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Introduction

Bi>,Sez;—PtSe, heterostructure ultrabroadband
UV-to-THz negative photoconductive
photodetectors with wide-temperature-range
operationt

Tianyu Shu,® Chao Tan, 22 Guohua Hu,” Siyuan Luo® and Zegao Wang () *@

Ultra-broadband photodetectors have important applications in biomedical imaging, environmental moni-
toring, optical communication, space exploration, and other fields. Therefore, the need for their wide-
temperature-range adaptation in extreme environments (e.g., infrared guidance and space exploration) is
particularly urgent. However, existing technologies face a number of bottlenecks. First, traditional semi-
conductor detectors are limited to a single spectral response, meaning ultra-wideband detection requires
multi-device integration, while in the terahertz band, there is a physical limitation of the mismatch
between the photon energy and the material bandgap. Second, carrier scattering at high temperatures
leads to a sudden drop in mobility and degradation of the optical response. Finally, the development of
devices based on the negative photoconductivity effect is still in the exploratory stage, which limits their
engineering applications. In this study, we innovatively integrated the photothermoelectric effect (PTE),
Joule thermal effect (JHE) and photoinduced bolometric effect (PBE) multi-physics mechanisms by con-
structing a Bi,Sez—PtSe, heterojunction, which realizes broad-spectrum UV—-terahertz (405 nm-0.1 THz)
detection and stable operation in a wide temperature range of 183-501 K. Under zero bias, the device
exhibits a self-powered positive optical response in the 405-1550 nm band based on the photothermo-
electric effect. When bias voltage is applied, a negative photoconductive response is triggered by a syner-
gistic Joule heating and optical radiothermal effect, with a peak responsivity (R) of 44.45-83.6 A W™,
specific detection rate (D*) of up to 4.63 x 107 Jones, and noise-equivalent power (NEP) as low as 1.37 x
1071 W Hz™2. Temperature characterization tests show that the R/D*/NEP was optimized to 78.19 AW~/
5.75 x 107 Jones/1.09 x 107 W Hz~2 under 1550 nm illumination and at 183 K. Even at 501 K, the device
maintains 11.24 A W™ responsivity and 7.9 x 10° Jones detection sensitivity. The present work breaks
through the limitations of the traditional negative photoconductivity effect in terms of the detection band-
width and temperature stability through a multi-mechanism synergistic strategy, providing a theoretical
basis and technical path for the design of a new generation of broad-spectrum photodetectors.

demand for multi-band spectral analysis, the narrow-band
response characteristics of traditional single-band detectors

Photodetectors, as the core components of optoelectronic inte-
grated circuits, have important applications in biomedical
imaging, environmental monitoring, space remote sensing and
high-speed optical communication."> However, with the growing
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make it difficult to meet the demands of complex scenarios.®”
The current mainstream semiconductor material systems face
significant technical bottlenecks. For instance, Si® and Pbs® as
representative narrow bandgap semiconductors mainly cover
visible-near-infrared wavelengths, while they face physical limit-
ations in far-infrared-terahertz wavelengths owing to the mis-
match between the photon energy and the bandgap of the
materials."®"* Although HgCdTe and other materials possess a
broad-spectrum response, their liquid-nitrogen-temperature
(77 K) operating requirements seriously limit the device miniatur-
ization process.’> In high-temperature-operating environments
(>450 K), traditional germanium-based and InGaAs-based detec-
tors face even more serious challenges: the exponential increase

