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Abstract

A new flexible substrate for flexible electronics has been developed. The developed substrate con-
sists of an ultra thin glass and TAC (triacethyl cellulose) film. An ultra thin glass and TAC film were
joined with TEOS-DAC (TEOS: tetraethyl orthosilicate, DAC: diacethy cellulose) adhesive resin
synthesized by sol-gel method by means of thermo-compression bonding. This substrate has high
transparency in visible-light region (90%), high flexibility (torsion strength and bending strength)
and high gas barrier characteristics due to an ultra thin glass. The newly-developed substrate is
superior to the substrates fabricated with commercially available adhesive resin in the same way
in characteristics of heat resistance, transparency and flexibility.
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1. Introduction

In recent years, development of electronics-related products (such as solar cells) and portable information de-
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vices (such as mobile phones and hand-held TVs) has continued apace, and development of products with higher
performance and higher functionality is being demanded. As next-generation representatives of such products,
flexible devices [1]-[4], such as flexible displays [5]-[7] and electronic paper [8] (characterized by thinness,
lightness, and bendability) and flexible solar cells, are continuing to be developed. Concurrently, the so-called
“flexible electronics” to create those products is drawing a lot of attention [9] [10]. A flexible substrate
represents an indispensable component of these flexible products. As for a flexible substrate, an organic polymer
film with flexibility is generally used; however, a normal organic film functions poorly as a “gas-barrier” in re-
gard to water vapor, oxygen, etc., and the resulting degradation of performance due to oxidation of the device
components fabricated on a flexible substrate has become a big problem. Accordingly, development of a flexible
substrate with a good gas-barrier property is being strongly urged. The required performance of a substrate for
electronics use is strict; namely, water-vapor permeability must be less than 10 2 g/m? day in the case of a lig-
uid-crystal device (LCD) and less than 10 ° to 10 ® g/m? day in the case of an organic electroluminescence (EL)
display [11] [12].

Moreover, as for flexible devices such as displays, they must possess not only a good gas-barrier property but
also high transparency and heat resistance. As for a method to improve the gas-barrier property of a normal or-
ganic film, an inorganic thin film is formed on top of the organic film. As a simple way of forming an inorganic
thin film, this method involves applying a solution containing an inorganic precursor [13]-[17]. However, form-
ing a dense inorganic thin film necessitates heat treatment at high temperature, and the performance of this me-
thod has been insufficient because the heat-resistance temperature of the organic film is a problem. Furthermore,
elaborate high-vacuum deposition systems (such as atomic layer deposition, sputtering and vacuum-deposition
methods) that can form multilayer films at high efficiency are available; however, the high cost of these systems
is clearly a problem [18]-[23].

On the other hand, as a substrate material for conventional displays and devices, glass is widely used. Glass
has outstanding characteristics in terms of transparency, heat resistance, surface smoothness, and gas-barrier ca-
pability, so it is used as a substrate for manufacturing various devices requiring these characteristics. It is known
that if the thickness of a glass film is more than a dozen or so microns (um), its permeability of gases will be
close to “0” (i.e., completely gas barrier characteristics), and its performance as a gas barrier will be sufficient.
However, as an innate weak point concerning glass (namely, an inorganic substance), its brittleness means it is
easy to break. Although a glass with thickness of a dozen or so microns becomes more flexible as it becomes
thinner, its other weak point—namely, brittleness (or breakability)—becomes worse. The composition of glass
and surface modification of glass have been studied, and strengthened ultra-thin glasses have been commercia-
lized [24]. In regard to mechanical strength (i.e., bending strength and torsional strength), however, these glasses
are still insufficient. Moreover, they are high-cost products owing to the difficulty of the fabrication techniques
involved in making them.

In the present study, an ultrathin glass sheet (with an ordinary brittle configuration) and a triacetyl-cellulose
(TAC) film (namely, an optical film commonly used in liquid-crystal devices) were joined by means of an “or-
ganic-inorganic hybrid adhesion layer,” and a flexible substrate for high-performance (namely, high strength and
transparency combined with an outstanding gas-barrier property) flexible electronics was developed.

