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A noncontact temperature measurement system based on thermoreflectance (TR) with a high
signal-to-noise ratio (SNR) without temperature modulation was developed and optimized for
responsiveness to achieve high-speed and accurate temperature measurement. The developed
system employed a balanced photodetector and lock-in amplifier to measure minute reflectance
changes in a Joule-heated Ti thin-film wiring pattern. The response characteristics of the lock-in
amplifier were analyzed theoretically using a fourth-order low-pass filter model. The response
time was approximately ten times the time constant (7C) of the filter, and SNR was inversely
proportional to the square root of 7C. Transient temperature measurements demonstrated that
the measurement response depends strongly on 7C, and a response time of approximately 15 ms
with a temperature uncertainty of 3.3 °C was achieved by selecting the optimum 7C value. The
experimentally obtained SNVR increased on extending 7C to larger than the theoretical prediction,
suggesting a complex noise spectrum at high frequencies.

1. Introduction

In the thermal design of electronic devices, noncontact temperature measurement with high
spatial resolution is increasingly required. As device operation speeds continue to increase, for
example, in power devices operating at switching frequencies in the kHz range, the assessment
of temperature rise during device operation is highly important.!=¥ A change in transient
temperature causes the destruction of local device parts by hot spots and a decrease in operating
efficiency. Therefore, measurement techniques with higher responsiveness are needed to capture
rapid temperature changes. Among various noncontact methods, the thermoreflectance (TR)
technique, which utilizes the temperature dependence of optical reflectance, has the potential to
achieve both high spatial resolution and responsiveness. The principle of TR temperature
measurement is shown as
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where R is the reflectance at the reference temperature, AR is the reflectance change from R,
Crr [1/°C] is the TR coefficient, and AT [°C] is the temperature change from the reference
temperature. Because Cyp has a small value of the order of 10310~ [1/°C], TR temperature
measurement requires a high signal-to-noise ratio (SNVR). However, in TR thermal imaging (TTI)
using a CCD camera,0~19 SNR is generally low, making it necessary to employ temperature
modulation and long-time averaging (several hours), which limits the ability to perform real-
time measurements. In contrast, single-point measurement using a photodiode (PD) enables
measurement with a higher SNR, allowing shorter measurement times and real-time temperature
measurement. Nevertheless, relatively slow temperature responses on the order of 1-100 s with a
spatial resolution ranging from sub-um to mm scale were measured, and the relationship
between responsiveness and temperature accuracy has not been clarified in previous
studies.(!1-15)

In this study, we report on the evaluation of response characteristics in a TR temperature
measurement system with high SNR that does not require temperature modulation in order to
achieve high-speed and accurate temperature measurement. The developed system was used to
measure transient temperature changes of Joule-heated titanium (Ti) thin-film wiring patterns in
order to demonstrate the high responsiveness of temperature measurement.

2. Calculations of Responsiveness and SVR of TR Temperature Measurement

In the TR temperature measurement system using a photodiode, the variation in reflectance,
that is, the change in the intensity of the reflected laser light, was detected using a balanced
photodetector and a lock-in amplifier. The balanced detector converts the optical intensity into
an electrical signal, and the lock-in amplifier measures only signals synchronized to the
modulation frequency of the laser output. In this dual-phase synchronous detection, the response
characteristics change because noise components and components at twice the signal frequency
are removed using a low-pass filter. Equation (2) shows the step response of a fourth-order RC
low-pass filter,
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where 7C denotes the time constant [s] and ¢ represents the time [s]. Equation (3) represents the
output noise [V,,,] of the lock-in amplifier in terms of 7C,

