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This physical property value measurement device irradiates
a specimen with a heating beam arrived at through intensity-
pulse modulation of output light of a heating laser and
irradiates the specimen with a temperature probe beam that
is output light from a temperature probe laser and is delayed
relative to the heating beam. The component of a detection
signal for the reflected light of the temperature probe beam
that is synchronous with the frequency of the intensity-pulse
modulation is amplified using a lock-in amplifier, and a
computer that performs regression analysis on the ther-
moreflectance signal obtained from the lock-in amplifier. A
thermophysical property value is determined by using a
theoretical formula of a transfer function that is a Laplace
transform in relation to time of a response function by single
pulse heating to perform regression analysis on Fourier
coeflicients obtained when the detection signal for the
reflected light of the temperature probe beam is expanded
into a Fourier series in relation to time.
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PHYSICAL PROPERTY VALUE
MEASUREMENT DEVICE, PHYSICAL
PROPERTY VALUE MEASUREMENT
METHOD, AND RECORDING MEDIUM

BACKGROUND

1. Field of the Disclosure

[0001] The present disclosure relates to a physical prop-
erty value measurement device, a physical property value
measurement method, and a program for a measuring physi-
cal property value including that of a thermophysical prop-
erty.

2. Discussion of the Background Art

[0002] Methods for measuring a physical property value
can be broadly classified into “steady-state methods” for
measuring a temperature distribution or a flow of heat of a
subject that is in a steady state and “unsteady state methods”
for applying an input of light or the like onto the subject in
a pulsed manner or periodic manner and calculating the
physical property value based on the response. One of the
inventors of the present disclosure proposed a method for
obtaining a thermophysical property value of a thin film
based on a signal using a thermoreflectance method after
heating by a picosecond pulsed beam, as an ultra-fast
method among unsteady state methods for measuring ther-
mophysical properties in thin films (for example, see Patent
Literature 1). The thermoreflectance method is a method for
obtaining temperature changes based on temporal changes
of the intensity of reflected light of the beam that irradiated
a material face.

[0003] In Patent Literature 1, a thin film deposited on a
transparent substrate is heated by a picosecond pulse beam
from an interface side of the substrate. Patent Literature 1
indicates an analysis result of a signal measured, by the
thermoreflectance method, of the change in temperature of
a thin film face opposite to the heating face. The analysis of
the signal is performed regarding the movement of thermal
energy in the metal thin film of tens of nanometers to 200 nm
by the response function which is a theoretical formula that
solves a thermal diffusion equation under a condition of
one-dimensional thermal diffusion after pulse heating based
on a classical thermal diffusion equation. The thermoreflec-
tance method enables more ultra-fast observation of the
change in temperature at the same position of the thin film
face after the heating of the thin film face. Among the signals
(referred to as thermoreflectance signals) of the temporal
change of the intensity of the reflected light of the tempera-
ture probe beam after the pulse heating, the signals in a range
no greater than 5 ns are fit by the response function.

[0004] In Patent Literature 1, one of the inventors of the
present disclosure presented a method for controlling the
time difference that heating pulse beam and the temperature
probe pulse beam arrive at the specimen by taking advantage
of the fact that the speed of light is finite and changing the
relative distance from the light source of the heating pulse
beam and the measurement pulse beam to the specimen. In
doing so, the temporal change of temperature after repetition
pulse heating is measured. With this technique, it is
extremely difficult to perform optical adjustment when the
optical path difference is 1 m (handles 3.3 ns as the time
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difference) or greater, it was difficult to expand the range of
the measurement time any further.

[0005] In order to overcome this restriction, one of the
inventors of the present disclosure devised and implemented
a method, using two independent mode-locked pulse lasers
as the heating pulse beam and the measurement pulse beam,
causing the lasers to oscillate synchronously, and controlling
the delay time of synchronization by delaying the electrical
signals. This method enabled observation of a temperature
response signal for the entirety of the cycle of repetition
pulse heating (Patent Literature 2).

[0006] Due to the method of Patent Literature 2, the
thermoreflectance signal of a single pulse with respect to a
submicron specimen with a thickness of tens of nanometers
became observable for the entirety of a single cycle (ap-
proximately 13 ns) until time at which the next pulse is to be
emitted.

[0007] The thermoreflectance signal observed in this man-
ner for a single cycle is analyzed by converting temperature
response curve based on periodic repetition pulse heating
into a temperature response curve based on single pulse
heating (Patent Literature 3). Specifically, correction was
performed by subtracting linearly temperature-decaying
components from the temperature response curve of the
actual measurement.

