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Abstract

The thermoreflectance technique is one of the few methods which can measure ther-
mal diffusivity of thin films as thin as 100 nm or thinner in the cross-plane direc-
tion. The thermoreflectance method under rear-heat front-detect configuration is
sometimes called ultrafast laser flash method because of its similarity to laser flash
method. Up to now it has typically only been possible to attempt to evaluate the
interfacial thermal resistance between the thin films by preparing and measur-
ing several samples with different thicknesses. In this study, a method to directly
determine interfacial thermal resistance by a single measurement of a thin film on
substrate is represented, by analyzing the shape of thermoreflectance signals with
analytical solutions in frequency domain and time domain. Thermoreflectance sig-
nals observed from metallic thin films on sapphire substrate with different thickness
steps were analyzed by Fourier analysis and fitted by analytical equations with four
parameters: heat diffusion time across the first layer, ratio of virtual heat sources,
characteristic time of cooling determined by interfacial thermal resistance and rela-
tive amplitude of the signal. Interface thermal resistance between the thin film and
substrate was able to be determined reliably with smaller uncertainty.
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1 Introduction

In order to control and manage heat transport in devices and modules, it is impor-
tant to consider both the transport within materials and the transport across inter-
faces between materials [1]. In particular, it is primarily important to reduce
thermal resistance of interfaces inside of devices such as central processing unit
(CPU), light-emitting diode (LED), laser diode (LD) and optical recording media
for acceleration of their operating speed, reduction of energy consumption and
improvement of reliability [2, 3]. On the other hand, large thermal resistance
might enhance performance of multi-layered insulation materials, and it is criti-
cal to evaluate them accurately for thermoelectric thin films and devices [4, 5].
In response to these requirements, several investigations have been performed to
measure interfacial thermal resistance [6—20]. Investigation of direction depend-
ence of the interfacial thermal resistance was reported by performing picosec-
ond thermoreflectance method under both front-heat rear-detect and rear-heat
front-detect configurations [13, 14]. Dependence of the interfacial thermal resist-
ance on twist angle of crystal axis between the Si thin film and the Si substrate
was measured by the offset 3 omega method [15]. As a challenging approach,
nanoscale heat pathways have been visualized by combination of electron beam
heating and nano-thermocouple and interfacial thermal resistances on the path-
ways have been measured [21, 22]. However, it has been difficult to measure the
interfacial thermal resistance between thin films or that between thin film and its
substrate because they are much smaller than cross-plane thermal resistance of
adjacent thin films even if they are as thin as 100 nm. Reliable data of the inter-
facial thermal resistance are limited, and the mechanism by which the interfacial
thermal resistance occurs is still under investigation [23, 24].

The strict definition of interfacial thermal resistance, also called boundary
thermal resistance, varies depending on the field of science and technology [25].
The term interface thermal conductance, which is the reciprocal of the interfa-
cial thermal resistance, is also used [26-29]. For example, from the case where it
means thermal resistance of a joint between bulk materials or glued bulk materi-
als [24] to an interface between atomic layers such as an interface between thin
films formed by sputtering [30-32]. In this report, thermal resistance between
substrate and thin films which are deposited on substrates by sputtering, molecu-
lar beam epitaxy, or vacuum evaporation are considered. Even with such an inter-
face at the atomic layer-level, it is not possible to obtain a completely uniform
state on both sides of the interface. For example, in the case of epitaxial growth,
deformation occurs on both sides of the interface due to lattice spacing mismatch.
Even if the local thermal conductivity and thermal diffusivity can be defined, they
are not supposed to be uniform in the thin film in the vicinity of the interface.
In order to define the interfacial thermal resistance even in such a situation, the
thermal conductivity and thermal diffusivity in the thin film or substrate sand-
wiching the interface should be approximated to be constant in the mathematical
model. The interface is assumed to have thermal resistance without finite thick-
ness and heat capacity of interface is O [33]. This is because the mathematical
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model which assumes the heat diffusion time across the interface is 0 reproduces
the temperature response well. The thermal resistance of such atomic layer-level
interfaces is smaller than 10® m%K-W~! in most cases [30-32, 34], and this
amount is comparable to that of quartz glass (1 W-m~1.K~!) of 10 nm (1078 m)
thick. Therefore, to measure thermal resistances smaller than this, measurements
faster than 100 ps (107'° s), which corresponds to the heat diffusion time across
around 10 nm quartz glass, are desirable.