Output noise = Input noisex ENBW = Input noise x ;325TC , 3)
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where Input noise is the noise amplitude spectral density [V, / \/E], including various types
such as the dark current noise, the Johnson noise of the photodetector, and the laser output noise.
ENBW [\/E ] is the equivalent noise bandwidth of the lock-in amplifier using the fourth-order
low-pass filter. A smaller 7C increases ENBW, allowing more noise to pass through the filter,
thereby increasing the output noise. Figure 1 shows the response curves calculated from Eq. (1),
where the vertical axis represents the normalized response and the horizontal axis represents
time. 7C was varied from 10 ps to 1 s. As shown, the response approaches unity after ten times
the 7C values. The time required to achieve 100% response increases proportionally with 7C,
and a higher responsiveness is achieved when 7C is smaller. Figure 2 shows SNR for a given
signal strength obtained from the noise variation due to 7C in Eq. (2). The vertical axis represents
SNR and the horizontal axis represents 7C. SNR was normalized with respect to the case of 7C =
10 ps. As TC increases, the output noise decreases, leading to an increase in SNR. These results
indicate a clear trade-off between responsiveness and temperature accuracy in TR temperature
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Fig. 1. (Color online) Calculation results of step response with various 7C values of lock-in amplifier.
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Fig. 2. Calculation results of SNR vs TC of lock-in amplifier.
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measurement. Therefore, it is necessary to adjust the responsiveness determined by 7C to a level
equivalent to the temperature response time of the measurement target. The term ‘optimizing
responsiveness’ in this study refers to this concept.

3. Experiments
3.1 Reflectance change measurement

Figure 3 shows the optical and electrical setup of the reflectance change measurement for this
study. The entire setup, including the optical components, was placed on an optical surface plate
and enclosed in an insulated box, maintaining room temperature. The light source was a single-
mode, fiber-coupled semiconductor laser (4 = 642 nm). The beam emerging from the fiber end
was collimated by a collimator and then propagated in free space. The laser beam was focused
onto the sample surface mounted on the stage using a 20x objective lens with a working distance
of 20 mm and a numerical aperture (NA) of 0.42. The resulting spot diameter, corresponding to
the spatial resolution, was approximately 2.8 um as determined by the image processing of the
spot profile on the sample surface. The illumination laser power on the sample surface was 0.5
mW. The incident and reflected beams were separated using a nonpolarizing beam splitter and
directed into a balanced photodetector (Newport Model 2307). The balanced PD comprises two
photodiodes and a differential amplifier circuit, which effectively cancels out common-mode
laser intensity noise—typically several times greater than the TR signal. The voltage balance
between the two PD channels was fine-tuned using a neutral density (ND) filter placed in front
of the PD. The laser intensity was sinusoidally modulated at 102 kHz using a function generator.
Minute reflectance changes were detected through lock-in detection at the modulation frequency
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Fig. 3. (Color online) Optical and electrical setup of reflectance change measurement.



Sensors and Materials, Vol. 38, No. 1 (2026) 167

using a lock-in amplifier (SR830, Stanford Research Systems). The combination of a balanced
photodetector and a lock-in amplifier enabled high-sensitivity reflectance change measurements
with an improved SNR. The amplitude output of the lock-in amplifier is sampled at 0.1 ms
intervals by the data logger, and the data is transferred to the PC.

3.2 Joule heating of Ti thin-film wiring

Figure 4 shows the Ti thin-film wiring fabricated in this study. The structure consists of two
electrode pads (1000 pm square) connected by a narrow Ti line with a width of 30 um and a
length of 100 um. A 1-mm-thick soda-lime glass substrate was ultrasonically cleaned in acetone
and then spin-coated with a negative photoresist (ZPN1150 90Cp) at 3000 rpm for 30 s. The spin-
coated substrate was baked at 90 °C for 2 min, followed by UV exposure in a wiring-pattern
geometry (negative pattern) using a maskless lithography system (NEOARK PALET).
Afterward, post-exposure bake was performed at 110 °C for 1 min. The substrate was then
immersed in a developer solution (NMD-3) for 90 s to remove the unexposed resist and rinsed
with pure water. Subsequently, a Ti thin film was deposited onto the patterned resist and the
substrate by DC magnetron sputtering. The deposition was carried out for 60 min under the
following conditions: an argon gas pressure of 0.2 Pa, a cathode power of 100 W, substrate
rotation at 15 rpm at room temperature, and a deposition rate of 5 nm/min, resulting in a film
thickness of 300 nm. After the deposition, the sample was immersed in acetone for 10 min to lift
off the resist pattern together with the Ti layer deposited on it, yielding a wiring-patterned Ti
thin film. The Ti thin film was formed on a glass substrate polished to a roughness on the order
of 1 nm. Because the sputtered Ti layer has an amorphous structure, its surface is extremely
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Fig. 4.  (Color online) Sample overview of Ti thin-film wiring.
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smooth, and therefore, the effect of scattering during laser irradiation can be neglected. Ti was
selected as the material because, among the pure metals commonly used in TR measurements, it
exhibits a relatively low thermal conductivity and a small volumetric heat capacity, which enable
a rapid increase in temperature during Joule heating. During measurement, a voltage was
applied across the two electrode pads, and the temperature increase in the narrow Ti line was
monitored at the center of the line using the focused laser spot of the TR temperature
measurement system. Since the laser spot diameter is approximately one-tenth the line width,
the temperature distribution within the laser irradiation area was assumed to be uniform. By
using a long-wavelength laser with the relatively high Crp of Ti, measurement sensitivity is
maximized. Figure 5 shows the step response of the voltage applied to the Ti thin-film wiring.
The vertical axis represents applied voltage, and the horizontal axis represents measurement
time [ms]. The voltage applied by the DC power supply (keysight E36311A) shows a delay of
approximately 15 ms before reaching an output of 100% . The power supply is equipped with an
output filter that suppresses ripple and noise, and the increase time of the output voltage depends
on this filtering circuitry.

