R AR PERER T o 7 —

O

%53 5 Rk 27 FE

REPORTS OF
KUMAMOTO INDUSTRIAL RESEARCH
INSTITUTE
No.53 2015.4-2016.3

....................................................................................

SRR 29 4E 3 H

REAR IR PEE v o &% —
T862-0901  REANTH BL[X HIHT 3-11-38

Published by
Kumamoto Industrial Research Institute
3-11-38, Higashi-machi, Higashi-Ku, Kumamoto 862-0901 Japan






REAN IR EH 2 o & — Wik ge s
55535 (FERK 27 H2EE)
H /9

W Xl
LR DENFAD 72D ORFGRAT GHATOIIIE ++vvveerrnrerrnnnens

S E YT A EUE LT (RO RABIL) (CBIT HHFIEITIE <o eerererreneees

(Wi5E/ — F]
RN HHTEZFIR LT AR D b Z o A BRI TE BEOMESL <o vvverrveereeeees

)
PRI Y T 4 DTSR LOMEHEEDILR - veeeeeeereeeseneeenns
- 2 A YT A AT - BT AT DB B (5) -

T WA HMSE, Vol. 60, No.4, pp. 21-28 (2013)

N=YFNEEYT AL LToT VA Rl - S2WT AT LOREEE - oeveeveneees
- A VT 4 TVTRH - W AT DHEERICET D45 (6) -
T A FMGE,  Vol.63, No.2, pp. 1-8 (2016)

Improvement of mPlane ZnO Films Formed on Buffer Layers on
Sapphire Substrates by Mist Chemical Vapor Deposition
Hironobu TANOUE, Masato TAKENOUCHI, Tatsuya YAMASHITA, Shohei WADA,

Zenji YATABE, Shoji NAGAOKA, Yoshihiro NAKA and Yusui NAKAMURA «-----

Phys. Status Solidi A, in Press (2017)

Chemical Mechanical Polishing of Transparent Conductive Layers using
Spherical Cationic Polymer Microbeads
Shoji NAGAOKA, Naoya RYU, Akio YAMANOUCHI, Tomohiro SHIROSAKI,

Maki HORIKAWA, Hideo SAKURAI, Makoto TAKAFUJI and Hirotaka IHARA ----

Thin Solid Films, Vol. 576, pp. 31-37 (2015)

%%UJ??éE ...... 1
JIARE
RIS Setbf
HH A
FEH it

Xgﬁ%ﬁgj} ...... 6
HBHE
L2z

@E%%%%@E ...... 12
RIS -
KEFE—

ATy weeee 14
BHAEE

& M B

ATy weeee 22
BHEES

& M B



REPORT OF
KUMAMOTO INDUSTRIAL RESEARCH INSTITUTE
Vol. 53(2015. 4-2016. 3)
CONTENTS

[Original papers]

Development of Imparting Surface Texture Technology for Efficient Use of Energy

Yoshio MORIYAMA, Koji KAWAMURA, Hideki HAMASHIMA, Hiroshi MOMOTA and Mitsuru MURAL «---- 1

Consideration of Userbility—Conscious “Visualization of Information”

Shinsuke ISHIBASHI, Shuhei KURODA and Ryuji MICHINO +«ccccccececcceseee.

[Technical Note]
Application of FT-IR Spectroscopy for the Trans Fatty Acid Determination in
the Processed Food and 0il

Takao SATOH, Kanako FUJINO and Ryuichi DAIQ +eccceececececcececceennnn

[Reprinting]
Grasp of Value Structure and Value Element in the Personal Mobility
— A Study on Construction of Quality Chart Evaluation/Diagnostic System(5)-

Shinsuke ISHIBASHI, Haruka SOGABE and Yoshitsugu MORITA <«<cccceceece--
Bulletin of Japanese Society for the Science of Design, Vol. 60, No. 4, pp.

Construction of Design Evaluation/Diagnostic System for Personal Mobility
— A Study on Construction of Quality Chart Evaluation/Diagnostic System(6)-

Shinsuke ISHIBASHI, Haruka SOGABE and Yoshitsugu MORITA ««<cecceceecees
Bulletin of Japanese Society for the Science of Design, Vol. 63, No. 2, pp.

Improvement of mPlane 7ZnO Films Formed on Buffer Layers on
Sapphire Substrates by Mist Chemical Vapor Deposition
Hironobu TANOUE, Masato TAKENOUCHI, Tatsuya YAMASHITA, Shohei WADA,

Zenji YATABE, Shoji NAGAOKA, Yoshihiro NAKA and Yusui NAKAMURA «««««---

Phys. Status Solidi A, Vol. 214, in Press (2017)

Chemical Mechanical Polishing of Transparent Conductive Layers using
Spherical Cationic Polymer Microbeads
Shoji NAGAOKA, Naoya RYU, Akio YAMANOUCHI, Tomohiro SHIROSAKI,

Maki HORIKAWA, Hideo SAKURAI, Makoto TAKAFUJI and Hirotaka THARA «-«----

Thin Solid Films, Vol. 576, pp. 31-37 (2015)

1-8 (2016)



IRIILFT—FAHOEHRIED=HDREIRIRT ERMTORIF

FL FE- M B - A

E-BH B-HAH OE

LDICYE

Development of imparting surface texture technology for efficient use of energy
Yoshio MORIYAMA, Koji KAWAMURA, Hideki HAMASHIMA, Hiroshi MOMOTA and Mitsuru MURAI
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Consideration of Userbility-Conscious “Visualization of Information”

Shinsuke ISHIBASHI*, Shuhei KURODA* and Ryuji MICHINO™
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Summary

At present, lifestyles and values have diversified, mainly in
urban areas, changing the role of mobility. The purpose of this
study is to understand the value structure of personal mobility
for the construction of a design evaluation and diagnostic
system. First, we conducted a questionnaire survey of users who
live in urban areas, and as a result, we were able to understand
the awareness of personal mobility and the problems of the
traffic environment. Subsequently, we conducted interviews
that targeted the younger generation aging 20-30 years, and
investigated their awareness of personal mobility. As a result, we
were able to visualize the value structure of personal mobility of
bicycles, automobiles, and motorcycles by creating a diagram
of the relationship between attributes, functional benefits, and
psychological benefits. The results of the analysis revealed that
depending on the type of mobility, the relationship between
higher rank value elements and attributes is different.
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Summary
Recently, design techniques that can be extracted potential
needs to be visualized are required. Because people’s values
are diverse, change is intense. This study aims to understand the
value structure of personal mobility and builds a design evaluation
and diagnostic system. In this study, we could organize the
elements of the design value extracted by the magazine survey
and builts a design evaluation index of around 600 items. Next,
we considered an evaluation method, and evaluation experiments
were carried out for personal mobility under development in
practice. In addition, a proposal for next-generation personal
mobility was outlined for students of design based on the analysis
results of the evaluation experiment, and the usefulness of the
evaluation data was verified. As a result, it was found that from
a new perspective and evaluation gap between the user groups
of different positions, it is utilized in the concept planning and
idea deployment in product development. According to the above
discussion, we could construct a design evaluation and diagnostic
system specialized in personal mobility.
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The crystal quality of ZnO films grown by mist chemical vapor
deposition (mist-CVD) was improved by introducing ZnO
buffer layers on sapphire substrates. The ZnO films were
grown by high-speed rotation-type mist-CVD with a ZnCl,
aqueous solution, which provided uniform epitaxial layers over
2-inch wafers. To grow the ZnO buffer layers, it is necessary to