At present, the picosecond (or femtosecond) heating thermoreflectance is one
of suitable methods [2, 35]. Thus, picosecond thermoreflectance method under
front-heat front-detect method (time domain thermoreflectance: TD-TR) have been
applied for this purpose [26-28]. More quantitative present possible approach to
determine interfacial thermal resistances using thermoreflectance method is by pre-
paring and measuring thin films with different thickness. This is rather cumbersome
and contains some ambiguity whether the prepared thin films of different thickness
intrinsically keep the exact same characteristics. In this approach, each thin film of
different thickness is sandwiched between two metallic thin films of constant thick-
ness. The ultrafast laser flash method (picosecond thermoreflectance method under
rear-heat front-detect configuration [35]) is applied to the series of samples and
thermoreflectance signals are analyzed by areal thermal diffusion time method [33].
Areal heat diffusion time is an area surrounded by the temperature response curve
and horizontal line at the maximum temperature rise (normalized to 1) when a sam-
ple is pulse-heated, which can be expressed by an analytical expression based on
the thermophysical property values of each layer in the sample. Since this area has
a dimension of time, a systematic analysis of heat diffusion across a multilayer film
is realized by defining “areal heat diffusion time”. The reason why the areal heat dif-
fusion time is introduced is because the half-time method (half-value time method)
[36], used to calculate the thermal diffusion time in the thickness direction of an
insulated homogeneous material, does not provide an explicit analytical solution for
multi-layered thin films.

In this report, an approach to directly determine interfacial thermal resistance by
a single measurement of a thin film on substrate is presented, by analyzing the shape
of thermoreflectance signals with analytical solutions represented in frequency
domain and time domain. For this study, two mode-locked fiber lasers are used for
heating light and temperature measurement light, and by electrically controlling the
timing of transmission of the two lasers, thermoreflectance signals were acquired
over the entire pulse interval of 50 ns [35]. We have previously presented an ana-
lytical solution of temperature response expressed by Fourier series for one-dimen-
sional heat diffusion after periodic pulse heating [37].

It is well-known that the flash method which was invented by Parker et al. in 1961
[36], and established as the reliable, standard and popular method for measuring
thermal diffusivity of bulk materials [38—42]. Our thermoreflectance method based
on Fourier transform is named as Fourier transform ultrafast laser flash method,
since this method is natural evolution of the laser flash method for measuring ther-
mal diffusivity of bulk materials [43]. This method was advanced in this work, and
the signals were analyzed to be able to quantitatively determine the interfacial ther-
mal resistance between thin film and substrate by curve-fitting.
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2 Experiments

Figure 1 shows a schematic diagram of the thermoreflectance technique in rear-heat
front-detect (RF) configuration and the conventional time domain thermoreflectance
technique in front-heat front-detect (FF) configuration. In the case of RF configura-
tion, a laser beam is incident on the interface between the thin film and substrate to
heat up the thin film. Another laser beam is incident on a thin film and reflection
from its surface is detected by photodetector in order to probe its surface tempera-
ture. The geometrical configuration of the thermoreflectance technique in RF con-
figuration is the same as that of laser flash method, which is standard measurement
method to measure the thermal diffusivity of bulk materials [36, 40, 42]. Thermal
diffusivity of thin films can be calculated from thickness of a thin film and heat dif-
fusion time across the thin film [35, 44, 45].

The wavelength of pump beam is 1550 nm and that of probe beam is 775 nm.
Detailed information about our thermoreflectance apparatus is explained in our pre-
vious works [37, 46]. The method we developed to determine interfacial thermal
resistance will be described in detail in the next section.

