter-

mined using Keithley 2400 and 236 source/measure units under
ambient conditions. Field-effect mobilities (μ) were extracted from
plots of the square root of the drain-source current IDS versus gate
voltage (VG) in the saturation regime (VDS =�40 V), working from the
equation IDS = (WCi/2L)μ(VG�Vth)

2, where Ci is the capacitance per
unit area of the gate dielectrics (10 nF/cm2), and Vth is threshold
voltage.
The TIPS-PEN filmmorphologies were characterized using polarized

optical microscopy (POM) (Axioplan, Zeiss), and the microcrystalline
structures of the TIPS-PEN thin films were investigated by 2D GIXS at
the 4C2 beamline in the Pohang Accelerator Laboratory.24�26 The

morphologies of the TIPS-PEN films were investigated using atomic
force microscopy (AFM; Digital Instrument Multimode SPM) in
tapping mode.

’RESULTS AND DISCUSSION

Optical microscope (OM) and polarized OM images of the
spin speed-dependent TIPS-PEN films grown on the CYTOP-
patterned substrate are shown in Figure 1b. As the spin speed was
increased from 300 to 3000 rpm, the TIPS-PEN film morphol-
ogies tended to change from an assembly of well-grown comb-
shaped large crystals to featureless small crystals. Similarly, the
crystal sizes increased with decreasing spin speed on the non-
patterned substrate (Figure 1c). However, unlike the well-
ordered crystalline TIPS-PEN film on the patterned substrate
generated at a spin speed of 300 rpm, the TIPS-PEN film on the

Figure 1. (a) Schematic illustration of selectively patterned substrate.
Optical microscopy (OM) and polarized OM images of TIPS-PEN
polycrystalline films made at various spin speeds on (b) patterned and
(c) nonpatterned substrates.

Figure 2. 2D GIXS patterns of TIPS-PEN thin films fabricated on
nonpatterned and patterned substrates. The spin speeds were (a, b) 300,
(c, d) 1000, (e, f) 2000, and (g, h) 3000 rpm.

Figure 3. Height-mode AFM images of TIPS-PEN film on (a) 300 rpm,
patterned, and (b) 300 rpm, nonpatterned substrate.
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nonpatterned substrate clearly exhibited dendritic crystals, as
well as a large number of boundaries between crystals that were
randomly distributed throughout the substrate.

To provide further physical insight into the crystalline features
and microstructural morphologies of the TIPS-PEN films devel-
oped with the each-patterned layer and various spin-speeds during
film formation, we performed 2D GIXS (Figure 2) and AFM
(Figure 3) analyses. The scattering pattern of the TIPS-PEN film
fabricated at 300 rpm on the CYTOP-patterned substrate exhib-
ited many scattering spots along the αf, and the 2θf directions,
demonstrating well-ordered three-dimensional crystal in both
lateral and vertical directions (Figure 2a).27 AFM topography of
TIPS-PEN film at 300 rpm also showed highly crystalline mor-
phology with layer-by-layer structure, which verified the cross-
sectional AFM profile in inset of Figure 3a. The d-spacing of
layered crystals are approximately 16.8Å, coincidingwith the result
of GIXS studies. On the other hand, scattering pattern of the TIPS-
PEN film at 300 rpm on the nonpatterned substrate contained
circular (001), (002), and (003) scattering patterns, which means
that the crystals were randomly oriented on the substrate. More-
over, an intense (011) peak, corresponding to the pentacene ring
of TIPS-PEN stacks in a direction perpendicular to the surface, was
indicated, as shown in Figure 2b.28 Similarly, large grains and
randomly oriented crystalline morphology was observed on the
nonpatterned substrate (Figure 3b). From these results, it was

