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Abstract

Four kinds of poly(ethylene terephalate) (PET)/indium—tin—oxide (ITO) specimen were prepared to examine the effect of prestrain applied to
the PET substrate before the coating of ITO film on the mechanical, microstructure, optical, and electrical properties and morphology. The
dependence and interaction among these properties/parameters are established and discussed. The mean slenderness ratio of the crystalline
porosities in the ITO film decreased with increasing prestrain. The tilt angle of tubular porosities increased due to the increase in the particle size
of ITO deposited on the PET substrate. A nonzero prestrain reduced both interplanar spacing (d-spacing) and the mean surface roughness of
the ITO film. An increase in the substrate prestrain decreased the mean transmittance but increased the mean reflectance of the specimens.
An increase in the ITO particle size lowered the optical band gap (Eg) and mean reflection and increased the mean transmittance. PET/ITO
specimens with larger Eg values had higher carrier mobility (Mb). A nonzero prestrain leads to a smooth ITO film with low electrical resistance.
Decreasing Young's modulus in combination with increasing specimen's hardness is helpful to the increase in the pop-in depth and the decrease in
the pop-out depth in the nanoindentations. The electrical current—depth curve from nanoindentation tests and the stress—depth curve can be used
to efficiently identify the depths of pop-in and pop-out. The PET/ITO specimen with 2% prestrain had the largest pop-in depth and the smallest
pop-out depth.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction the electrical, optical, and structural properties of ITO films [1].

The effects of sputtering pressure and substrate temperature on

Indium-tin—oxide (ITO) films are widely used as a transpar-
ent conductor due to their high transparency to visible light and
low electrical resistivity. They are used as transparent electrodes
for various applications, such as displays (LCDs) and solar cells.

ITO films can be prepared by various deposition methods.
Reactive sputter deposition is widely used for ITO film deposi-
tion [1-8]. Various glass materials have been used as the
substrate of ITO films [1-6]. Post-deposition annealing has been
conducted to investigate the effect of annealing temperature on
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these properties have been characterized [2,3]. Films deposited at
various deposition rates and gas compositions were investigated
by Thilakan et al. [4]. The mechanical properties of the film,
such as internal stress and adhesion, are important to pattern
accuracy and durability [5]. Films prepared using pulsed
magnetron sputtering have been compared to those prepared
using direct-current (DC) sputtering [6]. The effects of pulsed
magnetron sputtering parameters on film properties were also
examined. The effects of the hydrogen gas ratio (H,/(H,+Ar)) on
the electrical, optical, and mechanical properties were investi-
gated by Kim et al. [7].

In the study of Park et al. [8], the crystallization behavior of
ITO films prepared via radio-frequency (RF) magnetron sputtering

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.06.040


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.06.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.06.040&domain=pdf
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.06.040
dx.doi.org/10.1016/j.ceramint.2013.06.040
dx.doi.org/10.1016/j.ceramint.2013.06.040
mailto:jflin@mail.ncku.edu.tw

592 T.-C. Li et al. / Ceramics International 40 (2014) 591-603

without external heating was examined. The difference in the
crystallization between continuous and intermittent depositions was
also investigated.

A high-resolution electron microscope (HREM) was used to
clarify the structure of indium oxide films containing tin and
tin oxides [9]. ITO film was composed of In,O; and SnO.
In the study of Hong and Han [10], ITO nanoparticles were
synthesized by a gas evaporation process, and their physical
properties, including crystal structure, were investigated.
Tantalum-doped ITO films were deposited by co-sputtering
with two-targets [11]. Tantalum doping strengthened the
orientation of the (400) plane and resulted in a better crystal-
line structure, larger grain size, lower surface roughness, and
better optical-electrical properties.

Transparent conductors on organic substrates have many
applications. ITO films have been deposited onto polycarbonate
(PC) substrates by RF magnetron sputtering. The influence of
the oxygen content on film morphology and the electrical and
optical properties of the film were investigated [12]. Both the
refractive index and the extinction coefficient decrease with
increasing oxygen content. The sheet resistance, optical trans-
mittance, and microstructure of ITO films deposited on polymer
substrates were studied [13]. Transmission electron microscopy
(TEM) images showed dense growth close to the substrate and a
sparse growth away from the substrate. Changes in the ITO film
sheet resistance are correlated to the grain size and grain
orientation. ITO films were deposited on a polypropylene
adipate (PPA) substrate using bias RF magnetron sputtering.
Good polycrystalline-structured ITO films with a low electrical
resistivity have been obtained by applying a negative bias
voltage to the substrate [14]. ITO thin films were grown by
pulsed laser deposition on flexible poly(ethylene terephthalate)
(PET) substrates. The structural, electrical, and optical properties
of these films were investigated as a function of substrate
deposition temperature and background gas pressure [15]. RF
sputtering deposition was applied to deposit ITO on a PET
substrate. The effects of deposition conditions on ITO film
properties were examined [16]. The structural and optical
properties of RF-magnetron-sputtered ITO films without
in situ substrate heating and post-deposition annealing were
investigated [17]. Oxygen deficiency was used to explain the
loss of transmittance and the blackening of ITO films.

