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a b s t r a c t

For flexible electronics in manufacture, the full-field stress measurement is an important
issue for the film deposited on the flexible substrate. In this work, the two-dimensional
photoelasticity is proposed to measure stress-optical coefficients and an analytical deriva-
tion is carried out for investigation on full-field residual stresses under tensional forces. In
experimental setup, a polarization beam splitter (PBS) is used to connect with two CCD
cameras that are used to capture the intensity of right-hand and left-hand circular polar-
ization separately. It has higher measured speed and better uniformity than a direct rota-
tion method. Stress-optical coefficients can be calculated by extracting the slope from
tensional stress versus optical retardation curve. Experimental results show that optical
retardations for indium-tin-oxide (ITO)-coated PET (polyethylene terephthalate) substrates
can be affected more easily than PET substrates under tensional forces. The difference of
stress-optical coefficients between 0� and 90� orientations for PEN (polyethylene naphtha-
late) substrates is smaller than that for PET substrates. Furthermore, it shows residual
stresses for ITO-coated PET substrates in 0� and 90� orientations are different under ten-
sional stress.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Flexible electronic devices are under development in
modern technology. One of applications is ‘‘flexible dis-
play’’, which can be used as next generation monitors and
replace newspaper and books in daily life in the form of
electronic paper and electronic books. In flexible electron-
ics, the flexibility depends on the substrate. Three kinds of
substrates are considered to be flexible: thin glass, metal
foil, and plastic. Plastic is the key material of choice, as it al-
lows reasonable tradeoffs in mechanical, optical, and chem-
ical performance. It is an inexpensive and useful material
for in-line production via roll-to-roll (RTR) processes.

Polymers are very promising materials for flexible elec-
trics with many advantages. They are transparent, light in
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55123; fax: +886 3

.

weight, flexible, and robust. Polymers are a good alterna-
tive to the glass substrates that have been actively used
for flat panel displays such as liquid crystal displays (LCDs)
and plasma discharge panels (PDPs) [1].

Conventionally, indium-tin-oxide (ITO)-coated plastic
substrates are used as the flexible conductive substrates,
and have been studied intensively. Usually the stress will
bend the flexible substrate, and may cause the crack or
wrinkle for the film in some cases. The bending test from
film deposition on the substrate is always an important
problem during research [2,3]. Thin films on a substrate
are usually in a stressed state. A convenient method to
study stress in thin films is to deposit these films on a flat
substrate and observe the curvature of the substrate due to
the stress in the film. The Stoney equation relates the cur-
vature of the substrate to the stress in the film [4]. Many
researches for applications [5–8] and modifying the Stoney
equation are investigated [9,10].
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Typically, the film stress is measured from the change of
curvature of substrate before and after deposition, and
then uses the Stoney equation to calculate the quantity
of the stress. Since the Stoney equation is an approximate
equation and it can only get the average stress of the whole
substrate, the photoelasticity is another method suitable
for measuring the full-field stress. Photoelasticity is an
experimental method for analyzing stress or strain field
in mechanics. Optical methods in experimental stress anal-
ysis such as photoelasticity or thermoelasticity provide
full-field information that relates stress distribution in a
specimen or on a specimen surface [11]. Digital photoelas-
ticity is a full-field technique, which provides information
on principal stress difference (isochromatics) and the ori-
entation of principal stress direction (isoclinics) at every
pixel in the domain based on image processing [12]. The
technique has been found to be quite useful for evaluating
assembly stresses, residual stresses and contact stresses
[13,14]. For obtaining isoclinic and isochromatic parame-
ters, many techniques such as reflection photoelasticity
[15] and interferometric photoelasticity [16] are reported
in the literature for correcting the ambiguity and measur-
ing stress components.

