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ABSTRACT

As an excellent optical device, photodetectors have many important applications, such as communication technology, display
technology, scientific measurement, fire monitoring, aerospace and biomedical research, and it's of great significance in the
research of nanotechnology and optoelectronics. Graphene, as the first two-dimensional (2D) single-element nanomaterial, has
the advantages of high carrier mobility, high strength, high light transmittance and excellent thermal conductivity, and it's widely
used in various nano-optical devices. The great success of graphene has led scientists to extensive research on other 2D
single-element nanomaterials. Recently, a group of novel 2D single-element nanomaterials have attracted a lot of attention from
scientists because of its excellent physical, chemical, electronic, mechanical and optical properties. Furthermore, it has opened a
new door for the realization of new and efficient photodetectors. The group of 2D single-element nanomaterials are called 2D-Xenes
and used to make high-performance photodetectors. Currently, there are few studies on photodetectors based on 2D-Xenes, but
some 2D-Xenes have been applied to photodetectors and reported. Some of these have excellent photodetection performance,
such as high photoresponsivity (R), broad spectral response range, fast photoresponse speed and high specific detectivity (D).
Based on the novel 2D-Xenes, this review explores the types and preparation methods of 2D-Xenes, and the working mechanisms
of 2D-Xenes photodetectors. Finally, the challenges and development trends of 2D-Xenes in the future are discussed. The research
of 2D-Xenes is of great significance for the development of high-performance photodetectors in the future, and is expected to be
widely used in other nanoelectronics and optical devices.
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have excellent electrical, optical, magnetic and mechanical
properties, and are considered to be applied to the manufacture
of next-generation novel electronic and optical devices,

1 Introduction

The photodetectors can sense the existence of photons in the

light. It's a semiconductor device that can convert incident light
with electromagnetic radiation energy into a precise electrical
signal, and has a wide range of applications in video imaging,
optical communication, fire detection, radiometry and detection,
astronomical detection, and so on [1-7]. According to different
working wavelength ranges, photodetectors can be divided into
ultraviolet (UV) photodetectors, visible (Vis) photodetectors,
short-wave infrared (SWIR) photodetectors, long-wavelength
infrared (LWIR) photodetectors, near-infrared (NIR) photo-
detectors, mid-infrared (MIR) photodetectors, far-infrared (FIR)
photodetectors and terahertz (THz) photodetectors [8-11].
These photodetectors are widely used in different operating
wavelengths.

Two-dimensional (2D) nanomaterials are usually composed
of monolayer or few layers of atoms or molecular layers, which
have strong molecular bond forces or ion bond forces in the
layer and show weak van der Waals forces between layers [12,
13]. With two kinds of force interactions, 2D nanomaterials

especially photodetectors [14-31]. Besides, as a result of the
weak intermolecular van der Waals, atomically thin 2D nano-
materials with strong interlayer quantum confinement effect can
be obtained, thus improving the optoelectronic performance of
the corresponding devices [32-34]. The first 2D nanomaterial,
graphene, which was successfully prepared in 2004, which
triggered an upsurge in the research of 2D nanomaterials by
researchers all over the world [35]. Graphene is a honeycomb
monolayer carbon atom separated from graphite block, which
has excellent optical [36-60], electrical [35, 61], thermal
and mechanical properties [62]. The graphene is not only a
semiconductor material, but also a semi-metallic material. Its
strength and transmittance are very high, and the carrier mobility
is as high as 230,000 cm?/(V-S) [61]. A strong interaction is
generated between the graphene and the photons, and the
photons of any frequency in the ultra-wide band spectrum
range in the UV-Vis—IR-THz wave band have a resonant
photoresponse, and graphene have wide application prospects
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in the field of ultra-fast and ultra-wide photodetectors [63—-65].
However, the bandgap of the graphene is zero, which results
in its carrier lifetime is not long, and the logic switching of the
semiconductor cannot be realized, thus limiting its applications
in the semiconductor industry [66-69]. Another typical 2D
nanomaterials is transition metal dichalcogenides (TMDCs),
which has excellent electronic, optical, physical, chemical,
thermal and mechanical properties [70]. TMDC group has a
typical formula-MX,, where M include Ti, Hf, Zr, Ta, Nb, Mo,
Re, W, and other transition metal element, and X represents
chalcogen include S, Se or Te. Unlike the zero bandgap
characteristics of graphene, many TMDCs have large bandgap
and can change the number of layers so that tune bandgap. For
example, bulk MoS: is a semiconductor with indirect bandgap
of 1.3 eV, and it’s a semiconductor with direct bandgap of 1.8 eV
when it becomes monolayer [71]. The layer-related properties
of TMDCs make them widely used in the fields of electrons,
optoelectronics and nano-photons [72-79]. For example, TMDCs
can be used to fabricate photodetectors with high on/off ratios,
which is better than graphene with zero bandgap. However, some
TMDCs exhibit low carrier mobility at room temperature,
which limits their application ranges [80, 81].