4. Results and Discussion

Figure 6(a) shows the measured reflectance change as a function of Joule heating power. The
vertical axis represents the reflectance change AR/R, [107*] and the horizontal axis represents
the heating power [mW]. The measurement was performed with 7C = 100 ps. For each heating
power, the average AR/R, during the 1 s constant heating period is plotted. The standard
deviation of AR/R, was 1.8 x 1074, AR/R, decreased linearly with increasing heating power, and
the residual standard deviation of the linear fit (dashed line) was 7.8 x 10>, Figure 6(b) shows the
temperature change AT converted from the AR/R data using the literature value of Crp. The
vertical axis represents the temperature change A7 (°C) and the horizontal axis represents the
heating power (mW). The applied Cri value was —5.76 x 10~ (1/°C).1®) The temperature
increased linearly with the heating power, and the maximum temperature increase of the Ti thin
film line reached +131.9 °C at 28.8 mW. The temperature uncertainty for each data point was
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Fig. 5.  Step response of voltage applied to Ti thin-film wiring.
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Fig. 6.  (Color online) (a) Reflectance change with constant heating power. (b) Temperature change with constant
heating power.

estimated to be 3.3 °C, and the residual standard deviation of the fitted line (dashed line) was
1.43 °C. These results indicate that the temperature dependence of the reflectance of the Ti thin-
film wiring exhibits high linearity in reflectance change from room temperature to
approximately 200 °C. This is consistent with previously reported results for pure metals.(1”-18)

Figure 7 shows the measurement results of reflectance change with transient temperature at a
heating power of 7.2 mW. The left vertical axis represents the reflectance change AR/R, (1073),
the right vertical axis represents the applied voltage (V), and the horizontal axis represents the
measurement time (ms). The measurement time was defined such that 0 ms corresponds to the
start of heating. The reflectance change measured at constant room temperature before heating
is plotted at negative time values, whereas the data acquired after heating begins are shown at
positive time values. The plotted AR/R, corresponds to the measurements obtained at various 7C
values of 10 ps to 100 ms. The increase in the measured AR/R; became slower with increasing
TC. For TC values of (d) 10 and (e) 100 ms, AR/R, had not yet reached a steady state even at 30
ms. In contrast, for 7C values of 10 and 100 ps, although the AR/R, data exhibited larger
fluctuations, they appeared to reach steady-state values within 15 ms. However, the response at
TC = 1 ms showed a slight delay of 10 ms. These behaviors are consistent with the relationship
between TC and output responsiveness described in Sect. 2, where the output requires
approximately ten times the 7C to reach 100%. Therefore, when 7C = 1 ms, the expected
response time of 10 ms is comparable to the voltage increase time of 15 ms, resulting in a notable
delay in the measured AR/R, compared with the faster 7C settings of 10 and 100 ps. No
significant difference in AR/R, was observed when the applied voltage increase was
approximately 1.4 ms. AR/R, measured at 7C = 10 ps indicates that the response to the voltage
increase remained almost unchanged compared with when 7C = 100 us. Therefore, the transient
temperature of the Ti thin film increases at a rate nearly identical to the rate of increase in
applied voltage, and the TR temperature measurement system developed in this study was
confirmed to have a response time of up to 15 ms with a time resolution of 0.1 ms.

