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ABSTRACT 
The past decade has witnessed a dramatic increase in interest in emerging photodetectors built from two-dimensional (2D) layered 
materials. A major driver of this trend is the growing demands for lightweight, uncooled, and even flexible photodetection technology. 
However, 2D layered materials always suffer from low light absorption coefficients due to their atomically thin nature. Impact 
ionization, which can achieve carrier multiplication, is a promising strategy to design 2D photodetectors with high detection 
efficiency. In this review, typical types of photodetection mechanisms in 2D photodetectors are first summarized. We then discuss 
the avalanche mechanism induced by impact ionization and avalanche photodetectors based on conventional silicon and III-V 
compound semiconductors. Finally, a host of emerging avalanche photodetectors based on 2D materials and their van der Waals 
heterostructures, and their potential applications in the field of photon-counting technologies are detailed. By reviewing the recent 
progress and discussing challenges faced by 2D avalanche photodetectors, this review aims to provide perspectives on future 
research directions of 2D material-based ultrasensitive photodetectors such as single-photon detectors. 
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1 Introduction 
Photodetectors are one of the most ubiquitous types of 
technology in use today [1]. They have been widely used for 
various purposes, such as sensors that can automatically open 
the doors, receivers for infrared signal from remote controllers, 
photodiodes in a fiberoptic connection, image sensors in the 
cell phones or cameras, and focal plane arrays used for space 
exploration. Photodetectors built from conventional bulk 
semiconductors such as silicon, InGaAs, InSb, HgCdTe, etc. 
can detect the photons with wavelength ranging from visible 
to far-infrared [2–5]. In the past few decades, the material 
growth and device fabrication technologies are becoming mature, 
which enable much more sophisticated photodetectors with 
high detectivity, fast response and high resolution. However, 
lightweight, uncooled, and even mechanically flexible photo-
detectors are now highly appealing in the emerging field of 
wearable electronics, intelligent robotics, and unmanned 
aerial vehicle (UAV) or self-driving cars, etc. [6, 7]. To this end, 
two-dimensional (2D) layered materials with exceptional 
optical, electrical, and even mechanical properties, have recently 
received tremendous research interest from photodetector 
community [8–10]. Compared to conventional bulk materials, 
2D layered materials have many unique properties, such as 
self-passivated surfaces, strong light–matter coupling, gate- 
tunable Fermi level and mechanical flexibility, etc. [11, 12].  

2D layered graphene, being gapless, can interact with light 
with wavelength ranging from ultraviolet to microwave, thus 
making it a promising candidate for various types of photo-

detection applications over a wide spectral range [9, 13–18]. 
However, its gapless nature prevents the realization of photo-
detectors with high signal-to-noise ratio [19]. In contrast, 2D 
transition metal dichalcogenides (TMDs) such as WSe2 and MoS2 
have thickness-dependent bandgap, exhibiting promising photo-
detection properties primarily in the visible to near-infrared 
range [20–22]. Other than graphene and TMDs, 2D black 
phosphorus (BP) with a direct bandgap ranging from 0.3 eV 
(bulk form) to 2.0 eV (monolayer form), has also been studied 
as a potential material candidate for infrared photodetection 
technology [23–30]. The wide range of material choices, together 
with van der Waals heterostructures formed by combination of 
2D layered materials with other nD-materials (n = 0, 1, and 3), 
allows for realization of a variety of photodetectors [19, 31–35]. 

2D photodetectors with different working mechanisms 
such as photoconductive [36], photovoltaic [25], and photo- 
thermoelectric [37] effects have already been widely studied 
and well summarized in the literatures. However, avalanche 
effect via impact ionization in 2D photodetectors has not yet 
been studied as extensively [38]. Therefore, in this review, we 
aim to provide a focused discussion on avalanche photodetectors 
built from 2D layered materials and their van der Waals 
heterostructures, with an emphasis on their potential applica-
tions in the field of single-photon counting technologies. 

2  Mechanisms of 2D photodetectors  
In this section, we will discuss several working mechanisms 
of 2D material-based photodetectors. The photodetection 
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mechanisms include photoconductive, photovoltaic, photo- 
thermoelectric, photo-bolometric and photogating effects 
[39–43]. The photocurrent generation in some 2D photodetectors 
may also arise from several mechanisms combined [44, 45].  

