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We report on the anisotropic properties of solution-processed thin-film transistors (TFTs)
fabricated by the vertical flowing of the viscous 6,13-bis(triisopropylsilylethynyl) penta-
cene (TIPS-pentacene) and isotactic (i-) poly-(methyl methacrylate) (PMMA) blend. During
film formation processes, lateral crystalline growth of TIPS-pentacene and TIPS-pentacene/
i-PMMA phase-separation were observed. Such anisotropic crystallization of TIPS-penta-
cene channel caused anisotropic mobility with respect to the channel orientation, so that
it could be used for composing of a logic inverter where two TFTs with different channel
orientations were serially connected.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Organic thin-film transistors (TFTs) have attracted a
great deal of attention over last decades, due to their advan-
tage of low cost fabrication [1–16], which brings their re-
search scope to solution processes, such as gravure
printing,2 ink jet printing,3 spin coating4 and hollow pen
direct writing [5]. Of the many organic materials commer-
cially available, 6,13-bis(triisopropylsilylethynyl)-penta-
cene (TIPS-pentacene) is an attractive component as an
active material for organic TFT in back-plane application
in terms of air-stability, and reasonably high mobility
[6–8]. Unlike the triethylsilylethynyl anthradithiophene
(TES-ADT) which shows isotropic polycrystalline grain
shape in general [9], TIPS-pentacene displays strong aniso-
tropic tendency in in-plane crystalline film growth when
processed by either ink-jet or drop-casting method; it is
. All rights reserved.
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because of its strong p-p stacking, which thus hinders the
device reproducibility and uniformity [5,10–13].

A possible solution to circumvent these problems was
initially suggested by Brown et al. [14]: blending semicon-
ducting small-molecule (TIPS-pentacene) and insulating
polymer. Recently, Ohe et al., Kang et al. and Hamilton
et al. also blended TIPS-pentacene with poly (a-methylsty-
rene) (PaMS), which resulted in quite decent mobilities
exceeding �0.1 cm2/V s along with good performance uni-
formity [6,7,15]. According to them, the improved perfor-
mance and uniformity of devices were caused by some
suppression of anisotropic growth and thermodynamic
phase-separation by which two (or three) different layers
coexist at top and bottom on a substrate; the phase separa-
tion was confirmed by dynamic secondary ion mass
spectroscopy or neutron reflectivity technique [6,7,15].
However, since more in-depth understanding on such
blended and phase-separated film is still necessary in par-
ticular context of actual physical properties and interfaces
of such separated semiconducting/insulating layers, we
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Fig. 1. (a) Schematic of two types of TFT fabricated on TIPS-pentacene/i-PMMA film grown by vertical flowing method. TIPS crystalline stripes grow normal
to the solution flow. (b) Optical microscope images of the two TFTs fabricated on the stripes (c)

p�ID–VG and log10 (�ID)–VG plots from parallel(//)- and
perpendicular(\)-TFTs on sputter-deposited AlOx gate dielectric (inset). Gate leakage current was <1 nA.
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have recently studied such blending and layered-phase-
separation. We used a unique deposition technique named
Fig. 2. (a) Polarized optical microscope of aligned TIPS-pentacene/i-PMMA blend
SEM images of TIPS-pentacene/i-PMMA film surface (c) Micro-PL spectra of tw
structure of TIPS-pentacene/i-PMMA blend film.
‘‘vertical flowing’’ (Fig 1S and Fig. 1a), where not only the
organic semiconductor/insulator separation was noticed
film on glass with polarizer aligned at 0 (left), and 90� (right). (b) Top-view
o different regions show distinct PL spectra. (d) Schematic of possible
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after the process but an anisotropic crystalline growth of
organic semiconductor could be also manipulated as per-
pendicular way to the flowing direction of blended solution
[8]. Moreover, in the present study we have fabricated two
thin-film transistors (TFTs) with the respective anisotropic
channel mobilities, so that a logic inverter can be formed
when the two TFTs are serially connected; it was based
on our expectation that the anisotropic crystalline growth
would induce anisotropic device performance.
2. Experimental section