1 Introduction Recently, gallium nitride (GaN)-
based light-emitting diodes (LEDs) have been widely used
in light sources of illuminations and back lights of
displays [1, 2]. However, the GaN LEDs include minor
metals of In and Ga, and metal organic chemical vapor
deposition (MOCVD) is necessary to fabricate the LEDs,
which need expensive high-purity toxic gases and low-
vacuum conditions. It is essential to utilize abundant
materials and a simple growth system toward low-cost ZnO-
based LEDs [3-5]. To realize this target, combination of
ZnO material and mist chemical vapor deposition (mist-
CVD) [6, 7], which is similar to spray-CVD [8-10], is an
effective method. In mist-CVD, a source solution is
atomized by an ultrasonic vibrator and mist is transferred
to a substrate in a furnace by a carrier gas, and many kinds of
oxide thin films are formed at atmospheric pressure in a
simple system. However, when cold mist comes into contact
with the substrate, the cold mist is gradually heated, which

Wiley Online Library

form small grains of polycrystal. Therefore, we attempted to
grow the ZnO buffer layers using a Zn(CH3COO), aqueous
solution, which provides a small grain size of about 100 nm. By
using the buffer layers, the full width at half-maximum of an
X-ray w-rocking curve for the ZnO film was reduced from
0.69° to 0.38°, showing improvement of the crystal quality.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

produce temperature gradient on the substrate. This
temperature gradient results in a film-thickness distribution
and also film-quality distribution. Therefore, it is important
to improve the uniformity of the films.

Toward a commercial products of ZnO LEDs, it is
valuable to apply high-speed rotation of substrates to mist-
CVD. The boundary-layer theory in fluid dynamics suggests
that when a disk rotates at a high speed keeping laminar
flow, uniform temperature and concentration of the gas are
expected on the rotating disk surface [11, 12]. Already, this
high-speed rotation-type systems have been used in CVD or
MOCVD for Ge, Si, group III-V material such as
AlGalnP [13-15]. Recently, a couple of companies have
applied this method to MOCVD systems for mass
production of GaN-based devices and realized high
uniformity. Therefore, it is important to create high-speed
rotation-type systems also for mist-CVD as a next-
generation low-cost film-formation method. We have

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Iy IC I

P isis
= v

2 H. Tanoue et al.: Improvement of m-plane ZnO films formed by mist-CVD

developed high-speed rotation-type mist-CVD, which
provides uniform ZnO epitaxial films over 2-inch sapphire
substrates [16]. At present, a technical barrier to realize
ZnO-based LEDs is to form p-type ZnO. After any
breakthrough regarding the barrier, mass production of
ZnO-based LEDs at low cost would be necessary, which
could be realized by the high-speed rotation-type mist-CVD.

In this study, we improved the crystal quality of the
uniform ZnO epitaxial films by introducing ZnO buffer
layers [17, 18], since there are fewer reports on formation of
the buffer layers by mist-CVD. In addition, we focused on
the formation of nonpolar m-plane (10-10) ZnO films on
sapphire substrates, since high emission efficiency is
expected from quantum-well layers. This is because no
electric field in the quantum wells is formed on nonpolar
ZnO planes such as m-plane or a-plane [19-21], where
recombination probabilities of electrons and holes are large.
In contrast, a strong electric field is formed on a polar ZnO
plane such as the c-plane, where the recombination
probability becomes small because the wave functions of
electrons and holes are shifted from each other. To form the
m-plane ZnO films, we used m-plane sapphire substrates
with domain-matching epitaxy [22, 23] since both lattice
constants are very different from each other.

2 Uniform ZnO films formed by high-speed
rotation-type mist-CVD

2.1 Experimental Figure 1a shows the conventional-
type mist-CVD system, where mist flows parallel to the
substrates. In the case of this system, the film thickness is not
uniform on the substrate due to variation of surface
temperature because the cold mist comes into a hot reaction
region and is gradually heated. To resolve this problem, we
have developed a high-speed rotation-type mist-CVD
system as shown in Fig. 1b. In this system, mist flows
perpendicular to the rotating substrates, and uniform
thickness is expected to be formed when experimental
conditions based on boundary-layer theory in fluid
dynamics are satisfied. In these systems, aqueous solutions
including Zn are atomized and the mist of the solution is
transferred with a N, carrier gas to the hot reaction region,
forming ZnO films on substrates. In the conventional-type
mist-CVD system, film thickness usually increases along the
direction from the inlet to the outlet on the substrates
because the mist temperature is lower at the inlet and higher
at the outlet. In contrast, in the high-speed rotation-type
mist-CVD system, uniform thickness is expected. In the
growth of the ZnO film, a ZnCl, aqueous solution with
concentration of 0.1 molL™" and N, carrier gas with flow
rate of 5L min~" were used, and the growth duration was
1 h. The concentration of 0.1 molL™" was an appropriate
intermediate value because much mist cannot be formed due
to high viscosity in the case of a denser solution and
the growth rate of ZnO is too small in the case of a dilute
solution. The carrier gas of N, was used for two reasons. The
first reason is that easy and safe treatment is possible. The
second reason is that O, gas is not necessary as an oxidant

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

( a) Mist Sapphire
(Substrate)
Carrier
gas ———>
(Ny)
Solution

Hea]ter

Ultrasonic vibrator

Sapphire

Carrier (Substrate)
gas —> 7 : .
(N2) o o Mist

Solution

Ultrasonic vibrator

Figure 1 (a) Conventional-type mist-CVD system. (b) High-
speed rotation-type mist-CVD system.

for Zn because the main oxidant is H,O in the mist. After
preparation of samples, we characterized the thickness
variation of the samples by a step profiler and the crystal
quality of the samples by X-ray diffraction (XRD) in 6-26
and ¢ scanning modes. The flow rate of the carrier gas
(5L min"") was determined to position the deposition area
of ZnO just on the substrate in the furnace. In the case of too
small a flow rate, the deposition area would be at the inlet
side of the furnace, while the deposition area would be at the
outlet side of the furnace in the case of too large a flow rate.

