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ABSTRACT: The demand for noncontact temperature measurements is CSMOSccame Av
growing as the microelectronic features to be probed become progressively
smaller. However, traditional thermal imaging with infrared cameras is
fundamentally constrained by the micron-long wavelength of thermal emission.
In this study, we explore a cost-effective, high-spatial-resolution thermography
technique utilizing an uncooled silicon CMOS camera with an optical
microscope setup. By detecting the integrated near-infrared (NIR, 700—1100
nm) thermal emission from Joule-heated metallic microstructures, our method
successfully bypasses the traditional microbolometer’s diffraction limit and
spatial resolution constraints. To ensure accurate temperature estimation, the
camera is calibrated by leveraging the temperature-dependent Raman peak shift
of hexagonal boron nitride flakes. Our optical microscope setup is in an oversampling condition, allowing us to exploit digital binning
to achieve significant noise reduction and to directly visualize and map thermal emission at temperatures as low as 413 K for our
titanium sample, which has an emissivity of around 0.4 in the NIR. This method provides a robust, highly capable tool for diagnosing
localized thermal bottlenecks and mapping heat diffusion in high-density microelectronics.

Thermal heatmap
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B INTRODUCTION to enhance the absorption, for example, by integrating
metasurfaces,'* or umbrella absorbers'> or to improve the
photocurrent conversion within the read-out integrated circuit
(ROIC).*®

In contrast, using silicon (Si) as a cost-effective alternative
relies on the photoelectric effect as the primary detection
mechanism, effectively combining the advantages of both
uncooled and cooled detectors. This method requires the
incident photon to possess energy higher than the bandgap
energy. For crystalline Si at room temperature, the bandgap
energy is approximately 1.12 eV,'” corresponding to a cutoff
wavelength of approximately 1100 nm. According to Planck’s
law, the spectral radiance of an object at room temperature is
concentrated in the mid- to far-infrared. However, as an object
temperature increases, the high-energy tail of its thermal
emission spectrum begins to overlap with the NIR responsivity
of Si, yielding a photon flux capable of overcoming the noise
floor of standard semiconductor sensors.'® Accurate temper-
ature measurements utilizing Si CMOS cameras have been
previously demonstrated using two-color pyrometry.'” This

The need for noncontact temperature measurements is
increasing as the features to be probed become progressively
smaller, rendering contact measurements challenging. Ther-
mography is a noncontact temperature-mapping method
widely used for various purposes. To achieve high resolutions
approaching the diffraction limit, quantum-type photon
detectors using materials such as InSb and HgCdTe are
typically required. However, these costly sensors must be
cooled to liquid nitrogen temperatures to suppress thermally
generated dark currents. The need for constant cooling,
combined with the finite lifespan of the cooling equipment,
makes high-resolution thermal cameras prohibitively expensive
and complex. This economic and technical disparity is the
driving force behind our investigation into more approachable
alternatives.

A bolometer-type camera is another type that is relatively
inexpensive and compact. The core functional mechanism of a
bolometer is its capability to absorb infrared radiation, leading
to a change in electrical resistivity (resistance-type bolometer)
or forward voltage (diode-type bolometer), allowing the

formation of a thermal image through the interface circuitry.’ Received: May 12, 2026
The pixel size of microbolometers has decreased over the past Revised:  August 6, 2026
few decades” "’ (see Figure S1); however, further size Accepted:  August 6, 2026

reduction has stalled as the pixel size approaches the diffraction Published: August 12, 2026

limit. In addition, a smaller pixel size results in lower sensitivity
in general, nevertheless, it is worth mentioning the recent effort
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technique estimates the object temperature by comparing the
intensity of the emitted radiation at two wavelengths (or color
channels, hence the name) against the theoretical ratio
calculated from Planck’s law. While utilizing narrow bandpass
filters improves accuracy by closelZ approximating the
monochromatic assumption of this law,” it inherently reduces
the collected photon flux. Consequently, higher object
temperatures are required to maintain a detectable signal-to-
noise ratio. Conversely, color CMOS and CCD cameras offer a
highly practical alternative by exploiting their inherent RGB
Bayer filter.”” By utilizing color sensors, researchers can
achieve high-resolution, single-shot temperature ma%ping
while maintaining a cost-effective and convenient setup.”

