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Abstract: With the rapid development of high-speed imaging, aerospace, and telecommunications,
high-performance photodetectors across a broadband spectrum are urgently demanded. Due to
abundant surface configurations and exceptional electronic properties, two-dimensional (2D)
materials are considered as ideal candidates for broadband photodetection applications. However,
broadband photodetectors with both high responsivity and fast response time remain a challenging
issue for all the researchers. This review paper is organized as follows. Section I introduces the
fundamental properties and broadband photodetection performances of transition metal
dichalcogenides (TMDCs), perovskites, topological insulators, graphene, and black phosphorus (BP).
This section provides an in-depth analysis of their unique optoelectronic properties and probes the
intrinsic physical mechanism of broadband detection. In Section II, some innovative strategies are
given to expand the detection wavelength range of 2D material-based photodetectors and enhance
their overall performances. Among them, chemical doping, defect engineering, heterostructure
construction, and strain engineering way are found to be mor effective for improving their
photodetection performances. The last section addresses the challenges and future prospects of 2D
material-based broadband photodetectors. Furthermore, to meet the practical requirements for very
large-scale integration (VLSI) applications, their work reliability, production cost and compatibility
with planar technology should be paid much attention.

Keywords: 2D materials; broadband photodetection; enhancing photodetection performance;
photoresponse mechanism

1. Introduction

With the rapid advancement of information technology, there is an increasing demand for
photodetectors capable of covering a wide spectral range from visible to infrared light and even
terahertz [1-3]. These detectors play an important role in aerospace exploration, remote sensing [4—
7], environmental monitoring [8-11], and high-speed imaging [12-15]. Over the past decades, the
narrow-bandgap compound semiconductors like mercury cadmium telluride (HgCdTe), indium
antimonide (InSb) and silicon have been intensively researched due to their optimal bandgaps, which
inherently keep them from broadband photodetection applications [16-18]. Although traditional
photodetectors have made some progress, they still encounter some limitations [19,20]. For instance,
HgCdTe photodetectors require a low operation temperature below 70 K to achieve high-
performance detection. Moreover, they are not friendly to the environmental due to the existence of
heavy metal elements Hg and Cd, and their fabrication process is complicated and expensive.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Two-dimensional(2D) materials such as transition metal dichalcogenides (TMDCs) [21-24],
perovskite [25-27], graphene [28-30], topological insulators [31-33], black phosphorus (BP) [34,35]
and MXenes [36-38] attract tremendous interest owing to their distinctive physical and chemical
properties. 2D materials exhibit tunable bandgaps [39,40], strong light-matter interactions [41], high
carrier mobility [42], and exceptional mechanical flexibility [43,44], enabling them with outstanding
performances in broadband photodetection. For example, Hu et al. [45] achieved an ultra-broadband
photoresponse ranging from ultraviolet to long-wave infrared (375 nm-10 pum) by integrating
ferroelectric materials with pyroelectric functionality and low-dimensional semiconductor materials.
Using the electric field reversible modulation characteristics of bipolar 2D van der Waals (vdW)
heterojunctions, Zhai et al. [46] utilized to implement wide-spectrum (365-980 nm) convolution
processing and recognition within sensors. Zhang et al. [47] designed an innovative 2D vertical
heterostructure photodetector with an exceptionally high optical responsivity and detectivity over a
broad wavelength range (405-1550 nm). Despite there are some research progresses in 2D material-
based photodetectors, fabrication of high-performance broadband photodetectors with both rapid
switching speed and large photoresponsivity is still challenging due to the limitation of
photosensitive materials themselves, such as low carrier mobility, high dark current, low light
absorption efficiency, and poor environmental stability. Additionally, the photoresponse speed and
detection spectral range of these photodetectors are often affected by carrier recombination, trap
states, or material crystallinity. Therefore, modulation of the optoelectronic properties of 2D materials
and fabricate high-performance photodetector are very essential for their actual application in
broadband photodetection.

The purpose of this review is to provide a comprehensive perspective, which analyzes and
summarizes recent research strategies for enhancing the work performances of 2D material-based
devices for broadband photodetection. First, the optoelectronic properties of individual 2D materials
are introduced to explore the intrinsic broadband photodetection mechanism. Next, the strategies for
enhancing the work performance of 2D material-based photodetectors will be discussed in detail.
Finally, we will address the challenges of realizing high-performance broadband photodetectors and
their potential applications in future.

2. Individual 2D Material-Based Broadband Photodetectors

For broadband photodetection, individual 2D materials rely on two principal physical
mechanisms: the photo-thermoelectric effect and photoconductivity effect. The photo-thermoelectric
effect describes the change in a material's resistance due to thermal effects, resulting in a measurable
resistance change. On the other hand, the photoconductivity effect refers to the creation of electron-
hole pairs following the absorption of photons with energy above the material's bandgap, enhancing
electrical conductivity and allowing light detection across a broad spectral range. Devices
predominantly governed by the photo-thermoelectric effect can achieve an exceedingly broad
detection spectrum, extending from the visible to the near-infrared, mid-infrared, far-infrared
regions, and even terahertz waves. In contrast, devices of photoconductive effect are restricted to a
more defined wavelength range, depending on their bandgap width. In this section, the properties of
five commonly-used 2D materials are explored for realizing broadband photodetection: transition
metal dichalcogenides (TMDCs), graphene, black phosphorus (BP), topological insulators, and
perovskites [48-50].

2.1. Transition Metal Dichalcogenides

Transition Metal Dichalcogenides (TMDCs) are layered materials consisting of a layer of
transition metal atoms (molybdenum (Mo) or tungsten (W)), sandwiched between two layers of
chalcogen atoms (sulfur (S), selenium (Se), or tellurium (Te)). These materials are characterized by
the chemical formula MXz, where M represents the transition metal and X denotes the chalcogen. A
key feature of TMDCs is their bandgap, which is significantly influenced by the number of layers,
thereby conferring upon them a broad spectral response capability. The sensitivity of TMDCs to layer
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thickness endows them with the ability to absorb a broad spectrum of light, rendering them highly
desirable for applications in broadband photodetection.

