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Abstract
This study presents a straightforward, efficient dual-mode thermoreflectance microscopy (TRM)
system for analyzing the stationary and dynamic thermal properties of microelectronic devices.
The proposed TRM system employs a standard visible microscope and implements two distinct
imaging process schemes to obtain thermal images at different time scales. For TRM imaging
of an ohmic microdevice, the optimal probing wavelength is predetermined from the
thermoreflectance spectrum, acquired using a white light-emitting diode source and tunable
bandpass filters to enhance thermal sensitivity. Thermoreflectance images are obtained in both
stationary and transient modes using a four-bucket method and a pulsed boxcar averaging
method, respectively. This thermography approach demonstrates highly sensitive, time-
integrated stationary thermal imaging and time-gated transient thermal imaging with a temporal
resolution of 200 ns. The system shows significant potential as an analytical tool with a
sub-micron spatiotemporal resolution for evaluating heat generation and self-heating behavior
in microelectronic devices.
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1. Introduction

Electronic devices have undergone significant miniaturization,
driven by the demand for higher performance and greater
integration within integrated circuits (ICs). This trend resul-
ted in an increase in both the density of electronic devices
within a single IC and their power consumption. Thus, the
thermal behavior of components miniaturized to the sub-
microscale exhibits unconventional characteristics in terms of
both time and space. The rate of internal heat flux has surged
to hundreds of kW cm−2, whereas the thermal response time
has drastically shortened to the sub-microsecond range [1–
3]. Moreover, the self-heating phenomenon in which a por-
tion of power consumption is transformed into thermal energy
can induce localized and rapid temperature rises compared
with bulk devices, adversely affecting the performance and
lifespan of the microdevice [4–7]. To understand the mech-
anisms of such self-heating phenomena temporally and spa-
tially, examining both the stable thermal distribution in the
sub-micro region and the transient thermal events occurring
at or beyond the microsecond level is critical. Consequently,
a thermal imaging technique that can analyze both station-
ary and transient thermal behaviors with high temporal and
spatial resolution is essential for enhancing the perform-
ance and extending the lifespan of miniaturized electronic
devices.

Thermography techniques for semiconductors and micro-
electronic devices include liquid crystal thermography and
fluorescence microthermography, which are semi-invasive
thin coating methods; scanning thermal microscopy (SThM),
which is based on scanning probe microscopy; and infrared
thermography (IRT) and thermoreflectance microscopy
(TRM), which are optical techniques [8–11]. These techniques
have different spatial and temporal resolutions and should be
selected according to application requirements.

SThM is a scanning probe-based thermal imaging method
that utilizes a thermocouple at the probe tip. Although SThM
is particularly effective for mapping localized temperature
distributions at the nanoscale, its contact-based nature could
be a limitation, requiring direct interaction with the sample
surface [10]. In contrast, non-contact methods such as IRT
and TRM are widely used for hot spot detection, failure
analysis, and the measurement of temperature distribution
and thermal transients, offering efficient thermal management
without physically interacting with the sample. IRT, extens-
ively used in the semiconductor industry, detects thermal radi-
ation from 3 to 10 µm in wavelength and visualizes it as a
temperature distribution [12]. However, its diffraction-limited
spatial resolution is generally restricted to the micron scale

because of the wavelength detection range of IR thermal
radiation mentioned above. Moreover, achieving temporal
resolution at the microsecond scale is challenging because
of the infrared thermal camera’s frame rate limitations. An
alternative thermal imaging technique, TRM, enables the
analysis of thermal behavior by detecting relative changes
in a sample’s reflectivity due to temperature variations [3,
13–15]. Compared with IRT, TRM exhibits superior spa-
tial and temporal resolution [16, 17]. TRM incorporates vis-
ible wavelength (0.4–0.7 µm) illumination to measure vari-
ations in light intensity reflected from the sample surface to
achieve sub-micron spatial resolution [3, 18]. Furthermore,
sub-microsecond-scale temporal resolution can be achieved
using the pulsed boxcar averaging method, circumventing the
limitations imposed by camera frame rates [19, 20].