Recently, researchers have discovered a novel group of 2D
single-element nanomaterials. They are followers of graphene,
called Xenes, where X’ represents the name of a given chemical
element, and ‘ene’ comes from the sp*-hybrid alkene bond, which
represents alkene. Therefore, Xenes represents 2D nanomaterials
made up of atoms of a single element. The distance between
their atoms is large, which leads to the upper and lower atoms
buckled and the formation of honeycomb crystal structure
[82]. According to the 2D single-element nanomaterials Xenes
that have been discovered so far, 2D single-element nano-
materials Xenes includes borophene, gallenene, graphene,
silicene, germanene, stanene, plumbene, phosphorene, arsenene,
antimonene, bismuthene, selenene and tellurene. Graphene
was the first to be discovered in Xenes, and then borophene [83],
silicene [84], germanene [85, 86], stanene [87], phosphorene
[88-140], arsenene [141, 142], antimonene [143-153], bismuthene
[154-161], selenene [162, 163] and tellurene [164-169] appeared.
Researchers have used many methods to prepare 2D-Xenes,
including mechanical exfoliation, physical vapor deposition
(PVD), pulsed laser deposition (PLD), chemical vapor deposition
(CVD), liquid-phase exfoliation, wet-chemical synthesis, chemical
exfoliation, etching and plasma-assisted synthesis, among
which molecular beam epitaxy (MBE) is the most widely used
preparation method. These preparation methods have their
own advantages and disadvantages, which will be highlighted
in the section 3. The unique crystal structure of Xenes makes
them have many excellent physical, chemical, electronic and
optical properties [170, 171]. Compared with other 2D materials
such as bulk silicon, TMDCs and perovskites, Xenes have many
excellent properties. For example, bulk silicon is fragile, while
borophene has better flexibility [172]. The carrier mobility of
TMDC:s is lower at room temperature, while gallenene [173],
silicene [174], germanene [175], phosphorene [176-178],
arsenene [179-181], antimonene [181, 182], bismuthene [181,
183], selenene [184, 185], tellurene [186-188] all have higher
carrier mobility. Perovskite contains lead and have certain
toxicity, while most Xenes are green, environmentally friendly
materials. In addition, Xenes have excellent properties such as
quantum spin hall effect (QSHE), spin-orbit coupling (SOC)
effect, 2D topological properties and layer-dependent bandgap,
which make them have broad application prospects in
photodetectors [189, 190], optoelectronics [191-195], sensor
[196], field effect transistor (FET) [197], photocatalysis [198]

Nano Res. 2020, 13(4): 891-918

and biomedicine [199, 200].

In this review, we introduce the types of 2D-Xenes, and
clarify the structure and properties of various 2D-Xenes. Then,
we illustrate various methods of preparing 2D-Xenes, as
well as the working mechanisms of photodetectors based on
2D-Xenes. Nowadays, the photodetectors based on 2D-Xenes
are still in the initial stage and have not received a lot of
reports, and we don’t discuss the research of graphene based
photodetectors, which has been discussed elsewhere [4]. At
the end of the paper, we put forward some opinions on the
development of photodetectors based on 2D-Xenes in the
future.

2 The types of 2D-Xenes

From the distribution of elements in the periodic table, the 2D
single-element nanomaterial Xenes is distributed in the group
IIL, IV, V and VL. Group III has boron and gallium, and their
single-element materials are named borophene and gallenene,
respectively. Group IV has silicon, germanium, stannum and
lead, and their single-element materials are named silicene,
germanene, stanene and plumbene. Group V has phosphorus,
arsenic, antimony and bismuth, and their single element
materials are named as phosphorene, arsenene, antimonene
and bismuthene. Group VI has selenium and tellurium. Their
single-element materials are named selenene and tellurene,
respectively. The characteristics of these 2D single-element
materials will be discussed separately below.