For instance, Pargam et al. [51] developed a 2D SnSe thin films photodetector capable of
detecting light from 400 to 1200 nm owing to its narrow bandgap, maintaining stable performance
even after 30 days of air exposure. Guo et al. [52] fabricated a high-performance photodetector using
high quality ternary Ta:NiSes nanosheets (Figure 1a), featuring a narrow bandgap of 0.25 eV. As
illustrated in Figure 1b, the device exhibits broadband photodetection capabilities across the visible
to infrared (IR) spectral (405-2200 nm) at room temperature. At 405 nm, it achieves a maximum
responsivity of up to 280 A/W. Notably, at 2200 nm, it exhibits an impressive responsivity of 63.9
A/W and a detectivity of 3.8 x 10° Jones, as shown in Figure 1c. Ren et al. [53] synthesized a high-
quality 2D Bi2O:Se thin film on a SrTiOs substrate via chemical vapor deposition (Figure 1d),
exhibiting an perfect atomic arrangement and a well-defined interface with the substrate. As
illustrated in Figure le-g, a photodetector based on the 2D Bi2O:Se thin film was developed to detect
across ultraviolet, visible, and infrared wavelengths from 365 to 940 nm. It demonstrates rapid
response time of 32 ms and 44 ms, a peak response sensitivity of 136 mA/W, and a detectivity up to
2x10° Jones. Moreover, the Bi2O2Se photodetector shown remarkable stability performance in ambient
atmosphere after one year storage, as demonstrated in Figure 1h.
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Figure 1. (a) Schematic illustration of the multilayer Ta:NiSes photodetector. (b) Photocurrent curves versus Vas
under the different illumination of lasers. (c) R and D* of Ta2NiSes photodetector as a function of wavelength
[52]. Copyright 2023, IOP Publishing. (d) Schematic illustration of CVD process for growing 2D Bi2O:Se film on
SrTiOs substrate. (e) The magnified rising and falling edges at 850 nm. (f) Schematic diagram of the Bi2O:Se
photodetector. (g) R and D* of Bi2O:Se photodetector as a function of wavelength. (h) Time-resolved current of
the fresh Bi2O:Se photodetector and stored in air atmosphere for 4 h, 1 day, 3 days, 1 week, 2 weeks, 3 weeks, 1
month, 3months, 6 months, 9 months and 1 year [53]. Copyright 2023, Elsevier.

2.2. Two-Dimensional Perovskite
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In addition to conventional 2D materials like TMDCs, 2D perovskite materials are also emerged
in broadband photodetectors [54,55]. Perovskite materials have a crystal structure of ABXs, where A
is typically an organic molecule or alkali metal ion, B is a transition metal ion, and X is a halogen ion.
They have attracted significant interest in broadband photodetection due to their remarkable optical
properties, including tunable bandgap [56,57] and excellent charge carrier performance [58].

Li et al. [59] synthesized a stable 2D Cs0.0sMAo.4sF AosSnosPbosls(Sn-Pb) perovskite, with reduced
Sn vacancy density and suppressed yellow phase impurities through Sn? enrichment Cs* ions
incorporation. As given in Figure 2a, the photodetector based on Sn-Pb perovskite exhibits a response
range spanning from ultraviolet to near-infrared wavelengths (Figure 2b). Under irradiation with a
720 nm laser, the device demonstrated a responsivity of 0.29 A/W and achieved ultrafast response
characteristics with rise and fall time of 2 pus and 12.1 s, as shown in Figure 2c. Xu et al. [60] presented
a novel flexible optoelectronic detector utilizing (BA)2(MA)Snl7, which achieved a wide-spectral
response across the ultraviolet-visible-near-infrared spectrum from 365 to 1064 nm, as illustrated in
Figure 2d and 2e. The device exhibited high responsivities of 28.4 A/W at 365 nm and 0.02 A/W at
1064 nm, corresponding to detectivities of 2.3x10'° and 1.8x107 Jones, respectively. Furthermore, it
demonstrated stable photodetection performance after 1000 bending cycles. Figure 2f shows that Mei
et al. [61] employed a low-temperature vapor-diffusion method to synthesize 2D MAPDbBrs
nanoplates photodetector. The high specific surface area and surface trap-assisted absorption
characteristics of the nanoplates contribute to the device's outstanding performance in the near-
infrared spectral ranging from 850 to 1450 nm, as depicted in Figure 2g. Notably, it achieves an
external quantum efficiency (EQE) of 1200% and a detectivity of 5.37x10'2 Jones, while also
demonstrating rapid response rise/fall time of 80/110 us, as shown in Figure 2h and 2i. Xu et al. [62]
investigated a broadband photodetector based on MAPbBrs (Figure 2j), capable of spanning the
ultraviolet to near-infrared spectral range. Figure 2k presents a schematic diagram of the photo-
responsive mechanism. The mechanism for photocurrent generation in the visible light spectrum was
elucidated as the photoelectric effect. For incident light wavelengths shorter than the cutoff
wavelength of 574 nm, single-photon absorption serves as the primary absorption mechanism. In
contrast, for wavelengths exceeding 574 nm, sub-gap trap state absorption predominates. In the near-
infrared region, thermal effects govern the photoresponse mechanism. Figure 2l illustrates the
device's optical response across various wavelength bands, revealing that it attains a high plateau
prior to reaching a wavelength of 520 nm.
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Figure 2. (a) Structure of flexible Sn-Pb perovskite photodetector. (b) R of Sn-Pb photodetector as a function of
wavelength. (c) Response speed curve [59]. Copyright 2024, Wiley. (d) Schematic device structure of the
(BA)2(MA)Sn2I7 photodetector. (e) Photocurrent dependence on light wavelength measured at 1 V bias voltage
[60]. Copyright 2023, OSA publishing. (f) SEM images of MAPbBrs nanoplates. The inset in (f) shows an optical
image of the as-prepared photodetector. (g) Responsivity and photocurrent of MAPbBrs photodetector under
infrared laser irradiation. (h) Normalized time-resolved photocurrent of MAPbBr3 photodetector under pulsed
laser irradiation with frequency of 333 Hz. (i) A single normalized cycle in (k) [61]. Copyright 2023, Wiley. (j)
Schematic diagram of the MAPbBrs/Ag photodetector. (k) Energy levels of the MAPbBr3 photodetector under
different illumination conditions. (I) R of the MAPbBrs photodetector at different wavelength [62]. Copyright
2022, OSA publishing.