2.2 Results and discussion Figure 2 shows the ZnO
film thickness distribution formed by the high-speed
rotation-type mist-CVD system. In the case of no rotation
(Orpm), the film was thicker at the center of the substrate,
because the amount of incident mist was highest at the
center. With rotation speeds of 100 and 300 rpm, the films
were thicker at the edge of the substrate than at the center.
This was probably because mist incident on the center
moved to the edge as a result of centrifugal force caused by
rotation of the substrate. The mist moved to the edge and
probably absorbed thermal energy along the edge, while
thermal decomposition and chemical reaction of the mist
were enhanced near the edge. This is a similar mechanism to
that for the standard-type mist-CVD mentioned above. In
contrast, uniform thickness was obtained at a rotation speed
of 1000 rpm. Thickness variation was less than 2% from the
average thickness over the 2-inch substrate [16], which
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Figure 2 Film-thickness distribution formed by high-speed
rotation-type mist-CVD system. At a rotation speed of
1000 rpm, uniform thickness of the ZnO film is realized.

would satisfy an industrial requirement of a thin-film
formation system. In addition, uniform ZnO single-crystal
film was successfully formed over 2-inch wafers as
described below. Figure 3a and b show the results of
X-ray diffraction (XRD) in 6-26 and ¢ scanning modes,
respectively. From the results of the 6-26 scan in Fig. 3a,
only ZnO (10-10), ZnO (20-20), and sapphire (30-30)
peaks are observed at positions of 15, 25, and 35 mm along
the diameter of the 2-inch sapphire substrate, which shows
that only m-plane ZnO was grown on the sapphire substrate.
From the results of the ¢ scan in Fig. 3b, two peaks spaced
by 180° were observed for both ZnO and sapphire, since the
crystal lattices of m-plane ZnO and m-plane sapphire are
both rectangular with two-fold symmetry. The c-axes of
ZnO and that of sapphire perpendicularly crossed each other
on the sapphire substrate, namely ZnO [0001] I
sapphire [11-20] and ZnO [11-20] Il sapphire [0001]. In

(@) zno (1010) (b)
7nO (2020) 180°
.. Position:
—] Position: — 15mm
2 15mm 3
< <
> ALO,(3030 .y
= ? 3u> ‘? 25mm
g 25mm g ZnO(1011
NS g nO( \)A
a a 35mm
< < L 180° _
35mm ‘/}1203(1 12%)
20 40 60 80 0 120 240 360
2 6 [deg] D [deg]

Figure 3 (a) Results of XRD measured in a 6-26 scan. (b) Results
of XRD measured in a ¢ scan.

WWW.pss-a.com

this ¢ scan measurement, the ZnO (10-11) and sapphire
(11-20) planes were used as the monitoring planes, where
Bragg conditions were set to be satisfied.

From these results of Figs. 2 and 3, it was shown that the
thickness and crystallographic properties were homoge-
neous across the substrate, and that the ZnO film was
epitaxially grown on the sapphire substrate [16]. In the
direction lateral to the sapphire substrate, four small
rectangular ZnO lattices are formed on one large sapphire
rectangular lattice in the sapphire [0001] direction,
indicating domain-matching epitaxy [22, 23], where the
lattice mismatch in the ZnO [0001] direction is 9.7%, and
that in the ZnO [11-20] direction is 0.1%.

3 High-quality ZnO films formed on ZnO buffer
layers

3.1 Experimental In our previous report [16], the
crystal quality of ZnO films was characterized by full width
at half-maximum (FWHM) in X-ray w-rocking curves,
which was a relatively large value of about 0.8°. In this
study, we introduced buffer layers to improve the crystal
quality. In the case of epitaxial growth of GaN layers on
sapphire substrates, thin amorphous AIN buffer layers
including small grains were grown at low temperatures and
the small grains work as appropriate nucleation centers to
enhance lateral growth forming epitaxial layers [1, 24].
However, in the case of ZnO, it is not easy to form
amorphous layer, and polycrystal ZnO layers are formed
even at low temperature. On the contrary, Itagaki et al.
reported that high-quality ZnO films were formed by
sputtering deposition on ZnO buffer layers with small-grain
polycrystal [17, 18]. This is probably because small-grain
polycrystal of ZnO worked as the appropriate nucleation
centers since the AIN low-temperature buffers for GaN
epilayers have similarly many nucleation centers. There-
fore, we applied this method to mist-CVD by forming small-
grain polycrystal. In the case of a ZnCl, aqueous solution,
the crystal grain size is larger than several micrometers, but
in the case of a Zn(CH;COO), aqueous solution, the crystal
grain size is as small as about 100nm, which will be
reported in a separate paper in detail. This is probably
because migration of Zn species on the sample surface is
restricted by incorporation of carbon contained in the
Zn(CH3COO), solution. In this experiment, concentration
of the Zn(CH;COO), aqueous solution was 0.1 mol LY
and flow rate of the N, carrier gas was 10 L min~'. To find
an optimum condition, we changed the growth temperatures
for the buffer layers from 500 to 800 °C. For the growth of
the buffer layer, we intentionally used the conventional-type
mist-CVD providing thickness variation, which is appro-
priate to obtain many data points from one sample.

We characterized the surface morphologies of the
samples by scanning electron microscopy (SEM) not only
for the ZnO films on the buffer layers but also the buffer
layers. We also measured XRD in 6-26 mode for the buffer
layers and XRD in w-rocking mode for the ZnO films to
evaluate crystal quality from the FWHM.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.2 Results and discussion Figures 4a-d show
SEM images of the ZnO buffer layers grown with the Zn
(CH5COO0); solution at 500 to 800 °C, respectively. Small
grains with about 100nm size are observed at 600 and
700 °C in Fig. 4b and c, where the estimated thickness of the
buffer layers was typically about 20nm which is an
appropriate thickness as the buffer layer. However, large
grains with about 1 um size are observed at 800 °C, which
were formed probably due to the large migration length at
high temperature. On the contrary, noncrystal-like struc-
tures are seen at 500 °C, which is probably due to the short
migration length at low temperature and much contamina-
tion by carbon contained in the Zn(CH3COO), solution. On
the several type of the ZnO buffer layers shown in Fig. 4a—d,
we overgrew 700-nm thick ZnO films at 725 °C using the
high-speed rotation-type mist-CVD, providing uniform
thickness of ZnO films on the ZnO buffer layers with
thickness gradient. In the overgrowth, the rotation speed was

1000rpm, growth duration was 30min, and the

Zn0O films on
ZnO buffer layers Zn0O buffer layers
500°C SHEEN A

Figure 4 (a—d) SEM images of ZnO buffer layer, where small
grains are observed in (b) and (c). (e-h) SEM images of overgrown
ZnO films on the buffer layers, where smooth surfaces are
observed in (f) and (g).

