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Abstract: This paper proposes a measuring apparatus and method for simultaneous determination
of the thermal expansion coefficient and biaxial Young’s modulus of indium tin oxide (ITO) thin
films. ITO thin films simultaneously coated on N-BK7 and S-TIM35 glass substrates were prepared by
direct current (DC) magnetron sputtering deposition. The thermo-mechanical parameters of ITO thin
films were investigated experimentally. Thermal stress in sputtered ITO films was evaluated by an
improved Twyman–Green interferometer associated with wavelet transform at different temperatures.
When the heating temperature increased from 30 ◦C to 100 ◦C, the tensile thermal stress of ITO thin
films increased. The increase in substrate temperature led to the decrease of total residual stress
deposited on two glass substrates. A linear relationship between the thermal stress and substrate
heating temperature was found. The thermal expansion coefficient and biaxial Young’s modulus of
the films were measured by the double substrate method. The results show that the out of plane
thermal expansion coefficient and biaxial Young’s modulus of the ITO film were 5.81 × 10−6 ◦C−1

and 475 GPa.

Keywords: indium tin oxide (ITO); interferometer; thermal expansion coefficient; biaxial Young’s mod-
ulus

1. Introduction

It is well known that indium tin oxide (ITO) thin films have important properties such
as low resistivity and high transmittance. They are widely used in the manufacture of
display panels and optoelectronic components. It is common knowledge that almost all
thin films have different internal stresses in the coating processes. Residual stresses can
lead to undesirable problems such as film cracking or spalling and substrate bending. Thus,
it is important to have a comprehensive understanding of residual stresses in thin films.
The residual stress of thin films is generally composed of thermal stress and internal stress.
The thermal stress observed in thin films is usually caused by the different coefficient
of thermal expansion (CTE) of the film/substrate system, and may also be caused by
non-uniform heat conduction. The internal stress is usually caused by the combination of
grain boundaries, the annihilation of excess vacancies, and the insertion of excess atoms,
etc. Thin film deposition can generate residual stress, which leads to substrate deformation
or film buckling. In light of this, the evaluation of residual stress is a very important
process because any bending or deformation of the substrate caused by residual stress
will affect the performance of thin film devices. In addition, multilayer coatings have
been widely used in various technical fields including micro-electromechanical systems
(MEMS), semiconductor, and integrated optoelectronics. If the difference of the thermal
expansion coefficients in the multilayer coatings is too large, it will lead to thermal stress
and anisotropic deformation [1]. The manufacturing of these devices involves a number of
processing steps that may cause stress in the structure, which is critical to the reliability
of the product. Therefore, the ability to analyze and control the internal stress of the
multilayer thin films becomes a necessary condition to ensure the good performance of the
multilayer devices.
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The CTE and biaxial Young’s modulus are the two main thermomechanical parameters
of thin film devices. These parameters have a high-sensitive effect on the response of the
optical filters to ambient temperature change. The CTE data and biaxial modulus of the
coating materials will have additional value in thin film devices. Since ITO is one of the most
popular transparent conductor oxides (TCO), it has been widely used as a TCO material
because of its excellent electrical and optical properties. In general, the electrical resistivity
of TCO thin films can be determined by the four-point probe method. However, thermal
expansion or temperature distribution causes a major impact of thermal stability in some
photoelectronic devices such as bifacial solar cells, thermos-optic switches, and arrayed
waveguide gratings. Therefore, the accurate evaluation of thin film thermomechanical
properties such as biaxial Young’s modulus and CTEs is highly desirable for the design
and fabrication of various photoelectronic devices. Many techniques have been developed
to measure the CTE and biaxial modulus of thin films such as the interference fringe
method [2–7], bending beam method [8], wafer curvature measurement [9–11], and x-ray
diffraction technique [12,13].

