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Topological materials (TMs), namely topological insulators and semimetals, have unique physical
properties, such as non-trivial surface states, linear electron dispersion, and high carrier mobility.
Therefore, TMs appear promising in low-power and broad-spectrum photodetectors. This review
provides an in-depth look at the current research in TM-based photodetectors. We critically discuss the
growth methods and heterostructure fabrication of these emerging photodetectors. We also summarize
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DOI: 10.1039/d3ma00452j the photodetecting performances of TMs, which allows us to better understand their strengths and

weaknesses. Finally, challenges and perspectives on these emerging photodetectors are given, providing

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 2566. Downloaded on 6/2/2569 23:29:16.

(cc)

rsc.li/materials-advances

1 Introduction

Photodetectors utilize the photoelectric effect of semiconduc-
tors to convert optical signals into electrical signals, which find
extensive applications in diverse fields, such as optical com-
munications, image capturing, and optical testing."® The
photoelectric effect is the phenomenon in which photons
transfer their energy to the electrons of a material when they
strike its surface, causing the electrons to be emitted from
atoms or molecules and forming electron-hole pairs. The
generation of these charge carriers (electrons and holes) leads
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a foundation for further exploration of their great potential.

to the current flow, thereby producing an electrical signal
proportional to the intensity of the incident light.

Photodetectors are characterized by several key parameters
that are crucial for their performance.” One important para-
meter is responsivity (R), which indicates the ability of the
photodetector to convert incident light into an electrical signal.
R can usually be calculated using

I, — Iy
R= ~ps (1)

where, I, represents the photocurrent, I represents the dark
current, P is the incident light power density, and S is the
effective photosensitive surface area. Another important para-
meter is specific detectivity (D*), which represents the sensitiv-
ity of the photodetector considering the noise characteristics.
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D* can usually be calculated using

/S
D" =Ry/— 2
2€1d ()

where R and e represent responsivity and electronic charge,
respectively. Other parameters include response time, which
measures the speed at which the photodetector can detect and
respond to changes in light intensity, and detection range,
which defines the range of light intensities the photodetector
can effectively detect. These parameters collectively determine
the overall effectiveness and suitability of the photodetector for
specific applications. Ongoing technological advancements
continuously drive the need for further improvements in these
aspects of photodetectors.

Currently, the photodetectors available on the market are
mainly made of inorganic semiconductor materials, such as Si,
Ge, GaAs, HgCdTe, and others.®'' However, these materials
have limitations, including their high cost and complicated
fabrication process. In addition, due to band gap limitations, the
photodetecting ability of these materials often only covers a
specific wavelength range, with almost no optical response in
the mid-to-far infrared and terahertz bands. To meet the growing
demands, researchers are seeking new materials to develop photo-
detectors with more broad applications. Topological materials
(TMs), with their unique physical properties such as non-trivial
surface states, the quantum spin Hall effect,'” three-dimensional
quantum Hall effect,"® zero bandgap topological structures,"* and
extremely high carrier mobility, have entered the field of photo-
detection. These characteristics enable TMs photodetectors to
surpass the performance limitations of traditional inorganic semi-
conductor photodetectors, particularly in wide-spectrum photo-
detection and low-energy consumption devices. The detection
range of some TM photodetectors can even reach THz, which far
exceeds the detection limit of traditional semiconductor photo-
detectors. As TMs continue to advance, many researchers are
exploring their applications in photodetectors. However, compre-
hensive reviews on this emerging topic are still very limited.

This review summarizes the current research status of several
widely studied TMs in photodetectors, focusing on device fabri-
cation methods and structures. Finally, the prospects of TMs
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in photodetectors are discussed based on the current develop-
ment status.

2 Topological materials

TMs possess topological properties, with non-linear topological
invariants in the bandgap region of their electronic structure.
In TMs, the behavior of electrons is constrained and guided by
spatial topology, giving rise to a range of unique physical
phenomena and properties.”>™*” The electronic band structure
of TMs is a crucial feature. For example, the energy ordering of the
conduction and valence bands in regular insulator materials can be
inverted by strong spin-orbit coupling (SOC), forming topological
insulators (TIs)."®'® In the case of TIs, as the strength of SOC
gradually decreases, the bulk energy gap reduces until it reaches
zero and then gradually increases. At the phase transition point, the
conduction band minimum and valence band maximum intersect
simultaneously in momentum space,”® known as a topological
semimetal (TSM)*'>* (Fig. 1). Compared to ordinary materials,
the band structure of TMs contains unconventional levels, such as
band inversions, Dirac points, Weyl points, and so on. The
presence of these unconventional levels is closely related to the
topological invariants, resulting in unconventional physical proper-
ties. For example, the surface states of some TMs exhibit strong
topological protection, making them highly stable against external
disturbances and holding significant value for applications.>*

TIs are unique materials that exhibit bulk insulating proper-
ties while conducting on their surfaces. Within a TIs, an electro-
nic energy gap exists similar to that of a semiconductor.
However, unlike semiconductors, TIs possess unique electronic
states on their surfaces or edges. These particular surface states
confine electrons to moving only along the material’s surface or
edge without penetrating the interior.”>>® The surface states of
TIs are safeguarded by time-reversal symmetry and spin-
momentum locking, leading to enhanced carrier mobility and
reduced energy losses. This feature makes TIs suitable for
photodetectors, in which low power consumption and high
response times are crucial factors. The highly unique electronic
properties of the topologically protected boundary states make
TIs promising in the energy sector in the future.
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Fig. 1 The topological insulator (TI) and Dirac semimetal (DSM). Reprinted with permission from ref. 27. Copyright 2020, Springer Link.
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TSMs can be classified as Dirac semimetals (DSMs) and
Weyl semimetals (WSMs).>® In particular, this semimetal is a
DSM if the conduction and valence bands meet at a single point
and behave like massless Dirac fermions. When DSMs break
the time or crystal symmetry, the corresponding Dirac fermion
splits into two Weyl fermions®® of opposite chirality, thus
transforming into WSMs.?°* TSMs exhibit various exciting
properties, such as extremely high carrier mobility, peculiar
magnetic transport characteristics, and chiral edge modes.*>
Due to the linear dispersion and spin (pseudo-spin) momen-
tum locking, low-energy electrons in TSMs exhibit strong
robustness against crystal disorder and defects, resulting in
very high electron mobility.***> TSMs also exhibit significantly
enhanced optical and photoelectric properties, such as the
generation of large photocurrents,**° second-harmonic
generation,®*! optical activity, and gyrotopy.***?