2.1 Group III

Group IIT includes two single-element materials such as
borophene and gallenene. At present, there have been a lot of
researches on these two materials.

2.1.1 Borophene

Boron is adjacent to carbon in the periodic table, so boron
may have many properties as excellent as carbon [201]. Boron
atom has three valence electrons, which makes its bonding
mechanism extremely complex. Boron can not only form
conventional strong covalent bonds, but also form a series of
multicenter chemical bonds. Boron has hundreds of crystal
structures because of boron atoms has stronger bonding ability
than carbon atoms [202, 203]. Bulk boron has characteristics
of three-position polyhedral structure, and all of them are
insulators. Borophene is a 2D material with thick monatomic
layer composed of boron atoms, which has rich physical and
chemical properties. At first, the structure of borophene was
predicted by first-principles studies, and then a lot of experiments
were carried out [204]. Finally, through epitaxial growth of
boron atom on silver metal surface, monolayer boron with
different atomic configurations of buckled and flat structures
was synthesized [205]. The morphology of boron atoms
grown on silver metal surface is shown in Figs. 1(a)-1(d) [205,
206]. Figrues 1(a) and 1(b) show monolayer borophene with
buckled structure. Figures 1(c) and 1(d) show monolayer
borophene with flat structure. After the successful growth of
borophene, scientists have done a lot of researches on borophene,
and found that borophene has many excellent properties. For
example, borophene has both non-metal and metal properties,
and its conductivity is higher than that of intrinsic graphene.
Borophene also has mechanical compliance and optical
transparency. Borophene is the lighter and thinnest 2D metal
reported at present [201, 207, 208]. In addition, the multicenter
chemical bonds contained in the borophene give it rich chemical
property and strong chemical activity. The theoretical study
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show that borophene has excellent mechanical properties,
such as flexibility and elasticity, which makes borophene have
a potential application prospect in composite materials, flexible
electronic devices and optically controlled devices [172]. Some
researchers also have obtained the electron structure, chemical
bond, optical, electronic and thermodynamic properties of
borophene by first-principles calculations [209]. Compared
with other 2D materials having a honeycomb structure, borophene
has a unique crystal structure, exhibits high anisotropy and
thus has large optical anisotropy and electrical conductivity.
Studies have shown that single-crystal ultrathin boron nanosheets
(UBNSs) has anisotropy, free of trap state, large specific
surface area, high photoresponse and good field emission
performance [210]. It can be used in high-performance field
emission electron source and high-speed photodetectors with
high sensitivity [210].

2.1.2  Gallenene

Gallium exists in liquid form at room temperature and exhibits
metal properties in its bulk crystals [173, 211, 212]. It has
different forms under non-standard pressure and temperature,
such as tightly filled metal phases or boron-like molecular
morphology [213, 214]. Bulk gallium shows a-Ga, which is the
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only phase that displays metal and molecular characteristics
under zero pressure [212]. Kochat et al. used a simple technique
to peel off the surface solid layer from Ga molten phase for the
first time, which produced a thin atomic 2D gallium layer,
known as gallenene [215]. They explained the structure of
gallenene in detail through theoretical knowledge. At first,
because the most stable phase of the bulk gallium morphology
is a-Ga, they discussed the stability of the layers obtained in
the specified direction in the crystal a-Ga by density functional
theory (DFT). Then, the results of calculated electron localization
functions (ELF) show that the first adjacent Ga-Ga bonds
exhibit covalent bond force, while the other adjacent Ga-Ga
bonds such as the second, third, and fourth show metal
properties.

