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Terahertz In-Sensor Computing Utilizing
Photothermoelectric Thin Films

He Shao, Yuxuan Zhang, Zhengxun Lai, Jiachi Liao, Bowen Li, Weijun Wang,
Pengshan Xie, Baojie Chen, Chi Hou Chan,* You Meng,* and Johnny C. Ho*

Terahertz (THz) detection is pivotal for biomedical diagnostics and security
screening, enabled by its non-ionizing nature and characteristic “fingerprint”
spectra. However, weak THz—matter interactions, energy-intensive processing,
and complex hardware integration hinder its practical use. To this aim,

a layered bismuth selenide (Bi,Se;)-based THz detection array is fabricated
via low-temperature pulse irradiation synthesis (PIS), exhibiting a tunable
thermally coupled bidirectional response. The intrinsic photothermoelectric
(PTE) effect enables adaptive in-sensor THz signal processing, achieving

200 V W~ responsivity and <5 ms response time at 0.3 THz in a self-powered
mode. Integrated in-sensor computing enhances accuracy through real-time
noise suppression, edge detection, and feature extraction. The array also
demonstrates high imaging performance, with a >90% recall rate for concealed
object detection. This work provides a scalable, high-precision THz sensing
platform with transformative potential for biomedical and security applications.

technologies have focused primarily on im-
proving the sensitivity and detection effi-
ciency of THz-sensitive materials. For in-
stance, the exploration of new materials,
such as topological semimetals and quan-
tum materials, has improved the efficiency
and functionality of THz devices.[*°l How-
ever, much less attention has been paid
to integrating computational capabilities
within the THz detection hardware. Specif-
ically, current THz detection systems re-
quire substantial software and hardware re-
sources to process signals, extract features,
and enhance detection performance.['12]
Therefore, developing THz detectors with
fused processing functionalities is crucial
for advancing THz detection technology.

1. Introduction

Terahertz (THz) detection has gained significant attention in
biomedical diagnostics, security screening, and non-destructive
testing, enabled by its ability to penetrate non-metallic materials
while remaining non-ionizing.'-*] However, the widespread uti-
lization of THz detection is hindered by the weak THz-matter in-
teraction, the low absorption efficiency of conventional semicon-
ductor materials, and the dependence on bulky, power-intensive
external processing units.** Recent advances in THz detection

The emerging in-sensor computing ar-
chitecture integrates computational func-
tionalities directly into the sensors. It

enables real-time signal processing, such as noise filtering, con-
trast enhancement, and feature extraction, without external com-
puting resources.[3] This capability is particularly crucial in the
THz domain, where signals are inherently weak and suscepti-
ble to noise, making real-time THz signal extraction and analy-
sis challenging. In this regard, in-sensor computing would solve
these challenges by embedding essential processing functions
at the detection point, allowing for real-time and more accu-
rate results.'*] This approach would not only enhance the effi-
ciency of THz detection but also open the door for developing
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Figure 1. a) Schematic illustration of the THz photothermoelectric (PTE) sensor array for THz detection. b) Conceptual representation of THz sensing
applications in medical diagnostics. ) Illustration of THz-based security screening for detecting concealed objects. d,e) Fabrication schematic of Bi,Se;
thin films before and after the PIS process. f) Schematic diagram of the negative formation enthalpy of the PIS process. HRTEM images of samples
g) before and h) after the PIS process. i) XRD pattern of oriented Bi,Se; thin films.

intelligent, adaptive THz detection systems. Overall, incorporat-
ing in-sensor computing holds promise in addressing the limita-
tions of traditional THz detection systems, which is a crucial yet
underexplored area to date.

To this aim, this work presents a layered bismuth se-
lenide (Bi,Se;) -based THz detection array, fabricated via a low-
temperature pulse irradiation synthesis (PIS), that exhibits a tun-
able thermal-coupled bi-directional response (Figure 1a). The in-
trinsic photothermoelectric (PTE) characteristic allows for dy-
namic modulation of the photovoltage, facilitating adaptive in-
sensor THz signal processing. Operating with a self-powered
mode, a responsivity of 200 V W~! and a response time of less
than 5 ms were achieved at 0.3 THz, surpassing most of its coun-
terparts. By leveraging in-sensor computing, our device effec-
tively suppresses noise in THz detection while enhancing signal
clarity through real-time edge detection and sharpening, thereby
improving feature extraction and detection accuracy. By further
integrating with the YOLO network, the system enables the de-
tection and classification of objects in security screening, achiev-
ing a recall rate exceeding 90% for most of the concealed posi-
tions. These functionalities are essential for advancing the preci-
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sion and reliability of THz detection in biomedical and security
applications (Figure 1b,c).