Digital photoelasticity measures optical retardations of
the substrate before and after deposition, and then calcu-
lates the quantity of the stress by using the photoelastic
Fig. 1. (a) Schematic diagram and (b) photo of two-dimensional photoelastic mea
equation. It can get the distribution of the stress for the
whole substrate, and it is helpful for locating the influence
of the stress. Since flexible substrates represent a funda-
mental component in the flexible electrics, the determina-
tion of stress-optical coefficients for substrates will help
display design for stress analysis [17,18]. In this research,
a two-dimensional photoelasticity is proposed by using a
polarization beam splitter (PBS) connecting with two CCD
cameras that are used to capture the separate intensity of
right-hand and left-hand circular polarization at the same
time. In addition, an analytical model has been presented
for calculating full-field residual stresses under tensional
forces. Stress-optical coefficients of polyethylene tere-
phthalate (PET), polyethylene naphthalate (PEN) sub-
strates and ITO-coated PET substrates are measured and
residual stresses caused by ITO thin films for ITO-coated
PET substrates are investigated under different amounts
of tensional forces.
2. Optical birefringence effect

Fig. 1a and b show the schematic diagram and photo of
the experimental setup of two-dimensional photoelastici-
ty. Based on optical birefringence effects, the two-dimen-
sional image data obtained in the experiment is used to
surement. (c) Schematic diagram and (d) photo of tensile testing machine.
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illustrate the optical phase retardation by digital image
processing techniques.

Birefringence is a photoelastic effect often used to ana-
lyze stresses in isotropic optical materials. For a birefrin-
gent material, because reflective index n has a directional
dependence, the propagation velocity of light also has a
directional dependence. It is a direct measure of the refrac-
tive index difference between two orthogonal axes in a
plane perpendicular to the beam path axis. Let the state
of stresses at a point be characterized by principal stresses
rx, ry along the x and y directions. For a light beam prop-
agating through a material along the z direction, the retar-
dation d can be defined as [17]

d ¼ 2pd
k
ðnx � nyÞ ¼ Cdðrx � ryÞ ð1Þ

where k is wavelength of light, d is the thickness of the
substrate, C is the stress-optical coefficient for the material,
and nx and ny are the refractive indices seen by light when
polarized in the x and y directions, respectively. The stress-
optical coefficient is both material and wavelength depen-
dent and defines the amount of the retardation produced
per unit stress for light traveling through the material.

When thin films are deposited on the substrates, it will
produce residual stresses due to the lattice misfit between
films and substrates. The retardation d1 for bare substrates
can be defined by Eq. (1) as

d1 ¼ C1dðDrÞ ð2Þ

where Dr is the uniaxial tensional stress and C1 is the
stress-optical coefficient of bare substrates. When thin
films are deposited on substrates, the stress state changes
due to mechanical properties of thin films. If the thickness
of the thin film is very small, the retardation d2 changed
under tensional stresses can be expressed as

d2 ¼ C1dðDrþ r0Þ ð3Þ

where r0 is the residual stress between thin films and sub-
strates. Substituting Eq. (2) into Eq. (3) gives the stress
component r0

r0 ¼ ðd2 � d1Þ=C1d ð4Þ
Table 1
Material properties of PET, PEN, and ITO.

Material Young’s modulus (GPa) Poisson’s ratio

PET 4 0.3
PEN 5 0.3
ITO 118 0.2
3. Photoelastic analysis

A two-dimensional measurement is quite different from
a point measurement. The most significant difference lies
in the fact that system nonuniformity is an inevitable
problem for a two-dimensional measurement. A two-
dimensional photoelastic measurement system consists
of the following three parts: (1) an expanded light beam
for illumination, (2) a tensile testing machine, and (3)
two charge-coupled devices (CCD) cameras for two-dimen-
sional optical-to-electrical image conversion and retarda-
tion calculation as shown in Fig. 1a and b. Fig. 1c and d
shows the schematic diagram and photo of a tensile testing
machine. A 125 lm thick PET substrate subjected to a ten-
sional force in the 0� orientation is hold by two jigs. The
90� orientation is in the orthogonal direction of 0�. A ten-
sional force is exerted by using a rotator and measured
by a force gauge.
The collimated white light source passes through the
670 nm band pass filter with a 10 nm bandwidth to form
a nearly monochromatic beam. Then the beam passes
through a linear polarizer and a quarter wave plate to form
a right-hand circular polarization beam before emitted into
a beam expander. After passed through the sample, a quar-
ter wave plate and a polarization beam splitter (PBS) con-
nect with two CCD cameras that are used to capture the
intensity of right-hand and left-hand circular polarization
separately.