2.3. Graphene

Graphene, a 2D material composed of carbon atoms arranged in an sp? hybridized configuration,
forms a planar hexagonal lattice structure [63]. It exhibits zero bandgap semi-metallic characteristics,
which means that the energy required for electrons to transition from the valence band to the
conduction band is minimal. This allows graphene to absorb a wide range of photon energies across
the spectrum [64]. Additionally, the linear dispersion of Dirac electrons in graphene suggests that for
any excitation, there is always a resonance of an electron-hole pair, contributing to its high bandwidth
photodetection capability. Combined with graphene's exceptionally high electron mobility, these
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properties enable it to rapidly generate photocurrents in response to light, making it an ideal material
for broadband photodetection.

Liu et al. [65] reported an ultra-broadband photodetector based on a graphene bilayer
heterostructure, with the device structure illustrated in Figure 3a. Under illumination, the top layer
generates hot carriers that tunnel into the bottom layer, resulting in charge accumulation at the gate
and producing a pronounced optoelectronic gating effect on channel conductivity. This device
demonstrates room-temperature light detection across a spectral from visible to mid-infrared
wavelengths, achieving a mid-infrared responsivity exceeding 1 A/W, as shown in Figures 3b and c.
However, due to the inherently low optical absorption of graphene, the responsivity of graphene-
based photodetectors is relatively low. Yang et al. [66] developed a novel method for the preparation
of highly conductive reduced graphene oxide (rGO) and constructed a fully suspended photodetector
as illustrated in Figure 3d. This detector displayed the fastest and broadest optical response among
all reported rGO photodetectors. As demonstrated in Figures 3e and f, the response time is
approximately 100 ms, with a response range spanning from ultraviolet to terahertz spectral region.
Qasim et al. [67] established a high-performance, self-powered broadband photodetector, as
illustrated in the Figure 3g. This device is constructed from a stack formed on an n-Si substrate by
graphene. As illustrated in Figure 3h, the device exhibits a remarkable broadband spectral response
ranging from visible light (405 nm) to infrared (1,550 nm). This phenomenon can be attributed to the
formation of a Schottky barrier at the interface between graphene and silicon. Under illumination,
photons with energies below the silicon bandgap are absorbed, generating photo-induced charge
carriers that are subsequently separated by the built-in electric field, resulting in photogenerated
current. Under illumination at 532 nm and with a rapid rise time of 320 us, the device achieves a
responsivity of 300 mA/W, a detectivity of 3.37 x 10! Jones, and an external quantum efficiency of
90%, as depicted in the Figure 3i. Our team has proposed an asymmetric plasmonic nanostructure
array on planar graphene [68], as illustrated in the Figure 3j. Under excitation, the non-
centrosymmetric metallic nanostructures exhibit a strong light-matter interaction with the local field
near the tip surface, resulting in an asymmetric electric field. These characteristics can enhance the
generation of hot electrons within graphene, leading to directed diffusion currents. As shown in
Figure 3k, the device demonstrates significant optical responsiveness across a wavelength range of
0.8 to 1.6 um. Under laser excitation at 1.4 pum and zero bias, it achieves a responsivity of 25 mA/W
and a noise equivalent power of about 0.44 nW/Hz"2.
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Figure 3. (a) Structure of graphene photodetector. (b) Gate dependence of photocurrent under different
illumination powers with excitation wavelengths at 1.3mm (c) Gate dependence of photocurrent under different
illumination powers with excitation wavelengths at 3.2mm [65]. Copyright 2014, Macmillan. (d) Schematic
diagram of the fully suspended rGO thin film photodetector. (e-f) Performance of a fully suspended rGO thin
film photodetector from the UV to THz spectral region [66]. Copyright 2014, Elsevier. (g) Schematic diagram of
the graphene photodetector device. (h) Responsivity and external quantum efficiency of the device. (i) Specific
detectivity and noise equivalent power of the device [67]. Copyright 2023, Wiley. (j) Schematic diagram of the
graphene photodetectors. (k) Normalized photocurrent profile acquired upon various excitation light
wavelengths [68]. Copyright 2024, American Chemical Society.

2.4. Topological Insulators

Topological insulators, with their bulk exhibiting narrow band gaps and their surfaces featuring
zero band gaps, possess surface states that connect the conduction and valence bands of the bulk,
enabling broad spectral range detection [69]. The unique electronic structure of topological insulators,
characterized by their robust topologically protected surface states, is the cornerstone of their
potential for wide-spectrum photodetection. These surface states are impervious to backscattering
and non-magnetic impurities, thereby ensuring efficient charge transport and light absorption across
a diverse spectral of wavelengths.