2. Experimental
2.1. Preparation of TEOS-DAC

5.992 g (28.76 mmol) of tetraethyl orthosilicate (TEOS:TCI Chemicals, >96%) and 20.00 g of 1,4-dioxane (TCI
Chemicals, >99%) were mixed. Then, under stirring, a solution diluted with 0.136 g (3.73 mmol) of 12N hy-
drochloric acid (WAKO Co., Special Grade) in 6.00 g of 1,4-dioxane was added to the mixture. After that, to the
mixed solution was added 2.12 g (11.77 mmol) of deionized water in 5.748 g of 1,4-dioxane and heated slowly.
The solution was stirred at 60°C for two hours. And then, 33.00 g of the TEOS-sol solution was added to a di-
acetyl cellulose (DAC) solution containing 1.00 g (2.5 pmol) of DAC (DICEL, DAC L-20, polymerization de-
gree: 150) dissolved in 2.00 g of 1,4-dioxane, and the mixed solution was stirred for two hours at 60°C. After
that, 4.00 g of cyclohexanone (WAKO Co., Special Grade) was added to the solution, which was then stirred for
10 minutes. As a result of this preparation procedure, 40.00 g of TEOS-DAC with a compound ratio by weight
(i.e., TEOS sol to DAC solution) of 11:1 was produced. Moreover, to study differences due to mixing ratio of
the silica (SiO,) components and DAC components, TEOS-DAC with various compound ratios by weight of
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DAC solution to TEOS-sol solution was prepared.

2.2. Fabrication of a Flexible Substrate

An ultrathin glass sheet (Matsunami Glass Co., borosilicate-glass, 50 x 40 mm/thickness: 50 or 70 um) was
coated with TEOS-DAC by means of a dip coater. As for the dipping conditions, lowering speed and immersion
time were set to 2.0 x 10 mm/s and 10 seconds, respectively, and the TEOS-DAC was coated on the glass plate
at a raising speed of 2.0 x 10 mm/s. After that, a TAC film (60 x 50 mm/thickness: 40, 60, 80, or 100 um) was
bonded to the top and bottom sides of the glass plate. Then, multistep heat treatment (i.e., thermo compression
bonding ), performed at 80°C for 10 minutes, 100°C for 40 minutes, 120°C for 40 minutes, 140°C for 40 minutes,
and 160°C for 40 minutes, produced a “hybrid flexible substrate.” For the purpose of comparison, other flexible
substrates that commercial adhesive agents were used were prepared in the same way.

2.3. Evaluation

2.3.1. Flexibility Test

To evaluate the flexibility of the fabricated substrate, radius-of-curvature-limit tests and torsional-strength tests
were performed. As for the radius-of-curvature-limit tests, the fabricated hybrid substrate was formed into a cy-
lindrical shape and fixed with cellophane tape. The cylinder was rolled up, and when the substrate split, the ra-
dius of the cylinder was measured. As for the torsional-strength test, both ends of the hybrid substrate were
sandwiched between two glass slides and fixed, and both ends of the glass slides were fixed by arms. Then, one
of the arms was rotated, and the angle at which the substrate broke was measured.

2.3.2 Adhesion Test

Adhesiveness in regard to the substrate of the film and the adhesive agent was evaluated by adhesive tests based
on JIS (Japanese Industrial Standard) K 5600-5-6. For these tests, 100 1 x 1-mm squares were cut into the
bonded substrate by a cutter, and a tape was applied with pressure. The applied tape was then torn off in one go
(at an angle of 45 degrees), and the number of squares of thin film remaining on the substrate was counted.

2.3.3. Transmittance Measurement and Cross-Sectional Observation

Infrared and visible-ultraviolet absorption spectra were respectively measured by Shimadu FT-IR 8400S and
Shimadu UV-2450 spectrometers. The cross-sectional structure of the hybrid substrate (in the form of a speci-
men embedded in resin and ion polished for observation) was observed by scanning electron microscope (SEM;
a Carl Zeiss ULTRADS5).