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 XRD results of §-26 scan only for ZnO buffer layers,
where strong (10-10) peaks are observed at 600 and 700 °C.
(H: Peak of Au deposited for SEM).

concentration of the ZnCl, aqueous solution was 0.1 mol
L™, and the flow rate of the Nj carrier gas was 5 Lmin~ "
Figure 4e-h shows SEM images of the ZnO films
overgrown on the buffer layers of Fig. 4a—d, respectively.
In these SEM images, Fig. 4f and g show smooth surfaces,
which correspond to the buffer layers with small grains. In
addition, in order to investigate the quality of only the buffer
layer without overgrown ZnO films, an XRD 6-26 scan was
performed as shown in Fig. 5. In Fig. 5, at growth
temperatures of 600 and 700 °C corresponding to the case of
small grains, only ZnO peaks of (10-10) and (20-20) except
for the sapphire peaks were observed, and the peaks of ZnO
(10-10) are stronger than other cases at temperatures of 500
and 800 °C. One possible explanation of this result is the
similarity between the AIN low temperature buffer for GaN
epilayers and the small grains of the ZnO buffer in
Fig. 4b and c, because small grains are included in both
buffer layers and worked as nucleation sites [1, 24].

Finally, we characterized the crystal quality by FWHM
in XRD w-rocking curves of the overgrown ZnO films as
shown in Fig. 6. In this XRD measurement, mainly the
crystal quality of the thick ZnO films should be evaluated
because the thicknesses of the ZnO buffer layers were only
about 20nm, while that of ZnO films were as thick as
700nm. Figure 6a shows the w-rocking curves of the
overgrown ZnO films on the buffer layer, where growth
temperatures Ty for the buffer are indicated. We plot the
FWHM of the w-rocking curves in Fig. 6b. In the case of 600
and 700 °C, the FWHMs were narrow, showing that high-
quality ZnO films were formed. These growth temperatures
correspond to the case of the small grains in SEM images in
Fig. 4b and c, the smooth surfaces in SEM images in
Fig. 4f and g, and strong XRD peaks of only the buffer layers
in Fig. 5.
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Figure 6 (a) XRD results of w-rocking curves for ZnO (10-10)
peaks are plotted for the various growth temperatures 7g. (b)
FWHMs of the w-rocking curves are shown. At a growth
temperature of 700 °C, the minimum value of FWHM is seen,
which corresponds to the buffer layer with small grains.

In particular, in the case of the buffer layer grown at
700 °C, the FWHM of the w-rocking curve has the minimum
value of 0.38°, while the FWHM for a ZnO film grown
without the buffer layer was as large as 0.69°. These results
indicate that the crystal quality of ZnO films was improved
by introducing the buffer layers with small grains.

4 Conclusions The ZnO buffer layers with a small
grain size of about 100nm were grown by using a
Zn(CH3COO0O), aqueous solution. On the buffer layer,
ZnO films were overgrown by using a ZnCl, aqueous
solution. The crystal quality of the ZnO films was
characterized by an SEM and an XRD w-rocking curve.
From the results, the FWHM of the ZnO films was reduced
from 0.69° to 0.38° by introducing the ZnO buffer layer with
small grains.
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Spherical cationic polymer microbeads were used to chemically mechanically polish transparent conductive
oxide (TCO) layers without the need for inorganic abrasives. Poly(methyl acrylate) (PMA) was used as the
polymer matrix. Surface cationization of the spherical PMA microbeads was achieved by aminolysis using 1,2-
diaminoethane. The amino group content of the microbeads was controlled using the aminolysis reaction time.
The surface roughness of the TCO polished using the cationic polymer microbeads was similar to that of TCO
polished with an inorganic abrasive. The microbead-polished TCO layer was slightly thinner than the unpolished
TCO layer. The sheet resistance of the TCO layer polished using the microbeads was lower than that polished
using the inorganic abrasive. The TCO polishing ability of the microbeads was dependent on their cationic

© 2014 Published by Elsevier B.V.

1. Introduction

Transparent conductive oxides (TCOs) are widely used as electro-
lytes in organic electronic devices, including liquid crystal devices,
solar cells, and organic light emitting diodes (OLEDs). TCOs, including
indium tin oxide (ITO), zinc oxide, aluminate zinc oxide, and F-doped
tin oxide are generally formed on substrates by DC magnetron
sputtering, vacuum deposition using resonance heating, or spray
pyrolysis [1-6]. Crystalline conductive oxides grow vertically on
substrate surfaces, and tall projections and spiked structures several
tens of nanometers high can form on targets sputtered with TCOs
[7]. ITO is a widely used TCO because of its high conductivity and
transparency. Amaral et al. reported that the surface roughness of
ITO increased with deposition thickness [7].

The influence of thermal annealing on the microstructure and
surface morphology of ITO has been investigated by Raoufi et al., who
found that a higher film annealing temperature increased the surface
roughness [8]. Leakage current flows toward spiked structures on ITO

* Corresponding author at: Kumamoto Industrial Research Institute, 3-11-38
Higashimachi, Higashiku, Kumamoto 862-0901, Japan. Tel.: +81 96 368 5359; fax: +81
96 369 1938.

E-mail address: nagaoka@kmt-iri.go.jp (S. Nagaoka).
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0040-6090/© 2014 Published by Elsevier B.V.

layer surfaces, causing short circuiting between the anode and cathode.
This causes dark spots in OLED displays owing to the resulting absence
of light emission [9,10]. Because rough ITO surfaces promote the
generation of defects, a smooth ITO surface morphology allows the
preparation of OLEDs with long lifetimes [11-13]. Jung et al. investigat-
ed the effects of the mechanical polishing and annealing of ITO surfaces
on OLED performance, and found that the current density and
luminance of a device containing highly planar ITO were nearly 10
times greater than those of that containing as-received ITO [14]. Howev-
er, a comprehensive study on the abrasiveness and surface resistance of
ITO layers remains lacking. ITO layers sputtered during thermal treat-
ment in oxygen plasma contain no surface projections, allowing flat
ITO thin layers to be fabricated [9,10]. However, such treatments tend
to increase the sheet resistance [10], and high ITO sheet resistances
are unfavorable in liquid crystal devices, solar cells, and OLEDs. Because
ITO thin films of low sheet resistance and flatness cannot readily be
formed by sputtering, newly formed ITO thin layers are typically
polished when fabricating devices.