CITATION LIST

Patent Literature

[0008] Patent Literature 1: Japanese Patent No. 3252155

[0009] Patent Literature 2: Unexamined Japanese Patent
Application Kokai Publication No. 2003-322628

[0010] Patent Literature 3: Unexamined Japanese Patent
Application Kokai Publication No. 2009-68909

SUMMARY

[0011] In the analysis method described in Patent Litera-
ture 1, the function representing the temperature distribution
that changes with time can be obtained as a solution of a
diffusion equation that is a type of a partial differential
equation. In a case where thermal diffusion occurs across
two different materials such as a thin film and a substrate, the
theoretical formula of the response function representing the
temperature distribution that changes with time is a complex
formula. After the theoretical formula of the transfer func-
tion, which is a Laplace transform of the response function
is obtained, the theoretical formula of the response function
is obtainable for the first time by inverse-Laplace transform-
ing the transfer function. It was necessary to use the
response function of the time domain obtained in this
manner to perform regression analysis on the thermoreflec-
tance signal observed in the time domain.

[0012] Normally, in a Laplace space, a transfer function
can be expressed as a theoretical formula even with respect
to a complex intended subject in which a multi-layer thin
film is deposited on a substrate and an interface thermal
resistance exists therebetween. However, a theoretical for-
mula of a complex transfer function cannot necessarily be
inverse-Laplace transformed. In particular, the inverse-
Laplace transform of the theoretical formula of a transfer
function of a specimen having a thin film of two or more
layers deposited on a substrate could not be achieved.
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[0013] The response function expressing the temperature
response after single pulse heating is defined by a time range
from 0 to co. With respect to this, a picosecond or nanosec-
ond heating pulse beam for observing the thermoreflectance
signal is emitted repetitiously at a fixed cycle instead of as
a single pulse, and thus a signal with sufficient signal/noise
(S/N) ratio can be observed for the first time. Therefore,
there is a deviation between the response signal after single
pulse heating and the response signal of the repetition pulse
heating.

[0014] Since the theoretical formula is calculated by
assuming the temperature response after single pulse heat-
ing, it is critically important to convert the temperature
response obtained after repetition pulse heating into the
temperature response obtained after single pulse heating and
then perform regression analysis. Therefore, in Patent Lit-
erature 3, a correction is performed to subtract the linearly
temperature-decaying components from the temperature
response curve actually measured through repetition heat-
ing, and regression analysis is performed in an effective time
domain for that correction. Since these methods perform
analysis using approximations that are not exact, it is criti-
cally important to carefully verify the effective range of the
approximations. As such, these methods fall short of per-
forming systematic evaluations.

[0015] The present disclosure is made with the view of the
above situations, and an objective of the present disclosure
is to provide a physical property value measurement device
and the like that can accurately measure a physical property
value regardless of the layered structure of the subject to be
measured.

[0016] In order to achieve the aforementioned objective, a
physical property value measurement device according to a
first aspect of the present disclosure includes:

[0017] an input applier to apply an input of repetition
pulse heating to a subject;

[0018] a response signal acquirer to acquire a response
signal generated at the subject; and

[0019] a physical property value calculator to calculate a
physical property value by performing regression analysis
on Fourier coefficients obtained when the response signal
acquired by the response signal acquirer is expanded into a
Fourier series in relation to time, using a theoretical formula
of a transfer function that is a Laplace transform in relation
to time of the response function by single pulse heating.
[0020] The physical property value calculator may calcu-
late the physical property value by performing regression
analysis, in a frequency range from a frequency of a rep-
etition pulse interval to a sampling frequency, on the Fourier
coeflicients obtained when the response signal acquired by
the response signal acquirer is expanded into the Fourier
series across an entire domain of a single cycle of repetition
pulse heating

[0021] The input applier may irradiate the subject with a
heating beam that is a repetition pulse beam,

[0022] the response signal acquirer may acquire a tem-
perature response signal based on light that is reflected when
a temperature probe beam, having a delay relative to the
heating beam, irradiates the subject, the temperature probe
beam being a repetition pulse beam of a same cycle as the
heating beam, and

[0023] the physical property value calculator may calcu-
late a thermophysical property value including a thermal
diffusivity, a thermal effusivity, or an interface thermal
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resistance of the subject by performing the regression analy-
sis on the Fourier coefficients obtained when the temperature
response signal is expanded into the Fourier series in rela-
tion to time, by using the theoretical formula of the transfer
function that is the Laplace transform in relation to time of
the response function after single pulse heating.

[0024] The input applier may irradiate the subject with the
heating beam, the heating beam being intensity-pulse modu-
lated to the repetition pulse beam, and

[0025] the response signal acquirer may acquire, as the
temperature response signal, a signal obtained by amplifying
a component that is synchronous with a frequency of the
intensity-pulse modulation, the signal being included in a
signal obtained by photoelectric conversion of light reflected
when the temperature probe beam irradiated the subject
[0026] The subject may include a substrate and a thin film
deposited on the substrate, and

[0027] atemporal change of a temperature distribution of
the subject may be calculated based on a result of the
regression analysis performed using the theoretical formula
of the transfer function that is the Laplace transform in
relation to time of the response function by single pulse
heating, and the result is displayed, as a three-dimensional
graph, with a position in a through-thickness direction of the
thin film and the substrate, temperature, and time, on three
axes.