In this paper, we demonstrate the potential of an uncooled
Si CMOS camera for high-spatial-resolution thermography by
detecting the accumulated intensity of the near-infrared
thermal emission from metallic microstructures such as gold
(Au), titanium (Ti), aluminum (Al), or copper (Cu). The
purpose of imaging different metals is to confirm the versatility
of the measurement method. Some of these materials exhibit
very low emissivity in the long-wave infrared (Au, for example,
has an emissivity of 0.03), making traditional microbolometer
measurements susceptible to environmental reflections and
poor signal-to-noise ratios. Our method enables high-contrast
imaging of these metals and is not substrate dependent, which
allowed us to image on transparent borosilicate glass substrates
without requiring emissive coatings,”* significantly expanding
the applicability of our method. While the demonstrations
were done only with a Si CMOS camera, a Si CCD camera
with sufficient sensitivity can also be used. This capability is
critical for diagnosing localized thermal bottlenecks, such as
submicron hot spots and junction-point gradients. For
instance, in AlGaN/GaN high electron mobility transistors,
high operational heat flux frequently leads to the formation of
submicron hotspots.”> This heatin% can cause severe reliability
issues, including thermal droop2 and overall performance
degradation.”” We present a valid yet niche solution for
investigating such systems that govern reliability and electro-
migration in high-density microelectronics.

B METHODS

All the samples except the AlGaN/GaN sample were fabricated on
borosilicate glass substrates. The Cu, Al and Au samples consisted of a
15 nm Ti adhesion layer followed by a S0 nm thick Cu layer or a 100
nm thick Al/Au layer, respectively. The Ti sample consisted of a
single 100 nm layer of Ti. A comprehensive breakdown of all the
sample configurations is provided in Table S1. The patterns for metal
deposition were defined via a tabletop maskless lithography system
(uPG 101, Heidelberg Instruments Mikrotechnik GmbH) after spin-
coating (Opticoat MS-A100, MIKASA CO., LTD) a diluted positive
photoresist (TLOR-POO3HP in a 1:0.5 ratio with 2-heptanone) at
5000 rpm. The AlGaN/GaN sample was prepared via metal—organic
chemical vapor deposition, as in our previous work,”® and the Au
array (250 nm in size, S pym periodicity, SO nm thick) has been
fabricated via electron beam lithography. Thermal emission from the
test samples was induced via Joule heating by applying a DC bias with
a source-measure unit (Keithley 2400, TEKTRONIX, INC.).
Thermal emission images were acquired using an uncooled Si
CMOS camera (VEX830, Wraymer Inc.) with a back-illuminated
CMOS image sensor (IMX485, SONY), in which the standard IR-cut
filter was replaced with an antireflection filter exhibiting >90%
transmittance at wavelengths longer than 700 nm. The camera was
mounted on a customized optical microscope setup designed to direct
the emission, collected by a S0X (MXPLFLNSOX, Evident; 0.8 NA)
objective lens, into a spectrometer (IsoPlane 81, Teledyne
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Technologies Inc.). This spectrometer was calibrated using a tungsten
halogen lamp (Thorlabs SLS201L/M). To provide sufficient distance
between the sample and the objective lens for the probes to contact
the sample, a 5X objective (GLI-PLACHSXLM, Wraymer Inc., 0.12
NA) and a 50X long-working-distance objective (SLMPLNSOX,
Evident, 0.35 NA) were employed. The images used for the
temperature maps were saved as RGB24 demosaiced BMP files and
imported as grayscale images into software (Gwyddion) using the
RGB-sum option. Therefore, the analyzed scalar intensity corresponds
to the sum of the 8-bit RGB channel values, rather than raw sensor
counts. The same acquisition, export, and Gwyddion import
procedures were applied to the calibration images and the measured
thermal images, so the temperature calibration was performed directly
on this RGB-sum intensity scale. Exposure time (S s) and camera gain
(x5000) were kept fixed for all calibration and measurement images.
Automatic image-processing functions, including gamma correction,
white balance, and contrast enhancement, were disabled or forced to
default to ensure consistency between images.