In 2013, O. Lopez-Sanchez et al. reported monolayer MoS2 
photodetectors based on photoconductive effect, as shown in 
Fig. 1(a) [43]. In the OFF state (Vg < Vt; Vg represents gate 
voltage, Vt represents threshold voltage), the incident photons 
can generate electron-hole pairs in MoS2, which will be swept 
to the electrodes by applying a drain-source bias (Vds). The 
photocurrent increases linearly with increasing Vds due to the 
shortened carrier transit time. In the ON state (Vg > Vt), the 
Schottky barrier at the metal/MoS2 junction is significantly 
reduced, so that the thermionic and tunneling currents also 
contribute to the channel current in addition to photocurrent. 
When the device is operated in the ON state, it suffers from 
large background noise. 2D van der Waals heterojunction 
photodetectors are typically dominated by photovoltaic effect, 
as illustrated in Fig. 1(b) [42]. Photovoltaic effect refers to the 
phenomenon that photo-generated carriers get separated by 
internal electric field in heterojunction, homojunction or Schottky 
junction. In WSe2/MoS2 p-n junction, photons are absorbed in 
the WSe2 and MoS2, generating electron–hole pairs in each layer. 
And then the electrons and holes are spatially separated across 
the p-n junction via built-in field. The relaxed carriers then 
diffuse laterally to the source and drain contacts leading to 
photocurrent. During carrier diffusion, interlayer recombination 
may occur, which reduces the efficiency of the 2D photodetectors. 
In some 2D photodetectors, photovoltaic and photoconductive 
effects both show high gain, as illustrated in Fig. 1(c) [45]. In 
this type of 2D MoS2 device, the photovoltaic effect results in 

a shift in the transistor threshold voltage because the charges 
transfer from the channel to the nearby molecules, such as SiO2 
surface-bound H2O molecules. And the photoconductive 
effect is attributed to the trapping of carriers in band tail states 
of 2D MoS2. In 2016, Q. Guo et al. reported 2D BP mid-infrared 
photodetectors and there were two distinct mechanisms 
(photovoltaic and photogating) accounting for the photocurrent 
generation, as illustrated in Fig. 1(d) [39]. The photogating effect 
means that the photo-generated carriers are trapped in the 
localized states acting as the local gate, which can effectively 
modulate the device threshold voltage (Vth). The photogating 
effect induced photocurrent (Iph) is related to transconductance 
(gm) and threshold shift (ΔVth), that is Iph = gm × ΔVth. The other 
two mechanisms are related to thermal effect, as indicated 
in Figs. 1(e) and 1(f) [40, 41]. In 2D MoS2 photodetectors, the 
gold electrodes and monolayer MoS2 have different Seebeck 
coefficients. The local absorption of the laser can create a local 
heating of the junction between MoS2 channel and gold 
electrode [40]. The heating difference is translated into a 
voltage difference (ΔVPTE) via Seebeck effect, which will drive 
current through the device. Another thermal-related photo-
detection mechanism is photothermally-induced bolometric 
effect, as shown in Fig. 1(f) [41]. The 2D BP-based flexible 
photodetectors are fabricated on freestanding polyimide film, 
in which the thermal conductivity is around 0.2 W/(m·K) [46]. 
The thermal conductivity of polyimide is significantly lower than 
that of silicon whose thermal conductivity is around 150 W/(m·K) 
[47]. The incident laser would create a localized heating spot 
underneath the 2D BP device, so that the carrier mobility 
decreases because of enhanced phonon scattering, and 
consequently leads to negative photocurrent. 

Figure 1  Working mechanisms of photodetectors based on two-dimensional layered materials. (a) Photoconductive effect in monolayer MoS2

photodetectors (reproduced with permission from Ref. [43], © Macmillan Publishers Limited 2013). (b) Photovoltaic effect in WSe2/MoS2 p-n hetero-
junction photodetectors (reproduced with permission from Ref. [42], © American Chemical Society 2014). (c) Photoconductive and photovoltaic effect in 
monolayer MoS2 photodetectors (reproduced with permission from Ref. [45], © American Chemical Society 2014). (d) Photovoltaic and photogating 
effect in few-layer BP mid-infrared photodetectors (reproduced with permission from Ref. [39], © American Chemical Society 2016). (e) Photo-
thermoelectric effect in monolayer MoS2 photodetectors (reproduced with permission from Ref. [40], © American Chemical Society 2013). (f) Photo-
bolometric effect in few-layer BP photodetectors on flexible substrate (reproduced with permission from Ref. [41], © American Chemical Society 2017). 
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In addition to these five photodetection mechanisms 
mentioned above, avalanche photodetection via impact ionization 
which can achieve carrier multiplication, is also an extremely 
important mechanism for photodetection applications especially 
for single-photon counting technologies [48, 49]. The avalanche 
effect is a special case of the photovoltaic effect. In avalanche 
photodetectors, the photogenerated carriers are accelerated to 
an extremely high velocity by strong reverse-biased electric 
field so that the carriers can gain enough energy to initiate 
avalanche via impact ionization and more carriers are then 
generated [50]. In this review, we will first discuss the working 
principle of such avalanche process, and then single-photon 
avalanche photodetectors from conventional silicon and 
III-V compound semiconductors, and finally avalanche photo-
detectors from emerging 2D materials. 