The forces of gallium atoms between layers in the direction
of 100 (ai00) are both metal bonds and covalent bonds, while
the forces of gallium atoms between layers in the direction of
010 (bow) are only covalent bonds, as shown in Figs. 1(e)-1(g)
[215]. By extracting one monolayer along 100 (ai0) and
another monolayer along 010 (bow), they relax them and
construct a thin layer of gallenene. After complete relaxation,
gallenene i is transformed into honeycomb structure, and
gallenene boio maintains its original structure. Gallenene boio

Side view
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Figure1 The structure of borophene, gallenene, silicene, germanene, stanene and plumbene. (a) The top view of borophene with buckling structure.
(b) The side view of borophene with buckling structure (adapted with permission from Ref. [205], © American Association for the Advancement of
Science 2015). (c) The top view of borophene with flattening structure. (d) The side view of borophene with flattening structure (adapted with permission
from Ref. [206], © Springer Nature 2016). (e) The crystal structure of gallenene. (f) The gallenene monolayer structure extracted from the block a-Ga
along the 010 direction is completely relaxed, the converted diamond-shaped structure. (g) The gallenene monolayer structure extracted from the block
a-Ga along the 100 direction is completely relaxed, the converted honeycomb structure (adapted with permission from Ref. [215], © The Authors, some
rights reserved; exclusive licensee American Association for the Advancement of Science 2018). (h) The perspective view of silicene, germanene, stanene
and plumbene. (i) The top view of silicene, germanene, stanene and plumbene. (j) The side view of silicene, germanene, stanene and plumbene (adapted

with permission from Ref. [216], © IOP Publishing Ltd. 2018).
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has a quasi 2D multilayered structure compare with gallenene
ain. The two different forms of gallenene are separated on 1.32 A
vertically and show buckling structure, which often occurs in
other 2D-Xenes such as silicene, germanene, stanene, plumbene,
and phosphorene. Their experimental results show that gallenene
has great application potential in plasma, sensor and electrical
contact field. Meantime, gallenene, as a 2D material, will also
have important applications in the field of photodetectors.

2.2 Group IV

Group IV has silicon, germanium, stannum and lead, and the
atomic arrangement of these elements is similar to the hexagonal
honeycomb structure of graphene. Unlike the structure in
which all carbon atoms of graphene are bonded together in
one plane, these elements form a hexagonal structure in their
stable state, and all of them have low-buckled honeycomb
structure, as shown in Figs. 1(h)-1(j) [216]. Graphene has the
properties of sp>-hybrid, while silicon, germanium, stannum
and lead exhibit the properties of sp*-sp’-hybrid due to the
preferential state of sp>-hybrid. Their single-element materials
are named silicene, germanene, stanene and plumbene. The
following is an analysis of these four materials.

2.2.1 Silicene

Silicene is a 2D material with low-buckled honeycomb
structure arranged by silicon atoms, and its structure is shown
in Figs. 1(h)-1(j) [216]. Silicon is a semiconductor with indirect
bandgap of 1.1 eV, while silicene is a semiconductor with zero
bandgap [217, 218]. According to the first-principles calculation,
silicene has high intrinsic carrier mobility [174]. The electron
and hole mobilities of silicene are 2.57 x 10° cm?/(V-S) and
2.22 x 10° cm?*/(V-S) at room temperature, respectively [174].
The band structure of silicene show that m and n° bands
intersect with a linear dispersion at Fermi energy level, which
lead zero bandgap and form a kind of Dirac cones at the K and
K’ points in the hexagonal Brillouin zone without SOC [84,
219, 220]. The unique feature of band structure shows that the
charge carrier in the silicon layer is a massless Dirac fermion.
Silicene also have other unique materials properties, including
QSHE, strong SOC, huge magneto resistance, field tunable
bandgap, superconductivity, nonlinear electro-optical effect and
piezomagnetism effect, etc. These excellent properties make
silicene have great applications in the field of sensor, FET, optical
device, hydrogen storage, gas adsorbent, thermoelectrics and
Li-ion batteries [85, 221, 222]. However, the most problem of
silicene is zero bandgap. Therefore, in order for silicene to be
widely used in more electronic and photoelectronic device
directions, such as photodetectors, opening a suitable bandgap
is the most important problem to be solved at present.