However, the thermoreflectance coefficient, which rep-
resents the degree of reflectivity change with the temper-
ature, is small, typically from 10–5 to 10−3 K−1. This
coefficient considerably depends on the composition of the
sample, its layered structure, and the illumination wavelength.
Consequently, to achieve an adequate signal-to-noise ratio
(SNR) in the measurement of thermal behavior for each
sample under test (SUT), selecting an illumination wavelength
that corresponds to a high thermoreflectance coefficient is
necessary [21–23]. This limitation becomes pronounced when
measuring transient thermal phenomena because the lower the
temporal resolution is, the smaller the SNR becomes.

The optimal illumination wavelength based on the spectral
dependence of the thermoreflectance coefficient can be selec-
ted by using two methods. In the conventional TRM approach,
the spectral dependence is derived from thermoreflectance
images that are repeatedly acquired using light-emitting
diodes (LEDs) of different colors or a white light source com-
bined with a linear variable filter [23, 24]. Alternatively, the
spectral dependence can be measured in a single acquisition
by modifying an optical microscope to provide spectroscopic
imaging [21, 25]. However, the first approach yields lim-
ited spectral information, whereas the second approach, des-
pite providing extensive spectral information, is challenging
to manage because of the complexity of the optical systems
involved.

In this study, we report an implementation of a simple
and efficient TRM approach to analyze both stationary and
dynamic thermal characteristics. First, we proposed a simple
configuration of the dual-mode TRM system along with the
methods for acquiring thermoreflectance (∆R/R) images in
modes. Subsequently, to validate the system’s feasibility,
we demonstrated the selection of an optimal illumination
wavelength. This selection is based on the thermoreflectance
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spectrum obtained by using a white LED light source
combined with a filter turret. With the selected illumination
wavelength, we captured both stationary and transient thermal
images of a microheating resistor.

2. Experimental set-up and sample description

Figure 1 illustrates the schematic of a home-made dual-mode
TRM system. The system is based on a user-configurable
optical microscope (SFM2, Thorlabs, USA) equipped with
an illuminator module including a rotating optical filter tur-
ret (CSE2000, Thorlabs, USA), beam splitter (BSW26R,
Thorlabs, USA), band pass filter (FBH series, Thorlabs, USA),
and objective lens turret (manual turret, Mitutoyo, Japan). An
sCMOS camera (PCO.edge 4.2LT, PCO Image, Germany), a
white LED light source (MCWHL7, Thorlabs, USA), and an
objective lens (50×, NA 0.42, M Plan Apo NIR, Mitutoyo,
Japan) were affixed to the microscope assembly for capturing
images. The white LED, with a color temperature of 6500 K,
illuminated the sample through the objective lens, and the light
reflected from the sample was subsequently transmitted back
through the objective lens and the filter turret before being
captured by the camera. The BPF was positioned within the
filter turret that selectively allowed only light of a specific
wavelength range from the white LED light source to reach
the camera.

The system’s operations were controlled through an integ-
rated driver module paired with a LabVIEW based control
program. We custom-built the integrated driver module by
using a field programmable gate array with an internal refer-
ence clock of 100 MHz in order to generate both triggering
and synchronizing voltage signals and driving current signals.
This module coordinated the voltage signals that govern the
functionality (triggering and synchronization) of the camera
and bias equipment as well as the current signals that activate
the LED light source in either a continuous wave (CW) or a
pulsed mode. The integrated driver module provides a voltage
signal with transistor-transistor logic (TTL) in the range of
1 Hz–1 kHz and current signal with an output of up to 2 A
in a range from DC to 1 kHz. The pulse width and delay of
the LED light source can be controlled in the range of 5 ns–
499.995 µs. Thermal images within the dual-mode TRM sys-
temwere captured in both stationary and dynamic states, using
the four-bucket method for stationary imaging and the pulsed
boxcar averaging method for dynamic imaging, as detailed in
sections 3 and 4, which emphasize the system’s imaging cap-
abilities in each mode. As illustrated in figure 1 for station-
ary imaging, the integrated driver module concurrently gen-
erated the current signal to power the illumination source in
the CW mode and the control voltage signals for the camera
and bias equipment, which are necessary for implementing the
four-bucket method.

