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The past one and a half decades have witnessed the tremendous progress of two-dimensional (2D) crystals, including

graphene, transition-metal dichalcogenides, black phosphorus, MXenes, hexagonal boron nitride, etc., in a variety of

fields. The key to their success is their unique structural, electrical, mechanical and optical properties. Two-dimensional

materials are layered crystalline solids that have strong bonding in the crystal plane, while the forces between the

adjacent atomic layers are weak van-der-Waals forces. The special structure of 2D materials endows them with many

remarkable abilities.
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1. Introduction

Graphene, as a representative two-dimensional (2D) material, has attracted considerable attention since it was

mechanically exfoliated from bulk graphite in 2004 . Its special two-dimensional honeycomb lattice endows it with

numerous excellent properties such as high carrier mobility, high mechanical strength, excellent optical transparency, and

a wide absorption spectrum , which makes it exhibit great application potential in many areas . The discovery and

development of graphene has further stimulated research interests in other 2D materials.

Two-dimensional materials are layered crystalline solids that have strong bonding in the crystal plane, while the forces

between the adjacent atomic layers are weak van-der-Waals forces . The special structure of 2D materials endows

them with many remarkable abilities. First, quantum confinement in the direction perpendicular to the 2D plane introduces

some novel optical and electronic performances to 2D materials, which are distinct from their bulk parent materials .

Second, the surfaces of these materials are naturally passivated and they have no dangling bond, which facilitates the

integration of 2D materials with photonic structures . In addition, using diverse 2D materials can build vertical

heterostructures, in which the different layers are bonded by van der Waals forces, averting the issue of lattice mismatch.

Third, a host of 2D materials can interact strongly with light . For instance, monolayer MoS  can absorb nearly 10% of

perpendicular incident light at excitonic resonances . Finally, 2D materials can cover a broad range of electromagnetic

spectra due to their different electronic properties . Due to their special properties, 2D materials show great application

potential in various fields, especially in optoelectronics applications . For example, graphene has become a

potential candidate in the applications of light modulation, detection and manipulation because it can interact with light in a

wide range of spectra. Some transition metal dichalcogenides (TMDCs) such as MoS  and WS  have sizable bandgaps

and possess illustrious light-emitting performances, ensuring their applications in photodetectors, transistors, and other

optoelectronics devices .

2. Transition Metal Dichalcogenides

2.1. Basic Structure and Property

TMDCs are a class of materials with the formula of MX , where M is the transition metal element from group IV (Ti, Zr, Hf,

and so on), group V (for instance V, Nb, and Ta) or group VI (Mo, W and so on), and X is a chalcogen (S, Se or Te) .

MX  are indirect bandgap semiconductors , whereas their monolayers have direct bandgaps, which are favorable for

optoelectronic applications . Native bandgap provides an excellent current on/off ratio in field-effect transistors (FETs)

. Their bandgap can be tuned based on the layer thickness, greatly expanding their range of applications in photonic

devices.
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TMDCs have excellent optical properties and a wide range of application prospects in the fields of light detection and

photoluminescence. MoS  is a commonly used MX  nanomaterial. Although the photoluminescence of bulk MoS  is not

obvious, the monolayer MoS  has strong photoluminescence , so the monolayer MoS  can be used in solar panels,

photodetectors, and photovoltaic emitters.

The photoluminescence of TMDCs is closely related to the layer thickness. The photoluminescence of MoS  increases as

the number of layers decreases, and the strongest photoluminescence is observed for a single layer .

Photoluminescence and Raman characterizations show that the direct bandgap can be blue-shifted for ~300 meV per 1%

strain, which can effectively modulate its energy band structure . In addition, the doping treatment can also significantly

modulate the photoluminescence peak intensity of MoS  .

2.2. Production Methods

The preparation of large-area, high-quality 2D TMDCs is a prerequisite for electronic device applications, and there are

two main types of preparation methods: top-down and bottom-up methods . The top-down method is a method to

obtain 2D TMDCs by chemical or mechanical exfoliation from the bulk material, while the bottom-up method is a method

to prepare 2D TMDCs by CVD or thermal decomposition. Exfoliation procedures can produce 2D materials with the best

accessible quality, and thus the method is widely used to prepare samples for fundamental physics and device studies .