Above all, a TIPS-pentacene/isotactic poly-(methyl
methacrylate) (i-PMMA) blend solution (master solution)
was prepared according to our previously reported
research [8]. It is noticed that the reason we have incorpo-
rated i-PMMA as insulating polymer is reported elsewhere
[16]. Then, for TFTs on glass, a bottom gate electrode of
100 nm-thick Al was thermally evaporated to be patterned
on glass (Eagle 2000) through a shadow mask. A 100 nm
AlOx film was deposited by rf magnetron sputtering at
room temperature (RT), and hexamethyldisilazane (HMDS)
was coated by spin-coating, to be annealed at 110 �C. The
master solution was vertically flowed through pipette on
Fig. 3. (a) Surface potential image mapped by SKPM in a TIPS-pentacene channe
of corresponding area. (c) Schematics of our SKPM measurement. (d) Line profile
is brighter than C1.
the upstanding sputter-deposited AlOx (100 nm)/patterned
gate (G) Al/glass substrate as shown in Fig. 1(a). During
drying process of flowed master solution, nucleation and
growth were initiated from the edge of the solution strip,
since solution evaporation preferably occurred at the edge.
After film-drying process for overnight in vacuum, two
types of TFTs with two different channel orientations to
Au source/drain (S/D) electrode were fabricated by S/D pat-
terning through shadow masks: perpendicular and parallel
orientations. Both types of TFTs have nominal channel
length (L) and width (W) of 90 lm and 500 lm, respec-
tively. Optical microscope images are shown for the both
TFTs in Fig. 1(b). All the electrical measurements of devices
such as drain current-gate voltage (ID–VG) transfer, inverter
voltage transfer characteristics (VTC), were performed
with Agilent 4155C semiconductor parameter analyzer in
the dark at RT. Environmental scanning electron micro-
scope (SEM) was used for the surface imaging of TIPS-
pentacene/i-PMMA on SiO2/p+-Si.
3. Results and discussion

Fig. 1(c) displays ID–VG transfer characteristic of our
transistors with two types of S/D arrangement. Here, we
l region on i-PMMA/AlOx under �10 V of VG vs. (b) AFM topography image
was also obtained from (b) AFM topography along with red line. C2 region



Fig. 4. (a) Static behavior of our resistance–load inverter with varying
value of VDD. Two TFTs, perpendicular and parallel TFTs, were combined.
(b) At VDD of �15 V, the VTC curve of our inverter displays voltage gain up
to �12. Inset shows top-view of inverter with Al interconnects.
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assign the first type of TFT as ‘parallel’, and the other type
as ‘perpendicular’ by considering the growth orientation of
TIPS pentacene channel. The extracted saturation mobili-
ties were 0.3 (filled circle) and 0.03 cm2/V s (open circle)
for parallel- and perpendicular-oriented TIPS pentacene
channel at a drain voltage of �15 V, respectively. The par-
allel-type TFT exhibited quite good uniform performance
(�±10% standard variation in saturation mobility) as re-
ported previously,[8] however, the perpendicular-type
TFT showed large variation in saturation mobility from
0.005 to 0.03 cm2/V s, presumably, due to complicated cur-
rent path in channel region. The perpendicular-type TFT
showed inferior sub-threshold swing, larger gate-hystere-
sis, and higher off-current, which might be attributed to
larger G/S-D overlap area. The different ID values from
the two devices are certainly related to the anisotropic ori-
entation of our TIPS pentacene crystalline channel, based
on the fact that channel L and W are identical in both types
of TFT. We thus wanted to examine the anisotropic lateral
structures of our blended film (TIPS-pentacene/i-PMMA) in
more detail, using polarized optical microscope, micro-
photoluminescence (PL) spectroscopy [17–19], and scan-
ning kelvin probe microscope (SKPM) [20].

Fig. 2(a) displays the images from polarized light
microscopy that we used to observe any details in unilater-
ally-grown crystalline channel. Any crystalline region
showed brightness change by changing the in-plane angle
of incident polarized light as seen in the region, C (as
zoomed in the small square regions). However, we also
found another region, a (void or amorphous) which keeps
the same brightness even after 90 � rotation of incident
polarized light. This does mean that our crystalline channel
contains some noncrystalline region (between stripe-like
TIPS-pentacene crystallites), which should block or compli-
cate the current path in perpendicular-type TFT lowering
the ID. Such noncrystalline inter-stripe regions were also
found to have small pores, as shown in top-view SEM im-
age of Fig. 2(b), indicated by circle. These pores were also
observed from i-PMMA rich layer beneath the a-region
by cross-section transmission electron microcopy (TEM)
(Fig. 1S). So, these a-regions can hardly be crystalline.

