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Abstract: Two-dimensional (2D) materials may play an important role in future photodetectors due
to their natural atom-thin body thickness, unique quantum confinement, and excellent electronic and
photoelectric properties. Semimetallic graphene, semiconductor black phosphorus, and transition
metal dichalcogenides possess flexible and adjustable bandgaps, which correspond to a wide inter-
action spectrum ranging from ultraviolet to terahertz. Nevertheless, their absorbance is relatively
low, and it is difficult for a single material to cover a wide spectrum. Therefore, the combination
of phototransistors based on 2D hybrid structures with other material platforms, such as quantum
dots, organic materials, or plasma nanostructures, exhibit ultra-sensitive and broadband optical
detection capabilities that cannot be ascribed to the individual constituents of the assembly. This
article provides a comprehensive and systematic review of the recent research progress of 2D material
photodetectors. First, the fundamental detection mechanism and key metrics of the 2D material
photodetectors are introduced. Then, the latest developments in 2D material photodetectors are
reviewed based on the strategies of photocurrent enhancement. Finally, a design and implementation
principle for high-performance 2D material photodetectors is provided, together with the current
challenges and future outlooks.

Keywords: 2D materials; photodetectors; photocurrent-enhanced structure

1. Introduction

Photodetectors are one of the key components in modern multifunctional technologies
that can convert light signals into electrical signals [1,2]. High-performance photodetectors
play an important role in many areas of daily life, including imaging [3], environmental
monitoring [4], optical communications [5], and military and security inspections [6].
Photodetectors based on 2D materials and their heterostructures have recently attracted
considerable interest [7]. First, the atoms of 2D materials can be arranged by strong
in-plane covalent bonds or ionic bonds to form a planar structure [8]. Weak van der
Waals (vdW) interactions along the out-of-plane direction can stack these thin layers to
form heterostructures [9,10]. Even the monolayer or single-layer 2D materials with a
sub-nanometer thickness still interact strongly with light [11,12]. Second, the surface
of the 2D material is naturally passivated [13]. There are no dangling bonds on the
surface [13], so the vdW interaction allows different materials to be overlayed under
lattice mismatch constraints [9]. Third, 2D materials, such as graphene [14,15], black
phosphorous (BP) [16], and transition metal dichalcogenides [17], can achieve a broad
response range in the entire electromagnetic spectrum due to their various bandgaps.
Fourth, some 2D materials (such as graphene and BP) have shown the potential to serve as
atom-thin information transmission channels [18], because their optoelectronic properties

Nanomaterials 2021, 11, 2688. https://doi.org/10.3390/nano11102688 https://www.mdpi.com/journal/nanomaterials

https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-4661-699X
https://orcid.org/0000-0001-7093-4835
https://doi.org/10.3390/nano11102688
https://doi.org/10.3390/nano11102688
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nano11102688
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano11102688?type=check_update&version=2


Nanomaterials 2021, 11, 2688 2 of 34

can be easily adjusted by local fields (such as charged trap states [19], the electric field, the
ferroelectric field [20,21], and the magnetic field) [22,23]. Compared to conventional thin-
film materials, 2D materials are considered competitive and promising material candidates
for high-performance photodetector applications [24].

On the other hand, 2D materials and their photodetectors also face challenges and
issues [25]. The ultra-high mobility of graphene makes it suitable for high-speed photode-
tectors. Nevertheless, its single-atom-thin body thickness and zero bandgaps limit its light
absorption [26–28], external quantum efficiency [29], and responsivity [18]. The graphene
photodetectors suffer from relatively large dark currents, which are usually related to the
lack of a bandgap [30]. Various methods have been proposed to introduce band gaps in
graphene, such as scaling graphene down to nanoribbons or applying a strain effect [31];
However, as the bandgap opens, the broadband response of the graphene photodetectors
are compromised. The 2D transition metal dichalcogenides (TMDs) with larger bandgaps
can overcome the shortcomings of graphene [32–34]. Whereas the light response wave-
length range is limited from ultraviolet to near-infrared due to their optical bandgaps.
Moreover, the response speed of the TMD photodetectors is relatively slow because of the
low mobilities and the trapping effect for photo charge carriers [35]. BP has an intermediate
bandgap between graphene and TMDs, covering a broad light response spectrum from
near-infrared to mid-infrared. However, its instability in the air is a major challenge for
practical applications. Overall, low-dark current and high-responsivity photodetectors are
needed for technological development [36–38]. If these challenges can be solved, the 2D ma-
terial photodetectors are expected to achieve many unparalleled achievements, including
ultra-high responsivity (1010 A/W) [39], ultra-fast light response (0.4 ps) [40], an ultra-wide
detection band (10.6 µm) [41], and ultra-sensitive photodetection (1016 Jones) [42].

This paper first briefly describes the underlying mechanism of 2D photodetectors and
the key metrics for performance evaluation. Subsequently, we summarize photocurrent
enhancement methods for 2D material photodetectors and present the recent advances in
2D material photodetectors. Finally, we discuss the strategies to overcome future challenges
and implement 2D material photodetectors with enhanced and balanced performance.

2. Photocurrent Generation Mechanism

Photodetectors utilize different light-induced effects through electrical measurements,
classified according to the nature of the physical effects caused by the incident radiation:
photonic detectors rely on electron–hole pairs produced directly by light excitation, while
thermal detectors rely on the thermalization of hot carriers by changes in electron or lattice
temperature. In the thermal-type detectors, the absorbed incident radiation changes the
temperature of the material, which in turn leads to a measurable change in the physical
quantity of electrical detection. Generally, the thermal detectors are not sensitive to wave-
length, are slower, and are usually cheaper than the photon detectors. On the contrary, in
the photonic detector, the electrical output signal directly comes from the charged photocar-
riers generated during the photoexcitation process, thereby improving the signal-to-noise
ratio and a providing a fast response. Here we focus on the discussion of the photonic
detectors because of their overall better performance compared to the thermal detectors.
However, semimetals are promising candidates to achieve highly sensitive, low-energy
photodetection with ultra-fast operation. By exploiting the shift current response of the
Weyl semimetals, the Berry field near the Weyl nodes is enhanced, and the responsivity
will be improved by at least two orders of magnitude.

2.1. Photonic-Type Mechanism
2.1.1. Photovoltaic (PV) Effect

We start with the PV effect (Figure 1a) to explain the photoresponse in field-effect
transistors. Many studies have demonstrated that photocurrents in field-effect transistors
are generated in differently doped regions or near p–n junctions of 2D materials [43–45].
Electron–hole pairs are generated under light, and the separation of electrons and holes
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leads to the formation of photocurrent under the electric field. The built-in electric field
drives the electron–hole pair separation to a limited extent, while an externally applied
voltage can assist (Figure 2a). In the case of a weak built-in electric field, the photogener-
ated carriers recombine rapidly, so there is no contribution to the external photocurrent
(Figure 2b,c). Therefore, a higher photocurrent can be obtained by rationally using a surface
chemical modification of 2D materials to expand their bandgaps, and further construct
devices with asymmetric source drain by forming a strong built-in electric field in contact
with the metal. The PV effect usually exerts its advantages in optoelectronic devices based
on the p–n junctions [46]. As the built-in potential of the p–n junction generates an electric
field, the p–n junction can also extend the life of charge carriers. In addition, the van
der Waals structure also provides spatial uniformity and a clean interface with low trap
states. Shin et al. demonstrated a high-sensitivity photodetector based on WSe2 and MoS2
with a van der Waals heterostructure [47]. The photocurrent was effectively enhanced by
shortening the transmission distance in the heterojunction. It was confirmed that the p–n
junction plays a good role in separating carriers in the device. The photodetector has good
performance, including a light responsivity of 2700 A/W, detectivity of 5 × 1011 Jones, and
a response time of 17 ms. However, the PV effect was not the only mechanism found in
the differently doped regions of 2D materials or near the graphene p–n junction. Usually,
the hot carriers generated by 2D materials under the light will cause significant photother-
moelectric (PTE) effects and photobolometric effects. In the report by Xu et al., without
excluding the built-in electric field, the consistency of theoretical explanation and experi-
mental results strongly indicate that the PTE effect may also be the origin of photocurrent
in p–n junction devices [48].

2.1.2. Photogating (PG) Effect

In the photoconductive (PC) effect, the photo-induced additional carriers lead to an
increase in the concentration of free carriers, which leads to a decrease in the resistance of
the semiconductor. The excess carriers are separated by the applied bias voltage, resulting
in a photocurrent. In dark conditions, the finite carriers are driven by the applied bias
voltage that can produce a small dark current. Under illumination, the absorbed photons
produce electron–hole pairs separated and driven by the applied bias voltage, resulting
in a current more significant than the dark current. The photogenerated excess carrier
density increases the conductance. If the bias voltage is not applied, the photocurrent of
the photoconductive effect cannot be generated, which is entirely different from the bias
current of the PV effect.