This journal is © The Royal Society of Chemistry 2025
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in the concentration of thermally excited carriers leads to a sig-
nificant reduction in carrier mobility and rapid degradation of
responsivity and other performance degradation phenomena,
and this thermal stability defect has a direct impact on the posi-
tioning accuracy of infrared guidance systems and the long-time
reliability of deep-space exploration equipment.'®™® In addition,
the current photoelectric detection technology generally adopts
the positive photoconductivity (PPC) effect, while the develop-
ment of devices based on the negative photoconductivity (NPC)
effect is still in the exploration stage. Existing NPC studies have
tended to focus on three-dimensional (3D) bulk materials, thin-
film structures, and nanowire systems, but the low photoelectric
conversion efficiency of NPC devices compared to PPC devices
has severely limited their practical engineering applications.'®
Therefore, there is an urgent need to develop novel wide-spec-
trum detectors with superior thermal stability that can effectively
suppress thermal carrier scattering, enabling enhanced operating
temperature thresholds above 450 K while eliminating the
requirement for complex cooling systems. In addition, in-depth
study of the mechanism of the negative photoconductivity effect
in materials and optimization of the carrier-transport properties
are needed and could significantly help to promote the perform-
ance breakthrough of NPC optoelectronic devices. This research
direction not only fits the priority development areas of the
International Roadmap for Semiconductor Technologies
(IRDS),*® but could also provide a new material basis for the
design of next-generation high-performance photodetectors.
Two-dimensional (2D) materials and their van der Waals
heterostructures provide a promising research platform for
developing miniaturized and integrated broadband opto-
electronic detection systems. Characterized by atomic-scale
thickness, 2D materials exhibit unique mechanical strength,
optical response, and electron-transport properties, especially
their layer-dependent bandgap tunability, broad spectral
absorption capability, and high carrier mobility, which have
become cutting-edge hotspots in the research into novel opto-
electronic devices."">'® However, single 2D materials are
limited by the constraints of the intrinsic bandgap on the
light-absorption efficiency and the fast complex dynamics of
the photogenerated carriers, leading to difficulties in improv-
ing the photovoltaic conversion efficiency (PCE) and integrat-
ing the multidimensional advantages of the broad spectral
response, high mobility, and strong exciton effect desired for
applications.>** To address this scientific challenge, van der
Waals heterointegration technology provides an innovative
solution for the construction of multifunctional heterojunc-
tions due to the unique material compatibility advantage
demonstrated by its interface without dangling-bond pro-
perties.”® At the heterojunction interface, the spatial separ-
ation efficiency of photogenerated carriers can be significantly
promoted by regulating the built-in electric field formed by the
Fermi energy level difference between the two materials, and
this physical mechanism can not only effectively improve the
response speed of the device, but also enable realizing a highly
efficient operation mode under zero-bias conditions.>>*® Two-
dimensional heterostructures (e.g., TaSe,-graphene,” ZrGeSe-
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graphene,”® PtTe,-graphene,”® SnSe,-Bi,Se;,>> BP-MoS,,*’
PdSe,-NbSe,,>* Ta,NiSes;-graphene,* etc.) have shown break-
through potential in the field of UV to terahertz photodetec-
tion. Among these, Bi,Se;, as a topological insulator, has a
certain energy gap in its bulk state itself (the theoretically cal-
culated bulk energy gap is 0.3 eV), and it has been reported
that the size of the surface-state energy gap changes with the
thickness of the Bi,Se; film. Specifically, as the thickness
increases from 2 quintuple layer (QL) to 6 QL, the energy gap
gradually decreases, and finally disappears at 6 QL, forming a
Dirac cone. This change is correlated with the topological
property transition of the film, which is tame for thicknesses
less than 6 QL and nontrivial for thicknesses greater than 6
QL, and offers significant advantages in broadband optical
detection by virtue of its Dirac surface-state-induced special
energy band structure, excellent carrier mobility, and environ-
mental stability.**> Also, the energy band structure of PtSe,
shows significant changes with changes of its thickness.
Specifically, for thinner layers, such as 1-2 monolayers (MLs),
it has obvious semiconductor properties; then, as the number
of layers increases, the energy band structure gradually
evolves. When the number of layers is increased to e.g., 5-6
MLs, the energy band structure undergoes an important trans-
formation, and the material gradually transitions from semi-
conductor to semimetal, with a negative indirect band gap,
showing semi-metallic properties with both broad-spectrum
absorption and high mobility, suggesting it is a new choice of
material for the development of high-performance nanophoto-
voltaic devices."®***°Current research has successfully con-
structed a variety of van der Waals heterojunction photo-
detectors based on Bi,Se; and PtSe, (e.g., Bi,0,Se-Bi,Se;,*°
Bi,Se;-Te,*! PtSe,-BP,'® PtSe,-MoSe,,>* PtSe,~Ge**), which
exhibit excellent performance in the visible to terahertz bands.
However, it should be pointed out that the existing Bi,Se;-
based and PtSe,-based detectors are mainly based on the posi-
tive photoconductive (PPC) effect, and their operating tempera-
tures are mostly confined to the room temperature range;
while the study of devices with the negative photoconductive
(NPC) effect that can work stably at extreme temperatures is
still relatively limited; in particular, a means of expanding the
negative-responsive waveband to the terahertz frequency
domain has not yet been reported in systematic studies.

In this study, we prepared a negative photoconductivity
(NPC) effect detector based on a Bi,Se;—PtSe, heterojunction,
which could realize an ultra-broad-spectrum photoresponse in
the ultraviolet (405 nm) to terahertz (0.1 THz) bands and
groundbreakingly extend the operating temperature window to
the extreme interval of 183-501 K. Through the synergy of mul-
tiple physical mechanisms, the device exhibited excellent per-
formance, including a self-driving capability and high respon-
sivity. At 0 bias voltage, the device exhibited excellent self-
driving capability in the 405-1550 nm band. At applied bias,
the device demonstrated an enhanced response dominated by
the NPC effect in the full UV-terahertz spectral band, with a
peak responsivity of 83.6 A W' in the 0.1 THz band and a
noise-equivalent power (NEP) generally lower than 2.61 x 107
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W Hz Y2, In the 1550 nm band, when the temperature
dropped to 183 K, the responsivity improved to 78.19 A W™,
while the NEP was optimized to 1.09 x 10™** W Hz %, and
even at a high temperature of 501 K, a responsivity of 11.25 A
W™ could be maintained with a NEP of 8.04 x 10™"* W Hz "/
and a consistently high signal-to-noise ratio (SNR).