The white LED-light source was powered by a continu-
ous driving current, emitting a steady stream of light. The

camera captured reflection (I) images at a frame rate of 4 fps,
triggeredby a 4 Hz TTL signal with a 90% duty cycle. The
exposure time for each image was set to 225 ms. The bias
equipment (SMU2611B, TEKTRONIX, USA) generated a
1 Hz sinusoidal signal that oscillates between 0 and 20 V,
triggered by a 1 Hz TTL signal with a 50% duty cycle.
Crucially, the maximum bias voltage applied can vary. This
bias was applied to the sample to artificially create temperature
fluctuations in accordance with the bias voltage. The camera
captured I images to detect corresponding changes in reflectiv-
ity due to these temperature variations. Using the four-bucket
method, stationary ∆R/R images were subsequently calculated
from captured I images. In the transient mode, as depicted
in figure 1, the integrated driver module provides the neces-
sary current signal for activating the illumination source in the
pulsed mode, along with control voltage signals for the camera
and bias equipment tailored for the pulsed boxcar averaging
method.

The white LED emitted a series of light pulses, modu-
lated by a driving current that switches on and off at a fre-
quency of 1 kHz. The duration of the pulse width for the
driving current varied between 50 ns and 10 µs. An expos-
ure time of 225 ms was used to capture the I images simil-
arly to the stationary mode. The bias equipment (WMA-300,
Falco Systems, Netherlands) amplified a 1 kHz TTL trigger
signal with a 30% duty cycle to create a 1 kHz square wave
signal that oscillates between 0 and 25 V. The maximum bias
voltage is adjustable. The 30% duty cycle for the bias ensured
that the device returned to ambient temperature before the
next biasing cycle began. The bias equipment’s output aligned
with the camera’s 4 Hz trigger signal to alternate between the
bias ‘ON’ and ‘OFF’ phases as depicted in figure 3. To image
thermal transients continuously, the integrated driver module
incrementally adjusted the time delay between the driving cur-
rent signal and the bias equipment’s output. The camera cap-
tured four I images during the bias ‘ON’ and ‘OFF’ periods.
A time-resolved thermoreflectance signal (∆R/R) was derived
by calculating the differences between images acquired during
these ON/OFF periods. This process allowed for the analysis
of thermal changes over time, providing insights into the tran-
sient thermal behavior of the sample.

Figure 2 illustrates the sample design used to validate the
performance of the dual-mode TRM system. The sample con-
sists of a thin-film polycrystalline silicon (poly-Si) resistor,
500 nm in thickness, equipped with Cr/Au ohmic contacts,
each 50 and 200 nm in thickness, on a silicon dioxide (SiO2)
layer of thickness 500 nm, all mounted on a Si substrate with
a thickness of 700 µm. The SiO2 layer functions as a thermal
insulator, designed to minimize heat dissipation into the Si
substrate. The poly-Si microresistor features a bow-tie shape,
with dimensions including a length of 100 µm, a width of
15 µm, and a central square size measuring 5 µm across. The
resistance of the ohmic devicewasmeasured to be 9.3 kΩ. This
design ensured that maximum heat generation occurred at the
center, from where it spread towards both ends.
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Figure 1. A schematic of the dual-mode TRM system and its imaging modes.

Figure 2. Schematic of a polysilicon (poly-Si) microresistor
situated on SiO2 layer atop silicon (Si) substrate.