ITO films were prepared by a low-cost spray pyrolysis
technique and their optical, structural, and electrical properties
were investigated [18]. Low-sheet-resistance high-mobility films
were obtained when the depositions were conducted at a
substrate temperature of 520 °C. ITO films prepared on glass
substrates from a mixture of In,O5; and SnO, were annealed [19].
The electrical and optical properties of the films were evaluated
as a function of substrate temperature. Structural studies showed
that the films were polycrystalline. The high-rate deposition of
ITO thin films at a low substrate temperature was achieved using
a facing target sputtering (FTS) system [20]. Thin films of ITO
were deposited onto a PET substrate by reactive DC magnetron
sputtering [21]. After coating, the PET substrate was annealed at
a temperature of up to 175 °C. Shrinkage of the PET substrate
initiated severe cracking in the film layer.

The mechanical properties of transparent conducting oxide
thin films, including ITO, have been investigated [22,23]. The
presence of hydrogen in a gas mixture during film deposition
varied the hardness and elastic modulus of the ITO film
significantly [22]. Five kinds of PET/aluminum-doped zinc
oxide (AZO) specimen were prepared in our previous study to
examine the effect of prestrain applied to the PET substrate
before the coating of AZO film on the mechanical, optical, and
electrical properties and morphology [23]. The film quality and
optical and electrical properties of the film were also evaluated.
This prestrain method is also applied in the present study.

In the present study, four kinds of PET/ITO specimen are
prepared to examine the effect of prestrain applied to the PET
substrate before the coating of ITO film on the mechanical,
microstructure, optical, and electrical properties and surface
morphology. The mold and four prestrains used in this study are
exactly as same as those adopted in our previous study [24].
Nanoindentations with a function of electrical contact current
are carried out to obtain the load—depth profiles, from which the
hardness and Young's modulus are determined. The load—depth
profile is turned to be the stress—depth curve. This stress—depth
curve and the electrical current—depth curve are used to identify
the depths of thin film pop-in and pop-out. Scanning electron
microscopy (SEM) images of the porous ITO morphology are
used to evaluate the void slenderness ratio as a function of
prestrain. The lateral profiles of the ITO film are prepared by a
focused ion beam (FIB) to observe the film thickness and the
mean tilt angle of tubular voids. TEM morphologies of these
lateral surfaces are used to determine the mean particle size of
ITO deposited near the interface with the PET substrate.
Electron diffraction (ED) patterns are used to determine the
lattice style of the ITO crystallites. X-ray diffraction (XRD)
patterns and Raman shifts are obtained to identify the primary
lattices and the change in the residual stress due to the prestrain
applied to the substrate. The relationship between d-spacing and
the mean surface roughness of ITO film is established. The
optical properties, namely transmittance, reflection, and absorp-
tion, are evaluated as functions of the prestrain. The absorption
coefficient is thus evaluated and used to determine the optical
(transition) band gap. The relationships among ITO particle size,
optical band gap, carrier mobility and concentration, and mean
absorption are thus established. The effect of the prestrain on
ITO morphology and electrical resistance and the connection
between the electrical current in nanoindentation tests and
electrical resistance are investigated. The influences of material
hardness and Young's modulus on the pop-in and pop-out
depths of ITO film are discussed.

2. Specimen preparation

In the mass production of rollable and foldable electronics, a
thin ceramic film coating on a soft, flexible substrate is efficiently
deposited using a rotating deposition system, as shown in Fig. 1.
The flexible substrate sheet is pressed against a rotating cylind-
rical drum, which is driven by frictional torque due to the
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PET Film

>

Dual magnetron
sputter gun

Fig. 1. Rotating deposition system [24].

Table 1
Basic physical and mechanical properties of poly(ethylene terephthalate) (PET).
[25].

