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Emerging avalanche field-effect transistors based
on two-dimensional semiconductor materials
and their sensory applications
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Recently, two-dimensional (2D) layered semiconductors have been the subject of promising research

work due to their intriguing physical and chemical characteristics. In electronic nano-devices, impact

ionization is a viable condition to investigate or probe the level of sensitivity upon the application

of external stimuli. However, avalanche field-effect transistors (FETs) have emerged as promising

candidates for a wide range of sophisticated applications, especially for sensing traits. In this review,

we explore the incorporation of 2D materials into avalanche FETs, highlighting their auspicious

properties such as high carrier mobility, variable band gaps, and atomic thickness, which provide

significant advantages over typical materials. 2D materials significantly improve the sensitivity, speed,

and power efficiency of avalanche FETs. This study also encompasses the advances in photo-, bio- and

gas-sensing technologies, emphasizing their implications in contemporary applications such as opto-

electronics, imaging, and environmental monitoring. Thus, our review provides a thorough investigation

of material attributes, device architecture, and prospective applications by establishing avalanche FETs

with 2D materials as the keystone in power and rectifying applications.

1. Introduction

After the discovery of graphene,1 the scientific community has
explored two-dimensional (2D) layered semiconductor materi-
als that have been recognized as promising contenders for a
variety of applications due to their exceptional characteristics,
which include a dangling-bond-free surface, rich physical prop-
erties, and flexibility at the atomic level.2–6 Due to high contact
resistance, large leakage current, and short channel effects, the
conventional solid-state technology invokes to meet the need

for miniaturization in electronic devices.7,8 The potential for
the revolutionary role of 2D materials in nanoelectronics and
optoelectronics is essentially admired in the modern era.9–11

This motivates the investigation of 2D semiconductors, such as
TMDCs,3,12–17 group III chalcogenides (e.g., InSe, GaSe, In2Se3,
etc.),18–21 and mono-elemental materials (e.g., phosphorene,
tellurene, etc.).22–24 Therefore, 2D semiconductors are extre-
mely useful for developing electronic,25,26 photonic, memory,27

sensing28 and neuromorphic devices29–32 due to their exclusive
electronic band structures and atomically thin physical
architecture.12,33,34 These materials can play a substantial role
in accelerating the advancement of both electronics35–37 and
optoelectronics38–40 due to their ease of fabrication and inte-
gration (without the need for strict lattice matching or epitaxy),
high carrier mobility,18,19 strong light–matter interactions,41,42

and strong electrostatic control.43 2D semiconductor technol-
ogy is now advanced enough to be compatible with Si-based
electronics, allowing diversity in fabrication of nano-devices
and circuit-level configurations on the wafer scale.44–47

1.1. Avalanche breakdown phenomenon

In recent years, a few efforts have been made towards impact
ionization in avalanche transistors made using 2D materials.
Avalanche FETs48 have been gaining gigantic attention in
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electronics due to their ability to perform photo-, gas- and bio-
sensing (Fig. 1a). The avalanche breakdown is a phenomenon
in semiconductor devices where a sudden increase in current
occurs due to the ionization of carriers (holes and electrons)
within the material. This happens when an electric field
(E-field) across the p–n junction is sufficiently strong, leading
to rapid multiplication of charge carriers. The process of
avalanche multiplication occurs when an extremely fast charge
collides with atoms in a substance, creating electron–hole pairs
that are assisted by free valence electrons. The threshold of
E-field at which avalanche breakdown originates and a material
transits from a higher-resistance state to a lower-resistance

state is used to interpret the electrical breakdown voltage
(VEB); the avalanche breakdown region is shown in Fig. 1(b).
It is a crucial factor to figure out the highest voltage that an
electronic device can tolerate before suffering permanent
damage of the crystalline structure of materials. The relation-
ship between VEB and the dimensions of the channel material,
such as channel length and thickness, profoundly influences
the device configuration, functionalities and fabrication. The
electrical breakdown observed in 2D-FETs under a high E-field
originated from impact ionization within the 2D channel,
commonly referred to as avalanche multiplication.49 The criti-
cal electric field (ECR) and impact ionization rate (a) are the key
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parameters for quantifying the avalanche breakdown mecha-
nism. The ECR is referred to as the lowest E-field required for
the avalanche multiplication and a (cm�1) is referred to as the
number of electron–hole pairs produced per unit distance
travelled by the hot carrier. Here, ECR = VEB/L, where VEB is the
value of source–drain voltage (VDS) at which the breakdown
begins. When the device operates under the breakdown zone,
the carrier multiplication gain (G) becomes limited, making
it suitable for photon energy discernment, and the device
output current is proportional to the incoming photon power.
Conversely, when the device functions above the breakdown
voltage, known as Geiger mode, an incident photon can
initiate avalanche breakdown, resulting in substantial carrier
multiplication. This multiplication can be unlimited and may
instigate a self-sufficient avalanche development, thereby
assisting single-photon detection.50 The breakdown behavior
of some 2D materials, such as MoS2,51 WSe2 and graphene,52

has been the subject of recent investigations. Along with
various other device applications, the 2D materials including
graphene, TMDCs and black phosphorus (BP) have provided
new opportunities for improving the performance of ava-
lanche FETs.51,53,54

An avalanche photodiode (APD) is an enormously sensitive
photodetector that can transform light into current/voltage.
Basically, the APD operates at high reverse bias voltages of tens
or even hundreds of volts.55 In this phase, the E-field acceler-
ates the photogenerated electron–hole pairs, allowing them to
impact ionize and produce additional carriers. The APD can
therefore be employed as an incredibly very sensitive detector
that requires minimal electrical intensification. Furthermore,
due to the atomically thin nature, 2D materials may be able to
start the impact ionization in a short active region (o10 nm)
with relatively low electrical bias, resulting in carrier multi-
plication with a high G and better noise performance owing to

its nanoscale active zone. Fig. 1(c and d) depicts the hetero-
junction band alignments at various bias voltages to evaluate
the intrinsic phenomenon of the avalanche photodiode.56 The
pink area shows the depletion zone in the p-type/n-type hetero-
junction. When the FET is under bias, the applied voltage
aligns with the built-in E-field. At low voltages, as demonstrated
in Fig. 1(c), the external E-field is insufficient to cause ava-
lanche breakdown, limiting the performance of the device to a
typical photodetector with limited gain. Fig. 1(d) depicts the
device’s band alignment at high bias voltage, resulting in
carrier multiplication via the avalanche process.56 Increasing
bias voltage at the p–n junction accelerates photogenerated
carriers in the E-field, resulting in more energy. Carrier multi-
plication generates more electron–hole pairs, significantly
increasing photocurrent.57,58 The key metrics parameters of
several types of APDs based on 2D materials and their hetero-
structures are compiled in Table 1.55,59 EQE is defined as the
ratio of the number of collected electrons to the number of

injecting photons, which is equivalent to R
hc

el
% ¼ Iph

P

hc

el
%.60,61

Here, Iph is the change in photocurrent, l is the wavelength of
the incident light, h is Planck’s constant, c is the speed of light
and P is the incident optical power. Nevertheless, 2D photo-
detector devices use impact-ionized carrier multiplication, and
all incident photons are not absorbed to generate free electron–
hole pairs to contribute to a photocurrent; their EQE is less
than one. However, due to the high Schottky barrier among the
2D channel and metal contacts, the majority of 2D APDs
require a significantly high bias in order to commence impact
ionization. In 2D APDs, the VEB can be decreased by substitut-
ing 2D vdW heterojunctions for metal/semiconductor
Schottky junctions. Thus, further developments in 2D-APDs
that operate at room temperature with low bias and high gain
(G) are required. Responsivity (R),62,63 detectivity (D*)64,65 and

Kalyan Jyoti Sarkar

Dr Kalyan Jyoti Sarkar received
his PhD degree from the Indian
Institute of Technology Kharagpur
(IIT Kharagpur), India in 2020.
Currently he is working as a
postdoctoral researcher at Sofer
Group, University of Chemistry
and Technology Prague (UCT
Prague). Prior to joining the Sofer
Group in January 2022, he was a
SERB National Postdoctoral Fellow
at the Indian Institute of Science
Bangalore (IISc Bangalore). He has
also worked as a research

associate-I in the QuEST-DST project for six months at the Indian
Institute of Science Education and Research, Thiruvananthapuram
(IISER TVM). His research focus is on fabrication and characterization
of 2D material-based devices for optoelectronics, memory applications,
and quantum transport studies.

Zdenek Sofer
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EQE66,67 are the important parameters for the photodetection
phenomenon.67 R is defined as the ratio of the photocurrent to

the incoming light power: R ¼ Iph

PA
,68,69 here A is the effective

area and P is the incident power density. D* is a term that
typically refers to the ability of a sensor to detect a signal or

stimulus D� ¼ R
ffiffiffiffi
A
pffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2eIdark
p

 !
.70 On he other hand, for outstand-

ing performance of the sensor, and human–computer com-

munication applications, piezotronic and piezo-phototronic

devices have been constructed.2,71,72 Examples of these devices

Table 1 The summarized characteristics of avalanche devices

Materials
Avalanche device
type Responsivity (R) (A W�1)

Detectivity (D*)
(Jones) Rise/fall time (s) Gain (G) l (nm) EQE Ref.

MoS2 Phototransistor 3.4 � 107 4.3 � 1016 27/1.2 s — 520 E8.1 � 109% 97
Bi2O2Se Photodiode 3 � 103 4.6 � 1014 2.5 ms 400 515 — 222
BP Photodetector 160 — — 7 520 382 � 102% 59
WSe2 APD Phototransistor 5910 5.3 � 1012 8/8.2 ms 500 532 — 109
WSe2/WS2 FET 135 1.3 � 1012 131.8/146.5 ms — 400–

1100
— 116

BP/InSe Photodiode 80 — — 104 4 mm 24.8 � 102% 165
MoS2 Photodetector 104 2 � 1012 — 24 532 — 100
WSe2/MoS2 Photodiode 88 m — — E1300 532 — 117
InSe APD Photodetector — — 87 ms 152 543 866% 141
ZnO Photodetector 1.7 � 104 3.2 � 1012 20 ns/98.9 ns 294 367 — 138
p-Ge/n-MoS2 Photodiode 170 — 357/365 ms 320 532 — 244
MoTe2/WSe2/
MoTe2

Photodiode 6.02 7.24 � 109 475 ms 587 400–700 1406% 245

Gr/epitaxial silicon Photodetector 0.38 6.63 � 1012 1.4 ms 1123 300–
1100

60% 218

InSe APD Photodetector 1 � 105 7.3 � 1012 1 ms 500 405–785 — 223
MoS2-WSe2 Bionic 7.6 � 104 — 108/268 ms 1.5 � 104 635 107% 241
WS2 Photodetector 74 1.45 � 1013 — — 532 — 54
Monolayer MoS2 Phototransistor 8.84 � 108 1.65 � 1013 2 ms — 450–650 — 246
Pt/WSe2/Ni APD Photodetector E0.28 — 45/50 ms 5 � 105 520 60% 158

Fig. 1 (a) Schematic of an avalanche FET/avalanche photosensor: which can be further used for gas and biomolecule sensing. (b) Schematic
representing the avalanche breakdown region in the form of the (I–V) curve. The band configuration of the p–n heterojunction: (c) under low bias
(V o VEB). (d) High bias V 4 VEB.
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include piezoelectric FETs,73 nanogenerators,73 solar cells,74

phototronic photocells73 and piezotronic strain sensors.75 Mono-
layer MoS2 was used to produce piezotronic transistors.76 The
piezotronic GaN tunnelling junction responded quickly to external
mechanical stimuli, taking only a response time of 4.38 ms.76 GaN
vertical nanowires have a temporal response of less than 5 ms.77

In general, the piezoelectric field and potential govern the built-in
field in the p–n junction, as well as the height of the barrier at
the metal–semiconductor interface.78,79 The piezotronic devices
built with multijunctions have a gauge factor above 104 and may
be used as ultra-high sensitivity strain sensors, due to integrating
piezoelectric control with bipolar transistor amplification.80

However, there has always been a difference between advanced
applications and basic research. The absence of a consistent and
practical method for characterizing their characteristics, which
ought to be well-suited with the conventional photodetector
performance assessment scheme, has been one of the primary
causes of this disparity. Determining the level of interoperability
between laboratory prototypes and industry technology is crucial.
We present broader principles for the evolution of the figures of
merit for 2D-based devices and looked at frequent instances in
which the particular D*, R, Idark, and speed might be misjudged.