Results and discussion

In this study, Bi,Se;-PtSe, heterojunction photodetectors were
successfully prepared. Fig. 1a shows a schematic of the 3D
structure of the device and a model illustration of the interface
atomic arrangement. The macroscopic morphology of the
device was characterized by optical microscopy (Fig. 1b), and
its specific preparation process is detailed in the flow sche-
matic of S1.f The heterostructures were morphologically ana-
lyzed by atomic force microscopy (AFM) (Fig. 1c), and the
thicknesses of the Bi,Se; and PtSe, nanosheets were measured
to be 108 and 213 nm, respectively, which exhibited good
laminar structural characteristics. To systematically evaluate
the heterojunction interface quality, Raman spectroscopy ana-
lysis was further carried out. The characteristic vibrational
modes of the Bi,Se;, PtSe, single-component films and their
heterostructures are demonstrated comparatively in Fig. 1d. In
this figure, it can be seen that the PtSe, film exhibited typical
vibrational peaks at 177.7 cm™"' (E; mode) and 209.7 cm ™" (A
mode); whereas the characteristic peaks of the Bi,Se; film were

(@)
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Bi,Se; Crystal (d)
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located at 132.3 cm™" (E7 mode) and 175.5 cm™" (A,; mode),
which was consistent with prior literature reports.>”° 1t is
noteworthy that in the overlap region of the heterojunction
samples, the characteristic peaks of both materials were
retained intact and no significant peak shifts were observed,
which strongly confirmed the stable binding of Bi,Se; and
PtSe, at the heterojunction interface. The above analytical
results indicate that the Bi,Se;—PtSe, heterojunction with good
interfacial quality had been successfully constructed in this
work, which lays a structural foundation for devices to realize
efficient carrier transport and excellent photoresponse
performances.

We further investigated the optoelectronic properties of the
Bi,Se;-PtSe, heterojunction. Fig. 2a illustrates the current-
voltage (I-V) characteristic curves of the heterojunction under
405, 520, 808 and 1550 nm wavelengths under light and dark
conditions. The linearly increasing current-voltage relation-
ship confirmed the formation of an ideal Ohmic contact
between the device and the metal electrode. In addition,
unlike conventional photodetectors, the device exhibited
current decay after illumination, suggesting a unique light-
response mechanism. Fig. 2b shows that at 1 V bias, the time-
resolved photocurrent (I-T) curve of the device exhibited a sig-
nificant negative photoconductivity (NPC) effect; whereby light
illumination at all wavelengths caused the current to drop
sharply, which then slowly recovered to the initial state after
the light illumination stopped. Under zero-bias conditions
(Fig. 2c), on the other hand, the device exhibited a typical posi-
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——Bi,Se, film
108 nm =- — 311503
&
E
024581012142‘ & A
Distance (um) 7]
=
5
= 2
- A AL
8
120 150 180 210 240 270 300

0 2 4 6 8 101214 16 18
Distance (um)

Raman shift (cm™)

Fig. 1 Schematic structure and material properties of the Bi,Ses—PtSe, heterojunction. (a) Device schematic, (i) schematic of the atomic structure

of PtSe; crystals, (ii) schematic of the atomic structure of Bi,Sez crystals.

(b) Optical microscopy image of the Bi,Sez—PtSe, photodetector. (c) AFM

image of the Bi,Sesz—PtSe, device, (i) indicates that the thickness of Bi,Ses was about 108 nm, and (ii) indicates that the thickness of PtSe, was about
213 nm. (d) Raman spectra of Bi,Ses, PtSe, and Bi,Sez—PtSe, heterojunctions.
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Fig. 2 Photoelectric properties of Bi,Ses;—PtSe, heterojunction photodetectors at UV to IR wavelengths. (a) /I-V characteristic curves of the device
under different-wavelength irradiation and in the dark state. Optical response of the device under 405-1550 nm wavelength irradiation at (b) Vpas =
1V and (c) Vpias = 0 V. Stability curves of the photocurrent of the device under 1550 nm illumination (d) and the fitted curves of the current versus
the power intensity (e), Viias = 2 V. Photocurrent (f), responsivity (g), specific detectivity (h), and noise-equivalent power (i) versus bias voltage for

devices irradiated at 405-1550 nm.

