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Abstract: Transparent anisotropic materials have garnered attention along with the growth of the
semiconductor and display industries. Transparent anisotropic materials have the characteristic of
varying electrical, optical, and thermal properties based on their crystal orientation, and many studies
are being conducted on this topic. In order to utilize transparent anisotropic materials properly, thermal
properties such as thermal conductivity are essentially required. However, due to the limitations
of the existing thermal property measurement methods for transparent anisotropic materials, it is
difficult to provide the thermal properties of transparent anisotropic materials. To address this
problem, a transparent anisotropic collinear method capable of measuring the effective thermal
conductivity of a transparent anisotropic material according to its crystal orientation is proposed in
this paper. To this end, the internal temperature distribution of a transparent anisotropic material and
the phase delay of the probe beam were theoretically derived through a numerical analysis model that
uses a three-dimensional heat conduction equation. This model was applied to anisotropic thermal
conductivity with orthorhombic structure. To verify the proposed method of measuring the thermal
conductivity of a transparent anisotropic material, the thermal properties of 3 mm-thick A-plane
sapphire glass were measured and compared with those of the existing literature. It was confirmed
that the absolute errors were less than about 4 W/mk.

Keywords: photothermal; thermal properties; thermal conductivity; collinear; anisotropic

1. Introduction

As the display industry grows and transparent flexible displays attract attention, studies on
new materials used in transparent flexible substrates and transparent electrodes continue to actively
be conducted [1-4]. In particular, many studies have been conducted on transparent anisotropic
materials whose properties, such as the electrical conductivity, light transmittance, and thermal
conductivity, vary depending on their crystal orientations [5-7]. However, materials with high
flexibility and high light transmittance generally have wide gaps between molecules, which leads to
low thermal conductivity [8]. Moreover, in the case of transparent anisotropic materials formed using
composite materials, they can be applied to systems only when their accurate thermal properties in
the applied direction are known because those properties are significantly different depending on
the direction. Therefore, for the optimal thermal design of displays that use such new transparent
anisotropic materials, accurate information on the thermal properties of the materials is required. Due to
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the limitations of the existing thermal property measurement methods for transparent anisotropic
materials [9-17], the need for developing new measurement methods is increasing.

When a heat source is applied to a material, its temperature change essentially depends on its
thermal properties. Therefore, the thermal properties of a material can be determined by measuring
its temperature change, and there are various methods to do so. The categories of thermal property
measurement methods can be divided according to the contact or non-contact of the temperature change
measuring sensor. Table 1 summarizes various measurement methods [9-17] and their limitations.

Table 1. Various thermal property measurement methods and limitations.

Method Limitation
DC heating [9-11]

Pulse heating [12-14]

Conductive materials only

Conductive materials only
Contact

Laser calorimetry [15] Large amount of heat loss

3w method Complexity damage of specimen
Photo Acoustic [15] Low accuracy
Laser Flash [17] Damage of specimen & Limitation of shape/size

Non-Contact Photothermal radiometry [15]

Problem of emissivity factor

Photothermal reflection [15]

Standardization of roughness on surface of specimen

Photothermal displacement [15]

Surface treatment of specimen

Photothermal deflection [15]

Increase of S/N

Thermal property measurement using the photothermal effect is attracting attention as one of the
non-contact methods with high accuracy. Among the photothermal thermal property measurement
methods, the photothermal deflection method is currently the most actively researched and it has
universal applicability to various materials as well as high accuracy [18-30]. The photothermal
deflection method must be applied differently depending on the material. Therefore, developing
specialized photothermal deflection methods is a key issue.

