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Si(100) substrates were coated with a polyimide (PI)-polyvinylpyrrolidone (PVP) mixture film, and an
alkoxide-derived TiO, gel film was deposited on it by spin-coating. The gel films were fired under various
conditions with final annealing at 600-1000 °C. The PI-PVP layer was completely decomposed at such
high temperatures while the TiO, films survived on Si(100) substrates without any damages. When the
final annealing temperature was raised, the crystalline phase changed from anatase to rutile, and the
crystallite size and the refractive index of the films tended to increase. The TiO, films thus fired on

I;ﬁ{:’glrsf Si(100) substrates were transferred to polycarbonate (PC) substrates by melting the surface of the plastic
Coating substrate either in a near-infrared image furnace or on a hot plate under a load. Cycles of deposition
Anatase and firing were found to be effective in achieving successful transfer even for the films finally annealed

Rutile at 1000 °C. X-ray photoelectron spectroscopic analyses on the film/Si(100) interface suggested that the
Plastic substrate residual carbon or carbides at the interface could be a possible factor, but not a necessary and decisive

Sol-gel

factor that allows the film transfer.

© 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Crystalline oxide thin films deposited on plastic substrates
have a number of applications in the field of flexible electronic
devices including flat-panel displays, large area radio-frequency
communication devices, structural health monitors, conformal X-
ray imagers, and flexible solar cells [1,2]. Their applications may
spread over a wider field, considering the variety of the function-
alities of oxide crystals based on their optical, electrical, magnetic,
dielectric, and chemical properties.

So far great efforts have been made on “low-temperature
processing” as reviewed in Ref. [3] where thin films are crystal-
lized without firing so that plastic substrates can survive. Higher
crystallinity, i.e. larger volume fraction of crystals and larger crys-
tallite size, is achieved, however, by activated atomic diffusion via
firing, which in many cases brings about better performances of
oxide thin films. Aiming at providing highly crystalline oxide films
on plastic substrates, we have recently developed a new technique
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which is based on sol-gel thin film deposition and transfer [3-6].
The technique comprises (i) the deposition of a polyimide (PI) or
PI-polyvinylpyrrolidone (PVP) mixture film on a silicon substrate,
(ii) the deposition of a precursor gel film on the polymer film, (iii)
the firing of the gel film, and (iv) the transfer of the fired oxide film
onto a plastic substrate. The firing process guarantees the crystal-
lization of the oxide film, and the PI or PI-PVP film acts as a release
layer that aids the oxide film to be delaminated from the silicon
substrate. The transfer is achieved by melting the surface of the
plastic substrate either in a near-infrared (IR) image furnace or on
a hot plate under a load, where the molten plastics layer acts as an
adhesive.

The firing and transfer processes were also employed by other
groups, who fabricated crystalline oxide ribbons on polydimethyl-
siloxane rubbers [7-9]. They prepared oxide ribbons on a thermally
resistant mother substrate by sputtering followed by firing, and
etched the mother substrate through the intervals of the ribbons
so that the ribbons can be detached from the mother substrate.
Compared with their techniques our technique is superior; in that
iteven allows large area films to be fabricated on plastic substrates
because it needs no etching process and utilizes release layers
instead.

We believed that the release layer should not be completely
decomposed in the firing process so that it aids the fired oxide
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film to be detached from the silicon substrate on transfer. In other
words, we believed that the firing temperature has an upper limit
so that the release layer may survive. However, very recently we
have noticed that the oxide film can be delaminated and transferred
to a plastic substrate even when the release layer is completely
decomposed by firing at high temperatures. Such a high temper-
ature process may open a door to the realization of more highly
crystalline oxide thin films on plastics.

In the present study, an alkoxide-derived TiO, gel film was pre-
pared on a PI-PVP release layer on an Si(100) substrate, followed
by firing at 600-1000°C and transferring to a polycarbonate (PC)
substrate in order to demonstrate the availability of the technique
that involves the high temperature firing process. In order to clarify
the factors that allow transfer, the effects of processing parameters
on transfer were studied, wherein the parameters include the fir-
ing temperature, the number of cycles of thin film deposition, the
thickness of plastic substrates and the method of transfer. Depth
profiles of elements were also obtained by X-ray photoelectron
spectroscopy (XPS) in order to examine the chemical species at the
TiO,-film/Si(100)-substrate interface. The effects of the firing tem-
perature on the crystallinity, optical properties and porosity of the
films were also studied.

2. Experimental
2.1. Preparation

N-methyl-2-pyrrolidone solution of polyamic acid (20 mass%,
U-Varnish-S, Ube Industries, Ube, Japan), PVP (PVP K15, 10,000
in viscosity average molecular weight, Tokyo Kasei Kogyo Co.,
Tokyo, Japan) and 1-methyl-2-pyrrolidone (Wako Pure Chemical
Industries, Osaka, Japan) were used as the starting materials for
preparing the release layers. A solution of mass ratios, U-Varnish-
S:PVP:1-methyl-2-pyrrolidone=6:1:2, was prepared by adding
1-methyl-2-pyrrolidone and PVP to U-Varnish-S, and the spin-
coating was conducted on Si(100) substrates (20 x 40 x 0.5 mm?)
at a spinning rate of 8000 rpm, followed by heating up to 120°Cat a
rate of 10°C min~! and keeping there for 60 min. Further heat treat-
ment was conducted at 150 °C for 30 min, at 250 °C for 20 min, and
at 450 °C for 10 min in this sequence, where the films were heated
at 10°Cmin~! between different temperatures. Finally ca. 1.4 um-
thick PI-PVP mixture layers with smooth surface were obtained on
Si(100) substrates.