Thickness (pm) 188
Density (g/cm’) 1.33
Tensile yield strength (MPa) 57-59
Tear strength (kN/m) 54-59
Specific heat capacity(J/kg °C) 1100
Haze (%) 0.8
Ratio of transmission (%, visible) 89
Young's modulus in X-direction (MPa) 3900
Young's modulus in Y-direction (MPa) 3900
Young's modulus in Z-direction (MPa) 4700
Poisson's ratio in X-Y plane 0.41
Poisson's ratio in Y-Z plane 0.31
Poisson's ratio in X-Z plane 0.39

Rectangular plate

tangential forces applied at the front and back sides of the moving
PET substrate sheet belt. The material properties of PET are
shown in Table 1. The ITO film is then deposited by magnetron
sputter guns when the substrate sheet has rotated to the deposition
positions. In order to mimic this deposition process, the mold
shown in Fig. 2(a) was designed in this study. A schematic
diagram of the mold is shown in Fig. 2(b). In this rig, the
rectangular plate with a partial-arc top surface is fixed at the
central region of the circular flat plate by a screw. The radius of
curvature of the partial-arc top surface was designed to be as
same as that shown in Fig. I, which was measured as 50 cm. A
rectangular PET (Shinpex, C87R8H, Taiwan) sheet (60 mm
(length) x 50 mm (width) x 0.188 mm (thickness)) was held at
its two ends by the two clamps such that the sheet specimen
remained fixed on the partial-arc plate. The PET specimen can be
elongated to produce various strains by adjusting a screw while
remaining symmetrical with respect to the central line of the
rectangular plate. The original length of the specimen before the
tension force is applied is defined as L. The specimen is then
elongated to a length L after the tension force is applied. The
strain  (¢) created in the specimen is defined as
(1-Ly/L) x 100%. Four strain values, including no strain (0%
strain), were selected in the present study to investigate the strain
effect on the coating quality of the ITO film. The device shown in
Fig. 2(a) with a PET sheet specimen was installed in the chamber
of a DC magnetron sputtering system (Helix HLLS-87, Taiwan)
after a strain was applied to deposit the ITO film.

The device with a PET sheet specimen was installed in the
chamber of a DC magnetron sputtering system after a strain was
applied. Transparent conductive oxide films with an area of
30mm (length) x 50 mm (width) were deposited with ITO
targets at a sputtering power of 100 W at room temperature
for 2 h. The average thicknesses of the ITO films were 1459,
1443, 1452, and 1508 nm for corresponding to specimens with
prestrain of 0%, 2%, 4%, and 6%, respectively. The material
properties of ITO film are shown in Table 2. During the
sputtering process, the solid temperature of the substrate surface
increased from 20 °C to about 55 °C within first 60 min in the
deposition process, and then became asymptotic to about 60 °C
for the next 60 min. The heat distortion temperature of the PET

Partial-arc rectangular place whose
top surface curvature has a radius of
PET substrate 50 cm

L

Lo denotes the specimen length before the application of
prestrain and L represents the specimen length after a prestrain.

Fig. 2. (a) Photograph of mold and PET substrate and (b) schematic diagram of mold [24].
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respectively. Crystalline porous materials were created in strip form

with various slenderness ratios.

substrate was about 78 °C. The coefficient of thermal expansion

The mean slenderness ratio

0-25 ppm/°C. The temperature

(a) of the PET substrate is 2

decreased with increasing PET prestrain. These crystallites piled
up in random orientations, resulting in the shape of porosities in the
ITO film to be strongly dependent upon the prestrain. The lateral

°C. The

a is the coefficient of thermal

increase above the initial temperature was about 40

4_

estimated to be 8 x 10~

10 x 10™*. The effect of generated heat on the strain behavior of

aAT, where
the film and substrate is thus very small.

expansion of the PET substrate) is

strain change Ae (

profile of the porous ITO films was prepared by using a focused

surface of the ITO film and the region near the interface of the ITO
film and the PET substrate were observed. As Fig. 4(a)—(d) shows,

the porosities in the ITO film had a tubular form with a variable
width decreasing from the top surface to the bottom surface of the
ITO film. The tilt angle (@) is defined as the angle between the

ion beam (FIB). The morphologies of the specimens at the top

3. Results and discussion

2%, 4%,

>

The topographies of the PET/ITO specimens with 0%

)

(c) and (d)

(b),

)

and 6% substrate prestrains are shown in Fig. 3(a)

are shown in Table 3. The magnitudes of these two parameters

show the sequences: (17)qy, < (r)gs, < (1f)ay, < (tf)zy, and (6)gy,

(D,

vertical surface and the lateral surface of the tubule. The values of
proportional to the film thickness

the ITO film thickness (#) and the tilt angle (9) for the specimens

Basic physical and mechanical properties of ITO film.