2. Results and Discussion

2.1. Low-Temperature Ultrafast Synthesis of Oriented Bi,Se,
Films

Based on the low processing temperature, the PIS technique is
compatible with heat-intolerant polymeric substrates.!* In a typ-
ical preparation process, bismuth (Bi) and selenium (Se) thin
films are alternately deposited on the flexible polyimide (PI) sub-
strates by a thermal evaporation system, as shown in Figure 1d.
Then, the thin film with alternating elemental layers is subjected
to rapid high-intensity irradiation treatment at 150 °C. The tem-
perature control system allows rapid heating rates of #100 K s
It achieves a heating duration of less than one second (Figure
S1, Supporting Information). This pulsed irradiation heating ini-
tiates interdiffusion across the layers, leading to the nucleation
and subsequent growth of Bi,Se; into a layered architecture, as
illustrated in Figure 1e.
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In this work, the ultrafast and low-temperature PIS syn-
thesis process is based on a self-propagating combustion
mechanism.['>16] The exothermic reaction of 2Bi + 3Se — Bi, Se;
is characterized by a negative formation enthalpy of ~—140 k]
mol~!, as shown in Figure 1f.") When a thermal pulse ignites
the stacked Bi/Se layers, the exothermic reaction generates in-
tense heat, causing a rapid local temperature rise that approaches
the adiabatic limit. This creates localized high-temperature zones
with self-propagating combustion characteristics, establishing
optimal conditions for the interdiffusion between Bi/Se layers,
nucleation, and crystal growth of Bi, Se;. The adiabatic tempera-
ture, calculated to be %722 °C, significantly surpasses the melting
points of Bi (271.4 °C) and Se (220.8 °C), allowing the continuous
propagation of the combustion wave.['®] Under these conditions,
the generated heat is adequate to sustain the reaction until the
Bi/Se reactants are fully consumed. This self-sustaining combus-
tion mechanism facilitates rapid nucleation and eliminates the
requirement for additional energy input, substantially lowering
the PIS processing temperature.

To shed light on the PIS process, high-resolution transmission
electron microscopic (HRTEM) images are obtained to directly
reveal the heating pulse-induced transformation process. As for
the alternating Bi/Se elemental layers, Figure 1g clearly displays
the interfaces between Bi and Se layers, where the bright layers
represent Se layers and dark layers signify Bi layers. After PIS, a
well-crystallized Bi, Se; thin film is obtained on PI substrates via
a self-propagating combustion process. The HRTEM and SAED
images in Figure 1h clearly show the layered structure of the
Bi, Se, thin films, which agree well with the rhombohedral Bi, Se,
structure and R 3 m space group.['’! The layered Bi,Se, possesses
abulk band gap of 0.5 eV, arising from the strong spin-orbit cou-
pling (Figure S2, Supporting Information). The grazing-incident
X-ray diffraction (GIXRD) pattern in Figure 1i reveals that the
Bi, Se, thin film has a crystallographic c-axis aligned along the PI
substrate surface normal, which takes precedence over other di-
rections. Specifically, the diffraction peaks corresponding to out-
of-plane orientations with (00l) (1= 3, 6, 9, 12, 15) peaks are pro-
nounced after the PIS process.

Furthermore, the complete conversion process of Bi,Se, films
during PIS treatment was confirmed by X-ray photoelectron spec-
troscopy (XPS) and energy-dispersive X-ray spectroscopy (EDX)
analysis (Figures S3 and S4, Supporting Information). The ele-
mental ratio of Se and Bi was measured to be 60.1% and 39.9%,
respectively, indicating the successful conversion and formation
of the Bi, Se, phase. The surface morphology and structural char-
acteristics of the films were further examined using scanning
electron microscopy (SEM), atomic force microscopy (AFM), and
Raman mapping (Figures S5 and S6, Supporting Information).
SEM images reveal a uniform and compact film structure, while
AFM analysis indicates a smooth surface with a roughness (R,)
of 2.3 nm. The Raman spectra further confirm the presence of
Bi, Se;, as evidenced by the characteristic vibrational modes.