The photothermal deflection method uses two types of lasers—pump beam and probe beam—for
measurement, and can be classified as either a mirage deflection method [18,19,21-23,26-29] or
a collinear deflection method [20,24,25,30] depending on the alignment of the two lasers, as shown
in Figure 1. The mirage deflection method is mainly applied to optically thick materials, while the
collinear deflection method is applied to transparent or optically thin materials.
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Figure 1. Photothermal deflection method types. (a) Mirage deflection method. (b) Collinear

deflection method.
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In the case of the mirage deflection method, the measurement method for single layer isotropic
materials has been established by researchers, including Jackson [18], Salazar [21,27], and Bertolotti [22,26],
and the measurement method for single layer anisotropic materials has been established by Jeon et
al. [29]. In the case of the collinear deflection method, studies limited to isotropic single/double layer
materials were conducted by Jonathan et al. [20,24] and Salaszar et al. [25,30]. Very restricted studies
on the photothermal deflection method for anisotropic materials have been conducted by Iravani et
al. [31], Quelin et al. [32], and Salazar et al. [33,34].

Iravani et al. [31] analyzed three-dimensional (3D) heat conduction equations for semi-infinite
solid and slab models to describe the propagation of heat waves in anisotropic materials. Quelin et
al. [32] analyzed the heat conduction equation for 3D models by applying the thermal conductivity
with only the component in the principal axis direction to poly (4-BCMU). Based on this, they proposed
a relation for the mirage deflection method and showed that the results were in relatively good
agreement with the measured experimental data. Salazar et al. [33,34] proposed a 3D analysis model
for the case where only the thermal conductivity component in the principal axis direction was present
based on the mirage deflection method and conducted research on the determination of the thermal
diffusivity using the relationship of the anisotropic properties of the thermal conductivity. Through
their research, they showed that the analysis method applied to isotropic materials could also be
applied to anisotropic materials. In summary, the previous studies on the photothermal deflection
method [18-34] were conducted only for the mirage deflection method, which measures the thermal
properties of optically thick isotropic/anisotropic materials, but not for the collinear deflection method,
which measures the thermal properties of transparent anisotropic materials.

Therefore, this study investigates the collinear deflection method for measuring the thermal
conductivity of a transparent anisotropic material depending on its crystal orientation. To this end,
the temperature distribution of a single layer transparent anisotropic material was derived through
numerical analysis using a 3D heat conduction equation. To measure the thermal conductivity of the
transparent anisotropic material using the derived temperature distribution, the deflection of the probe
beam was analyzed. To verify this, measurement was performed for the 3 mm-thick A-plane sapphire
glass whose thermal conductivity in the principal axis direction was well known, and it was found
that the effective thermal conductivity (k) could be derived according to the measurement direction

(0, ko—o> = k11, ko—90> = k22).
2. Background Theory and Method

2.1. Collinear Deflection Method

The photothermal effect used in this study is a phenomenon in which heat is generated as the
energy level of a material increases due to the photons colliding with the surface of the material [15,35].
The collinear deflection method uses the temperature gradient inside the material, which is induced
from the photothermal effect by the modulated laser (pump beam). This temperature gradient causes
changes in the density of the transparent material, which leads to changes in the refractive index of the
material. As shown in Figure 1b, when the probe beam is irradiated on the area where temperature
and refractive index gradients occurred so it is perpendicular to the specimen and parallel to the pump
beam, deflection occurs. In this instance, the deflection angle of the probe beam () can be expressed
by Equation (1) [13].

1{dn
v fmm E(ﬁ)V"T(% y,z,t)ds o

where 7 is the refractive index, dn/JT is the temperature coefficient of the refractive index, and V, T is
the temperature gradient perpendicular to the probe beam path.

As a pump beam modulated with a constant period is used, the temperature gradient inside the
material also repeats rising (heating) and falling (cooling) according to the heating period of the pump
beam. In this case, a time difference occurs between the temperature gradient and pump beam periods
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depending on the thermal properties of the target material. As a result, when the deflection of the
probe beam passing through the temperature gradient is compared with the period of the pump beam,
a time difference occurs, as shown in Figure 2, and this is referred to as the phase delay. The phase
delay increases as the relative position between the pump beam and probe beam increases, and it varies
depending on the thermal properties of the material. Therefore, it is possible to derive the thermal
conductivity by analyzing the phase delay according to the relative position.
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Figure 2. Schematic of phase delay.
2.2. Temperature Distribution Analysis

To derive the thermal conductivity by analyzing the phase delay;, it is essential to compare the
results of the probe beam deflection analysis based on the theoretical temperature analysis with the
experiment results.