Table 2

The tilt angle of the tubular porosity is

< (0) 2%

< (0)4“/0

jad

Value

Physical property

Density (g/cm’)

implying that the increase in the

)

6.8

width of the tubular porosities is more significant than that in the
film thickness. Nanoindentations were carried out to evaluate the
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hardness (H) and the reduced elastic modulus (Er) of the PET/

Fig. 3. SEM images of (a) PET-0%/ITO, (b) PET-2%/ITO, (c) PET-4%/ITO, and (d) PET-6%/ITO specimens.



Table 3

Experimental results of ITO film for the four coated specimens.

d-spacing, a (A)

XRD peak 6* (7)

. : -3
Carrier concentration (cm™ )

Carrier mobility (cm*/Vs)

FWHM (°)

H (GPa) Ra (nm)

Er (GPa)

Tilt angle, 0 (%)

Film thickness, #; (nm)

Specimens

1.5222
1.5208
1.5208
1.5211

30.40
30.43

3.326 x 10%°

1.7386
0.5851
1.2646
1.7835

50.1+9.30 0.39
27.24+0.95

0.522
0.557

2.368

0.58 +0.074

5847 + 64

PET-0%/1TO

6.390 x 10%°

0.99
1.15
1.15

1.112
2.566
2.939

0.75 + 0.063

PET-2%/ITO 6360 + 46

292+ 148

0.66 + 0.055

PET-4%/ITO 6290 + 56

30.43
30.43

2.410 x 10%°

0.524
0.514

37.7 4420

0.58 ; 0.063

PET-6%/ITO 6030 + 20

1.390 x 10*

FWHM: full width at half maximum.
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ITO specimens. The values of these two parameters are shown
in Table 3. They show the sequences:(H)g, < (H)gy, < (H)a, <
(H)yy, and (Er)yy, < (ET)gy, < (ET)4, < (Er)gy,. The effect of
the pretrain in the PET substrate on the hardness parameter is quite
small. However, increases in both the tilt angle () and the
thickness (#) of the ITO film result in a reduction of the elastic
modulus.

The TEM morphology of the specimen lateral cross section
near the interface of the ITO film and the PET substrate was
investigated. The ITO particle size was determined by input-
ting the TEM images into “Solidworks” software via the
“Drawing” code. Then, the images were magnified to have
their maximum size have nanometer resolution. The brightness
and contrast were then adjusted to make the particles clearly
visible. Then, the “Spline” code was used to measure the
particle size. The reported particle sizes are the mean values of
five readings obtained from five areas. The mean sizes of the
ITO particles deposited near the interface were obtained as
41+3.0,15+0.7, 13+ 0.5, and 11 + 0.3 nm for the samples
with 0%, 2%, 4%, and 6% prestrains, respectively. This
magnitude sequence for particle size is similar to that shown
in the tilt angle (@) if a nonzero prestrain is applied. This can be
explained by the fact that the tilt angle of an ITO tubule is
readily increased when the mean size of particles deposited
onto a fixed area increases. The Scherrer equation was used to
calculate the rough mean size (diameter, Dia) of the crystalline
grains. The diameters for 0%, 2%, 4%, and 6% prestrains are
41.75, 16.48, 14.19, and 14.19 nm, respectively. The particle
size predicted by this equation is fairly close to that obtained
from the TEM images mentioned previously although the
deviation increased with increasing PET prestrain.

Fig. 5(a)—(d) shows the ED patterns of ITO films deposited
on PET-0%, PET-2%, PET-4%, and PET-6% substrates,
respectively. In each of these figures, two ED patterns are
provided for the ITO film near the protective Pt layer and near
the PET substrate respectively. The (420), (622), (431), and
(633) lattices were composed of In,O3 [9]. In each specimen, the
clarity of the ED pattern near the top surface of the ITO film is
higher than that near the PET substrate. However, the same
crystalline lattices were created in these four specimens,
irrespective of the prestrain applied in the PET substrate.
Fig. 6 shows the XRD pattern of Fig. 5 for the one near the
top surface of the ITO film. The microstructure in all these
specimens is composed of the (622), (633), (420), and (134)
lattices. The intensity of (622) is much higher than those of the
other three lattices. In general, In,O3 has tetragonal and
hexagonal crystallites as its microstructure. The former is a
stable crystallite at atmospheric conditions. The (622) peak
intensities (EDI) of these specimens show the sequence: (EDI)
0% < (EDI)g,~(EDI), < (EDI),s,. The relationship between
the EDI value and the electrical current created under a constant
electrical voltage applied in the electrical contact resistance
measurement is discussed in a later section.

