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Abstract

The gas barrier film formation technique using simultaneous photo-irradiation and heat-treat-
ment has been researched on alicyclic polyimide film coated with a polysilazane solution. A fine
SiO; thin film on polyimide film was formed at low temperatures, which greatly improved the sub-
strate’s gas barrier characteristics by this technique. The values of gas barrier characteristics de-
pended on the substrate temperature at the time of photo-irradiation. For photo-irradiated thin
film heat-treated to 150°C, the water vapor transmission rate and oxygen transmission rate fell
below the equipment measurement limit of 0.02 g/m?/day and 0.02 cm3/mZ/day, respectively.
This polyimide film with a gas-barrier film coating has good transmittance in the region of visible
light, heat resistance, and flexibility.
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1. Introduction

The development of information appliances such as mobile phones and televisions and electronics-related prod-
ucts such as solar batteries has been quite active in recent years as the demand for products with even higher
functionality and performance grows. As part of this trend, attention is focusing on flexible electronics for next-
generation electronic products with flexible functions, such as flexible displays, e-paper, and flexible solar bat-
teries having thin, light, and bendable features. The component deemed indispensable for these flexible products
is the flexible substrate, which has generally been fabricated using organic resin films having flexible character-
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istics. Ordinary organic films, however, have poor gas barrier characteristics with respect to water vapor and
oxygen, which can lead to degraded performance caused by the oxidation of device elements formed on the
flexible substrate. The development of flexible substrates having good gas barrier characteristics is therefore an-
ticipated as a solution to this serious problem. In addition, flexible devices like displays require good transmit-
tance in the region of visible light and heat-resistance characteristics in addition to good gas barrier characteris-
tics. One approach to improving the gas barrier characteristics of standard organic films is to form an inorganic
thin film on top of the organic film. A simple method for doing so is to coat the organic film with a solution that
includes an inorganic precursor. However, forming a fine inorganic thin film requires heat treatment at high
temperatures [1] [2], so it has not yet been possible to obtain sufficient performance due to problems associated
with the heat-resistant temperature of organic films. On the other hand, high-performance, multi-layer films can
be formed using elaborate high-vacuum film formation equipment as in the sputtering method, vacuum deposi-
tion method and CVD method [3], but the high costs associated with such equipment present another problem.
The above situation calls for the development of simple and low-cost low-temperature film formation technolo-
gy for preparing such substrates.

In this study, we report on low-cost film formation technology for forming a gas barrier film on alicyclic po-
lyimide (PI) film using a polysilazane-based coating method and photo-irradiation. Alicyclic PI film has good
transmittance characteristics (visible light region transmittance: 90% T) and heat-resistance characteristics (Tg:
300°C) but poor gas barrier characteristics. If gas barrier characteristics can be improved here, it should be
possible to enhance the utility of substrates for flexible devices. Polysilazane, the base material for forming a gas
barrier film, is inorganic polymer precursor having silicon-nitrogen bond (Si-N) that changes to SiO, when sub-
jected to heat treatment under oxygen or water vapor [4]-[8]. It has also been reported that polysilazane can be
transformed to SiO, by irradiating it with excimer light [9] and that gas barrier characteristics can be improved
in this way [10] [11], but there have been no reports on the effect of applying such photo-irradiation while heat-
ing.

For the study reported here, we used a low-pressure mercury lamp as an optical energy source and investi-
gated how applying both photo-irradiation and heat affected the molecular structure of polysilazane film and its
gas barrier characteristics.

2. Experimental
2.1. Preparation of Silica Thin Films Using Photo-Irradiation

A dibutyl ether solution of polysilazane (NL-110, 20 wt%: AZ Electronic Materials Co.) was used as a precursor
for forming thin films. Specifically, 5 wt% dibutyl ether solution of this polysilazane solution was spin-coated
(1000 rpm, 60 sec) on top of an alicyclic Pl film (thickness 100 pm: Mitsubishi Gas Chemical Co.) subjected to
hydrophilic treatment. The film was then photo-irradiated in ambient air using a low-pressure mercury lamp at
an intensity of 6.5 mW/cm? for 20 min. Substrate temperature was varied among 80°C, 100°C, 120°C, and
150°C for different samples. The thin film was prepared on both sides of the PI film. For comparison purposes,
samples subjected only to heat treatment (150°C, 200°C, 250°C, and 300°C) were also prepared.