In the current study, the polishing of ITO using cationic polymer
microbeads was carried out as an alternative to inorganic abrasive
polishing. The conductive properties of the TCO layer were retained
without damage to the ITO surface. The structure of the abrasive mate-
rial is shown schematically in Fig. 1. The planarization of the ITO surface
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Fig. 1. Structure of the abrasive material. Planarization of the ITO surface was promoted by
the chelating effect of the cationic PMA microbeads toward In®™.

was promoted by the chelating effect of the cationic PMA microbeads
toward In>*, and was the driving force for the polishing process.

2. Experimental
2.1. Preparation of soft chemical mechanical polishing materials

Various spherical surface-cationized polymer microbead samples
were prepared by the aminolysis of spherical poly(methyl acrylate)
(PMA) microbeads (15 pm, Sekisui Plastics Co. Ltd., Osaka, Japan)
using 1,2-diaminoethane [15], as shown in Scheme 1. The sample
names of the aminated polymer microbeads are shown in Table 1.
PMA spherical microbeads (10 g) were aminated by stirring in 150 mL
of 1,2-diaminoethane at 90 °C for 24, 48, 96, or 192 h. The obtained
microbeads were collected by filtration, washed with water and meth-
anol, and dried under vacuum. The amino group content of the
microbeads was determined by stirring in aqueous 0.05 M HCl for 1 h.
The microbeads were removed by filtration, and the filtrate was titrated
against aqueous 0.05 M NaOH [16]. Fourier transform-infrared (FT-IR)
spectra were collected using a Jasco FI/IR-700 spectrometer (Jasco
Co. Ltd., Tokyo, Japan). The microbeads were observed using field-
emission scanning electron microscopy (FE-SEM; SU-8000; Hitachi
High Technologies, Co. Ltd., Tokyo, Japan). The TCO surface was
observed using atomic force microscopy (AFM; di Innova; Veeco Instru-
ments Inc., New York, USA). The transparency of the TCO substrate was
evaluated using ultraviolet-visible (UV-vis) absorption spectroscopy
(UV-VIS650; Jasco Co. Ltd., Tokyo, Japan). Quantitative analysis of the
adsorption of In>* by the aminated microbeads was performed using
inductively coupled plasma optical emission spectroscopy (ICP-OES;
iCAP 6300; Thermo Fisher Scientific K. K., Yokohama, Japan).

2.2. Polishing experiments

ITO (thickness: 329 nm; sheet resistance: 4.65 (}/sq.; Geomatec Co.
Ltd., Yokohama, Japan) was used as the TCO layer. Planarization of the
ITO layer was carried out using a polishing machine with rotating
plates (60 rpm, Lapolish; Tokyo Seimitsu Co. Ltd., Tokyo, Japan). Various

—(CHy-GH —(CHy-CH)

$O  NH,CH,CH,NH, ¢O
O — NH
&H, 4 ¢H,
Aminolysis C|)H2

NH,

Scheme 1. Aminolysis of PMA microbeads using 1,2-diaminoethane.
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Table 1
Aminated polymer microbead sample names and amino group contents.

Microbeads Reaction time (h) Amount of amino Swelling degree
group (meq/g) (wet-ml/dry-g)

PMA 0 0 Aggregate in water

PMA24 24 1.63 233

PMA438 48 3.84 5.53

PMA96 96 4.58 7.68

PMA192 192 5.89 16.5

abrasive materials and polishing urethane hard pads (Lam Plan Indus-
tries Ltd., Sevenoaks, UK) were used. The ITO layer was stressed at
8.62 kPa, as shown in Fig. 2. Commercial colloidal silica abrasives Si-20
(20 nm particle size) and Si-80 (80 nm particle size) (JGC Catalysts
and Chemicals Ltd., Kawasaki, Japan) were also tested for comparison.
Polishing was also carried out using 2-aminoethanol instead of an
abrasive, as a control. The ITO layer thickness was measured using spec-
tral ellipsometry (FE5000; Otsuka Electronics Co. Ltd., Osaka, Japan).

3. Results and discussion
3.1. Preparation of spherical surface-cationized polymer microbeads

The aminolysis of the spherical PMA microbeads was confirmed by
the decreased absorption at 1730 cm™ ! [v¢ — o(ester)] as the aminolysis
reaction proceeded, as shown in the FT-IR spectra in Fig. 3. Absorptions
at 1650 [vc — o(amide)] and 3400 (vn.y) cm™ ! also increased with re-
action time. The amino group contents of the polymer microbead
samples were estimated to be 1.63 (PMA24), 3.84 (PMA48), 4.58
(PMA96), and 5.89 (PMA192) meqg ™!, as shown in Table 1. The
microbeads were typically spherical, as shown in Fig. 4(b)-(e). The
amino group content and swelling degree of the microbeads are
plotted against the aminolysis reaction time in Fig. 5(a) and (b), respec-
tively. Both amino group content and swelling degree increased
with aminolysis reaction time. The swelling degree of PMA192 was
16.5 wet-ml/dry-g. PMA192 had the typical morphology of a highly
swollen gel with a spherical shape, as shown in Fig. 4(e). The uneven
surface of PMA 192 was caused by severe swelling and shrinking.

The adsorption properties of the aminated PMA microbeads toward
In>* were investigated. 100 mg of aminated PMA48 microbeads were
added to 50 ml of aqueous 1.0 mM InCls, and the resulting solution
was stirred for 1 h. The microbeads were removed by filtration, and
the In®>* content of the filtrate was analyzed using ICP-OES. The In>*
concentration of the filtrate after adsorption by PMA48 was 0.48 mM.
Thus, the adsorption capacity of PMA48 for In>* was 0.26 meq/g. The
adsorption capacities of the unmodified PMA microbeads and colloidal

Weight Jig
TCO glass Rotation Retainer Ring
: Fixation Jig
Slurry of polishing materials Cb C
Rotation l
< -.- > Polishing Pad

1500 000000 LD OQN00U A

/

Stan Rotation Plate

Balance Plate

Rotary Motor

Fig. 2. Apparatus used to polish the ITO thin layers.
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Fig. 3. FT-IR spectra of PMA microbeads (a), and PMA microbeads surface-aminated for
(b) 24, (c) 48, (d) 96, and (e) 192 h.

silica for In®* were 0.008 and 0.022 meq/g, respectively, indicating little
adsorption capacity toward In®*.