This review article explains the latest advancements in
avalanche FETs that use the distinctive characteristics of 2D
materials. In addition, we also explore the potential applica-
tions of avalanche FETs in sensing technology, which is becom-
ing more important for recent applications of drug screening,
healthcare, and cybersecurity systems. To understand the use
of 2D semiconductors in electronics, optoelectronics, and sen-
sing technology as avalanche FETs, it is important to explore
fundamental concepts and recent breakthroughs. Finally, we
discuss the challenges and potential of 2D semiconductor-
based devices for practical applications and their scalability,
which should be addressed by both academic and industrial
researchers. Our perspective can assist academia for a better
understanding of 2D semiconducting materials and their fun-
damental concepts with deep insights.

2. Avalanche breakdown phenomena
in 2D and TMDC materials
2.1. Avalanche effect in MoS2-based FETs

TMDC nanosheets have gained popularity due to the lack of
dangling bonds on their surface, their exceptional mechanical
flexibility, and their high surface-to-volume ratio.81–83 Explora-
tion has focused on layered MoS2 for its exceptional electrical
properties and thickness-dependent band configuration, which
shifts from an indirect bandgap of 1.2 eV to a direct bandgap of
1.8 eV with fewer layers.84–86 MoS2 has the potential to revolu-
tionize electronics, including ultrathin transparent FETs,87,88

logic circuits,89,90 and sensor applications.91–93 To employ MoS2

in spatial integrated electrical proposals and applications, FET
channel lengths needed to be reduced to sub-micrometers. As a
result, exposure to strong lateral E-fields may cause electrical
breakdown. Furthermore, the electronic band configuration in

semiconductors has an impact on the electrical breakdown.
As MoS2-FETs show the quantum confinement effect, the
thickness of MoS2 determines the electrical breakdown in the
device. Under strong E-fields, the electrical characterization of
MoS2 is rare due to thermal breakdown as the channel layer’s
MoS2 offers poor heat dissipation capability.94,95 The signifi-
cant heat resistance of insulating materials like SiO2 intensifies
this phenomenon.96 For these motives, to avoid thermal break-
down due to Joule heating, most of electrical tests in MoS2 FETs
have been carried out in the linear domain with smaller VDS.
Here, we review the investigation of avalanche multiplication-
related electrical breakdown processes in MoS2 FETs with
various channel lengths and thicknesses.51 By varying the
number of stacking layers, one can control the avalanche
multiplication by modifying band configuration in MoS2 due
to the phenomenon’s quantum confinement impact. Fig. 2(a)
displays the optical image of the device based on MoS2 exfo-
liated flakes with Ti/Au metal contacts. The impact of high
E-field on the electrical breakdown was investigated with dif-
ferent channel lengths (1.49, 1.95, 3.42, and 4.97 mm) with
uniform thickness of the MoS2 layer (B2.4 nm). The electrical
characteristics of the devices were checked at room tempera-
ture. The adsorbed air molecules on MoS2 reduce the out-of-
plane phonon vibration as observed, thus reducing energy
dissipation by electron–phonon scattering.51 As a result, elec-
trical breakdown in the air can happen at lower VEB. Analyzing
the normalized IDS–VDS curves reveals that as the channel
length is raised, the early voltage VEB is accompanied by a
sudden rise in channel current and switched to the positive VDS

as represented in Fig. 2(b). The impact of temperature on
avalanche multiplication has also been examined with a MoS2

flake of 17 nm thickness. The measurements were conducted at
a fixed VGS of 0 V while varying the temperature from 80 to
300 K. Fig. 2(c) demonstrates that the normalized IDS experi-
enced a rapid increase in the low E-field region until it reached
its saturation value. This occurred as the thermal energy
supplied to the electron surpasses the Schottky barrier at the
junction between the metal electrode and MoS2 layer, as
indicated by the low E-field regime. Under conditions of high
E-field, the electrons had enough energy to traverse the
Schottky barrier and initiate interactions with optical phonons.
Consequently, the normalized IDS declined as temperature
increased owing to the dissipation of energy resulting from
the interaction with optical phonons, as seen with the high
E-field. The ECR values at the onset of avalanche multiplication
were similarly influenced by temperature since a greater E-field
was necessary to counterbalance the energy dissipation caused
by electron–phonon scattering with increasing temperature.
These findings provide significant evidence for the impact of
temperature-dependent electron–phonon scattering on the
generation of electron–hole pairs. This behaviour may be
explained by two compensatory factors: firstly, a greater tem-
perature enhances electron–phonon scattering, which has a
negative influence on impact ionization. Secondly, it decreases
the bandgap energy of MoS2, leading to enhanced charge
carrier concentration, which has a significant influence on
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impact ionization. The effects of carrier concentration and
E-fields on electrical breakdown imply that the electrical break-
down in MoS2 FETs arises from avalanche multiplication. The
occurrence of avalanche multiplication was contingent upon
the thickness of MoS2. The impact of electron–phonon scatter-
ing and the power law analysis of the correlation between ECR

and bandgap energy demonstrated that the avalanche multi-
plication characteristics in MoS2 agreed with those seen in 3D
semiconductors. This research aims to enhance comprehen-
sion of the electrical breakdown events in MoS2 when exposed
to strong E-fields. Additionally, it will offer valuable under-
standing for the future accomplishment of controllable
avalanche multiplication properties, which are now only achiev-
able in thickness-dependent 2D layered MoS2 and other
TMDCs. For instance, the reliance of ‘‘ECR’’ and ‘‘a’’ on the
thickness of the MoS2 layer was significantly associated with
the quantum confinement effect in a 2D layer as observed in
this study. On the other hand, the authors demonstrated an
ultrasensitive avalanche device that utilizes chemical vapor
deposition (CVD) to produce monolayer MoS2,97 The optical
picture of CVD-grown MoS2 flakes is shown in Fig. 2(d). Fig. 2(e)
displays an optical image of the fabricated device based on the
MoS2 FET. ‘‘Au’’ is utilized for metal electrodes, while a highly
p-doped Si with a resistance of about 5 � 10�3 O cm was
employed as the back gate. A certain portion of the MoS2 flakes
was chosen to be utilized as a FET channel, and it was placed
onto an h-BN flake. The device illustrates the electrical break-
down phenomenon of MoS2 FETs under high VDS at different
VGS levels.97 The observed breakdown at various VGS levels is

shown in Fig. 2(f). At VGS values of �10, �20, �30, �40, and
�50 V, there is a noticeable sharp rise in both IDS and VDS.
Typically, drain-induced barrier lowering (DIBL), thermal
breakdown, junction punch through, and avalanche carrier
multiplication are the four major factors that might result in
a rapid increase in IDS of FETs. DIBL represents a potential
short-channel effect in MoS2 FETs. Monolayer MoS2’s electro-
static properties result in low DIBL even in ultra-short channel
devices.51,98 MoS2 FETs fabricated on a SiO2 substrate show
little temperature rise. Given that h-BN has a much higher thermal
conductivity (B420 W m�1 K�1) than SiO2 (B1.40 W m�1 K�1),
this device architecture would be less affected by the thermal
impact of Joule heating than MoS2 FETs on a SiO2 substrate.
Accordingly, thermal breakdown is also not a likely cause for an
unexpected spike in IDS. When the depletion zones between
the bulk and n+ – drain contact and the p-bulk and n+ – source
contact overlap, the junction punch-through effect occurs,
enabling IDS to pass through the overlapped depletion
regions.99 The previous work51 suggests that other possible
causes of the observed breakdown mechanism such as DIBL
or thermal effects can be similarly neglected, and the break-
down phenomenon can be attributed to avalanche multiplica-
tion. It’s interesting to note that the breakdown is closely
correlated with the value of VGS at which VEB and DIDS/DVDS

were measured. VEB and DIDS/DVDS values dropped when VGS

went from �50 V to �20 V. However, it was not possible to
notice a significant rise in IDS at VGS = �10 V (Fig. 2(f)). This
can be attributed to an excessively high channel current (IDS)
caused by the gate-field-induced carriers prior to the avalanche

Fig. 2 (a) Optical image of an MoS2-based device with varying channel lengths. (b) Normalized IDS of the MoS2 FET explored at fixed VGS = 0 V and
different channel lengths; the breakdown voltages with E-fields are indicated by coloured dashed lines. (c) Normalized IDS associated with E-field
recorded at VGS = 0 V at different temperatures between 80 and 300 K. Figures (a)–(c) are reproduced with permission from ref. 51, ACS Nano (2018).
(d) Optical image of the CVD-grown MoS2. (e) Optical image of the fabricated device based on the structure h-BN/MoS2. (f) IDS–VDS characteristic curve
at different VGS values. Figures (d)–(f) are reproduced from ref. 97, Copyright, Advanced Science (2021).
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breakdown. It is evident that the compliance current was
attained at a VDS value of 48.5 V, even lower than VEB (49.5 V)
for VGS = �20 V, while the IDS was measured at VGS = �10 V.
Overall, the modification of VGS may be used to explain the
observed dependency of VEB on VGS by altering the height of
contact barrier between the channel and metal electrodes.
Since greater E-fields in the channel are felt by electrons
inoculated from the source to MoS2, when VDS increases, the
value of DIDS/DVDS increases with an increase in VEB, resulting
in a drop in VGS. The fundamental features of breakdown
processes in MoS2 FETs might also be examined using the
electrical characteristics that were acquired. The formula51 for
calculating the multiplication factor (M), or the amount of
channel current generated by the electrical breakdown, is

M(VDS) = IDS(VDS)/IDS(VDS = VEB) = IDS(VDS)/Isat (1)

where Isat is the saturation current, it is observed that the ‘‘M’’
depends on VDS. Next, at various VGS levels, it is shown that

‘‘1� 1

M
’’ is a function of VDS/VEB. Empirically, the following

equation signifies the link between ‘‘1� 1

M
’’ and VDS/VEB.

1� 1

M
¼ VDS

VEB

� �m

(2)

Here, the fitting equation may be used to obtain ‘‘m’’.100

As in other studies, the fitting was carried out in this case close
to the ln (VDS/VEB) value of 0.05, that is, shortly after the

breakdown began.59,100 Overall, it was shown that the inter-
action between carrier injection via the contact barrier and
carrier multiplication by avalanche breakdown is crucial. This
work offers a prevailing approach to enhance the performance
of avalanche devices and provides a thorough knowledge of
thin avalanche FETs, which are uninvestigated areas of inves-
tigation in electronics and optoelectronics.

2.2. Absorption-multiplication avalanche WSe2-FETs

It has been established that avalanche devices based on 2D
semiconductors have achieved improved performance and
efficient G. Here, we reviewed an avalanche device based on
the Au/WSe2/Ge structure, where infrared absorption and ava-
lanche zones are observed for the Au/WSe2 Schottky-based
junction utilizing the germanium (Ge) substrate, correspond-
ingly. Fig. 3(a) presents the schematic illustration of the
Schottky heterojunction (S-HJ) based separate absorption mul-
tiplication (SAM) device with its circuitry representing the
grounded source terminal Ge node and the applied negative
drain bias; the inset displays the equivalent circuit of the
device, wherein the resistance of the WSe2 channel material
is distributed into R1 and R2, and the Schottky contacts of WSe2/
Au are symmetrical to the Schottky diodes S1 (drain node) and
S2 (source node) as demonstrated in the inset of Fig. 3(a).
Furthermore, the WSe2/Ge junction forms the diode (D1), which
is what gives the device its infrared detecting capability. The
device’s fundamental electrical properties are displayed in
Fig. 3(b), where the curves representing the drain current and

Fig. 3 (a) Schematic illustration of the S-HJ SAM device with the electrical structure: inset displays the equivalent circuit. (b) I–V characteristic curves of
the drain side (blue) and bulk Ge side (pink dashed line) of the S-HJ-SAM. Temperature-dependent I–V curves of the device. (c) Temperature-dependent
breakdown voltage. Figures (a)–(c) are reused with permission from ref. 109, Copyright, ACS Photonics (2023). (d) Optical image of the device with scale
bar 5 mm: inset shows the schematic diagram of the avalanche device and height profile of the channel material (WSe2). (e) Output curves of the device:
p-type mode, (f) n-type unveiling ambipolar transport features. These figures (d)–(f) are reproduced with permission from ref. 105, Copyright, ACS nano
(2022).
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Ge-node current vs. drain voltage are represented by the black
solid line and the red dashed line, respectively. The drain
current and Ge-side current are 2 � 10�11 A and 3 � 10�12 A,
correspondingly, when the bias voltage is�1 V. Both the D1 and
S1 Schottky diodes are reverse biased when the VDS is negative,
and the reverse leakage current gradually rises as the VDS rises.
The significant rise in drain current seen at �25.5 V is ascribed
to the device’s critical breakdown. It is noteworthy that only the
drain current had a sudden rise upon reaching the breakdown,
whilst the bulk Ge side current did not exhibit a sharp increase.
This suggests that D1 diodes are not susceptible to breakdown
under high reverse voltages. As an outcome, the breakdown in the
S-HJ-SAM device happens in the WSe2 channel around the
Au/WSe2 Schottky diode (interface S1). The device temperature-
dependent I–V characteristics are shown in Fig. 3(c). When the
temperature drops, the breakdown voltage (VEB) decreases as well.
This characteristic demonstrates that the avalanche effect dom-
inates the breakdown at high bias voltages. At higher tempera-
tures, carriers lose more energy owing to the lattice scattering
events, leading to a positive temperature coefficient for avalanche
breakdown voltage compared to lower temperatures. At greater
temperatures, carriers require a higher bias voltage to achieve
adequate energy for impact ionization.101 High G for an APD based
on the WSe2/Ge heterojunction remains problematic due to tun-
nelling effects. However, the S-HJ SAM device offers a novel
approach of designing avalanche breakdown devices.