In a two-dimensional birefringence measurement sys-
tem using the photoelastic effect, the uniformity by using
a two-beam separation method is better than a direct rota-
tion method. A PBS is used to separate incident light into P
and S waves as shown in Fig. 1. The two-beam measure-
ment has higher measured speed than a direct rotation
method. It assumes that the specimen has a distribution
of optical retardation magnitudes dðx; yÞ. The optical inten-
sities of emitted P and S waves after image correction can
be calculated by Jones matrices can be expressed as

IPðx; yÞ ¼ I0 sin2ðdðx; yÞ=2Þ ð5Þ

ISðx; yÞ ¼ I0 cos2ðdðx; yÞ=2Þ ð6Þ

where I0 accounts for the amplitude of the incident light
vector. Thus, the optical retardation image distribution
can be expressed as

dðx; yÞ ¼ 180
p ð2� sin�1ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IPðx; yÞ=ðISðx; yÞ þ IPðx; yÞÞ

p
ÞÞ ð7Þ

where

ISðx; yÞ þ IPðx; yÞ–0 ð8Þ

Having solved Eq. (7), one can obtain the optical retar-
dation image distribution dðx; yÞ.

4. Stress-optical coefficient measurement

Structures of polymer substrates have been developed
for the flexible display due to their flexibility. Two different
polymer substrates, 125 lm thick PET (Kimoto Films) and
125 lm thick PEN (Teonex Q83, Teijin DuPont Films) sub-
strates are selected. In addition, 125 lm thick PET sub-
strates with 50 nm thick ITO films on it are used to
compare with PET and PEN substrates. Material properties
of PET, PEN, and ITO are given in Table 1. These substrates
are 100 mm in length and 100 mm in width. The optical
intensities IP and IS for PEN substrates under tensional
forces 0 kg and 27.01 kg in the 0-degree orientation are
shown in Fig. 2a–d, respectively. The optical retardation
image distributions calculated for PEN substrates under
tensional forces 0 kg and 27.01 kg in the 0� orientation



Fig. 2. Optical intensity of emitted (a) S wave and (b) P wave under
tensional force 0 kg and (c) S wave and (d) P wave under tensional force
27.01 kg for PEN substrate.
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are shown in Fig. 3a and b, respectively. Figs. 2 and 3 show
that the optical retardation distribution is not uniform in
the PET substrate by two-dimensional photoelastic mea-
surement. Feature points in the center of measured blocks
in Fig. 3a and b are selected for calculating stress-optical
coefficients under different amounts of tensional forces.

Optical retardations of these substrates with 50 � 50
pixels average are measured by increasing and decreasing
applied tensional forces. Fig. 4a and b depict plots of stress
versus optical retardation under increasing and decreasing
Fig. 3. Optical retardation image distributions for PEN substrates under
tensional forces (a) 0 and (b) 27.01 kg in the 0� orientation.

Fig. 4. Stress versus optical retardation curve for PET substrate (a) with
50 � 50 pixels average under increasing tensional forces, and
(b) with 50 � 50 pixels average under decreasing tensional forces, and
(c) with 100 � 100 pixels average under increasing tensional forces.
tensional forces for PET substrates, respectively. Optical
retardations of PET substrates under tensional forces in
0� and 90� orientations are also measured. A linear fit is
performed on the experimental data and the stress-optical
coefficient can be calculated from the slope of the equation
describing the fit. The stress-optical coefficient value can
be calculated from the slope and sample thickness by Eq.
(1). From experimental data in Fig. 4a and b, slopes by
average in 0� and 90� orientations for PET substrates at
wavelength 670 nm are calculated as 0.3058 MPa/nm and
0.5496 MPa/nm, respectively. It shows that stress-optical
coefficients for PET substrates in 0� and 90� orientations
are different. It means that changes of optical retardations