3. Principle of TRM

TRM is based on measurement of changes in a sample’s sur-
face reflectivity relative to temperature variations. This rela-
tion can be approximated as equation (1) [3, 26]:

∆R
R

≈ 1
R
∂R
∂T

∆T= κ∆T (1)

where R and T denote the reflectivity and temperature at the
sample’s surface, respectively. Here, ∆R represents the change
in sample surface reflectivity because of a change in local sur-
face temperature (∆T), and κ represents the thermoreflectance
coefficient. This coefficient can vary depending on intrinsic

material properties, such as composition and sample structure,
as well as microscopic configurations, including the illumin-
ation, wavelength, and numerical aperture of the objective
lens [27, 28]. Given that the thermoreflectance coefficient
for microelectronic devices typically ranges from 10−5 to
10−3 K−1, the relative changes in reflectivity to be measured
are small. Therefore, in the TRM for detecting subtle thermal
changes, choosing an optimal illumination wavelength and
employing image processing techniques to isolate ∆R/R are
crucial for improving the SNR [13, 29].

4. Stationary and transient thermal imaging method

For stationary thermal imaging, the four-bucket method, a
homodyne lock-in detection technique, was used to detect
∆R/R for steady-state thermal characterizations [3, 30]. This
method involves modulating the sample’s temperature by
applying a sinusoidal bias driving signal. The camera’s expos-
ure is triggered at a frequency of 4 f, synchronized with the
bias driving signal at frequency f, resulting in the acquisi-
tion of four images during each period T of the bias driv-
ing signal. The LED illumination source operates in the CW
mode. The ∆R/R image is subsequently derived from the
four collected images, labeled as I1, I2, I3, and I4, using
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Figure 3. Timing diagram depicting the transient mode operation in the pulsed boxcar average method.

equation (2) [3, 31].

∆R(x,y)
R(x,y)

=
π√
2

√
(I1 − I3)

2
+(I2 − I4)

2

I1 + I2 + I3 + I4
. (2)

However, to capture ∆R/R images of thermal transients that
occur faster than the camera’s frame rate, the pulsed box-
car averaging method is implemented [18, 19]. This transi-
ent thermal imaging technique allows for the visualization of
rapid transient phenomena by using pulsed device excitation
along with pulsed illumination. Figure 3 includes a timing
diagram that outlines the camera exposure time, bias applic-
ation, and LED pulse duration, demonstrating the precise syn-
chronization and timing delays of control signals in transient
mode. This measure facilitates the sequential timing of time-
dependent thermal responses. With the increase in temporal
resolution, the illumination pulse duration decreased, result-
ing in a reduction in the amount of light that the camera can
detect [32–34]. However, as depicted in figure 3, by accumu-
lating multiple illumination pulses during the camera’s expos-
ure time, a satisfactory SNR can be achieved even with rapid
thermal transients

∆R(x,y)
R(x,y)

=
R(x,y)ON −R(x,y)OFF

R(x,y)OFF
. (3)

Time-resolved ∆R/R images can be extracted from I images
obtained during the ‘ON’ and ‘OFF’ bias phases at spe-
cific instances of illumination, referred to as time delay,
as described in equation (3) [33]. Therefore, by repeatedly
conducting this image analysis and adjusting the illumina-
tion’s time delay with microsecond or sub-microsecond pulse
widths, a series of thermal activities within the microsecond or

sub-microsecond temporal range can be examined. Here, for
the transient mode, synchronization between the LED pulse
and the device thermal transient was conducted as followings.
First, the time difference between the LED pulse monitoring
signal provided by the driver module and optical detector out-
put for the LED pulse illumination generated by the driving
current signal was measured. Second, while watching both the
LED pulse monitoring signal and bias equipment output for
the applied bias voltage on the oscilloscope, the output timing
of the driving current signal was controlled for synchroniza-
tion between the LED pulse and device thermal transient. It
was assumed that the LED pulse monitoring signal and driv-
ing current signal on the driver module was synchronized. The
minimum control level of the output timing was up to 5 ns
based on the internal reference clock divided by the digital
clock manager.