However, this method is time-consuming and cannot be scaled up, which will provide significant challenges for large-scale

implementation in the future. Physical and chemical processes provide another way to manufacture nanosheet materials,

with the intention of achieving controllable, high-quality, and large-scale nanosheets. Among the numerous chemical

synthesis methods including CVD, the hydrothermal method, laser-induced synthesis, and molecular beam epitaxy

(MBE), CVD has the most potential for realizing controllable, high-quality, wafer-scale 2D TMDCs . PVD is also a viable

option for producing high-quality TMDCs on a large scale. PVD has been proven on TMDCs films for several decades with

homogeneity across wide areas for various materials, and it is created at low processing temperatures. The most often

utilized PVD-based technologies investigated for depositing TMDCs materials include sputtering and pulsed laser

deposition (PLD) . PLD is an alternate method for synthesizing TMDCs thin films with a wide area and

homogeneity at low growing temperatures. Except for Si substrate, PLD is also suitable for various substrates such as

Al O , GaN, and SiC-6H , on which MoS  shows a high degree of crystallinity and out-of-plane texture. Anti-position

defects are usually observed in the samples that are prepared via the PVD method, while the vacancy defects that are

usually found in the TMDCs films are prepared by the CVD method . PVD approaches can obtain large-scale and

uniform TMDC films for devices and circuits. However, they perform at a lower quality than chemical methods and

exfoliation approaches because of small domains and numerous defects .

2.3. Optical Applications

Single-layer TMDCs are atomically thin and processable. They have primarily direct bandgaps; hence, they have great

potential for applications in flexible and transparent optoelectronics.

2.3.1. Light-Emitting Diodes

A light-emitting diode (LED) is an optical source in which photons are generated by the electroluminescence (EL) effect

. Electrons and holes are permitted to recombine in a p-n junction so that the recombination energy can be released

as photons in response to injected electrical bias currents. This is because of the availability of a large variety of direct

bandgap TMDC monolayers with excellent photoluminescence quantum yield at sub-nanometer thicknesses .

TMDC materials have recently been investigated for their usage in LED fabrication. Due to several thermally aided

processes resulting from impact ionization across a Schottky junction or a p-n junction , the EL is observed in

various MoS  monolayer based devices . However, because of the low optical quality of MoS  and the inadequate

electrode connections, poor EL efficiency and considerable linewidth widening are found . Due to the decreased

contact resistance, increased current density, and the effective current injection, 2D TMDC-based heterostructure LEDs

exhibit a high EL efficiency .

2.3.2. Solar Cells

As clean and renewable energy sources are widely studied, the photovoltaics (PV) effect has attracted the attention of

many because it shows great application potential in energy harvesting. Due to the enormous surface area, lack of

dangling chemical bonds on surfaces, and their potential as sunlight absorbers, 2D TMDC materials are regarded as

promising prospects for solar applications. Two-dimensional TMDCs are applied in solar cells by forming a Schottky or p-n

junction that works as an interface for the separation of charge carriers. TMDCs (MoS , MoSe , and WS ) can absorb up

to 5–10% incident sunlight in a monolayer (thickness less than 1 nm). The absorption of sunlight is one order of
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magnitude more than that of typical semiconductors such as GaAs and Si. The efficiency of solar cells based on ultrathin

TMDCs is limited by the loss of absorption under the thickness limitation . Calculations suggest that a monolayer

TMDC could absorb as much sunlight as 50 nm of Si and generate electrical currents as high as 4.5 mA cm  . There

are three ways to improve the performances of TMDC solar devices : (1) careful control over the doping levels of

TMDCs and Si, which would reduce the series resistance of the device; (2) utilization of large-area grown or deposited

materials; (3) incorporating additional 2D semiconducting layers such as WSe  with complementary absorption spectra. In

recent years, ultrathin solar cells have drawn much attention due to the possible reduction in cost and semiconductor

material consumption, as well as their suitability for flexible and ultralight photovoltaics. A 120 nm thick MoS  p-n junction

is presented . Researchers have developed a straightforward method to fabricate ohmic contacts to both n and p MoS

and added an h-BN layer on top of the semiconductor to minimize the reflectance of the front surface. The homojunction

device exhibits (3.8 ± 0.2)% efficiency and a 57% fill factor under AM1.5G illumination, which contributes to the maturity of