More interesting to note is that these a-regions display
strong light emission caused by ultraviolet light-induced
excitation (see the Fig. 2S). According to our micro-PL re-
sults from channel area (Fig. 2(c)), the a-region exhibits 7
times stronger red PL intensity (at 650 nm) than C-region
does. The spatial resolution of micro-PL measurement
was less than 1 lm and the beam footprint was applied
onto the a- and C- regions of atomic force microscope
(AFM) image (see the inset of Fig. 2(d)). Since the a-regions
have lower topography than C- regions as shown in AFM
topography and also show intense PL emission, it is pre-
sumed that the a-region is void or exists as thin amor-
phous on i-PMMA layer which may contain some TIPS-
pentacene molecules embedded as PL sources (see
Fig. 2(d)), while C-regions are covered by crystalline TIPS-
pentacene films.[21] It is likely that while most of the
TIPS-pentacene molecules segregate toward the surface
of blending film for TIPS-pentacene film-formation by p–
p stacking, some uninvolved TIPS-pentacene molecules
may be solidified inside i-PMMA film.
The topographical height difference between a- and C-
region was again confirmed by SKPM measurement which
was directly implemented on a TFT under a bias condition:
�10 V of VG and VS = VD = 0 V with ground (see the mea-
surement scheme illustrated in Fig. 3(c)). As shown in the
2-dimensional potential map of Fig. 3(a), large contrast
was revealed due to surface potential difference between
a- and C-region under �10 V gate bias. Since hole charge
accumulation by the negative bias should be only at the
TIPS-pentacene channel which is located at the TIPS-penta-
cne/i-PMMA interface, the voltage effectively drops
through thickness of the i-PMMA/AlOx double dielectric
layer beneath TIPS-pentacene; therefore the potential of
TIPS-pentacene surface (C-region) must be small; it ap-
peared here, to be ��2 V. According to our mapping, the
inter-stripe a-region showed deep contrast evidencing that
it still keeps high surface potential values (�7 � �8 V). This
means that the corresponding area has no hole charge accu-
mulation but only floating voltage; the results indicate that
the region is void without TIPS-pentacene or has very thin
amorphous film covering the i-PMMA/AlOx dielectric.
AFM topographic scan on the same area was not exactly
the same as that of SKPM but certainly showed similar con-
trast in Fig. 3(b). Line scan in AFM was also obtained to
show the height difference values (as �0.21 lm) between
C- and a-region as shown in Fig. 3(d).
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Based on aforementioned understanding and knowl-
edge about physical identity of inter-stripe region, aniso-
tropic TIPS-pentacene crystalline growth during film
formation or phase separation, and anisotropic field mobil-
ity of TFTs, we finally fabricated a logic inverter which con-
sists of driver and load as parallel- and perpendicular-type
TFTs, respectively as shown in the inset photo of Fig. 4(b).
When input voltage was swept at the gate of parallel-type
TFT (driver), our inverter response to output voltage
appeared very clear between �15 V (‘‘high’’) and +8 V
(‘‘low’’) under various supply voltages (VDDs = �6, �9,
�12, and �15 V) and a fixed �10 V of load TFT (perpendic-
ular-type) in the voltage transfer curves of Fig. 4(a). The
observed hysteresis might be attributed to the gate hyster-
esis from perpendicular-type TFT, which was shown in the
transfer curve of Fig. 1(c). In respect of voltage gain, the in-
verter shows a maximum value of �12 at VDD of �15 V
(Fig. 4(b)).

4. Conclusion

In summary, we have fabricated solution-processed
TIPS-pentacene TFTs by vertical flowing of the viscous
TIPS-pentacene and i-PMMA blend. Since anisotropic crys-
tallization of TIPS-pentacene and TIPS-pentacene/i-PMMA
phase-separation appeared during such film formation
processes, we could observe different field mobilities from
parallel- and perpendicular-type TFTs where the perpen-
dicular type showed lower ID current due to inter-stripe-
regions as obstacles to the current path. When the two
types of TFTs were serially connected, a logic inverter with
quite a good voltage gain was formed due to the aniso-
tropic mobility behavior.
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