The temperature of the Joule-heated samples was estimated by
observing the temperature-dependent Raman peak shift of an hBN
flake transferred onto the emitting segment. Raman spectra were
excited using a 532 nm laser (CNI MSL-FN-532, CNI) and collected
by a VIS-NIR spectrometer (Acton SP2300, Princeton Instruments).
Finally, the thermal maps generated from the CMOS camera images
were compared with thermal images obtained using an uncooled IR
camera (VarioCam xHD 675, InfraTec GmbH) equipped with a 0.5X
(0.5 NA) objective lens. The camera has a pixel size of 24 ym and its
spectral range is 7.5—14 ym.

B RESULTS AND DISCUSSION

Figure 1 shows a thermal image of a test sample acquired using
the uncooled microbolometer IR camera with a 0.5X objective
lens. The test sample consisted of periodically aligned 30 pm
wide and 250 um long Au strips, which were connected to
contact pads, and electrical contacts were obtained with two
metallic probes. When taking an image, the distinction
between sensor resolving power and optical resolution should
be acknowledged. The optical resolution is limited by the
diffraction of the probed wavelength. The sensor resolving
power was calculated by dividing the length of a known object
by the number of pixels that formed the object image. For the
IR camera, the spatial resolution of the sensor was ~23 pm. As
shown in Figure la top, the 30 um wide features of the Au
strips under bias are unresolved, leading to inaccurate
temperature readings. A room-temperature, unbiased image
of the sample is presented alongside a biased one for
comparison (Figure la, bottom). The apparent higher
temperature of the metal was caused by reflections from the
camera’s blackbody emission at around 305 K, as shown in
Figure S2. Only the larger 250 ym features provide partial
information regarding the sample’s thermal gradient and spatial
morphology. In contrast, the significantly smaller pixel size of
the CMOS camera (2.9 ym) provides detailed spatial imaging
as shown in Figure 1b. In order to achieve high spatial
resolution and maintain the diffraction-limited resolution of
the objective, pixels per diffraction-spot radius, or resolution
distance, calculated from eq 1 needs to be larger than 2.*

Pixels-per-diffraction spot radius

_ 0614 y magnification
NA CCD pixel size (1)
A pixel-per-difiraction-spot radius >2 ensures that the

Nyquist limit is met, capturing spatial details of the sample
and avoiding pixelation and aliasing. Our current setup, with
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Figure 1. (a) IR camera image of the pattern Au sample that was
Joule heated by applying a DC bias of 1.9 V (top) and no heating
(bottom). The temperature reading on the Au area of the room
temperature image is due to the reflection of the actual camera above
it, emitting at 305 K (32 °C). The image was taken with a 0.5X
objective lens. Visible bright-field optical microscope images (b) of
the identical sample taken with a 5X objective lens and a 50X
objective lens. (c) Schematic representation of the optical setup. (d)
Brightfield and emission images of an Au strip showing higher
emission intensities at higher applied DC bias (noted in the bottom
left corner).

the 50X objective lens, 0.8 NA, and 2.9 um pixel size, at a
wavelength of 800 nm, provides a pixels-per-diftraction-spot
radius of ~10. This means there are 10 pixels per diffraction
spot. This spatial oversampling validates the subsequent use of
digital binning, which enhances the signal-to-noise ratio (SNR)
without compromising the achievable optical resolution. A
schematic representation of the optical setup is presented in
Figure 1lc.