3  Mechanisms of avalanche photodiodes 
An avalanche photodiode is an extremely sensitive photodetector 
which can convert light into current or voltage signal [48]. It can 
be regarded as the semiconductor analog of the photomultiplier. 
The avalanche photodiode is typically operated with a relatively 
high reverse bias voltage of tens or even hundreds of volts [51]. 
In this regime, the photo-generated electron–hole pairs are 
accelerated by the electric field, so that they can generate more 
carriers by impact ionization. The avalanche process occurs 
within only a few micrometers and can effectively amplifies the 
photocurrent by a significant factor. Therefore, the avalanche 
photodiodes can be used as extremely sensitive detectors, 
which need less electronic amplification. 

Figure 2 shows the working principle of silicon-based avalanche 
photodiodes under the reverse bias condition [52, 53]. The 
diode is reverse biased to increase the fields in the depletion 
regions. Figure 2(b) shows the net space charge distribution 
across the diode due to exposed dopant ions. Under zero bias,  

 
Figure 2  Working mechanisms of avalanche photodiodes. (a) A simplified 
schematic diagram of a reach-through avalanche photodiode. The structure 
mainly consists of three regions which are drift region (p+-silicon), absorption 
region (i-silicon) and avalanche region (p-n+-silicon junction). (b) The 
net space charge density across the photodiodes. (c) Under reverse bias 
condition, these three regions show different electric field strength and 
the avalanche region shows the strongest electric field. 

the depletion layer in the p-region does not normally extend 
across this layer to the intrinsic silicon region. But when a 
sufficient reverse bias is applied, the depletion region in the p- 
silicon widens to reach-through to the intrinsic silicon region. 
The field extends from the exposed positively charged donors 
in the thin depletion region in n+ layer, all the way to the 
exposed negatively charged acceptors in the thin depletion 
region in p+ side. The electric field is given by the integration 
of the net space charge density across the diode subject to an 
applied reverse bias across the device. Figure 2(c) shows the 
variation in the field across the diode. The field line starts at 
positive ions and ends at negative ions existing through p, i, 
and p+ regions. So, the |E| is maximum at the n+p junction, 
then decreases slowly through the p-layer and through the 
i-layer it decreases slightly as the net space charge density here 
is small. Finally, the field vanishes at the end of the narrow 
depletion layer in the p+ side. An incident photon can generate an 
electron–hole pair in the absorption region, then the electron 
drifts to the avalanche region (p-n+ junction) and the hole 
drifts to the drift region (p+ silicon). In the avalanche region, 
the reverse-biased electric field is strong enough to accelerate 
the photo-generated electrons to sufficiently high energy to 
initiate avalanche via impact ionization, generating more 
carriers. Silicon based avalanche photodiodes are sensitive in 
the visible to near-infrared wavelength region from 450 to 
1,100 nm, with peak response at 600–800 nm [54]. The carrier 
multiplication factor of the silicon avalanche photodiodes 
varies between 50 and 1,000 [54]. To detect longer wavelengths 
up to 1.5 μm, avalanche photodiodes based on III-V compound 
or germanium semiconductors are good candidates [55–59]. 
The InGaAs-based avalanche photodiodes are more expensive 
than germanium-based ones but exhibit much lower noise and 
higher detection bandwidth [60]. Furthermore, the InGaAs 
semiconductor has much higher absorption coefficient which 
allows the use of a rather thin absorption layer.  

When the avalanche photodiodes are operated in the Geiger 
mode with external quenching electronics, they can be used 
even for single-photon counting technologies [49, 50, 61]. The 
silicon based single-photon avalanche detectors (SPADs) have 
exceptional low dark count rate (the probability of recording 
false counts) below 1 kHz and high detection efficiency (the 
overall probability of registering a count if a photon arrives at 
the SPAD) greater than 50% [50]. Geiger mode means that the 
SPAD is operated above the breakdown voltage, where a photo- 
generated electron–hole pair can trigger a significant self- 
sustaining avalanche via impact ionization [61, 62]. In actual 
application, an external quenching electronics must be used to 
reset the bias voltage below the breakdown threshold for a short 
time, so that the avalanche process can be stopped and the 
SPAD can be used for detection of another incident photon. 
This process is called dead time which will limit device count 
rate as not every incident photon can trigger an avalanche 
process. 

4  Avalanche photodiodes built from conven-
tional semiconductors 
In principle, any semiconductor material can be used as a 
multiplication region. Silicon semiconductor can detect photons 
in the visible to near-infrared wavelength range, with low 
multiplication noise. Germanium can detect infrared photons 
out to a wavelength of 1.7 μm but has high multiplication 
noise. InGaAs can detect out to longer than 1.6 μm and has 
less multiplication noise than germanium and is normally 
used as the absorption region of a heterostructure diode, most 
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typically involving InP as a substrate and as a multiplication 
layer. HgCdTe-based diodes operate in the infrared up to 
about 14 μm but require cooling to reduce dark currents. However, 
semiconductor materials with lower ionization energy and 
higher carrier mobilities are more suitable for avalanche photo-
diodes. The most used bulk semiconductors for avalanche 
photodiodes are silicon and III-V compound semiconductors 
[54, 55, 62]. This section mainly reviews the operating principle, 
performance, advantages, and disadvantages of these two types 
of devices. 