[0028] A physical property value measurement method
according to a second aspect of the present disclosure
comprises:

[0029] an input application step of applying a repetition
pulse-type input to a subject;

[0030] a response signal acquisition step of acquiring a
response signal that is generated at the subject; and

[0031] a physical property value calculation step of cal-
culating a physical property value by performing regression
analysis on Fourier coefficients obtained when the response
signal, acquired in the response signal acquisition step, is
expanded into a Fourier series in relation to time, using a
theoretical formula of a transfer function that is a Laplace
transform in relation to time of the response function by
single pulse heating.

[0032] A program according to a third aspect of the
present disclosure causes a computer to function as:
[0033] a response signal acquirer to acquire a response
signal that is generated at a subject when a repetition
pulse-type input is applied to the subject; and

[0034] a physical property value calculator to calculate a
physical property value by performing regression analysis
on Fourier coefficients obtained when the response signal
acquired by the response signal acquirer is expanded into a
Fourier series in relation to time, using a theoretical formula
of a transfer function that is a Laplace transform in relation
to time of the response function by single pulse heating.

Advantageous Effects of Invention

[0035] The present disclosure enables accurate measure-
ment of a physical property value regardless of the layered
structure of the subject to be measured.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] FIG. 1 is a diagram illustrating a configuration of
a physical property value measurement device according to
an embodiment of the present disclosure;
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[0037] FIG. 2Ais a diagram illustrating a specimen being
irradiated with a heating beam and a temperature probe
beam in an FF arrangement;

[0038] FIG. 2B is a diagram illustrating the specimen
being irradiated with the heating beam and the temperature
probe beam in an RF arrangement;

[0039] FIG. 3 is a timing chart illustrating the timing of the
heating beams, the change in temperature, and the reflected
light of the temperature probe beams;

[0040] FIG. 4 is a diagram illustrating a result of regres-
sion analysis in a frequency domain;

[0041] FIG. 5 is a diagram illustrating a result of regres-
sion analysis in a time domain;

[0042] FIG. 6 is a diagram illustrating temperature
response trajectories in the case of single pulse heating and
repetition pulse heating; and

[0043] FIG. 7 is a diagram illustrating regression curves
for when the number of frequency components are changed.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Embodiment

[0044] The embodiment of the present disclosure is
described in detail with reference to the drawings. FIG. 1 is
a diagram illustrating a configuration of a physical property
value measurement device 1 according to the embodiment.
In the present embodiment, the physical property value
measurement device 1 measures a temperature response by
using the thermoreflectance method for irradiating a front
face or rear face of a specimen 10 with a pulse beam and
detecting reflected light of the temperature probe beam with
which the front face was irradiated.

[0045] The physical property value measurement device 1
includes, as illustrated in FIG. 1, a signal generator A 11 that
outputs a drive signal of a laser, a heating laser 12 that
outputs a heating beam to heat up the specimen 10, and a
temperature probe laser 13 that outputs a temperature probe
beam for detecting a temperature. The physical property
value measurement device 1 also includes a signal generator
B 14 for generating an electrical signal for intensity-pulse
modulating the heating beam, and an optic modulator 15 that
intensity-pulse modulates the heating beam in accordance
with the electrical signal. The physical property value mea-
surement device 1 further includes a differential detector 16
that detects the difference in intensity between the reflected
light of the temperature probe beam with which the speci-
men 10 was irradiated and a reference beam that is a
sampling of a portion of the temperature probe beam, and a
lock-in amplifier 17 that amplifies components, of the modu-
lation frequency of the optic modulator 15, included in the
detection signal of the differential detector 16. The physical
property value measurement device 1 further includes a
computer 18 that calculates a physical property value by
using a theoretical formula of a transfer function in per-
forming regression analysis on the output signal of the
lock-in amplifier 17. In other words, the physical property
value measurement device 1 includes (i) an input applier that
includes the signal generator A 11 and the heating laser 12,
(ii) a response signal acquirer that includes the differential
detector 16, and (iii) a physical property value calculator that
includes the computer 18.

[0046] The specimen 10 is a subject for which a physical
property value is to be measured. FIG. 2A and FIG. 2B are
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diagrams illustrating the specimen 10 being irradiated with
a heating beam and a temperature probe beam. In the present
embodiment, the specimen 10, as illustrated in FIGS. 2A and
2B, is constituted by a substrate 101 and a thin film 102
deposited on the substrate 101. The physical property value
measurement device 1 measures a thermophysical property
value of the thin film 102. The physical property value
measurement device 1, as illustrated in FIG. 2A, may
irradiate the front face of the thin film 102 of the specimen
10 with a heating beam and perform measurement in a front
face heating/front face measurement (FF: Front heating/
Front detection) arrangement. As illustrated in FIG. 2B, the
physical property value measurement device 1 may instead
(1) irradiate the rear face, being the interface between the
substrate 101 and the thin film 102 of the specimen 10, with
the heating beam and (ii) perform measurement in a rear face
heating/front face measurement (RF: Rear heating/Front
detection) arrangement. FIG. 1 illustrates a FF arrangement
configuration.