3. Result and Discussion
3.1. Design Concept of Flexible Substrate

As for the organic-inorganic hybrid substrate developed in this study, the flexible substrate is configured as a
“sandwich” as follows. At the core of the sandwich is an ultrathin glass sheet with a certain amount of flexibility
(even though it is thin and brittle) plus an excellent gas-barrier property and high transparency. The glass sheet
is sandwiched between organic films (with high flexibility and transparency), as the top and bottom surfaces of
the substrate, by using an organic-inorganic hybrid adhesive resin as an adhesive layer between the glass sheet
and the organic films. A cross-section of the sandwich structure is shown in Figure 1. Thanks to the glass core
of the substrate, a perfect gas barrier is maintained, and the organic films compensate for the brittleness of the
glass substrate. Moreover, the substrate exploits the high transparency of both the organic films and the ultrathin
glass core. As for the key feature of the developed substrate, its flexibility and strength can be significantly im-
proved by a simple method (namely, an intrinsically brittle and breakable glass sheet is laminated by organic
films on its upper and lower surfaces). This is because the adhesive resin buries the “chipping” of the end facets
and surfaces of the glass layer (caused by the glass-fabrication process) by means of the adhesive layers, and the
organic films (which form the exterior faces of the substrate) disperse the stress applied to the glass.

A TAC film (with comparatively high heat resistance in organic films and outstanding characteristic as an opt-
ical film) was selected as the organic material, and an ultrathin borosilicate-glass sheet (thickness: 70 or 50 pm)
was selected as the inorganic material. To laminate these two materials, it is necessary to design an adhesive layer
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Figure 1. Cross-sectional view of organic-inorganic flexible substrate and strong
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with adhesiveness in regard to both organic and inorganic materials. Accordingly, in the present study, an adhe-
sive resin for bonding together an organic-inorganic hybrid multilayer substrate was designed. The concept be-
hind the SiO,-diacetylcellulose (DAC) hybrid resin (tetraethyl orthosilicate (TEOS)-DAC) developed in this
study is shown in Figure 2. DAC, obtained by acetylization of two hydroxyl groups of cellulose (composed of
cellulose molecules with similar structures to that of TAC), was used for the organic polymer unit. In addition, a
SiO, sol (that is, TEOS hydrolyzed and polycondensed by the sol-gel method) was used for the inorganic poly-
mer unit. The DAC and SiO, sol are chemically bonded by dehydration polycondensation of a silanol group in
the SiO, sol and a hydroxyl group (-OH) in the DAC by the sol-gel method.

The TEOS-DAC adhesive exerts a strong adhesive force in regard to the TAC film due to interdiffusion (since
DAC has a similar structure to the TAC film) and hydrogen bonding between the hydroxyl group (-OH) in the
acetylcellulose and a carbonyl (-C=0) in an acetyl group (CHsCO). Moreover, it bonds with the ultrathin glass
substrate by chemical bonding, namely, siloxane bonding (-Si-O-Si-), between a silanol group (-Si-OH) in the
SiO, sol and a similar one in the outermost surface of the substrate. Since it has adhesiveness in regard to or-
ganic and inorganic materials in this manner, the TEOS-DAC hybrid resin can bond materials that are difficult
to bond by nature.

Although the TAC film functions poorly as a gas barrier, (thickness: 60 pm; water-vapor transmission rate:
472 g/m*day at 40°C/90% RH), the gas-barrier property is significantly improved by the method (i.e. utilizing
the TEOS-DAC hybrid resin) described above. This method is drawing attention from not only the viewpoint of
the high mechanical strength of glass but also the viewpoint of the high performance of the organic film.

3.2. Synthetic Procedure of Organic-Inorganic Hybrid Resin (TEOS-DAC) for Adhesive
Bonding

The procedure for synthesis of TEOS-DAC is shown in Figure 3. As a starting constituent for TEOS, a sol-gel
reaction is initiated in dioxane solvent. DAC is added to that solution, the reaction is propagated further, and the
TEOS-DAC organic-inorganic hybrid adhesive is synthesized. As for this reaction, concentration of the SiO, sol,
molecular weight of the DAC, and composition ratio of TEOS to DAC were varied, and their effects on the
strength of the hybrid substrate were evaluated.