4.1  Silicon-based single-photon avalanche photodiodes 

In 1963, R. H. Haitz et al. first demonstrated the impact ionization 
effect in silicon avalanche photodiodes, and then developed 
one of the first silicon avalanche photodiodes operated in the 
Geiger mode [63, 64]. The SPADs built from bulk silicon 
semiconductor show high quantum efficiency (> 50%) because 
of the thick photon absorption layer (30–50 μm) [54]. However, 
the thick absorption layer limits its frequency response 
because the photo-generated carriers in the neutral layer have 
long diffusion tails, thus limits silicon SPAD’s timing 
resolution to 100 ps level. Therefore, for time-correlated photon- 
counting technologies, thinner silicon (1–10 μm) needs to be 
used to improve the timing resolution to sub-20 ps. Moreover, 
thinner silicon also enables low-bias operation of the SPADs. 
However, there is a trade-off between thick-junction and 
thin-junction SPADs. The thick-junction SPADs typically 
have high detection efficiency but poor timing jitter (the 
variation in the time interval between the absorption of a 
photon and the generation of an output electrical pulse from 
the SPAD), while the thin-junction SPADs have low detection 
efficiency but good timing jitter [50]. To maintain good 
timing jitter and improve detection efficiency, K. Zang et al. 
integrated light-trapping nanostructures with thin-junction 
SPADs [65]. The basic device structure is shown in Fig. 3(a). 
In this device structure, silicon epitaxial layers with a total 
thickness of 2.5 μm are grown on a silicon-on-insulator 
substrate. The nanostructures on top of the device is etched as 
an inverse pyramid, with 850 nm period in a square lattice  

 
Figure 3  Conventional SPADs based on silicon and InGaAs/InP 
semiconductors. (a) A 3D cross-sectional schematic of silicon based SPAD 
with light-trapping nanostructures (reproduced with permission from Ref. [65], 
© Zang, K. et al. Nature Publishing Group 2017). (b) Cross-sectional schematic 
of an InGaAs/InP SPAD (reproduced with permission from Ref. [55], 
© CIOMP 2015). 

pattern. By exploiting the nanostructures, the quantum efficiency 
of silicon SPADs was improved by 250% in the near-infrared 
range, while the timing jitter remains as low as 25 ps. 

4.2  III-V semiconductor-based single-photon avalanche 

photodiodes 

The silicon based SPADs can only detect photons with 
wavelengths of up to around 1,100 nm because the bandgap 
of silicon semiconductor is 1.1 eV. To extend the detection 
wavelength to telecommunication range, narrow-bandgap semi-
conductors must be used [59, 62, 66, 67]. III-V semiconductors 
such as InGaAs have bandgap of around 0.7 eV, which are 
promising material candidates for infrared single-photon 
detection [55]. Figure 3(b) shows a representative device structure 
of an InGaAs/InP based SPAD which consists of p+-InP/i-InP 
multiplication region, n+-InP charge region, i-InGaAsP grading 
region, i-InGaAs absorption region, n+-InP buffer layer, and 
n+-InP substrate [55, 68]. Here, the bandgap of i-InGaAs is 
around 0.7 eV acting as the photon absorption layer. The 
bandgap of InP is around 1.4 eV, and the p+-InP/i-InP 
homojunction is used as carrier multiplication region. All the 
InGaAs/InP SPADs are based on a separate absorption, charge, and 
multiplication (SACM) region structure [69]. The multiplication 
region maintains high electric field to initiate avalanche gain, 
while the absorption region maintains sufficiently low electric 
field to minimize field-induced leakage currents. The device is 
typically operated at the temperature range of 150 to 220 K 
with dark count rate as low as 3 kHz, detection efficiency as 
high as 45% across the 1 to 1.6 μm wavelength range, and timing 
jitter as low as 30 ps [55].  

The working mechanism is as follows [69]. When an 
infrared photon is absorbed by the i-InGaAs layer, an electron– 
hole pair is generated. The photo-generated electron drifts to 
the n+-InP region via electric field and is eventually collected 
by cathode electrode, while the photo-generated hole drifts to 
the p+-InP/i-InP multiplication region. The electric field in the 
p+-InP/i-InP region is extremely strong which can accelerate 
the hole to an exceedingly high velocity to allow it to gain 
enough energy to initiate avalanche process and to generate 
more carriers. In the InGaAs/InP SPADs, the n-InGaAsP 
grading layer is used to avoid carrier accumulation at the 
InGaAs/InP interface, while the n+-InP charge layer is designed 
to provide high electric field in the i-InP multiplication region 
and low electric field in the i-InGaAs absorption region. In the 
next section, we will briefly discuss avalanche photodiodes 
based on conventional semiconductors in nanoscale forms such 
as 1D silicon or III-V semiconductor nanowires. 