In thermoreflectance measurements of this study, heat transfer across thin films can
be regarded as one-dimensional because diameter of pump beam, which is typically
from 50 to 100 pm, is far larger than thickness of thin films, which is thinner than 1 pm
in most cases. Although, the heat eventually spreads in-plane and cross-plane in 3D, it
takes much longer time than the observation timescale of 50 ns. Deviation from one-
dimensional heat diffusion in 50 ns is negligibly small. Thus, temperature response
from a sample can be derived from one-dimensional heat equation. In two-layer model
which assumes a single-layered film on semi-infinite substrate, the relationship between
the temperature at front surface of thin film 7}, the temperature at interface between

(a) Thin Film (b)
Probe beam

Pump beam
(Pulse)

Detector

N

\

Substrate (Transparent)

Signal

Time

Fig. 1 Diagram of thermoreflectance technique. (a) rear-heat front-detect: RF. (b) front-heat front-detect:
FF
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thin film and substrate T, the heat flux across surface of thin film g, and the heat flux
across interface g, is expressed as follows in Laplace domain [33]

[@(é)]z cosh(y/5,E)  —byy/Esinh(y/7,Z) [q}@] 1
1] [ —rpsinh(vag)  eoh(vEe) | [T O
d2

(ke @)

where 7 is heat diffusion time across thin film, df is thickness of thin film, ar is ther-
mal diffusivity of thin film, b, is thermal effusivity of thin film and & is a complex
variable. To consider interfacial thermal resistance between thin film and substrate,
we assumed an additional layer between thin film and substrate as shown in Fig. 2.
In this case, the temperature at interface between the additional layer and thin film
is named T (&), which corresponds to the temperature at the rear end of thin film. On
the other hand, the temperature at interface between the additional layer and substrate is
named T, (&), which corresponds to the temperature at the front end of substrate. When
there is an additional layer between thin film and substrate, the relationship between
temperature and heat flux can be extended by cascading quadrupole matrices as follows

(33]

[@(g)] _ COSh(\/TA§> —bA\/ESinh<\/TA§) [g]j(f)] 3)
T (&) —ﬁsinh(\/@@) COSh(\/TA§> Ty [
d 2
o @

where 7, is heat diffusion time across the additional layer, d, is thickness of the
additional layer, a, is thermal diffusivity of the additional layer and b, is thermal

+———————— Pt p +——>
Thin film Substrate Thin film | Substrate
Tf Ty T £
dA -0 R

bf ba by bf by
a5 ds1 ds2 Semi-infinite as s1 = s, Semi-infinite
< < —_— < < —_—

Tf Tsl TSZ Tf Tsl Tsz

Fig.2 Schematic diagram of two layer (thin film and substrate) model with interfacial thermal resistance
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effusivity of the additional layer. If the additional layer has zero thickness and infi-
nitely small thermal conductivity A4, elements which include 7, in Eq. 3 converge as
follows

lim Ocosh<\/rA_§) =1 3)

dy—0,4,—

lim bA\/_smh(\/_é> =0 (6)

dy—0,4,—

Sil’lh(\/TAf) T d,/\/

V7 LYV d
lim ———= lim = lim —— = lim == R,
dy—0,4,—0 bA\/E dy=0,4,=0 by d4=0.4,-0 \ fac,cps dy=0,2,-0 A4

(N
where c, is specific heat capacity of the additional layer, p, is density of the addi-
tional layer and R is thermal resistance which has finite value. Therefore Eq. 3 can

be expressed as follows
[qﬂ@)] [ 1 o] [@5)] ®
s2(§) -R 1 Tsl (5)

Thus, the following relationship between heat flux and temperature can be
obtained from Eq. 8.

48 = g4 )

To(&) = T, (&) — RT, (&) (10)

When thickness of substrate can be regarded as semi-infinite, the temperature
of the front end of the substrate 7,(¢) in Laplace transform is expressed as fol-
lows [33]

~ 1 —~
Tp() = ——= X&),
2 bs\/E 452 (11)

where b, is thermal effusivity of substrate.

In the actual measurement, the interface between thin film and substrate is pulse-
heated, and heat diffuses from the interface to both sides as shown in Fig. 3. The
pulse heating is assumed to be Dirac delta function 6(¢), whose Laplace transform is
1. Considering energy conservation law, the following equation is satisfied.

Pa@+qu) =1 (12)

Heat flow at the front surface p,(¢) and its Laplace transform ﬁf(é) can be substi-
tuted by O since the front surface of thin film is insulated.
If leftward heat flux is assumed to be positive, the relationship between Tf(é) and
Al(é) can be expressed as follows
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By considering Eqgs. 9, 10, 11 and 13, 7~}(§) can be expressed as follows

. 1+ Rb\/E
brV/E (14 R, VE Jsinh(y/5E) + Fcosh(y/5E)

By replacing hyperbolic functions with exponential functions, @(é) is finally
expressed as follows

T = (14)

(i ey

T, = (15)
f
bVE 1 - B ep-2y/7)

_ b= b,

"= b+, (16)
bb, \?