the emerging technology of TMDC-based ultrathin solar cells. The incorporation of WS  as a photovoltaic material was

presented . With this optimized deposition parameter, WS  thin film was successfully fabricated for the very first time as

a window layer in CdTe solar cells. The new device (ITO/WS /CdTe/CuC/Ag) exhibited V  = 0.39 V, J  = 10.45 mA cm ,

fill factor = 29.42%, and efficiency = 1.2%. Shin et al. fabricated an organic solar cell (TFSA-GR/MoS /P3HT:PCBM/Al) by

using MoS  as a hole transport layer, bis(trifluoromethanesulfonyl)-amide-doped graphene (TFSA-GR) as a transparent

conductive electrode, and a GR quantum dots (GQDs)-added active layer . They investigated the effect of the number

of layers (L ) of MoS  on the power conversion efficiency of organic solar cells. When L  = 2, the fabricated solar cell

shows a maximum power conversion efficiency of 4.23%. When L  = 1, the power conversion efficiency is small because

of the low absorption in the visible region. While L  > 2, the power conversion efficiency is also lowered due to the lower

amount of sunlight reaching the active layer. As a result, the selection of a suitable L  of MoS  plays an important role in

the performance of solar cells.

2.3.3. Photodetectors

Photodetectors have been the most extensively researched optoelectronic device for TMDCs, with research ranging from

novel device topologies to utilizing unique physical features to strategies to improve performance . ReS  has

been shown to have an anisotropic band structure resulting in two major excitons with unequal binding energy .

This allows control over polarized light absorption, and the consecutive polarization of a sensitive photodetector. The

appropriate calibration of such photodetectors permits the detection of both light intensity and polarization, allowing for the

detection of polarization-encoded messages.

Mixed dimensional heterostructures and plasmonic-, organic material- or quantum dot-enhanced structures have been

studied for performance enhancement . According to preliminary research, photodetectors based on MoS

monolayers have better photoresponsivity than graphene-based devices . MoS /SnSe  heterostructure-based

photodetectors exhibit a high responsivity of up to 9.1 × 10  A W , which is significantly greater than MoS  only film-

based photodetectors . The photoexcited electron-hole pairs of GaTe-MoS  p-n heterojunction phototransistors are

separated by large built-in potential, formed at the GaTe-MoS  interface efficiently to generate a self-driven photocurrent

within <10 ms . Two-dimensional TMDCs heterostructures can also be explored for possible THz detection at room

temperature .

3. Other 2D Materials

3.1. Black Phosphorus

3.1.1. Morphology and Structure

Black phosphorus (BP) is a stable layered structure similar to 2D structures such as graphene and TMDCs . Like bulk

graphite, BP has a layered substance in which individual atomic layers are stacked together by van der Waals interactions

and can be similarly isolated from black phosphorus by the mechanical exfoliation method. BP is not planer but puckered

due to the sp  hybridization. Each phosphorus atom is covalently bound with three adjacent phosphorus atoms inside a

single layer to form a puckered honeycomb structure .

3.1.2. Optical Properties

The direct bandgap (≈0.3 eV) of BP thin film (eight layers, or thickness > 4 nm) can link the energy gap between the zero

bandgap of graphene and the comparatively large bandgaps of numerous TMDCs (1.5–2.5 eV) . Unlike

graphene and TMDCs, the bandgap of few-layer BP can be tuned by interlayer interactions and is strongly dependent on

the number of layers.
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Due to the “puckered” crystal lattice, BP shows strong band dispersion anisotropy . The anisotropic absorption was

identified with a maximum absorption value of 28% in the mid-infrared region when the incident light was polarized along

the armchair direction of BP . Thin-film BP has also been widely applied for mid-infrared ultrafast photonics as

saturable absorbers due to the decent optical absorption. BP exhibits broadband absorption from the visible to the mid-

infrared spectral region, which is also manifested by the broadband nonlinear optical response. Multilayer BP flakes of 3–

20 nm thickness dispersed in liquid exhibit strong saturable absorption at both 400 nm and 800 nm.

The robust optical conductivity of BP thin film in the wavelength range from 1 to 5 μm suggests BP as an attractive

contender for near- and mid-infrared optoelectronics applications such as modulators, photodetectors, ultrafast optical

switches, and, possibly, light-generation devices such as LEDs and ultrashort pulsed lasers .