The radius of curvature (Ry) for the PET substrate before the
coating of the thin film was 5.455 x 10° um. Average radii of
curvature (R,) of 3.529 x 10°, 2.700 x 10°, 2.341 x 10°, and
1.833 x 10° pm, were obtained for PET-0%/ITO, PET-



T.-C. Li et al. / Ceramics International 40 (2014) 591-603

596
b

ITO layer

Pt layer

(ITO film near Pt layer)

PET substrate

ITO layer

PET substrate

100 nm
(ITO film near PET substrate) (ITO film near PET substrate)

ITO layer
ITO layer

Pt layer

.
O...-o

Pt layer

200 nm

(ITO film near Pt layer)

(ITO film near Pt layer)
PET
substrate

PET
substrate
ITO layer
(ITO film near PET substrate)

(ITO film near PET substrate)
Fig. 4. SEM micrographs of the lateral surface of (a) PET-0%/ITO, (b) PET-2%/ITO, (c) PET-4%/1TO, and (d) PET-6%/ITO specimens.

ITO coating) had the highest radius of curvature. For ITO films
deposited on the PET substrate, the mean radius of curvature

2%/1TO, PET-4%/1TO, and PET-6%/ITO, respectively. The
decreased with increasing applied strain to the substrate. The

radius values are the mean values of three readings obtained
from three areas. The as-received PET specimen (without an
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. (633)

2 1/nm’

(ITO film near Pt layer)

(ITO film near PET substrate)

(ITO film near Pt layer)

(ITO film near PET substrate) (ITO film near PET substrate)

Fig. 5. ED patterns of ITO film near the protective Pt layer and near the PET
substrate for (a) PET-0%/ITO, (b) PET-2%/ITO, (c) PET-4%/ITO, and
(d) PET-6%/1TO.

Stoney formula [26] is:

E2 (1 1
_ o 1
% 6tf(1_l/s) (Rs R0> ( )

—0— PET-0%/ITO
—o— PET-2%/ITO
—— PET-4%/ITO
—v— PET-6%/ITO

Intensity (a. u.)

20 30 40 50 60 70 80
20 (degrees)
Fig. 6. XRD patterns of the four specimens.

1740

1735

1730

Raman shift (cm™)
[ ]
[ ]

1725

1720 T T T T

Received PET-0% PET-2%  PET-4% PET-6%
PET /ITO NTO NTO /NITO
Specimen

Fig. 7. Raman spectra of the four specimens.

where E is the elastic modulus of the PET substrate; #,is the
thickness of the PET substrate; #; is the thickness of the ITO
film; and v,(=0.43) is Poisson's ratio of the PET substrate.
Average compressive residual stresses of the ITO film of —72,
—96, —111, and —138 MPa were obtained for PET-0%/ITO,
PET-2%/ITO, PET-4%/1TO, and PET-6%/ITO, respectively.
The average residual stress for each of these four specimens
was obtained from three readings. The compressive residual
stress significantly increased with decreasing radius of curva-
ture of the PET substrate.

Fig. 6 shows the XRD patterns of the four specimens. Before
the application of a prestrain (PET-0%/ITO), the 26 value of the
(622) lattice was 60.80°. With a nonzero prestrain applied to the
PET substrate, the 26™ values corresponding to the (622)
diffraction peak of specimens with 2%, 4%, and 6% prestrains
increased to a value close to 60.86°. This means that the
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Fig. 8. (a) Transmittance, (b) absorption, and (c) reflection data as functions of
wavelength and prestrain.

compressive residual stress in the specimens increased when a
nonzero prestrain was applied to the PET substrate. The
sequence of (26%) gy, < (20%) g0, 2(260%) 40, 2(26%),y, was obtained
although the variance in 26 due to the prestrain is quite narrow.

Blue shifts are created in the specimens due to the application of
a nonzero prestrain. Therefore, compressive stresses formed in
the PET/ITO specimens with nonzero prestrain are quite close
each other, and they are slightly higher than that of PET-0%/
ITO.