_ 2 f7s

T,_R<bf+bs>, (17)

where y is ratio of virtual heat sources of the mirror image method and 7, is char-
acteristic time of interfacial thermal resistance (cooling time constant) [33]. The
temperature 7,(&) can be regarded as proportional to the reflectance unless the tem-
perature change is significantly large. Thus intensity of reflected probe beam, ther-
moreflectance signal, can be expressed as follows
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X y <1+}:\/\/:>exp( W)

b _rVEE o

Ve -z Y exp( 258
where k is a proportional constant. By redefining the proportional constant as
k' = k/b;, Eq. 18 can be expressed as follows

(14 2 exp(—/79)
Fe = X ( ) , (19)

\/E 1- y+ﬁexp( -24/7€)

As we explained in the previous work, regression analysis can be applied to Fou-
rier coefficients of thermoreflectance signals in frequency domain [37]. Fourier
coefficients of thermoreflectance signals are calculated by discrete Fourier transform
(DFT).

Figure 4 shows theoretical temperature response curves under the RF configu-
ration after periodic pulse heating derived from Eq. 19 with heat diffusion time
normalized by the period AT, ®, = 7;/AT is 0.01, which is close value to heat
diffusion time across a 100 nm- tthk metalhc thin film when AT is 50 ns. The
timescale in Fig. 4 is normalized by AT. The characteristic time 7, is also nor-
malized by AT, and a dimensionless parameter @, = 7, /AT is introduced. Tem-
perature rise is normalized by the maximum temperature rise when the thermal
effusivity of the substrate is O (y = 1). The continuous curves in Fig. 4 show tem-
perature response curves with different normalized characteristic time of interfa-
cial thermal resistance @, with y = 0, where thermal effusivity values of the film
and the substrate are same. On the other hand, the dotted curves in Fig. 4 show

Y(&) = kT (&) = (18)

e e
&~ o)
L .

Normalized temperature rise
o
8]
1

00 , , , . . |
0.0 0.2 0.4 0.6 0.8 1.0

Normalized time

Fig.4 Theoretical temperature responses depend on y and normalized characteristic time of interfacial
thermal resistance @, (@, = 0.01)
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S —

Tttt

Movable mask: 4mm 9mm 14mm 19mm

< Thin film Each step : Mo (or Pt) 25nm

snlll
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Fig.5 (a) Structure of thin film deposited on sapphire substrate. (b) Mechanism of combinatorial sputter-
ing system

Table 1 Conditions for synthesizing the films

Film Deposition cham- Introduced gas Film synthesiz-  Film synthesizing Target power supply

ber pressure (Pa) ing pressure (Pa) temperature (°C)
Mo 46x107° Ar 40 sccm 0.3 25.2 DC (100 W)
Pt 5.0x%x 107 Ar 40 sccm 0.3 24.1 RF (100 W)

temperature response curves with different ratio of virtual heat sources y with
@, = 0. It can be seen that 7, affects shapes of temperature responses differently
from y. Therefore, it is expected that both y and 7, can be determined simultane-
ously from the shape of observed thermoreflectance signal. Please note that, if the
first layer is metallic layer like platinum, ®, = 0.01 with y = 0 corresponds to the
interfacial thermal resistance of around 4 x 107° (m>K-W™).

We measured a molybdenum thin film and a platinum thin film with a ther-
moreflectance apparatus PicoTR (NETZSCH-Geritebau GmbH) under RF config-
uration. Each of the films was deposited on sapphire substrate by combinatorial
sputtering system CMS-6420 (COMET Inc.). Figure 5a shows the structure of the
films. Table 1 shows the conditions for synthesizing the films. The substrates are
sapphire supplied by Furuuchi Chemical Cooperation. The surfaces are perpen-
dicular to c-axis. Both sides are polished to flat surface with Ra (Averaged value
of roughness) of 0.5 nm for the substrate of the Mo thin film. Thin film side was
polished for the substrate of the Pt thin film. Both films have five steps and varies
in thickness df (about 100 nm, 125 nm, 150 nm, 175 nm, 200 nm) according to
these steps. The five steps were synthesized by translation of a mask as shown in
Fig. 5b. Thicknesses were measured by contact profilometer. We designed such
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a particular sample for this work, because in previous conventional cases where
different thickness films were prepared separately and measured, additional varia-
tions can potentially be introduced because of using different substrate pieces and
having separate sputtering sessions for the fabrication.