Fig. 6 shows a SEM image and corresponding energy dispersive
X-ray spectroscopy (EDX) map of the surface of the aminated PMA
microbeads after the adsorption of In®*. The PMA48 microbead surface
was covered with In>* as a result of chelation by amino groups. This
suggested that the aminated PMA microbeads would be suitable ITO
polishing materials.

SUB000 1.5kV x5.00k SE(UL) SUB000 1.5kV x5.00k SE(UL)

SUB00O 1.5KV x5.00k SE(UL)

3.2. Polishing of ITO surface with commercial colloidal silica

Table 2 shows the surface roughness (R,), maximum vertical inter-
val (Rmax), thickness, and sheet resistance of ITO layers (ITO-Sil-20
and ITO-Sil-80) before and after polishing with the commercial colloidal
silica materials. The R, and R,,.x values of the unpolished ITO layer were
3.89 and 45.7 nm, respectively. After polishing with Sil-20 for 4 min,
these values decreased to 2.90 and 26.4 nm, respectively. After polishing
with Sil-80 for 4 min, the R, and Ry,ax values were 2.41 and 23.9 nm,
respectively.

After 8 min of polishing, the R, values of ITO-Sil-20 and ITO-Sil-80
were 1.82 and 1.46 nm, respectively, while their Ry.x values were
18.4 and 17.3 nm, respectively. Thus, the R, and Ry« values for ITO-
Sil-80 were smaller than those of ITO-Sil-20. Fig. 7 shows AFM images
of the surfaces of the ITO layers before and after polishing for 4 min.
As shown in Fig. 7(b), the surface of ITO-Sil-20 was flatter than that of
the unpolished ITO. Fig. 7(c)1 and 7(c)2 show the two surface morphol-
ogies observed on ITO-Sil-80. In Fig. 7(c)1, the surface morphology ap-
pears flat, but scratches and peelings are observed in Fig. 7(c)2.

The thickness and surface properties of the ITO layers were investi-
gated. The sheet resistance of an ITO layer depends on its thickness.
The thickness of the unpolished ITO layer was 329.3 nm, as shown in
Table 2. The thickness of ITO-Sil-20 decreased from 329.3 to 313.2 nm
after polishing for 4 min, and then to 309.7 nm after polishing for a
total of 8 min. The thickness of ITO-Sil-80 decreased to 303.6 nm after
8 min polishing.

The sheet resistance of the ITO layers increased with polishing time.
The sheet resistance of the unpolished ITO layer was 4.65 Q/sq, while
those of ITO-Sil-20 and ITO-Sil-80 after 4 min polishing were 4.85 and
4,99 O/sq., respectively. After polishing for a total of 8 min, these sheet
resistances had increased to 5.23 and 5.27 Q/sq., respectively. Although
the polishing rate of ITO-Sil-80 was higher than that of ITO-Sil-20,
scratching and peeling of the ITO thin layer were observed for ITO-Sil-
80. Therefore, ITO-Sil-20 was selected for comparison with the
aminated PMA microbead-polished samples.

3.3. Polishing of ITO surface with cationic polymer microbeads

The aminated polymer microbeads were adopted as cationic poly-
mer microbeads. The effect of the amino group on polishing was inves-
tigated as follows. An ITO layer was polished for 8 min using a
urethane hard pad and 4 wt.% 2-aminoethanol without an abrasive
(ITO-Pad-AEA). Another ITO layer was also polished using a pad without

SUB000 1.5kV x5.00k SE(UL)

Fig. 4. SEM images of (a) PMA, (b) PMA24, (c) PMA4S, (d) PMA96, and (e) PMA192.
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Fig. 5. (a) Swelling degree and (b) amino group content of PMA microbeads prepared with increasing aminolysis time.

2-aminoethanol (ITO-Pad). The R, and Ry, values, thicknesses, and
sheet resistances of ITO-Pad and ITO-Pad-AEA are summarized in
Table 3. The R, and Ry« values measured for ITO-Pad were 2.66 and
38.3 nm, respectively, and the thickness of the ITO-Pad layer was
328.7 nm. Thus, the R, and R,.x values did not significantly change
with polishing, and there was no change in the ITO thickness. The R,
and Ry, of ITO-Pad-AEA polished for 8 min were 2.57 and 24.3 nm, re-
spectively, and the thickness of the ITO-Pad-AEA layer was 325.8 nm.
The decreased R, and Ry, values and thickness were attributed to
dissolution of the surface of the ITO layer through hydrolysis by the 2-
aminoethanol in the aqueous solution. The sheet resistances of ITO-
Pad and ITO-Pad-AEA were 4.80 and 5.15 €)/sq., respectively. Although
the thickness of the ITO-Pad-AEA layer was smaller than that of ITO-
Pad, its sheet resistance was much higher. Larger ITO thicknesses
typically result in lower sheet resistances. The higher sheet resistance
of ITO-Pad-AEA was attributed to the adsorption of 2-aminoethanol
on the ITO surface via electrostatic interaction between the ITO and
amino groups. The amino groups dissolved the ITO surface, and then
strongly interacted with residual surface ions. Therefore, the amino
groups immobilized on the polymer microbeads acted as an abrasive
support.

The R, and Ry« of ITO layers (ITO-PMA24, 48, 96, 192, and ITO-Sil-
20) polished with the cationic polymer microbead samples (PMA24,
48, 96, and 192) and Sil-20 are summarized in Table 4. The R, and
Rmax Of the ITO polished using the cationic polymer microbeads and
Sil-20 were lower than those of unpolished ITO. In the case of the cation-
ic polymer microbead-polished ITO layers, after polishing for 4 min, the
ITO layer thickness decreased with increasing microbead amino group
content. The thickness of ITO-PMA192 was the smallest of the ITO layers

Fig. 6. (a) SEM image and (b) corresponding EDX map of the surface of PMA48 after
adsorbing In>*. The dots indicate In. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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polished using the cationic polymer microbeads. These results indicated
that amino groups within the microbeads dissolved the ITO surface,
because the extent of the thinning increased with amino group content.
The R, and R of ITO-PMA48 were the lowest among the ITO layers
polished using the cationic polymer microbeads. This indicated that
the polishing mechanism depended on aminolysis and chelation, and
also on the mechanical strength of the microbeads. PMA192 was too
soft to polish the ITO layer because of its excessive swelling. However,
after polishing for 8 min, the thickness of the ITO-PMA192 layer was
the smallest of the ITO samples polished using the cationic polymer
microbeads. This result indicated that PMA192 exhibited the strongest
chelation and hydrolysis capability among the PMA microbead samples,
because these microbeads had the highest amino group content. The
surface of PMA192 had a major impact on the ITO surface, dissolving it
and adsorbing In®>*. The thickness of ITO-PMA192 (315.7 nm) after
8 min polishing was 13.6 nm smaller than that of the unpolished ITO
layer (329.3 nm).