[0047] The signal generator A 11 outputs electrical signals
for causing pulse beams to be outputted to the heating laser
12 and the temperature probe laser 13. The pulse width of
the pulse beam emitted by the heating laser 12 and the pulse
beam emitted by the temperature probe laser 13 are approxi-
mately 0.5 ps alike and the repetition cycle for either of the
pulse beams is 50 ns. The electrical signal that is outputted
by the signal generator A 11 is generated at a frequency of
20 MHz in accordance with the repetition cycle. The time at
which the electrical signal to be input to heating laser 12 is
generated and the time at which the electrical signal to be
input to the temperature probe laser 13 is generated by the
signal generator A 11 can be controlled in a time period of
one cycle. Such control can be performed by using the
settings panel of the signal generator A 11 or the computer
18 which is externally connected.

[0048] The heating laser 12 and the temperature probe
laser 13 both are fiber lasers that output pulse beams having
widths of 0.5 ps based on the electrical signals respectively
received from the signal generator A 11.

[0049] The frequency of the electrical signal generated by
the signal generator B 14 is 200 kHz. The electrical signal
from the signal generator B 14 is received by the optic
modulator 15 and the transmissivity of the output beam of
the heating laser 12 is modulated at 200 kHz. As a result, the
heating intensity of the specimen 10 is modulated at 200
kHz. At the same time, the electrical signal from the signal
generator B 14 is received by the lock-in amplifier 17 and
the lock-in amplifier 17 amplifies the signal that is synchro-
nous with the heating intensity modulation of 200 kHz with
a superb signal/noise (S/N) ratio.

[0050] Inthe case of the FF arrangement, the heating beam
outputted by the optic modulator 15 irradiates the front face
of the thin film 102 on the side thereof opposite to the
substrate 101 whereas in the case of the RF arrangement, the
heating beam outputted by the optic modulator 15 irradiates
the rear face being the interface between the base 101 and
the thin film 102 of the specimen 10. Also, the temperature
probe beam outputted from the temperature probe laser 13
irradiates the front face of the thin film 102 on the side
thereof opposite to the substrate 101. The differential detec-
tor 16 is a light detector that receives the reflected light of
the temperature probe beam outputted from the temperature
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probe laser 13 and converts the received light into an
electrical signal. The differential detector 16 is, for example,
a photodiode.

[0051] The lock-in amplifier 17 is an amplifier that ampli-
fies a component of a specific frequency included in an input
signal. In the present embodiment, the component, included
in the signal detected by the differential detector 16, syn-
chronous with a reference signal of 200 kHz, which is the
modulation frequency of the optic modulator 15, is ampli-
fied and output.

[0052] The computer 18 analyzes the signal amplified by
the lock-in amplifier 17 and executes processing for calcu-
lating the thermophysical property value.

[0053] The operations of the physical property value mea-
surement device 1 configured as described above are
described with reference to the drawings. FIG. 3 is a timing
chart illustrating, in the case of the FF arrangement, the
timing of (i) the heating beams, (ii) the change in tempera-
ture, and (iii) reflected light of the temperature probe beams.
[0054] Electric signals with a repetition cycle of 50 ns are
outputted from the first output terminal and the second
output terminal of the signal generator A 11. The output
signal of the second output has a delay in the oscillation time
relative to the output signal of the first output. Due to the
electrical signal output from the first output of the signal
generator A 11, the heating laser 12 outputs heating beams
with a pulse width of 0.5 ps at a repetition cycle of 50 ns.
[0055] The heating beam output from the heating laser 12
is intensity-pulse modulated by the optic modulator 15, and,
as illustrated in FIG. 2A and FIG. 2B, irradiates the speci-
men 10, thereby heating the specimen 10. The heating beam
output from the optic modulator 15 irradiates the front face
of the thin film 102 on the side thereof opposite to the
substrate 101 or irradiates the interface between the sub-
strate 101 and the thin film 102. When the heating beam
irradiates the front face or the interface, the temperature of
the front face or the interface immediately increases, and
subsequently the heat diffuses to the inside of the thin film.
[0056] Due to the electrical signal output from the second
output of the signal generator A 11, the temperature probe
laser 13 outputs temperature probe beams, likewise, with a
pulse width of 0.5 ps at a repetition cycle of 50 ns. The
temperature probe beam is delayed by t-seconds relative to
the heating beam. The temperature probe beam, as illus-
trated in FIG. 2A and FIG. 2B, irradiates the front face of the
thin film 102 on the side thereof opposite to the substrate
101. Since the reflectivity of the temperature probe beam is
proportional to the change in temperature, the physical
property value measurement device 1 observes the change in
the front face temperature of the thin film 102 based on the
change in reflectivity of the temperature probe beam. The
change in temperature caused by a single pulse heating beam
is approximately 0.1° C.

[0057] Regardless of whether the FF arrangement or the
RF arrangement is used, the irradiation position of the
heating beam and the temperature probe beam must be
coaxial with each other with respect to the creepage direc-
tion of the thin film.