The PG effect (Figure 1b) is a particular case of the PC effect [49]. Thus, we usually
think that the devices are photoconductive photodetectors or phototransistors [50]. The PG
effect is thought to be a way of modulating conductivity by photo-induced gate voltages
(VGS), rather than simply being attributed entirely to trap states [51,52]. The 2D material
generates free electron–hole pairs in the presence of light (Figure 3a). If the electrons or holes
are captured as trap states, the charged trap state can act as a local floating gate, strongly
modulating the channel conductance. Consequently, the conductivity can be effectively
modulated in this way. The positively charged hole trap state after photogenerated holes
are trapped leads to electron doping. In this case, the transfer curve shifts in a negative
direction (Figure 3c,d). The long lifetime of the photogenerated carriers leads to high gain
due to the slow delocalization process. At the same time, the composite efficiency of the
photogenerated carriers is greatly reduced, and the photocurrent of the photodetector does
not quickly return to the dark current state even after the illumination stops, resulting
in a deterioration of the high-frequency response performance of the detector. Moreover,
traditional photoconductive-based detectors have a relatively large inherent bandgap
of the sensitizing materials, so the working wavelength of this hybrid photodetector is
limited to the visible and near-infrared. By coupling 2D material to the narrow bandgap
semiconductor Ti2O3 (Figure 3b), photoexcited electrons are trapped in Ti2O3 when the
incident light is absorbed by Ti2O3 nanoparticles, as demonstrated Yu et al. [53] The holes
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were transferred into the graphene channel and the charged Ti2O3 acted as a localized
floating gate to modulate the channel conductance, enabling high responsivity of 300 A/W
over a broadband wavelength range of up to 10 µm. The response time was estimated to
be ~1.2 ms.

Figure 1. Photodetection mechanisms. (a) Photovoltaic effect. (b) Photogating effect. (c) Graphene Edges Effect.
(d) Photothermoelectric effect. (e) Photobolometric Effect. (f) Sketch of a pair of Weyl cones. (g) Schematics of the
chiral selection rule and circular photogalvanic effect response from a pair of Weyl cones in momentum space. The grey
dashed line denotes the Fermi level µwithout applying a built-in electric field. Black crosses mark the forbidden transitions.

2.1.3. Edge Effect

It is well known that in conventional 2D materials, electric fields are essential for
separating photoexcited electrons and holes to generate photocurrents. However, in
some 2D materials, the photothermoelectric effect also generates photocurrents after the
temperature of the partial electrons is increased due to photoexcitation. The PV and PTE
effects are usually present only in graphene with high doping levels [54,55]. In contrast, this
edge effect dominates when graphene is completely undoped. This mechanism arises from
the asymmetry of the electron–hole velocity in graphene [56]. For example, when electrons
and holes are 0.1 eV away from the Dirac point, the difference in their intrinsic velocities
is about 104 m/s. This asymmetry means that when photons excite electrons and holes,
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they will diffuse, separate, and naturally generate local electric fields at different velocities.
However, the diffusion is all around, and the local electric fields around the excitation
point are circularly symmetric and cancel each other. As a result, there is no electric field in
the circuit to drive the current. As shown in Figure 1c, when light hits the graphene edges,
the diffusion is no longer symmetric circular, which creates a residual electric field that
generates a photocurrent in the circuit [57]. Thus, graphene with well-designed edges can
be used as a source of photocurrent. This mechanism is a vital feature because it dominates
only undoped graphene, a phenomenon caused by a unique electron–electron scattering
motion. This mechanism opens up possibilities for the design of graphene photodetectors,
as it does not require any junction as a photocurrent source [58]. In the photoelectric and
photothermoelectric effects, metal–graphene or graphene p–n junctions are crucial for
electron–hole separation. With the edge mechanism, only the geometry of graphene is
related to the photocurrent generation. In edge effect devices, there is no need to form
a built-in electric field to separate the photogenerated carriers, which will significantly
simplify the preparation process. The detector can totally turn off photocurrent generation
by gate doping.

Figure 2. Photovoltaic Effect. (a) Band diagrams at VGS = 0 V (dashed line) and VGS = −60 V (solid line) were obtained
by numerical integration of the photocurrent profiles. ∆φ describes the pinning of the Fermi level. Arrows indicate
the flow of electrons and holes. (b) Electrical transport characteristic of a graphene transistor (drain current vs gate
bias) at a drain bias of 1 mV. Inset: Scanning electron micrograph of the graphene transistor. (c) Photocurrent line scan
profiles under different biases. (a) Reproduced with permission from [44]. Copyright American Physical Society, 2009.
(b) and (c) reproduced with permission from [45]. Copyright 2009 American Chemical Society, 2009.
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Figure 3. Photogating Effect. (a) Schematic of the graphene–quantum dot hybrid phototransistor. (b) Illustration of the
interface charge distribution between nanoparticles and graphene. (c) Transfer characteristics of graphene transistors with
or without the addition of PbS QDs on the graphene film. Inset: Energy diagram of the heterojunction of PbS QD and
graphene. (d) Transfer characteristics of a PbS QDs/graphene transistor characterized under different light irradiation
with the wavelengths of 895nm. (a) Reproduced with permission from [19]. Copyright Nature Publishing Group, 2012.
(b) Reproduced with permission from [53]. Copyright Nature Publishing Group, 2017. (c,d) reproduced with permission
from [52]. Copyright Wiley, 2012.

2.2. Thermal-Type Mechanism
2.2.1. Photothermoelectric (PTE) Effect

The PTE effect is caused by the light-induced temperature difference, which can
cause thermal voltage and plays an essential role in the light response generation of many
photosensitive 2D material devices (Figure 1d) [59–62]. Under illuminating conditions, hot
carriers transfer energy slowly to the crystal lattice in the 2D material, forming a hot fermion
distribution (Figure 4a–c). The PTE effect of photogenerated hot electrons can produce
photovoltage (VPTE) as VPTE = (S1 − S2)∆T, where S1 and S2 are the Seebeck coefficients of
2D materials in two different doped regions, and ∆T is the electron temperature difference
between the optical excitation area and the surroundings. According to the Mott formula,
S is related to the conductivity of the material:

S = −
π2k2

BTe

3e
1
σ

∂σ

∂ε
(1)

where kB is the Boltzmann constant, and ε is the energy that should be evaluated at the
Fermi level, σ is the electrical conductivity. The PTE effect is understood to depend on the
change in the Seebeck coefficient of the distribution of doping through 2D materials [63].
However, in the presence of an electronic temperature gradient, a second PTE effect may
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appear on a uniform graphene channel, that is, the establishment of a global electronic
temperature difference through the device channel, which is called the PTE channel (PTE-
ch) effect (Figure 4d) [40]. It can be seen in Figure 4e that VPTE-ch should have a single sign
change at the Dirac point of the graphene channel, which does not exist in PTE junction
voltage (VPTE-j) or photovoltaic voltage (VPV). By using an asymmetric electrode contact
device, one of the electrodes incorporates plasmonic nanostructures. Under the plasmonic
excitation of metal nanostructures, the highly localized and enhanced electromagnetic
fields around the nanostructures greatly improve the light absorption in nearby graphene,
resulting in effective and localized carrier heating in graphene. The asymmetric plasma
contact geometry generates a large electron temperature gradient across the entire graphene
channel, thereby generating and observing a strong PTE-ch effect. The electronic response
of PTE-based detectors is thermal electrons rather than lattice heating so that PTE-based
detectors can achieve high bandwidth.

Figure 4. Photothermoelectric Effect. (a) In the top panel, the built-in electric field picture for photocurrent generation at
a p–n junction. The direction of the field E is defined along the direction of electron movement. In the bottom panel, hot
carrier diffusions at a material interface with different S1 and S2. (b) Aligned Fermi level of the bilayer (left) and single
layer (right) graphene. D(E) is the density of states. The blue and red dashed arrows represent the electron flow direction
induced by the built-in electric field and by the thermoelectric effect, respectively. (c) Schematics of the experimental setup
and device geometry. (d) Schematic of a graphene/Au interface and associated band diagrams for various gating conditions.
(e) Calculated gate voltage dependence of Fermi level difference (top) and Seebeck coefficient difference (middle) between
the Gr/Au and Gr/SiO2 areas and gate voltage dependence of Seebeck coefficient for the graphene channel (bottom).
(a–c) reproduced with permission from [48]. Copyright American Chemical Society, 2009. (d,e) reproduced with permission
from [40]. Copyright Nature Publishing Group, 2018.

In photodetectors without bias voltage, the generation of photocurrent is related to
PTE and PV effects. For a photodetector composed of a heterojunction, the direction of the
photocurrent caused by the PTE and PV effects is the same, and the greatest photocurrent
occurs when the light is spotted at the junction interface. Therefore, the two mechanisms are
easily confused. To accurately identify the light response mechanism, we can distinguish
the following principles. First, for PV detectors, the generation of a photocurrent requires
that the incident photon energy be greater than the material bandgap. In contrast, for
PTE detectors, which are based on thermal effects, the spectral response is not limited
by the bandgap. Second, PV detectors rely on a built-in electric field and generate a
nonlinear current-voltage (I–V) curve, while PTE detectors can operate on a linear current–
voltage (I–V) curve. In PV photodetectors, the photoresponse is limited to near the junction
interface. Whereas in PTE detectors, the spatial distribution of photocurrents can be
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extensive. Third, the distinction between the different mechanisms can also be based on
whether the spectral response is wavelength dependent. When the absorbance of material
is independent of wavelength, a PTE detector can be determined [64]. The disadvantage
of PTE photodetectors compared to the PV photodetectors is the relatively long response
time of phonon-dominated transport, typically in the order of milliseconds [65].