It is worth noting that the distinction between TIs and TSMs
is not always straightforward, as some materials can exhibit
characteristics of both.** For example, some TIs may exhibit
metallic behavior in their surface states, while others may have
a small but finite bandgap, making them similar to TSMs. The
research on TMs is still rapidly evolving, and it is interesting to
see what new materials and phenomena will be discovered in
the coming years.

3 Photodetectors based on
topological materials

The research of TM-based photodetectors has been an active
field in recent years. The distinctive electronic band structure
and topological properties of TMs have introduced entirely new
possibilities for optoelectronic detection technology. Compared
to traditional materials, TMs exhibit an array of unique char-
acteristics, providing them with pronounced advantages in
various specialized application domains. For instance, conven-
tional photodetectors face limitations regarding high-speed
response, low noise levels, and quantum effects. TM photo-
detectors achieve ultrahigh charge carrier mobility thanks to
their specialized electron structure. As a result, they demon-
strate considerable potential in high-speed detection. This
attribute offers solutions for high-speed signal detection in
fields such as optical communication and radar systems. More-
over, the distinctive distribution of electron states in TMs
grants them exceptional low-noise properties, giving them an
advantage in weak signal detection and precision measurement
applications. In domains such as astronomical observation and
biomedical imaging, TM photodetectors promise to achieve
higher signal-to-noise ratios and more accurate measurements.
TM photodetectors exhibit broad spectral absorption properties,
enabling efficient photoelectric conversion across multiple wave-
length ranges. This versatility makes them suitable for various
applications, including spectroscopic analysis and imaging.
Additionally, certain TMs display improved sensitivity to envi-
ronmental changes. This feature opens up new possibilities in
environmental monitoring, chemical sensing, and related fields.
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Currently, TM photodetectors are mainly divided into two
categories: TIs-based photodetectors, such as Bi,Se;-based photo-
detectors, and TSMs-based photodetectors, such as Cd;As,-based
photodetectors. The preparation methods for TMs are diverse.
Currently, standard fabrication methods are generally classified
into bottom-up and top-down approaches. The bottom-up
approaches mainly include van der Waals epitaxy, physical vapor
deposition (PVD), chemical vapor deposition (CVD), molecular
beam epitaxy (MBE), and pulsed laser deposition (PLD). The top-
down approaches mainly include mechanical exfoliation and
liquid-phase exfoliation. Each method has its advantages and
disadvantages, leading to variations in the performance of the
prepared photodetectors.*> Also, two-dimensional (2D) forms of
TMs have unique optical and electrical properties that make them
uniquely advantageous in photodetection. For example, 2D TMs
have a high surface electron density and strong interlayer reso-
nance, which leads to strong optical absorption and efficient
photoelectric conversion efficiency. In addition, 2D TMs have
good optical linear and non-linear properties, which make them
effective as optical detectors. In addition, the thin-film form of 2D
TMs is easy to prepare and package, allowing for low-cost and
high-efficiency photodetection. Therefore, many researchers
have focused on 2D TMs for their photodetection properties.*®
Moreover, the construction of heterostructure can enhance the
photodetecting performance of photodetectors. Consequently,
many researchers have explored the photoelectric properties of
heterostructures that combine TMs.

The research on TM photodetectors has achieved considerable
results, for example, a significant improvement in photodetection
efficiency, response speed, responsivity, etc. However, several
challenges remain, such as growth quality control and stability
issues. Therefore, there is still plenty of room for research on TM
photodetectors.

3.1 Topological insulator photodetectors

The primary reason for the attention and development of TIs in
photodetectors is their distinctive electronic structure. The
topological surface states of these materials, constrained by
both spin-coupling effects and time-reversal symmetry, exhibit
small energy losses and high charge mobility. This makes them
an ideal choice for developing low-power, high-response-rate
electronic and optoelectronic devices.

In the photodetector domain, TIs primarily include Bi,Ses,
Bi,Te;, Sb,Te;, and SnTe. Hence, this section will be centered
around these core materials, providing a comprehensive sum-
mary of the research progress. Among these materials, Bi,Se; is
the pioneer to enter the field of photodetecting owing to its
unique properties, such as high carrier mobility and a narrow
0.3 eV band gap. Bi,Se; is a typical TI layered material with
spin-locked Dirac cones in the outer layer and insulating band
gaps in the inner layer. Observing along the c-axis (Fig. 2a),"”
the crystal structure of Bi,Se; can be described as a layered
compound composed of five atomic layers arranged in a
repeating pattern. The stacking order is Sel-Bi-Se2-Bi-Sel,
where “1” and “2” represent two distinct chemical states of
the selenium anion.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The schematic depiction showcases the crystal structures of Bi,Ses, where weak van der Waals interaction connects the quintuple layers. In

the illustration, purple represents Bi atoms, while green represents Se atoms. Reprinted with permission from ref. 47. Copyright 2021, Elsevier.
(b) Responsivities of Bi,Ses/Si nanowire near-infrared photodetector under different NIR intensities. Reprinted with permission from ref. 48. Copyright
2017, American Chemical Society. (c) Bi,Ses photodetector on Si/SiO, substrate. Reprinted with permission from ref. 49. Copyright 2018, Wiley. (d) The
response and decay times of the Bi,Sesz nanowire device. Reprinted with permission from ref. 50. Copyright 2014, Nature. (e) The experimental
arrangement used to investigate the strain modulation effect in BiSes NWs. The inset within the figure displays an optical microscope image of the PD.
Reprinted with permission from ref. 51. Copyright 2019, Elsevier. (f) Schematic band diagram of the Bi,Sez/MOF hybrid heterojunction under illumination.

Reprinted with permission from ref. 52. Copyright 2022, Springer Nature.