[0058] The reflected light of the temperature probe beam
is received by the differential detector 16 and converted into
an electrical signal. The detection signal output by the
differential detector 16 is received by the lock-in amplifier
17. Since the change in the reflectivity proportional to the
change in temperature (thermoreflectance) is small at
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approximately one part in one thousand to one part in one
hundred thousand, the lock-in amplifier 17 amplifies the
component, included in the detected signal, synchronous
with the modulation frequency of 200 kHz.

[0059] The temperature response with respect to heating
by pulse-beam is described with reference to FIG. 3. FIG. 3
is a timing chart illustrating, in the case of the FF arrange-
ment, the timing of (i) the heating beams, (ii) the change in
temperature, and (iii) reflected light of the temperature probe
beams. Upon irradiating of the front face of the thin film 102
with a pulsed heating beam such as that illustrated in view
(a) of FIG. 3, the temperature of the front face of the thin
film 102 changes on the same repetition cycle as that of
pulsed beam as illustrated in view (b) of FIG. 3. In contrast
to this, the temperature probe beam that is a pulse beam on
the same repetition cycle, reaches the front face of the thin
film 102 t-seconds later. The term “t-seconds” refers to the
delay time relative to the heating beam. As such, the
temperature probe beam is reflected at a reflectance propor-
tional to the change in temperature t-seconds after the
heating by the heating beam, and thus the intensity of the
reflected light changes as illustrated in view (c) of FIG. 3.
[0060] Furthermore, since the heating beam is also inten-
sity-modulated at 200 kHz, the intensity of the reflected light
of the temperature probe beam is also changed at 200 kHz.
As the component synchronous with the modulation fre-
quency of 200 kHz, detected by the differential detector 16,
is amplified by the lock-in amplifier 17, the S/N ratio can be
improved.

[0061] The thermoreflectance signal amplified by the
lock-in amplifier 17, as illustrated in view (d) of FIG. 3, is
sampled after the delay time t is changed. By changing the
delay time t within a range of 50 ns, sampling for the entirety
of the repetition cycle can be performed. The thermoreflec-
tance signal is the temperature response signal and this
signal is transmitted to the computer 18 from the lock-in
amplifier 17. The computer 18 measures the thermophysical
property value of the thin film 102 by analyzing the received
thermoreflectance signal.

[0062] The signal observed by the thermoreflectance
method is a time response signal. In such a case, the
thermophysical property value is typically calculated by
performing regression analysis on the thermoreflectance
signal using a “response function expressed as a function of
time” obtainable as a theoretical solution of a diffusion
formula. For the “response function expressed as a function
of time” used for this regression analysis, an approximate
formula taking into account the interface thermal resistance
between a thin film and a substrate is obtained in a case
where a single-layered thin film is irradiated with a single
pulse. However, a theoretical formula of a temperature
response of single pulse heating or repetition pulse heating
cannot be obtained in the case of multilayered films with
interface thermal resistances between the layers.

[0063] In the present disclosure, the computer 18 carries
out regression analysis to obtain a thermophysical property
value by fitting “a transfer function that is a Laplace trans-
form in relation to time of a response function that is a
theoretical formula of a temperature response after single
pulse heating” to Fourier coefficients obtained after a ther-
moreflectance signal obtained by detection of the reflected
light of the temperature probe beam is expanded into a
Fourier series in relation to time. In doing so, a regression
analysis that is based on an exact theoretical formula that
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takes into account the interface thermal resistance even with
respect to a multi-layered film having any number of layers
one-dimensionally stacked atop one another on a substrate is
realized. Below, the analysis method of the thermoreflec-
tance signal is described in detail.

[0064] In the present embodiment a case in which the
specimen 10 that is two-layered constituted by the thin film
102 and the substrate 101, for example, as illustrated in
FIGS. 2A and 2B measured using the FF arrangement is
described. The change in temperature of the heating face
(front face) when the front face of the thin film 102 is heated
by a single pulse beam can be expressed using a theoretical
formula such as in Formula (1) based on a classical thermal
diffusion equation. Here, b, is the thermal effusivity of the
substrate 101, bf is the thermal effusivity of the thin film
102, and t,is the thermal diffusion time in the film thickness
direction of the thin film. t,is expressed in the following
Formula (2) where dis the film thickness of the thin film and
kis the thermal diffusivity in the film thickness direction of
the thin film.

(Equation 1)

_ 1 > 2 Tf (1)
T = b,\/;[l +2n2:; b exp(—n T)]
_bp-b,
Ly
(Equation 2)
) 2)
e
[0065] The transfer function obtained as the Laplace trans-

form of Formula (1) is expressed in Formula (3). Here p is
the Laplace transform variable.

(Equation 3)

1 1+y-exp(—21lrfp) (©)
bf\/; l—y-exp(—Zﬂrfp)

T(p) =

[0066] The change in intensity of the thermoreflectance
signal is proportional to the change in temperature. Here, the
absolute value of the change in temperature is unnecessary
and only the relative change is used for regression analysis.