2.2.2. Photobolometric (PB) Effect

The bolometer detector is mainly made of semiconductor or superconductor absorbing
material and is widely used in the submillimeter wave (THz) band [66–68]. It is one of
the most sensitive detectors. The photobolometric effect (Figure 1e) is related to the direct
heating of the 2D material by the incident photons, resulting in the change of the carrier
mobility of the 2D material (Figure 5a) [69–72]. The sensitivity of the 2D material bolometer
is determined by the thermal resistance Rh = dT/dP, where the bolometer causes a temper-
ature increase dT by absorbing incident radiation (dP). The response speed of the detector
is related to the specific heat capacity Ch of the 2D material. Since this photodetection
mechanism is based on light-induced conductance changes rather than direct photocurrent
generation, it requires an external bias. It can work on uniform 2D materials without
the need of introducing the p–n junctions. An appropriate gate voltage can make the
photobolometric effect the dominant mechanism of the phototransistor, and significantly
improve the responsivity. In the silicon–graphene hybrid plasmon photodetector designed
by Guo et al. [73], the PTE effect was the main mechanism of the photocurrent at zero bias
voltage. Since the PTE photocurrent is generally insensitive to the VDS, when the VDS was
applied, the photocurrent greatly increased, which indicated that the PTE effect was no
longer the main mechanism. The chemical potential of the graphene channel in the device
is completely gate-controllable, and there is a transition region that gradually changed from
the pinning region to the completely gate-controllable region. As shown in Figure 5b,c,
when (VGS, VDS) = (2.3, 0.3) V and (1.9, −0.3) V, the graphene was highly doped. Therefore,
the photobolometric coefficient became larger, and the photobolometric effect became the
dominant mechanism (Figure 5d).

2.3. Topology (TP) Enhancement Mechanism

Some topological properties of topological semimetals can greatly improve the light
responsivity of the device [74–78]. In Weyl semimetal-based devices, these materials carry
Weyl fermions that move parallel or anti-parallel to the spin moment, which defines the
chirality of a specific Weyl cone (Figure 1f,g) [79,80]. The energy of Weyl fermions is
proportional to their momentum, forming a cone structure in the energy–momentum
space. The most important thing is that each chiral Weyl node can be regarded as the
“monopole” of the Berry flux field (Figure 6a), the effective magnetic field in momentum
space. These magnetic monopoles have a direct effect on the movement of electrons and
cause various topological effects. One of the effects is on the offset current response, which
is caused by the offset of the charge center of the non-centrosymmetric material excited
by linearly polarized light during the inter-band optical excitation [81]. Compared with
the semiconductor p–n junction, it constitutes a fundamentally different mechanism of
generating the photocurrent. In the semiconductor p–n junction, the built-in electric field
separates electrons and holes. The movement of the charge center can be expressed as the
change in the Berry connection. The Berry connection is the vector potential that produces
the Berry flux field and the velocity operator phase. Therefore, when the excitation occurs
near the Weyl node where the Berry flux field diverges (Figure 6b), the corresponding
conductivity tensor is expected to be significantly enhanced. This topology enhancement
effect has recently been experimentally verified.
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Figure 5. Photobolometric Effect. (a) Temperature-dependent change in current from its room temperature value as a
function of gate voltage. Inset: gate voltage characteristic as a function of temperature when cooling down from room
temperature. (b) Calculated energy band diagrams for the different cases. (c) Measured photocurrent map as the VGS and the
source–drain voltage (VDS) vary. (d) Measured responsivities with different input optical powers Pin. (a) Reproduced with
permission from [69]. Copyright Nature Publishing Group, 2012. (b–d) reproduced with permission from [73]. Copyright
Nature Publishing Group, 2019.

Figure 6. Cont.
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Figure 6. Topology enhancement effect. (a) Vector plot of the Berry curvature of Weyl semimetals in momentum space.
(b) The integrand of the effective third-order optical conductivity tensor is shown along contours of fixed electron energy
in momentum space (kx–ky) for TaIrTe4. (c) Optical microscopy image of the device. (d) Light-power dependence of
the photocurrent at 4 µm incident wavelength in a FET based on TaIrTe4, a type-II Weyl semimetal. Reproduced with
permission from [82,83].Copyright Nature Publishing Group, 2016, 2020.

Ma et al. used the inherent topological properties of Weyl’s semimetallic TaIrTe4
to greatly improve the responsivity of the detector in the mid-infrared band (Figure 6c),
breaking through the long-term technical bottleneck of the responsivity of the semimetallic
detector [83]. Ma et al.’s work mainly used the divergent Berry curvature of the Weyl
semimetal near the Weyl point, so that the displacement current response related to the
Berry field was significantly enhanced near the Weyl point. The transition caused by the
lower energy photon will be closer to the Weyl point. However, the lack of external voltage
bias and the influence of topology effects require special considerations in device design.
No external bias means that the turn-on threshold power of the field-effect transistor
photodetector must be minimized to increase its sensitivity (Figure 6d), which requires the
use of conventional methods to reduce the semimetal contact barrier, such as semimetal
doping or selecting a suitable work function metal contact.

3. Performance Parameters

To better compare the performance of photodetectors of different sizes and under
different operating conditions, we summarize a list of key metrics commonly used to
describe the performance of photodetectors, including responsivity, quantum efficiency,
signal-to-noise ratio, bandwidth, and detection capability.

3.1. Responsivity (R)

The ratio of the photocurrent (Ip) magnitude to the incident photo power (P) is defined
as the spectral responsivity and expressed as:

R =
Ip

P
=

Ilight − Idark

P
(2)

where Ilight and Idark are the currents measured in the illuminated and dark environments,
respectively. In general, the responsivity varies with the incident optical power, wavelength,
and the applied electric field. Commercially available silicon-based photodiodes can
reach 500 mA/W at the sensing wavelength of 405–1100 nm [25], whereas the graphene
responsivity is about 10 mA/W [5]. Combined with the quantum dots such as Cu2O, the
graphene photodetectors can reach a responsivity of 1010 A/W [39].
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3.2. External Quantum Efficiency (EQE)

When the phototransistor operates based on the PV effect, not all the incident photons
can be absorbed to generate electron–hole pairs. Even the electron–hole pairs are generated,
some of them cannot contribute to the photocurrent due to recombination or capture
processes. Therefore, EQE is defined as:

EQE =

Ip
e
P
hv

= R
hc
eλ

(3)

where e is the electron charge, h is the Planck constant, c is the speed of light, λ is the
wavelength of light, and v is the frequency of light. Due to the low light absorption
efficiency of the monolayer 2D material, a higher EQE can be achieved by increasing
the thickness of the material to improve the light absorption efficiency and reduce the
recombination of photogenerated carriers.

3.3. Internal Quantum Efficiency (IQE)

In a comparison with EQE, IQE is the ratio of the number of electron–hole pairs
produced to the number of photons absorbed, which is rewritten as:

IQE =
EQE

total photon absorption
(4)

In general, IQE is always greater than EQE because refraction and transmission cannot
be eliminated. In addition, if the material is extremely thin, the interference effect of light
needs to be considered.

3.4. Response Time (τ) and Bandwidth (B)

Response time of the photodetector reflects the ability to detect a rapidly modulated
light signal. It includes the rise time τr and the fall time τf which are the time required
for the peak current of the device to flow from 10 to 90% and the time required for the
peak current of the device to flow from 90 to 10%, respectively. In most cases, there
cannot have a balance between excellent response rate and response time. Commercially
available silicon photodiodes typically have a rise time of 50 ns [25], while graphene
photodetectors can have a response time of several hundred picoseconds [40]. Conductivity
and photoconductivity usually change the response time of the photodetector. Due to the
trap states, the attenuation of the photocurrent is also strongly dependent on the intensity
of the light incident on the device. The longer response time may be attributed to the
low conductivity and traps in the 2D material film. Since the trap density, trap energy
distribution, and carrier capture probability may be different, more complex mechanisms
are at play and deserve further investigation.

For most optoelectronic devices, the optical responsivity depends on the optical
modulation frequency (f ) and is expressed as:

R( f ) =
R0√

1 + (2π f τ)2
(5)

where R0 is photoresponsivity measured under static illumination. As f increases, R
decreases. The modulation frequency at which the optical responsivity decreases to −3 dB
is called the bandwidth, also known as the cutoff frequency. The broadband photodetectors
are needed for high-speed information transmission, and the graphene photodetectors can
have a bandwidth of about tens of GHz [40].
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3.5. Signal-to-Noise Ratio (SNR)

Since noise produces random fluctuations in the output of the detector signal, the
presence of noise in the detection process can have an impact on the detection of the signal.
SNR is given as:

SNR =
Signal power
Noise power

(6)

The signal power can be detected only when it is higher than the noise power, i.e.,
SNR > 1.

3.6. Noise Equivalent Power (NEP)

NEP is the minimum optical signal power that a photodetector can detect or distin-
guish from the total noise. It is defined as the optical input power required to achieve an
SNR of 1 at a bandwidth of 1 Hz and can be expressed as:

NEP =
P√
B

(7)

where P is the incident power that results in SNR = 1. NEP in commercially available
silicon photodiodes can reach 10−14 W/Hz−1/2 [18], whereas in graphene photodetectors
it is about 10−12 W/Hz−1/2, mainly because of the high dark current of graphene [84].

3.7. Detectivity (D∗)

To better compare the performance between different detectors, the effects of band-
width, geometry, and device area should be considered. The detectivity reflects the sen-
sitivity of the photodetector, and it takes into account the NEP, area, and bandwidth
as:

D∗ =
(AB)

1
2

NEP
(8)

where A is the photosensitive area. If the dark current of the device is much larger than the
noise, the detectivity can be further expressed as:

D∗ =
RA

1
2

(2eIdark)
1
2

(9)

A higher detectivity indicates better detection performance of the photodetector,
which can be improved by increasing the response rate, increasing the detection area, and
reducing the dark current of the device. The detectivity of silicon photodiodes is about
1010 Jones in the visible range [25], while 2D materials under 405 nm illumination can reach
1016 Jones by combining with quantum dots to form a hybrid structure [42]. The detectivity
of differently structured phototransistors is summarized in Table 1.