5. Results and discussion

Selecting an illumination wavelength with a high thermore-
flectance coefficient enables the acquisition of high SNR
∆R/R images by enhancing the system’s thermal sensitiv-
ity. Therefore, the thermoreflectance spectrum, indicating the
magnitude of ∆R/R across wavelength, is crucial for choosing
the illumination wavelength. Studies have revealed that spec-
troscopic TRM systems can identify this optimal wavelength
from the thermoreflectance spectrum measured at high spec-
tral resolution (on the order of nanometers) using a dif-
fraction grating and a charge-coupled device camera [21].
These systems incorporate a liquid crystal tunable BPF that
enables flexible selection of both the central wavelength
and the bandwidth of the transmission band, facilitating the
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selection of the optimal illumination band from a broadband
light source such as a halogen lamp. However, the combined
configuration of spectroscopic and imaging optical systems in
advanced spectroscopic TRM systems introduces complexity
in both structure and configuration, reducing user accessibil-
ity. Conventional TRM systems are generally built by integrat-
ing a basic optical microscope with exchangeable single-color
visible LEDs, which have a full width at half maximum
(FWHM) ranging between 10 and 20 nm. These systems
obtain ∆R/R images by selecting an appropriate illumination
source. However, the choice of illumination wavelength is lim-
ited by the spectral range of the LED sources integrated into
the microscope. In our study, we used an optical microscopy
technique that combines a white LED source with a filter turret
containing several BPFs. These BPFs allow selective transmis-
sion of specific wavelength bands from the white LED source,
thereby addressing the limitations of optimizing illumination
wavelengths with single-color visible LEDs. Consequently,
the thermoreflectance spectrum can be measured with a spec-
tral resolution defined by the FWHM of the BPF (e.g. 10 nm),
enabling the selection of an optimal illumination wavelength.
However, the spectral accuracy is dependent on the number of
BPFs used.

A poly–Si microresistor, as depicted in figure 2, was used
to evaluate the thermal imaging capabilities of the dual-
mode TRM system. The thermoreflectance spectrum was
derived from ∆R/R measurements at each wavelength (or
BPF), obtained through ∆R/R images captured while sequen-
tially switching the BPFswithin the filter turret. The turret con-
tains a removable module that can hold up to six filters. By
sequentially replacing three interchangeable modules with 18
BPFs, passbands ranging from 460 to 630 nm could be selec-
ted at 10 nm increments. The BPFs exhibited an FWHM of
10 nm, which aligns with the characteristics of single-color
visible LEDs. Figure 4(a) presents the thermoreflectance spec-
trum of the poly-Si microresistor, measured using a white
LED source in conjunction with a filter turret. The spectral
range is determined by the number of BPFs used. The spec-
trum data point was calculated by averaging and subsequently
normalizing the ∆R/R values corresponding to the region of
interest (ROI) in the ∆R/R image acquired through a specific
BPF. The ROI was within the poly-Si area, as indicated in
figure 4(e). The thermoreflectance spectrum peaked at 550 nm
and was lowest at 490 nm. Therefore, the ideal illumination
wavelength for the SUT was determined to be a BPF centered
at 550 nm.

To showcase the stationary mode, intensity (I) images
and stationary ∆R/R images were acquired as presented in
figures 4(b)–(g), respectively. BPFs with central wavelengths
of 510, 550, and 580 nm were used to investigate the
variances in thermal sensitivity based on the illumination
wavelength. In the I images, the poly-Si microresistor’s shape
remained clearly discernible across all illumination condi-
tions. By contrast, the stationary ∆R/R images revealed the
poly-Si microresistors only under optimal illumination con-
ditions, which exhibited a high thermoreflectance coefficient.
Furthermore, a notable increase in heat was observed in the

central region of the SUT. This phenomenon can be attributed
to its bowtie shape. The resistance of poly-Si escalates toward
the center, resulting in considerable heat generation in the
middle because of Joule heating. By comparing the SNR
of each ∆R/R image, an enhancement in thermal sensitivity
through the selection of the optimal illumination wavelength
was verified.