3.1.3. Optical Applications

Numerous studies have also been performed on the applications of BP in photodetectors , polarization-sensitive

detectors , saturable absorbers  and emitters , and photovoltaics devices .

Because of the direct bandgap and high carrier mobility, BP is promising in building broadband phototransistors for

imaging and photodetection, especially in the near-infrared and mid-infrared wavelengths . The response wavelength

range of BP-based photodetectors can be increased by an external vertical electric field because the optical bandgap of

few-layer BP is highly adjustable by the quantum-confined Stark effect . Different portions of a single BP flake can

be adjusted into opposing doping regimes to create an artificial PN junction that can generate a photocurrent via the

photovoltaic effect. Because of the versatility and compatibility of 2D BP, it can be combined with other nanomaterials to

improve the performances of photodetectors . BP can be combined with other low-dimensional nanomaterials

such as nanowires and quantum dot , allowing for the creation of unique heterostructures based on materials with

different/multiple dimensions. BP is also an excellent midinfrared electro-optic material for modulation applications due to

its solid electro-optical response and relatively small bandgap.

3.2. 2D Transition Metal Carbides MXenes

Transition metal carbides, carbonitrides, and nitrides were first discovered and termed MXenes (MX) by Barsoum et al. in

2011 . The common formulation of MXs is M X T , where M embodies the transition metals (such as Ti, Ta, Mo, and

Cr); X signifies nitrogen or carbon, n may differ from 1 to 4; and T  denotes surface ends on the outer M layers (such as -

O, -OH, -F, and -Cl) . M  and M  are two different Ms. In case two different Ms have in-plane arranging and form

rotating chains of M  and M  molecules inside the similar M layer, the ensuing MX configuration is known as i-MX with a

general formula of (M14/3M22/3)

XT , where the percentage of every compound is mentioned as a decimal value. The M  and M  molecules positioned in

distinct atomic planes holding an out-of-plane arrangement are known as o-MXs, in which M  molecules compose the

internal layers and M  molecules are in the exterior surface. o-MXs are represented by two chemical formulations as

(M12M2)X2TxTx and (M12M22)X3Tx

. MXs with V, Ti, Nb, Cr, Mo, Zr, Sc, Hf, Ta, Y, and W in the M spot were investigated. W, Sc, Y, and Cr have only been

registered as elements of i-MXs, o-MXs, or in combination with the other metals listed above .

3.2.1. Morphology and Structure

MXenes consist of a transition metal-made (M) hexagonal close-packed crystal symmetry, and the X molecules occupy an

octahedral spot between the adjacent M layers . MXenes can be classified as ordered mono-M, ordered double-M and

solid-solution M elements based on their atomic lattices and composition .

3.2.2. Optical Properties

MXenes have unique optical properties and a wide range of tunability, making them ideal materials for a variety of optical

applications. Because of their large density of states at the Fermi level, MXenes have intriguing transport features, while

TMDCs have low carrier mobility. MXene films have been found to exhibit a broadband optical transmittance of more than

90% , with a transmission valley of around 750–800 nm , which has been attributed to the surface plasmon

resonance (around 780 nm) and inherent out-plane interband transitions (around 800 nm). When compared with the

pristine MXene, the oxidized sample has a higher absorption in the visible region, while fluorinated and hydroxylated

MXenes have a lower absorption. In the ultraviolet optical region, all functional groups lead to an enhancement of both the

absorption and reflectivity of MXenes . M X  with a smaller n is expected to be more transparent than MXenes with a

larger n due to the lower density of states .
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Both MXenes quantum dots and nanosheets exhibit strong photoluminescence due to the direct bandgap, which allows

for radiative electronic transitions . MXene quantum dots typically have three absorption peaks at 260 nm, 310 nm,

and 350 nm, depending on the particle size and composition. The excitation wavelengths have a big impact on the

photoluminescence spectral band. For example, the photoluminescence spectra of Ti C  quantum dots range from 400 to

600 nm when the excitation wavelengths vary from 340 to 440 nm .