The coefficient of the thermal expansion of materials can be directly measured by
a commercial thermomechanical analyzer. The CTE data can be obtained for some bulk
materials. However, there are few methods to measure the out of plane (or thickness
direction) thermal expansion coefficient of thin films. It is difficult to measure the CTE of
thin films because the film thickness changes little with temperature. Furthermore, much
of the work on evaluation has focused on the optical, electrical, and surface properties
of ITO films, and less attention has been paid to report the CTE and biaxial modulus of
ITO thin films in the literature. In this study, we present an effective approach to measure
the out of plane CTE and biaxial Young’s modulus of ITO films. The advantage of the
proposed technique is non-contact, accurate, reproducible, and easy operation. In addition,
the proposed measurement apparatus can facilitate the development of coating processes
that produce more uniform thin films.

2. Method

An optical interferometric technique [4–6] has been used to evaluate both the thermal
expansion coefficient and the biaxial modulus of thin film, but processing the interference
fringes may lead to significant errors. Hence, we propose a Twyman-Green interferometer
associated with wavelet transform (WT) technique to improve the accuracy.

The wavelet transform can be used to analyze the local information of the interference
fringe signal [14,15]. Generally, the one-dimensional wavelet ψ(x) is assumed to be a
function of finite energy, and its average value is zero:∫ +∞

−∞
ψ(x)dx = 0 (1)

The wavelet is expanded by the scale parameters and translated by the position
parameter ξ to produce a series of sub-wavelets, which can be expressed as:

ψs,ξ(x)=
1√

s
ψ

(
x− ξ

s

)
(2)

A one-dimensional continuous wavelet (Wf) can be written as:

W f (s, ξ) =
∫ +∞

−∞
f (x)ψ∗s,ξ(x)dx =

∫ +∞

−∞
f (x)

1√
s
ψ∗
(

x− ξ

s

)
dx (3)

where x represents a spatial variable, and * represents a conjugate complex number. The
proportional parameter s is related to the concept of frequency. When the value of s is
small, the analyzed wavelet has the characteristics of rapid oscillation, which is very
suitable for the selection of high frequency components of the signal; while the value of s is
large, the opposite is true, which can separate low frequency signals. For the interference



Coatings 2021, 11, 153 3 of 11

fringes distributed in the x direction, the one-dimensional continuous wavelet Wx can be
rewritten as:

Wx(s, ξ) =
1√

s

∫ +∞

−∞
I0(x, y) [1 + V(x, y) cos[(my + φ(x, y)]]

(
ψ

(
x− ξ

s

)∗)
dx (4)

Among them, I0(x,y), V(x,y), andφ(x,y) are the average intensity of interference fringes,
fringe contrast, and phase difference, respectively.

In Equation (4), there is a local maximum in the number corresponding to each
pixel. The absolute value of this value is called the ridge, which can be used to detect
frequency changes. These points, with significant frequency changes, correspond to the
phase difference, and ignore the influence of noise with small frequency changes. Using
this feature, the ridge function can be easily converted into a phase function.

φ(x, ξ) =
Im [Wx(sabs_max, ξ)]

Re [Wx(sabs_max, ξ)]
(5)

where Re[Wx(sabs_max, ξ)] and Im[Wx(sabs_max, ξ)] are the real and imaginary parts of Wx,
respectively. By repeating this process in the y direction, the wrapped phase φ(x,y) can
be obtained, and phase expansion is required to obtain the complete phase function. The
wavelet transform method uses only one interferogram for analysis, so the phase can be
quickly restored. Equation (5) is the wrapped phase image.