Figure 8 shows SNR and the uncertainty of AR/R, at constant room temperature. The vertical
axis (left) represents SNR, the vertical axis (right) represents the uncertainty of AR/R, and the



170 Sensors and Materials, Vol. 38, No. 1 (2026)

40
30 A
5 9
[21 2 20 A
10 -
b | T 0 W 1 T T T T T
20 25 30 -5 0 5 10 15 20 25 30
Time (ms) Time (ms)
(@ (b)
40 40
30 - 30 A
3 3
<20 - < 20 A
< <
10 A 10 A
0 A== T T T T 0 A . : T
-5 0 5 10 15 20 25 30 0 30 60 90 120
Time (ms) Time (ms)

© @

40 |
30
S
< 20 A
<
10
O o T T T T T T T T
0 120 240 360 480 600 720 840 960 1080
Time (ms)
©

Fig. 7. (Color online) Reflectance change with transient temperature at heating power of 7.2 mW and (a) 7C = 10
us, (b) 7C =100 ps, (c) TC =1 ms, (d) 7C =10 ms, and (¢) 7C = 100 ms.

horizontal axis represents 7C. SNR is normalized by the obtained value at 7C = 10 ps. The
standard deviation of AR/R, measured over a 10 s period at constant room temperature is
employed at each 7C. SNR increased with 7C. However, the increase in SNR associated with the
increase in 7C was generally larger than the calculated results described in Sect. 2. In particular,



Sensors and Materials, Vol. 38, No. 1 (2026) 171

1000 3 103
] <
= 1 & [
E 100 3 . 1074 5'5
< ] 2
= . =
& i s 8
Z 10 E 10 §
v ] =
5

1 — —rr— rrr—r—rrrrmt- 1070

10° 10" 100 107 100 10°
TC (s)

Fig. 8. (Color online) SNR of measurement results and uncertainty of AR/R, at room temperature.

a pronounced drop was observed at 7C = 30 ps. This tendency suggests that the noise
originating from the laser output, photodetector, and lock-in amplifier is more widely distributed
in the high-frequency region. In other words, the noise spectrum does not simply follow a VHz
dependence but likely exhibits a more complex frequency distribution. Furthermore, the
relatively small slope of the SNR increase at TC = 100 ms can be attributed to the low
uncertainty resulting from the sufficiently high sampling rate and short measurement time
relative to the output low-frequency noise. The uncertainty of AR/R increases as 7C decreases
with improving responsiveness. This result aligns with the calculations and trends in Sect. 2. and
is likely due to the increased output noise of the lock-in amplifier. Since the Cyp of most pure
metals is on the order of 10°4—10- (1/°C), achieving a temperature accuracy of 1 °C requires a
TC of at least 100 ps.

5. Conclusions

In this study, a noncontact TR temperature measurement system in which the reflected laser
beam is detected by a photodiode with high SNR was developed, and the relationship between
responsiveness and temperature accuracy was evaluated. Theoretical calculations based on a
fourth-order low-pass filter model clarified that the output response of the lock-in amplifier
requires ten times the 7C to reach 100%, and that SNR decreases in proportion to the square root
of TC. Using the developed system, temperature measurements of a Joule-heated Ti thin-film
wiring surface were performed. The reflectance and temperature changes showed linear
relationships with heating power. Transient temperature measurements demonstrated that the
step response becomes slower as 7C increases, and a response time of approximately 15 ms was
achieved at 7C = 10 and 100 ps. The experimentally observed SNR increase with increasing 7C
was larger than the theoretical prediction, suggesting that the noise components of the laser,
photodetector, and lock-in amplifier are distributed nonuniformly in the high-frequency region.
These findings quantitatively clarify the trade-off between responsiveness and temperature
accuracy in TR temperature measurement and provide practical guidelines for optimizing
measurement conditions for fast transient thermal phenomena in micro- and nanoscale devices.
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To achieve both high responsiveness and temperature accuracy, improving measurement
sensitivity will be highly effective. Recently, methods based on optical interference(!*29 and the
wavelength dependence of C7x?1:?? have been reported to achieve high sensitivity (~10- order).
Using these methods, real-time temperature measurement combining sub-millisecond response
time with a temperature uncertainty below 1 °C is expected.
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