For the temperature distribution analysis, a 3D single layer solid model with infinite lengths in the
x and y directions and finite length in the z direction was selected, as shown in Figure 3. Regions 0 and
2 are air layers surrounding the measurement material (specimen) and Region 1 is the measurement
specimen. As the temperature increase by the pump beam is very small and occurs in local areas,
only conduction heat transfer was considered in this study. Therefore, the governing equation can be
expressed by Equation (2) below.
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Figure 3. Schematic diagram of collinear deflection analysis.
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where T is the temperature, k is the thermal conductivity, p is the density, C, is the specific heat, and Q
is the heat source by the pump beam. The values k, p, and C,, are thermal properties of the object of the
measurement and thermal properties of the air layer.

As the target material was thermally anisotropic, the thermal conductivity could be expressed in
orthorhombic form, as shown in Equation (3), and an orthorhombic system composed of ki 11, k1 22,
and kj 33 components without k /| components was considered.

As mentioned above, only conductlon was considered in this study. Therefore, the boundary
conditions can be expressed by Equation (4) below.

To(x,,0) = T1(x,y,0) q0(x,¥,0) = q1(x,,0)
Ti(x,y,L) = Ta(x,y,L) 7%y, L) = q2(x,y,L)
n = (kl 1%k + kil 3 Tki33 az) @
Qe = —ke 2L (k=0,2)

The pump beam is a laser with Gaussian distribution and can be expressed as shown in Equation
(5) according to the modulation frequency (f), radius (4, 1/¢? of maximum intensity), and light
absorption coefficient of the material (1). The pump beam reaches the material through the air layer.
As the light absorption coefficient of the air layer is very small and the pump beam is absorbed only
by the material, the heat source of the air layer can be expressed as shown in Equation (6). P; is the
intensity of the laser that finally reaches the material and can be expressed by Equation (7) using the
initial intensity of the laser (Pp) and the reflectivity of the specimen (¢1).

Qi(xy,zt) =-A A%e_)‘lze_(szryz)/“z [1+ cos(wt)] (5)
Qk(x,v,2,0) =0 (k=0,2) (6)
Py =Pyx(1-¢) @)

The heat source Q7 consists of a time-independent term and a time-dependent term with a constant
period. Only the time-dependent term was considered because the time-independent term does not
affect the phase delay. Therefore, the governing equation is a 3D unsteady-state heat conduction
equation in which a periodic heat source exists over time. It can be converted into a form in
which steady-state analysis is possible by applying a complex transformation method, as shown in
Equation (8).

T, T, > T
ki S5 axz koo + ka3 S5 azz Dy (k12 + k21)8x8y (ks + k1) 35 + (kas +ka2) 550

. et Pr e (20422
= iwp1cpaT1 — e Azo=(x*+y7) /a ®

9? Tk 82Tk T, . PkCpk T

ox2 + + 9221( = lw kk Tk (k: 0/2)

iwt

Tk(x, v, 2, t) = Tk(x, y,z)e

2.3. Numerical Investigation

Based on Equation (8), the temperature distribution was analyzed using COMSOL Multiphysics
5.2a, which is a commercial numerical analysis software program. The governing equation and
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boundary conditions were applied as explained in Equations (2)—(8). Geometry was constructed using
the values shown in Table 2. To verify the numerical analysis model, node dependency was evaluated
and compared with the analytical solution results of the mirage deflection method performed by Jeon et
al. [29,36,37]. The material used for evaluating node dependency and verifying the numerical analysis
model was copper. The thermal properties used and pump beam radius are summarized in Table 3.

Table 2. Geometry setup for numerical investigation and validation.

Length (mm)

Ly 20

Ly 20
Region 0 6

Lz Region 1 3
Region 2 6

Table 3. Thermal properties for validation.