The procedure of phase extraction is shown below. First, the optical Twyman-Green
interferometer is used to capture the interference fringes of equal thickness of the sample,
and then the Morlet wavelet transform method is used for ridge detection and to find the
maximum value. The maximum value of the local intensity in the interference fringe, and
the wavelet position parameter ξ is obtained. In the Twyman-Green interferometer system,
if the sample is a transparent glass substrate, both sides of the glass plate can reflect and
interfere with the reference beam. The image pattern contains interference fringes formed
by more than two reflective beams. If the front surface is not completely parallel to the
back surface, the position parameters will not be exactly the same. Therefore, the ridge
function can be extracted from the two surfaces through different position parameters. The
scale parameter s is related to the carrier frequency. The best parameters can usually be
obtained by adjusting the carrier frequency. However, if the carrier frequency of the two
surfaces is too low, it will be difficult to obtain the ridge function of the two surfaces due to
the similar frequencies. In the case of multiple interference patterns, it is easy to misjudge
the local amplitude, and the wrong ridge function is extracted.

In order to obtain the information of the thin film surface topography, the phase
unwrapping must be performed by adding or subtracting 2π. The discontinuity of the
phase function needs to be dealt with. The phase unwrapping method used in this study is
based on Macy’s algorithm [16]. After phase unwrapping, the height h(x,y) of the tested
surface can be calculated by:

h(x, y) =
λ

4πn
φ(x, y) (6)

where λ is the wavelength of the laser light source, and n is the refractive index of air.
In order to eliminate the influence of the tilt error caused by the carrier fringe, Zernike
polynomials are used to fit the surface profile and obtain the tilt aberration. After removing
the tilt term, the real surface profile can be reconstructed. Finally, curve fitting is used to
calculate the radius of curvature of the object surface.

By subtracting the surface profile before and after deposition, the surface deformation
of the film can be obtained. In general, the residual stress in ITO thin films can be expressed
in terms of Stoney’s equation [17,18]:

σ = σi + σth =
1
6

ES
(1− νS)

tS
2

t f
(

1
R2
− 1

R1
), (7)
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where σ is the residual stress in thin films, σi is intrinsic stress, and σth is thermal stress;
Es is the Young’s modulus of the substrate and vs. is Poisson ratio of the substrate; ts is
the thicknesses of the substrate and tf is the thicknesses of thin film; R1 is the radius of
curvature before coating and R2 is the radius of curvature after coating. Table 1 lists the
material properties of the different glass substrates. The following equation can be used to
calculate the thermal stress.

σth = (αS − α f )Yf (T2 − T1), (8)

where αs is the CTE of the substrate; αf is the CTE of the thin film; Yf = E f /(1 − ν f )
represents the biaxial Young’s modulus of thin film; T1 is the temperatures before heating;
and T2 is the temperatures after heating.

Table 1. Material properties of the different glass substrates.

Substrate N-BK7 S-TIM35

CTE (◦C−1) 7.1 × 10−6 7.5 × 10−6

Young’s modulus (GPa) 82.0 87.5
Poisson ratio 0.206 0.238

Thickness (mm) 1.5 1.5

In this study, the coefficient of thermal expansion was calculated by the linear correla-
tion between thermal stress and heating temperature. Taking the derivative of Equation
(8), it is easy to show that the slope of the stress-temperature curve is equal to:

dσth
dT

= Yf (αS − α f ), (9)

where ∆σth/∆T represents the slope of the stress-temperature curve. The CTE and biaxial
Young’s modulus of thin films can be derived from the slope of the stress-temperature
plot using at least two sorts of substrates, with known thermal expansion coefficients and
Young’s moduli. Thin films coated on different glass substrates have large differences in
thermal stress. This is due to the large difference in the coefficient of thermal expansion
(CTE) between the film and the substrate when the heating temperature rises from room
temperature to 100 ◦C.

3. Results

For optoelectronic applications, the physical parameters of both CTE and biaxial
Young’s modulus are very important for thin film devices. The optical material properties
have a crucial influence on the response of optical devices to temperature changes. The ITO
thin films were prepared by DC magnetron sputtering deposition and coated on N-BK7
and STIM-35 glass substrates. Before thin film deposition, the substrates must be cleaned
to remove the surface contamination. An ultrasonic cleaner was used to clean different
substrates. We used deionized water, ethanol, acetone, and isopropanol to ultrasonically
clean the substrates.