Table 1. Performance of 2D and bulk material phototransistors.

Enhanced
Type Active Materials Mechanism Spectral Range Responsivity Detectivity

(Jones)
Response

Time Ref.

Metal/2D MoS2 PB 980, 1550 nm 1.9 × 104 A/W [85]
MoS2 PG 550 nm 105 A/W 1014 [86]

Perovskite/Au PC 405 nm 1.6 × 107 A/W 81 µs [87]
PdSe2 PG 1.06 um 708 A/W 1.31 × 109 220 ms [88]
MoSe2 PC 670–1458 nm 10.1 A/W [89]
WSe2 PV 532 nm 2.31 A/W 9.16 × 1011 [90]

TaIrTe4 TP 4 um 130.2 mA/W [83]
Td-WTe2 TP 450–2400 nm [91]
Td-MoTe2 PTE 532 nm–10.6 µm 0.40 mA/W 1.07 × 108 43 µs [74]
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Table 1. Cont.

Enhanced
Type Active Materials Mechanism Spectral Range Responsivity Detectivity

(Jones)
Response

Time Ref.

Heterostructure MoS2 PG 637 nm 96.8 A/W 4.75 × 1014 400 µs [92]
p-MoS2/n-

MoS2 PG 640–800 nm 7 × 104 A/W 3.5 × 1014 10 ms [93]

Graphene/MoS2 PV 450–700 nm 1.1 × 105 A/W 1.4 × 1014 100 ms [94]
MoS2/WS2 PV 532 nm 4.36 mA/W 4.36 × 1013 4 ms [95]

MoS2/Si PV 350–1100 nm 908.2 mA/W 1.889 × 1013 56 ns [96]
WSe2/MoS2 PV 450–800 nm 2700 A/W 5 × 1011 17 ms [47]

Perovskite/CdS PV 350–750 nm 0.48 AW 2.1 × 1013 0.54 ms [97]
PbI2/graphene/

PET PV 480 nm 45 A/W 35 µs [98]

SnS2/MoO3 PV 515 nm 2.3 × 103 A/W 3.2 × 1012 2.72 ms [99]
Graphene/GaAs PV 650 nm 1321 A/W 3.24 × 108 119 ms [100]
Gr1/ Perovskite/

Gr2
PV 457 nm 3 × 109 A/W 8.7 × 101 50 µs [101]

PtTe2/Si PV 200 nm–10.6 µm 6.92 × 109 2.4 µs [41]
PtTe2/graphene PV 2600 um 1.6 A/W 20 µs [102]

Gr1/BP/Gr2 PV 0.5–3.5 um 1.43 A/W 8.67 × 108 1.8 ns [103]

Hybrid
structure Monolayer MoS2 PG 532 nm 430 A/W 1011 72 ms [104]

graphene/Cu2O PG 450 nm 1010 A/W 1.4 × 1012 273 ms [39]
InP/BP PG 405 nm 109 A/W 4.5 × 1016 5 ms [42]

MoS2/ZnCdSe
QD PV <700 nm 3.7 × 104 A/W 1012 0.3 s [105]

Ti2O3/
Graphene PC 4.5–10 um 300 A/W 7 × 108 1.2 ms [53]

Chemical doping
MoS2

PG 450–750 nm 99.9 A/W 9.4 × 1012 16.6 s [106]

Cavities graphene PV, PTE 96 um 0.23 A/W 2.8 × 1010 265 ns [107]
Gr/TiO2 PG 325 nm 475.5 A/W 220 ms [108]

Waveguides MoTe2/graphene PG 1300 nm 0.2 A/W 19 ps [109]

BP PB 3.725, 3.775,
3.825 um 11.31 A/W 0.3 ms [110]

graphene PB, PC 2 um 70 mA/W [73]
MoTe2 PV 1500 nm 0.5 A W 3.2 ns [111]

Plasmonics graphene PTE 500–900 nm 0.125 mA/W 0.4 ps [40]
graphene PV 2400 nm 0.12 A/W [112]

graphene/GaAs/
Ag NPs PV 325–980 nm 210 mA/W 2.98 × 1013 [113]

Au
NPs/WS2/MoS2

PV 532 nm 0.49 A/W [114]

Bulk detector Si PC 630nm 1.5 A/W 0.11 s [115]
Ge PC 1.7 um 0.6 A/W 1011 0.87 µs [25]
Ge PC 390 nm 0.63 A/W 7 × 1011 [116]
SiC PC 445 nm 12.2 A/W 1.13 × 109 0.39 s [117]

GaN/Sn:Ga2O3 PV 254 nm 3.05 1.69 × 1013 18 ms [118]

4. Photocurrent-Enhanced Structure of 2D Materials

Some 2D materials (such as graphene, BP, and InSe [18]) have the characteristics of
high carrier mobility and high Fermi velocity that can be fully utilized, and thus have ex-
cellent high-frequency response characteristics, which are mainly used for ultra-fast optical
detection applications such as optical communications and optical modulators. Although
it is possible to adopt a multilayer structure or adjust the bandgap through the VGS to
improve the light absorption of the 2D material, it is still difficult to fundamentally solve
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the problem of low photoelectric response caused by weak light absorption. Therefore, to
enhance the light response of the photodetector, multiple types of photodetector structures
have been developed.

Many approaches, such as the construction of metal/2D structures, vdWs heterostruc-
tures, hybrid structures, and optical architectures, are useful for improving device perfor-
mance (Figure 7a) [119,120]. In terms of optical architecture (cavities, waveguides, and
plasmonics) integration, the plasmon structure enhances light absorption in 2D materials
by enhancing local electromagnetic fields and subwavelength scattering, thereby enhancing
the coupling of 2D materials with light. However, this architecture suffers from plasmonic
losses due to energy dissipation. Moreover, the plasmon structure is bonded to the surface
of the 2D material, and the local surface plasmon resonance (LSPR) frequency is fixed,
resulting in narrow band enhancement. The optical resonant cavity structure can form a
standing wave cavity resonator for light waves. It can achieve effective light confinement
with a high-quality factor in space, resulting in a strong interaction between light and
matter, but it is not suitable for broadband applications. The structure of 2D material and
waveguide integration is particularly suitable for high-speed applications at the telecom
wavelength, but the on/off ratio of the photodetector is not sufficiently high. To obtain
high responsivity, high-mobility 2D materials can be combined with 2D materials with
different band gaps or quantum dots to form heterostructures. Heterojunction photode-
tectors have distinct photovoltaic properties, which give them excellent photoresponse
performance and self-powered photodetection characteristics. In addition, their special
type of heterostructure can facilitate efficient separation and transfer of photogenerated
electron–hole pairs. However, the construction of heterojunction photodetectors is limited
by the type of material and requires the search for semiconductors with matching band
structures.

Figure 7. (a) Comparison of the responsivity and response time of 2D material detectors. (b) Specific detectivity versus
response wavelength in different structures photodetectors.

The photodetector can be further optimized by employing a rational design and se-
lecting the right materials, including high-quality 2D materials, metals for contacts, and
semiconductor materials modified on the channel. A long carrier lifetime is required to
obtain maximum responsivity. By causing defects in 2D materials, the carrier lifetime can
be effectively extended. However, this approach comes at the cost of response time. For
the sensitizer, a high absorption coefficient, large spectral coverage, and desirable tunable
spectral coverage are prerequisites. In addition, to facilitate efficient charge transfer to the
transistor channel and thus obtain high quantum efficiency, the sensitizer layer should also
have good electronic properties in terms of carrier diffusion length, carrier mobility, doping,
and minority carrier lifetime. For future practical applications, 2D materials should have a
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large area, high quality, and uniform growth. For photodetectors, further improvements
are needed to improve material stability and material light absorption and to reduce dark
currents and lower response times. The compatibility of 2D materials with existing manu-
facturing processes is also an issue. It is necessary to take full advantage of their thinness
and their physical nature of interaction with light and to propose suitable photodetection
mechanisms to achieve an excellent performance of 2D material photodetectors.

From Figure 7b we can clearly see that the detectivity of 2D photodetectors in the
visible range is comparable to or better than that of bulk photodetectors. That mainly
because metal/2D structures, heterostructures, hybrid structures and optical architectures
can be easily form in 2D photodetectors but not in bulk photodetectors. Dark currents
are typically suppressed better in metal/2D structures and heterostructures. Hybrid
structures achieve significant gains benefiting charge trapping. High light absorption
can be obtained from the designed Optical architectures. Due to the limitation of the
band gap of the material, it is difficult for the photodetector to cover the broad-spectrum
detection. Photodetectors made of 2D materials and other materials can combine the
advantages of both materials to achieve a broadband response with a high absorption
coefficient, large spectral coverage, and ideal tunable spectra, and the recent emergence of
gapless semimetals materials can extend the detection range to Long-Wave Infrared. By
taking advantage of the shifted current response of the semimetal, the responsivity will be
improved by at least two orders of magnitude. Although micro-photonic devices based on
2D materials still have limitations, they have great potential in many applications such as
images and photon energy conversation using heterostructures.