Copper [38] Air [3]
Density (p, kg/m>) 8930 1.1614
Specific heat capacity (cp, J/ (kg -K)) 385 1007
Thermal conductivity (k, W/ (mK)) 398 0.0263
Absorption coefficient (A, m™1) 7.01 x 107 -
Thermo-optical coefficient (dn/dT, K1) 222 2,55 x 1075
Pump beam radius (a, um) 100

Table 4 shows the results derived through the node dependency evaluation. It was found that
the temperature in the x-axis direction on the material surface (y = 0, z = 0) according to the relative
position converged when the number of the nodes was equal to or higher than approximately 970,000.
In this study, approximately 1,150,000 nodes were used for the analysis.

Table 4. Node dependency evaluation.

Temperature (°C)

Number of Nodes = Computing Time X-Position
0 mm 0.15 mm 0.3 mm 0.45 mm
26,901 10s 2.5412 2.3569 1.3154 0.8852
87,451 22s 2.6542 2.1516 1.2987 0.8751
203,401 49s 2.7567 2.1159 1.2256 0.9045
348,145 105s 2.8457 2.2548 1.4146 0.8912
549,081 120s 2.7542 2.1987 1.3554 0.8759
815,425 223s 3.0157 2.2247 1.4254 0.8945
976,005 253s 3.2187 24194 1.4610 0.9153
1,156,393 379s 3.2235 2.4243 1.4646 0.9192
1,357,741 3,868s 3.2234 2.4245 1.4648 0.9190

Figure 4 compares the analytical solution results of the mirage deflection method for copper with
the results of the numerical analysis model constructed in this study. The temperature change (at
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y =0, z = 0) in the x-axis direction on the material surface (Figure 4a) and the temperature changes
(at x = 0, y = 0) in the air layer and inside the material (Figure 4b) were in good agreement with
analytical solution (for temperature distribution) of mirage deflection.
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Figure 4. Comparison of analytical and numerical solutions. (a) Temperature change in x-direction
(y =0, z=0). (b) Temperature change in z-direction (x =0, y =0).

2.4. Deflection Analysis

The thermal conductivity of the transparent anisotropic material, which is the target material
of this study, varies depending on the crystal coordinates (x, y, z) of the material. As the accurate
direction of the principal thermal conductivity of the specimen cannot be found by measurement
through experiments, it is necessary to compare and analyze the experimental and analytical results.
To this end, the crystal coordinates (x, y, z) used for the analysis must be matched to the coordinates of
the experimental setup (X, Y, Z) using the coordinate transformation equation below [37].

x =XcosO+ YsinB
y=YcosO—-Xsin0O 9)
z=72

Through this process, the effective thermal conductivity can be derived according to the
measurement direction (0). The theoretical thermal conductivity (kg , £f) according to the measurement
direction (0) can be expressed by the principal thermal conductivity and direction cosine, as shown
in Equation (9) [39—42]. ki,11, k1,22, and kj 33 are the principal thermal conductivities for each axis,
and /, m, and n are the direction cosines for the x, y, and z axes, which are the crystal coordinates of
the material, respectively.

ki 1% + ki 2oy + ki g3z = 1 10)
koeff = ki1l® + ki0m* + ki 331>

As explained above, the deflection angle of the probe beam (1) can be derived through Equation (1).
The probe beam in collinear deflection passes through the upper air layer (region 0), material layer
(region 1), and lower air layer (region 2) in sequence, and can be derived as the sum of the deflection
angles (1) in each region as shown in Equation (11).

Y =10+ +2 (11)
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It is reasonable to assume that the refractivity (n) of Equation (1) and the temperature coefficient
of the refractivity (dn/dT) are constants when the ambient temperature is constant. The deflection of
the probe beam can be divided into two components perpendicular to the path (X-dir, Y-dir), as shown
in Figure 3, and can be finally expressed by Equation (12). In this study, only the X-direction deflection
component (s of the probe beam was used.

b = L (R + ) oz + (31, 5 e

Yromat = 35( oL (G2 + 3 (50), " (T2 + 3 (), S (52 oz

Asitis very difficult to accurately measure the deflection angle (i) through experiments, the phase
delay (x) between the pump beam and probe beam is measured. The deflection angle (i) derived
from the analysis is a complex number. Therefore, the phase delay (x) can be expressed as shown in
Equation (13).