found that the CYTOP-patterned layer assisted the formation of
well -ordered TIPS-PEN film structures during low spin speed
coating. At high spin speeds (>1000 rpm), the intensity and
positions of peaks appeared to be similar, regardless of the type
of substrate (see Figure 2c�f). As the spin speed increased,
remarkable and newly evolved multitudinous peaks such as
(101) and (012) were increasingly observed in the circular
scattering patterns (Figure 2g,h).29 This indicated that the ran-
domly oriented TIPS-PEN molecule structure content increased
with increasing spin speed. It should be noted that structural
defects such as crystal boundaries andmisorientation are known to
be charge traps that can induce current-resistance at the conduct-
ing channel.30 In particular, it is very important to form a
semiconductor assembly with optimal molecular orientation along
the direction parallel to the charge-carrier path, as well as a packing
structure that maximizes the degree of π�π overlap, which is one
of critical factors in determining the charge-carrier transport in
π-conjugated organic semiconductors.31 If a semiconductor film
contains a non-negligible amount of film defects and crystals with
molecular orientation unfavorable to the charge-carrier transport,
the OFETs based on this semiconductor layer will yield decreased
electrical performance compared with devices with well-ordered
semiconductor structures.

Figure 4. Schematic illustration of a possible mechanism for the formation of TIPS-PEN films on (a) nonpatterned and (b) patterned substrates.

Table 1. Average Values of Device Characteristics of TIPS-
PEN OFETs on Nonpatterned and Patterned Substrates

rpm substrate μ (average) (cm2 V�1 s�1) Ion/Ioff

300 nonpatterned 0.0111 1.21 � 105

patterned 0.0725 1.88 � 105

1000 nonpatterned 0.0016 3.32 � 104

patterned 0.0052 1.60 � 104

2000 nonpatterned 0.0015 3.36 � 103

patterned 0.0021 2.72 � 103

3000 nonpatterned 0.0016 9.93 � 103

patterned 0.0018 2.52 � 103

Figure 5. Variation of field-effect mobilities with respect to spin speeds
on nonpatterned substrate and patterned substrate.
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The effects of spin speed and the CYTOP-patterned layer on
the crystalline development of the TIPS-PEN were examined.
We suggest that the behavior of these systems was determined by
the evaporation rate of the solvent, because the semiconductor
morphology is affected by the rate of solidification.15 Previous
works have shown that the molecular ordering of TIPS-PEN is
determined to a large extent by the drying speed.5,8,21,32 Slow
solvent evaporation, produced by low spin speeds, enables the
assembled TIPS-PEN molecules to approach their equilibrium
state. As a result, thermodynamically preferred crystalline struc-
tures can be developed, which results in favorable molecular
ordering and crystalline dimensions for high performance TIPS-
PEN OFETs.32 On the other hand, high spin speeds cause the
fast solidification of the TIPS-PEN molecules, leading to film
formation before the equilibrium state is reached. Hence, the
TIPS-PEN film shows small crystals and unfavorable mole-
cular orientation in reverse proportion to the spin speed, as
described above.

Figure 4 shows that the CYTOP-patterned layer assisted the
crystal formation of TIPS-PEN. On the CYTOP-patterned layer,
the interface between the CYTOP layer and HMDS-treated area
was able to act as an embankment to confine the TIPS-PEN
solution, due to the difference in their wettabilities. During the
low spin-speed coating (particularly at 300 rpm), the interfacial
layer was able to prevent the spreading-out of the solution under
the centrifugal force, thereby gaining time for the TIPS-PEN
solution to self-organize. In addition, the TIPS-PEN crystals
started to grow from the edge to the center in the patterned area,
because the interface region functioned as a nucleation �site
zone (Figure 4a).33 Consequently, the resulting TIPS-PEN films
showed large 3D comb-shaped crystals with molecular orientation
favorable for charge transport. However, as the spin speed increased
the centrifugal force was strong enough to overcome the embank-
ment effect of the CYTOP-patterned layer. Without the patterned
layer, a uniform TIPS-PEN film built up, but the crystal nuclei were
randomly created over the whole substrate, showing limited self-
organization of the TIPS-PEN film (Figure 4b).