3 Results

The film (Fig. 5) was heated through the transparent sapphire substrate and its
temperature response was detected at the open surface of the thin film as shown
in Fig. la. Figure 6a—c show normalized thermoreflectance signals observed from
102 nm-thick step, 154 nm-thick step and 204 nm-thick step of Mo film, respec-
tively. Figure 6d—f show normalized thermoreflectance signals observed from
104 nm-thick step, 158 nm-thick step and 213 nm-thick step of Pt film, respectively.
The signals were sampled at 100 GHz sampling rate, thus the sampling interval is
10 ps. The interval of the periodic pulse AT is 50 ns. We calculated the Fourier coef-
ficient Y, from the thermoreflectance signal using DFT in the range of 0 s to 50 ns.
After obtaining Y,, we applied the regression analysis to the absolute value of the
Fourier coefficient|Y, | as follows

1 = [F(v 5.7, |+ @0)

where v, is frequency, kA/, f}, 7 and 7, are estimates of fitting parameters k', T Y and
7,. After estimating fitting parameters by regression analysis, a,, b;, b, and R are
determined by following equations.

d 2
o= — @1
=%
by = \Jaserpy 22)
1-7
by = by—~ 2
b (23)
R=yfo 2l 24)
" byb,

where ¢; is specific heat capacity of thin film and p, is density of thin film. Figure 7
shows the absolute value of the Fourier coefficient |Y,,| obtained from the signal in
Fig. 6d and the regression curves in the frequency domain. This time, we omitted
high frequency components above 4 GHz, which are relatively noisy. Tables 2 and
3 show estimates of fitting parameters rAf, 7 and 7, by applying least squares method
to the absolutes of Fourier coefficients |Y,| as shown in Fig. 7, thermal diffusiv-
ity of thin film & and interfacial thermal resistance R determined by the estimates
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Fig.6 (a) Normalized thermoreflectance signal under RF configuration from the 102 nm-thick step
of Mo film and regression curves in time domain. (b) Normalized thermoreflectance signal under RF
configuration from the 154 nm-thick step of Mo film and regression curves in time domain. (c) Nor-
malized thermoreflectance signal under RF configuration from the 204 nm-thick step of Mo film and
regression curves in time domain. (d) Normalized thermoreflectance signal under RF configuration from
the 104 nm-thick step of Pt film and regression curves in time domain. (¢) Normalized thermoreflec-
tance signal under RF configuration from the 158 nm-thick step of Pt film and regression curves in time
domain. (f) Normalized thermoreflectance signal under RF configuration from the 213 nm-thick step of
Pt film and regression curves in time domain (Color figure online)

of the fitting parameters. The specific heat capacity ¢, and density p, are assumed
to be 251 (J-(kg-:K)~") and 10200 (kg-m~>) for molybdenum, while 133(J-(kg-K)™")
and 21500 (kg-m~) for platinum, respectively [47]. The red lines in Figs. 6 and 7
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Fig.7 Absolute of Fourier coefficients |Y,,| of thermoreflectance signal obtained from the 104 nm-thick
step of Pt film and regression curves in frequency domain (Color figure online)

Table 2 Estimates of fitting parameters (values in parenthesis are fixed) from Mo film and thermal prop-
erties determined by the parameters

d; (nm) 7 (5) 7 7, (s) a; (m*s™") R(m*K-W™)

102 4.85x 10710 -0.0959 293x107° 2.13x 1073 2.65x 107°
1.57x 10710 =D 421 %1078 6.57x 1073 9.89 x 107°
530 10710 —-0.568 (0) 1.95 x 1073 0

154 9.95x 10710 -0.0621 236x 1070 237%x107° 232x107°
6.00x 10710 (=D 2.62x1078 3.93x 1073 1.01x 1078
8.73 x 10710 -0.279 (0) 270 x 1073 0