When a DC voltage was applied to the two electrical contact
pads, the central section of the metallic strips began emitting,
which was captured by the CMOS camera. As the applied
voltage increased, the camera recorded a clear monotonic
increase in emission intensity (Figure 1d). The pixels appeared
in a purple/magenta hue because the relative response of the
CMOS camera’s Bayer filter in the NIR region exhibited a
slightly lower sensitivity in the green pixels at approximately
800 nm, as shown in Figure S3b. The internal signal processor
(ISP) applies a higher gain to the red and blue channels to
balance Si’s natural higher sensitivity in the green wavelengths,
accentuating this RGB response imbalance in the NIR region.

Before proceeding with further analysis and calibration, we
ascertained the thermal origin of the observed emissions by
directing emission from the metallic strip into a spectrometer
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equipped with a 100 gm-wide slit. The spectral response of the
back-illuminated Si CCD detector was evaluated in advance by
dividing the measured spectrum of a tungsten halogen lamp,
which emits closely to an ideal blackbody at 2796 K, by the
theoretical blackbody spectrum predicted by Planck’s law
multiplied by tungsten’s emissivity. The emission spectra of the
test samples were corrected by dividing the raw data by this
response function. These corrected spectra were then fitted to
Planck’s law, with temperature as the fitting parameter. As
shown in Figure S4, the data agree reasonably with the NIR
blackbody tail of a graybody at 800—900 K, providing strong
evidence for the thermal origin of the emission. The graybody
fitting of the collected emission signal was mainly used to
verify the thermal origin of the observed emission, whereas
quantitative temperature calibration and camera-signal calibra-
tion were based on hBN Raman peak shifts as discussed in the
following section.

Camera Calibration

Because the CCD of the spectrometer exhibited low
responsivity beyond 900 nm, leading to unsatisfactory noise
levels in the measured data, the CMOS camera was calibrated
using Raman spectroscopy. By leveraging the temperature-
dependent peak shift of hexagonal boron nitride (hBN), this
approach yielded more accurate temperature estimations than
the blackbody tail fitting. Among the three main hBN peaks,
the doubly degénerate in-plane mc;c(}e of the E,; symmetry is
the most sensitive to temperature.” In the current work, an
hBN flake was transferred onto one of the Au strips. The
sample was heated to various temperatures using a ceramic
heater, and the resulting peak shifts were recorded, as shown in
Figure S5. Determining the exact thickness of the flake is
unnecessary in the high-temperature limit, as the E,, peak
shifts for single-layer, few-layer, and bulk hBN all exhibit a
similar slope at temperatures above 300 K.*° The calibration of
emission intensity against applied voltage was performed on
the portion of the flake located at the center of the Au strip,
where emission is most pronounced, shown in Figure 2a.

Our custom optical setup allows for rapid switching between
focusing the emission onto the CMOS camera (to record pixel
intensity) and directing it to the spectrometer. The images at
various applied voltages are shown in Figure 2b. The recorded
peak centers and calculated temperatures from the Raman
spectra are summarized in Figure 2c. The collected intensity
from the sample was directly related to the sample temper-
ature. More specifically, because the thermal spectrum for the
investigated temperatures only lies in the lower sensitivity
wavelength range of the camera due to Si’s bandgap, limiting
the integration wavelength range up to 1100 nm causes the
camera signal to have a temperature dependence that can be
steeper than the full spectrum Stefan—Boltzmann (xT*) law.
To account for this, the captured intensity was fitted with a
general power law

M=a+bT" (2)

where, a is a small offset to account for stray light, which,
together with b and N, become fitting parameters. The
parameter T represents the temperature calculated from the
hBN Raman shift, and the fitting points correspond to the
averaged pixel intensities taken from an area on the Au strip
adjacent to the hBN flake. The parameter b, by resemblance of
Stefan—Boltzmann’s radiant exitance (Ry = eoT*), implicitly
contains the material’s emissivity e. This fitted relation should,

https://doi.org/10.1021/acsphotonics.6c01167
ACS Photonics 2026, 13, 5139-5146

920z 1890300 9 uo 4asn (SNIN) JONTIOS STLVIN HOH LSNI TLYN Aq jpd°29} 1009 soluojoydsoe/y0€ 1. 2G99/6€ L G/L /€ L4pd-aloiue/gpyode/Bio soesgnd woly papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c01167/suppl_file/ph6c01167_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c01167/suppl_file/ph6c01167_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c01167/suppl_file/ph6c01167_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.6c01167?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.6c01167?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.6c01167?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.6c01167?fig=fig1&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.6c01167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