The combined effect of a larger film thickness and a higher
tilt angle of the ITO film created in the nonzero prestrain
specimens was compared to that in the specimens with zero
prestrain. Fig. 7 shows the Raman shifts for the four PET
substrates. The three main peaks for the PET-0%/ITO specimen
occur at 1292, 1616, and 1729 cm ™. Fig. 7 also shows the
Raman shift values of the five specimens, including the as-
received PET substrate. They were obtained from the highest
peaks in each Raman spectrum. The results indicate that the
Raman shifts for the PET substrates with a nonzero prestrain are
only slightly smaller than that of PET-0%/ITO (1729 cm™).
The wavenumber sequence of the Raman shift is the same as
that of d-spacing. This behavior indicates that the compressive
stress in the ITO film is increased by the prestrain. The
compressive stress for the specimens with a nonzero prestrain
was almost invariant with the prestrain value.

The d-spacing (a) was evaluated using the expression, a = 4/
(2 sin 6*), where the 6 angles for the four prestrains were obtained
from the 26 angles corresponding to the (622) peaks of the XRD
patterns shown in Fig. 6, and A=10.117 A for ITO film. The
values in Table 3 were obtained from the evaluations of the (622)
peaks in the coated specimens. The sequence of the mean surface
roughnesses (Ra) for the four specimens is the same as that for d-
spacing (), =(a) 40, < (@)g;, < (@)qy,)- It is thus reasonable to
assume that the mean surface roughness of the specimen is related
to the d-spacing. A nonzero prestrain applied to the substrate
reduced both the d-spacing and the mean surface roughness of the
ITO films. It is also found that a specimen with a low value of d-
spacing is helpful to increase its hardness.

The wavenumbers for the four PET/ITO specimens are
1729.27, 1727.8, 1728.0, and 1728.1 cm™'. The sequence of
the Raman blue-shift is the same as that for d-spacing (a)
shown in Table 3 ((a)y,=(a)4, < (@), < (a)y,). Regarding
the shape difference in the Raman spectra, an increase in the
prestrain applied to the PET substrate led to neighboring
disorder and local geometric disorientation, affecting the
Raman bending- and stretching-mode vibrations, as suggested
by the molecular theory of vibration. The Raman bands
narrowed slightly with increasing prestrain applied to the
PET substrate.

The optical transmittance spectra of the ITO films deposited on
PET substrates are shown in Fig. 8(a). The films are fairly
transparent in the visible-light range. An increase in the prestrain
increased the transmittance (7) of the PET/ITO specimens in the
light wavelength range of 400-500 nm, but reduced the transmit-
tance in the light wavelength range of > 500 nm. The transmit-
tance of the PET/ITO specimens is strongly dependent upon the
band gap and carrier concentration. The band gap of In,O; is
3.7eV. In the wavelength region of < 380 nm (ultraviolet rays),
the energy of photons is higher than 3.7 eV. The excited photons
in the wavelength range of < 335 nm (absorption edge, F) have
high absorption and thus low transmittance. In the wavelength
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Table 4
Values of optical properties for specimens with various prestrains.

Prestrain (%) Absorption, Ab (%) (400-800 nm)

Transmittance, T (%) (400-800 nm)

Reflection, Re (%) (400-800 nm)

0 23+ 1.54 62.4 4+ 14.39 354 +12.88
2 244 1.63 61.3 4+ 14.46 36.3 +12.87
4 244 1.49 61.1 4+ 13.54 36.6 +12.09
6 23+1.27 60.4 + 12.01 37.3+10.76
8.0x10” coefficient, (a), can be written as [28]:
09
2 o pET MO (ahv)? = Alhv—Eg) 3)
3. —— PET-4%/ITO
6.0x107 4 4 —v—PET-6%/TO where A is a constant. Eg can be determined by extrapolating the
linear portion of the curve to intersect the hv axis. Fig. 9 shows
- the variations of a* with photon energy. The Eg values obtained
e 5 from extrapolations for the four PET/ITO specimens are also
S 4.0x107
= shown. The results show the sequence: (Eg),y, < (Eg)y, <
8 3.202 eV (4%) (Eg)gv, < (Eg)gv,- This Eg sequence is opposite to that shown
: 3.206 eV (0%) by the mean particle size of ITO deposited at the interface of the
2.0x10" 1 ITO film and PET substrate. It is thus concluded that the increase
2210V (0%) in the ITO particle size caused the reduction of the optical band
gap (Eg) and the increase in the mean absorption. The carrier
0.0 T T T T mobility and concentration and electrical resistance were obtained
3.10 3.15 3.20 3.25 3.30