Liu et al. [70] constructed a Bi2Ses nanowire/Si photodetector, as illustrated in Figure 4a, showing
exceptional photoelectric detection performance. Due to its small bulk bandgap, the device covers a
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wide spectral range for photodetection, spanning from 380 to 980 nm as detailed in Figure 4b.
Moreover, an effective Schottky barrier is established at the interface. When subjected to varying
optical power excitation at a wavelength of 808 nm, the device consistently shows favorable
photocurrent responses, achieving a peak responsivity of 103 A/W and a swift response time of
around 45 ms, as given in Figure 4c. Chen et al. [71] introduced a super-broadband photodetector
that integrates dual mechanisms based on the topological insulator Sb2Tes, as revealed in Figure 4d.
The response range of this photodetector spans from 520 nm to 0.28 THz (as shown in Figure 4e).
Upon irradiation with a 520 nm laser, the device demonstrates a room-temperature responsivity of
114.6 mA/W and a detectivity of 1.78 x 108 cm? Hz!2 W-l. At a frequency of 0.12 THz, the room-
temperature responsivity is 38.5 mA/W, with a detectivity of 3.44 x 10'° cm? Hz!2 W-1, and an observed
response time of 20 ps. As presented in Figure 4f, the device's operation in the visible to infrared
spectrum is primarily due to the photoconductive effect, while its terahertz functionality is largely
attributed to the asymmetric scattering behavior of topological surface states. Lai et al. [72] reported
a wide-spectrum photodetector based on TalrTes, with its device structure shown in Figure 4g. The
photodetector demonstrated a broadband response from 532 nm to 10.6 um, as seen in Figure 4h,
suggesting that its detection range can be extended into the far-infrared and terahertz regions.
Furthermore, the anisotropic response of the TalrTes photodetector was quantified, showing that the
degree of anisotropy escalates as the excitation wavelength approaches the Weyl node.
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Figure 4. (a) Typical SEM image of the Bi2Ses nanowire device. (b) Spectral response of the device measured in
the wavelength range of 380-980 nm. (c) Responsivity and detectivity of the device as a function of light intensity
[70]. Copyright 2016, Royal Society of Chemistry. (d) Schematic illustration of the Sb2Tes photodetector structure.
(e) Wavelength dependency of current responsivity, at zero bias and room temperature, covering both visible to
IR and THz spectral bands. (f) The top half panel demonstrates the band diagrams of the Sb2Tes photodetector
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under illumination with limited positive (left) and negative (right) bias voltages, the bottom half panel
demonstrates asymmetry in elastic scattering due to the wedge effect [71]. Copyright 2024, AIP Publishing. (g)
Optical image of a TalrTes device. (h) Broadband photoresponse of TalrTes photodetector. Photoresponse of the
TalrTes device for different excitation wavelengths at 298 K [72]. Copyright 2018, American Chemical Society.

2.5. Black Phosphorus

Black phosphorus (BP), a stable allotrope of phosphorus in air, is a typical layered two-
dimensional material. Each layer consists of corrugated atomic chains, where each atom engaging in
sp3 hybridization to form non-planar six-membered ring structures with three neighboring atoms.
This material exhibits direct bandgap semiconductor characteristics, with the bandgap narrowing
from 1.7 eV in monolayers to 0.3 eV in bulk forms as the number of layers increases [73,74].
Capitalizing on its narrow bandgap, BP has been widely applied in broadband photodetection.

Huang et al. [75] developed a black phosphorus photodetector, as depicted in the Figure 5a,
which demonstrated high-performance detection across the 400-900 nm spectrum with a remarkable
responsivity up to 106 A/W level, as revealed in Figure 5b. Another BP photodetector developed by
Guo et al. [76] and shown in Figure 5c, achieved a responsivity of 82 A/W under 3.39 pm laser
irradiation. Xu et al. [77] fabricated a BP photodetector enables mid-infrared photodetection from 2.5
to 3.7 um wavelengths. Ryan et al. [78] designed a photodetector illustrated in Figure 5d that
leverages the light guiding effect of black phosphorus for effective detection from near-infrared to
mid-infrared (1.56-3.75 um). This device exhibited an ultrafast response time of 65 ps when excited
by a 3.6 um laser irradiation, as given in Figures 5e and 5f. The performance of some broadband
photodetectors based on individual 2D materials are summarized in Table 1.
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Figure 5. (a) Structure of black phosphorus photodetector. (b) Responsivity and External quantum efficiency for
different kinds of incident photons [75]. Copyright 2016, Wiley. (c) Structure of black phosphorus photodetector
[76]. Copyright 2016, American Chemical Society. (d) Schematic diagram of black phosphorus photodetector. (e)
Peak photocurrent for all wavelengths plotted as a function of incident flux. For all measurements a bias voltage
of 200 mV and back gate of 0 V was used. (f) Photocurrent impulse response showing 65 ps rise time [78].
Copyright 2016, IOP.

Table 1. Comparison of various 2D materials broadband photodetectors.

Bias Range Responsivity Detectivity
Device EQE (%) Ref.
V) (nm) (A/W) (10?Jones)
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3. Strategies for Enhancing Photodetection Performances

As previously mentioned, devices based on individual 2D materials for broadband

photodetection have been extensively discussed. Despite notable progress, their performance has yet

to fully meet current requirements. Therefore, researchers have devoted considerable effort to

developing innovative techniques and strategies to enhance the photodetection performance of these

devices. Such methodologies include chemical doping to alter electronic properties, defect

engineering to modulate carrier concentrations, heterostructure fabrication to create synergistic

effects, and strain engineering to tune bandgaps and enhance light-matter interactions (Figure 6).

These strategies are crucial for enhancing the functionality and efficiency of 2D material-based

broadband photodetectors, ensuring they can meet the demanding requirements of practical

applications.
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Figure 6. Schematic diagram of strategies for broadband photodetection optimization [89-92].