Biswajit Das et al.*® have prepared a Bi,Se; nanosheet/Si
nanowire heterojunction near-infrared detector using green,
environmentally friendly, and cost-effective chemical technol-
ogy. Fig. 2b shows the variation of R with light intensity in
Bi,Se; heterojunction devices. The maximum R and D* are
934.1 AW ' and 2.30 x 10" Jones (at 0.5 V). Wang et al.*’
successfully prepared Bi,Se; thin films using van der Waals
epitaxy (VDWE) on graphene and investigated the optical
properties of photoconductive detectors based on these thin
films. As shown in Fig. 2c, under the illumination of 1456 nm
light, the switching ratio, R, and external quantum efficiency

© 2023 The Author(s). Published by the Royal Society of Chemistry

(EQE) are as high as 972.5, 23.8 AW ' (at 1.0 V), and 2035%,
respectively. Although the R is lower than that of the nano-
heterojunction device,*® its detection range is larger. The
research on Bi,Se; thin film devices for photodetecting has
been successful, and the study of its nanowire devices in
photodetecting has also garnered much attention. Sharma
et al.>® obtained nanowires (NWs) by micromechanical exfolia-
tion (ME) of the Bi,Se; film, followed by further processing
using a focused ion beam (FIB). The fabricated NW device
shown in Fig. 2d exhibited photoelectric response across the
visible to infrared light range. Under 1064 nm light, the Bi,Se;

Mater. Adv., 2023, 4, 5018-5032 | 5021
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nanowire device had a R up to 300 AW ' at a bias voltage of 0.075 V,
with a rapid rise/decay in response time and good photocurrent
repeatability. In addition to the influence of preparation methods
on the photodetecting performance of devices, the performance of
the devices can also be controlled through defects, applied strain,
and doping. Wang et al.>" utilized CVD to fabricate Bi,Se; NWs.
The device exhibited a R of 191.75 mA W™ " and a D* of 6.6 x 10"
Jones under 442 nm illumination at the bias voltage of 2.0 V. They
observed that upon introducing external compressive strain
(Fig. 2e), the I, and R of the device increased by 97% and 503%,
respectively. According to their study, the strain modulation effect
under compressive strain reduces the Schottky barrier height
(SBH) and junction resistance, facilitating the transfer of photo-
excited charge carriers and enhancing the photodetecting perfor-
mance of the device. Therefore, strain modulation of nanoscale
photodetectors through applied strain is a promising direction for
future development. In another study, Zhai et al>* prepared a
Bi,Se;/MOF heterojunction thin film high-performance infrared

Bi,Te,
nanoplatelets

Electrode

Fig. 3
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photodetector by hybridizing MOF with Bi,Se; sheets. The MOF
serves a dual role in the system. First, it functions as a photo-
sensitive material, absorbing incident light. Additionally, it acts as
a photogate layer, allowing it to control the conductance of the
Bi,Se; channel (Fig. 2f). The strong light absorption of MOF and
the high carrier mobility of 2D Bi,Se; sheets led to excellent photo
response performance in the 500-2000 nm wavelength range. The
R and D* at 1500 nm found to be 4725 AW * and 3.5 x 10" Jones
at the bias voltage of 1.0 V, respectively, two to three orders of
magnitude higher than those of the original Bi,Se;-based photo-
detectors. These studies have demonstrated the significant
potential of Bi,Se;-based material for high-performance photo-
detectors. These findings indicate that Bi,Se; heterojunction
photodetectors show significant improvements in terms of R
and D* compared to previous single Bi,Se; photodetectors.
Bi,Te; is also a famous TM with high carrier mobility and a
narrow band gap,” which has a broad development prospect
in photodetection. Bi,Te; is a well-studied thermoelectric

(d)

|
|
®
|®

Bi,Te, WS,

(a) Schematic illustration of the Bi,Tesz crystal structures. Reprinted with permission from ref. 53. Copyright 2022, American Chemical Society.

(b) Optical transition channels between Bi,Tez bands. Reprinted with permission from ref. 54. Copyright 2017, Amer Inst Physcis. (c) Schematic of the
graphene/Bi,Tes heterostructure phototransistor device. Reprinted with permission from ref. 55. Copyright 2015, American Chemical Society.
(d) The operational principle underlying the WS,/Bi,Tes photodetectors. Reprinted with permission from ref. 56. Copyright 2016, Royal Society of
Chemistry. (e) Schematic of the n-Bi,Tes/p-Si junction structure. Reprinted with permission from ref. 57. Copyright 2017, Springer Nature. (f) Represents
the schematics used for the photoelectric characterization. Reprinted with permission from ref. 58. Copyright 2017, American Chemical Society.

5022 | Mater. Adv, 2023, 4, 5018-5032 © 2023 The Author(s). Published by the Royal Society of Chemistry
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material.®*"®? It was not until recently, though, that its photo-
detecting capabilities were noticed. Like Bi,Se;, Bi,Te; also has
a layered structure bound by van der Waals forces, with five
layers of atoms arranged along the c-axis and periodically
stacked (Fig. 3a). Compared with Bi,Ses, Bi,Te; has a smaller
bulk band gap of 0.17 eV. Fig. 3b shows the energy band of
Bi,Te;. Therefore, Bi,Te; has attracted extensive attention in
the field of long-wavelength photodetection. Liu et al.>* fabri-
cated single-crystal Bi,Te; photodetectors on silicon by MBE,
which showed a response from 1064-1550 nm. When the laser
wavelength is 1550 nm, the R and internal quantum efficiency
are 3.32 x 107> A W' and 7.4% at a bias voltage of 1.0 V,
respectively. Under the irradiation of 1064 nm light, the R and
internal quantum efficiency are 3.64 x 10°> A W' and 0.9%,
respectively.