tive photoconductance (PPC) effect, whereby the current
increased significantly with light and gradually recovered after
the light illumination stopped. This phenomenon of the coex-
istence of positive and negative photoresponse stemmed from
the synergistic effect of different mechanisms within the het-
erojunction. The large dark current, among others, may have
been caused by the coupling effect between the metallic pro-
perties of the surface states of the Bi,Se; topological insulator
and the semi-metallic nature of PtSe,.***” The time-resolved
photocurrent response tests (Fig. S2t) revealed that the photo-
current at 1 V bias showed systematic attenuation when the
optical power density was increased, and this negative photo-
response feature was consistent with the NPC effect mecha-
nism. Fig. 2d demonstrates the I-T curves for 2 V bias under
1550 nm laser irradiation, confirming the excellent stability
and cycling reliability of the device. The linear dynamic range
analysis (Fig. 2e and S31) showed that the photocurrent exhibi-
ted a good linear relationship with the incident optical power
(I x P, 0 ~ 1), displaying excellent linear response character-
istics. In addition, under the zero-bias condition (Fig. S47), the
heterojunction exhibited a high signal-to-noise ratio and fast

This journal is © The Royal Society of Chemistry 2025

response characteristics in the full wavelength range of
405-1550 nm, with the corresponding rise/decay times at each
wavelength as follows: 405 nm (0.95/0.83 ms), 520 nm (0.98/
0.88 ms), 808 nm (0.93/0.82 ms), 1550 nm (0.96/0.85 ms).
Fig. 2f reveals the linear modulation property of the photo-
current with the bias voltage, which provides an important
basis for device performance optimization. By systematically
characterizing the optoelectronic parameters (Fig. 2g-i), the
key performance indexes of the devices were quantified;
namely responsivity (R) peaks up to 44.45, 58.51, 62.43, and
73.77 AW, respectively, in the 405-1550 nm band; a specific
detection rate (D*) up to 4.03 x 10’ Jones; and noise-equivalent
power (NEP) as low as 1.57 x 10™** W Hz Y2 The formulas
for determining these parameters are given below:"®

R= Iph _ Dight — Idark

P P
D RVA
vV 2eldark

Nanoscale, 2025,17,12786-12796 | 12789


https://doi.org/10.1039/d5nr00822k

Published on 24 Abréll 2025. Downloaded on 03.02.26 23:33:50.

Paper

View Article Online

Nanoscale

~
()

7 o 2190 —tight on Viias=2)
= = ~29F | 0ITHZ Vi (Y) 2 4L\ 0TI
é ; 3 - s
2 O = S vy f = ' ~—light off
2 e 2|t 05 o 2778 _light off Viia=2V
3 500l 0.1 TH: = Sl - light off 0.25 =)
(&) K z Q =
——— light LU_SF 100 150 200 250 g;; Q 2784 (0.1THz
—a00 | dark Time (s) 7 . light
i i . ; ’ ; ; 277 . - . . - ol -279.0 e
S e R TR 0 300 600 900 1200 1500 1800 2100 050 100 150 200 250 300 350 400 450 500 550
(d) Voltage (V) (e) time (s) (h) Time (s)
4
Z 90f
" 0.1THz | _ 90 0.1THz 278.8 L 0.1THz 90 days |
= E 60
2
- < 301 L 1
5! z 278.4
= Z of
- w
§ -1 ) 5730_ 278.0 1
2 ° @ —
D _ F + -
£ o | & <270 —ofr 30 days
g o o o -901 ; e e
32 -1 0 1 2 3 3 =2 -1 0 1 2 3 ~w2784r 1
(i) Bias Volatge (V) (g) Bias Volatge (V) 5
s
2778 R
St 0.1THz Epit] 0.1THz ;
. - © 2790
2 Z - 0days
2al Fnl 278.5 1
> o
— > k
%, = 278.0 ]
— = 6} \
= \
a | 5. 27751 \_ g " .
RTINS SrEDITE B . o .0 277.0 L ' : : ' s
0 -3 =2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 0 100 200 300 400 500

Bias Volatge (V)

Bias Volatge (V)

Time (s)

Fig. 3 Photoelectric characterization of Bi,Ses—PtSe, heterojunction photodetectors at 0.1 THz wavelength. (a) Current—voltage (/-V) characteristic
curves of the device under 0.1 THz light and dark conditions. Response curves of the device to the photocurrent at different bias voltages (b) and
symmetric response characteristic curves at Vs = +2 V bias (c). Photocurrent (d), responsivity (e), specific detectivity (f), and noise-equivalent
power (g) of the device as a function of bias voltage under 0.1 THz illumination. (h) Long-term stability test curve of the device under 0.1 THz light,

Vioias = 2 V.