3.1. Chemical Doping

Chemical doping is a strategy employed to fine-tuning the band structure and carrier density in
semiconductor materials by incorporating impurity atoms or molecules [93,94], thereby enabling
broadband photodetection. Peng et al. [95] synthesized a PbSeosTeos atomic film through the
incorporation of Te into PbSe, which resulted in a reduced bandgap and enhanced carrier mobility,
leading to exceptional photo-response and broad-spectral detection capabilities as shown in Figure
7a. The doped PbSeosTeos photodetector displays superior broadband photodetection performance
(405-5000 nm), which attributed to its narrow band gap (Figure 7b and 7c). Parth et al. [96]
synthesized a range of metal-doped SnS materials (Fe, Mg, Mn, Pd, W) via the hydrothermal method.
Interestingly, Mg-doped SnS demonstrated the most pronounced response in both visible and near-
infrared spectra among the various metal-doped SnS variants, as observed in Figure 7d and 7e. By
modulating the energy band through Mg doping, the 7% Mg-doped SnS demonstrated excellent
photo responsivity in the visible-infrared spectral, as seen in Figure 7f-g. Additionally, Parth et al.
[97] effectively doped in into SnS to facilitate broad-spectrum photodetection ranging from 400 nm
to 1100 nm by altering the bandgap from 1.44 eV to 2.08 eV . Through density functional theory
calculations, Zhao et al. [98] investaged that the synergistic effect of vanadium substitution doping
and molybdenum vacancies not only diminishes the bandgap but also enhances light absorption in
monolayer MoSe, as illustrated in Figure 7h. They successfully fabricated a photodetector based on
monolayer MoSe:2 with 6% V and Mo vacancies, which displayed a broadband spectral response from
365 nm to 2240 nm, and the photoresponsivity reached 9.7 A/W and 2.8 mA/W at 520 nm and 2240
nm, respectively (Figure 7i). Using the CVD method, our team [99] synthesized high-quality single-
crystal (GaN)1x(ZnO)x nanobelts and fabricated a wide-spectral ultraviolet-visible photodetector as
illustrated in the Figure 7j. The photodetector exhibited remarkable responses across the ultraviolet
to visible light spectral, thanks to its excellent optical response and tunable bandgap. As shown in
the Figure 7k and 71, under 365 nm ultraviolet irradiation, the device exhibited a responsivity of
2.8x105 A/W. Under 532 nm visible light irradiation, the device achieved a response time of 480 ms
with a responsivity of 1.9x10¢ A/W.


https://doi.org/10.20944/preprints202502.0959.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 February 2025 d0i:10.20944/preprints202502.0959.v1

12 of 26

) PbSe,. Te, CASTEP Band Structure (b) (c?ou
N o : = 1.,
N N # e e AR o
> N\ /,\ /) . . 1]
> Nz, N 1
» v =
E} V Q\ | >
g \ E
| 9 0.1
o \ d
Q.
N,
9-0-0_ g
=} 0.01
SO D PD VDS
S ELCETS SIS ESSS
(d) ( ) (f) Wavelength (nm)
e
— Eq ~—— Pristine SnS SnS:Mg 7%
[ Imﬁ;w {\y 320 SnS:Mg 2% —— SnS:Mg 10%
y 3 2| —snsmgs% SnSMg 12%
E, M % E 16
E,
2 H ® ) ‘5‘1.2
2 F I“ [ﬂ Under lllumination ©
@ ]
= 08
s [ Under Dark “ l E
2 51N o
0 0.4
@
e , . 0.0
SNS  WiSnS pd:SnS Mn:SnS Fe:SnS Mg:SnS Paper-based Mg:SnS Device
(9) (h) — pristine MoSe, (i) 1o V=1V —w— pristine
4 Pristine SnS ———SnS:Mg 7% 6.25% V ¢ i <2% V
g SnS:Mg 2% —— SnS:Mg 10% 6.25% Vi, Pinc=54 mw cm S
2 SnS:Mg 5% SnS:Mg 12% 104 ——6.25% V 8 6.25% Viwy 10° . "r._ i
=31 ., = —~ . ot £
§ r=1 10? nm2 10V 5 ..g
5 200 mWi/em .‘5_, . ‘é 102 2
02 g E AR
o ‘3, « - -
- | < -
2 10!
&1 10 4 5
100 FENIS
0 10! T v r T v T T , v - : :
0 20 40 60 80 100 1000 2000 3000 4000 5000 6000 0 500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)
(k) s This K (I) MaS,-MeO, heterojunction
§ 3 Hosd 10 " thiain
* Ref. 40
"c [ 4.;,(:,;2\1-. : 8 *(a:‘::-‘-lm
- of.
24 E *- THO, nanowellp-NiO
RS A (GaN), (Zn0), N\Wy S6 mesoporous nanosheet
»:. Ref. 18 Graphene films| g Ref. 38
s 10,0,/Ti0, 5 | =4 */.-o Nanofiber Array ZeORAB
=1 Rel. 33 CsPOBrAPDVT-10 PHLs (=] Re asnewire Sie
Z SbySel i S |swe Rt 42
aSeTey @ oS/ nl
g_ siaaeahait This work e 24 nanowires W a thim i
2 Ref. 4 A (GaN), (Z00) S "% A - Ree &
'5 04 AA —-u\'m:x 20 o @
of, =
- -
220 300 400 500 600 R 300 400 500 600 700 800
& Wavelength (nm) Wavelength (nm)

Figure 7. (a) DFT calculation band structures for PbSeixTex. (b) The schematic diagram of PbSeixTex/MoSe2
device and the atomic structure models of PbSeixTex and MoSe:z. (c) Responsivity and Detectivity of PbSe:-
xTex/MoSe2 device from 405 to 5000 nm [95]. Copyright 2023, Wiley. (d) Responsivity and Detectivity of different
types doped SnS photodetectors. (e) Schematic diagram and charge transfer mechanism for SnS/Mg. (f-g) I-t
characteristics of SnS/Mg (2, 5, 7, 10, 12%) devices under visible and IR radiation [96]. Copyright 2024, American
Chemical Society. (h) DFT calculated absorption spectrum of Mo1sSesz, ViMoisSes2, Mo1sSes2 and ViMouSes. (i)
Responsivity of photodetectors based on MoSe2 with different V compositions as a function of excitation
wavelength [98]. Copyright 2021, Elsevier. (j) Optical images of (GaN)1x(ZnO)x photodetector. (k) Comparison
of the responsivity with previous reports. (I) Comparison of the photoresponse time with previous reports [99].

Copyright 2024, Elsevier.