Heterojunction devices composed of Bi,Te; and other mate-
rials also exhibit good photoelectric properties. Qiao et al.>’
prepared a graphene/Bi,Te; heterojunction-efficient photo-
detector by combining the ultrafine and broadband photo-
response properties of graphene with the excellent properties of
Bi,Te; in photodetecting (Fig. 3c). The device’s R at 532 nm can
reach 35 A W™ at the bias voltage of 1.0 V, and the photo-
conductance gain is up to 83. Yao et al.>® prepared a WS,/Bi,Te;
heterojunction photodetector to study the photodetecting per-
formance of WS,. As shown in Fig. 3d, the Bi,Te; layer acts as a
passivation layer. It shields the interference of SiO, on WS,.
Consequently, the device achieves an optical response range of
370-1550 nm with an R of 30.7 A W' and a D* of 2.3 x 10"
Jones at the bias voltage of 4.0 V. Wang et al.>” prepared n-type

Fig. 4
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Bi,Te; films on p-type Si substrates by CVD (Fig. 3e). This
heterojunction device showed good photoelectric properties.
The material demonstrates a strong photovoltaic effect across a
broad spectrum, from ultraviolet (UV) to near-infrared (NIR)
wavelengths. Remarkably, it attained a short-circuit current of
19.2 pA and an open-circuit voltage of 235 mV when subjected
to a 1000 nm wavelength. Additionally, the material exhibited
rapid response times of only a few milliseconds. Yao et al.®®
prepared Bi,Te;—-SnSe-Bi,Te; photodetectors by combining 2D
Bi,Te; and SnSe. Because the energy band between Bi,Te; and
SnSe can be perfectly matched, the device has a good optical
response in the range of UV to NIR (370-808 nm). After
optimization, the R is 5.5 A W™, and the D* is 6 x 10'° Jones
at a bias voltage of 20.0 V. Sharma et al.>® further investigated
the photoelectric properties of Bi,Te; NWs devices (Fig. 3f).
They fabricated nanowire devices by FIB milling. Under near-
infrared laser irradiation, the optical R of the NWs device is
780 AW ' and D* is 1.2 x 10° Jones at the bias voltage of 0.3 V.
In addition, Sharma et al. also confirmed that the photodetect-
ing performance of the device was hardly affected after
4 months in ambient conditions, which showed the superior
stability of the Bi,Te; NWs device.

Unlike other TIs, SnTe has a highly symmetrical crystal
structure thus called a topological crystal insulator (TCI).®®
There is evidence that mirror symmetry protects the singular
surface states of topological crystal insulators.®®”° In addition,
compared with other TMs, SnTe is easier to synthesize. These
unique properties make SnTe a good research prospect in photo-
detection. In 2017, Gu et al®* prepared SnTe/Si photovoltaic

B e

n-Ge

(a) Photovoltaic detectors based on a heterostructure of SnTe/Si. Reprinted with permission from ref. 64. Copyright 2017, Royal Society of

Chemistry. (b) OM image of the SnTe thin-film photodetector. Reprinted with permission from ref. 65. Copyright 2017, Wiley. (c) Schematic of the SnTe-
based photodetector. Reprinted with permission from ref. 66. Copyright 2018, Wiley. (d) SnTe/n-Ge photovoltaic detector. Reprinted with permission
from ref. 67. Copyright 2022, Institute of Physics Publishing.

© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2023, 4, 5018-5032 | 5023
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detectors (Fig. 4a) by CVD for the first time. The detector can
realize light response in the wide spectral range of 254-1550 nm.
Under 808 nm laser irradiation, the device exhibited the best light
response, with a D* of 8.4 x 10" Jones and a switching ratio of
5 x 10° at a bias voltage of 0 V. Moreover, it has a fast response
time, with a rise time of 8 ps and a fall time of 0.39 ms. However,
this device requires high light intensity, and the light intensity
significantly affects the photocurrent. Jiang et al.®® fabricated the
inaugural SnTe thin-film photodetector by MBE (Fig. 4b). The
photodetector has a wide spectral response ranging from 405 nm-
3.8 um, with a R of 3.75 A W~ ' at 2003 nm at a bias voltage of
2.0 V. Yang et al.®® fabricated SnTe nanocrystal photodetectors
directly on polyethylene terephthalate (PET) films in 2018 (Fig. 4c).
The device has a broad spectral response (254-4650 nm). The R
can reach 71.11 AW ' under 254 nm at a bias voltage of 1 V. This
detector can also exhibit the same light response on the flexible
substrate. Therefore, it is expected to be well-developed in wear-
able devices. In 2022, Song et al® prepared heterogeneous
structures of SnTe and Ge using magnetron sputtering technology
(Fig. 4d). The detector exhibits diode and photovoltaic character-
istics in the visible to NIR band (400-2050 nm). Under 850 nm
NIR illumination, the R and D* of the photodetector reached
a value of 0.62 A W' and 2.33 x 10"" Jones at a bias voltage of
—0.5 V, respectively.

Sb,Te; is also a typical TI. The band gap of Sb,Te; is only
0.3 eV, and its carrier concentration and mobility are very high,
at 10"°-10%° em 2 and 200 cm® V™' 57, respectively.”> Because
of these characteristics, Sb,Te; has broad applications in
photodetection. In 2015, Zheng et al”' studied the related

(a)

(b)
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performance of Sb,Te; thin-film photodetectors (Fig. 5a).
They successfully fabricated thin-film photodetectors through
MBE. The bias voltage is set to be 1 V under 980 nm light,
the R is 21.7 A W, the photoconductance gain is 27.4, and
the switching ratio is 2.36. 2D p-n heterostructures are an
essential research direction in integrated electronics and opto-
electronics due to their unique physical, optical, and electrical
properties.”® Sb,Te; is a p-type semiconductor, and finding a
suitable n-type material in combination with Sb,Te; could
improve its photoelectric response. Si is an easily obtained n-
type semiconductor, Yu et al.”> fabricated a broadband self-
powered photodetector based on Sb,Te; and Si using photo-
lithography and thermal evaporation technology. This detector
has a fast response speed (<40 ms) and can realize photo-
detecting at 365-940 nm. By setting up an asymmetrical
electrode structure, as shown in Fig. 5b, the detector can be
self-powered for a broader range of applications. Zhang et al.”’
also prepared the Sb,Te;/n-Si heterojunction. They adopted the
magnetron sputtering technology because of its lower cost and
easier operation. After annealing, the detector can achieve a
broad spectral response of 250-2400 nm, and the R and D* can
reach 270 A W™ ! and 1.28 x 10" Jones at 2400 nm at a bias
voltage of 0.5 V. These performances are better than those of
other reports, probably because annealing changes the crystal-
linity of the thin film. Sun et al.”® prepared Sb,Te; thin films on
n-type SrTiO; (STO) substrates using MBE to constitute p-n
heterojunction photodetectors (Fig. 5¢). The detector can detect
a wide spectrum from 405-1550 nm, and the switching ratio of
the heterojunction device is 1.58 x 10° at 405 nm. Also, the rise

Vacuum Level

(A _428ev. wddbeV.