The ratio of the mean ∆R/R in the ROI to the standard devi-
ation of the adjacent background noise was recorded to be
8.64, 12.12, and 0.22, respectively. Therefore, even though the
optimal illumination wavelength was selected from the ther-
moreflectance spectrum acquired with a low wavelength res-
olution of 10 nm, the imaging of minute heat propagation was
feasible because of its elevated thermal sensitivity.

To demonstrate the transient mode for the same poly-Si
micro resistor, the Joule heating effect was monitored from
0 to 3 µs with a temporal resolution of 200 ns following
the biasing in the ON/OFF phase. Identical to the station-
ary mode, optimal illumination with a central wavelength of
550 nm and a FWHMof 10 nmwas used but in a pulsed mode.
Figure 5(a) displays a time-resolved ∆R/R image obtained
from 0 to 2 µs, where thermal transients are apparent through-
out the entire measurement timeframe. Joule heating became
visible at the center of the SUT within 200 ns post-bias
application. Figure 5(b) depicts the transient thermal behavior
around the bowtie region of the device, as marked by the ROI
in figure 5(a). The normalized ∆R/R values were derived by
averaging and subsequently normalizing the ∆R/R from the
ROI of each time-resolved ∆R/R image. The transient ∆R/R
imaging results indicate that observing the device’s Joule-
heating effect during heating is feasible. The temporal resolu-
tion is determined by the pulse width of the illumination light
source [35, 36]. As indicated in figure 5(c), the white LED
light source was operated in a pulsed mode with an approx-
imate pulse width of 200 ns. The pulse width of illumination
from the objective lens was measured using a photodetector
(DET10A2, Thorlabs, USA) with a rise time of 1 ns. The delay
time of the LED driving current was adjusted to synchronize
the initiation of both the bias application and LED driving cur-
rent. Subsequent measurements were obtained at 200 ns inter-
vals starting from the bias application time with a pulsed illu-
mination of 200 ns. To mitigate the reduced SNR caused by
the pulsed illumination, 400 frames for both the bias ‘ON’ and
‘OFF’ states were captured (with an acquisition time of 200 s)
and subsequently averaged. Time-resolved ∆R/R images were
produced in accordance with equation (3).

Figure 6 presents the comparison of thermal images
between the stationary TRM and IRT systems for a poly-Si
microresistor with a bow-tie shape, featuring dimensions of
200 µm in length, 30 µm in width, and a central square size
of 10 µm across. The resistance of the ohmic device was
measured to be 14.3 kΩ. This sample was selected due to
the lower spatial resolution of IRT. The IRT system is com-
posed of an infrared camera (FLIR SC5000, FLIR Systems,
Inc.) equipped with an InSb detector and a 5× close-up
lens (FLIR Systems, Inc.), allowing it to detect and utilize
mid-infrared wavelengths in the range of 3–5 µm. Accurate
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Figure 4. (a) Thermoreflectance spectrum with the ∆R/R signals normalized according to the wavelength of the incident illumination.
(b)–(d) Intensity (I) images, and (e)–(g) stationary ∆R/R images. The I images of the poly-Si microresistor were captured at incident
wavelengths of 510, 550, and 580 nm, using a 50× objective lens.