4.3  1D semiconductor nanowire-based avalanche photo-

detectors 

Detection with nanoscale photoconductive or photovoltaic 
devices has relatively poor sensitivity, thus large amplification 
is required to detect weak light and ultimately a single photon. 
In 2006, O. Hayden et al. reported avalanche multiplication of 
the photocurrent in nanoscale p-n heterojunction photodiodes 
based on crossed Si-CdS nanowires, as shown in Fig. 4(a) [70]. 
The 1D nanowire avalanche photodiodes have an ultrahigh 
sensitivity with detection limits of less than 100 photons, 
and reproducible high multiplication factor of up to 7 × 104. 
Furthermore, 1D semiconductor nanowires offer unique 
possibility of combining optical quantum dots with avalanche 
diodes, thus enabling the conversion of a single photon into a 
macroscopic current for efficient electrical detection, as shown 
in Fig. 4(b). G. Bulgarini et al. have demonstrated multiplication 
of carriers from only a single exciton generated in InAsP 
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quantum dot after tunneling into a 1D InP nanowire avalanche 
diode [71]. They significantly reduced the number of 
excitation events required to electrically detect a single exciton 
generated in a quantum dot because of the large avalanche 
amplification of both electrons and holes. In addition, 1D 
nanowire avalanche photodiodes can also be used for single- 
photon detection. In 2019, A. C. Farrell et al. reported a new 
separate absorption and multiplication avalanche photodiode 
platform consisting of InGaAs/GaAs heterojunction nanowire 
arrays for single-photon detection, as shown in Fig. 4(c) [72]. 
The avalanche photodiode consists of 4,400 nanowires and 
each avalanche event is confined in a single nanowire, which 
drastically enhances avalanche volume and the number of filled 
traps. The InGaAs/GaAs nanowire avalanche photodiodes 
exhibit a low dark count rate of ~ 10 Hz, photon count rates of 
7.8 MHz, and timing jitter of less than 113 ps. However, 
cryogenic operation in the InGaAs/GaAs nanowire avalanche 
photodiodes limits their widespread applicability. To this end, 
S. J. Gibson et al. present an approach using tapered InP nanowire 
p-n junction arrays for efficient broadband high-speed single- 
photon detection at room temperature, as illustrated in Fig. 4(d) 
[73]. The truncated conical nanowire structure enables a 
broadband photoresponse with external quantum efficiency 
exceeding 85%, high gain beyond 105, and excellent timing 
jitter below 20 ps. Such nanoscale avalanche photodetectors 
based on 1D quantum nanowires open new possibilities for 
applications in quantum communications, remote sensing, and 
dose monitoring for cancer treatment, etc.  

5  Avalanche photodetectors built from 2D 
layered materials 
Atomically thin 2D materials have attracted tremendous 

research interest from photodetector community due to their 
exceptional optoelectronic properties. However, 2D material- 
based photodetectors always suffer from low light absorption 
coefficients, limiting their practical applications [74, 75]. To 
achieve high gain in 2D photodetectors, impact ionization, 
which supports photo-generated carrier multiplication, can be 
used. Furthermore, 2D materials can potentially initiate the 
impact ionization of avalanche breakdown with relatively low 
applied bias in a short active region (< 10 nm) because of their 
atomically thin nature, leading to carrier multiplication with a 
high gain, low bias, and superior noise performance. Further, 
2D materials can easily achieve ballistic avalanche with low 
avalanche noise due to the nanoscale active region. In this 
section, we will discuss 2D materials and their van der Waals 
heterostructures for applications in avalanche photodetectors. In 
principle, all 2D semiconductors can be used for multiplication 
region, while those with lower ionization energies and higher 
carrier mobilities are more suitable for avalanche devices. 
Table 1 summarizes performance metrics of various types of 
photodetectors based on 2D materials and their van der Waals 
heterojunctions including InSe, BP, BP/InSe, MoS2/Si, MoS2, 
BP/MoS2 [20, 30, 33, 38, 76–80]. It is worth noting that the 
external quantum efficiency of all 2D avalanche photodetectors 
exceeds 100% which is attributed to impact-ionized carrier 
multiplication. However, the external quantum efficiency of 
these 2D photodetectors is less than unity, because not all the 
incident photons are absorbed to create free electron–hole 
pairs that can be collected and give rise a photocurrent, 
and no impact-ionized carrier multiplication occurs in 2D 
photodetector devices. However, most 2D avalanche photo-
detectors reported so far still need large bias to initiate impact 
ionization because of large Schottky barrier between 2D channel 
and metal contacts. Using 2D van der Waals heterojunctions 