MOSZ szTe3

Fig. 5 (a) The schematic illustration of the Sb,Tes film photodetector. Reprinted with permission from ref. 71. Copyright 2015, Royal Society of
Chemistry. (b) Schematic representation of Sb,Tes electrodes on a silicon substrate. Reprinted with permission from ref. 72. Copyright 2019, Institute of
Physics Publishing. (c) The schematic diagram of the Sb,Tes array photodetector and the measurement setup. Reprinted with permission from ref. 73.
Copyright 2017, Royal Society of Chemistry. (d) Band structures of the achieved Sb,Tes/MoS, heterostructures. Reprinted with permission from ref. 74.
Copyright 2019, Elsevier.
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time is only 30 ps, and the fall time is 95 us, faster than most
other TI photodetectors. Liu et al’® successfully synthesized
vertically stacked Sb,Te;/MoS, heterostructures by van der Waals
epitaxial growth using the n-type material MoS,. As shown in
Fig. 5d, Sb,Te;/MoS, forms a type-Il band alignment at the
interface. The type-II band alignment effectively separates photo-
excited charge carriers, enhancing the device’s performance. Due
to the distinctive band structure of the type-II band alignment
heterojunction, it enables wide-band photoelectric response.
This heterojunction has excellent photodetecting performance,
with up to 10° ultra-high current rectification rates and 4.5%
photoelectric conversion efficiency. The R reaches 330 AW ™" by
applying a negative voltage bias (—1 V) on the drain electrode,
and the D* is 10" Jones. This is one of the highest values of TI
p-n junction photodetectors.

In addition to the aforementioned binary photodetectors,
Bi,Te,Se and Sb,SeTe, and other ternary TMs have also entered
the research scope. However, it is still in its infant stage. A few
photodetectors with ternary topologies have been reported.
In 2017, Huang et al.”® studied the photodetecting performance
of the Sb,SeTe, nanoflake. In this study, Sb,SeTe, showed
remarkable performance. Under 532 nm wavelength illumina-
tion and a 1 V bias voltage, the R and photoconductance gains
reached 2293 A W' and 5344, respectively. This is several
orders of magnitude more responsive than previously reported
TI photodetectors, suggesting that Sb,SeTe, has great potential
in the field of photodetectors. In 2021, G. K. Maurya et al.”’
integrated Bi,Te,Se films and a silicon substrate to form a
transverse heterojunction photodetector. Studies have shown
that the Bi,Te,Se/Si heterojunction has a good photoelectric
response in the range of visible light to near-infrared, and
under 900 nm light, the R is 19.06 A W' under positive bias
(+2 V), the D* is 8 x 10" Jones. The R is 12.64 A W' under
reverse bias (—2 V), and the D* is 7.72 x 10"" Jones. Bi,Te,Se

Table 1 Performances of topological insulator photodetectors
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has now also been found to have promising applications in THz
detection.®

Table 1 summarizes the key parameters and preparation
methods of TI photodetectors in recent years. It can be seen
that the long wave detection limit of TI photodetectors is
approximately 5 pm away from the NIR band. Thin film
and nanowire devices typically have better photodetecting
performance owing to the advantages of nanoscale materials.
In addition, the preparation method also has a significant
impact on the photodetecting performance. For example, the
R of Bi,Se; NW prepared by ME is three orders of magnitude
higher than that prepared by CVD. Therefore, optimized nano-
structures and preparation processes are crucial to improving
photodetecting performances.

In photodetector application and development, the unique
electronic structure of TIs gives them significant competitive edges
compared to conventional materials. TIs demonstrate notably low
energy losses and high charge mobility, laying a robust foundation
for developing high-performance photodetectors. Additionally, the
bandgap of TIs plays a crucial role in mitigating carrier recombi-
nation, further enhancing the sensitivity and response speed of
detectors. Nevertheless, certain traditional materials may showcase
superior optoelectronic performance within specific wavelength
ranges. Hence, when selecting materials, it is essential to compre-
hensively consider the characteristics of different materials accord-
ing to the specific requirements of the intended applications.

3.2 Topological semimetal photodetectors

With the progress of TMs, more TMs in the photodetecting
field. In addition to the TIs discussed above, TSMs have gained
attention recently. TSMs display a linear energy dispersion in
their bulk state, where the conduction and valence bands
intersect at topologically protected Dirac or Weyl nodes.?' TSMs
have many attractive physical properties, such as ultra-high

Material Synthesis method Responsivity (A W) Detectivity (Jones) Detection range (nm) Ref.
Bi,Se; NS/Si — 9.34 x 10> 2.30 x 10" NIR 48
Bi,Se; film VDWE 23.8 — 1456 49
Bi,Se; NW ME 3 x 10? — Visible-infrared 50
Bi,Se; NW CVD 1.92 x 1071 6.6 x 10 325-1064 51
Bi,Se;/MOF — 4.725 x 10° 3.5 x 10" 500-2000 47
Bi,Te, MBE 3.32 x 1072 — 1064-1550 54
Graphene/Bi,Te; — 0.35 x 10> 83 UV-NIR 55
WS,/Bi,Te; — 0.307 x 10” 2.3 x 10" 370-1550 56
Bi,Te/Si CVD — — UV-NIR 57
Bi,Te;/SnSe/Bi,Te; — 5.5 6 x 10'° 370-808 63
Bi,Te; NW FIB 7.8 x 10% — NIR 58
SnTe/Si CVD — 8.4 x 10" 254-1550 64
SnTe film MBE 3.75 — 405-3.8 pm 65
SnTe/PET — 0.71 x 10> — 254-4650 66
SnTe/Ge PVD 0.62 2.33 x 10™ 400-2050 67
Sb,Te; film MBE 0.22 x 10> 1.22 x 10™ NIR 71
Sb,Te/Si PEP — — 365-940 72
Sb,Te,/Si PVD 2.7 x 10* 1.28 x 10%3 250-2400 77
Sb,Te;/STO MBE 48 x 1077 8.6 x 10" 405-1550 73
Sb,Te;/MoS, CVD 3.3 x 10* 10" — 74
Sb,SeTe, nanoflake — 2.29 x 10° 4.5 x 108 532 78
Bi,Te,Se/Si — 0.19 x 10? 8 x 10" Visible-infrared 79
© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2023, 4, 5018-5032 | 5025
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electron mobility,** zero band gap, a topological Fermi arc, and
the quantum Hall effect.®* ®> These physical properties extend
the detectable spectral range of TSMs even to THz.*® Cd,As,,
PtSe,, PtTe,, MoTe, and TalrTe, are the most studied TSMs.
Other materials, such as WTe, and TaAs, also appear promis-
ing, even in their initial stages of research.