(a)

~ 13744 0V

-1

13711
1368 15V

1.7V
19V

1365+

Peak position (cm

1362+

300 400 500 600 700 800 900
Temperature (K)

Figure 2. (a) Brightfield image of the sample used for calibration. The
Raman collection area is highlighted by the green laser spot (left), a
magnified image shows the hBN flake position on the Au strip (right).
(b) Raw images of the calibration sample at different voltages (0 V—2
V, exposure time S s, gain X 5000). (c) Central peak wavenumbers of
the Gaussian-fitted Raman spectra against the calculated temperature
extrapolated from the temperature slope of the E,, phonon mode of
the hBN flake, measured at various DC Bias voltages, with error bars
in red.

however, not be interpreted as a fundamental blackbody law,
but as a semiempirical calibration function for the band-limited
CMOS response, similar to the Sakuma—Hattori equations.”"
The fitting values together with their uncertainties are shown
in Figure S6. The strong correlation between the fitted
parameters b and N causes a relatively large uncertainty in
these parameters. In the model used, changes in the exponent

N can be partially compensated by changes in the
proportionality factor b. To evaluate the uncertainty associated
with the calibration model, the temperature residuals were
calculated by comparing the temperatures predicted from the
fitted power-law relation with the reference temperatures
obtained from Raman thermometry. The standard deviation of
these residuals was approximately 50 K. Assuming a direct
relationship between the image intensity in grayscale and the
fitted radiant exitance, the thermal mapping was performed by
applying the inverse of eq 2 to calculate the temperature using
2D data processing and analysis software. In addition to
globally subtracting the offset parameter 4, an additional
constant offset to correct for dark current effects was
subtracted from each emission image by averaging the pixel
intensity in an arbitrary area far from the emitting metallic
strip, ensuring that only the background offset is computed.
Each pixel intensity in the newly obtained image was then
converted to temperature using an inverse formula via a user-
defined function applied to each pixel. The resulting thermal
maps are displayed in Figure 3. The CMOS camera captured a
thermal gradient that increases toward the center of the Au
strip. At higher voltages, it can spatially resolve the temperature
gradient at the junction between the Au strip and the electrical
contact pad on the top right corner. As the metallic strip was
located at the upper edge of the contact pad, it experienced a
reduction in width, causing a local change in the material’s
resistivity. Because of this local resistivity change, the Joule
heating occurring in that area was slightly different from the
surrounding metal, which was captured by our camera with a
localized bright emission spot at the restricted area. The results
offer a clear image of its potential use in electronic and
microelectronic heat diffusion studies and analysis. Our
experimental configuration enabled the direct visualization of
thermal emission at temperatures as low as 600 K. This is
represented in a highly detailed thermal map and indicates a
lower detectable thermal threshold than previously reported
values in the literature, which typically cite a lower limit of
approximately 700 K for similar CMOS-based imaging
techniques.*>*

While the proposed method has limitations, such as
unwanted reflections, a minimum detectable temperature
threshold, and noise management, the CMOS camera thermal
mapping offers significant potential within its niche. It paves
the way for a deeper understanding of temperature mapping in

Raw

Converted

Figure 3. Top: raw images taken by the CMOS camera at the specified DC bias applied to the Au strip without digital binning; the strip edges are
superimposed for clearer visualization. In this configuration, the electrical contact pads are positioned on the left and right boundaries of the strip.
The localized hotspot discussed in the main text corresponds to the highly emitting region observed in the upper-right quadrant of the images.
Bottom: thermal mapping of the corresponding raw images after the calibration process.
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Figure 4. (a) Brightfield image of the Ti strips on a glass substrate. (b) Raw images of the strip’s emission at different voltages. Converted images to
the thermal mapping at various applied voltages (c) without binning (i.e., 1 X 1 digital binning) and (d) 4 X 4 digital binning.
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Figure S. (a) Cross-section schematic (top) and top-view schematic (bottom) of the sample. (b) Raw NIR emission image of the sample. Heating
was induced by applying a square wave voltage of 30 V at 34.5 kHz frequency with a 49% duty cycle to avoid damage. (c) Calibrated thermal map
corresponding to the raw emission in (b), with a 4 X 4 digital binning applied.