(13)

x(Xo,z,a,1k) = tan‘l(w)

Real(y)

2.5. Algorithm for Determination of Thermal Conductivity

For the photothermal deflection method, the methods of finding the thermal conductivity with
the minimum error from the experimental results by comparing the measured phase delay curve
according to the relative position with the calculated phase delay curve according to the relative position
for various thermal conductivities derived from theoretical analysis are commonly used [29,36,37].
These methods include the zero-crossing method [21], phase slope method [22], and phase curve
method [29]. In this study, the thermal conductivity was determined using the phase curve method,
and its algorithm is shown in Figure 5. This method directly compares the phase curve measured
through the experiment (x.xp) with that derived from theoretical analysis (x.,) through Equation (13)
and determines the point at which the minimum root mean squared error (RMSE) occurs. This method
has the highest accuracy.

INPUT:
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temperature distribution A
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|
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minimum?

No

Krana = keff

Figure 5. Algorithm for determination of thermal conductivity.
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3. Experimental Setup

3.1. Experimental Apparatus

Figure 6 shows a schematic of the experimental setup and optical alignment. The pump beam,
which was the heating source, was a continuous-wave, diode-pumped solid-state (DPSS) source
with a 532 nm wavelength laser (Sprout-G, Lighthouse Photonics, San Jose, CA, USA) and Gaussian
intensity distribution. The pump beam was modulated to a cosine waveform using a mechanical
chopper (SRS 40, Stanford Research System, Sunnyvale, CA, USA). The measurement specimen was
fixed to a rotate-stage with a resolution of 1/60° to measure thermal properties according to the
crystal orientation. The rotate-stage (M481-1, Newport, Irvine, CA, USA) used the tilting-stage (M-36,
Newport, Irvine, CA, USA) with a resolution of 1/60°, and the measurement specimen was aligned
perpendicular to the pump beam. The probe beam was a He-Ne laser (Newport 1123P, Newport, Irvine,
CA, USA) with a 633 nm wavelength and a 5 mW intensity. The probe beam was aligned perpendicular
to the measurement specimen using a dichroic mirror that selectively transmits the pump beam.
The relative position between the probe beam and the pump beam was adjusted by a motorized-stage
(IMS300CCHA, Newport, Irvine, CA, USA) with a resolution of 1.25 um equipped with the probe
beam. The periodic deflection angle of the probe beam was measured using a photoelectric position
sensor (C10443-01, Hamamatsu Photonics, Hamamatsu City, Shizuoka Pref., Japan). Later, the signal of
the position sensor passed through the amplifier, and it was synchronized with the modulation signal
of the mechanical chopper in a lock-in amplifier (AMETEK 7270 DSP, AMETEK, Berwyn, PA, USA) to
obtain the phase difference between the two signals.

Pump Beam Configuration

Pump Beam

DPSS Laser (532nm) ]

(.r,y,z, 9,‘4,0",8,.)

Dichroic
Mirror

Lock-in Amp.
/ Phase difference
Mo Af
Probe Beam [
Pump BeamV\/ \/\/ \/\/
\ 1

Figure 6. Schematic of experimental setup.
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(%2, 64y,642.62,)
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3.2. Specimen for Measurement

This study aims to develop a technology to measure the thermophysical properties of transparent
anisotropic materials. To verify this measurement method, an appropriate specimen needs to be
selected. In this study, an emphasis was placed on selecting a material, which has literature values and
is used in various fields, as the object of the verification. Therefore, 3 mm-thick A-plane sapphire glass
was selected as the specimen (Figure 7a). Sapphire glass has excellent mechanical and heat transfer
properties as well as high light transmittance over a broad range of wavelengths, as shown in Figure 7b.
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Therefore, it has been widely used in various industries, including transparent displays [43]. Also,
for such reasons, it was easy to obtain the specimen in appropriate size and form to the research.
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Figure 7. Characteristic of specimen for measurement. (a) A-plane sapphire (3 mm thick).
(b) Transmittance curve of A-plane sapphire.