To date, the study of topological DSM photodetectors has
mainly focused on Cd;As,. Cd;As, is one of the first identified
TSMs,*” with a centrally symmetric tetragonal crystal structure.®®
Electronic structure calculations show that Cd;As, is a 3D electro-
nic analog of 3D DSM and graphene without spin splitting.®® As
early as 2013, Wang et al.”® demonstrated through first-principle
calculation and practical model analysis that Cd;As, is a symme-
trically protected TSM, paving the way for further studies. In a
subsequent study, Liu et al®' confirmed this conclusion by
directly observing a pair of 3D Dirac Fermions in Cd;As, using
angle-resolved photoelectron spectroscopy. Mosca Conte et al.”>
used density functional theory to study the electronic and optical
properties of CdzAs, and provided theoretical evidence for its
potential use in wide-spectrum photodetecting. For their research
on photodetectors, Wang et al.>* employed CVD to synthesize
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Cd;As, NWs and nanoplate devices. The nanoplate devices exhib-
ited enhanced photoelectric response characterized by relatively
low resistance and high carrier mobility. With a R of 5.9 mA W',
it was shown that the response capabilities could span the
wavelength range of 532 nm to 10.6 um. These findings highlight
the promising potential of Cd;As, in photodetector components.
Compared to submicron-structured photodetectors, their thin-
film-based counterparts typically offer a higher photocurrent
response owing to their larger photosensitive area, affording more
pronounced detection advantages. In 2021, Yao et al.®* employed
the MBE technique to fabricate Cd;As, thin films, extending the
Cd;As, photodetecting range into the THz frequency regime. They
successfully realized room-temperature detection of THz waves
utilizing CdzAs,, exhibiting high sensitivity, low energy require-
ments, and rapid response characteristics.

However, semimetal has an intrinsic ultra-high charge
transfer rate and low resistance. Thus, even a small external
bias can cause significant dark current, thereby limiting the
device’s performance, particular switch ratio and D*. Building
heterojunction photodetectors can effectively improve the
photoelectric detector’s performance. In 2018, Yang et al®’
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(a) The diagram illustrates the scanning photocurrent measurement setup used for CdsAs, nanowire and nanoplate devices. Reprinted with

permission from ref. 93. Copyright 2017, American Chemical Society. (b) Schematic of the CdzAs,-based THz detector and photoconduction process of
THz-excited Dirac fermions. Reprinted with permission from ref. 94. Copyright 2021, American Chemical Society. (c) Photocurrent curves of the CdzAs,
thin film/pentacene heterojunction photodetector with 0.5 V bias voltage. Reprinted with permission from ref. 95. Copyright 2018, American Chemical
Society. (d) Band bending diagram with zero bias. Here, Eg, E, E1, and E; represent the vacuum, Fermi, and the barrier heights between Zn,Cd; _,Te and
CdzAs, or GaSb, respectively. The electron affinity of the three layers and the bandgaps of Zn,Cd; _,Te and GaSb are also indicated. Upon illumination, the
heterostructures experience photogeneration, generating electrons in GaSb and holes in CdzAs,. These photogenerated carriers migrate into the buffer
layer, driven by the built-in electric field at the interfaces. The band diagram illustrates the direction of carrier movement, with the purple/green arrow
indicating the direction of photogenerated holes/electrons. Reprinted with permission from ref. 97. Copyright 2022, American Chemical Society.
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reported a broadband photodetector based on a CdjAs, thin
film/pentacene heterojunction. As shown in Fig. 6c, this photo-
detector can detect radiation wavelengths ranging from 450-
10 600 nm at room temperature. Under illumination at 650 nm,
it achieves a R of 36.15 mA W' at a bias of 0.5 mV. The
outstanding performance of this photodetector in the long
infrared wavelength range makes it promising in information
communication. The combination of organic matter and thin
film provides a new direction for studying Cd;As, photodetec-
tion. Building upon this work, they substituted pentacene with
small molecules and polymers,°® expanding the detection range
of Cd;As,-based photodetectors to 365-10 600 nm at bias zero.
Moreover, the R was significantly improved to 729 mA W™ . In
2022, Yang et al.”’ realized the light response from the visible to
the infrared band by constructing a double heterojunction.
They prepared a wideband photodetector with Cd;As,/
Zn,Cd, _,Te/GaSb vertical heterostructure through simple and
controllable magnetron sputtering and photolithography tech-
nology. They further demonstrated its imaging application,
which makes the Cd;As, heterostructure promising for practi-
cal devices.

PtTe, is a DSM with a CdI,-type triangular (1T) structure,
with six Te atoms surrounding each Pt atom.’®°? In 2018,
Xu et al.*® reported a THz photodetector based on 2D PtTe,.
The device can be operated in self-powered mode. At zero bias,
the R is as large as 1.6 A W~ with a response time of less than
20 ps. At a bias of —100 mV, the R can reach 3.8 A W', In
addition, they also constructed photodetectors based on
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graphene/PtTe, heterojunction, which can achieve a response
time of less than 9 ps. In 2020, Tong et al.’*" reported success-
fully fabricating large-area PtTe, thin films through direct
telluration of platinum. They developed PtTe,/Si-based near-
infrared photodetectors and image sensors based on these
films. As shown in Fig. 7b, the photodetector exhibited a
broadband response ranging from 200-1650 nm, with a max-
imum R at 980 nm. Under illumination at 980 nm, the photo-
detector exhibited a R and D* of 0.406 AW~ and 3.62 x 10"
Jones, respectively, with an EQE of up to 32.1% at zero bias.
Additionally, it demonstrated a very high response speed,
with a rise time of only 7.51 ps and a fall time of 36.7 us. The
PtTe,-based image sensor also exhibited excellent performance
in infrared imaging. Wearable photodetectors have significant
potential for diverse applications in imaging, sensing, optical
communication, and environmental monitoring as photode-
tecting technology advances in the Internet of Things era.'®*
Similar to the work of Tong, Shawkat et al.'%” directly fabricated
a 2D PtTe, layer on a thin silicon wafer (Fig. 7c), enabling the
fabrication of flexible 2D PtTe, photodetectors in the spectral
range of 1-7 pm. This flexible detector demonstrated excellent
photodetecting performance through extensive bending experi-
ments, validating its potential for use in wearable photodetec-
tors. This work significantly broadens the multifunctionality of
Si-based photodetectors. In 2022, Yu et al'® successfully
fabricated highly controllable wafer-scale PtTe,/graphene 2D
Dirac heterostructure photodetectors using CVD and photo-
lithography techniques. The thickness and size of the devices