[0067] However, due to the limitations of the S/N ratio, a
measureable signal level cannot be obtained by single pulse
heating in actual measurements. In order to solve this, the
physical property value measurement device 1 obtains a
thermoreflectance signal with a sufficient S/N ratio through
repetition pulse heating. The thermoreflectance signal
observed in this manner is based on the periodic function X
(t) which has the same cycle as the repetition cycle AT of the
heating pulse.

[0068] In a case where the thermoreflectance signal is
sampled at a constant interval At, the signal of N points
indicated in Formula (4) is obtained during a single cycle.
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(Equation 4)

N=AT/At )

[0069] The signal x,, of N points during a single cycle can
be obtained by Formula (5) where the value of m is from
m=0 to m=N-1.

(Equation 5)

X, =X(mAl) (5)

[0070] Since it can be assumed that the thermoreflectance
signal is based on periodic function, the frequency corre-
sponding to cycle AT of the thermoreflectance signal and the
Fourier coefficient with respect to harmonic of the frequency
constitute what is necessary as information.

[0071] Here, the Fourier coeflicient, determined at each
frequency v,, of the thermoreflectance signal, is obtained by
calculation summing the series of complex exponential
functions in a frequency range from the frequency of the
repetition pulse interval to the sampling frequency as indi-
cated in Formula (6).

(Equation 6)
Ar VoL ©)
X, = —— X - €Xp(—27vy, - mAD)
AT

n
T Ty, = — (n=0,1,2, -
Tequency: v, (n=0,1,2,--)

[0072] It is necessary to fit a theoretical formula to the
Fourier coefficients obtained from the observation data
expressed by Formula (6) to determine thermal diffusion
time T, of the thin film and the dimensionless number y
defined by the thermal effusivity ratio of the thin film and the
substrate. Here, since Formula (1) expresses the temperature
response after single pulse heating and Formula (3)
expresses the transfer function that is the Laplace transform
of Formula (1), Formula (3) cannot be made to be directly
associated with Formula (5). Therefore, the computer 18 fits
the Formula (8), in which the proportionality constant
k(k"=k/bf) is introduced into the transfer function of For-
mula (3), with the value expressed by Formula (7) as the
explanatory variable, to the Fourier coefficients obtained
when the thermoreflectance signal by repetitive heating is
expanded into a Fourier series.

(Equation 7)

p = 2av, !

(Equation 8)

Y(2nv,) = k- T(i2xv,) ®
k" 1 +y-exp(—21l i27rvn‘rf )
VR, 1 —yexpl-2 v, )

[0073] The aforementioned Formula (8) is for a case
where there is no interface thermal resistance between the
thin film and the substrate. In the case where interface
thermal resistance R between the thin film and the substrate
is to be taken into account, the proportionality constant k
introduced into the transfer function of Formula (3) is given
by the following Formula (9).



US 2021/0080415 Al

(Equation 9)
Y(i2rv,) = k- T(27v,) )
Y+
+ ke -exp(—Zﬂ 27,75 )
K L+41)¢
V 27y, YHANTE
1- -exp(—Zﬂ 27,75 )

L+41¢

(v 5
R S,

[0074] Since the Fourier coefficient X, expressed in For-
mula (6) is a complex number, the computer 18 disregards
phase and handles only the absolute value (frequency spec-
trum). Since Y is also a complex number, the fitting to X, is
performed after finding the absolute value and converting
the absolute value into a real-valued function. Therefore, in
the case where there is no interface thermal resistance, the
thermal diffusion time T, of the thin film 102 and the
dimensionless number y defined by the thermal effusivity
ratio of the thin film 102 and the substrate 101 are deter-
mined as parameters of the regression analysis.

[0075] In the case where the interface thermal resistance R
is to be taken into account, likewise, Formula (9) is used to
obtain T, and y as well as T, and calculate the interface
thermal resistance R.

[0076] The computer 18 displays, on a display, the results
of' the regression analysis performed by using Formula (8) or
Formula (9). Here, the temporal change of the temperature
distribution of the thin film and the substrate calculated
based on the results of the regression analysis may be
displayed on the display. Although various display aspects
can be selected, a three-dimensional display with elapsed
time after pulse heating on the x-axis, the position in the
through-thickness direction of the thin film and the substrate
on the y-axis, and the rise in temperature on the z-axis can
systematically express the temporal change of the tempera-
ture distribution.

[0077] As described above, in the present embodiment, the
physical property value measurement device 1 irradiates the
specimen 10 with the heating beam arrived at through
intensity-pulse modulation of the output light of the heating
laser 12 and irradiates the specimen 10 with the temperature
probe beam, which is an output beam of the temperature
probe laser 13, delayed relative to the heating beam. Then,
the component, synchronous with the frequency of the
intensity-pulse modulation, included in detected signal of
the reflected light of the temperature probe beam is ampli-
fied by the lock-in amplifier 17 and the obtained ther-
moreflectance signal is analyzed by the computer 18.
Regarding the analysis, the thermophysical property value is
obtained by fitting the transfer function, which is the Laplace
transform in relation to time of the response function based
on a theoretical formula, to Fourier coeflicients that are
obtained when the detection signal or the reflected light of
the temperature probe beam is expanded into a Fourier series
in relation to time. In doing so, a regression analysis that is
based on an exact theoretical formula that takes into account
the interface thermal resistance even with respect to a
multi-layered film having any number of layers one-dimen-
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sionally stacked atop one another on a substrate is realized,
thereby enabling accurate measurement of a physical prop-
erty value of multi-layer thin film.