2.2. Evaluation

Changes in the molecular structure of these thin-film samples were examined by infrared spectra and the cross-
sectional structures of the samples were observed by transmission electron microscopy (TEM). Samples for the
TEM observations were prepared by focused ion beam (FIB) processing. Elemental analysis in the film was
examined by X-ray photoelectron spectroscopy (XPS). UV-VIS absorption spectra were measured in order to
examine transparency of the films. Gas barrier characteristics were evaluated by measuring water vapor trans-
mission rate (40°C, 90% RH: MOCON PERMATRAN-W) and oxygen transmission rate (23°C, 100% O:
MOCON OX-TRAN). Water vapor transmission greater than 10 g/m?/day was measured by the dish method.

3. Results
3.1. Infrared Spectroscopy

Infrared spectra of thin films prepared under various conditions are shown in Figure 1. Spectra for photo-
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Figure 1. Infrared spectra of the heat treated films and the photo-heat treated films.

irradiated samples at different substrate temperatures and spectra for samples subjected to only heat treatment
are shown.

The only heat-treated samples showed NH (near 3300 cm ™), SiH (near 2200 cm™*), and SiNSi (near 800 cm™)
absorption peaks directly after thin-film formation, suggesting a film structure having Si-N bonds. These ab-
sorption peaks decreased as heat-treatment temperature increased in the manner of 150°C — 200°C — 250°C —
300°C, but at the same time, an absorption peak based on a siloxane bond (-O-Si-O-) near 1100 cm " appeared
and increased. In fact, only absorption based on this siloxane bond could be observed for heat treatment at
300°C, indicating a transformation to a SiO, film. The spectrum for heat treatment at 250°C showed absorption
peaks based on polysilazane, indicating that polysilazane still existed and that the transformation to SiO, was
still incomplete. Looking next at the spectra for the samples that were simultaneously photo-irradiated and heat-
treated, NH, SiH, and SiNSi absorption peaks based on polysilazane could be observed at 80°C but so could be a
strong absorption peak based on a siloxane bond (-O-Si-O-). This result indicates that the transition to SiO, was
already underway at this temperature. In addition, no polysilazane-based absorption peaks could be observed for
films treated at 100°C or greater, indicating a transition to SiO, at those temperatures. These results show that
the transformation to SiO, film occurs at an extremely low temperature through simultaneous photo-irradiation
and heat treatment.

3.2. X-Ray Photoelectron Spectroscopy (XPS)

Figure 2 shows XPS depth profile of elemental analysis (Sizp, O1s, Nis and Cys) for the film heat treated at 300°C
and the film photo-irradiated at 150°C. For the 300°C heat-treated film, Si, O and N were observed in the film,
in which N content was about 2 atomic %, indicating that the plysilazane-to-silica conversion was insufficient.
On the other hand, for the photo-heat treated film Si and O were observed but N was not observed in the film,
indicating that the plysilazane-to-silica conversion was sufficient. Also, C and N due to impurities caused by
organic pollution were observed in the outermost surface. The rapid increases in C content around 30 min. sput-
tering time indicates that sputtering reached the PI film. These results suggest that the polysilazane-to-silica
conversion by the photo-heat treatment proceeds easily at low temperature than that by the heat treatment.