 
Figure 4  1D nanowire avalanche photodiodes for extremely sensitive photon detection. (a) I–V characteristics of n-CdS/p-Si heterojunction avalanche 
photodiodes in dark (black line) and illuminated (red line) conditions. The device was illuminated with 488-nm light. The inset shows the device scanning 
electron microscopy (SEM) image. Scale bar, 4 μm. Reproduced with permission from Ref. [70], © Nature Publishing Group 2006. (b) 1D nanowire 
avalanche photodiode with a single quantum dot located within the nanowire depletion region. The nanowire photodiode response in the avalanche
operation shows a high multiplication gain of 2.3 × 104 for one absorbed photon per excitation pulse. Scale bar, 1 μm. Reproduced with permission from 
Ref. [71], © Macmillan Publishers Limited 2012. (c) InGaAs/GaAs heterojunction nanowire avalanche photodiodes for single-photon detection. The 
device is composed of InGaAs absorption layer, GaAs avalanche layer, and InGaP passivation shell. Scale bar, 500 nm. Reproduced with permission from
Ref. [72], © American Chemical Society 2018. (d) InP nanowire arrays for efficient broadband high-speed single-photon avalanche photodiodes at room 
temperature. The calculated multiplication gain as a function of applied voltage under illumination of one photon per excitation pulse. The inset shows a
SEM image of InP nanowire array after etching, imaged at a tilt angle of 30° from the substrate normal. Scale bar, 2 μm. Reproduced with permission from 
Ref. [73], © Gibson, S. J. et al., under exclusive license to Springer Nature Limited 2019.  
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instead of metal/semiconductor Schottky junctions can reduce 
the breakdown voltage in 2D avalanche photodetectors. In 2019, 
A. Gao et al. reported vertical BP/InSe ballistic avalanche 
photodiodes to significantly reduce applied voltage, but the 
devices must be operated in low temperature condition. 
Therefore, further improvements for 2D avalanche photodetectors 
with low bias, high gain, and room-temperature operation 
are needed in the future. 

5.1  2D InSe avalanche photodetectors 

S. Lei et al. reported the use of avalanche effect in 2D InSe 
field-effect transistors to enhance the photoresponse [76]. In 
their study, large Schottky barrier in the aluminum/2D InSe 
contact was exploited to enable large bias voltages of more 
than 50 V. The 2D InSe avalanche photodetectors have been 
demonstrated to have an external quantum efficiency of up to 
866% and fast response time of 87 μs. The working principle 
of 2D InSe avalanche photodetectors is shown in Fig. 5(a). 
When the bias voltage is less than 12 V, the electric field is not 
strong enough to accelerate the photo-generated electron– 
hole pairs. The 2D InSe device is operated as a normal 
photoconductive device and the externally applied electric 
field just separates the electron–hole pairs and sweeps them 
into external electrodes (Fig. 5(a)(i)). When the bias voltage is 
between 12 to 50 V, the photo-generated electron–hole pairs 

can gain enough energy from the strong electric field to 
initiate avalanche by impact ionization and more charge 
carriers can be generated by avalanche. Therefore, the device 
photocurrent exhibits an abrupt increase with large bias 
voltage (Fig. 5(a)(ii)). However, with further increased bias 
voltage (> 50 V), the Schottky barrier at the metal/semiconductor 
junction undergoes breakdown process, where both photocurrent 
and dark current increase dramatically leading to low signal- 
to-noise ratio (Fig. 5(a)(iii)). The best operation voltage is 
between 30 to 50 V. 

Figures 5(b) and 5(c) show the photocurrent response as a 
function of incident laser wavelength and bias voltage. The 
peak response is at ~ 510 nm and dark current remains low 
even the bias is below 50 V because the large Schottky barrier 
effectively suppresses the noise carrier injections. However, 
when the bias voltage exceeds 50 V, the dark current exhibits 
an abrupt increase, which is attributed to the reverse-biased 
breakdown process at the Schottky junction region. The quantum 
efficiency can be as high as 1,110% with avalanche gain of 
152 when the device is operated with a bias voltage of greater 
than 50 V but the device would suffer from high noise level 
as demonstrated in Fig. 5(d) that the photocurrent starts to 
deviate from linear increase trend at 50 V. Finally, the time- 
resolved photocurrent response presents a decay time of 60 μs 
(Fig. 5(e)). 

Table 1  Performance metrics of varions 2D photodetectors 

Detector type External quantum efficiency Gain Responsivity Wavelength Operation temperature
InSe avalanche photodetectors [76]  11.1 152 4.86 A/W 543 nm 295 K 
BP avalanche photodetectors [78] 2.719 272 1.16 A/W 532 nm 295 K 
BP avalanche photodetectors [77] 4.77 7 2 A/W 520 nm 295 K 

BP/InSe avalanche phododiodes [38]  24.8 104 80 A/W 4 μm 10–180 K 
MoS2/Si avalanche photodiodes [79] 4.31 103 2.2 A/W 633 nm 295 K 

InSe photodetectors [80]  0.44 — 244 mA/W 685 nm 295 K 
BP photodetectros [30] 0.0093 — 4.8 mA/W 640 nm 295 K 

MoS2 photodetectros [20] 0.017 — 7.5 mA/W 450–800 nm 295 K 
BP/MoS2 photodiodes [33] 0.35 — 0.9 A/W 2.5–3.5 μm 295 K 