The dual substrate method was used to evaluate the thermomechanical properties of
ITO thin films. There are two different glass substrates with known mechanical properties
used for ITO coatings. The thermal stress of ITO thin films deposited on two different sub-
strates was measured by a modified Twyman-Green interferometer under different heating
temperatures, as indicated in Figure 1. The thickness of the thin films was determined
by the alpha-step stylus profilometer. The ITO thin films had the deposition thickness of
140 nm in this study. We used an improved Twyman-Green interferometer to measure
the deformation of the fringes of a coated substrate at temperatures from 30 to 100 ◦C. A
He-Ne laser was used as a light source. The heating temperature in all the experiments
was determined to a tenth of a degree Celsius. Temperature was measured by means
of a thermometer whose sensor was in contact with a substrate adjacent to the thin film.
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The temperature distribution of the film/substrate system was recorded by an infrared
image camera. The glass substrates were placed on a hot stage linked with an electric
temperature controller. A thermocouple sensed any temperature variations in the film
surface. Interference fringes of reflected light between the reference plate and the substrate
were detected with a digital CCD camera. The interference fringe patterns were recorded by
the CCD camera, and the residual stress of thin films at different heating temperatures was
measured by the Twyman-Green interferometer combined with wavelet transform method.
We also developed a MATLAB algorithm based on the wavelet transform to reconstruct
the 3-D surface profile and to calculate the curvature of the film/substrate surface. The
residual stress was obtained by the modified Stoney equation. For the measurement of the
CTE and biaxial Young’s modulus of ITO thin films, the dual-substrate method of N-BK7
and S-TIM35 glass substrates was used in this work.
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Figure 1. A home-made thin film thermal stress measurement system based on the Twyman-Green
interferometer.

Figure 2 shows the schematic diagram of heat conduction between the thin film
and substrate. The thermal stress measurement experiments were performed in an open
environment, the coating substrate was placed on a heating stage and the bottom surface
of the substrate was heated, and then the thermal energy at the higher temperature was
conducted to the lower temperature. If the thin films are heated from the bottom surface of
the substrate, as shown in Figure 2, rather than being located in a closed space capable of
maintaining uniform temperature and the uniform heating from all surfaces. The cooling
effect due to natural heat convection will occur on the upper surface of the thin film and
the side surface of samples. Therefore, a temperature gradient along the thickness of
the sample will be introduced even in the condition of steady-state heating condition
and result in an extra thermal deformation due to non-uniform temperature distribution
along the thickness. In order to accurately evaluate the thermal expansion coefficient and
biaxial modulus of the ITO thin films, the temperatures at both the upper surface of thin
film and the bottom surface of the substrate are simultaneously measured by an infrared
thermal imaging camera. The temperature distribution of ITO thin films was measured by
a thermal imaging camera. In Figure 3, A indicates the background (in air), B stands for
the film/substrate (to be measured), and C is an insulated material attached on the side
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surface of the heating stage. The temperature of the upper surface of ITO thin film was
92.9 ◦C for N-BK7 glass and 95.4 ◦C for the S-TIM35 glass substrate, as shown in Figure 3.
According to the temperature distribution map measured by the infrared thermal imaging
camera, it can be found that the surface temperature of the ITO thin film was lower than
the temperature at the bottom of the substrate (as shown in Figure 3). This is because of
the heat conduction effect, which causes a temperature gradient distribution along the
thickness of the substrate. Moreover, the temperature gradient distribution of the substrate
will become more significant as the thickness of the substrate increases.
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(b) S-TIM35 glass substrates.