VAB

*

NEP =

where Py, is the incident optical power, A (~40 pm?) is the
effective area, e is the meta-charge, and B (1 Hz) is the band-
width. The above results show that the Bi,Se;—PtSe, hetero-
junction photodetector exhibited excellent comprehensive per-
formance in the UV-infrared broad-spectrum range, while its
fast response, high sensitivity, and wide dynamic range charac-
teristics provide an important reference for the development of
a new generation of broad-spectrum photodetectors.

In order to further explore the photoresponsivity of the
Bi,Se;-PtSe, heterojunction photodetectors in a wider range of
wavelength bands, the photoelectric characteristics of the
Bi,Se;-PtSe, devices were investigated under 0.1 THz illumina-
tion. Fig. 3a demonstrates the current-voltage (I-V) character-
istic curves of the devices under 0.1 THz illumination and
dark conditions, and the linear Ohmic characteristics were
consistent with the results of the previous UV-IR band studies.
The unique negative photoresponse characteristics were still
maintained under 0.1 THz illumination, which further vali-
dates the universality of the unconventional photoresponse
mechanism of this heterojunction. By applying a small bias

12790 | Nanoscale, 2025, 17, 12786-12796

voltage test (Fig. 3b), it was found that the device exhibited a
stable negative photoconductive response (NPC) and high
signal-to-noise ratio even at an ultra-low bias voltage of 0.01
V. The excellent performance demonstrated by the device can
be attributed to multiple key factors. From a structural point
of view, the crystal structure of the material and the stable
device structure provide a solid foundation; while at the level
of charge transport and interaction, the efficient carrier trans-
port at the heterojunction and the enhanced interfacial coup-
ling play a key role in improving the device performance.”>?®
Fig. 3c reveals the symmetric response of the device at +2 V
bias with >95% waveform fidelity for both positive and nega-
tive bias, which was attributed to the quasi-metallic contact
property of the heterojunction. The photocurrent-bias relation-
ship study (Fig. 3d) showed the excellent linear correlation
between the photocurrent and bias voltage in the range of +3
V, demonstrating the effective regulation of carrier transport
by the electric field. Characterization of the key performance
parameters (Fig. 3e-g) showed that an ultra-high responsivity
of 83.6 AW™! was obtained at —3 V bias, which was 3 orders of
magnitude higher than that of similar terahertz detectors;*?
while a specific detectivity of 4.63 x 10” Jones and a noise-equi-
valent power of 1.37 x 10** W Hz/? were also achieved at 3 V

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Photoresponse mechanism of Bi,Sez—PtSe; heterojunction photodetectors. (a) and (b) At Vs = 0 V, the device responds to the mechanism
based on the photothermoelectric effect. (c) and (d) At Vpias > 0 V, the device responds to the mechanism based on the Joule and photovoltaic

thermal effects.

bias. Long-term stability tests (Fig. 3h) showed that the per-
formance of the unpackaged device displayed little degra-
dation after 90 days of exposure to ambient atmospheric con-
ditions, which could be attributed to the intrinsic resistance of
the Bi,Se; topological surface state to oxidation, the chemical
stability of the PtSe, layer in air, and the suppression of water
molecule penetration by the atomically flat interface. This
property is significantly superior to conventional semi-
conductor material devices. As shown in Fig. S6,T under the
same test conditions, devices 2-4 all exhibited consistent nega-
tive optical response characteristics with the prototype device
(device 1), and the deviations of their R, D*, and NEP para-
meters were less than 15%, indicating that the device structure
offers good process repeatability. This study demonstrates for
the first time the excellent negative photoconductivity per-
formance of the Bi,Se;-PtSe, heterojunction in the terahertz
band, and its broad-spectrum response (UV-terahertz), excel-
lent environmental stability, and electrically tuneable pro-
perties, which can provide innovative solutions for the devel-
opment of a new generation of broad-spectrum
photodetectors.

In this study, Bi,Se;-PtSe, heterojunction photodetectors
were successfully prepared, and the self-driven operation mode
of the devices was realized through material energy band
engineering. Theoretical analyses and experimental results
showed that the photoelectric response of the devices under
zero-bias voltage conditions mainly originated from the physi-
cal mechanism of the photothermoelectric effect (PTE) (Fig. 4a
and b). Specifically, the significant difference in thermal con-
ductivity between Bi,Se; and PtSe, creates an asymmetric
contact structure at the interface of the heterojunction, effec-
tively breaking the mirror-symmetric electric field distribution
in conventional devices. When the incident optical radiation is