The R, and Ry,,x of ITO-PMA48 were smaller than those of ITO-
PMA192, though the thickness of the former was larger. The sheet
resistance of ITO-PMA192 was the highest of all the polished ITO
samples. This increased sheet resistance was attributed to the adsorp-
tion of PMA192, and its contamination of the ITO surface. It is thought
that the polymer matrix of the PMA192 microbeads decomposed as a
result of excess amino group content. This was because the PMA192
microbeads were the most swollen and softest among the aminated
PMA and original PMA microbeads. Thus, PMA192 was unsuitable for
polishing ITO.

PMA48 was able to remove the spiked ITO morphology while
retaining the ITO layer thickness. Sufficient mechanical strength of the
microbeads was necessary to remove spiked features from the ITO
surface because of the physical adsorption of the microbeads to them.
Thus, PMA48 exhibited the best spiked feature removal ability of the
samples. A significant decrease in thickness was observed for ITO-
PMA192. As discussed above, the amount of decrease in the ITO layer
thickness depended on chelation and hydrolysis. Table 3 shows that
the thickness of the ITO-Pad-AEA layer decreased from 329.3 to

Table 2
Surface properties and thicknesses of ITO layers polished using colloidal silica.

ITO Polishing time R, Rmax  Thickness Sheet resistance
(min) (nm) (nm) (nm) (Q/sq.)
ITO-Sil-20 4 290 264 3132 485
8 182 184 309.7 5.23
ITO-Sil-80 4 241 239 3144 4.99
8 146 173 3036 527
Non-polished ITO 0 389 457 3293 4.65
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Fig. 7. AFM images of the surfaces of (a) unpolished ITO, and (b) ITO-Sil-20 and (c) ITO-Sil-
80 polished for 4 min.

325.8 nm despite the absence of an abrasive. The complete dissolution
of the ITO layer was attributed to hydrolysis by 2-aminoethanol. Thus,
chemical effects significantly influenced the ITO layer thickness.

Fig. 8 shows AFM images of ITO surfaces polished with Sil-20 and
PMAA48. After polishing for 4 min, the R, and R,.x of ITO-Sil-20 were
2.90 and 26.4 nm, and the thickness and sheet resistance were
313.2 nm and 4.85 Q/sq., respectively. The R, and Ry, of ITO-PMA48
were 2.65 and 23.6 nm, and its thickness and sheet resistance were
327.2 nm and 4.76 Q/sq., respectively. The rate of decrease in the Ry,ax
of ITO-PMAA48 was higher than that observed for ITO-Sil-20. However,
the ITO-PMAA48 layer was much thicker.

Table 3
Surface properties and thicknesses of ITO layers polished in the absence of an abrasive.

ITO R, (nm) Riax (nm) Thickness (nm) Sheet resistance
0O/sq.

ITO-Pad 2.66 383 328.7 4.80

ITO-Pad-AEA 2.57 243 325.8 5.15

Non-polish ITO  3.89 45.7 3293 4.65

Polishing time: 8 min

Table 4
Surface properties and thicknesses of ITO layers polished using Sil-20 and cationic polymer
microbeads.

ITO Polishing time R, Rmax  Thickness Sheet resistance

(min) (nm) (nm) (nm) (Q/sq.)
ITO-Sil-20 4 290 264 3132 4.85

8 1.82 184 309.7 5.23
ITO-PMA24 4 294 316 3304 4.66

8 260 278 3286 487
ITO-PMA48 4 265 236 3271 476

8 186 188 3226 4.95
ITO-PMA96 4 245 234 3265 471

8 316 340 3230 499
ITO-PMA192 4 277 269 3245 5.05

8 244 227 3157 5.16
Non-polished ITO 0 3.89 457 3293 4.65

20 40 500

8 min pollshlng W|th PMA48
R, 1.86 nm, R, 18.8 nm
Thickness: 322.6 nm

Sheet resistance: 4.95 Q/sq.

8 min pollshlng W|th Sil20
R, 1.82 nm, R, 18.4 nm
Thickness: 309.7 nm

Sheet resistance: 5.23 Q/sq.

0 10 20 30 40 500 10 20 30 40 50
4 min polishing with Sil20 4 min polishing with PMA48
R,:2.90 nm, R,,,: 26.4 nm Ra:2.65 nm, R, 23.6 nm
Thickness: 313.2 nm Thickness: 327.1 nm
Sheet resistance: 4.85 Q/sq. Sheet resistance: 4.76 Q/sq.

iS. nm

Orlglnal ITO surface
R,:3.89 nm, R ,,: 45.7 nm
Thickness: 329.3 nm

Sheet resistance: 4.65 Q/sq.

Fig. 8. AFM images of the surfaces of unpolished and polished ITO layers using Sil-20 and
PMAA48 for 4 and 8 min, respectively.

After polishing for 8 min, the R, and Ry,.x of ITO-PMA48 decreased
from 3.89 to 1.86 and from 45.7 to 18.8 nm, respectively. For ITO-
Sil-20, the R, and Ry,,x decreased to 1.82 and 18.2 nm, respectively.
Table 4 shows that the sheet resistance of ITO-PMA48 was comparable
to that of unpolished ITO, while the sheet resistance of ITO-Sil-20
increased after polishing. The thickness of ITO-Sil-20 was smaller than
that of ITO-PMAA48, decreasing to 309.6 nm after 8 min polishing. The
thickness of ITO-PMA48 was 322.6 nm, which was slightly smaller
than the thickness of unpolished ITO (329.3 nm). The polishing rate
obtained with Sil-20 was sufficiently fast that the ITO thickness was
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Fig. 9. Schematic of polishing mechanism of PMA48 microbeads and Sil-20.

not readily controllable. This indicated that colloidal silica was too hard
to be used for polishing the ITO surface. Fig. 9 shows that PMA48 did not
degrade the sheet resistance (i.e., the thickness did not change), because
it removed only the spiked features from the surface. The chemical
polishing by the amino groups was not the only factor important for ef-
ficient polishing, as a soft matrix polymer was also necessary. The soft
surface of the aminated PMA helped remove spiked features from the
ITO surface.