Implemented Example

[0078] Through use of the physical property value mea-
surement device 1 that includes the configuration illustrated
in the embodiment, the computer 18 analyzes the ther-
moreflectance signal, obtained by irradiating, with the heat-
ing beam and the temperature probe beam, a face of the
specimen 10 that is the face of the thin film 102 being a
dual-layered thin film formed with a titanium nitride thin
film on substrate 101 and a molybdenum thin film on the
titanium nitride thin film. The analysis result is described
with reference to FIGS. 4 to 7. FIG. 4 is a diagram
illustrating a result of the regression analysis in a frequency
domain whereas FIG. 5 is a diagram illustrating a result of
the regression analysis in a time domain. The FIG. 6 is a
diagram illustrating temperature response trajectories in the
case of single pulse heating and repetition pulse heating.
FIG. 7 is a diagram illustrating regression curves for when
the number of frequency components are changed.

[0079] When the computer 18 performed regression
analysis, in the frequency domain with function Y, on the
Fourier coefficient X,, obtained from the actual measurement
value of the thermoreflectance signal indicating the tem-
perature response, fitting could be performed with high
accuracy and the thermophysical property value could be
calculated as illustrated in FIG. 4.

[0080] Also, the regression curve of the time domain is
displayed using Formula (10) below that is the Fourier series
with the Fourier coefficients calculated from function Y
obtained by the analysis. The first term on the right side
corresponds to the offset of the entirety of the signal. As
illustrated in FIG. 5, this regression curve matches, in the
entire time domain across a single cycle, the actual mea-
surement data of the thermoreflectance signal of the time
domain.

(Equation 10)

10

% o
Vm = 70 +nZ:; Y(i27v,)-exp(i2nv, - mAr)

[0081] In FIG. 5, the dashed line represents the tempera-
ture response in the time domain after single pulse heating.
However, since the thermoreflectance signal after pulse
beam heating is extremely weak, it was critically important
to improve the S/N ratio by integrating the signal obtained
by repetition pulse heating. As a result, there was a differ-
ence between the temperature response trajectory expected
using conventional analysis with the single pulse heating
and the temperature response trajectory observed during the
experiment with the repetition pulse heating, as illustrated in
FIG. 6.

[0082] Therefore, there was a deviation in the latter por-
tion of the repetition cycle between the actual measurement
value of the repetition pulse heating and the function used in
the conventional regression analysis. However, since the
regression analysis on the Fourier coefficients, obtained after
expansion into a Fourier series of the time domain of the
present disclosure, is executed in the entire time domain in
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a single cycle with an assumed frequency function, the
thermophysical property value is calculated through more
exact analysis.

[0083] In the actual analysis, for the regression curve of
Formula (8), analysis is performed using any value of n
other than infinity as the upper limit of the number n of the
frequency components. Nevertheless, an appropriate value
of n ought to be set because, as illustrated in FIG. 7, the
greater n is, the greater the convergence of the regression
curve is. In the case where the sampling interval is constant,
it is sufficient as long as the sample number N is taken as n.
[0084] According to the present disclosure in the above
manner, the physical property value measurement device
acquires a response signal that occurred in subject when an
input of repetition pulse heating is applied to the subject and
the physical property value is calculated by performing
regression analysis on Fourier coefficients obtained when
the acquired response signal is expanded into a Fourier
series in relation to time, using a theoretical formula of
transfer function that is the Laplace transform in relation to
time of the response function by single pulse heating. In
doing so, the physical property value can be accurately
measured even if the subject to be measured has a multiple
layer structured.

[0085] The foregoing describes some example embodi-
ments for explanatory purposes. Although the foregoing
discussion has presented specific embodiments, persons
skilled in the art will recognize that changes may be made
in form and detail without departing from the broader spirit
and scope of the invention. Accordingly, the specification
and drawings are to be regarded in an illustrative rather than
a restrictive sense. This detailed description, therefore, is not
to betaken in a limiting sense, and the scope of the invention
is defined only by the included claims, along with the full
range of equivalents to which such claims are entitled.
[0086] For example, in the aforementioned embodiment,
although the analysis method is described in a case where
the physical property value measurement device 1 performs
measurement in the FF arrangement, similarly, in the RF
arrangement, analysis can be performed by the method of
fitting the transfer function, which is the Laplace transform
in relation to time of the response function based on a
theoretical formula, to Fourier coeflicients that are obtained
when the acquired thermoreflectance signal is expanded into
a Fourier series in relation to time.