This journal is © The Royal Society of Chemistry 2025

absorbed by the heterojunction, due to the difference in
Seebeck coefficients (AS(Eg)) between the two materials at the
Fermi energy level, the phototropic temperature gradient
drives the directional diffusion of carriers from the hot end to
the cold end, which generates a thermoelectric potential,
V (x) = — [ AS (Er)AT(x) dx, which is proportional to the temp-
erature gradient. This self-built electric field drives the direc-

tional migration of nonequilibrium carriers, resulting in a self-
driven photocurrent Iprg = %AT (x), where R is the total
system resistance.”> The experimental data showed that the
heterojunction device exhibited a significant positive photo-
response in a wide spectral range from 405 nm to 1550 nm,
which was attributed to the special energy band structure of
the PtSe, semimetal: on the one hand, its work function prop-
erty effectively improves the interfacial contact between the
two-dimensional material and the metal electrodes, which
reduces the contact resistance; on the other hand, its narrow
bandgap feature significantly enhances the photonic response
in the near-infrared band (especially at 1550 nm) and photon-
absorption efficiency, which extends the device response spec-
tral range to the communication band. Notably, the high
thermal conductivity of Bi,Se; and the moderate thermal con-
ductivity of PtSe, form an effective thermal resistance differ-
ence, which can generate a higher temperature gradient than
for the same types of devices at the same optical power
density, which is a key factor for realizing an efficient PTE
effect. This PTE modulation strategy based on heterojunction
interface engineering provides an important theoretical basis
for the design of a new generation of self-driven
photodetectors.

This study further revealed the photoresponse mechanism
of the Bi,Se;-PtSe, heterojunction under bias voltage. It was
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shown that the negative photoresponsive behaviour of the
device originated from the synergistic effect of the Joule
thermal effect (JHE) and photoinduced bolometric effect (PBE)
when an external electric field was applied (Fig. 4c and d). The
topologically protected metallic state of the Bi,Se; surface and
the PtSe, semi-metallic properties formed a composite
channel system with a significant sensitivity of its resistance to
temperature variations (Fig. 5a-c). Specifically, the Joule
heating effect can be quantitatively described by the equation

Viias® . . .
Qm = (;‘as )t, where Vs is the bias voltage, R.y is the
eff

effective channel resistance, and ¢ is the duration.®® This effect
resulted in a sustained temperature rise as current passed
through the channel under the no-light conditions, and the
system entered thermal saturation when the device heat gene-
ration rate reached dynamic equilibrium with the ambient
heat dissipation rate (~110 s) (Fig. 5d-I). The PBE effect'® trig-
gered by the absorption of photon energy by the device under
dr
dp
(where dP is the optical power absorption, and dT is the corres-
ponding temperature rise), which determines the sensitivity of

the action of optical radiation can be expressed as Ry =

~
V]
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the device, as well as the thermal capacitance, Cy,, which deter-
mines the response time of the device, as 7 = R,Cy,. This temp-
erature-sensitive resistive modulation mechanism allowed the
device to exhibit a significant response even in the 0.1 THz
band where the photon energy was significantly lower than the
material bandgap (Fig. 5d-1I). In addition, the photocurrent
exhibited a quasi-linear variation property with the bias
voltage when the two thermal effects were combined (Fig. 2f
and 3d), a phenomenon that stemmed from the quadratic
growth of the Joule thermal power due to the increase in the
bias voltage and the enhanced electric field, which accelerated
the relaxation process of the hot carriers. As shown in Fig. 5-
II1, the kinetic process for current recovery in the device after
light withdrawal (about 100 s) revealed the correlation between
the thermal relaxation time constant and parameters such as
the material heat capacity and interface thermal resistance.
Photodetectors based on conventional semiconductor
materials exhibit significant intrinsic carrier concentration
decay in low-temperature environments, which stems from the
reduced generation of electron-hole pairs due to the decrease
in thermal excitation energy.'® In contrast, at high tempera-
tures, the photogenerated carrier-transport process is signifi-