submicron scale. To address these limitations, the detection of
low-intensity radiation for emitter temperatures below
approximately 700 K can be improved by fully exploiting the
camera’s high pixel resolution. Based on eq 1, the pixel-per-
diffraction-spot-radius of around 10 allows us to use a binning
of up to 55 while still barely staying below the Nyquist limit (2
pixels per diffraction-spot-radius). Because of this, a practical
solution to increase sensitivity is to apply a 4 X 4 digital
binning (to ensure it is well below the Nyquist limit), allowing
the system to integrate the intensity over 16 pixels.

As proof of concept, images of the Ti sample emission were
taken with both a 1 X 1 and a 4 X 4 binning. The raw images
and their corresponding thermal maps are shown in Figure 4.
These images exhibit very low background noise, and the
reason for this is 2-fold. First, the 4 X 4 digital binning was set
to average mode, averaging the signal over 16 pixels, effectively
reducing the noise by a factor of 4. Second, the higher
emissivity of Ti (approximately 0.4 in the NIR) yields much
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brighter thermal emission than Au (a 13-fold increase), giving
a stark contrast between the emitting element and the
background.

To understand the effect of the average digital binning, a
quantitative SNR analysis was performed. By calculating the
SNR as the ratio of the mean values to the standard deviation

Mo —H
as SNR = —=—" where yi,,, is the mean value of the pixel

bg
intensity at the center of the emitting strip averaged over a line
containing more than 200 pixels; y,, the mean value of the
dark/non emitting area of the image and Og the standard
deviation of the non emitting area. This analysis was performed
on the Ti sample with a 5.5 V DC bias, where, under the same
conditions, one image was taken with 1 X 1 average digital
binning and one with 4 X 4 average digital binning. The results
show a 2.2-fold (6.9 dB) increase in SNR when adopting a
higher binning. Overall, the higher emissivity and the better
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(a)

1.8Vt=0s

300

Figure 6. Time-resolved emission imaging of a 100 nm thick Al sample. Sequential frames (5 s exposure time) recorded at a constant 1.8 V DC bias
depict the (a) raw emission intensity and (b) corresponding false-color thermal maps. The series illustrates the spatial migration of thermal
hotspots along the metallic bridges, indicating dynamic structural reconfiguration. The image labeled as “t > 30 s” is the only bright-field image in

the set, highlighted with a colored border.

SNR due to digital binning enabled the successful detection
and thermal mapping of temperatures as low as 413 K.

To evaluate the ultimate resolving power of our method-
ology, we imaged 250 nm Au squares spaced periodically by S
pum in the lateral direction on an AlIGaN/GaN heterostructure.
This specific architecture was chosen to mimic the highly
localized, submicron thermal bottlenecks frequently observed
in modern high-electron-mobility transistors. With a 50X
objective lens, the emission from individual 250 nm Au squares
was clearly distinguishable, as shown in Figure S, successfully
displaying a thermal map of distinct and periodic thermal
emitters. The sharp contrast between the heated metallic
squares and the underlying substrate confirms our system’s
capability to capture highly localized heat signatures. A more
quantitative resolution metric was performed to obtain an
experimental estimate of the effective spatial response. The
measured edge-spread function (ESF), calculated line-spread
function (LSF) and modulation transfer function (MTF) are
displayed in Figure S7a—d. While AFM image comparison
(Figure S7e) led to an edge response estimation of 1.7 um,
Figure 5S¢ demonstrates that the system distinctly differentiates
between adjacent emitters even with a 4 X 4 digital binning
configuration active. This confirms that the operational spatial
detection of the system outperforms the limitations implied by
the ESF alone. Successfully resolving these micron features
provides compelling experimental evidence that this uncooled
CMOS technique is a highly viable tool for diagnosing
micrometer-scale heat diffusion in next-generation micro-
electronics.