3.3. UV-VIS Absorption Spectroscopy

Figure 3 shows the UV-VIS absorption spectra of the films formed on silica substrate and photo-irradiated at
various temperatures in comparison with that of the heat-treated films. The as-deposited polysilazane film
showed absorption around 300 nm and 800 nm, and also large absorption below 260 nm. These absorption de-
creased with photo-irradiation, leading to that there were no absorptions in the region of 200 nm - 800 nm from
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Figure 2. XPS depth profiles of composition of the film photo irradiated at 150°C
and the film heat-treated at 300°C.
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Figure 3. UV-VIS absorption spectra of the heat-treated and photo-heat treated films.

ultraviolet light region to visible light region in the films photo-irradiated at above 100°C. Finally, the film pho-
to-irradiated at 150°C became high transparent, indicating that the polysilazane-to-silica conversion was com-
pleted.

For the heat-treated films, the absorption peak around 300 nm shifted to shorter wavelength and decreased
with rise of heat treatment temperature, and the large absorption below 260 nm and the absorption around 800
nm also decreased with rise of heat treatment temperature. At the temperature of 300°C there were no absorption
peaks in the region of 200 nm - 800 nm.

3.4. Transmission Electron Microscopy (TEM)

Cross-sectional TEM photographs of thin films prepared by photo-irradiation at 150°C are shown on Figure 4.
Thin-film formation on PI film is shown for both a single coat and a double coat of thin film. The thin film was
formed uniformly on the base material and the adhesive interface with the PI film was also uniform. No
non-uniform sections within the thin film such as SiO, particles were observed. The thin film was 160 nm thick
for the single coat and 333 nm thick for the double coat. The double-coated thin film was uniform with no lami-
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nation interface observed.

3.5. Gas Barrier Characteristics

The results of measuring water vapor transmission rate (WVTR) for a single coat of thin film are listed in Table
1. For heat-treated films, it can be seen that WVTR tends to decrease as the treatment temperature increases
dropping to a value of 1.36 g/m*day for the thin film treated at 300°C. Since WVTR is 143 g/m?/day for PI with
no thin-film formation, it can be seen that a gas-barrier effect is produced by the formation of a thin film. On the
other hand, WVTR in photo-irradiated films drops significantly with increase in substrate temperature. Specifi-
cally, while a WVTR of 130 g/m?/day for irradiated Pl at room temperature (with no substrate heating) is not
much lower than that for Pl with no irradiation and no thin-film formation, WVTR decreases with rise in sub-
strate temperature in the manner of 80°C (15.3 g/m?/day) — 100°C (3.42 g/m?/day) — 120°C (1.84 g/m?%/day) —
150°C (0.17 g/m*/day). In short, WV TR becomes as small as 0.17 g/m?/day for a photo-irradiated film at 150°C.

The results of measuring water vapor transmission and oxygen transmission for both single-coated and
double-coated thin films photo-irradiated at 150°C are shown in Table 2. The WVTR in the case of a double-
coated thin film was smaller than the equipment’s measurement limit of 0.02 g/m?/day. The oxygen transmission
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Figure 4. Cross-sectional TEM photographs of gas barrier films. (a)
1 coated film; (b) 2 coated film.

Table 1. WVTR of the heat-treated and photo-heat treated films.

Heat-treated Films Pl (no film) 150°C 200°C 250°C  300°C

WVTR (g/m%day) 143 92.8 409 13.8 1.36
Photo-irradiated Films r.t. 80°C 100°C 120°C 150°C
WVTR (g/m%day) 130 153 342 184 017

Table 2. Gas barrier characteristics of the 1 coated and 2 coated films.

Sample Gas barrier P1 (no film) 1 coated film 2 coated film
WVTR (g/m%day) 143 0.17 <0.02
OTR (cm®/m?/day) 97 <0.02 <0.02
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rate (OTR), meanwhile, was smaller than the equipment’s measurement limit of 0.02 cm®m?/day for both sin-
gle-coated and double-coated thin films, which was a significant decrease from that of Pl with no thin-film for-
mation.