As shown in Figure 8, sapphire glass is classified as C-plane, A-plane, or R-plane depending on the
crystal orientation [43], and the anisotropic properties vary depending on this orientation. In this study,
A-plane sapphire glass was used. Table 5 summarizes ki1, k2, and kz3 of A-plane sapphire glasses
presented in various literature [43—48]. In the numerical analysis, ki1, koo, and k33 were selected as
32.5,23.1, and 32.5 W/ (mk) from various literature. Table 6 shows the thermal and optical properties
of the sapphire glass used in this numerical analysis [43,49].

mmmm———— e ————

fmm————

a2 h a2 = ' a2
al al al
A-Plane C-Plane R-Plane
(1120) (0001) (1102)

Figure 8. Crystal orientation of sapphire glass.
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Table 5. Literature values of thermal conductivity for sapphire glass.

Measurement Temperature Average Value

Thermal Conductivity (W/(mK)) Literature Author

(K) (W/(mK))
325 298 Dobrovinskaya et al [43]
25.2 300 Ho et al [44]
x-dir (ky 11) and z-dir (k1 33) 36.4
11 133 47 298 Kinoshita et al [45] (+ 8.5)
423 303 Knapp [46]
35 300 Darwish et al [47]
30.3 298 Dobrovinskaya et al [43]
y-dir (k1,22) 23.1 300 Ho et al [44] 374.11
31 298 Kinoshita et al [45] (41
24 300 Schmid et al [48]

Table 6. Properties of A-Plane Sapphire.

Density (p, kg/m®) 3980
Specific heat capacity (cp, [/ (kg-K)) 761
x-dir (ky 11) 325
Thermal conductivity (k, W/(mK)) y-dir (k1.0) 231
2-dir (ky 33) 325
Absorption coefficient (A, m‘l) 653.05
Thermo-optical coefficient (dn/dT, k1) 1.30 x 1072

3.3. Parameter for Experiment

Through the experiment, the thermal conductivities of A-plane sapphire glass in the principal
axis directions (k11, k22) were measured, and the results were compared with the values in the existing
literature to verify the transparent anisotropic collinear method. To this end, the modulation frequency
of the pump beam, the radius of the pump beam, the radius of the probe beam, the relative position,
and the travel distance between the measurement points were summarized as shown in Table 7.
When the relative position between the probe beam and the pump beam was very small (0-0.15 mm),
it was excluded because it could cause errors in the phase delay measurement. 2400 phase delay values
were obtained for 120 s to determine the phase delay value at one relative position. The arithmetic
mean of these data in the 95% confidence interval was used as the representative value.

Table 7. Experimental setup value.

Frequency (Hz) 20
Radius (mm) 82.5
Relative position (Numerical) (1mm) 0.15~0.5 (interval: 0.02)
Relative position (Experimental) (rm) 0.15~0.5 (interval: 0.02)

4. Results and Discussion

Figure 9 shows the phase delay in each measurement direction (8: 0°, 30°, 45°, 60°, and 90°)
according to the relative position. The black lines represent the values derived through theoretical
analysis (temperature field derivation through numerical analysis and phase delay calculation using
Equations (12) and (13)) using the properties in Table 6, and the square points represent the values
derived through the experiment. The experimental results are shown along with error bars. An error
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bar represents the standard deviation of the 95% interval data among the obtained 2400 phase delay
values at one relative position.
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Figure 9. Comparison of experimental and theoretical results for various measurement directions.
(@) 0 =0° (b) 0 =30°. (c) 6 =45°. (d) 6 = 60°. (e) O = 90°.

It was found that the experimental and numerical analysis results had similar tendencies and
were in good agreement. The experimental results showed that the error was relatively higher due to
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the influence of the pump beam in the area where the distance between the pump beam and the probe
beam was small (near 0.15 mm), as explained above. On the other hand, in the area where the distance
between the pump beam and the probe beam was large (near 0.50 mm), the error was relatively higher
because the accuracy of the phase difference acquisition was reduced due to the low temperature
gradient in the material.