Additionally, Figure 6a presents the temporal evolution of
both the raw optical emission and the processed thermal maps
(Figure 6b) of an Al sample under a 1.8 V DC bias. After S s,
the thermal map reveals a nonuniform temperature distribu-
tion along the metallic strip, with temperatures reaching
around 900 K, close to the melting point of aluminum. This
localization of heat suggests the presence of a structural

5144

bottleneck or resistive inhomogeneity. As the electrical strain
continues, these hotspots migrate laterally. The progressive
degradation eventually leads to a catastrophic loss of structural
integrity. After 25 s, the strip yields, interrupting the electrical
connection and causing the emission to vanish as the system
returns to thermal equilibrium. The final bright-field frame (at
t > 30 s) confirms significant morphological damage to the
metallic strips. In the present demonstration, the S s exposure
time was kept fixed to maintain consistency with the other
measurements. It is, however, useful to discuss the temporal
resolution limit of the system. This resolution limit depends
heavily on factors such as temperature, emissivity, binning, and
exposure time. Because the systematic measurement of
dependence on all these factors falls outside the scope of our
work, we do not currently assign a validated minimum
exposure time. However, it is feasible to theoretically
determine the minimum integration time limit achievable by
the system. Based on the SNR analysis, reducing the exposure
time to 1 s still yields a theoretically detectable signal.
Furthermore, by exploiting a 4 X 4 sum binning instead of
average binning, the minimum exposure time can be further
reduced to ~60 ms.

Finally, Figure S8 presents the thermal mapping and
emission images of the Cu sample. Capturing bare Cu
emission presented a unique challenge: we observed a change
in optical appearance and a sudden change in applied current.
It was assumed to be the Cu-oxidation at temperatures below
the threshold required to observe NIR emission. Assuming the
oxidation, its emissivity could be higher than that of Cu,
resulting in brighter emission. Consequently, the aforemen-
tioned temperature mapping cannot be applied to this case, as
the emissivity varies continuously along the metallic strip in
tandem. The extracted thermal map should thus be considered
qualitative, rather than quantitative, as the emissivity remains
unknown and might have changed dynamically under the bias
voltage. Herein lies an advantage of Si CMOS cameras over
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conventional NIR-only cameras, such as InGaAs cameras.
Because the Si CMOS sensor retains broad sensitivity across
the visible spectrum, it potentially offers the ability to use the
visible color to estimate the thickness of newly formed layer. A
standard InGaAs camera, being grayscale and blind to these
visible wavelengths, may miss capturing these vital visual
changes. This dual capability underscores the distinct
versatility of standard Si CMOS cameras for complex thermal
diagnostics.

B CONCLUSION

In this study, we demonstrated a cost-effective and
comprehensive approach to high-spatial-resolution thermog-
raphy using an uncooled Si CMOS camera. By detecting
integrated NIR emission within the 700 to 1100 nm range, this
method successfully bypasses the diffraction limit and high
manufacturing costs that constrain traditional microbolometer-
based thermal imaging. To ensure accurate temperature
estimation, we calibrated the camera utilizing the temper-
ature-dependent Raman peak shift of hBN flakes. This
calibration enabled precise thermal mapping of Joule-heated
Au microstrips and the detection of well-spaced submicron
features with the electrical contact pads. While this technique
is inherently constrained by sample emissivity, calibration
assumptions, background subtraction, and image-processing
conditions, a significant enhancement in sensitivity was
achieved by exploiting the camera’s digital binning function.
Ultimately, this thermal mapping with a Si CMOS camera, and
potentially with a Si CCD camera, offers a highly capable,
specialized tool for advancing the analysis of heat diffusion and
reliability in modern microelectronics.
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