2.2. THz Spectroscopy and Detection Performance of Bi,Se,
Sensors

To investigate the THz conversion efficiency of Bi, Se, thin films
on PI substrate, their THz absorbance property is investigated by
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THz time-domain spectroscopy (TDS). As shown in Figures 2a-c
and S7 (Supporting Information), the Bi, Se, /PI samples demon-
strate obvious absorption in low-frequency THz regions up to
2 THz, highlighting their potential in THz detection. Note that
the Bi,Se, material has an absorption coefficient of 2.98 x
10° cm~1,['8 better than most typical thermoelectric materials
(Figure 2d), by which good THz-thermal conversion efficiency
would be expected on Bi, Se;. After the THz-sensitive Bi, Se, thin
films were fabricated on PI substrates, paired Ni electrodes were
evaporated on the patterned thin film to form a metal-Bi,Se,-
metal THz detector (Figure 2e). Since the work function of the
Bi,Se; sample is &5.3 eV, a metal contact of Ni (with a work func-
tion of 5.1 eV) is used in this work. As a result, ohmic-like con-
tacts between Bi, Se; and Ni are realized, as witnessed by the lin-
ear relationship in the I-V curve (Figure 2f).

After that, a THz source (IMPATT diode) with a frequency
of 0.3 THz was used to check the THz detection performance
of Bi,Se, films on PI substrates. Complete details regarding the
experimental setup and dimensional parameters of the device
are provided in Figures S8 and S9 (Supporting Information).
The frequency bands from 0.275 to 0.45 THz have minimal at-
tenuation induced by environmental water absorption.'! This
allows for long-distance high-capacity transmission with min-
imal signal degradation. The voltage responsivity (R) is calcu-
lated to be 200 V W~ by using the relation R = V,;,/(Pry,XS,),
where S, is determined to be A%/4 and Pry, is the incident THz
intensity.[2) Figure 2g,h exhibits the fast optical response in a
switching measurement with 0.3 THz irradiation, and the re-
producible response under cycling switches in Figure S10 (Sup-
porting Information) indicates good THz detection stability. At a
chopping frequency of 1 Hz, the response times, determined by
the duration required for the photocurrent to rise from 10% to
90% of its maximum value, are measured to be ~5 ms (Figure 2i;
Figure S11, Supporting Information). Subsequently, the noise-
equivalent power (NEP) of our Bi,Se;/PI devices can reach less
than 30 pW/Hz%® without external bias at ambient temperature
(see the details in Experimental Section). A comparison of THz
detector performance made from different topological materi-
als and other low-dimensional materials is provided in Table S1,
which shows the good performance of our devices in terms of
NEP, responsivity, flexibility, and scalability.

The PTE response behavior is distinguished from other THz
detection mechanisms, such as bolometric response and plasma
wave (PW) photoexcitation.>?!] 1) Note that the bolometer is
based on the photothermal-induced conductivity variation in
thermosensitive materials. An essential criterion for the bolome-
ters is that an external bias needs to be applied to the device;
otherwise, no photocurrent will be generated. For our device,
when V = 0V, the output signal is still generated by THz exci-
tation (Figure 2g), which excludes the possibility of a bolometric
effect.’] 2) Besides the thermal-driven effects, PW photoexcita-
tion would also output V,;, and photocurrent signals due to the
capacitive-coupling-induced Dyakonov-Shur rectification.?!l The
PW photoresponse is expected to increase with the applied bias
because of the forced injection of electrons in the channel and
the enhanced asymmetry induced by the current. Accordingly,
the lack of photocurrent (defined as Iy, — Iy, ) dependence on
V indicates that the PW effect is negligible. 3) In contrast, the
Seebeck effect, characterized by a temperature gradient induced
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Figure 2. a) THz time-domain, b) frequency-domain, and c) absorbance spectroscopy of the Pl substrate and the Bi,Se; film/PI substrate. d) Summary of
the thermal conductivity and absorption coefficient of typical thermoelectric materials. €) Photograph of Bi,Se; THz detector on the flexible Pl substrate.
f) 1=V curve of the Bi,Se; device with Ni contact. The inset shows the optical image. g) Output current of switching Bi,Se; /Pl devices as a function of
bias measured in voltage mode. h) Output current of Bi,Se; /Pl devices under 1 mV bias, and i) the corresponding response of a single switching cycle.

by nonuniform irradiation and, thus, a corresponding electric po-
tential difference, can be identified as the THz detection mecha-
nism of PTE devices in this work.