4.1. Metal/2D Material Structures

Photodetectors based on metal/2D material contact were the first to be studied [44]. The
increased optical responsivity of photodetectors with metal/2D structures can be achieved
due to the Schottky barrier in the contact area [87–89], [121–123]. The Schottky barrier limits
the transmission of dark currents [124,125]. At the same time, the Schottky built-in electric
field allows for the more efficient separation of photogenerated carriers [126,127]. Conse-
quently, enhancing the built-in electric field is an effective way to improve the detectivity
and separation efficiency of photogenerated carriers and promote the enhancement of
photocurrents [128,129]. In earlier reports, the photocurrent was generated by the local
illumination of the metal/graphene interface of the back-gate graphene field-effect tran-
sistor [54,130]. The current generated is due to the PV effect. In 2009, Xia et al. fabricated
the first graphene photodetector using mechanically exfoliated graphene and investigated
the photocurrent generation mechanism of metal/graphene contact using high-resolution
photocurrent imaging by near-field scanning optical microscopy with an FET-structured
device [45]. The conclusion was that the photocurrent generation is related to the energy
band bending at the metal/graphene contact interface due to different work functions
and that the magnitude and direction of the photocurrent can be controlled by chang-
ing the position of the Fermi energy level through an applied gate voltage. Most of the
electron–hole pairs are generated in graphene when both electrodes are illuminated in
the vicinity of the light due to the same metal contact generating an internal electric field
of equal size and opposite direction, leading to carrier recombination without any contri-
bution to the external photocurrent. Photocurrents only occur in the sub-micron width
region of the metal/graphene interface. It is impractical to disrupt the mirror symmetry
of the device with bias because the semimetallic nature of graphene generates large dark
currents. Therefore, two approaches have been proposed to break the symmetry of the
photodetector [131]. The first method is to select contact electrodes with different work
functions, which leads to a difference in Schottky barrier height and a different depletion
layer width between the two contact junctions. By using graphene as a channel material,
T. Mueller et al. proposed an improved graphene photodetector with an asymmetric
metallization structure to increase the effective light detection area (Figure 8a) [5]. They
demonstrated that an asymmetric metallization scheme can break the mirror symmetry
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of the potential profile built into the channel, with two electrodes made of palladium and
titanium, respectively. Doping under these two electrodes is different, and the polarities
of these two electrodes are opposite at different VGS. Therefore, when a suitable VGS is
selected, the photocurrent near the two electrodes can flow in the same direction, leading
to an overall photocurrent enhancement (Figure 8b). Error-free detection is achieved in
a 10 Gbit/s optical data link with a wavelength of 1.55 mm (Figure 8c). However, due to
the semimetallic nature of graphene, the response is fast but the dark current is large. The
second approach is to exploit the geometric asymmetric contact effect, which means that
the difference in contact area or contact length between two junctions causes a non-zero
photocurrent. Zhou et al. demonstrated a self-driven photodetector based on a multilayer
WSe2 sheet (Figure 8d) [90]. Due to the Fermi energy level of WSe2, which lies midway
between the conduction band minimum (CBM) and valence band maximum (VBM), Ni
was chosen as the contact electrode to obtain a high Schottky barrier for low dark currents.
The metal/2D photodetector with asymmetric geometrical contacts shows an apparent
PV effect. The high responsivity of 2.41 A/W can be obtained at zero external bias. In
combination with the ultra-low dark current, a high detectivity of 9.16 × 1011 Jones is
achieved (Figure 8e). Metal electrodes with high work function have been fabricated to
provide a larger built-in electric field and improve the responsivity of the device. However,
the improvement of the built-in electric field is limited by the small tuning range of the
metal work function [85,86]. Moreover, variations in the electrode material increase the risk
of instability and complexity in the fabrication process. Therefore, a method to improve
the strength of the built-in electric field in a stable electrode material should be imple-
mented. Furthermore, most of the metal/2D structured devices are fabricated based on
graphene. They have relatively high dark currents but show feasibility for high-speed light
detection applications over a wide wavelength range. Recently, topological semimetals
Cd3As2, Td-MoTe2, and Td-WTe2 have shown great advantages in the wide wavelength
range (Figure 8f) [91,132,133]. Although the responsivity of semimetallic-based detectors is
generally not optimal, their bandgap-free electronic structure gives them an unprecedented
broadband optical response. There is no energy gap in the semimetals to limit the energy of
detectable photons, so the range of detectable photon energies can be extended to the low
energy end. In the absence of a bandgap, however, the brief lifetime of the photoexcited
carriers is greatly reduced by fast electron–electron scattering, thereby increasing the speed
of semiconductor operation.

In comparison, the responsivity of the metal/2D material structure is still low. In
addition to the symmetrical electrodes causing the photocurrent to be zero at VDS = 0 V, the
low responsivity is also due to the low absorbance of the semiconductor, the short existence
time of photogenerated carriers, and the small effective detection area. Therefore, we can
increase the photocurrent by selecting the appropriate material thickness to achieve high
light absorption efficiency. In addition, the carrier lifetime can be effectively extended by
causing defects in the 2D material. However, it will affect the device response speed.

4.2. 2D Material Heterostructure

Planar connections between different 2D materials and composite semiconductors
can be used as Schottky photodiodes to improve light detection [96,97,103]. Zong et al.
proposed the BP-WSe2 heterostructure (Figure 9a), and by characterizing its photolumines-
cence (PL), it was shown that the heterostructure forms a type-I energy band alignment
and achieves an efficient energy transfer from WSe2 to thin-film BP (Figure 9e) [10]. The en-
hancement of the PL signal is attributed to the light absorption by the monolayer WSe2, with
higher absorption resulting in more electron–hole pairs, which leads to a larger enhance-
ment factor. These results suggest that the efficient electron transfer in the heterostructure
can be used to a greater advantage in the photodetector. Photodetector configurations
combining TMDs as light-interacting materials and graphene as electrodes can effectively
improve the photodetection performance [134]. Moreover, recent studies have shown
that vertical heterogeneous structures based on graphene/TMDs can further improve the
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performance of photoelectric detection, yielding high optical responses, larger quantum
efficiencies, and shorter response times. The electrical characteristics of these devices
exhibit rectification, and their barrier energy depends on the semiconductor material. For
low dark currents, the semiconductor–graphene photodetectors operate with reverse bias.
Light absorption occurs in semiconductors and graphene acts as a charge-carrier transport
channel. Under illumination, the photogenerated carriers in the heterojunction are spatially
separated under the junction’s internal built-in field, and electrons or holes are transferred
to the channel region. Due to diffusion in their channel, the presence of these carriers
effectively modulates the conductivity of the graphene. By applying VDS, the carriers drift
and recirculate in the graphene channel. However, they also have low responsivity due to
the lack of an optical gain mechanism or due to the persistent photoconductivity, which is
not suitable for the photodetectors. Besides the typical bilayer vdW heterostructures, pho-
todetectors based on 2D material sandwich structures have been extensively studied [101].
Usually, highly absorbent 2D materials are used as absorbents. The detectors are based
on vertically stacked PbI2/graphene heterostructures, using graphene as the transparent
electrode material and PbI2 as the light-absorbing substance (Figure 9b) [98]. The sandwich
structure of the device exhibits high sensitivity, a short response time (Figure 9f), and
high-resolution imaging capability. Furthermore, photodetectors based on 2D material
heterojunctions with 3D (bulk) semiconductors have been extensively investigated in recent
years. These include graphene/Si photodetectors and deep-UV photodetectors based on
MoS2/p-GaN heterojunctions [135,136]. A built-in electric field will appear near the 2D/3D
structural interface, limiting the recombination of photogenerated carriers. This provides a
new path for designing fast response devices.

Figure 8. Metal/2D material structures. (a) Metal–graphene–metal (MGM) photodetectors with asymmetric metal contacts.
(b) The dotted line denotes the Fermi level. ∆φPd and ∆φTi represent the difference between the Dirac point energy and the
Fermi level in palladium- and titanium-doped graphenes, respectively. (c) Relative photoresponse versus light intensity
modulation frequency. The -3dB bandwidth of this MGM photodetector is 16 GHz. Inset: receiver eye-diagram obtained
using this MGM photodetector, showing a completely open eye. (d) Photodetectors with asymmetric contact geometries.
(e) Photodetectors with different degrees of asymmetries. (f) Weyl semimetal scanning photocurrent response.
(a–c) reproduced with permission from [5]. Copyright Nature Publishing Group, 2010. (d,e) reproduced with permission
from [90]. Copyright Wiley 2019. (f) Reproduced with permission from [91]. Copyright Nature Publishing Group, 2019.
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Figure 9. Heterostructure photodetector. (a) BP–WSe2 heterostructures schematic. Schematic band diagram of BP–WSe2

heterostructures. (b) schematic of photoelectric measurement of the flexible device with near-ultraviolet laser source.
(c) Schematic of lateral graphene–MoS2 heterostructure Schottky photodetector under the illumination. (d) Schematic
representation of the electrical configuration for the bow-tie-type PtTe2-based THz detector. (e) PL spectra of monolayer
WSe2 and the BP–WSe2 heterostructure under an incident laser. Inset: Schematic band diagram of BP–WSe2 heterostructures.
The dashed line denotes the Fermi energy of BP and WSe2. (f) Fast device photoresponse, giving the rise and decay time,
respectively. (g) Spectral responsivity for the detector. The absorption for the light of the device is mainly limited to the
bandwidth of MoS2, corresponding to the test in the inset. Inset: scanning photocurrent mapping of the detector. (h) The
voltage responsivity of the two devices under different biases at 0.12 THz. (a,e) reproduced with permission from [10].
Copyright Nature Publishing Group, 2019. (b–d,f–h) reproduced with permission from [94,98,102]. Copyright Wiley,
2018,2019.