2.2.2  Germanene

Similar to silicene structure, germanene is also a low buckle
honeycomb structure, which remains stable at high strain, as
shown in Figs. 1(h)-1(j) [216, 219, 223, 224]. According to the
theoretical prediction, compared with graphene, the intrinsic
bandgap of germanene’s Dirac point is as high as 23.9 meV,
which is due to the atomic number of germanium is larger than
that of carbon and has the stronger SOC [225]. Germanene has
high carrier mobility and extraordinary topological properties.
Several theoretical reports have found that functionalized
germanium can exhibit interesting physical and topological
properties, such as QSHE, magnetism, metal ferromagnetism and
highly anisotropic photoresponse. For example, polygermanes
(GeH) have shown strong photoluminescence properties, which
is expected to be used in photodetectors [226]. Halogenated
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germanene has a stable bandgap, which can be further widened
by applied electric field, and the 2D topological phase can also
be realized at room temperature by functionalization [227-229].
Therefore, germanene is considered to be a candidate material
for Dirak fermion materials, which is used in high speed and
low energy consumption FET, and functional germanene is
expected to be widely used in the field of photodetectors.

2.2.3 Stanene

Bulk stannum mainly has two stable homogeneous structures:
a-Sn (gray stannum) has the diamond cubic structure with
low density and B-Sn (white stannum) has the expandable
tetrahedral structure under environmental conditions [230].
As shown in Figs. 1(h)-1(j), the structure of stanene is similar
to that of graphene hexagonal lattice. It consists of a diatomic
layer of a-Sn (111), in which two triangular sublattices are
superimposed to exhibit a buckle honeycomb lattice structure.
In the void state, the stanene supports both the quantum spin
Hall (QSH) state and the quantum abnormal Hall (QAH) state,
which makes it possible to develop new topological insulator
(TIs). Recent research results show that the functionalized
stanene such as hydrogenated stanene (stanane) has excellent
electron and optical properties such as high carrier mobility
and a strain-tunable direct bandgap [231]. In addition, with
the SOC effect and electron-hole interaction, the monolayer
stanane has a strong photoresponse in the Vis and IR wavelength
range [232]. Although it has the property of zero bandgap,
stanene is considered to be a new type of quantum 2D
materials because of its topological insulation and strong
SOC, which may have great applications in the field of
photodetectors.

2.2.4 Plumbene

The plumbene has a buckled honeycomb structure and shows
metal properties, as shown in Figs. 1(h)-1(j). Pb-Pb bond
distance of plumbene is 3 A. According to the first-principles
calculation, by electron doping, the independent plumbene
can be converted from the normal insulator with a bandgap of
400 meV to the TIs with a volume gap of 200 meV [233].
Through functionalized modification, plumbene can show
extraordinary topological insulation state [234]. For example,
a new group of PbX monolayers have a large bandgap of 1.34 eV.
Besides, through decorating with cyanogen (CN), PbCN has a
giant bandgap of 0.92 eV. With the external strain, the bandgap
can be tuned [235]. For the external strain, the QSH state
of plumbene is more intense. Plumbene is expected to be
widely used for the applications of topological phenomena in
electronic and optical devices at room temperature.

23 GroupV

Group V has phosphorus, arsenic, antimony and bismuth.
Their monolayer materials are called phosphorene, arsenene,
antimonene and bismuthene, respectively. They have high
carrier mobility and broad tunable bandgap, which makes them
potential candidates for nano-optical devices in the future. At
present, there have been a lot of researches on these four
materials, which are analyzed below.