2.3. PTE Conversion and Bi-Directional Response of Bi,Se, /PI
Devices
The PTE effect includes two successive processes (i.e., pho-

tothermal conversion and Seebeck effect), enabling the THz
signals to be efficiently transferred into electrical readouts
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(Figure 3a,b).[?72*] 1) Generally, the thermal conductivity of the
sample significantly influences the temperature distribution in
the photothermal conversion process. The material absorbs pho-
tons to generate non-equilibrium charge carriers, dissipating en-
ergy via electron-phonon scattering, leading to localized lattice
heating.”! The Bi,Se; material has a thermal conductivity down
t0 0.55 W m~1K~1,126] lower than most typical thermoelectric ma-
terials (Table S2, Supporting Information), meaning a larger tem-
perature gradient can be formed on Bi,Se;. Besides, based on a
substrate thermal coupling effect, since polymeric PI substrates
have a low thermal diffusivity coefficient of 0.21 mm? s7!, an
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Figure 3. a) lllustration of the PTE conversion processes in Bi,Se; /Pl devices. b) Temperature, Seebeck coefficient, and electric potential differences in
the Bi,Se; channel. ) Room-temperature Seebeck effect and coefficient of Bi,Se; films. d) Linear relationship between THz intensity and photovoltage
measured in current mode. €) |-V curve of Bi,Se; /Pl devices measured at 0.3 THz with different illuminated positions. f) Photovoltage of Bi,Se; /Pl
devices with different illuminated positions measured in current mode. g,h) Output current (solid line) as a function of applied voltage with different
THz illuminated positions. The output power (dotted line) is calculated by multiplying the current and the corresponding voltage. i) Summary of the

responsivity of PTE photodetectors.

enhanced localized temperature distribution would also be ex-
pected on the Bi,Se;/PI structure.['S] 2) After the photothermal
conversion process, the thermoelectric effect continues to play
a key role in PTE THz detection. A symmetric heat dissipation
creates a measurable AT/Ax, inducing the PTE voltage via the
Seebeck effect (Vprg = —SAT).[?7] In this work, the Seebeck co-
efficient of Bi,Se; is measured to be negative as —97.9 pv K-,
indicating its n-type behavior and major carriers of electrons
(Figure 3¢).["*] Such Seebeck coefficient is comparable with other
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Bi, Se; films fabricated by conventional methods (Table S3, Sup-
porting Information), but with lower fabrication temperature and
faster deposition process. Overall, the enhanced temperature dis-
tribution and Seebeck coefficient obtained in the Bi, Se, /PI struc-
ture promise to realize high-sensitivity PTE-type THz detection.

When the nonuniform THz signal irradiates Bi,Se; PTE de-
vices, a temperature gradient is generated along the channel,
driving the major carriers (i.e., electrons of Bi,Se;) to move from
warm to cold sides.[?22328] Ag shown in Figure 3d, the ideal linear
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Figure 4. a) Blurred medical images undergo preprocessing to enhance clarity and improve diagnostic accuracy. b) Schematic illustration of the simul-
taneous sensing and response process, wherein the PTE array functions as a convolutional kernel to facilitate real-time noise suppression and feature
enhancement. c) A chest image severely degraded by Gaussian noise is reconstructed into a high-clarity image through the convolution operation.
d) Lesion feature detection before and after noise filtering, demonstrating the integration of the PTE array for improved medical image analysis and
diagnostic precision. The chest images were obtained from the tbx-11k dataset.[>°]

relationship between THz intensity and output voltage, indicated
by a fitting factor close to 1, rules out the photoconductive and
bolometric effects in this work.!'>?%] Unlike photoconductive de-
tectors, the PTE voltage could be modulated or even reversed by
manipulating the THz illumination position. Specifically, an op-
posite maximum photovoltage (Vprp) of £300 pV and photocur-
rent (Iprp = 0Vppg) of £35 nA were obtained at two ends of the
Bi,Se; channel (Figure 3e). At the same time, a zero Vg is ob-
tained at the channel center position (Figure 3f). These results
agree well with the typical PTE mechanism.*®*") The AT can be
calculated using the device output voltage and the Seebeck coef-
ficient of the Bi,Se; material. In this case, the maximum AT is
estimated to be 3 K, induced by the THz photothermal conver-
sion process on Bi,Se;/PI.