 

 
Figure 5  2D InSe avalanche photodetectors. (a) Working mechanisms of 2D InSe avalanche photodetectors under different bias conditions. (i) The bias 
voltage is between 0 to 12 V. (ii) The bias voltage is between 12 to 50 V. (iii) The bias voltage is greater than 50 V. (b) Device photocurrent response as a
function of incident light wavelength. The peak photocurrent response occurs at 510 nm. (c) Device photocurrent and avalanche gain as a function of bias 
voltage. (d) Device photocurrent as a function of incident laser intensity. (e) Time-resolved photocurrent response showing a decay time of 60 μs. 
Reproduced with permission from Ref. [76], © American Chemical Society 2015. 
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5.2  2D BP avalanche photodetectors 

Few-layer BP has a direct bandgap of 0.3 eV, which makes 2D 
BP a promising material candidate for the applications of 
infrared photodetection [29, 81]. 2D BP-based avalanche 
photodetectors feature high external quantum efficiency and 
responsivity at room temperature [77, 78]. Figure 6(a) shows a 
schematic illustration of a representative BP avalanche photo-
detector under illumination. M. R. M. Atalla et al. observed 
that photocurrent increases with increasing bias voltage and 
the photocurrent spot is initially generated near the positive 
contact at a low bias voltage and gradually shifts to the 
negative contact with increasing bias voltage. The shift of 
photocurrent spot in 2D BP avalanche photodetectors can be 
explained with the help of band diagram as follows (Fig. 6(b)). 
During the breakdown process, the holes could tunnel through 
the Schottky barrier from the contacts and the impact ionization 
is strong near the positive contact at a small bias, while the 

large bias voltage could cause tunneling carrier near the negative 
contact. Therefore, large bias results in large tunneling current 
near the negative contact, thus photocurrent spot can be 
observed. Figure 6(c) shows the photocurrent and gain as a 
function of electric field. The photocurrent of 2D BP avalanche 
device can be as high as 20 μA at an electric field of 30 kV/cm. 
In their study, the avalanche gain can be 272 and 7, respectively. 

5.3  BP/InSe 2D/2D heterojunction infrared avalanche 

photodiodes 

In 2019, A. Gao et al. observed ballistic avalanche phenomenon 
in vertically stacked BP and InSe heterostructures [38]. In 
contrast to conventional avalanche photodetectors with long 
space charge region, BP/InSe heterojunction has nanoscale 
active region leading to reduced bias voltage, high gain, and 
good noise performance, as illustrated in Figs. 7(a) and 7(b). 
For vertical BP/InSe avalanche photodiode, the channel length 

 
Figure 6  2D BP avalanche photodetectors. (a) Schematic of a 2D BP avalanche photodetector under illumination. (b) Schematic band diagram of 2D BP 
avalanche photodetectors illustrating the carrier avalanche process. (c) Device photocurrent and avalanche gain as a function of electric field. Reproduced
with permission from Ref. [77], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019.  

 
Figure 7  InSe/BP 2D/2D avalanche photodiodes. (a) and (b) Device schematic and transmission electron microscopy (TEM) images of vertically stacked 
InSe/BP 2D/2D heterojunction avalanche photodiodes. Scale bar, 5 nm. (c) Calculated band diagram of BP/InSe p-n heterojunction under different bias 
conditions. The impact ionization occurs at 2D BP region. (d) Diode current Ids and multiplication factor as a function of Vds. The device multiplication is 
over 104. (e) Conventional avalanche process under high electric field. (f) Ballistic avalanche process under high electric field. Reproduced with
permission from Ref. [38], © Gao, A. Y. et al., under exclusive licence to Springer Nature Limited 2019. 
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is only 20 nm. Figure 7(c) shows the simulated BP/InSe band 
profiles with various drain biases ranging from 0 to −2 V at a 
constant gate bias of 10 V. The band edge of BP is significantly 
bent even with small drain bias. Therefore, the electric field in 
the BP region is strong enough to accelerate photo-generated 
carriers to gain enough energy to initiate impact ionization. 
Further, the ultraclean van der Waals interfaces enable an 
exceedingly small hysteresis window in BP/InSe devices. 
Figure 7(d) shows the photoresponse and multiplication factor 
as a function of drain bias at a low temperature of 10 K. Under 
illumination with a wavelength of 4 μm, the BP/InSe devices 
show abrupt photocurrent response (Fig. 7(d), red line) with 
an ultrahigh multiplication factor of up to 3 × 104 when the 
device is biased in the breakdown region at a Vds = −4.3 V. 
More interestingly, the vertical BP/InSe devices exhibit a 
positive temperature coefficient of avalanche breakdown, which 
contrasts with conventional avalanche phenomenon. This 
unique feature is attributed to the ballistic avalanche process, 
as illustrated in Figs. 7(e) and 7(f) [82]. For example, in 
conventional avalanche photodiode, impact ionization can 
generate large amount of randomly distributed charge carriers 
leading to a large excess noise (Fig. 7(e)). However, for the 
ballistic avalanche process, the photo-generated hole is 
accelerated by the electric field and then generates carriers via 
impact ionization in the region A (Fig. 7(f)). Next, the 
electrons generated by impact ionization drift to region A and 
are accelerated by the electric field, and then generate more 
carriers via impact ionization. The hole generated by electron 
impact ionization triggers the loop again leading to high 
multiplication. In 2D BP, the electron and hole have almost 
the same ionization probabilities because of its symmetric 
band structure. Therefore, the multiplication process of vertical 
BP/InSe is attributed to ballistic avalanche. 