3.2.3. Optical Applications

The MXenes such as Ti C T  slim layers are well-suited for optoelectronic applications which require adaptive translucent

conductive electrodes due to their high transparency and low layer resistance . Translucent conductive electrodes

based on MXenes have been used to provide appropriate volumetric capacitance in translucent solid-state

supercapacitors . Except translucent conductive electrodes, MXenes also show great potential applications in other

optical applications. For example, Ti C T  nanostructures have been widely used to realize ultrafast pulses in different

lasers. In 2017, Jhon et al. reported MXene-based SA-activated ultrafast pulses, which achieved mode-locking at 1.5 m-

band and q-switching pulses at 2 m-band, respectively . MXenes exhibit excellent broadband saturable absorption

capability in the near-mid-infrared region . In 2019, Yi et al. reported the broadband nonlinear properties of MXenes in

the three-wavelength band, in which mode-locked pulses operating at 1051 and 1565 nm and q-switched pulses operating

at 2798 nm were realized using the same Ti CT -based SA . A total of 1.2 nm of spin-coated Ti C T MXene film on

glass, quartz and polyetherimide substrates achieves an ultra-low optical attenuation of 3% in the visible region . It is

noteworthy that the prepared Ti C T MXene films have a transmittance of up to 98% and can be used for flexible and

conductive high-capacity capacitors . In addition, Ti C T  nanosheets can be easily oxidized to TiO  during the

delamination process. If stored in an oxygen-rich atmosphere, Ti C T -TiO  nanocomposites can be obtained in situ,

further expanding their applications in electrochemical and optoelectronic devices. In 2008, Mochalin et al. prepared

Ti C T -TiO  nanocomposites by the in situ oxidization of Ti C T  for UV photodetection . Ti C T  MXenes can also

serve as electron and hole collection layers in solar cells , accelerating charge extraction and improving photovoltaic

efficiency. Meanwhile, doping Ti C T  MXenes into the electron transport layer, hole transport layer or activation layer can

change the energy level and improve the electrical conductivity and carrier mobility. For example, Agresti et al. used

Ti C T  with different termination groups (T ) to tune the work function of the perovskite absorber and the TiO  electron

transport layer, as well as to engineer the perovskite/electron transport layer interface . The combined effect of work

function tuning and interface engineering can significantly improve the performance of MXene-modified perovskite solar

cells. Compared with the reference cell without MXene, the power conversion efficiency was improved by 26% and the

hysteresis was reduced.

3.3. Hexagonal Boron Nitride

3.3.1. Morphology and Structure

hBN is one of the key 2D materials composed of alternating B and N atoms bonded by sp  covalent bonds in its

hexagonal lattices. hBN crystal contains alternating B and N atoms in a base plane and, thus, has great variations in

growth kinetics due to its different edge terminations. As a result, the morphologies of h-BN domains are varied with its B

or N terminations .

3.3.2. Optical Properties

Despite the fact that hBN is an indirect bandgap semiconductor (with an energy gap of about 6 eV) , it has a very high

internal quantum efficiency for deep UV emission (up to 40%). The frequency of the normal lattice vibrational modes (optic

phonons) is similarly very anisotropic due to the highly anisotropic crystal structure of hBN, with two different optic phonon

branches. When monolayer hBN was placed on different substrates and under THz irradiation, the carrier density could be

enhanced considerably, especially on SiO /Si substrate, which suggested that the SiO /Si substrate was more appropriate

for the construction of monolayer hBN-based electronic and optoelectronic devices when compared with quartz, PET, and

sapphire . The wavelength responses of S-doped hBN monolayer films on molten Au substrates are extended to 280

nm, and the photocurrent and responsivity for light irradiation with a wavelength of 280 nm are ~50 times higher than that

of pristine hBN .

3.3.3. Optical Applications

h-BN can be used as a wide bandgap semiconductor for deep-UV emitters and detectors because of its large bandgap.