The bi-directional positive/negative PTE responses with well-
symmetric characteristics were obtained while the THz signal
illuminates two opposite channel positions. Through position-
sensitive modulation, the THz detector achieves versatile re-
sponses, including positive photovoltage (PPV), negative photo-
voltage (NPV), and zero photovoltage (ZPV) under illumination.
This behavior parallels the signal acquisition process in sensory
cells. It emulates the “excitation” and “inhibition” mechanisms,
resembling the fundamental functions of synaptic activity.?!32]
The output power as a function of the THz-illuminated position
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is also plotted in the Figure 3g,h, with the highest output elec-
tric power reaching above 3 pW when THz is illuminated at the
ends of the channel. Overall, the obtained PTE THz detection
performance metrics, including responsivity and response time,
are comparable to those of THz detectors using state-of-the-art
materials (Figure 3i; Table S4, Supporting Information).

2.4. Noise Filtering and Feature Enhancement in Medical
Imaging

Medical imaging is an essential tool in clinical diagnostics, yet it
is frequently compromised by noise contamination, which ob-
scures critical features and reduces diagnostic accuracy. Con-
ventional noise filtering techniques rely on software-based post-
processing, which demands significant computational resources
and increases processing latency, making real-time applica-
tions challenging. To address this issue, in-sensor comput-
ing has emerged as an innovative approach, directly integrat-
ing preprocessing capabilities within the detection hardware
(Figure 4a).33** The PTE effect in a Bi,Se; array is utilized to
achieve simultaneous sensing and processing, enabling real-time
noise suppression and feature enhancement without external
computational overhead.
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The Bi,Se, array not only captures incident light but also
performs convolution operations through position-dependent
photovoltage generation, making it an effective hardware-
implemented image processing unit. By programming the illu-
mination position, the system orchestrates PPV, NPV, and ZPV
combinations, facilitating in-sensor visual feature extraction.!!
Unlike conventional imaging systems that separate detection
and processing modules, the Bi,Se; array merges light detection
with preprocessing, achieving near-data computation. The THz-
induced PTE conversion disrupts the symmetry of the electric
potential along the channel, leading to a position-tunable bidi-
rectional response that physically implements convolution. Pre-
cisely, the incident image intensity (P)) is mapped onto the PTE
array, where each pixel generates V,;, according to V,,, = ¥R P;,
with R, representing the responsivity of each pixel (Figure 4b).
The position-dependent responsivity exhibiting both positive and
negative values serves as the convolutional weight of a kernel ma-
trix, allowing direct execution of computational tasks at the sen-
sor level.

To validate the in-sensor convolutional capability, we imple-
mented a 3 X 3 Laplacian operator by mapping its weights onto
the R, of the array, forming a hardware convolutional kernel.¢*7]
This approach enables noise filtering and edge detection, the
fundamental tasks in image processing, as demonstrated in
Figure 4c and Figure S12 (Supporting Information). The convolu-
tion matrix and the corresponding device responsivity mapping
weights are shown in Figure S13 (Supporting Information). Fur-
thermore, blurred and noise-degraded images were effectively re-
constructed in a medical imaging scenario using the Bi,Se; ar-
ray. By integrating convolution in this array, lesion feature de-
tection was significantly enhanced through noise suppression
and contrast optimization (Figure 4d), highlighting the poten-
tial of Bi,Se, array-enabled in-sensor computing for advanced
medical diagnostics. The demonstrated system paves the way for
adaptive, efficient, and high-resolution real-time medical imag-
ing, offering a transformative solution for intelligent imaging
applications.