Asolution of mole ratios, Ti(OC3H7!)4:H,0:HNO3:C,HsOH=1:1:
0.2:20, was prepared in the following manner using Ti(OC3H71)4,
nitric acid (69-70%) and ethanol, all purchased from Wako Pure
Chemical Industries, and ion-exchanged water as the starting mate-
rials. A solution consisting of water, nitric acid and a half of the
prescribed amount of ethanol was added to a solution comprising
Ti(OC3H7')4 and the other half amount of ethanol under magnetic
stirring. The homogeneous, transparent solution thus obtained was
kept at room temperature for 30 min, and served as the coating
solution. The TiO, gel film was prepared on the release layer by
spin-coating at 8000 rpm, followed by exposure to water vapor for
1 h. After the exposure, the gel film was heated up to 600-1000 °C at
5°Cmin~! in an electric furnace. In some cases the gel film deposi-
tion and the firing at 600 °C were cycled up to five times, followed
by the final annealing at 600-1000°C for 10 min, where the first
gel layer was heated up to 600°C at 5°Cmin~! and the second to
fifth gel layers were heated by placing them in an electric furnace
of 600°C for 10 min. The thickness of a fired single-layer TiO; film
was ca. 60 nm, and the release layer was completely decomposed
during the heat treatment as shown in Section 3.

The fired TiO, thin films were transferred onto PC substrates
(20 x 20 x 5mm?3 or of 20 x 40 x 1 mm?3) either in a near-infrared
(IR) image furnace or on a hot plate with a roller with the

sample configurations shown in Fig. 1. In the case of the former,
a PC(20 x 20 x 5mm?3)/Ti0,-film/Si(100) stack that was bound
with binder double clips (Fig. 1(a)) was heated up to 170°C at
75°Cmin~! in a near-IR image furnace (MILA3000-P-N, ULVAC-
RIKO, Kanagawa, Japan), where the Si(100) substrate absorbs the
near-IR light and radiates the heat. The 5 mm thick PC substrate
instead of the 1 mm thick one was used so that unidirectional pres-
sure high enough for the transfer is realized by the binder double
clips. In the case of the latter, the TiO, film on the Si(100) sub-
strate was placed on a hot plate of 180 or 190°C with the Si(100)
rear side being contacted with the hot plate. Then a PC substrate
(20 x 40 x 1 mm3) was pressed on the TiO, film by a stainless roller
(20 cm in diameter, 2.4 cm in width and 6.44 kg in weight) that was
rotated very slowly so that the center of the roller moves hori-
zontally at a rate of 2.44 mmmin~! (Fig. 1(b)). The 1 mm thick PC
substrate, which was flexible and bendable, was used instead of
the 5 mm thick one so that the air between the PC substrate and
the TiO, film on Si(100) is squeezed out and the effective contact
is realized between them.

2.2. Measurements and observations

The thermal decomposition behavior was studied on the release
layer by thermogravimetric and differential thermal analyses
(TG-DTA) conducted at a heating rate of 5°Cmin~! in flowing
air using a thermal analyzer (TG8120, Rigaku, Tokyo, Japan). The
release layer on the Si(100) substrate was scraped off with a surgi-
cal knife and served for the analysis. The thermal decomposition of
the release layers was also traced by measuring the IR absorption
spectra on the film samples on Si(100) substrates using a Fourier
transform IR spectrophotometer (FT/IR-410, JASCO, Tokyo, Japan)
where a bare Si(100) substrate was used as the reference.

The “transferred area fraction”, i.e. the fraction of the area of
the film that was successfully transferred to the PC substrate, was
obtained by image analysis using GIMP 2 (GNU Image Manipulation
Program 2). Whether or not the TiO, film had cracks was exam-
ined by an optical microscope (KH-1300, HiROX, Tokyo, Japan).
The crystalline phases of the TiO, films were identified with an X-
ray diffractometer (Rint 2550 V, Rigaku, Tokyo, Japan) with Cu Ka
radiation operated at 40 kV and 300 mA. The crystallized size was
obtained from the corrected half-height width of the diffraction
peak using Scherrer’s equation. The optical absorption spectra were
measured on the samples on PC substrates using an optical spec-
trometer (V-570,JASCO, Tokyo, Japan), where the reference was the
air. The reflection spectra were recorded using the same spectrom-
eter with a reflection attachment (SLM-468, JASCO). The refractive
index and the thickness of the films were measured on the films on
Si(100) substrates with a single-wavelength ellipsometer (ESM-1T,
ULVAC, Chigasaki, Japan) withaHe-Ne laser atan incident angle 70°
and a spectroscopic ellipsometer (M-2000V-Kk, ].A. Woollam Com-
pany, Nebraska, USA) at three angles of incidence of 65°, 70°, and
75° over the spectral range 370-1000 nm. The porosity p was cal-
culated from the refractive index ny by the following equation [10]:

(nj? —1)(n2+2)

T (2 2)nZ 1) M

-p

where n is the refractive index of anatase or rutile.

The chemical compositions and their depth profiles were
obtained for the films on the Si(100) substrates using an X-ray
photoelectron spectrometer (PHI5000 Versa Probe, ULVAC-PHI,
Chigasaki, Japan) with a monochromatic Al Ko X-ray source. To
counter the surface charging, a charge neutralizer was used during
the collection of the spectra. The depth profiling of the compositions
was obtained by collecting the spectra after every 60 s sputtering
by Ar* ions.
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