Energy gap (eV)

Fig. 9. Band gap energy of the four specimens.

range from 380 nm (visible light) to 800 nm (near-infrared rays),
the excited photons have low absorption and therefore high
transmittance. In this study, the absorption edge E = hCy/A due
to the energy band gaps for the four specimens shows the
sequence: (E)gy, < (E)qy, < (E)4, < (E)yy,. Similarly, the absorp-
tion edge due to the carrier concentration shows the sequence:
(E)gy, < (E)gyy, < (E)gy, < (E)y,. The combined effect of these
two absorption edges causes the mean absorption (Ab) of the
specimens (see Table 4) to have the following sequence in the
visible light region (400-800 nm): (Ab)g, <(AD)yy, <(AD),, <
(Ab)y,. Fig. 8(b) shows the absorption spectra of the four speci-
mens. These absorption curves have a concave form in the wave-
length range of 400-800 nm. In the wavelength range of roughly
> 500 nm, the absorption increased with increasing pres-
train applied to the substrate. In the wavelength range of < 500
nm, the absorption behavior is opposite to that described above.
Fig. 8(c) shows the reflection spectra. The behavior demonstrated
by reflection is similar to that of absorption. PET-0%/ITO has the
highest transmittance and the lowest absorption. The mean values
of the optical parameters of the four specimens are shown in
Table 4. Increasing the prestrain in the PET substrate reduced the
mean transmittance (7) slightly and thus increased the mean
reflectance (Re). Of note, an increase in the particle size slightly
decreased the transmittance (7) and thus increased the reflectance
(Re). The absorption coefficient () can be calculated as [27]:

a=n(1/T)/1; 2)

where T denotes transmittance and # denotes film thickness. The
optical (transition) band gap, Eg, which depends on the absorption

as functions of the substrate prestrain. The carrier mobility (Mb)
values are shown in Table 3. They show the sequence:
(Mb)yy, < (Mb),, < (Mb)gy, < (Mb)y,. This sequence resem-
bles that shown by the optical band gap (Eg) (Fig. 9) except that
the order of specimens with prestrain of 0% and 6% is reversed.
The difference in both Mb and Eg between the specimens with
the prestrain of 0% and 6% is actually quite small. These two
parameters are thus related; a specimen with a large Eg value is
apt to have a high Mb value. The carrier concentration (Cc)
values (see Table 3) of the four specimens show the sequence:
(Cc)gy, < (CC)ye, < (CC)y < (Cc)yoy,- This sequence is opposite
to that shown by Young's modulus (Er). That is, a PET/ITO
specimen with a higher Young's modulus has a lower carrier
concentration. A higher carrier concentration in the specimen
resulted in a lower carrier mobility when a nonzero prestrain was
applied to the PET substrate.

In the present study, nanoidentations with a function of
electrical contact resistance (ECR) were carried out on a
nanotester (Hysitron TI700 UBIL, USA). The load—depth and
electrical current—depth profiles for the entire indentation
process were thus available. The curves are shown in Fig. 10
(), (b), (c) and (d) for specimens with prestrains of 0%, 2%,
4%, and 6%, respectively. The electrical current—depth profile
were used to identify the depths corresponding to the pop-in in
the loading process and the pop-out in the unloading process,
and the electrical current at the maximum indentation depth. In
the loading process, a significant rise in the electrical current led
to a noticeable increase in the contact area of the indenter with
the ITO film as pop-in occurred. The pop-in depth (D)
parameter shows the sequence: (Dpop—in)av, <(Dpop—in)gy, <
(Dpop—in)ov, < (Dpop—in)a,- The D,ypin values are denoted by
the vertical line “—” in Fig. 10. This sequence
is related to the specimen's hardness and Young's modulus.
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A specimen with a high hardness and a low Young's modulus
will have a large pop-in depth. Pop-out occurred in the
unloading process with a significant decrease in the indentation
depth, thus resulting in a noticeable decrease of electrical
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The pop-out depth (D,opou) (symbolized by
”in Fig. 10) arising in the unloading process shows
the sequence: (Dpnp—nut) 2% S(Dpop—out)()% <(Dpnp—nut)4% <
(Dpop-our)sy,- This sequence is the same as that of Young's
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Fig. 11. Stress—depth curves obtained from the nanoindentations of (a) PET-0%/ITO, (b) PET-2%/1TO, (c) PET-4%/1TO, and (d) PET-6%/1TO.