2.5. PTE-Enhanced Terahertz Security Screening for Real-Time
Concealed Object Detection

As illustrated in Figure 5a, THz images acquired from a secu-
rity screening setup are first processed through the PTE array,
where the bidirectional THz response is exploited to perform
convolution operations, effectively enhancing object edges and
improving image clarity. Unlike conventional imaging pipelines
that require separate sensing and processing units, the PTE-
enabled system merges detection and preprocessing into a single
step, significantly reducing computational latency while preserv-
ing crucial object features. This in-sensor computing capability
mitigates the inherent limitations of THz signals, such as low ab-
sorption efficiency and weak interaction with matter, ultimately
improving target recognition. The enhanced THz images are fed
into a YOLO v8-based deep learning model for automatic object
detection and classification (Figure 5b; Figure S14, Supporting
Information).®®] By leveraging deep learning algorithms, the sys-
tem effectively compensates for signal degradation and noise, en-
suring robust and accurate identification of concealed items.
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The detection results (Figure 5c) demonstrate the capability of
the proposed system to accurately identify and classify concealed
objects with high confidence, as indicated by the precision and re-
call performance. To quantitatively assess detection reliability, we
present precision-recall curves for ten different object categories
(Figure 5d), revealing consistently high recall rates, which under-
score the system’s effectiveness in minimizing false negatives.
Additionally, the confusion matrix (Figure 5e) provides a detailed
analysis of classification accuracy, mapping true and false predic-
tions across object categories to evaluate potential misclassifica-
tion trends. The precision-recall curves of the preprocessed im-
ages demonstrated significantly improved average precision val-
ues 0f 93.5%, 91.2%, and 99.0% for KC, CP, and LW, respectively,
compared to 85.1%, 84.6%, and 95.2% for the original images
(Figure S15, Supporting Information). This enhancement high-
lights the effectiveness of Bi,Se, array-based in-sensor comput-
ing, which leverages its excellent optoelectronic photoresponses
for real-time image processing.

Furthermore, this strategy extends to noise-filtered chest le-
sion detection, demonstrating its broader applicability in medi-
cal diagnostics and security screening. Figure S16 (Supporting
Information) compares the precision-recall curves before and af-
ter noise filtering with the corresponding average precision val-
ues summarized in Figure S17 (Supporting Information). Inte-
grating Bi,Se, array-based in-sensor computing with Al-driven
classification enhances detection accuracy while minimizing ex-
ternal computational overhead. Combining THz detection, in-
sensor preprocessing, and neural network-based classification
enables real-time, high-fidelity object recognition for different ap-
plications, such as airport security, border control, and concealed
weapon detection. The synergy between advanced optoelectronic
materials and Al-driven processing offers a scalable and energy-
efficient alternative to conventional THz detection, paving the
way for next-generation intelligent security screening systems.

3. Conclusion

This work demonstrates a Bi, Se;-based THz detection array with
a tunable thermally coupled bi-directional response, synthesized
via low-temperature PIS. The device enables adaptive in-sensor
computing, leveraging the intrinsic PTE effect, achieving real-
time noise suppression, edge detection, and feature extraction.
Operating in a self-powered mode, it delivers a responsivity of
200 V W' and a response time below 5 ms at 0.3 THz. Fur-
thermore, integration with the YOLO neural network enables
high-precision concealed object classification in processed im-
ages, achieving over 90% recall rate. These findings establish a
transformative framework for intelligent THz sensing, offering
a scalable pathway toward high-efficiency biomedical diagnostics
and security screening.

4. Experimental Section

Material Synthesis: The PIS technique was compatible with various
polymeric substrates (e.g., Pl, PET, and PDMS). In a typical preparation
process, Bi and Se layers were alternately deposited on the flexible sub-
strate by a thermal evaporation system under a high vacuum (1077 Torr).
The thickness of the elemental layer was monitored by the quartz crystal in-
stalled in the evaporation chamber, and the evaporation rate was ~1A s~ 1.
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Figure 5. a) Schematicillustration of a THz security detection system for identifying concealed objects carried by the human body. The acquired detection
images undergo convolutional processing via the PTE array to enhance edge clarity. b) Processed images are integrated with the YOLO v8 network for
object detection and classification. The terahertz detection images were sourced from the Active Terahertz Imaging Datasets. c) Visualization of the target
detection results, highlighting successfully identified objects. d) Recall-precision curves for ten different concealed object categories, demonstrating the
detection performance. e) Confusion matrix illustrating the classification accuracy and misclassification distribution among different object categories.