3.2. Defect Engineering

Defects such as vacancies, edges, grain boundaries, and substitutional impurities inherently
present in 2D materials significantly influence their electronic and optoelectronic characteristics. By
employing defect engineering strategies, these defects can be deliberately controlled and optimized,
enhancing the performance of 2D material-based devices and overcoming the limitations imposed by
their inherent bandgap. This approach has the potential to noticeably enhance the responsivity,
response speed, and operational wavelength range of photodetectors, expanding their capabilities in
optoelectronic applications. Wu et al. [100] developed WS2/Ge heterojunction photodetectors through
defect engineering and interface passivation techniques, as shown in Figure 8a. The WS2/AlOx/Ge
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photodetector demonstrates exceptional performance attributed to a reduced bandgap resulting from
defects. It exhibits a high responsivity of 634.5 mA/W, a detectivity of 4.3x10"! Jones, rapid response
times, and an extensive spectral response ranging from 200 nm to 4.6 um, as found in Figure 8b and
8c. Furthermore, this device exhibits remarkable MWIR imaging capabilities at room temperature.
Xie et al. [101] achieved room-temperature THz photodetection in MoS: by conducting bandgap
engineering through the introduction of Mo* and S* vacancies. The generation and transport of
excess charge carriers in the MoS:z sample are regulated by the vacancy concentration and resistivity
in the THz electromagnetic radiation. A photo responsivity at 2.52 THz with 10 mA/W was achieved
by balancing the fluctuation of carrier concentration and the scattering probability of charge carriers
in the MoSz19 sample.
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Figure 8. (a) Schematic diagram of the WS2/AlOx/Ge photodetector. (b) Responsivity and EQE values of the
photodetector as a function of light intensity. (c) Spectral photoresponse of the WS2/AlOx/Ge photodetectors and
pure Ge photodetectors. Under light illumination of 1550 nm [100]. Copyright 2021, American Chemical Society.
(d) Schematic diagram of the D-nMAG/Si photodetector. (e) The responsivity of D-nMAG/Si as a function of
laser power density at 900 nm. (f) The responsivity of D-nMAG/Si as a function of laser power density at 4 pm
[102]. Copyright 2022, Elsevier. (g) Schematic illustration of the Ni/MoS:z photodetector. (h) Energy band diagram
of the MoS: photodetector under negative voltage. (i) Responsivity and detectivity of the MoS: device and the
Ni/MoS: device under 532 nm illumination at 5 V [103]. Copyright 2023, Duan et al.

In contrast to the bandgap modulation, defects also can act as efficient charge traps, achieving
exceptional photocurrent gain in broadband photodetectors. Cao et al. [102] proposed a macro-
assembled graphene nanofilm with precisely controlled defect states for wide-band infrared
detection, investigating the correlation between the concentration of material defect states and
detection performance. The device architecture is illustrated in Figure 8d. Defect states re-enter the
conduction band (CB) and valence band (VB) within the D-nMAG trapped charge carriers for
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thermalization, resulting in enhanced photocurrent gain. Figure 8e presents the responsivity of
various defect state concentrations of D-nMAG in the near-infrared (NIR) region at 900 nm, while
Figure 8f displays the responsivity in the mid-infrared (MIR) region at 4 um. Duan et al. [103]
introduced a Ni/MoS: photodetector, as illustrated in Figure 8g. This detector is modified with nickel
nanoparticles on MoS: that contains S vacancies, achieving excellent photodetection performance
through defect engineering. The introduction of S vacancies enables effective light detection in the
near-infrared range. Additionally, the photocatalytic effect of the nickel nanoparticles within the
device reduces recombination rates and enhances hole transport. Figure 8h illustrates the schematic
representation of the energy band structure under this configuration, thereby improving both the
sensitivity and response speed of the photodetector. The MoS: photodetector modified with nickel
nanoparticles demonstrates responsivity of 106.21 A/W and 1.38 A/W under 532 nm and 980 nm light,
with detectivity of 1.9x10" Jones and 8.9x10° Jones, respectively, as revealed in Figure 8i.

3.3. Heterostructure Construction

2D materials' lack of dangling bonds on their surfaces provides exceptional flexibility in
integrating with materials of other dimensions, including 0D, 1D, 2D and 3D, without strict lattice
matching requirements. This flexibility expands the possibilities for engineering diverse device
architectures. By selectively combining complementary materials to form heterostructures,
synergistic effects and functionalities surpassing those of individual components can be achieved,
leading to significantly improved device performance and opening up new horizons for the design
and novelty of photodetectors.

