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We fabricated copper phthalocyanine (CuPc) thin-film field-effect transistors (FETs) on a rubbed flexible
polyethersulfone (PES) substrate. Rubbing the PES film induced a unidirectional orientation of CuPc
crystallites, which were oriented perpendicular to the rubbing direction. Favorable conditions for fabricating a
CuPc FET were determined after fabricating CuPc FETs of two different types and evaluating their output
performance. Well-aligned CuPc crystallites along the direction connecting source and drain electrodes can
play an important role in improving the output performance of the fabricated FETs.
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1. Introduction

Organic field-effect transistors (OFETs), which were fabricated
using organic semiconductor (active) materials, were first developed
in the middle of the 1980's [1]; subsequently, OFETs have been
intensively researched in both academia and industry. Thus far, several
organic semiconductor materials have been proposed and reported as
promising active materials for OFETs [2]. Among them, copper
phthalocyanine (CuPc), which is grown in columnar structures by
π–π stacking, is considered as a goodorganic activematerial because of
its thermal stability, non-toxicity, and good field-effect properties [3].

Well-aligned active layers are also desirable for improving the
electric performance of organic semiconductor devices; this is because
the charge transport in organic materials occurs via the hopping
mechanism, which effectively depends on the degree of the orbital
overlap betweenmolecules [4]. Therefore, several alignment treatments
for active layers such as mechanical drawing [5], nanoimprinting [6],
and rubbing treatment [7] have been reported. The rubbing treatment,
in particular, is a well-known technique that is used to obtain the
unidirectionally anisotropic orientation of CuPc deposited films [8].
In
R

While the performance of organic semiconductor devices is not
comparable with that of inorganic semiconductor devices, organic
semiconductor devices offer a considerable number of advantages; i.e.,
they areflexible, canbemanufactured economically, and are compatible
with plastic substrates [9]. These advantages have motivated many
researchers to intensively study OFETs fabricated on flexible plastic
substrates.

In this study, we fabricated CuPc FETs on a rubbed flexible
polyethersulfone (PES) substrate. Rubbing the PES layers induced a
unidirectional orientation of the CuPc layers, which were oriented
perpendicular to the rubbing direction. Well-aligned CuPc crystallites
along the direction connecting source and drain electrodes could play an
important role in improving the output performance of the fabricated
FETs.

2. Experimental procedures

Fig. 1 shows the schematic of the procedures used to fabricate CuPc
FETs. First, a flexible PES substrate (Glastic, i-components Co. Ltd.)
with a thickness of 200 μm was cut into pieces and ultrasonically
cleanedwith isopropyl alcohol (IPA) for 10 min. Then, the pieces were
sufficiently dried at 100 °C in an oven. Gold was vacuum deposited on
one side of pieces through a shadow mask to form source and drain
electrodes. The mask defined the channel length (L) and channel
width (W), which were 25 mm and 1 mm, respectively. A typical test
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Fig. 1. Schematic of the procedures to fabricate CuPc FETs on rubbed PES.
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piece (15 mm×15 mm) had 10 source–drain pairs on its surface.
Next, the substrate with source and drain electrodes was rubbed with
a cotton velvet cloth (Agehara velvet, #8007-090). Rubbing treatment
of the substrates was performed using a commercial rubbing machine
(EHC, RM-50) for liquid crystal alignment. In order to obtain a highly
aligned CuPc, an extremely high rubbing pressure was needed
compared to that for liquid crystal alignment. Purchased CuPc
(Aldrich, 97%) was purified three times by carrier-gas sublimation
and vacuum deposited onto the rubbed PES substrate using a bell-jar
evaporator (background pressure, ~3×10−5 Pa). A CuPc film was
deposited on the heated plastic substrate (100 °C). Film thickness was
monitored by a crystal thickness monitor (Leybold Inficon, XTM/2)
and calibrated ex situ by a stylus surface profiler (Sloan Technology,
Dektak3ST). The deposition rate and final thickness of the CuPc film
were controlled manually at around 0.6 Å/s and 50 nm, respectively.
CYTOP (Asahi Glass Co. Ltd.) was spin-coated with a thickness of
Fig. 2. AFM images of surface morphologies on (a)
400 nm as a gate dielectric layer, and finally, aluminumwas deposited
as the gate electrode.

The orthogonal directions of the induced orientation to the rubbing
directions were characterized by absorption anisotropy from polarized
ultraviolet (UV) absorption spectroscopy and an atomic force micros-
copy (AFM) image. Favorable conditions for fabricating a CuPc FETwere
determined after fabricating CuPc FETs of two different types and
evaluating their output performance. The FET characteristics were
examined in air at room temperature using tungsten probes and an
Agilent 4156 C semiconductor parameter analyzer.

3. Results and discussion

Figs. 2(a) and (b) show the surface morphologies on untreated and
rubbing-treated PES films, respectively, obtained by using AFM. On
the untreated surface, no preferred direction was observed;
untreated and (b) rubbing-treated PES films.
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Fig. 3. (Color online) Optical absorption of a CuPc film for parallel (∥) and perpendicular
(⊥) orientation of the incident polarized light with respect to the rubbing direction of
the PES film and the corresponding surface topography of CuPc deposited on (a) the
unrubbed PES substrate, (b) the rubbed PES substrate with rubbing depth of 0.1 mm,
and (c) the rubbed PES substrate with rubbing depth of 0.2 mm.
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consequently, in the case of CuPc deposited on the unrubbed PES
substrate, the CuPc nanocrystallites were grown randomly. By
contrast, fine, nano-groove-like structures were induced on the
rubbing-treated PES surfaces according to the rubbing direction. In
the case of CuPc deposited on the rubbed PES substrate, the CuPc films
exhibited a very regular morphology consisting of uniaxially oriented
nanocrystallites.