The following thermal stress formula is based on the assumption that the substrate is
placed in an open environment. The heating stage starts to heat the bottom of the substrate,
and then considers the temperature difference between the top and bottom surfaces of
the coated substrate caused by heat conduction. The modified thermal stress formula is
expressed as [19]:

σth
∼= (σth)non + (σth)uni (10)

(σth)non
∼=

[(T2)U − (T2)B]ds

6d f

(
Esαs

1− vs

)
(11)

(σth)uni =

(
E f

1− v f

)
(αs − α f )[(T2)U − T1] (12)

where σth is the total thermal stress of the thin films. (σth)non is the thermal stress as the
substrate temperature distribution is non-uniform. (σth)uni is the thermal stress when the
substrate temperature distribution is uniform. (T2)U is the temperature at the upper surface
of thin film and (T2)B is the temperature at the bottom surface of the substrate.

It can be seen from Equation (10) that the uniform thermal stress value of the substrate
is subtracted from the total thermal stress value of the film (σth), when the substrate tem-
perature distribution is not uniform. The uniform thermal stress has a linear relationship
with the temperature rise, which can be used to evaluate the thermomechanical properties
of the films. If the substrate temperature distribution is uniform, the thermal stress value of
(σth)uni can be obtained by subtracting the non-uniform term from the total thermal stress.



Coatings 2021, 11, 153 7 of 11

In other words, if σth in Equation (9) is replaced by (σth)uni, the equation can be modified
as follows.

d(σth)uni
dT

= (αs − α f )

(
E f

1− v f

)
(13)

Furthermore, two gradient values of (σth)uni/dT in stress-temperature curves are
obtained by substituting the factors of the non-uniform temperature distribution of the
substrate. Using the double substrate method, accurate CTE and biaxial Young’s modulus
of the thin films were calculated by Equation (13).

The thermal stress and thermomechanical properties of ITO films were studied by
experiments. The thermal stress variation for an ITO/S-TIM35 sample was larger than
that for an ITO/N-BK7 sample. The experimental results revealed that the ITO films
deposited on different glass substrates exhibited a similar behavior with the increase in
heating temperature. When the heating temperature increased from room temperature to
100 ◦C, the thermal stress of the ITO thin film deposited on different substrates was due to
the CTE between thin film and substrates. With the increase in substrate temperature, the
ITO film deposited on the S-TIM35 glass substrate changed obviously. The thermal stress
in ITO/S-TIM35 samples is attributed to the fact that the CTE of ITO film is higher than
that of the substrate, which makes the substrate bend to form a concave surface (namely
tensile state).

The temperature stability of optical coating devices has become more and more im-
portant. The thin film’s CTE information is useful and can be used to evaluate temperature
stability when designing and manufacturing thin film devices. Figure 4a shows the two-
dimensional surface profile changes of the ITO film deposited on the S-TIM35 substrate
(i.e., ITO/S-TIM35 sample) at different temperatures. The experimental results showed
that when the heating temperature increased from room temperature to 60 ◦C, the surface
profile of the ITO/S-TIM35 sample did not change significantly. However, as the heating
temperature increased to 90 ◦C, the film morphology became more curved, as shown in
Figure 4b. When the substrate temperature increased, the curvature in the x-axis direction
decreased, and the curvature in the y-axis direction increased accordingly. In contrast, when
the substrate temperature increased, the two-dimensional surface profile of the ITO/N-BK7
sample changed less, as shown in Figure 5a. For the three-dimensional surface topography,
it can be seen that the surface shape of the film was concave. The curvature of the films
increased along the x-axis and y-axis directions. The curvature changed on the x-axis and
y-axis of the film increased. The surface profile tends to bend inward gradually, as shown
in Figure 5b. It was observed that the thermal stress of the ITO film was anisotropic, and
its biaxial stress values were not equal. According to the stress measurements, the ITO
films deposited on two different substrates all presented a state of tensile thermal stress.
As shown in Table 1, the coefficient of thermal expansion and Young’s modulus of the
S-TIM35 glass substrate were slightly larger than that of the N-BK7 glass substrate. The
ITO thin film was deposited on two kinds of glass substrate at the same time. The results
showed that the surface deformation of ITO films deposited on S-TIM35 glass substrate
was non-uniform as the temperature increased.