As presented in Figure 9a, Kolli et al. [104] utilized CVD method to grow monolayer MoS: on
the SiO2/Si substrate and employed a cost-effective solution processing method to synthesis SnSz
quantum dots (QDs). This strategy resulted in the creation of a 0D/2D SnS>-QDs/monolayer MoS:
photodetector. The integration of SnS2 QDs with the monolayer MoS: not only boosted the device's
performance but also expanded its spectral response to the ultraviolet region. Figure 9b shows that
the device achieves responsivities of approximately 278 A/W, 435 A/W, and 189 A/W in the
ultraviolet, visible light, and near-infrared regions, respectively. The superior performance of this
photodetector is largely due to the band bending and built-in potential at the SnS: QDs/MoS: interface
(as shown in Figure 9c), which enhances carrier injection and separation efficiency under optical
excitation. Moreover, the hybrid dimensional structure effectively minimizes the dark current in the
photodetector. To overcome the limitations of long response time and low light responsiveness
associated with one-dimensional ZnO, our team [105] constructed a MoSz2-on-ZnO vertical
heterojunction photodetector, as illustrated in Figure 9d. As shown in Figure 9e, under ultraviolet
(UV) irradiation, the photodetector achieves a remarkable responsivity of 273 A/W with a response
speed of less than 24 ms. Furthermore, the MoS2-on-ZnO heterojunction photodetector also exhibits
excellent visible light response, achieving a high responsivity of 74 A/W and rapid response speed
(<24 ms) under irradiation by a 650 nm laser. Figure 9f presents the energy band structure of this
heterostructure under UV and visible light excitation. The ZnO nanowires possess high carrier
mobility that enables them to respond effectively to UV light while providing a fast carrier transport
pathway. Meanwhile, the MoS: layer serves as an optical control layer that respond to visible light
and facilitates the transfer of photo-generated electrons into the ZnO nanowires to modulate their
conductivity. Duan et al. [106] fabricated a 2D/2D self-powered photodetector based on a multilayer
MoSe:/FePSs heterojunction, as shown in Figure 9g. The device exhibits significant optical response
across the wavelength range of 350 to 900 nm, with maximum Rmax and EQEmax reaching 52 mA/W
and 12%, respectively, at a wavelength of 522 nm, as shown in Figure 9h. This excellent performance
is attributed to the type-II band alignment in the MoSe2/FePSs van der Waals heterojunction, which
creates a built-in electric field (Figure 9i). By utilizing wide direct bandgap (3.4 eV), high carrier
mobility (approximately 1250 c¢m?/V's), exceptional radiation hardness, and superior thermal
conductivity of GaN, Liu et al. [107] designed a fully vertical 2D/3D van der Waals stacked p-MoxRe:-
x52/n-GaN heterojunction photodetector, demonstrating a high light/léark ratio of 1.48x109,
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photoresponsivity of 888.69 A/W, impressive detectivity (D*) at 6.13x10' Jones, and rapid response
times with rise and fall durations of 181 ms and 259 ms (Figure 9j and 9k). The device's spectral
response covers ultraviolet (UV), visible light, and near-infrared (NIR) regions through bandgap
integration and modulation (Figure 91).
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Figure 9. (a) Schematic diagram of SnS: QDs/MoS: heterojunction. (b) Responsivity of the fabricated SnS»-
QDs/MoS: photodetector. (c¢) Band structure of SnS:-QDs and monolayer MoS: after the formation of
heterojunction [104]. Copyright 2022, American Chemical Society. (d) Schematic diagram of MoSz2-on-ZnO
heterojunction photodetectors. (e) Photocurrent curve of the MoSz2-on-ZnO heterojunction photodetectors as a
dependence of wavelength. (f) Schematic diagrams of band energy structure of MoSz-on-ZnO heterojunction
under UV and visible light [105]. Copyright 2023, Springer. (g) Schematic diagram of the MoSez/FePSs
photodetector. (h) Responsivity and EQE spectra of MoSez/FePSs photodetector measured at zero bias. (i)
Straddling type-II configuration for multilayer MoSe2/FePSs [106]. Copyright 2022, American Chemical Society.
(j) Photodetector based on the quasi-vertical and vertical heterostructure of p-MoxRei1«S2 /GaN. (k) Rise and fall
times of high-resolution time-resolved photocurrent response of Vertical and Quasi-vertical photodetector. (1)
The time-resolved photo response of Vertical p-MoxRe1xS2/GaN heterostructure photodetector under different
wavelength excitation at -5 V bias [107]. Copyright 2024, Wiley.
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As shown in Figure 10a, our team [108] has developed a van der Waals heterostructure
photodetector based on InSe/Te. Figure 10b indicates that this photodetector, which is based on type-
I band alignment, allows the InSe component to selectively modulate the spectral response. The Te
layer efficiently collects photo-generated holes from the InSe layer, suppressing the recombination of
photo-generated carriers and thereby enhancing the device's optical responsivity and detection
range. Figure 10c demonstrates that the device exhibits a broad spectral response from 400 to 1100
nm. Under illumination, the heterostructure device achieves an optical on/off ratio of up to 105 and a
detectivity reaching as high as 1.77x10" Jones. Vashishtha et al. [109] constructed a MoSz/Sb2Ses
heterojunction photodetector (Figure 10d), where the two materials formed a type-II band alignment
directly, as shown in Figure 10e. This alignment creates a small barrier potential at the MoS2/Sb2Ses
interface, minimizing the bending effect in the energy band diagram and significantly increasing the
number of accessible states for charge carriers. This enhancement in charge carrier concentration
substantially boosts the device's photoresponse, improving its efficiency in converting photonic
energy into electrical response. Figure 10f illustrates the device's capability to function across the
visible to infrared spectral range. As shown in Figure 10g, Yuan et al. [110] constructed a type-III
band alignment GeSe/SnS: van der Waals photodetector by utilizing the band structure alignment
characteristics of GeSe and SnSz. As illustrated in Figure 10h, the heterostructure device of GeSe/SnS:
exhibits exceptional photodetection capabilities, including a broad spectral response across the
ultraviolet-visible-near-infrared range (255-1920 nm). Under 255 nm laser irradiation, it demonstrates
a high responsivity of 50.7 A/W, an impressive specific detectivity of 1.09 x 10 Jones, and a rapid
response time of 2.1 ms. The outstanding device performance and wide spectral sensitivity of the
device can be attributed to its type-III electronic band structure arrangement. As depicted in Figure
10i, the formation of the heterostructure creates an internal electric field from SnS: to GeSe,
establishing a favorable environment for effective interlayer charge transfer.
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Figure 10. (a) Optical image of a typical InSe/Te heterostructure device. (b) Energy band profiles of InSe and Te.
(c) Photoswitching behavior of the device under different light wavelengths [108]. Copyright 2022, Wiley. (d)
Schematic of MoSz/SbaSes photodetector. (e) Spectral response of MoS2/Sb2Ses photodetector. (f) Band-diagram
of Mo0S2/Sb2Ses photodetector [109]. Copyright 2023, American Chemical Society. (g) Schematic image of
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GeSe/SnS:2 heterostructure photodetector. (h) The responsivity and detectivity curves irradiated under different
wavelength from 255 to 1064 nm. (i) The band alignment of the GeSe/SnS: heterostructure before and after
contact [110]. Copyright 2024, AIP Publishing.

3.4. Strain Engineering

The remarkable mechanical flexibility of 2D materials allows for the application of substantial
strain, which in turn can significantly modify the electronic, optical, and transport properties of these
materials. This strain-induced modulation of properties opens up new possibilities for optoelectronic
device applications, paving the way for the development of innovative and high-performance devices
[111-113]. Strain engineering enhances the performance of wide-spectral photodetectors by adjusting
the band structure, light absorption, and charge carrier mobility of the materials [92,114,115].