(b)
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Fig. 5 Negative photoresponse characteristics of Bi,Sez—PtSe, heterojunction photodetectors and the whole process of their photocurrent gene-
ration. [-V characteristic curves for different optical power densities (a) and different temperatures under 1550 nm illumination (b). The current gen-
erated by the device gradually decreased when the light intensity increased, and the resistance increased accordingly. At the same time, with the
increase in temperature, the trend for the device current was the same as that for the increase in light intensity. (c) Curves of the current of the
device as a function of temperature in the absence of light. The curves show that the temperature change caused a change in the current of the
device and the current tended to decrease as the temperature increased. (d) The entire process of photocurrent generation, Viias = 2 V.
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cantly affected by lattice vibrations (phonon scattering), and
the mobility is degraded by an exponential increase in the
scattering probability, while the contribution of impurity
scattering exhibits a non-monotonic variation with increas-
ing temperature (dominant in the low-temperature region
but masked by phonon scattering in the high-temperature
region).”> The above temperature-dependent  carrier
dynamics leads to photocurrent amplitude attenuation and
an elevation of the noise floor at extreme temperatures, ulti-
mately triggering a significant degradation of the signal-to-
noise ratio (SNR). In contrast, photodetectors based on 2D
layered materials (e.g., transition metal sulfur compounds)
exhibit unique temperature adaptability advantages (Fig. 6a).
First, the atomic-level thickness of the 2D materials endows
them with a high intrinsic mobility and a weak phonon-
coupling property, which effectively suppresses the lattice
scattering at high temperatures. Second, interfacial engineer-
ing of a van der Waals heterojunction can construct a built-
in electric field to separate the photogenerated carriers
through the space charge region and reduce the non-radia-
tive composite probability. Third, the defect passivation
effect at the heterojunction interface reduces the impurity
scattering centre density, thus maintaining carrier-transport
efficiency over a wide temperature domain.

In order to evaluate the effective operating temperature
range, the photoresponse performance of Bi,Se;-PtSe, devices
with increasing temperature was investigated. Fig. 6b and c
show the current-time (I-T) curves of the Bi,Se;—PtSe, devices

()

Targets under high/cool
temperature
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under a Vpis of 2 V and 1550 nm light irradiation when the
operating temperature was increased. An excellent negative
photoresponse performance was demonstrated over the wide
operating temperature range of 183 K to 501 K, showing a high
signal-to-noise ratio in the waveforms with a stable response
pulse. Fig. 6d shows the variation of the photocurrent and
responsivity of the device with temperature, from which it can
be seen that the photocurrent and responsivity decreased as
the temperature increased. The photocurrent and responsivity
of the device could reach 23.39 pA and 78.19 A W', respect-
ively, at an operating temperature of 183 K. Even at an operat-
ing temperature of 501 K, the photocurrent and responsivity
could still reach 3.37 pA and 11.25 AW, respectively. Fig. 6e
shows the specific detectivity and noise-equivalent power of
the device versus temperature, with the specific D* and NEP
reaching 5.75 x 107 Jones and 1.09 x 10~ ** W Hz "2, respect-
ively, at an operating temperature of 183 K. Even when the
operating temperature reached 501 K, the specific detectivity
and noise-equivalent power still reached 7.9 x 10° Jones and
8.04 x 10* W Hz "2, respectively. To further demonstrate the
photodetection performance of our devices at extreme temp-
eratures, we compared the performance of our prepared
Bi,Se;/PtSe, photodetectors with previously reported photo-
detectors. As shown in Table 1, our devices were able to
achieve greater responsivity over a wider temperature range,
indicating their high signal-to-noise ratios in extreme tempera-
ture environments and great potential applications in areas
such as infrared imaging.

’ Traditional \
materials

Low S/N ratio
imaging

High S/N ratio
imaging

(b) (©) (d)
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Fig. 6 Photoresponse performance of Bi,Se;—PtSe, heterojunction photodetectors with increasing temperature. (a) Schematic representation of
the signal-to-noise ratio (S/N) of Bi,Sez—PtSe, heterojunction devices versus conventional devices in high/low-temperature environments. (b) and

(c) Photocurrents generated by the device at different operating temperat
specific detectivity, and noise-equivalent power as a function of temperat
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ures, Vpias = 2V, 4 = 1550 nm. (d) and (e) Device photocurrent, responsivity,
ure.
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Table 1 Comparison of the performances of different photodetectors
Temperature NEP

Material Response range Wavelength  (K) R(AW™) D*(Jones) (W Hz 3 Photoresponse  Ref.
Bi,Se; 1456 nm 1456 nm 300 2.74 3.3x10"° — PPC 37
SnTe-Bi,Se; 1550 nm 1550 nm 300 0.15 1.15x10° — PPC 40
PtSe,—GaAs 254-1200 nm 808 nm 300 0.26 2.52%x10% — PPC 23
Graphene/PtSe,/ 980 nm-10.6 pm 10.6 pm 300 0.53 8.4x10%° — PPC 41
pyramid Si
Bi,Te;—Si 370 nm-118 pm 635 nm 300 1 — — PPC 42
MosS, 980 nm 980 nm 300 2.3 — — NPC 43
Graphene—p-Si 1064 nm 1064 nm 300 125 — — NPC 44
Bi,Se;—Sb,Ses 532-1064 nm 1064 nm 300 0.015 25%x10° — NPC 21
Ir,_,PtxTe,~graphene  0.12-0.3 THz 0.12 THz 300 0.52 — 2.40%x 10" PPC 45
PdSe, 405 nm-0.03 THz 0.03 THz 300 0.4 — 5.60 x 107'*  PPC 46
Ta,NiSes—graphene 638 nm-0.12 THz 0.12 THz 300 0.04 — 2.30 x10™''  PPC 22
Bi,Se;—PtSe, 405 nm-0.1 THz 1550 nm 501 11.25 7.87x10° 8.04x10™" NPC This work