[0087] Also, in the aforementioned Embodiment, although
the physical property value measurement device 1 performs
measurement of a thermophysical property value using a
thermoreflectance method, any physical property value may
be measured by acquiring the response signal when the
pulse-type input is applied to the subject, and by fitting the
transfer function, which is the Laplace transform in relation
to time of the response function based on a theoretical
formula, to Fourier coefficients that are obtained when the
acquired response function is expanded into a Fourier series
in relation to time.

[0088] An existing information terminal can also be made
to function as the physical property value measurement
device according to the present disclosure by installing the
program that is executed by the computer 18 in the afore-
mentioned embodiment onto the information terminal.
[0089] Further, any method may be used for distribution of
such a program, and for example, the program may be stored
and distributed on a computer-readable recording medium
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such as a compact disc read-only memory (CD-ROM), a
digital versatile disc (DVD), a magneto-optical (MO) disc,
a memory card, or the like, and the program may be
distributed through a communication network such as a
cellular phone network or the Internet.

[0090] This application claims the benefit of Japanese
Patent Application No. 2017-215004, filed on Nov. 7, 2017,
the entire disclosure of which is incorporated by reference
herein.

REFERENCE SIGNS LIST

[0091] 1 Physical property value measurement device
[0092] 10 Specimen

[0093] 11 Signal generator A
[0094] 12 Heating laser

[0095] 13 Temperature probe laser
[0096] 14 Signal generator B
[0097] 15 Optic modulator

[0098] 16 Differential detector
[0099] 17 Lock-in amplifier
[0100] 18 Computer

[0101] 101 Substrate

[0102] 102 Thin film

What is claimed is:

1. A physical property value measurement device, com-
prising:

an input applier to apply an input of repetition pulse

heating to a subject;

a response signal acquirer to acquire a response signal

generated at the subject; and

a physical property value calculator to calculate a physical

property value by performing regression analysis on
Fourier coefficients obtained when the response signal
acquired by the response signal acquirer is expanded
into a Fourier series in relation to time, using a theo-
retical formula of a transfer function that is a Laplace
transform in relation to time of the response function by
single pulse heating.

2. The physical property value measurement device
according to claim 1, wherein the physical property value
calculator calculates the physical property value by perform-
ing regression analysis, in a frequency range from a fre-
quency of a repetition pulse interval to a sampling fre-
quency, on the Fourier coefficients obtained when the
response signal acquired by the response signal acquirer is
expanded into the Fourier series across an entire domain of
a single cycle of repetition pulse heating.

3. The physical property value measurement device
according to claim 1, wherein

the input applier irradiates the subject with a heating beam

that is a repetition pulse beam,

the response signal acquirer acquires a temperature

response signal based on light that is reflected when a
temperature probe beam, having a delay relative to the
heating beam, irradiates the subject, the temperature
probe beam being a repetition pulse beam of a same
cycle as the heating beam, and

the physical property value calculator calculates a ther-

mophysical property value including a thermal diffu-
sivity, a thermal effusivity, or an interface thermal
resistance of the subject by performing the regression
analysis on the Fourier coeflicients obtained when the
temperature response signal is expanded into the Fou-
rier series in relation to time, by using the theoretical
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formula of the transfer function that is the Laplace
transform in relation to time of the response function
after single pulse heating.

4. The physical property value measurement device

according to claim 3, wherein

the input applier irradiates the subject with the heating
beam, the heating beam being intensity-pulse modu-
lated to the repetition pulse beam, and

the response signal acquirer acquires, as the temperature
response signal, a signal obtained by amplifying a
component that is synchronous with a frequency of the
intensity-pulse modulation, the signal being included in
a signal obtained by photoelectric conversion of light
reflected when the temperature probe beam irradiated
the subject.

5. The physical property value measurement device

according to claim 1, wherein

the subject includes a substrate and a thin film deposited
on the substrate, and

a temporal change of a temperature distribution of the
subject is calculated based on a result of the regression
analysis performed using the theoretical formula of the
transfer function that is the Laplace transform in rela-
tion to time of the response function by single pulse
heating, and the result is displayed, as a three-dimen-
sional graph, with a position in a through-thickness
direction of the thin film and the substrate, temperature,
and time, on three axes.

Mar. 18, 2021

6. A physical property value measurement method com-
prising:

an input application step of applying a repetition pulse-
type input to a subject;

a response signal acquisition step of acquiring a response
signal that is generated at the subject; and

a physical property value calculation step of calculating a
physical property value by performing regression
analysis on Fourier coefficients obtained when the
response signal, acquired in the response signal acqui-
sition step, is expanded into a Fourier series in relation
to time, using a theoretical formula of a transfer func-
tion that is a Laplace transform in relation to time of the
response function by single pulse heating.

7. A non-transitory computer readable recording medium

that stores a program for causing a computer to function as:

a response signal acquirer to acquire a response signal that
is generated at a subject when a repetition pulse-type
input is applied to the subject; and

a physical property value calculator to calculate a physical
property value by performing regression analysis on
Fourier coefficients obtained when the response signal
acquired by the response signal acquirer is expanded
into a Fourier series in relation to time, using a theo-
retical formula of a transfer function that is a Laplace
transform in relation to time of the response function by
single pulse heating.
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