Infrared spectra of the TEOS-DAC organic-inorganic hybrid resin with that of starting material are shown in
Figure 4. In regard to the starting-material inorganic polymer (TEOS-sol), stretching-vibration peak (Si-O-Si)
can be seen near 1102 cm . In addition, in regard to the organic polymer (DAC), stretching-vibration peak
(C=0) derived from an acetyl group can be seen near 1733 cm *. Furthermore, in regard to TEOS-DAC, the
stretching-vibration peak (Si-O-Si) near 1102 cm™ and the stretching-vibration peak (C=0) near 1733 cm™" de-
rived from an acetyl group can both be seen. These spectra confirm that a hybrid material composed of an inor-
ganic material (TEOS-sol) and an organic material (DAC) was successfully formed. TEOS-DAC is expected to
form chemical bonding by dehydrative polycondensation of an OH group in DAC and a Si-O-H group in the
TEOS-sol or mutual interaction between hydrogen bonds (involving strong interaction between molecules).
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3.3. Fabrication and Properties of a Hybrid Flexible Substrate

The fabrication process for a flexible substrate formed by using a TEOS-DAC adhesive layer is shown in Figure
5. First, a film of adhesive hybrid resin is dip coated onto an ultrathin glass substrate. After that, the film is
sandwiched between TAC films by processing with a laminator. Next, the ultrathin glass and TAC films are
thermo compressively bonded by multi-stage heat treatment. 70- or 50-um-thick glass is used for the glass sub-
strate, and 100, 80, 60, or 40-um-thick TAC film was used for the organic film. The water (b.p.: 100°C), 1,4-
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dioxane (b.p.: 101.1°C) and cyclohexanone (b.p.: 155.7°C) solvents contained in the TEOS-DAC can be gradu-
ally removed by evaporation by multi-step heat treatment, and uniformity of the interfaces of the fabricated sub-
strate is assured. If the substrate is suddenly heated to a temperature of 160°C, bubbles are generated at the sub-
strate interfaces, and the glass and TAC film detach. The temperature at multi-step heat treatment was chosen
according to boiling point of the used solvents in TEOS-DAC and the results of TG-DTA of TEOS-DAC resin.
The hybrid substrate was pre-dried at 80°C for 10 min. and then raised to 100°C (for 40 min.) to eliminate H,0.
The 1,4-dioxane and cyclohexanone were removed at 120°C for 40 min. and at 140°C - 160°C for 40 min., at
temperature higher than boiling point temperature, respectively. During evaporation of the vaporized solvents,
TEOS-DAC might be diffused into TAC film, leading to uniformity of the interfaces between TEOS-DAC and
TAC.

Transmittance spectra and exterior photos of the fabricated flexible hybrid substrate are shown in Figure 6. It
is clear from this result that the transparency of substrate is high; in particular, the transmissivity for visible light
in the wavelength range of 400 to 800 nm is about 90%. Although the absorption around 400 nm increases by 1%
to 2% compared to the transmissivity of the glass film and TAC film, its transparency in the visible-light region
is very high. Moreover, thanks to the high flexibility of the substrate, the glass does not break and the TAC film
does not peel off.

Adhesive strength of the TEOS-DAC adhesive in regard to the glass and TAC films is extremely high, name-
ly, 100/100 (residual number/cut number), according to the results of a tape test (performed in accordance with
the appropriate JIS standard). Moreover, the adhesive strength of the bonded flexible substrate was evaluated by
tape test. The test results (shown in Figure 7) reveal that it depends on the compositional ratio of SiO; in the
DAC of the TEOS-DAC. In the case of DAC only (i.e., zero SiO, concentration), the adhesive strength is just
about zero. This is because the DAC is bonded to the glass film by Van der Waals bonding only, and chemical
bonding with the glass substrate does not occur. When the concentration of SiO, exceeds 20%, adhesive strength
rises rapidly, reaching a maximum around 35.5% to 60%. It is supposed that this is because siloxane bonds form
between the glass substrate and the TEOS-DAC adhesive layers. When the concentration of SiO, increases from
60% to 80%, the adhesive strength gradually decreases. The cause of this decrease is considered to be the effect
of SiO, particles precipitating in the adhesive. When the silica component increases, precipitation of SiO, par-
ticles can be seen in the adhesive layers. Furthermore, when it surpasses 80%, the adhesive force in regard to the
TAC film weakens, and bonding between the glass substrate and the TAC films becomes impossible. It can thus
be concluded that to strongly bond the glass substrate and the TAC films the compositional ratio of the organic
to inorganic components has an optimal range.