2.3. Avalanche multiplication in channel-length-modulated
ambipolar WSe2 FETs

Avalanche multiplication has gathered significant attention in
2D material-based FETs.102 Prior research has mostly employed
a unipolar material as the active channel, with an emphasis on
making highly efficient devices. Developing efficient ambipolar
electronic devices and novel structures for avalanche break-
down is still a challenge. While the easy carrier-type tuning of
ambipolar 2D materials may be achieved by electrostatic gating.
When an ambipolar material is utilized as the active channel,
the high VDS needed to start avalanche multiplication inverts
the gating effect close to the drain electrode, allowing both
carriers to go through the channel simultaneously in an ambi-
polar manner.103,104 It is possible to separate the two opposing
phenomena by using channel length modulation, and it is
feasible to analyze the properties of avalanche multiplication
in ambipolar WSe2 FETs by focusing on the fact that avalanche
multiplication is controlled by an E-field while ambipolar
transport is controlled by voltage. Conventional MOSFETs
usually reach saturation mode when a sufficiently high VDS is
applied, as the pinch-off occurs near the drain electrode. Never-
theless, with the additional rise in voltage, a multitude of
physical phenomena may manifest inside the semiconductor
channel. An optical microscopic view of the long-channel FET
device is illustrated in Fig. 3(d): the inset denotes the schematic
of the device. Multiple short-channel devices were constructed
on a single WSe2 flake. It is important to observe that for the
device having a shorter channel, current density was reduced
due to additional constraints including thickness, contact, and

interface conditions. Although the transfer curve of this device
displays ambipolar behaviour consistent with the long-channel
device as shown in Fig. 3(d), the output curves at high voltages vary
significantly, suggesting that the fundamental physical process in
the short-channel transistor is distinct. Fig. 3(e) and (f) demon-
strate the electrical characteristics of the device under high VDS in
n-type and p-type modes, correspondingly. The output curves
highlight the triode as well as the saturation region at smaller
VDS. When VDS is beyond a certain threshold, the current increases
beyond its saturation level. This supports ambipolar transport
behaviour and has been recognized in FETs with diverse channel
materials.105,106 The device functions with majority carriers until
reaching the saturation threshold, after a subsequent increase in
current results from the buildup of opposing charge carriers
(i.e., minority carriers) at the drain electrode (Fig. 3f). Upon
increasing the VDS beyond the saturation zone, there was a
subsequent increase in current until the compliance limit was
applied to avoid device failure caused by thermal breakdown.
Unlike ambipolar transport observed in longer-channel FETs, the
increase in the current did not initiate at distinct voltage levels. In
contrast, the current increased at a constant rate from its satura-
tion level, independent of the gate voltage, as given by M = I/Isat.
Two possible reasons for the rise in current after saturation are
Joule heating at the contact and the current crowding effect.107,108

Nevertheless, as the current increased at a low level and there was
minimal reliance on the gate voltage, this phenomenon can be
attributed to avalanche multiplication. The contrary forms of
output curves at higher voltage between long- and short-channel
devices arise from two separate physical events happening inside
the channel. Long-channel FETs are characterized by ambipolar
transport, shown by a parabolically growing drain current upon
saturation. A critical voltage (Vcr) is defined as the threshold for the
commencement of ambipolar transport, as illustrated by the high-
lighted arrows in Fig. 3(e) and (f). Short-channel FETs exhibit
features of avalanche multiplication, with the VEB referred to as
the threshold at which avalanche breakdown occurs. The Vcr values
shown by blue open circles of long-channel devices demonstrated a
linear correlation with the tuning of gate voltage for both n- and
p-types. Furthermore, the slopes of the fitted lines were almost equal
to ‘‘1’’ for all devices, suggesting ambipolar transport. The value of
Vcr does not depend on the channel length but is contingent upon
the threshold voltages of any polarity. Consequently, the threshold
voltage is affected by the dielectric constant of the insulator and the
circumstances at the interface. Overall, this study aims to compre-
hend the avalanche multiplication properties in atomically thin
materials and make a valuable contribution to the advancement of
efficient and emergent device designs by selectively combining
ambipolar transport and avalanche multiplication.

3. Avalanche FETs based on TMDC
heterostructures
3.1. Avalanche FETs based on the WSe2/MoS2 heterostructure

Fig. 4(a) depicts an optical microscopic view of the 2D hetero-
structure-based APD. The photodiode is protected by h-BN
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flakes, and WSe2 and MoS2 monolayers are linked to the Au
(source/drain) electrodes. The electrical characteristics of the
diode were explored, and the device represented rectification
behaviour. As the gate voltage increases, the MoS2 area gets exten-
sively doped, leading to reduced contact resistance. In contrast,
WSe2 and the heterostructure regions become depleted and
partially n-type doped, correspondingly (Fig. 4(b)). This feature
can be demonstrated by an n+–n–i junction. The strongly doped
MoS2 area (marked as red dots in Fig. 4(b)) has a high number of
electrons, resulting in a high current under forward bias.110,111 The
I–V characteristics of the measured avalanche device at the reverse
bias varying from 0 to 10 V and under vacuum conditions are
plotted in Fig. 4(c). The current grows linearly with the reverse bias
o6.5 V. The dark current begins to improve rapidly when the
reverse bias is raised over 6.5 V, signifying the avalanche multi-
plication to occur59 and highlighted by the blue line. The red
dashed line shows the linear fitting of the dark current prior to the
avalanche effect. The relation M = Idark/Is could be used to get the
multiplication factor (M).105 Is is the saturation current and
referred to as Idark at V = Vcr. The breakdown voltage in FETs can
be tuned by the gate voltage (Vgs).

51,97,105 But to achieve low VEB, a
large value of Vgs is required and hence the power consumed is
still high. Alternatively, the minimal VEB can be attained by the
TMDC P–N junction because the voltage reduction that takes place
across the space charge region is prominent.112 Nevertheless,
definite doping and energy band modification of TMDCs
are essential in the heterojunction.112,113 Furthermore, the
avalanche phenomenon becomes difficult to detect, as the
presence of the tunnelling effect will cause the breakdown

before the accomplishment of the avalanche breakdown.114,115

There is another approach that we have reviewed here, a low-
voltage avalanche device based and out-of-plane WSe2/WS2 p–n
heterojunction FET referred to as HJ-FET. There is a noticeable
reduction in ‘‘Vb’’ detected in the HJ-FET as comparable with a
single-channel material-based WSe2-FET.116 The reduction in VEB in
the HJ-FET is initiated by the E-field rearrangement in the channel
after the creation of the out-of-plane P–N junction. Fig. 4(d) shows
the two device architectures, a WSe2 FET and another flake of WSe2

placed on top of WSe2 (WSe2–WSe2 flakes) and HJ-FET rooted with
a h-BN spacer layer (WSe2–hBN–WSe2 FET). So, the avalanche
breakdown characteristics of the WSe2 FET practically remained
the same after placing another WSe2 flake. The associated Vb values
were�41 V and 40 V congruently. In the WSe2–hBN–WSe2 FET, the
Vb values of the WSe2–hBN FET and the WSe2–hBN–WS2 FET are
�35 and�36.4 V, correspondingly, as revealed in Fig. 4(e). All these
values are partially greater than those of WSe2-based devices. The
utmost VEB is attained in the WSe2–hBN–WS2-based device. This
feature may be identified as enhanced defect-induced scattering
brought about by the mechanical stress applied during the process
of depositing a WS2 flake on the WSe2–hBN and defect-induced
scattering at the h-BN/WSe2 junction. The implanted h-BN isolation
layer can stop the creation of heterojunctions among the WSe2 and
WS2 in the WSe2–hBN–WS2 FET. Consequently, in the HJ-FET the
development of heterojunctions offers a vital role in dropping the
value of Vb. In the FET, the drain-source E-field is perpendicular to
the built-in electric field produced by the vertical WSe2/WS2 p–n
heterojunction and carriers are only increased and stimulated by
the drain–source E-field. The deficiency of the carrier is enhanced

Fig. 4 (a) Optical image of the heterostructure based on MoS2/WSe2 with h-BN at the top. (b) The energy band diagram of the diode at Vg = 50 V. (c) I–V
curve of the diode at Vg = 50 V as reverse bias is applied, representing the avalanche phenomenon at greater reverse bias beyond Vcr. The figures (a)–(c)
are reproduced by ref. 117, copyright, Nano Letters, ACS (2022). (d) Schematic structure of the HJ-FET. (e) I–V characteristics of the WSe2 FET without
and with an h-BN isolation layer, for the arrangement WSe2–hBN–WSe2 FET; the inset shows the I–V curves as biasing is nearly equal to Vb. (f) Vb vs. the
Vgs of the WSe2-FET, HJ FET, and WSe2–hBN–WS2 FET. Figures (d)–(f) are reproduced from ref. 116, Copyright, Nano Research (2023).
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by the built-in E-field to persuade the avalanche breakdown.
Consequently, the increased built-in E-field in the space charge
area has no bearing on the drop in Vb in the HJ FET. This is
dissimilar from the inherent phenomenon of the APD based on
p–n junctions. The reduction in Vb in the HJ-FET is correlated
with the change in the channel features. We have reviewed here
the I–V of the WSe2 FET and HJ-FET for several Vgs values,
correspondingly. Particularly, Vb declines as Vgs rises from
�10 to 10 V in three different kinds of the samples. This finding
is supported by the carrier–carrier scattering in the WSe2 chan-
nel. The enhancement in Vgs from �10 V to 10 V leads to
decrease in the hole concentration. The reduction carriers
decline the carrier–carrier scattering capacity in the channel-
materials, thereby reducing the energy loss.51 Consequently, a
smaller Vb is required to detect breakdown because of low energy
loss. As presented in Fig. 4(f), the magnitudes of Vb are reduced
by 12 V, 7 V and 13 V in the WSe2 FET, HJ FET and WSe2–hBN–
WS2 FET at different Vgs values (�10 V to 10 V). In contrast, Vb

was reduced by over 22 V in the WSe2 FET after placing WS2

flakes on it. This mechanism shows that forming out-of-plane
WSe2/WS2 heterostructures in the WSe2 FET is an influential
method for dropping the breakdown voltage.