Using the experimental results, it is possible to determine the thermal conductivity through the
phase curve method algorithm explained above through Figure 5. From the theoretical phase delay
results derived while the thermal conductivity (k,,,,s) was varied and the phase delay results derived
from the experiment, the RMSE was derived using Equation (14). Figure 10 shows the RMSE according
to the thermal conductivity substituted into theoretical analysis for various measurement directions (6:
0°,30°,45°,60°, and 90°).

2
(Xcal - Xexp)

1=

Tz

RMSE = (N = Relative positions) (14)

N

Root mean square error (deg)
(2]
1
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Root mean square error (deg)

Measured Value : 23.54 (W/m-K)

1
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(e)

Figure 10. RMSE of thermal conductivity determination algorithm. (a) 6 = 0°. (b) 0 = 30°. (c) 0 = 45°.
(d) 8 =60°. (e) 6 =90°.

Based on these results, Figure 11 shows the thermal conductivity according to the measurement
direction derived using the transparent anisotropic collinear method, the average of literature values
in the principal axis directions (k11, k22), and the calculated values that can be derived through the
vector operation of Equation (10).

50
B Average of literature value
—_ 45 Calculated value
.’2.4 T .. Measurement value
£
2 40-
2
z
5 35
=]
=
g
Q 30
=
g
St
% 25
[
2
S 20
=
[8a)
15 T T T T T
0 15 30 45 60 75 90

Measurement direction angle, ® (deg)

Figure 11. Experimental results for various measurement directions.

It was found that the measurement values were accurate because absolute errors from the thermal
conductivity of A-plane sapphire glass in the principal axis direction from various literature were less
than about 4 W/ (mK). It was also found that the thermal conductivity according to the measurement
direction was accurate because errors from the values calculated based on the average of literature
values were less than 4 W/(mK). Table 8 summarizes the measured values and errors.
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Table 8. Measurement results of A-plane sapphire using collinear deflection method.

Measurement angle (deg) 0 30 45 60 90
. 36.40 34.10 31.75 29.43 27.10
Literature value (W/mK) (£85)  (£74)  (£63) (£52)  (x4.1)
Measurement value (W /mK) 32.23 29.97 28.17 25.58 23.54
Root mean square error (deg) 3.3 5.52 3.18 447 297
Absolute error (W/mK) 417 413 3.58 3.85 3.56

5. Conclusions

In this study, a transparent anisotropic collinear deflection method was proposed to measure
the thermal properties of transparent anisotropic materials, which could not be measured using the
existing photothermal deflection methods. To this end, numerical analysis and experimental study
were conducted for a single layer anisotropic material, and the following conclusions could be drawn.

1.  Based on the 3D heat conduction equation to which the anisotropic thermal conductivity with
the orthorhombic structure was applied, the temperature distribution of the anisotropic material
was derived using a complex transformation method and numerical analysis, and it was verified
through a comparison with the analytical solution of the well-known mirage deflection method.
Deflection analysis was conducted to measure the thermal conductivity of the transparent
anisotropic material by applying the derived temperature distribution.

2. The measurement method proposed in this study was verified by measuring the effective thermal
conductivity according to the principal thermal conductivity directions (k;1, k22) and measurement
directions using A-plane sapphire glass whose ki1, k2», and k33 were known to be 36.4, 27.1,
and 36.4 W/(mk) from the various literatures.

3.  The phase curve method algorithm was applied to derive the thermal conductivity of the
measurement specimen using the phase curve results according to the relative position (distance
between the pump beam and the probe beam) derived from the experiment. The RMSE ranged
from 2.97 to 5.25° depending on the measurement direction.

4. It was confirmed that the measured thermal conductivity according to the finally derived
direction (6) had absolute errors less than about 4 W/(mk) when compared with the average of
literature values.

In this study, a method for measuring the thermal conductivity of a material with transparent
anisotropic properties was proposed. However, it was found that the RMSE derived by applying
the phase curve method was relatively high. This appears to be because sufficient heat could not be
supplied due to the specificity of the material (high transparency), and thus a low temperature field
(dT = 2-3 °C) was generated. It is thought that this problem can be solved by applying materials with
high light absorption to the surface. In future research, a measurement method capable of overcoming
this drawback will be proposed.
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