temperature measurements of the IRT system were carried
out as described in our previous work [12]. The T image
of the stationary TRM was calculated using the thermore-
flectance coefficient (κ) and equation (1). The coefficient κ
for poly-Si was determined to be 7.82 × 10−4 K−1, with
an optimal wavelength of 550 nm, following typical proced-
ures in TRM [21, 34]. From equation (1), the determination
of the thermoreflectance coefficient κ can be performed by
measuring the relative reflectivity variation as a function of
the temperature variation. The temperature variation measure-
ment of the sample was conducted by a Peltier element and

a resistive temperature detector using a feedback temperature
controller (2510-AT, KEITHLEY, USA). During the temper-
ature variation, the reflectivity measurement for the sample
was repeated at each set temperature using the reflection image
acquired by the experimental set-up. A linear relation between
the relative reflectivity and temperature variations were recor-
ded and the slop (κ) was calculated via linear fitting. As shown
in figure 6, thermal images of the poly-Si microresistor were
captured using both the stationary TRM and IRT systems
under a constant bias voltage of 30 V, with the background
temperature maintained at 25 ◦C. The average temperatures
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Figure 5. (a) Time-resolved ∆R/R image from 0 to 2000 ns with 200 ns temporal resolution, (b) thermal transient in a poly-Si microresistor
caused by Joule heating, and (c) the pulse width of white LED source corresponding to an LED driving signal of 200 ns.

Figure 6. Temperature images of a polysilicon micro-resistor
measured by the (a) stationary TRM and (b) IRT system at bias
voltages of 30 V, and (c) a magnified temperature image of the
region marked with dotted line in (b) from the IRT system.

measured in the ROImarked in the imageswere approximately
33.3 ◦C for stationary TRM and 35.6 ◦C for IRT, respectively.
Although there was a minor difference between the two meas-
urements, this comparison serves to validate the reliability of
the TRM system, as the results from the TRM closely agree

with those from the well-established IRT method. In addition,
the TRM system offers a much sharper thermal distribution
image compared to the IRT system, owing to its superior spa-
tial resolution.

Figures 7(a) and (b) present the temperature change (∆T)
images of the poly-Si microresistor, acquired from ∆R/R
images in both stationary and transient modes at an identical
bias level of 20 V. The ∆T images were calculated using
the thermoreflectance coefficient (κ) and equation (1). To
assess the reliability of thermal distribution across bothmodes,
the ∆T image from the stationary mode was compared with
the time-resolved ∆T image obtained under thermal steady-
state conditions in the transient mode, which was captured
at 10 000 ns after bias application. Figure 7(c) shows the
line profiles (A, B) across the maximum heat generation
area in each mode, averaged over ten rows near the A and
B lines in figures 7(a) and 6(b), respectively. Despite some
noise differences in line profiles (A, B), the profiles exhibited
the same overall trend, indicating a consistent central region

8



J. Phys. D: Appl. Phys. 58 (2025) 085101 C B Jeong et al

Figure 7. (a) Stationary temperature change (∆T) image at a bias
level of 20 V in stationary mode, (b) time-resolved ∆T image under
the thermal steady-state condition at 20 V in the transient mode, and
(c) line profile across the maximum heat generation area in each
mode.

temperature of approximately 40 ◦C in the SUT across both
modes.

6. Conclusion

This study introduced a highly sensitive dual-mode TRM sys-
tem for analyzing both the stationary and transient thermal
characteristics of microelectronic devices. The primary
advantage of our system is that it allows for thermal ima-
ging with optimal illumination. A simple system configura-
tion based on standard optical microscopy was devised. The
optimal illumination, which provides high thermal sensitivity
for the SUT, was determined based on the thermoreflectance
spectrum obtained using a white LED light source and a filter
turret. The system’s performance in imaging thermal phenom-
ena, both in stationary and transient modes, was demonstrated
using the four-bucket and pulsed boxcar averaging methods,
respectively. This demonstration revealed that the enhanced
thermal sensitivity, achieved through optimal illumination,
enabled the observation of distinct thermal distributions and
the monitoring of thermal propagation with high temporal res-
olution. The system exhibits considerable potential for using
an analytical tool with sub-micron resolution in the spati-
otemporal domain to evaluate the heat generation behavior
of microelectronic devices. Analyzing the stationary thermal
distribution and transient thermal transfer within these devices
can provide insights into their physical mechanisms and lim-
itations associated with self-heating.
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