4. Application of avalanche FETs in the
photosensing phenomenon
4.1. TMDC-based avalanche photodetectors (APDs): MoS2

nano-based scroll APDs

The intrinsic optical and electrical characteristics of 2D materials
and their quasi-one-dimensional (Q1D) configuration make them
ideal for photoelectric sensing applications.118 Recent research
suggests that 2D materials can be transformed into Q1D struc-
tures, such as nano-scrolls and nanotubes.119,120 For 1D struc-
tures, MoS2 nano-scrolls (NS) offer exceptional physical
properties such as improved mobility and stability under
ambient conditions,121 topological arrangement at the ends
and interlayer galleries in graphene NS,122 and nonlinear
optical properties in carbon nanotubes.123 The most commonly
used approach for enhancing photosensitivity is to increase
light absorption. To achieve this objective, numerous modi-
fications have been utilized alongside the pristine materials,
such as metal surface plasmons,124,125 Fabry–Perot micro-
cavities,126,127 the antireflecting Salisbury screen effect,128,129

patterned channels,130 and hybrid structures assisted by photo-
sensitive materials, including colloidal quantum dot integration.
Nonetheless, these approaches demonstrate some drawbacks,
such as narrow-band absorption, fabrication complexity, para-
sitic absorption in metals, inferior integration capabilities, strin-
gent equipment requirements, and issues related to interfacial
disorder, toxicity, and instability in quantum dots.131–133 Conse-
quently, a critical task is to enhance the amount of accessible
photogenerated carriers straightforwardly and efficiently inside
2D or Q1D photodetectors. Here, a highly sensitive APD built on
self-assembled MoS2 NS is discussed.100 The avalanche thresh-
old E-field of an APD using the NS may be reduced to around

50 kV cm�1, far less than that of various other flake-based
devices, which exceed 100 kV cm�1. Moreover, due to the greater
M-factor and a, the MoS2 NS-based APD exhibits an exceptional R
value exceeding 104 A W�1, with a G of 24, about 30 times greater
than that of monolayer MoS2 flakes under the same circum-
stances. In this report, the exceptional photoresponse is
achieved just via the simple NS, devoid of any further hybrid
structures, which may be advantageous for future low-cost, large-
scale integrated production. The arrangement of NS-APDs based
on the FET arrangement is shown schematically in the inset of
Fig. 5(a). The photoactive region consists of a singular MoS2

nanosheet produced on a Si/SiO2 substrate using the established
procedure.121,134,135 As described, the avalanche ‘‘M’’ can be
significantly improved under light-based measurements. The
output characteristic curves in the dark and under weak illumi-
nation are presented in Fig. 5(a). The avalanche behavior in the
dark mode as well as under light is evident, a phenomenon
consistently replicated across all nano-constructed devices.
When E o Eava, the E-field fails to initiate the avalanche effect,
thus resulting in a standard photoconductive response from the
device. Conversely, when E exceeds Eava, avalanche M transpires,
which may be statistically assessed using the avalanche G
described as:

GðVÞ ¼ Ilight Vð Þ � Idark Vð Þ
Ilight0 � Idark0

(3)

where Ilight0, Idark0, and IDS are the values at Eava under the light
and dark, correspondingly, when VDS = 45V and ‘‘G’’ reaches
‘‘24’’. Ultimately, the performance of the device is significantly
enhanced by the advantage of avalanche multiplication. D*
is derived from the photo-response data (Fig. 5(a)). Significant
‘‘R’’ surpassing 104 A W�1 and a D* close to 2 � 1012 Jones were
attained, which promotes NS-APDs to ultimate MoS2-
photodetectors136,137 as shown in Fig. 5(b). This study enhances
the comprehension of the avalanche phenomena and facilitates
the development of high-performance, power-efficient photode-
tectors using low-dimensional materials. This study investigates
the photoresponse of MoS2-FETs when the channel is illumi-
nated with a laser during the avalanche breakdown regime at
greater VDS. The photocurrent investigated at 520 nm laser irra-
diation (Iirra) with varying laser intensities (0.23 and 2.5 mW cm�2)
and in the dark (Idark) is indicated in Fig. 5(c): the inset presents
the schematic of the photo-sensing device. The VGS for this device
was�40 V since Idark was too low to be suitable for efficient photo-
sensing. Iirra illustrated the electrical breakdown below the thresh-
old voltage of the dark current’s breakdown, and the output
curves recorded during illumination showed reduced steepness.
The reliance of DIDS/DVDS on VGS for dark current breakdown may
be ascribed to a reduced E-field experienced by charge carriers in
the channel, resulting from the premature initiation of break-
down behaviours at a lower VDS. Consequently, VDS may be
categorized into three zones, as seen in Fig. 5(c). In area A (yellow
boxes in Fig. 5(c)), where the VDS value is around 54 V, no
discernible breakdown events were seen either under dark or
under laser irradiation. In the range of 54 V o VDS o 66 V (region
B, green boxes in Fig. 5(c)), only the Iirra had a sudden spike as VDS
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rose, while the dark current did not demonstrate a comparable
surge. Beyond the VDS threshold of around 66 V (area C, shown by
purple boxes in Fig. 5(c)), both currents exhibited a rapid escala-
tion with an increase in VDS. We reviewed that the occurrence is
not due to external factors in the devices, such as charge buildup
at the trap sites, by assessing the photoresponse under varying
radiant light durations. Conversely, the relationship between the
observed photocurrent and laser irradiation power exhibited
significant nonlinearity as VDS rose, which may be ascribed to
the avalanche breakdown effect. The working of MoS2 avalanche
phototransistors in area ‘‘B’’ is beneficial for achieving consistent
performance and improved photodetection sensitivity. This is
attributed to its low dark current (approximately 100 nA), the lack
of electrical breakdown under dark conditions (indicating device
stability under darkness), and a substantial photocurrent of up to
approximately 1.5 mA under low laser intensity. Simultaneously,
the operation in area ‘‘C’’ would be comparatively disadvanta-
geous due to the quick growth of dark current with VDS, which
hinders the reliable operation of the device. For the MoS2 FET
with Au contact, the voltage range of area ‘‘B’’ was around
12 V, equating to approximately 6.3 � 10�2 MV cm�1 of E-field
strength. The splitting of VDS into three zones has been recorded

in avalanche phototransistors using alternative materials.51,138

The partition of VDS into these zones arises from a contact barrier
between MoS2 and Au metal-electrodes. The peak values of ‘‘R’’,
‘‘D*’’, and ‘‘EQE’’ in the area ‘‘C’’ were determined to be around
9.1 � 107 A W�1, 4.3 � 1016 Jones, and 2.2 � 1010%, respectively,
which are far higher than those obtained in previous reports.139

The electrical/optoelectronic features of the MoS2 avalanche
device may be elucidated by examining the energy band configu-
ration. The energy band illustrations for regions ‘‘A’’, ‘‘B’’, and ‘‘C’’
are revealed in Fig. 5(d)–(f), respectively. As previously mentioned,
both the disparity in the work function between MoS2 and Au and
the vdW’s gap between them contribute to a contact barrier in
MoS2 FETs, as seen in band illustrations.140 The presence of this
barrier causes the output curves to display non-ohmic contact
characteristics, although seeming ohmic at room temperatures
owing to adequate thermal stability. In area A (Fig. 5d), the E-field
inside the MoS2 channel generated by the VDS voltage is insuffi-
cient to facilitate carrier multiplication. Consequently, the break-
down does not transpire in either darkness or light. In area
B (Fig. 5e), photogenerated carriers may experience impact ioniza-
tion if the applied field is sufficient to trigger avalanche break-
down. Consequently, this mechanism leads to a significant

Fig. 5 (a) Schematic illustration of the NS APD including the channel MoS2 NS with the SiO2 substrate: inset, IDS–VDS with 532 nm laser light exposure.
(b) The ‘‘R’’ of the NS APD with VDS under different powers of the incident light; the inset represents the avalanche ‘‘G’’ vs. VDS. The figures (a) and (b) are
reproduced with permission from ref. 100, copyright, The Journal of Physical Chemistry Letters (2020), ACS. (c) IDS examined in the dark and under light
with various power intensities; the inset displays a graphical illustration of the MoS2-based FET under light exposure. (d) Schematic illustration of the
energy band diagram under the off condition of MoS2 based, zone A. (e) Region B. (f) Area C. Blue and red circles represent the holes and electrons
correspondingly. S/D represent the source/drain. Two coloured bands (bottom) illustrate the VDS region, where carrier inoculation and avalanche ‘‘M’’ are
weak (blue) or strong (red), correspondingly. The figures (c)–(f) are reproduced with permission from ref. 97, Copyright Advanced Science 2021.

Journal of Materials Chemistry C Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 1
0:

19
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc02021b


15778 |  J. Mater. Chem. C, 2025, 13, 15767–15795 This journal is © The Royal Society of Chemistry 2025

enhancement in Iirra. Nonetheless, the contact barrier remains too
thick for the injection of electrons and holes into the MoS2

channel. Consequently, the breakdown mechanism does not
transpire in the absence of light. Furthermore, VEB rises as VGS

diminishes, since the height of contact barrier impeding carrier
injection escalates with a reduction in VGS. In area ‘‘C’’ (Fig. 5f),
the applied E-field is sufficiently enough to provoke avalanche
breakdown, and the contact barrier gets appropriately thin owing
to drain-induced barrier thinning, allowing for the facile injection
of electrons and holes into the channel via quantum mechanical
tunnelling.141,142 Consequently, the breakdown may transpire in
both dark and light circumstances in the area: ‘‘C’’. The analysis
derived from the aforementioned energy band diagrams may
be further substantiated by investigating avalanche breakdown
in Pd-contact MoS2 FETs, which are anticipated to exhibit a larger
contact barrier compared to Au-contact devices.143,144 The device
consisting of ‘‘Pd’’ contact demonstrates a higher critical E-field
for dark currents (ECR,dark) of about 0.46 MV cm�1, in contrast to
the Au-contacts, which varies from approximately 0.26 to 0.37 MV
cm�1 within the VGS that ranges from �20 to �50 V. This
difference can be ascribed to the increased contact barrier in
the Pd-contact devices, which delays the VDS onset of electrical
breakdown in the dark state. Secondly, the corresponding critical
field for Iirra (i.e., ECR,irra) is approximately 0.34 MV cm�1 under
light, in contrast to approximately 0.29 MV cm�1 for the Au-
contact device (Fig. 5d), suggesting that the breakdown upon light
exposure is minimally influenced by the contact barrier. This
suggests that the failure in region B was instigated by photo-
generated carriers instead of electrically injected carriers.

The comparative analysis of Pd-contact MoS2 FETs sub-
stantiates the influence of the contact barrier on the voltage
range for the optimum action of avalanche phototransistors,
while also offering possible tunability of the stable voltage
operating range. This study reveals a proficient method to
improve the performance of 2D-TMDC-based phototransistors
and offers an extensive understanding of atomically thin APDs,
a relatively unexplored field in 2D optoelectronics. APDs are
essential for weak signal detection in applications like low-light
imaging,145 remote sensing,146,147 and quantum communica-
tions.148,149 The signal-to-noise ratio (SNR), a critical parameter
for APDs, requires strong gain and low dark current, presenting
a difficult balance to attain. Conventional APDs achieve photo-
electric G by impact ionization, wherein photogenerated car-
riers in the space-charge region of p–n junctions are accelerated
by high E-fields.150,151 However, this requires significant vol-
tage biasing, resulting in heightened power consumption and
intensified thermal effects, often demanding temperature com-
pensation for stability.152 The intrinsic unpredictability of
impact ionization generates considerable extra noise, exacer-
bating the inherent shot noise and considerably constraining
the ‘‘SNR’’, especially in the context of poor signal detection.
In intrinsic bipolar 2D semiconductors,153–155 the low intrinsic
carrier concentration, which is extremely responsive to external
manipulation, demonstrates that the nature of carrier transport
is significantly influenced by the work function of the contact
electrodes.156,157 Moreover, the atomic-scale thickness inherently

promotes low-scattering transit of photogenerated carriers. This
study presents a bipolar 2D-WSe2 as the photosensitive material
and a thoroughly engineered Pt/WSe2/Ni APD with an appro-
priately aligned work function to address the gain-noise
dilemma characteristic of traditional APDs. At ambient tempera-
ture, this device has revealed a G of 5 � 105 and a very low dark
current of 10�14 A. The extraordinary attributes are primarily
attributed to the ultrahigh mean free path (MFP) in WSe2 and
the effective prevention of dark carrier injection from the
electrodes under ultralow E-fields. This unique capacity to attain
high gain while preserving a regulated bandwidth meets the
precise demands of applications like low-light imaging and
astronomical observations, where high sensitivity is essential,
but the swift processing of wide bandwidth signals is of lesser
importance. It provides a customized solution when traditional
devices fail. The schematic illustration of the fabricated device is
presented in Fig. 6(a); the inset image of Fig. 6(a) presents the
cross-sectional TEM images, emphasizing the interface between
the WSe2 layer and the electrode, with the WSe2 layer thickness
quantified at roughly 5.5 nm. The integrity of the interface
indicates that surface damage during metal deposition may be
mitigated by proper preparation of the bottom electrode, empha-
sizing the efficacy of our manufacturing approach. Fig. 6(b)
illustrates the I–V characteristics, demonstrating a very low dark
current of 10�14 A at bias levels under �3 V. Elevating laser
intensity accelerates the beginning of a photocurrent avalanche,
distinguishing two separate avalanche phases: a linear zone
from 0 to �15 V, followed by a nonlinear region beyond
�15 V. Fig. 6(c) illustrates the device dark current, and ‘‘G’’
displayed on linear and logarithmic scales, respectively, ‘‘G’’
potentially attains a value of unity at V = 0: inset shows the
optical image of the fabricated device.158 This photocurrent gain
reaches 5 � 105 at an E-field strength of around 50 kV cm�1,
which is much lower than the avalanche initiation field strength
often seen in traditional Si-APDs.159 This test demonstrated a
transition from steep to smooth I–V response as the thickness of
WSe2 raised, whereas the avalanche threshold voltage exhibited
a linear rise with the channel length. These discoveries not only
contest but substantially exceed the traditional paradigms of
photovoltaic-based APDs, which have previously been character-
ized by elevated noise, inadequate gain, and reliance on intense
E-fields. This led to further improvements in device performance
via nanoscale channel-layer engineering and interface optimiza-
tion. The pursuit of reduced noise levels, increased G, and
expanded bandwidths continues, promising to unveil new
advancements in photodetectors.