A shadow mask was used to pattern the channel to ensure accurate data
extraction. Then, the thin film with alternating elemental layers was sub-
jected to rapid radiation treatment to form Bi,Se;. In this setup, the high-
intensity radiation emitted by the tungsten halogen lamp rapidly heats the
sample to a predetermined temperature within seconds. The temperature
control system, designed for precision, achieves a rapid heating rate of
~100 K s™! and a heating duration of less than 1 second. Simultaneously,
a continuous flow of inert argon gas was employed to shield the film from
potential oxidation.

Material Characterization: The crystal structures of Bi,Se; thin films
were initially analyzed by X-ray diffraction via a Rigaku SmartLab X-ray
Diffractometer. Raman spectra and mapping were generated by a WiTec
alpha300 R Raman System. To measure the compositions and chemical
states of the materials, an X-ray photoelectron spectrometer was used
based on a Thermo ESCALAB 250Xi system. The AFM was performed
using Bruker ‘MultiMode 8’ Atomic Force Microscope System. The SEM
of the Bi,Se; film was performed using JSM-IT500, JEOL. The EDX spec-
trum was collected by the energy-dispersive X-ray fluorescence spectrom-
eter of SHIMADZU (EDX-7200). The crystal structure was checked by
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a high-resolution transmission electron microscope (2100F, JEOL). The
Seebeck coefficient was determined by a thermoelectric testing system
(CTA-3, Cryoall).

Device Fabrication and Characterization:  After Bi,Se; thin film fabrica-
tion on PI substrates, 50-nm-thick Ni electrodes were deposited with a
thermal evaporation rate of 2 A s=1. A semiconductor analyzer (Agilent
4155C) was employed to measure the electrical properties of Bi,Se; films
in a dark environment. The 0.3-THz continuous wave was generated by an
impact ionization avalanche transit time diode (IMPATT diode, TeraSense)
with a maximum output power of 10 mW, and an arbitrary function gen-
erator (AFG 2005) was employed to control the switching operation of the
THz source through TTL trigger modulation. Then, the modulated THz
was reflected and focused by a pair of parabolic mirrors onto the PTE de-
vice. The power of the THz radiation was calibrated using a power meter
(THZ-20, SLT). The diffraction-limited area (S,) of incident THz radiation
was determined to be the effective area, of which the THz intensity has a
two-dimensional Gaussian distribution. After that, a precise moving plat-
form was used to control the THz illumination position. Noise-equivalent
power (NEP) was given by NEP = v, /R, where v, and R represent the root
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mean square of the noise voltage and voltage responsivity, respectively.
Furthermore, v, = (1,2 + v 2) /2 = (4kg Tr + 2el4r*) /2, v, and V, represent
the thermal Johnson—Nyquist and shot noise, respectively; kg is the Boltz-
mann constant, T is the ambient temperature, e is the elementary charge,
and l4 is the bias current.[’l The voltage responsivity (R) is calculated by
using the relation R =V, /(Pr4,XS;), where S, is determined to be A2 /4
and Py, is the incident THz intensity.[20]

Datasets and Usage Description: In this study, chest X-ray images were
obtained from the TBX11K dataset, which provides a diverse collection
of thoracic radiographs.[**] The dataset was publicly available at the fol-
lowing link: https://datasetninja.com/tbx- 11k. The terahertz detection im-
ages were sourced from the Active Terahertz Imaging Datasets, which
offer a range of terahertz imaging samples for various detection and
analysis tasks. This dataset can be accessed at: https://linglix.github.io/
THz_Dataset/#dataset. Both datasets were used to analyze imaging char-
acteristics under different conditions. Preprocessing and data augmenta-
tion were performed using Python and MATLAB to ensure consistency and
compatibility with the proposed framework.

Convolutional Image Processing: Grayscale images were initially gen-
erated using custom scripts to simulate the required datasets for test-
ing. The images were designed to reflect various real-world patterns and
scenarios relevant to the study. The images were subjected to convolu-
tional operations, where the high-symmetry bi-directional THz response
characteristics of the photodetector array were utilized as convolutional
kernels. The convolutional filters mapped the light responsivity charac-
teristics onto the image, extracting key features such as edges, textures,
and spatial patterns. All operations, including image manipulation and
convolutional processing, were automated and controlled through Python
scripts, ensuring reproducibility and consistency.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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