Figure 6 demonstrates that the tensile stress in the ITO/N-BK7 sample increased with
an increase in the heating temperature from 30 to 90 ◦C. When the temperature increased,
the residual stress changed from 37.9 MPa to 74.4 MPa. The stress–temperature plot of
the ITO film deposited on the N-BK7 glass substrate was close to a linear relationship
during the heating process. The error bars represent one standard deviation obtained
from ten measurements. The slope value of the stress-temperature plot was 0.62 MPa/◦C
by the curve fitting method, as shown in Figure 6. Similarly, the thermal stress in the
ITO/S-TIM35 sample varied from 44.2 to 91.1 MPa, while the temperature rose to 100 ◦C.
The slope value of the stress-temperature curve was 0.81 MPa/◦C, as shown in Figure 7.
The CTE and biaxial Young’s modulus of the ITO thin films can be obtained by the thermal
stress vs. temperature relationship based on the double substrate method. From the
thermal stress-temperature measurements, the average thermal expansion coefficient of



Coatings 2021, 11, 153 8 of 11

5.81 × 10−6 ◦C−1 and biaxial Young’s modulus of 475 GPa for the ITO thin film were
obtained. Furthermore, the plot of thermal stress of the ITO films versus temperature in
different axial directions was measured. The results show that thermal stress in the x-axis
direction for both ITO/glass samples were smaller than that in the y-axis direction. The CTE
and biaxial Young’s modulus of the ITO thin film were calculated to be 5.24 × 10−6 ◦C−1

and 321 GPa in the x-axis direction as well as 5.98 × 10−6 ◦C−1 and 592 GPa in the
y-axis direction, respectively. From the measurement data, it can be known that as the
heating temperature increases, the anisotropic residual stress behavior of the ITO film
gradually changes. These results suggest that the anisotropic thermal stress is caused
by large temperature changes and CTE mismatch. It is well known that a material’s
physical thin film properties are very different from its bulk properties. Obtaining the CTE
data of thin films can be very useful in understanding how this property will affect the
study of the bulk material in the form of thin film as most microelectronic devices and
sensors are fabricated by using thin film deposition. In thin film devices, the CTE data for
the multilayer coating process will be extremely valuable information. In addition, the
conductivity measurement of the ITO thin film is also important. In this work, the electrical
resistivity was determined by the four-point probe method. The electrical resistivity of
sputtered ITO thin film increased from 5.20 × 10−4 to 5.53 × 10−4 ohm-cm for a heating
temperature range of 30 to 90 ◦C, since the conductivity of ITO films is related to oxygen
vacancies. The increase in oxygen content in the film reduces the oxygen vacancy, which
reduces the conductivity of ITO film. The resistivity of the ITO film increases slightly when
the temperature is increased, which may be due to the slight increase in oxygen content in
the material. This result is consistent with the literature [20,21].
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In this paper, an apparatus and method for the simultaneous determination of CTE
and biaxial Young’s modulus of ITO films is presented. The measurement apparatus
consisted of a modified Twyman-Green interferometer combined with an infrared thermal
imaging camera, a heating stage, and wavelet transform analysis program. The wavelet
transform method was used to analyze the interference fringe pattern and then the phase
information in the interferogram was obtained. We developed a feasible and accurate
method to measure the curvature changes and to evaluate residual stress in thin films at
different heating temperatures. This method is not only to simultaneously measure the CTE
and biaxial Young’s modulus of thin films, but it can also determine the anisotropic thermal
expansion coefficients and biaxial moduli. In this work, the average CTE and biaxial
modulus of sputtered ITO thin films were 5.81 × 10−6 ◦C−1 and 475 GPa. These results
show that the measured data is in good agreement with the CTE data of 5.0 × 10−6 ◦C−1

in the literature [22]. It was also found that the residual stress in ITO films was affected by
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