Fig. 3 shows the optical absorption of a CuPc film measured for
parallel (∥) and perpendicular (⊥) orientation of the incident polarized
light with respect to the rubbing direction of the PES film and the
corresponding surface topography of the CuPc thin film deposited on
the PES substrate. In the case of CuPc deposited on the unrubbed PES
substrate, absorption anisotropy was not observed because the CuPc
nanocrystallites were grown randomly, as shown in Fig. 3(a). On the
other hand, in the case of CuPc deposited on the rubbed PES substrate,
distinct absorption anisotropy was observed between the parallel and
perpendicular directions because of a highly uniaxial orientation for
CuPc on the rubbed PES substrates, as shown in Fig. 3(b). Namely,
although clear absorption anisotropy was not observed on rubbed bare
PES, distinct absorption anisotropy was induced between the parallel
and perpendicular directions after the CuPc deposition on the rubbed
PES substrates.

The absorption peak for light polarized along the direction parallel to
the rubbing direction (x-direction) was higher than that perpendicular
to the rubbing direction (y-direction). From these observations,
surprisingly, it can be considered that the π-stacking direction of CuPc
(long axis of nanocrystals) lies perpendicular to the rubbing direction,
i.e., parallel to the crystalline lamellae of the rubbed PES substrate.
Similar phenomena have been also observed that the π-stacking
direction (long axis of nanocrystals) of zinc phthalocyanine (ZnPc) lies
perpendicular to the rubbing direction in the case of ZnPc on the rubbed
polycarbonate (PC) film [10]. However, these phenomena were
discrepant from the previous Ofuji's reports [8]; the nanocrystallites of
CuPc could be unidirectionally aligned parallel to the rubbing direction
in the case of the rubbed siliconwafers. Thus, theorientationmechanism
of CuPc on rubbed PES substrates can be different from the mechanism
on the rubbed silicon wafers; unidirectionally stretched crystalline
lamellae of the rubbed PES surface can play an important role in aligning
nanocrystallites of CuPc in our case. The details on the effect of stretched
crystalline lamellae of plastic substrates will be reported soon.

In general, the rubbing strength can be expressed in terms of the
rubbing depth; the deeper the rubbing depth, the higher is the rubbing
strength [11]. Figs. 3(b) and (c) show the polarized absorption spectra of
CuPc films on PES with rubbing depths of 0.1 mm and 0.2 mm,
respectively. Here, we defined the degree of anisotropy (dichroic ratio)
as A∥/A⊥, where A∥ and A⊥ are the optical densities of the maximum
absorption wavelength for polarizations parallel (x-direction) and
perpendicular (y-direction) to the rubbing direction of the PES substrate,
respectively. The higher the value of A∥/A⊥, the higher the anisotropy
induced in the CuPc layer. The evaluated values of A∥/A⊥, for the PES
substrate with rubbing depths of 0.1 mm and 0.2 mm were 2.047 and
2.334, respectively. Thus, the increase of the dichroic ratiomeasured at a
maximum absorption wavelength with increasing rubbing strength
results in a corresponding increase of the uniaxial orientation of CuPc.

We fabricated CuPc FETs with three different orientation structures
between thesource and thedrainelectrodes. (Type I, Type II andType III),
as shown in Fig. 4(a). Type I and IIwere fabricatedwith the CuPcfilms on
rubbed PES, whose values of A∥/A⊥, were about 2.334, respectively.
However, these two CuPc FETs show two orthogonal rubbing directions
between the source and the drain electrodes. The π-stacking direction of
CuPc (long axis of nanocrystals) was perpendicular to the rubbing
direction, as described in the previous AFM result. Hence, the π-stacking
directions of the CuPc crystallites were parallel (Type I) or perpendicular
(Type II) to the direction from the source electrode to the drain electrode
depending on the rubbing directions. By contrast, Type III was fabricated
with the CuPc film on unrubbed PES, whose value of A∥/A⊥, was ca. 1.
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Fig. 4. (Color online) (a) CuPc FETs with two different orientation structures (Type I, Type
II, and Type III). The arrows indicate the rubbing directions. (b) Output characteristics of
Type I-, Type II-, and Type III-CuPc FETs fabricated on rubbed PES substrates.
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Fig. 4(b) shows the output characteristics of Type I-, Type II- and Type III-
CuPc FETs. Type I device showed the best output characteristics among
the three devices, as shown in Fig. 4(b). On the other hand, Type II device
exhibited theworst output characteristic among the three devices. From
comparing Type I with Type II, it was concluded that the π-stacking
direction of the CuPc crystallites grown along the direction from the
source electrode to the drain electrode exhibits a good performance due
to the favorable transport of charge carriers. In addition, from comparing
Type I with Type III, FETs with a higher value of A∥/A⊥ showed better
electric performance. Thus, well-aligned CuPc crystallites along the
direction from the source electrode to the drain electrode can play an
important role in improving the electric performance of the fabricated
FETs.
4. Conclusion

In summary, we fabricated thin-film FETs with aligned CuPc on
flexible plastic substrates. Rubbing the PES film induced a unidirectional
orientation of the CuPc crystallites, which were oriented perpendicular
to the rubbing direction on the PES film. Favorable conditions for
fabricating a CuPc FET were determined after fabricating CuPc FETs of
two different types and evaluating their output performance. It was
found that well-aligned CuPc crystallites along the direction from the
source electrode to the drain electrode exhibited good output
characteristics.
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