The avalanche effect, stemming from impact ionization pro-
cesses in semiconductors, has significant promise for improv-
ing the efficacy of photodetectors and solar cells. In practical
applications, achieving a threshold energy near its minimal
limit is challenging, resulting in low energy conversion effi-
ciency during carrier-multiplication development. To initiate
sequential impact ionization in solar cells and APDs, the energy
of the photon and E-field must exceed the bandgap energy by
factors of 4 and 22, respectively.148,159 In conventional bulk
materials,148 there exists a significant electron–phonon (e–p)
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interaction. This leads to significant energy loss during the
charge–carrier acceleration, thereby delaying the impact ioniza-
tion process. An analysis of the low-threshold avalanche effect
in a WSe2 homojunction at room temperature is presented.158

The avalanche-related threshold voltage is effectively reduced
to 1.6 V, which is approximately 26 times smaller than that of
conventional avalanche diodes (e.g., InGaAs, with a threshold
voltage of 42 V).160 The stepwise vdW junction is characterized
by a weak electron–phonon contact and an intensified E-field,
both of which are advantageous for the charge–carrier ava-
lanche procedure. The stepwise WSe2 avalanche devices were
examined to evaluate this concept. The stepwise n�-WSe2 flake
was exfoliated onto a SiO2/Si substrate, as schematically pre-
sented in the inset of Fig. 6(d), and electrical connections were
established by placing Pt/Au electrodes on both sides. Fig. 6(e)
shows the TEM and energy-dispersive X-ray (EDX) spectroscopy

of the flake. The morphological variation between few-layer and
multi-layer WSe2 is atomically sudden, with thicknesses mea-
sured at 4 layers (L) and 39 layers (L), correspondingly. The
study analyzes around 25-devices with diverse thickness com-
binations, where few-layer thickness spans from 3 to 13 layers
and multi-layer thickness extends from 13 to 75 layers.161

Fig. 6(d) illustrates the I–V characteristics of the ‘‘A#’’ device
under dark and photo-excitation conditions. The dark I–V
characteristic curve may be categorized into two separate sec-
tions: rectifying and breakdown zones. In the rectifying area,
�1.44 V o Vex o 3 V, the cut-off current decreases to 10 fA,
while the rectification ratio increases to 103. The rectifying
feature is readily comprehensible since the band offset between
few-layer and multi-layer WSe2 generates an internal E-field.
In the breakdown zone, where �3 V r Vex o �1.44 V, the
current rises significantly. A comparison was made for the I–V

Fig. 6 (a) Schematic diagram of a Pt/WSe2/Ni APD-based device. The device incorporates bottom electrodes to reduce surface damage to materials
during manufacturing. Inset: TEM image illustrating the layered architecture with WSe2 layer thicknesses of roughly 5.5 nm, and Au and Ni layers each
around 8 nm thick. The scale bar denotes 5 nanometers. (b) I–V characteristics under reverse bias illustrate the APD’s response as a function of laser
power at a wavelength of 520 nm, outlining the avalanche photodetection mechanism. (c) Graphs showing dark current (on a linear scale, black) and
photocurrent gain (on a logarithmic scale, red) over varied E-fields illustrate the device’s electrical performance under various operating conditions. The
inset displays the optical microscope picture of the device. Scale bar: 2 micrometers. Figures (a)–(c) are reproduced with permission from ref. 158,
copyright, Nano Letters, ACS (2024). (d) At room temperature and under dark and under light exposure, I–V curves of the A# device: inset presents the
schematic of the device. (e) TEM and EDX analyses of the A# device, with scale bar 5 nm. (f) The ‘‘G’’ is derived in the dark and under light. (g) Summary of
the hole impact ionization rate of bulk materials, uniform WSe2, and stepwise WSe2-based devices. Figures (d)–(g) are reproduced with permission from
ref. 161, copyright, Nature Communications (2024).
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characteristics of the WSe2 device with those of viable InGaAs
avalanche devices. Both types of devices undergo an B104

increase in current upon breakage. Moreover, the current of
the stepwise WSe2 device climbs at the same rate as that of the
InGaAs avalanche device with a subthreshold swing of 400 mV
dec�1. We are particularly intrigued by the significant photo
gain seen in post-breakdown curves (Fig. 6(f)). It enables the
device to recognize light signals at the femtowatt threshold.
The avalanche mechanism mostly results from hole impact
ionization in the WSe2 diode, hence representing the hole
impact ionization rate. Fig. 6(g) delineates the hole impact
ionization rates of other bulk materials,162,163 uniform WSe2,105

and stepwise WSe2 avalanche devices. The bulk material neces-
sitates a greater uniform E-field of 2 � 105 to 1 � 106 V cm�1 to
elevate the impact ionization rate to a range of 104 to 105 cm�1.
In uniform WSe2 materials, the E-field necessary for an ava-
lanche is reduced by around tenfold. In stepwise WSe2-based
devices, it is decreased further by a factor of ‘‘20’’, resulting in a
low value (here, the E-field is presumably uniform in the
stepwise device for calculation ease). In the aforementioned
devices, the WSe2 material is in contact with the SiO2/Si
substrate, which may experience scattering effects from the
substrate. To elucidate this problem, supplementary WSe2/
h-BN devices were investigated. After placing a h-BN layer on
the SiO2/Si substrate, a layered WSe2 was dry transferred. The
breakdown voltage of all 11-devices based on WSe2/h-BN ranges
from �1.2 to �1.8 V, while the breakdown voltage of bare WSe2

devices exhibits a more varied distribution throughout a
broader voltage range of �1.4 to �5.4 V. This further supports
the idea that using the h-BN layer as the substrate improves the
overall performance of WSe2 diodes due to reduced scattering
mechanisms. As a consequence of this phenomenon, the room-
temperature threshold energy nears the fundamental limit,
Ethre E Eg, where Eg represents the bandgap of the semicon-
ductor. These results provide a different viewpoint on the
design and production of future efficient avalanche devices.

5. Heterostructure-based avalanche
FETs
5.1. 2D material-based avalanche FETs: graphite/InSe
Schottky photodetector

When developing a high-performance avalanche photodetector,
one of the main problems is achieving both ultralow break-
down voltage and ultra-high gain (G). To achieve significant
avalanche G, a huge breakdown voltage is essential to offer
adequate energy for each implanted carrier to generate ioniza-
tion in an avalanche zone. The inability of standard APD
materials to concurrently achieve low breakdown voltage and
efficient avalanche G is a significant hurdle. Furthermore, the
progress of APDs with small energy feasting and great sensitivity
has been hampered by the fact that the breakdown voltages
reported in practical studies have never yet reached the theoretical
limit of 1.5eg e�1 with greater G.164 Finding innovative APD
materials with different ways to achieve charge amplification is

a very auspicious way to deal with these issues. The evolution of
high-performance APD’s has recently undergone a revolution
thanks to the novel features of vdW heterostructures and the
growing range of 2D materials.102,141,165,166 Specifically, during
the impact ionization process, the increased Coulomb inter-
action brought about by the quantum confinement in 2D
materials may accelerate the ionization rate.166,167 Here, we
review a novel class of APDs based on the Schottky junction,
which achieves substantial G up to E3 � 105 and an inherent
threshold breakdown voltage of 1.5eg e�1. A 2D avalanche model
provides a clear explanation for the vdW Schottky APD’s excep-
tional performance. The Schottky APD was fabricated using
graphite/InSe and the dry transfer approach, as schematically
shown in Fig. 7(a). Meanwhile, an atomically flat interface may
be achieved by using graphite flakes as the vdW Schottky
contact, preventing the interface quality deterioration that is
unavoidable in typical metal contact. Achieving high G requires a
good interface quality since it may greatly decrease the dark
current.148,168 Furthermore, the bias voltage mostly falls on the
InSe for ionization because of graphite’s exceptional conduc-
tivity, strengthening the E-field in the Schottky junction and
enabling avalanche breakdown at low VDS. Note that even at
room temperature, the graphite/InSe APD may display avalanche
breakdown. A significant increase in photoresponse was
observed at a lower threshold voltage, VDS = 5.1 V, when
illuminated with a 532 nm laser at 6.9 pW. Because photoin-
jected carriers have a higher initial kinetic energy than those
under dark circumstances for impact ionization, VDS is reduced.
Interestingly, the device yielded R and EQE about 1.16 �
105 A W�1 and 2.7 � 105, correspondingly. These results show
that the graphite/InSe-based device has a great sensitivity,
making it easier to detect weak light signals. These benefits
demonstrate the graphite/InSe APD’s enormous potential for
real-world applications demanding high sensitivity and low
energy usage. Two unique characteristics can be seen in the
observed photocurrent as a function of reverse bias voltage
when the laser power (Popt) is increased (Fig. 7(b and c)). The
photocurrent progressively rises with light intensity in the low
VDS regime. The photoconductive effect, which is the result of
the photogenerated free electrons and holes in InSe increasing
the electrical conductivity, is responsible for this rise in
photocurrent. As seen in Fig. 7(b and c), the photocurrent
remains almost constant as the light intensity increases in the
range where VDS is higher than the breakdown voltage and
with low laser power (o6.9 mW). This relates to the unusual
I–V curves under various lighting conditions to the series
resistance constraint.169,170 A gain of 105 is attained at VDS =
5.1 V in these observations, but in comparison, an unreason-
ably greater breakdown voltage of at least 30 V is needed for
traditional APDs, since their charge multiplication phenom-
ena consist of one-carrier cascade ionization procedure.
Furthermore, it was shown that the avalanche gain and break-
down voltage are influenced by the thermally aided collecting
process in addition to temperature-dependent ionization.
These results highlight the key difference between fundamental
and layered semiconductor carrier multiplication mechanics
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and provide fresh insights for upcoming APDs with high sensi-
tivity and low energy consumption.