modulus (Er). It is thus concluded that increasing Young's
modulus of a specimen and decreasing its hardness can cause
pop-out to arise at a larger indentation depth in the unloading
process. The sequences of D, and D, indicate that a
specimen with a larger D,,,, often but not always, has a
smaller D, 0u. The PET-2%/ITO specimen had the largest
pop-in depth as well as the smallest pop-out depth due to it
having the highest hardness and the lowest Young's modulus.
The electrical current (/) measured at the maximum indentation
depth shows the sequence: (1)yy, < ([)ao, < (Dgo, < (I)ae;,- The
electrical resistance (R) values show the sequence:
(R)yy, < (R)go, <(R)go, < (R)y,- The sequence exhibited by
the electrical current (/) is opposite to that of electrical resistance
(R). This indicates that a proper nonzero prestrain applied to the
PET substrate can effectively reduce the electrical resistance of
the ITO film. A comparison of the sequence of electrical
resistance to that of mean surface roughness (Ra) indicates
that a specimen with a rough surface will have a high
electrical contact resistance. The sequence of EDI (the
(622) peak intensity) due to the difference in the prestrain

is found fairly close to the sequence of I except the difference
in order between the prestrains of 4% and 6%. A specimen
with a larger value of EDI is seemingly helpful to have a high
electrical current.

The load—depth curves shown in Fig. 10 can be used to obtain
the stress—depth curves following the method described in the
study of Li et al. [29]. Fig. 11(a)-(d) shows the stress—depth
profiles for the four specimens, respectively. These profiles can
be effectively used to identify the pop-in depth of a specimen,
especially in the case of having the evidence still ambiguous to
verify this behavior. The pop-in stress in the loading process is
almost invariant with increasing indentation depth [29].
As shown in Figs. 10 and 11, the pop-in electrical current for
the specimens with a small prestrain does not exhibit a
significant change. However, the stress at the pop-in depth
was almost unchanged until the maximum indentation depth
was reached. It is thus concluded that the combination of the
electrical current—depth curve and the stress—depth curve can be
used to efficiently identify the depths of pop-in and pop-out
arising in the loading and unloading processes, respectively.
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4. Conclusions

1. The prestrain applied to a PET substrate causes the crystal-
line porosity of the ITO film to be in strip form with various
slenderness ratios. The mean slenderness ratio decreases
with increasing prestrain. The porosity in the ITO film is in
tubule form with width that varies with film depth. The tilt
angle of a tubular porosity is proportional to the film
thickness. Increases in both the tilt angle and the thickness
of ITO film result in a reduction of the elastic modulus. The
tilt angle is increased due to an increase in the particle size
of ITO deposited on the PET substrate.

2. Due to the combined effect of larger ITO film thickness and
higher tilt angle in specimens with a nonzero prestrain, the
compressive residual stress in the these specimens is higher
than that in the specimen with zero prestrain in the substrate.

3. The sequence of the mean surface roughness for the specimens
with various prestrains is as same as that exhibited by the
d-spacing. A nonzero prestrain applied to the substrate reduces
both the d-spacing and the mean surface roughness of the ITO
film. A specimen with a smaller d-spacing is advantageous to
have a higher hardness.

4. The transmittance of the PET/ITO specimens depends on the
band gap and carrier concentration of the ITO film. Increas-
ing the substrate prestrain decreases the mean transmittance,
but increases the mean reflectance of the PET/ITO speci-
mens. An increase in ITO particle size results in the reduction
of the optical band gap (Eg). A decrease in the ITO particle
size increases transmittance and decreases reflection.

5. PET/ITO specimens with a large optical (transition) band
gap (Eg) are apt to have a high carrier mobility (Mb).
A specimen with a high Young's modulus has a low carrier
concentration. A high carrier concentration results in a low
carrier mobility if a nonzero prestrain is applied. A nonzero
prestrain leads to the creation of a smooth ITO film with
low electrical resistance. Electrical current is inversely
proportional to electrical resistance.

6. Decreasing Young's modulus of a specimen and increasing
the specimen's hardness increases the pop-in depth and
decreases the pop-out depth. The PET-2%/ITO specimen
had the largest pop-in depth and the smallest pop-out depth.
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