0.1 THz 300 83.6 456x10"7 1.37x107° NPC

Conclusions

In conclusion, the Bi,Se;-PtSe, heterojunction photodetector
designed in this study based on the synergistic effect of mul-
tiple mechanisms exhibited excellent temperature adaptability
and an ultra-wideband detection capability. The device could
maintain stable operating characteristics over a wide tempera-
ture range of 183-501 K and exhibited a unique negative
photoresponse behavior in the UV to terahertz band (405 nm
to 0.1 THz). Experimental investigations showed that at zero-
bias voltage, the photodetection mechanism of the device in
the UV to IR range (405-1550 nm) was mainly determined by
the photothermoelectric effect (PTE) and it possessed a good
self-powered performance. Under applied bias voltage, the
photodetection mechanism of the device in the UV to tera-
hertz range (405 nm to 0.1 THz) was mainly determined by
the Joule thermal effect and the photothermal effect (PBE),
and the device had optimal R, D* and NEP values of 83.6 A
W™, 4.63 x 10’ Jones and 1.37 x 107* W Hz 2, respect-
ively, when exposed to 0.1 THz light. When a bias voltage of
2 V was applied, the R, D*, and NEP were further optimized
to 78.19 AW, 5.75 x 10’ Jones, and 1.09 x 10~ W Hz~ 12
under 1550 nm illumination and 183 K operating tempera-
ture. Even at a high temperature of 501 K, it still main-
tained a high response of 11.24 A W', a detection sensi-
tivity of 7.9 x 10° Jones and a low noise level of 8.04 x
107 W Hz "2, highlighting its extreme-environment adap-
tability advantages. By systematically analyzing the optical-
thermal-electrical coupling mechanism, the central role of
the negative photoconductivity (NPC) effect in expanding the
detection bandwidth and enhancing the temperature robust-
ness was revealed, and the effect provides a new idea for
the dimensional modulation of photodetection systems. This
study not only confirms the outstanding potential of the
Bi,Se;-PtSe, heterojunction in ultra-wideband detection and
wide-temperature applications, but also opens up an innova-
tive path for the development of a new generation of high-
performance optoelectronic devices.
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Experimental section

Bi,Se;-PtSe, heterojunction photodetectors were prepared as
follows (Fig. S1t): n-type doped silicon wafers, for use as the
substrate (thickness of the surface thermally oxidized SiO,
layer of 285 nm), were pretreated by a standard cleaning
process, and then placed in anhydrous ethanol, acetone, and
isopropanol for ultrasonic cleaning in sequence (15 min each),
and the process was repeated twice to thoroughly remove all
organic contaminants. The samples were dried under a nitro-
gen stream and subsequently transferred into a glove box filled
with high-purity nitrogen for storage until further use. The
metal electrodes were prepared by maskless lithography com-
bined with electron beam evaporation: first, the photoresist
was spin-coated on the surface of the silicon wafer, and the
electrode pattern was formed after alignment, exposure and
development. Subsequently, the substrate was placed in the
vacuum chamber of the electron beam evaporation system
(background vacuum of 4.5 x 10™* Pa), and a 10 nm titanium
(Ti) adhesion layer and a 20 nm platinum (Pt) conductive layer
were deposited sequentially, and the designed electrodes were
finally obtained by the lift-off process.

The electrodes with completed metal deposition were then
subjected to a lift-off process and impregnated with acetone
solution for 10 min to remove the residual photoresist. Two-
dimensional Bi,Se; nanosheets were prepared by a mechanical
stripping technique, and the selected nanosheets were accu-
rately localized to the electrode functional area by a polycarbo-
nate (PC) film-assisted dry transfer technique, followed by the
sequential use of chloroform dissolution to remove the PC
carrier film, isopropanol to clean the interfacial contaminants,
and nitrogen blow-drying, and then repeating the above
process to transfer the PtSe, nanosheets. In order to optimize
the contact characteristics of the heterojunction interface, the
devices were annealed in a tube furnace; whereby the devices
were annealed in an Ar/H, gas mixture (10:1 by volume, total
flow rate of 220 sccm) at a constant temperature of 250 °C for
1 h. Fig. 1b shows the optical microstructures of the annealed

This journal is © The Royal Society of Chemistry 2025
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devices, showing that a clear heterointerface was formed
between the Bi,Se; and the PtSe, nanosheets on the surface of
the electrodes. All the tests were conducted in a room tempera-
ture environment (~300 K) unless otherwise detailed in the
text.
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