5.2. TMDC heterostructures based on avalanche
photodetection

The photodiode consists of a monolayer of MoS2 and a mono-
layer of WSe2, with a vdW heterostructure reported.117

Stable 2D materials like MoS2, WS2, and WSe2 are greatly
sought for infrared photosensors. Nonetheless, many materials
include bandgaps inside the visible spectrum, hence limiting
their sensitivity to infrared photons.97,171,172 A multiphoton
absorption technique may facilitate the detection of infrared
photons by 2D materials with substantial bandgaps.173 The
two-photon absorption (TPA) development has been used to
create infrared photodetectors based on 2D materials due to

the substantial TPA coefficients174 relative to higher-order
nonlinear processes.175,176 However, the TPA-based nonlinear
method is very inefficient, resulting in poor ‘‘R’’ for TPA
photodetectors using 2D materials.177,178 We reviewed here
effective 2D material-based TPA photodiodes that attain signi-
ficant R via the use of the avalanche multiplication phenom-
enon. Fig. 7(d) depicts the 3D schematic of the proposed TPA-
APD. The photodiode consists of a monolayer of MoS2 and
a monolayer of WSe2, with a vdW heterostructure area situated
between them. The p–n junction is established in the
WSe2/MoS2 heterostructure due to WSe2 being an inherent
p-type semiconductor and MoS2 being an intrinsic n-type
semiconductor.179 For the one- and two-photon absorption
studies, a continuous-wave (CW) 532 nm laser and a pulsed
1030 nm laser are utilized, respectively. Photogenerated electrons

Fig. 7 (a) Schematic illustration of the APD: inset represents the optical image of the fabricated APD. (b) IDS–VDS characteristic curves were examined
with different laser powers (6.9 pW–69 mW). (c) Iph of the avalanche mode at VDS = 5.5 V (red curve) and photoconductive behaviour at VDS = 2 V.
Figures (a)–(c) are reproduced with permission from ref. 101, copyright, Advanced Materials (2022). (d) Schematic of an avalanche photodiode based on
WSe2/MoS2. (e) Schematic of the band diagram of the TPA APD representing the carrier transport in the avalanche state. (f) I–V characteristics of the
photodiode in avalanche mode, measured in darkness (black) and under illumination at two distinct optical power densities: 1.6 kW cm�2 (red) and
31.8 kW cm�2 (blue). The inset illustrates an enlarged type of I–V curve, evidently revealing photocurrents at a substantial reverse bias facilitated by the
significant avalanche ‘‘G’’. Figures (d)–(f) are reproduced with permission from ref. 117, copyright, Nano Letters 2022. (g) I–V characteristics of the WSe2

FET and HJ FET under dark and exposure to light. (h) Gain (M) of two devices. (i) Band structure of the heterojunction WSe2/WS2. Figures (g)–(i) are
reproduced with permission from ref. 116, copyright, Nano Research 2023.
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and holes undergo multiplication in MoS2 and WSe2 monolayers,
correspondingly, by the avalanche multiplication phenomenon.
Fig. 7(e) illustrates the energy band configuration, representing
TPA-based optical absorption and carrier multiplication during
transit. Because the energy of the excitation photon is less than
the bandgap energies of both MoS2 and WSe2, holes (electrons) in
the conduction band (valence band) must absorb two photons to
be elevated to the valence band (conduction band).180 In WSe2,
photoexcited holes are amplified during transit by the avalanche
effect, but in MoS2, photoexcited electrons undergo multiplica-
tion. Fig. 7(f) displays the I–V characteristics of the TPA-based
APD under both dark conditions and under 1030 nm light. The
TPA process is fundamentally weak, resulting in a negligible
photocurrent even at a substantial optical power density of
31.8 kW cm�2 when the reverse bias is less than 10 V, as seen
in the inset image of Fig. 7(f). The enhanced avalanche effect at
high reverse biases enhances the R by about three orders. This
study demonstrates unprecedented R, attributable to both a high
two-photon absorption coefficient and a substantial avalanche G
in monolayer MoS2 and WSe2. The rapid charge transfer mecha-
nism of photogenerated charge carriers in the heterostructure
area may enhance R. Here we have reviewed another power
efficient WSe2 avalanche photodetector designed using an
in-plane WSe2 FET and an out-of-plane WSe2/WS2 P–N junction.
The decreases in breakdown voltage (Vb) in the HJ-FET are seen
and the greater ‘‘R’’ in the HJ-FET is explored under light
exposure. Fig. 7(g) presents the I–V curves of the WSe2 FET and
HJ FET under dark and light modes: inset illustrates the sche-
matics of the APD. Both kinds of devices represent an enhanced
current and decreased breakdown voltage under 532 nm laser
light and the highest R is 135 A W�1. Fig. 7(h) illustrates the G in
both kinds of samples. It is clearly shown that the HJ FET has
greater gain with respect to the same VDS when the bias is in the
range of �5 to �16.5 V. Furthermore, the maximum G over 60 is
observed in both types of devices. Fig. 7(i) shows the band
structure of the WSe2/WS2-based structure, which denotes the
movement of charges after illumination. These outcomes indicate
that the use of the WSe2/WS2 heterostructure is a substantial way
to improve the efficiency of APDs with low power utilization.116

6. 2D-hybrid heterostructure based on
avalanche FETs
6.1. Plasmonic waveguide (APD)

Silicon photonics181 has emerged as a viable platform for several
significant applications including on-chip optical sensors,182

optical telecommunications183 and nonlinear photonics.184

We reviewed here a high-speed and very sensitive device based
on Si/BP hybrid plasmonic waveguide (HPWG) APDs effective at
the wavelength of 1.55/1.95 mm. The HPWG on a thin silicon-on-
insulator (SOI) platform is specifically designed to augment light
absorption by the BP while concurrently facilitating brief carrier
transit times, which is crucial for attaining high speed and high
‘‘R’’ in the photodetector. Fig. 8(a) illustrates the graphic archi-
tecture of the current Si-BP HPWG-based APD combined with

various passive components, with the two-channel (1.55/
1.95 mm) wavelength-division (de)multiplexers and the grating
couplers at the input/output terminals. These passive parts
are implemented to effectively characterize the current devices
operating throughout a wide wavelength range, considering that
a grating coupler is typically wavelength-sensitive and has a
restricted operational bandwidth of around several tens of
nanometers. In the active area, a horizontal Si-HPWG is intro-
duced, including double nano-slots flanking a central silicon
core and two metal strips on each side.185,186 The horizontal
HPWG is specifically enveloped by a multilayer BP sheet, as seen
in Fig. 8(a) and (b), therefore augmenting light absorption in
the BP layer. The two metal strips function as source (S) and
drain (D) electrodes, therefore minimizing the transit distance
between them to enhance reaction speed. The ‘‘Si’’ core and the
BP layer are physically separated by an ultrathin Al2O3 insulating
layer. Instead of using the usual Si with a thickness of 220 nm, a
thin Si-core was employed to increase light absorption by the
BP.187 The exfoliated BP film is successfully floated above
the nanoslots within the electrodes and the Si-core due to the
exceptional mechanical characteristics of the BP flake.185 The
study indicates that raising the thickness of the BP layer
enhances its optical absorption.188 Conversely, a thinner BP
layer is favoured to get reduced mode-mismatching loss and
enhanced mobility,189 which is crucial for obtaining a rapid
response. A modest BP thickness (about 30 nm) is used for the
existing photodetector to optimize the balance between R and
speed. Furthermore, due to the anisotropic nature of BP, its
orientation significantly influences the electrical and optical
characteristics of the photodetectors.190 The biasing is estab-
lished to remain below 2 V to prevent thermal breakdown.
Fig. 8(c) illustrates the recorded photocurrent of the current BP
photodetector functioning at a 1.95 mm wavelength. The optical
power ranges from 1.4 to 186 mW. The photocurrent has a
behavior similar to that of the dark current, demonstrating a
superliner growth at elevated voltages. The photocurrent exhibits
a quick increase at low optical power levels (e.g., o15 mW) and
then rises more gradually as the optical power ascends to 186
mW. R significantly rises, attributed to the space charge effect, a
phenomenon extensively reported in fundamental APDs.191

Increased photocarrier densities resulting from greater optical
power diminish the E-field strength inside the multiplication
area. In the coming times, electrical bandwidth may be
improved by reducing the gap between both electrodes, while
the dark current can be minimized by properly regulating the
height of barrier. In comparison to previously reported photo-
detectors, the current Si/BP HPWG based APD is among the most
superior devices, offering a potential alternative for future opti-
cal applications.

6.2. Broadband fiber-integrated APD of WS2/Bi2O2Se

Layered bismuth oxychalcogenide (Bi2O2Se), a recently identified
2D material, exhibits exceptional mobility (B20 000 cm2 V�1 s�1),
a suitably slight band gap of 0.8 eV, and outstanding air stability,
thus positioning it as an outstanding contender for optoelectronic
devices.192,193 WS2 has garnered significant scientific attention due
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to its exceptional optical characteristics, particularly in the
domains of sensors and photonic devices.194,195 The inadequate
efficiency of Bi2O2Se-based photodetectors is attributed to elevated
dark current and a diminished ON/OFF ratio while restricting light
absorption due to the poor responsivity of pure WS2.196,197 Assem-
bling vdW heterojunctions has been described as an active tech-
nique to resolve the issue of high dark current and to adjust
interlayer transition energy. The bandgap of Bi2O2Se is 0.8 eV,
whereas WS2 has an indirect bandgap of 1.38 eV, enabling the
formation of a type-II vdW heterostructure between 2D WS2 and
Bi2O2Se.192,198,199 We review a self-powered high-speed fibre-
integrated photodetector (FIP) based on the WS2/Bi2O2Se hetero-
structure on the end face of the optical fibre. This FIP operates in
the avalanche zone, exhibiting an EQE of 141% and a ‘‘G’’ of 44.
Notably, this FIP has strong performance in wrist bending
measurement, indicating significant potential motion recognition
application alongside traditional photodetection. The conduction

band energies of WS2 and Bi2O2Se are 4.5 eV and 4.25 eV,
correspondingly.200,201 The Bi2O2Se electrons will migrate to the
WS2 side due to different Fermi levels. Consequently, a type II
band configuration is established at the junction of the over-
lapping WS2/Bi2O2Se as seen in Fig. 8(d), accompanied by the
emergence of a built-in E-field in the depletion region. The limited
band gaps of WS2 and Bi2O2Se facilitate the absorption of a greater
number of incoming photons. Fig. 8(e) illustrates the device’s
photo-response measured under dark and light at a l of 650 nm
with varying power of incident light. Even when the applied bias
surpasses 80 V, the dark current remains significantly low. Con-
versely, with an applied bias below 39 V (region I), the photo-
current rises gradually; however, it escalates significantly when the
bias voltage exceeds 39 V owing to the avalanche effect. In Fig. 8(e),
the critical device parameters are presented at a bias of 68 V (area
II), and the R, EQE and G are calculated to be 0.74 A W�1, 141%,
and 44 under a power intensity of 56.7 mW. Moreover, at a bias of

Fig. 8 (a) Schematic arrangement of the device-based Si/BP. (b) SEM image of the fabricated device. (c) The examined photocurrent of the APD as the
bias varies. Figures (a)–(c) were reproduced with permission from ref. 216, copyright ACS Photonics (2022). (d) Schematic representation of the energy
band configuration of WS2/Bi2O2Se under light exposure. (e) The photocurrent of the FIP with various intensities (650 nm) may be categorized into three
distinct zones: the normal reverse bias effective zone (I), the avalanche breakdown zone (II), and the reverse bias breakdown zone (III). The red circles
indicate the avalanche ‘‘G’’ achieved at a light intensity of 56.7 mW. (f) The photoresponse of the device at 1550 nm, with intensity (0 mW to 7.0 mW) is
revealed, with the red circles indicating the avalanche ‘‘G’’ of the device under 1550 nm light at 7.0 mW. Figures (d)–(f) were reproduced with permission
from ref. 217, copyright, Optics Communications (2023). (g) Working phenomena and avalanche multiplication behaviour of nMAG/Si APD are illustrated
schematically. (h) Dark and photocurrent inspection in the avalanche region. (i) ‘‘G’’ at different power intensities of radiant light as a function of reverse
biasing. Figures (g)–(i) are reproduced with permission from ref. 218, copyright, Advanced Optical Materials (2024).
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80 V (region III), the EQE attains 642% with an improved R of
3.36 A W�1 at incident light with the power of 5.2 mW. The elevated
EQE above 100% is ascribed to collisional-ionized carrier multi-
plication. Additionally, the distinguishing feature of APDs is
investigated, which shows a linear relationship between the inci-
dent power of light and photocurrent response at different biases.
The APD of FIP is wideband; meanwhile, the avalanche effect is
distinct at 1550 nm of incident light (Fig. 8(f)). The avalanche effect
was seen under a bias voltage above 32 V. Upon increasing the
biasing voltage up to 46 V, reverse bias breakdown commenced.
The amount of photocurrent was minimal at bias voltages below
32 V at a wavelength of 1550 nm. The photocurrent rose quickly as
the bias voltage increased. The photocurrent reached 148 mA with a
G of 12.88 when the illumination intensity was 7.0 mW and the
bias voltage was 60 V. This ‘‘FIP’’ has excellent capabilities in
measuring bending deformation due to its great sensitivity to
variations in light intensity. A reliable method to produce rapid,
broadband fibre-integrated photodetectors is provided by this
work, which has potential uses in fibre-integrated multifunction
systems.