600 800 1000 1200

Wavelength (nm)

Fig. 7

(a)The SEM diagram of the device. Reprinted with permission from ref. 100. Copyright 2019, Wiley. (b) Normalized responsivity of the PtTe,/Si

NIRPD at zero bias. Reprinted with permission from ref. 101. Copyright 2022, American Chemical Society. (c) The top image showcases a thin Si wafer
subjected to bending, while the bottom image displays a flexible 2D PtTe,/Si photodetector. Reprinted with permission from ref. 102. Copyright 2021,
American Chemical Society. (d) Large-scale PtTe,/graphene photodetectors on a 4-in. wafer. Reprinted with permission from ref. 103. Copyright 2022,
American Chemical Society.
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can be adjusted, and they are compatible with complementary
metal-oxide-semiconductor (CMOS) technology (Fig. 7d). This
fabrication method holds practical significance in integrated
multifunctional photodetectors. The R of the photodetector can
reach 0.52 A W' without bias, and D* can reach 2.58 x
10 Jones.

PtSe, is a class DSM,'*® widely studied in photodetecting.
Yu et al.*°® synthesized PtSe, by chemical vapor phase transport
(CVT) and then prepared 2D PtSe, photodetectors by mechan-
ical exfoliation. They found that the bilayer PtSe, devices were
suitable for broadband mid-infrared photodetectors. The
broadband range extends from visible to mid-infrared, with
fast response and high sensitivity. In 2020, Feng et al.'"’
studied the photoelectric properties of PtSe, and perovskite
CsPbX; (X = Cl, Br, I) heterostructures. It showed through first-
principle calculations that such heterostructures could improve
the photoelectric carrier separation ability, broaden the absorp-
tion spectrum, and improve their photodetecting ability. Yang
et al.'®® employed few-layer PtSe, to fabricate photodetector
devices, with the primary mechanism for photocurrent genera-
tion being the photogating effect. This device exhibited an
extremely high photoresponsivity and photocurrent, reaching
aRof 5 x 10* AW at a bias voltage of 0.2 V. Moreover, they
showed that the gate voltage can determine whether the device
exhibits positive or negative photoconductance. Like PtTe,
mentioned earlier, PtSe, can also be produced on a large scale
through the direct sulfurization of Pt. Zeng et al.**® utilized this
method to construct a PtSe,/Si NW. This device exhibited a R of
12.65 A W' at a bias voltage of —5 V, a D* of 2.5 x 10" Jones,
and an exceptionally high response speed. This array photo-
detector holds significant potential for future applications in
optoelectronic and electronic devices.

Owing to its unique material properties, the WSM photo-
detector has an excellent sensitivity, broadband range, and self-
powered operation performance. MoTe, is considered to be a
possible WSM. Typically, MoTe, has three crystal structures:
2H, 1T', and T4 phases, in which 1T’ and 2H phases are trivial,
T4 phase is non-trivial."'»'"* Lai et al.''® prepared a T4-MoTe,
broadband self-powered photodetector based on WSM’s special
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unique material properties. The detector can not only achieve a
broadband response of 532-10 600 nm (Fig. 8). Under 532 nm
light irradiation, the device’s R can reach 0.40 mA W™, the D*
is 1.07 x 10°® Jones at zero bias voltage, and the response time is
43 ps. However, despite the potential of WSMs in broadband
photodetection, achieving large-scale synthesis for flexible
devices remains a challenge. Notably, a significant break-
through has recently been achieved in this regard. Through
MBE techniques, Yang et al.'™® successfully grew centimeter-
scale Tq-MoTe, films on flexible mica substrates. This result
has introduced fresh possibilities for the application of MoTe,
in the field of photodetection. It is worth emphasizing that
the antenna-less, self-powered flexible photodetectors based on
T4-MoTe, exhibit outstanding performance. At room tempera-
ture, these detectors demonstrate remarkable electromagnetic
radiation detection capabilities from ultraviolet to sub-
millimeter wave regions and a rapid response time of approxi-
mately 20 microseconds. More notably, the detector’s
responsivity reaches 0.53 mA W' (2.52 THz), with a NEP of
2.65 nW Hz *° (2.52 THz). These remarkable performance
characteristics set MoTe, materials apart in photodetection,
establishing a solid foundation for their application in wear-
able technology and other related domains.
Polarization-sensitive photodetecting has attracted much
attention because of its unique applications. WSM also has a
good development prospect in polarization-sensitive photo-
detecting. For example, the MoTe, broad spectrum self-powered
photodetector''® mentioned earlier also has an anisotropic
response sensitive to the polarization angle. It exhibits an aniso-
tropic response in the 532-10 600 nm range, with an anisotropic
ellipse ratio up to 2.72 in the 10 600 nm band. Nevertheless, the
intrinsic in-plane symmetry of the materials and the single
structure of the detector impede the advancement of polarization
detectors with high anisotropy ratios. TalrTe, is a type-Il WSM
with an orthogonal structure and strong in-plane asymmetry.
Therefore, TalrTe, has attracted extensive attention in developing
polarization-sensitive photodetectors. In 2018, Lai et al.'** took
the lead in constructing a photodetector based on TalrTe,, which
could achieve a photoelectric response of 532-10 600 nm. Under
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Fig. 8 Photocurrent response of the MoTe, device at different excitation wavelengths. Reprinted with permission from ref. 110. Copyright 2018, Wiley.
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the irradiation of 10.6 um light, the R is 20 pA W', and the D*
is 1.8 x 10° Jones at zero bias voltage. In addition, they
demonstrated the anisotropic response of the TalrTe, photo-
detector with polarized light. Its anisotropy ratios are 1.13, 1.56,
and 1.88 at 633 nm, 4 pm, and 10.6 um, respectively. It is not
difficult to see that as the wavelength increases, the anisotropy
becomes stronger. Han et al.'*® further constructed a WSe,/
TalrTe,/MoS, heterojunction photodetector in 2021. This het-
erojunction photodetector could achieve a wide spectral photo-
electric response ranging from 405-1550 nm. At 635 nm
wavelength, the device has a R of 1.48 A W' and a D* of 10"
Jones at zero bias. Its anisotropy ratio can be as large as 9.1,
which is much improved compared to that of previously
reported TalrTe, photodetector.'*