3.4. SEM Observation

Cross-sectional SEM photographs of the fabricated flexible substrate are shown in Figure 8. Here, a 50-um ul-
trathin glass and a 40-um TAC film are bonded by a TEOS-DAC adhesive layer. In particular, it is clear that the
TAC film is uniformly bonded to the glass in a satisfactory interfacial state. Moreover, a clear-cut layer at the
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interface of the adhesive and TAC film cannot be seen as shown in enlarged image (2’). It is supposed that this
is because the DAC component of the adhesive agent and the structural constituents of the TAC film are similar,
so they are unified during the thermo-compression bonding used to fabricate the substrate. As a result, high ad-
hesive strength between the adhesive agent and the TAC component is created. Moreover, in regard to the glass
substrate, the silica component of the TEOS-DAC forms chemical bonds (Si-OH) with the glass surface, thereby
increasing the adhesive strength of the joint. As shown in image (b), which is a cross section of a sample fabri-
cated by forming only an adhesive layer of TEOS-DAC on an ultrathin glass substrate, a uniform layer (with
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thickness of 14.6 um) was formed. On the other hand, as for the flexible substrate formed by laminating a TAC
film (40 um thick) on this TEOS-DAC layer [center of image (a)], the actual TAC/TEOS-DAC film thickness is
40 pum, which is much lower than the simply totaled thicknesses of the TAC film and TEOS-DAC adhesive
layer (i.e., 54.6 pm). This result suggests that the TEOS-DAC and TAC layers are combined during the ther-
mo-compression treatment.

3.5. Mechanical Strength of Hybrid Flexible Substrates

To evaluate the flexibility of the fabricated substrate, torsional-strength and radius-of-curvature-limit test were
performed. The appearance of the tests is shown in Figure 9. In the torsional-strength test, both ends of the sub-
strate are fixed, one end of the substrate is twisted, and the angle at which cracks are generated (“fracture angle”
hereafter) is measured. It is judged that the bigger the angle, the greater the flexibility of the substrate. The ul-
trathin glass layer is particularly weak in regard to the applied twisting. In the radius-of-curvature-limit test, the
substrate is rolled up into a tube, and the radius of the tube at which cracks appear (r) is recorded. It is judged
that the smaller the value of r, the higher the flexibility of the substrate. Figure 9 shows the results of torsion-
al-strength test and radius-curvature-limit test for the hybrid substrate using TEOS-DAC (SiO, content 59.9%),
50 pm ultra thin glass and 100 um TAC film. This hybrid substrate shows no cracks at 50° torsion angle for tor-
sional-strength test and r = 5 mm for radius-of-curvature limit test, indicating high flexibility.

The results of the torsional-strength and radius-of-curvature limit tests on the fabricated flexible hybrid sub-
strate, in which the SiO; solid-content ratio in TEOS-DAC was 59% (which gives high adhesiveness between
the glass substrate and TAC film), are shown in Figure 10. The thicknesses of the ultrathin glass substrate and
TAC film were varied, namely, 70 or 50 um and 40, 60, 80, or 100 pm, respectively. According to the torsion-
al-strength test, although the fracture angle of bulk glass ranges from 12.8° (70 um thick) to 18.2° (50 pm), the
angle is significantly increased when the bulk glass is bonded with TAC films. That angle increases as the
thickness of the TAC film increases; in other words, when the thickness of the ultrathin glass substrate is 70 pm,
if TAC-film thickness is increased (i.e., from 40, to 60, 80, and 100 um), the flexibility of the film is respective-
ly improved from 39.2°, to 47.8°, 47.8°, and 54.5°. As for the 50-um-thick ultrathin glass substrate, the flexibility
was improved even more, namely, from 52.0° at 40-um thickness, to 56.0° at 60 pm, 63.8° at 80 um, and 71.8° at
100 um. On the other hand, in the radius-of-curvature limit tests, the r values for the glass bulk were 19.1 mm
(70 um thick) and 15.1 mm (50 um thick). The value of r is decreased by bonding the glass with the TAC film.
When the ultrathin glass substrate is 70 um thick, its flexibility is improved, namely, from 11.8 mm (40-um-
thick TAC film), to 10.5 mm (60 pum), 9.7 mm (80 pum), and 8.2 mm (100 pwm). When the ultrathin glass sub-
strate is 50 um thick, its flexibility is further improved, namely, from 7.6 mm (40-um-thick TAC film), to 7.3
mm (60 pm), 4.6 mm (80 pm), and 4.0 mm (100 pum).