6.3. Self-quenched avalanche photodetectors

There have been many recent reports on APDs based on III–V
compound semiconductors, silicon (Si), and germanium
(Ge).202–204 Because of their small bandgap characteristics,
APDs constructed from Ge and III–V semiconductor materials
have been extensively used for sensing in the near-infrared
(NIR) band.102 Nevertheless, these APDs’ hole–electron disso-
ciation ratio (k-value) is almost ‘‘1’’, which leads to a significant
amount of extra noise that makes it challenging to improve the
device’s efficiency even further.205,206 Si electronic components
are perfect for achieving high carrier multiplication because of
their very low k-value (o0.1), low dark current, and superior
multiplication capabilities.207 Consequently, enhanced Si-
based APDs that allow for sensitive NIR spectrum detection
are needed, especially in the communication band. The most
appropriate method for achieving this is to develop a hetero-
junction APD by combining a 2D material with Si, which can
increase the operational bandwidth that goes beyond the com-
munication band. Graphene has special properties including
durability, small band gap, and greater carrier mobility and acts
as a significant 2D material.208 High-performance photodetec-
tors may benefit from macro-assembled graphene nanofilms
(nMAG) because of their large-area, high crystallinity, and
precisely controlled thickness.209 We reviewed here a vertical
heterostructure photodetector made of nMAG and epitaxial
silicon (epi-Si) with an R of 0.38 A W�1 and a response time
of 1.4 ms. Additionally, the APD shows a very low noise level and
a significant avalanche G of 1123. In addition to enabling self-
quenching by switching from light to dark via avalanche multi-
plication, it can operate with relatively smaller avalanche
turn-on voltages and transfer data at a real-time rate of 38 Mbps
over data networks for near-infrared light communication. The
suggested structure makes it possible to use complementary
metal-oxide-semiconductor (CMOS) compatible methods to
fabricate high-performance APDs in the infrared spectrum.

The schematic diagram of an APD is presented in Fig. 8(g);
when the bias voltage is raised, the nMAG layer turns as the
absorption layer for the NIR longwave spectrum in the nMAG/
epi-SI device, as presented in Fig. 8(g). The mildly doped epi-Si
layer, conversely, functions as a multiplication layer. Electrons
are driven into charge multiplication zones in epi-Si by the
provided reverse bias, which also separates photon-generated
electron–hole pairs. Photogenerated electrons gain significant
kinetic energy under an extensive internal electric field in a
relatively large depletion region, and avalanche multiplication
can be accomplished through impact ionization with valence
electrons in the lattice, resulting in free electrons that grow
exponentially, causing the rapidly increasing photocurrent.
In epi-Si, phonon concentration rises with temperature, leading
to rapid energy loss through electron–phonon collisions.
Therefore, carriers can only acquire the energy needed for
impact ionization and avalanche multiplication in greater
electric fields. The I–V graphs in Fig. 8(h) show that when the
voltage reaches a particular threshold, the current rises quickly.
As the power density varies from 0.11 to 1.14 W mm�2 (see the
inset of Fig. 8h), the breakdown voltage (Vbr) gradually drops
from �13.5 to �11.9 V, which is much lower than the dark
current (�23.7 V). Since the high-power density increases the
number of nMAG-excited photogenerated carriers, which
enables early impact ionization of electrons, the change in
threshold voltage enhances the avalanche multiplication effect.
Additionally, an unequal resistance distribution brought about
by the high-power density increases the influence of ionization
gain and the electric field on nMAG.210 The self-quenching
action of the device is very beneficial in protecting APDs from
damage caused by high current densities. The illumination-
dependent Vbr allows the nMAG/epi-Si photodetector to per-
form avalanche self-quenching. It was established that the
device’s avalanche voltage is greater when it is not lighted than
when it is, according to the results shown in Fig. 8(h). The
avalanche breakdown will begin at 1550 nm with 0.11 W mm�2

illumination if the operation voltage is adjusted to �13.5 V.
However, when there is no light present, the device’s avalanche
voltage rises to �23.7 V. When the device is not lighted and the
breakdown voltage exceeds the operating voltage, the avalanche
breakdown within the device will automatically quench, caus-
ing the current to drop rapidly. The self-quenching mechanism
used in the nMAG/epi-Si photodetector protects against opera-
tional failures, increasing its longevity. The avalanche multi-
plication mechanism in this device is activated only by incident
light, but only if the operating voltage is improved to a critical
point. These findings show that avalanche multiplication dom-
inates the internal benefit. The gain of 1123 (Fig. 8(i)) is
calculated employing the equation M = Iph/Iph0 at a low reverse
bias, where Iph and Iph0 are photocurrents with and without
multiplication, correspondingly. Because of the avalanche
effect, the nMAG/epi-Si photodetector displays outstanding
performance when equated with the previous research results,
including a low dark current, high responsivity, and detectivity,
as well as a fast response time.211–215 Additionally, the photo-
detector has been successfully employed to record pictures and
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may be used for dual-colour detection. This work offers recom-
mendations for the design of NIR image sensors and optical
communication devices based on 2D/Si heterostructures.

7. Avalanche FET application in
bio-sensing phenomena
7.1. Avalanche regulation in a bionic transistor

Visual adaptive devices provide the capacity to streamline
circuits and processes in machine vision structures, enabling
adaptation and perception of photos under diverse brightness
conditions; nevertheless, this capability is constrained by a
slow adaptation process. Here, we review avalanche modifica-
tion as feedforward inhibition in bionic 2D transistors to

achieve high-frequency visual adaptation with perceptual accu-
racy at the microsecond level, attaining a response speed that is
over 10 000 times more rapid than that of current bionic
sensors and the human retina. To enable ultra-fast scotopic
and photonic adaptation processes of 108 ms and 268 ms, as
well, the bionic transistor autonomously transitions between
avalanche and photoconductive effects in response to changes
in light intensity. An adaptive machine vision system was
developed by combining convolutional neural network technol-
ogy with avalanche-based bionic transistors. It demonstrates
remarkable microsecond-level speed adaptation and reliable
image recognition with 98% accuracy under both low and
intense light conditions. Fig. 9(a) presents the graphical illus-
tration of the reviewed device structure. This junction-FET
(J-FET) consists of a MoS2 transport channel and a WSe2 gate.

Fig. 9 (a) Graphical illustration of the device. (b) I–V of the device under illumination with Vgs = �3 V. (c) Schematic of the bionic neuronic system; red
circles denote the circuit themes. Figures (a)–(c) are reproduced with permission from ref. 241, copyright, Nature Communications 2024. (d) Schematic
of the MoS2�xOx-based gas sensing device. (e) Vb and ‘‘a’’ with VDS = 35 V at VGS = 20 V revealed in the form of balls and squares, correspondingly. Figures
(d) and (e) are reproduced from ref. 242, (2024). (f) Energy band diagram. (g) The carrier transport phenomenon inside the device. (h) The arithmetic
simulation calculated the current-reverse bias with various functional strains; the inset shows the schematic illustration of a piezotronic GaN avalanche
device. (i) The (IDS–VDS) curves of the reverse breakdown in an FET in the presence of piezoelectric charges. Figures (f)–(h) are reproduced from ref. 243,
copyright, Nano Energy.
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Fig. 9(b) shows how the incident light stimulus may greatly
alter the output current and avalanche mechanism. As incident
light intensifies, it causes an increase in the photocurrent,
exhibiting positive photoconductivity (PPC) in both the satura-
tion and linear zones; but, in the ionization region, the PPC
progressively shifts to negative photoconductivity (NPC).
The photocurrent first rises to 5.1 mA and thereafter declines
to �2.2 mA as light strength increases, resembling spontaneous
visual adaptation that mitigates the output of overstimulation
information. The avalanche ‘‘G’’ decreases from 1.5 � 104 to
�8 as light intensity rises, indicating a shift from the avalanche
to the photoconductivity effect as the major photo-sensing
mechanism. The R in the ionization zone undergoes substan-
tial variations in both value and polarity, ranging from 7.6 �
104 to �1 � 103 A W�1, but in the saturation zone, it fluctuates
little from 158 A W�1 to 5 A W�1. The sensitivity progression in
the ionization area parallels that in the retina, hence affirming
the device model’s credibility.219 The IDS exceeds the leakage
current by over 103, validating the avalanche effect and demon-
strating the device’s great steadiness. In the human retina,
transitioning from dim to bright environments results in the
alternating dominance of photoreceptors, specifically rod cells
(high sensitivity) and cone cells (low sensitivity), in perceptual
function. The transformation from rod to cone cells in the
retina is analogous to the switch between avalanche and
photoconductivity effects in a device. In this order, the J-FET
has been given visual behaviour by the avalanche tuning under
different light illumination circumstances. Because of this, the
retina’s sensitivity progressively alters over time throughout a
protracted process of visual adaptation. Feedback inhibition
and regeneration/bleaching of the photopigment govern the
photoreceptor cell’s transition.220,221 In contrast, the device
sensitivity development in the avalanche ionization area is
light-adaptive and real-time, guaranteeing the user quick detec-
tion of environmental changes and preventing any possible
injury from the human retina’s protracted scotopic and photo-
pic adaptation process. The changeover of the photo-sensing
mechanism is reported to be accompanied by sign reversal and
magnitude variations with more than five orders of R and
avalanche G. In comparison to the retina and the reported
bionic device with visual adaptation, a significant distinction in
sensitivity at weak and strong light stimuli may aid in imagin-
ing contrast improvement. Upon associating the R and G with
previously tested APDs, this device exhibits exceptional APD
characteristics, featuring a G of 1.5 � 104 and R reaching 7.6 �
04 A W�1, indicating significant potential for weak-light detec-
tion and enhanced visualization in low-light environments,
functioning as a bionic visual sensor.59,100,116,117,141,222,223

As seen in Fig. 9(c), this device, in contrast to other 2D bionic
devices, could improve optical adaptation beyond the retina by
providing an effective bionic neural network. The avalanche
effect’s photosensitivity is four orders of magnitude more than
that of the photoconductivity effect, which means that it may
mimic the roles of rod and cone cells in this network. The
photogenerated voltage opposes the direction of the built-in
E-field at the MoS2/WSe2 junction, functioning as an inhibitory

cell that modulates the avalanche effect. Light (stimulation),
‘‘Photo-generated voltage’’ (Inhibition cell), and ‘‘avalanche’’
(Rod) may establish a feedforward inhibitory circuit in which
the ‘‘avalanche’’ gets both stimulatory and inhibitory signals to
prevent excessive output under photopic adaptation circum-
stances. Under intense light irradiation, the avalanche effect is
suppressed, transitioning the photo-sensing process to ‘‘photo-
conductivity’’ (Cone). The transition between ‘‘photoconductivity’’
and ‘‘avalanche’’ during both photopic and scotopic adaptation
occurs far more rapidly than the chemical reaction-based switch-
ing between cones and rods in the retina. The feedforward
excitation circuit including the ‘‘Output current,’’ ‘‘avalanche,’’
and ‘‘photoconductivity’’ demonstrates multiplexed modulation
properties and significantly enhances the ‘‘SNR’’. This device offers
significant benefits in photographic adaptation over the human
retina and previously described bionic devices by using a feedfor-
ward circuit as a rapid-switching phenomenon. By using a more
predictive and quick feedforward inhibition circuit, the avalanche
tuning-based bio-inspired visual device can avoid prolonged visual
adaptation. This has great potential for wide-ranging machine
vision applications, promoting concepts and schemes for bio-
inspired optical systems while reducing reliance on intricate
systems and computation.