Traditional semiconductor Schottky photodetectors are currently widely used in com-
mercial photodetectors. The current key issue is constructing a 2D material heterostructure
photodetector with high detectability and large-scale manufacturing capabilities [137].
Deng et al. fabricated transverse graphene/MoS2 Schottky junctions (Figure 9c), which
benefited from strong absorption of light, efficient separation of photoexcited carriers,
and fast charge transport in Schottky junction devices with responsivity up to 105 A/W
(Figure 9g) [94]. The heterostructure photodetector array has also been proven, showing
large-scale manufacturing capabilities. These results demonstrate the potential of two-
dimensional material heterojunction devices in optoelectronic devices. With the rapid
development of the modern semiconductor industry, unpowered or self-powered de-
vices have become an indispensable part of electronic components and optoelectronic
products [131,138]. Epitaxially connected TMDs transverse heterojunctions with maxi-
mum built-in potential at the heterojunction interface can rapidly separate light-generated
electron–hole pairs without external bias. Wu et al. reported a PV photodetector based on
a MoS2/WS2 flat heterostructure [95]. This detector exhibits a responsivity of 4.36 mA/W
and a detectivity of 4.36 × 1013 Jones.

While conventional heterojunction photodetectors show great advantages, they have
difficulty covering a broad spectrum in terms of spectral response due to bandgap limita-
tions [139–142]. Huang et al. developed a PtTe2/graphene heterostructured photodetector
(Figure 9d) [102]. PtTe2 is a type II Dirac semimetal with a bulk cone and a topologically
protected type II Dirac surface state. Theoretically, the symmetric inverse monopole of the
Dirac cone produces precisely the opposite photocurrent, so that the photocurrent should be
zero for all Dirac cones. However, the PtTe2-based device shows excellent photo responsiv-
ity at zero bias (Figure 9h), the mechanism of which needs to be further investigated. When
bonded to graphene through weak vdW interactions, the excess flow of non-equilibrium
carriers can move more directionally, exhibiting a responsivity of more than 1.4 kV/W in
the THz band due to the built-in field between graphene and PtTe2. Therefore, topological
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semimetals may be ideal materials for implementation in high-performance photodetection
systems in the THz band.

4.3. 2D Material Hybrid Structure

A common obstacle for 2D materials is the limited absorption due to their atomically
thin profiles and limited spectral selectivity, which is determined by the bandgap of the
material [93,99,143]. Hybrid graphene/quantum-dot (QD) phototransistors are reported to
exhibit high gain and optical sensitivity determined by the size of the QDs [52]. Integrating
QDs with 2D materials has several advantages. First, 2D materials are less light-absorbing,
whereas thicker QDs can use light efficiently [144,145]. Second, the 2D material as a channel
can avoid the problem of low mobility. Third, the broadband absorption of the QDs can
compensate for the limited response band of some 2D materials. G. Konstantatos et al. [19]
demonstrated a notable device structure based on the PbS QDs/graphene heterojunction
(Figure 10a). The optical responsivity of the device can be as high as 107 A/W by taking
advantage of the superior light absorption properties of PbS and the formation of an
optical gain mechanism (Figure 10d). The sensing mechanism of PbS QDs/graphene
phototransistors can be attributed to the charge transfer between PbS QDs and graphene.
Electron–hole pairs are generated under light irradiation in PbS QDs, and the generated
electrons and holes will be transferred to a place with a lower energy level. Since electrons
and holes are transferred at different rates, the number of electrons and holes in the QD
will also be different, which will result in a net negative or positive charge in the QD. The
transfer curve shifts horizontally to a positive voltage under illumination, indicating that
the QD has a net negative charge, attracting more holes in the graphene film. In other
words, due to the net negative charge in the QD, a higher VGS is required to obtain a
charge-neutral point (Dirac point) in the graphene transistor.

Flexible, high-sensitivity photodetectors are ideal for the future of wearable optoelec-
tronic devices. Graphene is promising due to its excellent electrical, optical, and mechanical
properties, which make it extremely attractive for flexible optoelectronics and light de-
tection applications. In 2019, Liu et al. proposed an internal current gain mechanism
based on the 2D–0D light detection system (Figure 10c) [39]. They developed a flexible
non-transferred hybrid graphene/Cu2O QDs photodetector, which can reach a detectivity
of 1010 A/W. After bending, the responsivity of the photodetector still reaches 106 A/W
(Figure 10f), which paves the way for graphene to be applied to high-sensitivity flexible
optoelectronic devices. The 1/f noise dominates at low frequencies in graphene/Cu2O QDs
photodetectors and is significantly higher than both the shot noise and the thermal noise
(Figure 10c). The carrier trapping and detrapping processes caused by the graphene/Cu2O
QDs interface states cause the 1/f noise at low frequencies, and defects or disorders exist in
the graphene sheet. In 2D material devices, flicker (1/f) noise is a major contributor to the
low-frequency noise, and it increases as the reciprocal of the device area. Because of their
high surface-to-volume ratio, 2D materials are extremely sensitive to their surroundings.
This enables the detection of environmental chemicals such as methanol and ammonia
using 1/f noise measurements in 2D FET. When the vapors of these chemicals are exposed
to the 2D FET, both the channel resistance and the noise amplitude increase. However,
the change in resistance is negligible, whereas the change in noise amplitude is 1500%.
Noise-based sensors have a much shorter reset time than resistance-based sensors, which
gives them a significant advantage in gas sensing applications [146,147]. However, reported
2D–0D hybrid devices use toxic nanomaterials as sensitization layers, which may limit
their practical applications. Kwak et al. first fabricated 2D–0D hybrid photodetectors using
non-toxic InP QDs as the light-absorbing layer and BP as the transport layer [42]. Further-
more, to remove the long surface ligands of the colloidal InP QDs, the prepared hybrid
devices were chemically treated with 1,2-ethanedithiol (EDT) for layer-by-layer deposition.
A high optical response of up to 109 A/W and a high detectivity of 4.5 × 1016 Jones were
produced with a 405 nm laser.
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Figure 10. Hybrid structure. (a)Schematic of the graphene–quantum dot hybrid phototransistor, in which a graphene flake is
deposited onto a Si/SiO2 structure and coated with PbS quantum dots. (b) Schematic illustration of the field-effect transistor
based on ZnPc-treated MoS2. (c) Noise spectral density of the photodetector. Inset: Illustration of the bent photodetector.
(d) Photocurrent of the graphene–quantum dot transistor for different optical powers as a function of VDS showing a linear
dependence on the bias. Inset: total current. (e) The time-dependent photoresponse dynamics for a MoS2 device after
varied ZnPc treatments are plotted on a linear scale. (f) Responsivity versus incident power for the photodetector before
bending, bending with a curvature of 40 mm and after bending. (a,d) Reproduced with permission from [19]. Copyright
Nature Publishing Group, 2012. (b,e) Reproduced with permission from [104]. Copyright American Chemical Society, 2018.
(c,f) Reproduced with permission from [39]. Copyright Wiley, 2018.

However, devices with integrated QDs are susceptible to surface trap states and stabil-
ity problems. The limitation of carriers in QDs hinders their application as photodetectors.
Huang et al. achieved ultrafast photoresponse kinetics by the surface assembly of the
organic molecule ZnPc in a monolayer MoS2 detector (Figure 10b) [104]. They found that
the assembly of ZnPc molecules tends to compensate for the intrinsic electron doping in
MoS2 by withdrawing electrons from the MoS2. This charge transfer causes spontaneous
reverse separation of electron–hole pairs under illumination, thereby driving the holes onto
the ZnPc molecules, which nicely suppresses the rather slow capture of a few carriers into
the intrinsic trap state in MoS2 and the substrate, providing a faster response compared
to pure MoS2 (Figure 10e). Zhang et al. propose a hybrid TMD–QD combination that
combines the strong light gathering of QDs with the high carrier mobility of TMDs, paving
the way for the next generation of photodetectors [105].

4.4. Optical Architectures (Cavities, Waveguides, and Plasmonics) Photodetectors

Single-layer graphene (SLG), a typical representative of 2D materials, absorbs 2.3% of
the incident light, which is high for atomically thin materials. For flexible and transparent
optoelectronic devices, this is an attractive property. However, there is an urgent need to
enhance the light absorption of 2D materials for some applications.

One method to enhance the absorption is based on the integration into optical mi-
crocavities or planar photonic crystal cavities first proposed by M. Furchi et al. in 2012,
which integrates planar optical microcavities into graphene transistors (Figure 11a,b) [148].
The top and bottom mirrors are made of two metal materials, Ag and Au, with graphene
placed in the middle of the cavity. This structure can increase the photocurrent by about
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20 times (Figure 11d,f). The reflector absorbs the incident light, which increases addi-
tional loss. M. Engel et al. reported a resonant cavity with a distributed Bragg reflector
consisting of alternating layers of material one-quarter wavelength thick, with Si3N4 as
the buffer layer in the cavity and graphene located at the point of maximum optical field
intensity in the cavity, where incident light is captured in the planar cavity [149]. They
passed through the SLG several times, thus enhancing the absorption capacity to 60% light
absorption and 21 mA/W responsivity. The main disadvantage of this planar microcavity
integrated graphene photodetector is that the optical responsivity can only be increased at
the designed resonant frequency. In order to solve this problem, a self-rolling technique is
used to fabricate a three-dimensional tubular optical microcavity. Deng et al. fabricated
self-rolled-up 3D graphene field-effect transistor (GFET) photodetectors (Figure 11c), which
have shown for the first time a balance among the optical responsivity, spectral range, and
bandwidth [107]. The self-rolled-up 3D GFETs provide a naturally resonant microcavity
that enhances the optical field and increases the area of the light–graphene interaction, thus
significantly enhancing the light absorption (Figure 11e) [108]. The optical responsivity
of the 3D GFETs is significantly improved. At the same time, the inherent ultra-fast and
ultra-broadband optoelectronic properties of graphene are maintained (Figure 11g).