In conclusion, by fabricating a hybrid substrate, flexibility was significantly improved in comparison to the

Torsional- strength test

50°
Angle Large - Flexibility Large

r=5mm
Radius Small ->Flexibility Large

Figure 9. Appearance of evaluation for flexibility of the developed
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Table 1. Comparison of characteristics of the developed substrate using TEOS-DAC and the substrates using commercially
available adhesives.

Adhesive Epoxy Urethane Silicon  Cyano acrylate Butyl rubber TEOS-DAC
Transparency Transparent Bubble generation  Opaque Transparent ~ Bubble generation  Transparent
Adhesiveness 100/100 100/100 100/100 87/100 0 100/100
Transparency . Yellowish Deformation

(after 180°C treatment) Yellowish bubble generation Opaque Transparent bubble generation Transparent
Adhesiveness
(after 180°C treatment) 100/100 100/100 100/100 0 80/100 100/100
Torsion strength (°) 28.0 23.8 31.3 31.0 25.0 47.8
Curvature limit radius (mm) 18.3 19.9 14.8 15.6 175 10.5

Tape test for adhesiveness: Residual number/Cut number. TAC film 60 pum, Ultra thin glass 70 pm.

bulk ultrathin glass substrate. Moreover, it was revealed that the value of flexibility depends on the thickness of
the glass and the thickness of the TAC film. The flexibility is accomplished by burying the chipping of the end
facets and glass surface by the adhesive layer and dispersing the stress applied to the glass by TAC film.

3.6. Comparison with Commercial Adhesives

The performance characteristics of the flexible substrate fabricated using TEOS-DAC in this study and of sub-
strates fabricated in a similar way (but using commercially available adhesives) are compared in Table 1. The
substrates were fabricated by using 70-um-thick glass and 60-um TAC films, and the types of adhesives used
were commercial epoxy, urethane, cyanoacrylate, and butyl-rubber. The characteristics compared are transpa-
rency, adhesiveness, heat resistance (transparency and adhesiveness after heat treatment at 180°C), torsional
strength, and radius-of-curvature limit. As for the commercial adhesives, transparency, adhesiveness, and/or heat
resistance are insufficient in all or some cases. Moreover, in all cases, torsional strength and radius-of-curvature
limit are also lagging compared to those of the substrate developed in this study by utilizing TEOS-DAC. In re-
gard to all the performance characteristics, the developed TEOS-DAC hybrid substrate exhibits superior per-
formance in comparison to all the substrates fabricated with commercial adhesives. Furthermore, after heat
treatment at 200°C, that superior performance does not appear to change, demonstrating that the heat resistance
of the developed substrate is high.

4. Conclusion

Under the aim of developing a flexible substrate with outstanding performance in terms of gas-barrier capability,
flexibility, and transparency, a new flexible substrate was fabricated by bonding an ultrathin glass and TAC
films by means of a TEOS-DAC adhesive. The method for fabricating the substrate, namely, bonding by ther-
mo-compression, is quick and easy. The flexibility of the developed substrate (in terms of torsional strength and
radius-of-curvature limit) is outstanding, and its transparency in the visible-light region is high (i.e., 90%).
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Moreover, after heat treatment at 180°C - 200°C, its outstanding performance does not change, demonstrating
that the heat resistance of the substrate is also high. Owing to these outstanding characteristics, it is expected
that the developed substrate will be applied as a substrate for flexible electronics.
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