Fig. 6. Stress versus optical retardation curve under (a) increasing and
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for PET substrates are different in 0� and 90� orientations
under tensional stresses. In addition, data scattering can
affect results but not so much due to the uniformity of a
two-beam separation method. Tests for PET substrates
are repeated in five times, and the standard deviation is
0.024. Fig. 4c depicts plots of stress versus optical retarda-
tion with 100 � 100 pixels average under increasing ten-
sional forces for PET substrates. By comparing Fig. 4a
with Fig. 4c, it shows that trends for stress versus optical
retardation curve under measured blocks of different sizes
for PET substrates are close to each other. The two-beam
separation method is suitable for stress-optical coefficient
measurement. Fig. 5a and b depict plots of stress versus
optical retardation under increasing and decreasing
tensional forces for ITO-coated PET substrates. From exper-
imental data in Fig. 5a and b, slopes in 0� and 90� orienta-
tions for ITO-coated PET substrates at wavelength 670 nm
are calculated as 0.2667 MPa/nm and 0.4109 MPa/nm,
respectively. It shows that stress-optic coefficients for
PET substrates are smaller than that for IOT on PET sub-
strates in 0� and 90� orientations, respectively. Therefore,
optical retardations for ITO-coated PET substrates are af-
fected more easily than that for PET substrates under ten-
sional stress. Fig 6a and b depict plots of stress versus
optical retardation under increasing and decreasing ten-
sional forces for PEN substrates. From experimental data
in Fig. 6a and b, slopes in 0� and 90� orientations for PEN
substrates at wavelength 670 nm are calculated as
0.452 MPa/nm and 0.561 MPa/nm, respectively. In
Fig. 5. Stress versus optical retardation curve under (a) increasing and
(b) decreasing tensional forces for ITO-coated PET substrate.

(b) decreasing tensional forces for PEN substrate.

Fig. 7. Residual stress versus tensional stress curve in 0� and 90�
orientations.
addition, it shows that the difference of stress-optical coef-
ficients for PEN substrates in 0� and 90� orientations is
smaller than PET substrates. As the result, the distribution
of optical retardations for PEN substrates is more uniform
under loading than that for PET substrates.

5. Stress measurement induced by ITO films

For stress measurement induced by ITO films, optical
retardations for PET substrates and ITO-coated PET sub-
strates under tensional stresses in 0� and 90� orientations
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are measured. Compared with PET substrates, ITO films is
very thin. By subtracting Eq. (2) from Eq. (3), the residual
stress r0 under tensional stresses can be calculated as
shown in Fig. 7. It shows that stress component r0 does
not affected by tensional stresses and can be regarded as
the residual stress caused by ITO films. Furthermore, it
shows that residual stresses r0 in 0� and 90� orientations
are different. The residual stress r0 in the 0� orientation
is about 10 MPa larger than that in the 90� orientation.

6. Conclusions

In this paper, a two-dimensional photoelasticity with
higher measured speed and better uniformity is proposed
by using a PBS connecting with two CCD cameras that
are used to capture the intensity of right-hand and left-
hand circular polarization separately. Stress-optical coeffi-
cients of the PET, ITO-coated PET, and PEN substrates are
measured by two-dimensional photoelasticity. These sam-
ples are exerted by increasing and decreasing tensional
forces and optical retardations are calculated from ten-
sional stresses. A linear fit was performed on the experi-
mental data and the stress optic coefficient value can be
calculated from the slope describing the fit and the sample
thickness. It shows that stress-optical coefficients for these
substrates in 0� and 90� orientations are different. Optical
retardation changes for unit tensional stress for PEN sub-
strates in 0 an 90� orientations are smaller than PET sub-
strates. In addition, an analytical model has been
presented for residual stress caused by ITO thin film on
PET substrates under tensional stresses. It shows that
residual stresses for ITO-coated PET substrates are differ-
ent in 0� and 90� orientations.
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