5.4  MoS2/silicon 2D/3D heterojunction avalanche 

photodiodes 

2D monolayer TMDs such as MoS2, WS2, and WSe2 etc., could 
in principle be synthesized in large-scale using chemical vapor 
deposition (CVD) method [83–85]. Monolayer MoS2 has a direct 
bandgap making it interesting for applications in optoelectronics 
such as light-emitting diodes and photodetectors [86]. More 
importantly, the material growth and doping technologies 
of conventional 3D semiconductors, such as silicon, are very 
mature. The 2D/3D heterostructures could be particularly 
promising for avalanche photodiode technologies because the 
monolayer 2D MoS2 can be used as light absorption layer and 
the 3D silicon can be used as carrier multiplication layer. 
Figures 8(a) and 8(b) show the schematic and band diagram of 
MoS2/silicon 2D/3D heterojunction avalanche photodiodes [79]. 
The van der Waals 2D/3D interface can avoid the lattice 
mismatch issues leading to high-quality p-n junctions [11, 12, 87]. 
The 2D/3D band structure shows a type-II abrupt hetero-
junction. The conduction band offset (Ec) is 200 meV and the 
valance band offset (Ev) is 900 meV with consideration of their 
bandgaps and electron affinities. The band offset will be even 
larger with a reverse bias, which will result in a strong electric 
field. The strong electric field could accelerate photo-generated 
carriers and thus initiate avalanche via impact ionization. The 
MoS2/silicon 2D/3D avalanche photodiode exhibits a typical 
p-n diode behavior in the dark condition. Under illumination 
(wavelength: 633 nm, power: 54.6 nW), the 2D/3D heterojunction 
p-n diodes show a bias-dependent photocurrent. By using the 
expression M = (Iph − Idark)/IM=1, where IM=1 is the unity gain 
photocurrent, the calculated multiplication factor is around 
1,500 at a bias voltage of −50 V. The device also shows a high  

 
Figure 8  MoS2/silicon 2D/3D heterojunction avalanche photodiodes.  
(a) Schematic of a MoS2/silicon heterojunction avalanche photodetector. 
(b) Energy band diagram of the MoS2/silicon heterojunction under equilibrium 
condition. The incident photon generates an electron–hole pairs, which 
are accelerated by external electric field. Once the carriers gain sufficient 
energy, impact ionization occurs, and more electron–hole pairs are generated. 

photoresponsivity of 2.2 A/W and a small excess noise factor 
of around 1.14. So, together with increasing availability of 
wafer-scale monolayer MoS2 growth technology, the MoS2/silicon 
heterostructures open a new avenue for applications of low- 
cost and low-noise avalanche photodetectors. 

6  Conclusion and outlook 
The avalanche photodetectors offer superior performance 
compared to conventional p-n or p-i-n photodiodes in terms 
of detection efficiency, photocurrent gain, and response 
time, so they have been widely used in the field of quantum 
information technologies such as quantum key distribution 
[50]. The avalanche photodetectors can be operated above or 
below the breakdown voltage for different purposes. When 
the device is operated below breakdown region, the carrier 
multiplication gain is finite, so they are used for photon 
energy discrimination and the device output current is 
propositional to incident photon power. In contrast, when the 
device is operated above the breakdown region, which is 
called Geiger mode, the incident photon can trigger avalanche 
breakdown, leading to significant carrier multiplication, the carrier 
multiplication is infinite and may trigger a self-sustaining 
avalanche process, thus enabling single-photon detection [61]. 
In this review, we have discussed the avalanche phenomenon 
induced by impact ionization and briefly summarized some 
recent works on avalanche photodetectors based on 2D materials 
and their heterostructures. While avalanche photodetectors 
based on conventional bulk semiconductors have already attained 
a high level of maturity and are widely used in quantum 
information technologies for detecting a single photon, in 
order to meet the demands of new technologies such as light 
detection and ranging (LiDAR), Time of Flight (ToF), and 
intelligent robotics etc., a host of emerging 2D material-based 
photodetectors are being rapidly devised, developed, evaluated, 
and deployed. The 2D materials provide new strategies for the 
development of advanced avalanche photodetectors via efficient 
carrier multiplication at the nanoscale and they may enable a 
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wide of potential applications in the field of photon-counting 
technologies. 
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