1,2-Diaminoethane did not react exclusively with the surface of the
microbeads. It also gradually reacted within the microbeads, particular-
ly with increasing aminolysis time. The amino group content of PMA192
was 5.89 meqg ™!, which is close to the maximum amino group content
of PMA. The polishing efficiency of PMA48 was the highest among all
the microbead samples. Although the amino group contents of PMA96
and PMA 192 were higher than that of PMAA48, their polishing perfor-
mance, such as retention of sheet resistance upon planarizing, were
lower. It is thought that the PMA surface was fully covered with
amino groups after aminolysis for 48 h. Therefore, amino groups within
the microbeads were not considered to contribute to polishing.

4. Conclusions

Soft chemical mechanical polishing materials based on spherical
cationic polymer microbeads were used to polish transparent con-
ductive layers. The cationic spherical polymer microbeads were pre-
pared by the aminolysis of PMA using 1,2-diaminoethane. Various
aminated PMA microbead samples were investigated for polishing
ITO, and two commercial colloidal silica abrasives were tested for
comparison. Polishing with commercial 20-nm-diameter silica
increased the ITO sheet resistance by decreasing the ITO layer thick-
ness. Polishing with commercial 80-nm-diameter silica both in-
creased the sheet resistance and scratched and damaged the ITO
layer. Polishing with PMA microbeads aminated for 48 h, planarized
the ITO surface without damaging it, and the initial ITO layer thick-
ness was retained. The ITO polishing rate obtained when using the
spherical cationic polymer microbeads was smaller than that for
the commercial colloidal silica. The rate of decrease in the maximum
vertical interval of the ITO was higher when polishing with the
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microbeads than with colloidal silica. The sheet resistance of the
resulting microbead-polished ITO layer was lower. The ITO sheet
resistance and surface roughness increased, and the ITO layer thick-
ness decreased, when PMA microbeads aminated for 192 h were
used in polishing. The surface of these microbeads dissolved the
ITO surface and adsorbed In®>*. These results indicated that the
polishing mechanism was predominantly chemical, such as chela-
tion and hydrolysis, rather than mechanical.

Acknowledgments

This work was supported by the Industrial Technology Research
Grant Program from 2011 to 2014 (Grant for Young Researchers) of
the New Energy and Technology Development Organization. The au-
thors are grateful to Dr. Yoshiro Ohgi for I[CP-OES measurements.

References

[1] K. Utsumi, H. ligusa, R. Tokumaru, P.K. Song, Y. Shigesato, Study on In,05-SnO,
transparent and conductive films prepared by d.c. sputtering using high density
ceramic targets, Thin Solid Films 445 (2003) 229.

Y. Sato, S. Nakamura, N. Oka, Y. Shigesato, Transmission electron microscopy
observation on the early stages of Sn-doped In,03 film growth deposited on
amorphous carbon films by DC magnetron sputtering, Appl. Phys. Express 2
(2009) (95501-1-95501-1-3).

M. Kon, P.K. Song, Y. Shigesato, P. Frach, S. Ohno, K. Suzuki, Impedance control of
reactive sputtering process in mid-frequency mode with dual cathodes to deposit
Al-doped ZnO films, Jpn. J. Appl. Phys. 42 (2003) 263.

[4] M. Okuya, K. Nakade, S. Kaneko, Porous TiO, thin films synthesized by a spray pyrol-
ysis deposition (SPD) technique and their application to dye-sensitized solar cells,
Sol. Ener. Mat. Sol. Cells 70 (2002) 425.

E. Shanthi, A. Banerjee, V. Dutta, K.L. Chopra, Annealing characteristics of tin oxide
films prepared by spray pyrolysis, Thin Solid Films 71 (1980) 237.

S. Gupta, P. Kumar, A.A. Chakkaravathi, D. Craciun, RK. Singh, Investigation of
chemical mechanical polishing of zinc oxide thin films, Appl. Surf. Sci. 257 (2011)
5837.

A. Amaral, P. Brogueira, C.N. Carvalho, G. Lavareda, Influence of the initial
layers on the optical and electrical properties of ITO films, Opt. Mater. 17
(2001) 291.

D. Raoufi, A. Kiasatpour, H.R. Fallah, A.S.H. Rozatian, Surface characterization and
microstructure of ITO thin films at different annealing temperature, Appl. Surf. Sci.
253 (2007) 9085.

C.Y. Park, J.H. Lee, B.H. Choi, Effects of surface treatment of ITO anode layer patterned
with shadow mask technology on characteristics of organic light-emitting diodes,
Org. Electron. 14 (2013) 3172.

2

i3

[5

[6

17

[8

[9



S. Nagaoka et al. / Thin Solid Films 576 (2015) 31-37 37

[10] J. Park, H. Ham, Sputter-patterned ITO-based organic light-emitting diodes with
leakage current cut-off layers, Org. Electron. 12 (2011) 1872.

[11] Z.Wang, S. Naka, H. Okada, Influence of ITO patterning on reliability of organic light
emitting devices, Thin Solid Films 518 (2009) 497.

[12] Y.H. Tak, K.-B. Kim, H.G. Park, KH. Lee, J.R. Lee, Criteria for ITO (indium-tin-oxide)
thin film as the bottom electrode of an organic light emitting diode, Thin Solid
Films 411 (2002) 12.

[13] S.N. Lee, S.F. Hsu, S.W. Hwang, C.H. Chen, Effects of substrate treatment on the
electroluminescence performance of flexible OLEDs, Curr. Appl. Phys. 4 (2004)
651.

[14]

[15]

[16]

S.Jung, N.G. Park, M.Y. Kwak, B.O. Kim, K.H. Choi, Y.J. Cho, Y.K. Kim, Y.S. Kim, Surface
treatment effects of indium-tin oxide in organic light-emitting diodes, Opt. Mater.
21 (2003) 235.

C. Hirayama, H. Ihara, X. Li, Removal of endotoxins using macroporous spherical
poly(y-methyl I-glutamate) beads and their derivatives, J. Chromatogr. Biol. Appl.
530 (1990) 148.

S. Nagaoka, H. Tobata, Y. Takiguchi, T. Satoh, T. Sakurai, M. Takafuji, H. [hara,
Characterization of cellulose microbeads prepared by a viscose phase separation
method and their chemical modification using acid anhydride, J. Appl. Polym. Sci.
97 (2005) 149.

RAREREM 5 — HARHFEE No.53. 2016 41






BR AL BAE
8 WE ®&E
RH EF

REREXBNE 2 —HIREE H3S FWM2EE
i - JE1T  RRARIRERBANE 4 —

T862-0901 REATHH[XHMET 3-11-38
TEL: 096-368-2101 (ft3)
FAX: 096-369-1938




g AT %
R
AT -

JHEZ NI

D REARPERE N 7 —

Rk 2 8 HEHE