To further improve the response rate and detection rate, it is necessary to modulate the optical and electrical properties of

hBN. Tan et al. successfully prepared S-doped hBN monolayers on molten Au substrates by atmospheric CVD, and they

systematically studied their optical and electrical properties . The band gap is reduced from 5.83 eV to 5.69 eV, and
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the conductivity is reduced by 140 meV. Moreover, the response range of the photodetector is extended to a 280-nm

wavelength; the power density of the light source is 16.1 μW mm  (280 nm); and the responsiveness of the device with

single, double and three-layer hBN is 3.63, 3.54 and 0.24 A W , respectively. In addition, numerous studies have shown

that hBN is also an excellent insulator that can be used as a substrate material for graphene-based devices . Wu

et al. demonstrated a deep ultraviolet photodetector based on a graphene/hBN/n-AlGaN heterostructure. The device not

only exhibits high responsivity under UV illumination, but also exhibits a high UV/Vis rejection ratio. Several nanolayered

graphene-hBN heterostructures are used to enhance the performance of photodetectors, successfully solving the strain

problem between graphene and traditional bulk insulators . Two-dimensional hBN film can provide almost ideal

passivation due to its wide bandgap, no dangling bond and high dielectric constant. Raj et al. reported the passivation

properties of monolayer hBN that was grown by metal-organic CVD . Using an ITO/I-INP/P-INP solar cell structure

with a small amount of hBN monolayer as the passivation layer, the solar cell performance is significantly improved. The

maximum efficiency of five-monolayer (ML) hBN is 17.2%, V  is 0.78 V, J  is 29.4 mA cm , and FF is 75.2%. The INP

solar cell with 7  ML hBN has a measured efficiency of 15.7%, V , J  and FF are 0.8 V, 27.1 mA cm  and 72.1%,

respectively .

3.4. 2D Metal Oxide

3.4.1. Basic Structure and Optical Properties

Two-dimensional metal oxides, formed by the O element and the metallic element, are gradually attracting more attention

. This is because they are not only rich in material species, but also contain a variety of structures including a

nonlayered structure, a layered structure such as MoS , and inorganic molecular crystal. The special structure of 2D metal

oxides endow these materials with numerous outstanding properties. Compared with typical 2D materials such as

graphene and BP, 2D metal oxides possess many special characteristics. For example, they have excellent air stability

due to the involvement of O and the relatively stable valence state of the elements that are contained in 2D metal oxides

. Second, 2D metal oxides generally have low requirements for a synthetic environment. Some 2D metal materials can

even be obtained in an atmospheric environment. Third, most reported 2D metal oxides have wide bandgaps and exhibit

excellent ultraviolet detection performances. As a result, they show great application potential in optoelectronics.

3.4.2. Optical Applications

Recently, Yu et al. fabricated a photodetector based on ZnO nanosheets . At a visible-blind wavelength of 254 nm, this

photodetector exhibits a high responsivity up to 2.0 × 10  A W  and high detectivity (6.83 × 10  Jones). Messalea et al.

reported an ultra violet photodetector based on ultrathin bismuth oxide (Bi O ) nanosheets that were synthesized by a

liquid metal facilitated approach . The photodetector shows a high responsivity of about 400 A W  and a fast

response time of ~70 μs at the wavelength of 365 nm. In addition to the application of photodetection in ultraviolet, 2D

metal oxides can also be used in the long-wave-length infrared (LWIR) detecting devices. Yin et al. synthesized air-stable

nonlayered ultrathin Fe O  nanosheets by a space-confined CVD approach . The prepared Fe O  nanosheets can be

used to fabricate high-performance ultrabroadband photodetectors with a detection range from ultraviolet to LWIR. Due to

the synergistic mechanisms of the photoconductive effect and bolometric effect, the photodetectors exhibit an ultrahigh

photoresponsivity of 562.1 A W , a detectivity of 7.42 × 10  Jones, and an external quantum efficiency of 6.6 × 10 % at

the laser wavelength of 10.6 μm. Some 2D materials have a low symmetric crystal structure, leading to in-plane optical

anisotropy . Zhong et al. synthesized large-size 2D α-MoO  single crystals with structural in-plane anisotropy, which

showed a remarkable ultraviolet photoresponse and electron transport anisotropies . The photodetectors based on α-

MoO  demonstrate a photoresponsivity of 67.9 A W  and an external quantum efficiency of 3.3 × 10 % under solar-blind

ultraviolet light (254 nm). Importantly, the photodetectors exhibit strong in-plane anisotropy in the optoelectronic response

and transport properties. Although some photodetectors based on 2D metal oxides show excellent performances, there is

still a long way to go for them to achieve practical applications. Exploring methods to produce high-quality 2D metal

oxides is one of the effective ways to drive the further development of high-performance photodetectors.
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