Lu et al. [116] designed a strain-plasmonic coupled MoS: photodetector by transferring a
monolayer of MoS: onto a pre-fabricated array of gold nanoparticles, as shown in Figure 11a. This
design enables significant biaxial tensile strain, which narrows MoS:'s wide bandgap and enhances
light absorption of MoS: due to the gold nanoparticles. Figure 11c shows the strain-plasmonic
coupled photodetector exhibited an expanded detection range of 60 nm and a remarkable
enhancement in signal-to-noise ratio by 650%, optimizing both detection range and responsivity.
Wang et al. [117] demonstrated a MoSz/Sb2Tes photodetector (Figure 11d) that exhibited substantial
tunability under compressive strain of up to 0.3%. The strain at the heterojunction interface
influenced the bandgap of MoS:/Sb2Tes, altering the heterojunction band structure and modulating
the detector's optical absorption characteristics. Figure 11e illustrates the wide-spectral response
range of the device, spanning from 500 to 900 nm. Under strain, the bandgap and resistance increase
while the dark current decreases, reducing responsivity and enhancing the photodetector's versatility
for practical applications (Figure 11f).
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Figure 11. (a) Schematics of strain-plasmonic coupled photodetector. (b) Schematic energy band diagram of the
photodetection mechanism. (c) Time-dependent photo-response of pure MoSz2 and Au NPs/MoS: photodetectors
under 660 nm, 680, 700, 720, and 740 nm light illumination [116]. Copyright 2022, Wiley. (d) Schematic of the
Sb2Tes/MoS:z photodetector. (e) The measured photoresponsivity at different wavelengths (500 nm, 600 nm, 700
nm, 800 nm, and 900 nm). (f) The I-V characteristic of the Sb2Tes/MoS: photodetector measured under varying
strains [117]. Copyright 2023, MDPL
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In addition, Zeng et al. [118] introduced a gradient strain modulation strategy in 2D materials,
significantly enhancing the photodetection performance of a ZnO/WSez/graphene photodetector
(Figure 12a). In contrast to conventional photodetectors where all components experience uniform
strain, the biaxial tensile strain in WSe:z can be finely tuned by adjusting the height of ZnO nanorods,
with minimal impact on ZnO. As the strain modulation increased from 1.3% to 4.0%, the EQE of the
photodetector rise from 11.4% to 35.3% (Figure 12b). The primary factors contributing to this
enhancement in photodetection capability are illustrated in Figure 12c. The gradient strain develops
a built-in electric field across various strained regions within WSez, and the high exciton binding
energy of WSe: directs photo-generated electron-hole pairs towards areas of concentrated strain,
increasing charge carrier density at the ZnO- WSe: interface and facilitating charge separation.
Additionally, the decrease in WSez's Fermi level with increasing strain increases the Fermi level
difference between ZnO and WSe2, enhancing the built-in potential at the interface and driving
charge separation. Li et al. [119] developed a photodetector (Figure 12d) to investigate the influence
of strain on atomic arrangement across various orientations. Figures 12e and 12f show that under a
bending strain of 0.8%, the self-powered photoelectric current is significantly greater when the
electrode is aligned perpendicular to the armchair direction compared to the zigzag orientation,
demonstrating the significant impact of strain on device performance. A summary of the performance
of some broadband photodetectors in recent years is provided in Table 2.
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Figure 12. (a) Schematic diagram of the heterostructure with gradient strain modulation. (b) SPCM of the vdWs
heterostructure at zero bias voltage. (c¢) The mechanism explanation of the strain-enhanced optoelectronic
performance of ZnO/WSezheterojunction [118]. Copyright 2022, Wiley. (d) Schematic diagram for photoelectric
performance measurement under strain. (e) Time dependence of source-drain current of the photodetector
during the light switching in armchair direction. (f) Time dependence of source-drain current of the

photodetector during the light switching in zigzag direction [119]. Copyright 2019, Wiley.

Table 2. The comparable table of working performance of some broadband photodetectors in recent years.
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Range Responsivity Enhancemen
Device Strategies Ref.
(nm) (A/W) t

PbSeosTeos Chemical Doping 405-5000 17.5@780 nm - [95]
Mg-doped SnS Chemical Doping 400-1100 0.052@470 nm 344% [96]
MoSe2with 6% V Chemical Doping 365-2240 9.7@520 nm 625% [98]
WS2/AlON/Ge Defect Engineering ~ 200-4600 0.63@1550 nm 150% [100]
D-nMAG Defect Engineering 900-4000 0.15@900 nm 385% [102]
CdS«Sei«/Te Heterostructure 355-800 435@vis 446% [120]
MoSez/FePSs Heterostructure 350-900 0.052@522 nm 144% [106]

p-MoxRei1x52/
Heterostructure 280-1050 888.69@365 nm 352% [107]

GaN

MoS: Strain Engineering 660-740 660@418 nm 400% [116]
MoS2/Sb2Tes Strain Engineering 500-900 0.001@600 nm - [117]

4. Outlook and Conclusions

This review article has comprehensively summarized the recent advancements of 2D material-
based broadband photodetection, including an in-depth discussion of their intrinsic optoelectronic
properties, enhancing strategies, and challenges. Among them, some 2D materials with unique
properties, such as graphene, transition metal dichalcogenides (TMDCs), black phosphorus (BP) etc.,
have demonstrated great potential in broadband photodetection due to their tunable bandgaps,
strong light-matter interactions, high carrier mobility, and excellent mechanical flexibility.

Although 2D materials have obtained some encouraging achievements in broadband
photodetection, there still remains some challenging issues to be solved for promoting their rapid
developments. Firstly, the development of narrow-gap materials is urgently desired for broadband
photodetection because they have tunable bandgap, good chemical stability, high carrier mobility,
and low dark current at the same time. The researchers should explore more novel 2D materials
suitable for broadband detection by combination of theoretical calculations and experiments.
Secondly, mastering more novel strategies for enhancing photodetection performances of 2D
materials is very crucial, which can simultaneously have high responsivity and fast response time.
There is usually consisted of four strategies based on the reported results, in which the use of novel
heterojunction or the structure design or optimization of 2D material-based photodetector should be
more effective. Thirdly, large-scale integration of 2D materials is another challenge, including
scalable production technique, compatibility to traditional plane technology, device uniformity and
long-term work stability in various conditions.

In conclusion, 2D materials should have particular advantages for broadband photodetection,
which need to be paid much attention for advocating their practical applications in next-generation
optoelectronic information technology.
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