204 1.53x107° 0.0137 3.68 x 10710 272% 1073 2.92x107°
1.12%x107° =D 2.57%x1078 371x1073 1.03 x 1078
1.30x 1070 —-0.0918 (0) 3.18x 1075 0

show regression curves derived from Eq. 19 in time domain and frequency domain,
respectively. On the other hand, the green lines show regression curves in the case
that fitting parameters &/, 7, and 7, are estimated but y is fixed at — 1, which assumes
that the substrate has infinite thermal effusivity. The blue lines show regression
curves in the case that fitting parameters k/, 7, and y are estimated but 7, is fixed at
0, which assumes there is no interfacial thermal resistance between the thin film and
substrate. It can be seen that contributions from both y and 7, need to be considered
in order to reproduce the signal with smaller deviation.
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Table 3 Estimates of fitting parameters (values in parenthesis are fixed) from Pt film and thermal proper-
ties determined by the parameters

d; (nm) 7 (s) 7 7.(s) a; (m*s™h) R (m*K-W™

104 8.30x 10710 0.00559 1.91 x 107° 1.30x 1073 8.55x 107
6.23 x 10710 =D 335%x 1078 1.73x 1073 1.54% 1078
9.55%x 10710 -0.129 0) 1.13x 107 0

158 1.92x107° 0.00919 1.86 x 1077 1.30% 1073 8.43x107°
1.62x 1070 (=D 272x 1078 1.54 %1073 1.47x 1078
1.77x 107° 0.0273 0) 1.42x 1073 0

213 3.33%107° -0.135 332x107° 1.36 x 1073 9.63x107°
3.09x 107 =D 2.11x1078 1.46 x 1073 1.33x 1078
2.82x107° 0.0470 0) 1.60 x 1073 0

4 Discussion
4.1 Sensitivity Analyses

Figure 8 visualizes the sensitivity analysis for the characteristic time of interfacial
thermal resistance 7,. The red curve in Fig. 8a corresponds to the regression curves
in Fig. 6d. When r, is deviated by +10%,+30% and+50 % from the fitted value,
the theoretical curve is shifted as green curves, blue curves and cyan curves in
Fig. 8, respectively. Figure 8b shows the residual expression of sensitivity analyses
in Fig. 8a.

4.2 Reproducibility of Measurement

Reproducibility and uncertainty are discussed to confirm the validity of the meas-
urement of this article for the Mo thin film and the Pt thin film sequentially. Fifteen
sets of thermal diffusivity and interfacial thermal resistance values were obtained
for the Mo thin film in total from each of the films as shown in Tables 4 and 5 since
each of the five steps was measured three times. These tables also show average val-
ues, standard deviations and relative values of standard deviations (=SD/Average)
in three measurements. It can be seen that the determination of thermal diffusivity of
Mo thin film is consistent in all the steps and relative values of standard deviations
are less than 2 %. The determination of interfacial thermal resistance between Mo
thin film and sapphire substrate has smaller standard deviation when the film layer is
relatively thin, whereas it becomes more uncertain as the layer becomes thicker. This
is because, if the film layer is thick and has large heat capacity, the thermal effusion
from the layer eclipses the contribution from the interfacial thermal resistance.
Fifteen sets of thermal diffusivity and interfacial thermal resistance values were
obtained for the Pt thin film in total as shown in Tables 6 and 7 in the same way as
the Mo thin film. It can be seen that the determination of thermal diffusivity of Pt
thin film is also consistent in all the steps and relative values of standard deviations
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Fig.8 (a) Sensitivity analysis of the characteristic time of interfacial thermal resistance 7, (devia-
tion+10%,+30%,+50%). (b) Residual expression of the sensitivity analysis of the characteristic time
of interfacial thermal resistance 7, (deviation + 10 %, +30 %, + 50 %) (Color figure online)

Table 4 All the thermal diffusivity values obtained from the whole measurement of Mo film

d; (nm) ar (m%s7h Reproduc-

ibility (%)
1st 2nd 3rd Average SD

102 213%x107°  2.10x10™°  207x107°  210x107  3.00x1077 143

129 227%x107° 229x107°  233x107°  230x10”°  3.06x1077 133

154 237%x107° 241x107° 244x107° 241x107  351x107 146

181 260%x107° 264x107° 266x107° 263x107°  3.06x107 116

204 272%x107°  266x107° 262x107° 267x107  503x1077 189
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Table 5 All the interfacial thermal resistance values obtained from the whole measurement of Mo film