To investigate the effects of the crystallization-assisting layer
and the spin-speed on the charge transport of TIPS-PEN, we
characterized the device performances from the top contact
TIPS-PEN OFETs. The electrical parameters measured for the
TIPS-PEN OFETs (such as μ, and on/off ratio (Ion/Ioff)) are
summarized in Table 1. The TIPS-PEN OFETs made at high
spin speed showed low μ values on both substrates; the values
of μ were almost identical, and of the order of 10�3 cm2 V�1 s�1

(Figure 5). The μ and Ion/Ioff values increased with decreasing
spin speed. In particular, patterned TIPS-PEN OFETs made at
300 rpm showed high μ values, as expected from the 2D GIXS
results. From the transfer curve of the device in Figure 5a, the
average μ value was 0.0725 cm2 V�1 s�1, with a maximum of
0.131 cm2 V�1 s�1 and an Ion/Ioff yield above 1� 105. The output
curve showed a clear transition from linear to saturation behavior
(Figure 6b). These device performance characteristics were com-
parable to those of amorphous silicon transistors and better than
those of TIPS-PEN OFETs fabricated by spin-coating processes,

Figure 6. (a) ID�VG transfer characteristics and (b) ID�VD output characteristics (gate voltage, VG = 0 to�40 V) for TIPS-PENOFETs on patterned
substrate.

Figure 7. Schematic representation of partially divided samples with
respect to the positions on (a) patterned and (b) nonpatterned
substrates. 2D GISX patterns of TIPS-PEN films on (c) patterned
substrate and (d) nonpatterned substrate made at a spin speed of
300 rpm.
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even in the higher b.p. solvent chlorobenzene, (b.p. of 131.7 �C,μ of
0.04 cm2 V�1 s�1.9 In general, slower solvent evaporation gen-
erates more structural rearrangement prior to film solidification,
because of sufficient available time for self-organization among the
molecules. Interestingly, faster-evaporating toluene yielded super-
ior device performance compared to OFETs made using slower-
evaporating chlorobenzene, supporting the usefulness of CYTOP-
patterned layer. Moreover, the difference in μ between patterned
and nonpatterned devices (made at the same spin speed) gradually
increased as the spin speed decreased, showing that the patterned
device performed more effectively when manufactured at low spin
speeds.

Further study is needed to evaluate the suitability of the
patterning layer as a crystallization-assisting layer, especially with
regard to reproducibility for film formation. Two TIPS-PEN
films formed at 300 rpm on patterned and nonpatterned sub-
strates were split into small pieces: the outermost and the inner-
most pieces are named out-out and in-in, respectively (see
Figure 7a,b). The microstructural crystallinity and orientation
of the films were investigated with 2DGIXS. As a result, identical
scattering patterns for both the crystallinity and the orientation
were observed on the patterned substrate (Figure 7c). However,
rather different scattering patterns in the intensity and positions
of peaks were verified on the nonpatterned substrate (Figure 7d).

’CONCLUSION

In conclusion, we have demonstrated that a selectively pat-
terned CYTOP layer assists the crystallization of TIPS-PEN in
forming well-ordered crystalline structures during spin coating.
OM and POM images showed that the crystallization of TIPS-
PEN was enhanced by decreasing the spin speed. Based on the
GIXS result, we verified that well-stacked 3D crystals were
formed on the patterned substrate, while various-sized anisotro-
pic crystalline structures evolved on the nonpatterned substrate.
High-performance TIPS-PEN OFETs could be obtained by
applying a low spin speed and the crystallization-assisting layer
simultaneously. The optimized device showed aμ value as high as
0.131 cm2 V�1 s�1 and an on/off current ratio of 1 � 105. We
believe that the use of a crystallization-assisting layer is a practical
way to facilitate the commercial availability of solution-processed
OFETs, and to ensure the reproducibility of the crystallinity and
the orientation.
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