8. Avalanche FET application for gas
sensing
8.1. NO2-gas sensing in doped-MoS2

Recently, avalanche multiplication has been seen in TMDCs
such as MoS2 and various other 2D-TMDC materials, attributed
to robust Coulomb interaction-induced quantum confinement
effects.117,224 Operating TMDC-based FETs in an avalanche
multiplication mode via gate-voltage tuning allows for the
amplification of weak signals generated by light or molecular
adsorption. An enhanced signal via avalanche multiplication
demonstrates reduced background noise and extreme sensitiv-
ity, allowing detectors to attain outstanding performance.97,101

In order to achieve outstanding sensing efficiency, there is a
growing push to improve and make use of carrier multiplica-
tion phenomena for gas sensing. Nearest-neighbour hopping
(NNH) is a prevalent occurrence in materials with higher defect
concentrations, facilitating the production of greater carrier
concentrations in defective substances.225–227 In order to tackle
this challenge, the research looks into avalanche multiplication
in MoS2 with high defect concentrations. The impact of NNH
on the effectiveness of MoS2 avalanche multiplication is clar-
ified in this work. By substituting oxygen (O) atoms for sulphur
(S) atoms in a monolayer of MoS2, the defective configuration is
generated as referred to as MoS2�xOx, with x meticulously
regulated between 0 and 0.51. When x surpasses 0.44, signifi-
cantly doped O defects allow MoS2�xOx to demonstrate NNH.
While maintaining MoS2-like carrier mobility, the presence of
O defects in MoS2�xOx increases the possibility of carrier
collisions compared to pure MoS2. Additionally, a gas sensor
was constructed that exploits the avalanche multiplication
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properties of MoS2�xOx. This sensor (MoS2�0.51O0.51) possesses
a limit of detection (LOD) of almost 1.4 � 10�4 ppb and
demonstrates an outstanding gas response to 50 ppb NO2 at
ambient temperature, achieving an impressive signal R of 5.8 �
103%, exceeding conventional resistance-type gas sensors uti-
lizing TMDCs by two times. The MoS2�xOx gas-sensor FETs
function using avalanche multiplication features, in contrast to
traditional detectors that use two parallel electrodes for gas
ionization and breakdown voltage assessment.228–231 The
monolayer MoS2 utilized in this work is produced by the CVD
method. Following treatment, O atoms replace S vacancies,
resulting in the O doping of the irradiation film designated as
MoS2�xOx, as seen in Fig. 9(d): the inset shows the optical
image of the device. Upon exposure to NO2 gas, the sensor
continues to demonstrate avalanche multiplication behaviours,
with the breakdown voltage (Vb) rising from 13.8 V to 21.8 V as
the gas amount escalates from 50 ppb to 200 ppb, while the ‘‘a’’
decreases from 954.5 cm�1 to 669.8 cm�1 (Fig. 9(e)). Simulta-
neously, the IDS of the MoS2�0.51O0.51 based FET reduces by two
orders of magnitude in the avalanche zone (VDS 4 Vb). In
comparison to the MoS2 FET, the MoS2�0.51O0.51 FET shows a
substantial sensitivity to NO2 gas, as shown by the much greater
IDS change. The O-substituted configuration is linked to the
anticipated transfer of charge of the NO2 molecule at the
adsorption location. During adsorption, NO2 removes electrons
from the MoS2�0.51O0.51 surface like that of adsorption on the
MoS2 layer. MoS2�0.51O0.51 presents n-type semiconducting
behaviour; hence its carriers are exclusively electrons. The
adsorption of NO2 on the MoS2�0.51O0.51 surface diminishes
the carrier density of MoS2�0.51O0.51. This sensor is adaptable
and appropriate for detecting gas concentrations, especially at
low levels, since it does not need precise gas pressures. This
work highlights avalanche multiplication as a successful phy-
sical mechanism for the development of ultrasensitive gas
sensors and shows how to modify its characteristics using
hopping transfer.

9. Piezotronic and piezophototronic
avalanche devices

The piezotronic effect may be exploited to fabricate robust
devices based on avalanche multiplication. Avalanche devices,
such as single photon avalanche diodes (SPADs), employ non-
linear current amplification to detect single photons.80,232

SPADs respond in 10�12 s, whereas standard photomultiplier
devices respond in 10�9 s.233 The maximal G factor and VEB of
SPADs are critical factors that may be improved by altering the
device’s architecture,234 building heterojunctions by switching
materials235–237 and improving interface polarization using
dopants. The vertical conductive configuration of the p–n
diode, which had a critical breakdown E-field of 3.5 MV cm�1

and a breakdown voltage of 2600 V, served as the basis for GaN
avalanche devices.238 The GaN avalanche device was theoreti-
cally investigated by means of the finite element approach, as
we reviewed here. The strain-induced polarisation controls the

avalanche process. This refers to the impact of piezotronic and
piezophototronic processes on single-photon avalanche diodes
that are extremely quick and sensitive. Because strain-induced
polarisation can efficiently regulate the carrier’s transit at the
interface, piezotronic strain sensors offer extremely high sensi-
tivity. Both centrosymmetric materials with non-uniform
strain and non-centrosymmetric materials, such as wurtzite-
structured semiconductors like ZnO, GaN, etc., can be used to
create piezotronic devices. Under reverse bias, the piezotronics-
MOSFET breakdown model was constructed. Under various
strains, the current–voltage characteristics were computed.
Polarization brought about by strain amplifies the current in
the depletion layer. It is evident that both the gauge factor and
the breakdown time can be improved. It is possible to greatly
enhance the efficiency of piezotronic and piezophototronic
avalanche diodes. The perfect p–n junction design is applied
to the avalanche diode in accordance with Shockley’s theory.
Carriers smash through the barrier area at high reverse bias
voltages. In a sufficiently large space charge region, the cova-
lent bond’s electrons are energized to produce a free electron–
hole pair. Fig. 9(f) displays the E-field and charge; ionization
will result from the acceleration of the free carriers in the
depletion area and their collision with the lattice atoms under
the strong E-field. The impact ionization process creates free
electron–hole pairs. When the reverse current rises quickly as
an effect of the multiplication, breakdown occurs. At the time
of the avalanche collapse, the depletion layer becomes wider.
The characteristics of the depletion layer determine the ava-
lanche breakdown conditions.239 Fig. 9(g) shows the GaN
piezotronic avalanche device schematic construction and car-
rier transport. In earlier studies, the strain was used to effi-
ciently control the piezoelectric polarization charges at
intersection.240 The strain direction determines the direction
of charges; piezoelectric charges have a width of Wpiezo. The
piezotronic device has been investigated using a 2D strained
model that incorporates the p-type area and n-type zone with
piezoelectric charges in order to get a detailed understanding of
the piezotronic and piezophototronic impacts on the avalanche
development. The electric field scenarios are described by ideal
Ohmic connections and Dirichlet boundary conditions. The
inset of Fig. 9(h) displays the piezotronics avalanche diode
schematic. Within the width Wpiezo, the piezoelectric charges
are dispersed at the n-type zone of wurtzite GaN. The reverse
voltage is fixed at V = 4 V and the uniform strain varies from �1
to 1%; the current voltage characteristics are displayed in
Fig. 9(h). The current increases gradually at first when the
reverse voltage rises, and the speed clearly improves as the
voltage rises. The current progresses with the externally func-
tional strain for a given reverse voltage, particularly when it is
close to the breakdown voltage. The piezotronic polarization
field gives the avalanche process an alternative starting point.
Positive and negative piezoelectric charges are produced by the
applied strain in distinct directions. Eventually, the device
breaks down due to the rising drain–source voltage. Fig. 9(i)
displays the current–voltage characteristics for IDS and VDS at
various stresses. The applied strain causes the current to rise at
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a constant voltage. It is clear that the MOSFET at 0.02% strain
generates carriers more quickly than the other one. It is
described how the avalanche mechanism controls the piezo-
electric electric field. The gauge factor can reach up to 106–107,
and the device has extremely high sensitivity. Previously, the
voltage was employed to regulate the critical state of the classic
avalanche device; today, the external strain is controlled.
The link between carrier transport and piezoelectricity in the
junction zone also clearly reduces the reaction time. For ultra-
fast and ultra-high sensitivity piezotronic and piezophototronic
strain sensors, which have enormous potential applications
in biosensing and human–computer interfaces, the study has
considerable guiding importance. It is also evident that the
connection between carrier transport and piezoelectricity in the
junction zone shortens the response time. The discovery has
significant implications for ultrafast and ultra-high sensitivity
piezotronic and piezophototronic strain sensors, which have
vast potential applications in biosensing and human–computer
interfaces.

10. Challenges, solutions and future
perspectives

The avalanche transistors are typically operated in a certain
phase where they deliberately endure an avalanche breakdown.
This distinct mode experiences high voltages and switches
rapidly, but it also faces a set of challenges. However, the
fundamental problems for the avalanche breakdown phenom-
enon are the fabrication strategy and integration of high-quality
2D materials onto FET architectures.247 So far, sustaining the
crystalline integrity, consistency, and scalability of these mate-
rials has remained an issue for circuit integration and limited
power. The quality of the interface between 2D materials and
substrates is also critical for device performance. The defects,
residue, or incompatible interfaces may result in suboptimal
electrical performance or device instability.248 The avalanche
FETs inherently depend on regulated avalanche breakdown;
attaining an equilibrium between substantial gain and
low noise without compromising the device is technically
demanding.249 Therefore, the quantum engineering of materi-
als and device configurations at the nanoscale level are essen-
tial to mitigate the random behaviour of the avalanche process.
This would help to control the heat dissipation effect during
avalanche multiplication in the channel materials.250,251 The
2D materials have good conductivity, but still, the voltage
overshoot, optical crosstalk and reliability under high stress
can cause the breakdown voltage drift, which can potentially
damage the devices. In addition, avalanche FETs should sus-
tain a high ‘‘SNR’’ for practical sensing applications. Reducing
noise and maintaining uniformity may be technically indis-
pensable for advanced real-world applications.252,253 Long-term
stability and performance reliability are essential for commer-
cial sensing applications. Moreover, ensuring the reliable and
stable operation of devices over a long period under diverse
environmental conditions (temperature and humidity) is a

major challenge for 2D-based avalanche FETs.254,255 The 2D
materials are susceptible to environmental deterioration, such
as oxidation in the atmosphere, which may impair their
performance.256,257 Despite all, the promising electrical trans-
port features of 2D materials have significant potential in
sensing applications.258,259 Owing to their extensive surface
area and electrical characteristics, 2D materials can achieve
high sensitivity and selectivity for various analytes (e.g., gases
and biomolecules).260,261 Further to enhance the performance
of the devices it is essential to develop ultrahigh-efficiency
avalanche devices for various applications in optical commu-
nications, biomedical imaging, and green energy. Protection
solutions, including encapsulation, should be devised without
impairing device performance. Ongoing investigation for inno-
vative 2D materials and their heterostructures may provide
unique advantages for avalanche FETs. The ongoing investiga-
tion of various materials beyond graphene, such as h-BN, BP or
hybrid organic-2D systems, may provide distinct benefits
for bandgap engineering, breakdown voltages, and electrical
characteristics. Employing novel manufacturing processes,
including CVD, MOCVD,262 atomic layer deposition (ALD),
and molecular beam epitaxy (MBE), can enhance the quality
and scalability of 2D materials, which may pave the way for the
future of avalanched FETs. Also, the advancements in transfer
systems and the incorporation of 2D materials with current
silicon-based technologies will be crucial for the progression of
avalanche FETs. Avalanche FETs using 2D materials may
become essential for next-generation sensors in IoT applica-
tions, environmental monitoring, and healthcare diagnostics.
The distinctive characteristics of 2D materials render them
ideal for the detection of gases and biomolecules with unpar-
alleled sensitivity and reaction times.

Avalanche transistors demonstrate a groundbreaking and
robust approach to the development of multifunctional devices,
making them a promising frontier for modern and fast electro-
nics of next-generation. Recently, 2D materials have become an
ideal contender for future soft electronics, facilitating diversity
in high-frequency and high-power applications.263–265 The ava-
lanche effect by impact ionization can be exploited to establish
novel technologies in optical, chemical and bio-sensory appli-
cations. Such sensors could be connected with healthcare, real-
time diagnostics, and environmental monitoring. Also, the
optimization of APD performance can lead to devices with
enhanced performance as compared to traditional avalanche
designs by selecting 2D materials with promising band align-
ments and structures that allow for the use of Schottky junc-
tions to reduce dark currents and increase operational
wavelengths under light. In the future, the machine learning
and integration of antifouling technology may be linked with
avalanche FET-based sensors to augment data processing and
in vitro and in vivo diagnostics. With the advancement of 2D
material-based avalanche FETs, industries such as electronics,
healthcare, environmental monitoring, and defence could see a
significant shift in sensor technology. High-performance, low-
power, and miniaturized sensing devices could open new
possibilities in industrial automation, smart cities, and more.
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By mitigating the current issues in both material and device
designs, the future of avalanche FETs using 2D materials seems
auspicious for advanced sensing applications.

11. Conclusion

In this review, we thoroughly discussed the mechanism and
recent progress of avalanche transistors especially manifested
by 2D materials. In addition, we explored the emerging devel-
opments in photo-, bio- and gas sensing applications employ-
ing avalanche photodetectors/photodiodes (APDs). Also, it is
concluded that the 2D materials offer novel approaches for the
advancement of APDs due to effective carrier multiplication at
the nanoscale, which potentially facilitates their scope in soft
wearable sensors, organ-on-a-chip applications and cell-based
sensors for drug screening. Such integration of 2D materials
into avalanche FETs marked significant progress in advanced
detection technologies of the contemporary era. Finally, we
highlighted the challenges of avalanche transistors and their
possible solutions to compete in the race of advanced sensing
technology. Furthermore, we provided our future perspectives
on 2D material-based avalanche FETs regarding material selec-
tion and device configuration. However, many challenges and
principles are elusive, so we expect that the incorporation of
2D materials in superjunction MOSFETs also paves the way for
high-frequency driving photocathodes of fast-gating image
intensifiers.
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