4. Discussion

Gas barrier characteristics greatly improved when photo-irradiating the thin film and those values depended on
the substrate temperature at the time of photo-irradiation. Although no significant decrease in WVTR could be
observed in photo-irradiated film with no substrate heating compared to film with no photo-irradiation, a major
decrease in that value could be observed in photo-irradiated film at a substrate temperature of just 80°C. This
value continued to decrease greatly with rise in substrate temperature to 100°C, 120°C, and 150°C. The reason
for this is considered to be that polysilazane-derived molecular structures still remained in 80°C photo-irradiated
film but that the film was transforming to SiO, and forming a finer and denser SiO, film for 100°C-and-higher
photo-irradiated film, as shown in IR spectra, XPS data, UV-VIS spectra and TEM observation. The refractive
index of the as-deposited film showed 1.56 and that value decreased with photo-heat treatment. The refractive
index of the film photo-irradiated at 150°C was 1.47 that was close to the refractive index of silica glass, 1.46.
The decrease in refractive index observed can be ascribed to polysilazane-to-silica conversion, not to increased
porosity, by TEM observation. These results suggest that the photo-heat treatment promotes the conversion to
silica and the densification of the film. It is presumed that both the chemical-bond-breaking effect of optical
energy at the 254 nm and 185 nm wavelengths of the low-pressure mercury lamp and the film-oxidation effect
due to O3, O (*D) reactive oxygen generated from oxygen in air contributed to the oxidation reaction in polysi-
lazane film. Optical energy at the 254 nm and 185 nm wavelengths is coincident with 113 kcal/mol and 155
kcal/mol, respectively. Each chemical bond energy of Si-N and N-H in polysilazane is 105 kcal/mol and 92
kcal/mol, respectively [12]. Optical energy at the 254 nm and 185 nm wavelengths of the low-pressure mercury
lamp is sufficient to cleave the chemical bond of Si-N and N-H. We point out here that no major decrease in
WVTR could be observed in film that was photo-irradiated after 150°C heat treatment (90.3 g/m?/day) or in film
that was heat-treated at 150°C after photo-irradiation (116 g/m?/day). This observation indicates that substrate
heating at the time of photo-irradiation has a major effect on the conversion to and the fineness of SiO, film. It is
presumed here that substrate heating quickens the diffusion of reactive oxygen in the film and promotes an oxi-
dation reaction directly after polysilazane bond breaking by optical energy thereby contributing to the generation
of a fine SiO, film. The details of this mechanism are now under study.

Film thickness also had an effect on gas barrier characteristics. Compared to single-coated film, WVTR of
double-coated film decreased significantly dropping to a value below the equipment’s measurement limit of 0.02
g/m?/day. On the other hand, the oxygen transmission rate dropped below the equipment’s measurement limit of
0.02 cm*/m?day for both single-coated and double-coated film. Cross-sectional TEM observations of double-
coated film show a uniform and fine SiO, film with no lamination interface. We therefore achieved good gas
barrier characteristics in this study for both water vapor and oxygen, and we consider that the WVTR and oxy-
gen gas transmission rate can be further improved by optimizing film thickness in the proposed technique. The
adhesion between the thin film and PI film was strong—no film peeling could be observed even by a tape test
conforming to a JIS standard (Japan Industrial Standard). Finally, the developed substrate has good flexibility,
transmittance in the region of visible light, and heat resistance and should therefore be effective as a substrate
for use in the field of flexible electronics.

5. Conclusion

The gas barrier film formation technique using simultaneous photo-irradiation and heat-treatment has been re-
searched on alicyclic polyimide film coated with a polysilazane solution. This technique enables the formation
of a fine SiO, thin film on polyimide film at low temperatures and greatly improves the substrate’s gas barrier
characteristics. For photo-irradiated thin film heat-treated to 150°C, the water vapor transmission rate and oxy-
gen transmission rate fell below the equipment measurement limit of 0.02 g/m*/day and 0.02 cm*/m?/day, re-
spectively. This polyimide film with a gas-barrier film coating has good transmittance in the region of visible
light, heat resistance, and flexibility and should therefore prove useful as a film for flexible electronics.
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