Table 2 summarizes the preparation methods and critical
parameters of the TSM photodetectors. Compared with TI
photodetectors, the detection limit of TSM photodetectors
can reach 10 um due to the zero gap and ultra-high carrier
mobility of TSMs. Like TI photodetectors, the structure and
preparation method significantly impact their performances.

TSMs, a distinctive class of functional materials, have
demonstrated exciting potential. Their unique electronic band
structure confers distinct advantages in photodetection. First,
the electronic band structure of TSMs features peculiar band-
crossing points between energy bands, generating highly sen-
sitive band valleys that effectively enhance photovoltaic effi-
ciency. Second, the fact that TSMs have different transport
mechanisms, such as 0D, 1D, and 2D channels, makes it easier
to separate and send carriers, which speeds up the photo-
response. Finally, TSMs exhibit a wide spectral response range,
enabling them to detect a broader spectrum from ultraviolet to
infrared wavelengths. Overall, TSMs present a remarkable out-
look in photodetection, leveraging their distinctive electronic
band structure and transport characteristics to forge new path-
ways for efficient photovoltaic conversion. Nevertheless, more
in-depth research and work is needed to overcome the current
issues with material synthesis and performance limitations.
With these progresses, TSMs can be used in a wide range of
optoelectronic devices.

Table 2 Performances of topological semimetal photodetectors
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4 Summary and outlook

In summary, we review the research progress of photodetectors
based on TIs and TSMs. We summarize the performances of
these emerging photodetectors, including responsivity, detec-
tivity, response time, and detection wavelength. The aim is to
provide researchers with a comprehensive understanding of the
latest experimental advances in TMs for photodetection.

TMs have several advantages as photodetectors in many key
performance aspects, such as high carrier mobility, excellent
optical properties, and unique band structures. They show
promising prospects in room temperature and wide-spectrum
detection, particularly in the mid-to-far-infrared and THz regions.
On the other hand, there are also certain limitations to TM-based
photodetectors. One limitation is that the TM photodetector
has a large dark current caused by the intrinsic band structure
or surface states. The dark current will become even larger if
impurities are present. The high dark current significantly
restricts the application of TM-based photodetectors, as it can
lead to high power consumption and noise."*® Another limitation
is the difficulty in producing high-quality TMs, especially for large-
scale and low-cost synthesis.>* Further research and technological
advancements are needed to achieve controlled synthesis of high-
quality, large-scale TMs at a low cost.

The research on TMs in photodetectors is still in its infant
stage. Several research directions and prospects are outlined.

(1) Optimizing material quality and growth processes are of
great importance to reduce the dark current. In particular, strict
control of the stoichiometric ratio of TMs can suppress the
generation of impurities and defects, thus reducing the dark
current and noise. Also, selecting suitable materials and design-
ing rational heterostructure and device structure can help to
minimize the unintended current flow paths and improve the
device’s performance.

(2) Although progress has been made in synthesizing 2D TMs,
achieving low-cost and large-scale fabrication still poses chal-
lenges. Therefore, further development of low-cost and reliable
fabrication techniques, particularly for wafer-scale devices, is
needed to drive the application of TMs in photodetection.

Material Synthesis method Responsivity (A W) Detectivity (Jones) Detection range (nm) Ref.
Cd;As, nanoplate CVD 5.9 x 103 — 532-10 600 93

Cd;As, MBE 4 %1072 — THz 94

Cd;As,/pentacene MBE 3.6 x 102 — 450-10 600 95

Cd;As,/organic MBE 0.729 — 365-10 600 96

Cd;As,/Zn,Cd,_,Te/GaSb CVD 0.216 — 520-2000 97

PtTe, — 1.6 — — 100
PtTe,/Si CVD 0.406 3.62 x 10*? 200-1650 101
PtTe,/Si wafer CVD — — 1000-7000 102
PtTe,/graphene CVD 0.52 2.58 x 10" 405-1850 103
PtSe, CVT — Visible-MIR 106
PtSe, — 5 x 10* — — 108
PtSe,/Si — 0.126 x 10> 2.5 x 10 200-1550 109
MoTe, — 0.40 x 1073 1.07 x 10® 532-10 600 110
MoTe, MBE 5.3 x 107> — UV-submm 113
TalrTe, — 2x107° 1.8 x 10° 532-10 600 114
WSe,/TalrTe,/MoS, — 1.48 10" 405-1550 115
© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2023, 4, 5018-5032 | 5029
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(3) Further study of interactions between photodetecting
performances and different physical mechanisms will provide
unprecedented opportunities to this field. First, TMs typically
exhibit strong SOC, which is believed to play a critical role in
polarization-sensitive photodetection and thus deserves further
investigation. Second, introducing magnetism into the TI can
break the time-reversal symmetry (TRS), thus creating a band
gap in the surface state.""”''® Therefore, magnetic doping or
proximity with other magnetic materials, particularly 2D
magnets,""® should significantly impact the photodetecting
performance. Finally, ferroelectric modulation of the photo-
electric effect is one of the current research hotspots. The FE
field effect can regulate carrier transport, increasing R and D*.
It can also adjust the bandgap of 2D materials, increase the
range of photodetecting, and effectively reduce the power
consumption of photodetectors.'>%**!

In short, TMs possess numerous unique properties for
applying novel photodetecting techniques. More advances
and opportunities are expected in this emerging field.
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