Another approach involves the coplanar integration of 2D materials with optical
waveguides [150]. The use of in-plane evanescent waves is considered an effective
technique for enhancing the interaction of light with 2D materials in optical waveg-
uides [109,151]. The geometry of a waveguide-based graphene/silicon heterostructure
photodetector is shown in Figure 12a. The device can be considered a transistor with zero
gate voltage [152]. When a bias voltage of 1.5 V is applied to the two Au electrodes, the
responsivity of up to 0.13 A/W can be achieved for 2.75 µm infrared light at room temper-
ature (Figure 12e). The high responsivity in the mid-infrared (MIR) band may be due to
the strong absorption of the evanescent light propagating parallel to the graphene layer
in the in-plane optical waveguide. Gan et al. reported a similar device that can operate
at high frequencies exceeding 20 GHz with a responsivity higher than 0.1 A/W [153], as
shown in Figure 12b,f. Ilya et al. further studied the graphene/silicon waveguide Schottky
photodiode [154]. The results showed that the high response could be attributed to the
extension of the interaction length in the integrated waveguide structure or the plasma
of the gold electrode on the waveguide. The effect is shown in Figure 12c,g. This on-chip
integrated metal graphene-silicon plasma Schottky photodetector exhibits a responsivity
of 85 mA/W at a wavelength of 1.55 µm and reverses bias of 1 V. Due to the low dark
current, the noise equivalent power of this device is about 1.1 × 10−12 W/Hz1/2, which
is similar to the most advanced Si Schottky photodetector. Similar to graphene, BP can
also be integrated with a waveguide. A miniaturized BP waveguide photodetector is a
challenge to maintaining a high responsivity due to the shortening of the optical–matter
interaction length. To solve this problem, Ma et al. proposed a method to exploit the slow
light effect in photonic crystal waveguides and experimentally verified that this detector
could achieve a responsivity of 11.31 A/W at a 0.5 V bias [110]. However, the stability of
black phosphorus in the air is relatively low, which limits its wide application. In addition
to graphene and BP, detectors based on silicon waveguide integrated MoTe2 have also been
extensively studied. Maiti et al. propose a strain-engineered photodetector that combines
multilayer crystalline MoTe2 on a silicon micro loop resonator (Figure 12d) [111]. These
MoTe2 detectors operate with high responsivity at 1550 nm due to the strain-engineered
reduced bandgap and enhanced absorption of microring resonator (MRR) photon lifetime
proportional to the fineness of the cavity (Figure 12h).
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Figure 11. Optical microcavities. (a) Schematic drawing of a graphene microcavity photodetector. Distributed Bragg
mirrors form a high-finesse optical cavity. The incident light is trapped in the cavity and passes multiple times through
the graphene. (b) Electric field amplitude inside the cavity. (c) Schematic diagrams of the 3D GFETs after the roll-up.
(d) Calculated dependence of optical absorption in a single layer graphene sheet on the reflectivity of the top mirror. (e) The
simulated distribution of the electric field magnitude near a 3D GFET with one rolled-up winding. (f) Spectral response of
the single-layer graphene device. The dashed lines show calculation results: reflection R (red), transmission T (green), and
absorption A (blue). The solid lines are measurement results: reflection (red), photocurrent (blue). Inset: Theoretical result
for normal incidence light. (g) The gate-voltage-dependent responsivity of the 3D GFETs under VDS = 0 V. Reprinted with
permission from [107,148]. Copyright American Chemical Society, 2012,2018.
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Figure 12. Optical waveguides. (a) Schematic of the graphene/silicon-heterostructure waveguide photodetectors.
(b) Schematic of the device. The silicon bus waveguide fabricated on a silicon-on-insulator wafer is planarized using
SiO2. (c) Schematic of Si-SLG Schottky photodetectors integrated with photonic waveguides. (d) A schematic of an
MRR-integrated MoTe2 photodetector. (e) Dark and illuminated current versus bias voltage of the same device as under
different incident light powers. (f) Broadband uniform responsivity over a wavelength range from 1450 nm to 1590 nm at
zero bias. Inset: simulated electric field of the TE waveguide mode. (g) Finite element simulated optical intensity profile
of an SPP waveguide mode supported by an M-SLG-Si structure. (h) Typical I–V characteristics (semi-logarithmic plot)
of the Au/MoTe2/Au diode showing around two orders of magnitude enhancement for light (red) over dark (black)
conditions. (a,b,d–f,h) Reproduced with permission from [111,152,153]. Copyright Nature Publishing Group, 2013, 2019.
(c,g) Reproduced with permission from [154]. Copyright American Chemical Society, 2016.

Recently, the use of field enhancement caused by surface plasmonic excitations to
increase the optical response has received great attention for its potential applications in
optoelectronics [114,155,156]. Local plasmons in metal nanostructures are first used in
combination with graphene to achieve surface-enhanced Raman scattering [157]. The 2D
materials-based plasma photodetectors lead to a significant improvement in performance
by placing the plasma nanostructures near the contact point [158,159]. The nanostructures
with wavelength-specific geometric resonances can be used for selective amplification, po-
tentially allowing filtering and detection [112,160]. Compared to conventional devices, the
frequency performance of the device is improved because the plasma structure contributes
little to the capacitance, but can significantly reduce the contact resistance. The plasma exci-
tations formed by a monolayer of graphene on sub-wavelength dielectric gratings (SWDGs)
via the scattering matrix method reported by Zhan et al. are predicted to have a peak
absorbance of 92% for 1D SWDGs and 91% for 2D SWDGs at normal incidence (Figure 13a),
which is much higher than the intrinsic absorption of the monolayer of graphene [161].
Thus, the introduction of SWDGs provides an excellent method to enhance the optical
absorption of graphene and improve the sensitivity of graphene-based photodetectors. The
AgNPs/graphene/GaAs heterostructure (Figure 13b) designed by Lu et al. in 2018, has
enhanced responsivity and detectivity across the entire spectral range (Figure 13d) [113].
The surface plasmon resonance (SPR)-enhanced light–matter interaction results in the over-
lap of the depletion, light-absorption, and surface plasma-enhanced regions beneath the
surface of silver nanoparticles. As light is absorbed in the region close to the GaAs surface,
the unexpected bulk recombination is suppressed during the drift of the light-generating
holes, and thus the photocurrent is increased. Since the electrons in the conduction band
of the indirect bandgap semiconductor transit from the valence band to the conduction
band, there is a relaxation process to reach the bottom of the conduction band, so part
of the energy is wasted in the form of phonons in this process. Therefore, the use of the
surface plasmon enhancement effect can provide a greater advantage for the direct bandgap
semiconductor heterostructures with a higher light absorption coefficient. Recently, Li et al.
improved the optical response of a molybdenum disulfide photodetector using a novel
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chemical in situ doping of gold chloride hydrates (Figure 13c) [106]. The detector achieves
a photoresponsivity of 99.9 A/W at VDS = 0.1 V and VGS = 0 V (Figure 13e). This doping
strategy opens up an avenue for the wide application of high-performance photodetec-
tors and offers the possibility of enhancing the optical response of other two-dimensional
materials [162–164].

Figure 13. The 2D materials-based plasma photodetectors. (a) Schematic view of a graphene monolayer supported on a 1D
and 2D SWDG with thickness h, period, and strip/cylinder size. (b) Schematic diagram of graphene/GaAs photodetector
with AgNPs. (c) Schematic diagram of the structure for the doping CVD MoS2 photodetector. (d) Detectivity of the
graphene/GaAs photodetector with and without 100 nm AgNPs under zero bias voltage at five excitation wavelengths.
(e) Power intensity dependence of D* for the two photodetectors. (a) Reproduced with permission from [161]. Copyright
American Physical Society, 2012. (b,d) Reproduced with permission from [113]. Copyright Elsevier, 2018. (c,e) Reproduced
with permission from [106]. Copyright American Chemical Society, 2019.