d; (nm) R (m*K-W™) Reproduc-

ibility (%)
Ist 2nd 3rd Average SD

102 265x107°  255%x107° 253x107°  258x107° 643 x 107! 250

129 269%x107°  265%x107° 260x107°  265x107°  451x107" 1.70

154 232x107°  3.10x10™°  3.16x10™° 286x10°  4.69x1071° 1639

181 261%x107°  291x107°  236x10° 263x10° 275x1071% 1048

204 292x107° 249x107°  3.00x10™° 280x10™°  2.74x107'° 9.78

Table 6 All the thermal diffusivity values obtained from the whole measurement of Pt film

d; (nm) a (m%s™h) Reproduc-

ibility (%)
Ist 2nd 3rd Average SD

104 130x 107  126%x10™° 1.29x107°  128x10°  2.08x 1077 1.62

130 133%107° 1.15x 107  122x107°  123x107° 9.07x1077  7.36

158 130x 107 1.39x107°  129x107° 133x107° 551x1077 415

183 134%x107° 131x10™° 125x107  130x107°  458x1077  3.53

213 136%x107° 131x107° 130x10™  132x107°  321x1077 243

Table 7 All the interfacial thermal resistance values obtained from the whole measurement of Pt film

d; (nm) R (m*K-W™h) Reproduc-

ibility (%)
Ist 2nd 3rd Average SD

104 855%x 1070  860x10° 933x10”° 883x10°  437x1071 4.95

130 894x 1070 882x10°  7.71x107° 849x10° 6.78x107'° 7.99

158 843x 10 1.00x107*  6.09%x107° 817x10° 1.97x107° 24.1

183 892x10° 1.04x107° 328x10° 441x107°  4.06x107° 92.0

213 963%x107°  370x107° 1.01x107%  781x107° 3.57x107° 45.7

are less than 10 %. Although the tendency is semi-quantitatively similar to the Mo
thin film, reproducibility of the interfacial thermal resistance of the Mo thin film is
remarkably better because of the better signal-to-noise ratio of the observed signal,
for example Fig. 6a of Mo film and Fig. 6d of Pt film. The difference in signal-to-
noise ratio can be attributed to the difference in polishing condition between the rear
surfaces of the sapphire substrates.

An experimental result of interfacial thermal conductivity between Pt and
Al,O5 by the TDTR method has been reported [11]. The experimental setup was
usual configuration of the TDTR measurement using a Ti sapphire laser with
generative amplifier for heating and detection with optical delay system. The
reported value in this study is 8.4 x 107 (m*K-W~") at 296 K, which is digitized
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from Fig. 3 in Ref. [11]. This value agrees with the interfacial thermal resistance
from the 104 nm-thick step of Pt film in our study 8.8 X 1077 (m>K-W™1), which
was measured at 296 K, with smaller deviation than 5 %.

As described in the discussion of reproducibility the interfacial thermal resist-
ance values measured by five steps of different thickness of Mo/sapphire sample,
interfacial thermal resistance values agreed each other within 5 %. Since observed
signal is proportional to temperature change under one-dimensional heat diffu-
sion condition, and the fitted equation is exact analytical solution of one-dimen-
sional heat diffusion after periodic impulse heating, it is difficult to consider that
this agreement is realized by chance. As shown in Fig. 6a—f, the observed signals
are successfully fitted by the analytical which has only four parameters including
amplitude over the entire pulse period. These consistency and agreement can be
considered as supporting the validity of measurement, analysis equation and fit-
ting procedure.

5 Conclusion

In this paper, we investigated a new analytical solution for thermoreflectance
method, which considers the contribution from interfacial thermal resistance
between thin film and substrate. By applying Fourier expansion analysis to ther-
moreflectance signals, we could determine quantitatively interfacial thermal
resistance and thermal diffusivity of thin film at the same time by single measure-
ments. Metallic (Mo and Pt) thin films with five steps (about 100 nm, 125 nm,
150 nm, 175 nm, 200 nm) were deposited on sapphire substrate to evaluate the
reproducibility of determination. The reproducibility of thermal diffusivity meas-
urement is within 10 % in standard deviation for all the steps of five thicknesses,
whereas reproducibility of interfacial thermal resistance measurement is within
10 % in standard deviation for two steps (about 100 nm, 125 nm). This approach
can be easily extended to analyze more complicated samples like multi-layered
thin films.
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