5. Application Demonstration Based on Photodetectors

High-performance (ultra-fast light response, broad-spectrum detection, and ultrasen-
sitive) photodetectors play an important role in many areas of daily life. High-sensitivity
photoelectric detectors based on 2D materials have an important status in civilian and
military applications, with non-contact, non-destructive, long-range, anti-interference ca-
pability, and small environmental impact, fast detection speed, and high measurement
accuracy being the main directions of today’s photoelectric detection technology. To
date, photoelectric detectors have been developed to operate at room temperature for
broad-spectrum detection. The excellent performance of photoelectric detectors based
on two-dimensional materials can already be compared with the traditional Si and Ge
detectors. Therefore, it is appropriate to develop two-dimensional material-based photode-
tection that is superior to the existing technology. Several difficulties limit the development
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of 2D photodetectors in industrial applications. One of the greatest difficulties is the
enormous area growth of 2D materials, which limits the development of 2D-based focal
plane arrays. Hu et al. demonstrated a high-performance two-band photodetector for
two-color imaging based on wafer-level 2D GaSe/GaSb vdW vertical heterostructures
grown by molecular beam epitaxy (Figure 14a) [165]. The vertical heterostructure is grown
in a layer-by-layer epitaxial mode, with wafer-scale multilayer GaSe deposited directly on
the n-type GaSb substrate. Indium-tin oxide (ITO) and indium (In) as electrodes are formed
on the surface of GaSe and GaSb as anode and cathode, respectively. Indium tin oxide (ITO)
was chosen for the anode electrode placed on top of GaSe because this material makes
good ohmic contact with GaSe and easily passes light to improve energy absorption within
GaSe. By introducing a strong local electric field, dark currents can be suppressed and
the efficiency of photogenerated carrier separation can be improved so that a device with
broadband optical response has excellent dual-band detection capability. This is the first
time a 2D material-based photodetector has been used to demonstrate practical broadband
applications from visible to short wavelengths. This heterogeneous photodiode structure
has both the excellent optical responsivity of 2D GaSe in the visible range and the excel-
lent light detection in the infrared region of conventional GaSb, thus providing a viable
method of using 2D materials at room temperature. Subsequently, the integration potential
was shown through the implementation of an image sensor using an array of graphene-
quantum-dot photodetectors that can be used as an image sensor with high sensitivity to
both visible and short-wave infrared light (Figure 14b) [166]. The device was fabricated by
transferring graphene grown by chemical vapor deposition onto a silicon-based substrate
with integrated readout circuitry and then conforming the graphene to define each pixel.
Finally, PbS quantum dots were deposited onto the graphene layer by spin-coating. The
high-resolution imaging of the graphene quantum dot CMOS sensor in the visible and
short-wavelength bands reveal an effective method for achieving monolithic integration of
2D material sensors, demonstrating its feasibility of layer-by-layer stacking of 2D materials
in optoelectronic circuits. More excitingly, Xu et al. designed a two-dimensional grating
scanning imaging experiment based on a semimetallic photodetector (Figure 14c) [102].
A metal nut inside an envelope was placed on the focal plane to mimic the detection of
a hidden object. The resulting 80 × 80-pixel image clearly shows the shape of the metal
nut, demonstrating the rapid imaging application of our device. Jie et al. developed two
methods to check the infrared imaging capabilities of photodetectors (Figure 14d,e) [41].
First, with the help of a mask made in the laboratory controlled by the movement of
the 2D turntable, the position-resolved photocurrent can be recorded by a computer pro-
grammed by software, thereby generating an image with a resolution of 4.55um. On the
other hand, an array of 4 × 4 devices was fabricated to evaluate its potential application
in an integrated light detection system. When illuminating at mid-infrared wavelengths,
photocurrents are recorded from pixels under the exposed region, while dark currents
are collected from pixels under the shaded region, producing the corresponding letter
shapes. These results clearly confirm that PtTe2/Si photodetectors have great potential for
NIR-MIR imaging applications and that PtTe2/Si photodetectors can operate well at room
temperature, which will help address existing technical bottlenecks for future scientific and
industrial applications.

Due to their tremendous advantages, 2D materials have already shown great potential
in PV solar cells [167]. With the trend toward thinner and more portable PV devices,
atomically thin 2D materials have become the obvious choice for integration into the next
generation of PV technology. In PV solar cells, electrons and holes are generated as the
material absorbs light, and the electric field formed by the barrier at the interface between
the different materials efficiently separates the electrons and holes. Heterojunctions domi-
nate conventional solar cells. Excess electrons diffuse from n-type to p-type, and excess
holes diffuse from p-type to n-type, leading to a depletion zone, which creates an electric
field at the junction. The electric field separates the electron–hole pairs generated in the
depletion zone of the heterojunction due to photoexcitation. From the point of view of light
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absorption, it is necessary to increase the thickness of PV cells to increase the efficiency of
light absorption. However, the performance of solar cells based on 2D materials seems to
exceed that of conventional PV cells. Since the bandgap of TMD materials is distributed
in the visible near-infrared band, this gives them great potential for PV cell applications.
In addition, most monolayer TMDs are direct bandgap semiconductors, which have high
radiative efficiency. Combined with their higher absorption coefficient per unit thickness,
they have a massive advantage in ultra-thin PV devices with high absorption. A 2D bilayer
WSe2/MoS2 p–n lateral heterojunction solar cell designed by Tsai et al. exhibited a power
conversion efficiency of up to 2.56% under AM 1.5G [168]. Due to this lateral heterostruc-
ture, the entire depletion region is exposed to light, so it has excellent omnidirectional light
collection characteristics. Wong et al. prepared an ultra-thin WSe2/MoS2 vdW heterostruc-
ture [169]. The EQE exceeds 50%, and the light absorption rate in the experiment can reach
90%. Since the heterostructures can be produced at a low cost and over a large area and can
be fully compatible with various flexible and transparent substrates, this fully illustrates
the potential applications of PV devices based on 2D materials.

Figure 14. (a) Image realized from an advanced dual-band vertical heterostructure GaSe/GaSb linear array photodetec-
tor. (b) Left: image sensor array based on graphene-complementary metal-oxide–semiconductors (CMOS) integration;
right: near-infrared (NIR) and short-wave infrared (SWIR) image of a rectangular block covered in fog, behind a silicon
wafer, and a glass of water. (c) 2D scanning imaging of the concealed metallic nut in an envelope. (d) Left: schematic
illustration of the experimental setup for the integrated device to record infrared light imaging sensing. (e) The resulting
images of “POLYU” and “ZZU” under 4.55 and 10.6 µm illumination, respectively. (a) Reproduced with permission
from [165]. Copyright Wiley, 2017. (b) Reproduced with permission from [166]. Copyright Nature Publishing Group, 2017.
(c) Reproduced with permission from [102]. Copyright Wiley, 2019. (d,e) Reproduced with permission from [41]. Copyright
Wiley, 2020.

6. Conclusions and Outlook

In this paper, we present the latest advances in the latest photodetectors based on
2D materials. Photodetection based on 2D materials shows a bright future and attractive
applications due to the many outstanding performance characteristics currently available.
Due to the extremely thin thickness of 2D materials, light absorption may be insufficient,
limiting EQE and detection capability [170]. Although many 2D photodetectors exhibit
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high optical responsivity, much of this is attributed to extended carrier lifetimes at the
expense of response speed. Photodetectors with high optical responsivity can be used for
low-light detection. However, the high gain due to extended carrier lifetimes also leads
to high noise and fails to improve the detectivity. Moreover, for future detector arrays,
the high gain will require high material uniformity and process technology requirements,
making the products and applications more difficult [171]. Graphene and certain 2D
materials show high bandwidths, especially when integrated with waveguides. However,
the optical responsivity is low, and the dark current suppression is still required for practical
applications. Dark currents and other noise sources can be suppressed by introducing p–n
junctions or Schottky barriers. Therefore, there is a strong need for 2D photodetectors with
good optical responsivity, wide bandwidth, and high detectivity. The optical response of
photodetectors is typically low when measuring devices at moderate source-drain and
gate voltages. It can also be increased by increasing the VDS, but such ultra-high voltages
would consume significant amounts of power and would be impractical for photodetection
applications. Unfortunately, enhanced photocurrent methods have their drawbacks, such
as the lack of stability of quantum dots, weak enhancement of surface plasmon resonances,
and complicated preparation of heterojunctions [172]. For TMDs, direct bandgap properties
capable of achieving high optical absorption efficiencies occur only in monolayer structures.
Additionally, the electrical and optoelectronic properties of atomically thin 2D layered
materials are susceptible to environmental conditions. Some 2D materials, especially
narrow bandgap materials, are unstable in ambient air [173]. Another major challenge is
the high dark current of photoconductive 2D photodetectors, resulting in lower specific
detectivity. Finally, one of the main challenges for 2D materials is the large-scale material
deposition of high-quality thin films with high reliability and low variability.

Photodetectors with graphene-based FETs have triggered a great deal of research
into semimetal-based photodetectors [44]. Because of the gapless electronic structures of
semimetal endow them with broadband photoresponses down to the far-infrared spectral
region [174]. Furthermore, in the absence of a bandgap, the short life of photoexcited carri-
ers is increased by fast electron–electron scattering, thus increasing the operating speed of
the semimetals. Many approaches, such as plasma technology, integration of microcavities,
and optical waveguides, have proven to improve device performance [175,176]. Consider-
ing the practical application of the device, further improvement of the device performance
in terms of uniformity and stability is required. The prospects for the commercialization of
photodetectors will depend not only on the performance of the detectors but also on some
of their unique advantages and capabilities and the ability to enable large-scale, low-cost,
high-quality products, and to establish large-scale integration with existing photonic and
electronic platforms [177]. Most current high-performance photodetectors are based on
thin layers or heterostructures obtained by mechanical exfoliation. Since the heterostruc-
ture transfer process is complex and challenging to use in practical applications, chemical
vapor deposition (CVD) growth of large area, high-quality layered materials is critical for
practical applications. Photodetectors based on topological Weyl semimetals offer many
other advantages over conventional photodetectors, including broadband light response
from UV to IR, and mechanical flexibility [178]. In addition, the topological effect may
also provide control mechanisms for specific quantum degrees of freedom, such as the
cyclic selection rules associated with the chiral nature of the Weyl cone, which help to
distinguish the helicity of light, resulting in helicity-sensitive photodetectors based on
Weyl semimetallic and chiral fermionic materials. Many research groups have realized
powerful and flexible Weyl semimetallic photodetectors. This implies that the focus on
topology enhances the shift current response of Weyl semimetals. Addressing the difficul-
ties faced in traditional photoelectric detection through topology may be an important way
to implement the physics of topology for practical applications.
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