2.3.1 Phosphorene

There are many allotropes of simple phosphorus. Compared
with white phosphorus with small molecular crystal structure
or red phosphorus with amorphous structure, the morphology
of black phosphorus (BP) in air is the most stable, and its
reaction activity is the lowest [236-238]. BP has four crystal
structures, which are orthogonal, rhombic, simple cubic and
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amorphous. At room temperature and pressure, BP has
orthogonal crystal structure. There are four phosphorus atoms
in the primary primitive cell of BP, each unit cell has eight
atoms. Similar to the crystal structure of graphene, BP also has
2D layered structure and monolayer BP is called phosphorene
[176, 239, 240]. However, unlike graphene, the phosphorus
atoms in the same layer are not on the same plane, and each
atom behaves as covalent bond force with the surrounding
three atoms, showing a honeycomb fold structure, as shown in
Fig. 2(a) [241]. In the layer, the phosphorus atom is connected
with the three surrounding phosphorus atoms through the 3p
hybrid orbital, and the s-p orbital hybrid makes the fold layered
structure very stable [177, 178]. There are strong covalent
bonds and a single electron pair in the layer, so each atom is
saturated. The distance between the layers is 5.4 A, and the
interlayer atoms are van der Waals force [242]. The bulk BP is
ap-type 2D indirect bandgap semiconductor material with a
bandgap of 0.3 eV, while phosphorene is a direct bandgap
semiconductor with a bandgap of 1.45 eV, in which conduction
band bottom and valence band top at the same K point, and
its bandgap size is related to the number of layers [243-245]. It
has a strong effect on photons in the wavelength range from
near-ultraviolet (NUV) to MIR, which is the greatest advantage
of phosphorene. Besides, phosphorene has large carrier mobility
[246]. The hole mobility may reach 10,000-26,000 cm?*/(V-S).
In addition, phosphorene have other important properties
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include excellent mechanical properties, high anisotropy transport,
negative Poisson’s ratio, photoluminescence properties, excellent
thermoelectric properties, excellent optical properties and 2D
topological properties induced by vertical electric fields. These
unique characteristics make it have a great application prospects
in many fields, especially in the field of photodetectors.

2.3.2 Arsenene

Simple arsenic exists in the form of gray arsenic, black arsenic
and yellow arsenic. All three allotropes have layered rhomboid
structure, among which gray arsenic is the most typical
and stable of these three allotropes. Its structure is shown in
Figs. 2(b) and 2(c) [180]. Bulk arsenic is a semi-metal with
good electronic conductivity and its layered structure is stable
under environmental conditions [179]. Arsenene share some
common characteristics with graphene, such as honeycomb
lattices. However, the bending structure of arsenic layer is
used to improve its stability. The independent arsenene is
semiconductor with an indirect bandgap of 2.49 eV, and the
bilayer arsenene has an indirect bandgap of 0.37 eV [180]. In
addition, under biaxial strain, it can be converted from indirect
bandgap semiconductor to direct bandgap semiconductor.
The excellent electronic properties make it have potential
applications in the field of photodetectors, while the excellent
mechanical properties can also play its role in mechanical
sensing.

Ty’

Figure 2 The structure of phosphorene, arsenene, antimonene, bismuthine, selenene and tellurene. (a) The structure of phosphorene (adapted with
permission from Ref. [241], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016). (b) The side view of arsenene structure. (c) The top view of
arsenene structure (adapted with permission from Ref. [180], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2015). (d) The structure of
B-antimonene (adapted with permission from Ref. [247], © Springer Nature 2016). (e) The top view of B-bismuthene structure. (f) The side view of
B-bismuthene structure (adapted with permission from Ref. [160], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018). (g) The 0D atomic ring
of selenene structure. (h) The 1D spiral atomic chain of selenene structure. (i) The 2D atomic layer of selenene structure (adapted with permission from
Ref. [185], © IOP Publishing Ltd. 2017). (j) The top view and side view of tellurene structure (adapted with permission from Ref. [187], © American
Chemical Society 2018).
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2.3.3 Antimonene

Antimony has silver luster, dull, gray semi-metallic characteristics.
Its layered structure is similar to one of BP to some extent, but
the distance from the out-of-plane atom to the atom is short,
which indicates that the interlayer interaction is stronger and
hinders the mechanical spalling. There are three allotropes of
bulk antimony, which are black antimony, gray antimony and
explosive antimony. Gray antimony (B phase) is the most stable
morphology of these three allotropes. Like gray arsenic, gray
antimony has rhomboid structure and typical semiconductor
characteristics, as shown in Fig. 2(d) [247]. After rapid cooling,
the gray antimony can effectively form black antimony, which
has higher chemical activity in the atmospheric environment.
Under the action of heating or external stress, the explosive
antimony can be converted into gray antimony [181]. The
independent antimonene is a semiconductor with an indirect
bandgap of 2.28 eV [182, 248-250]. Like arsenene, it can be
converted from indirect bandgap semiconductor to direct
bandgap semiconductor under biaxial strain [180]. Theoretical
and experimental studies show that antimonene has many
excellent properties, such as excellent thermal conductivity,
high carrier mobility, high photonic absorption efficiency,
strain-induced band transition and promising spin ion properties
in the range of high frequency Vis light, which makes it possible
to obtain potential applications in the field of photodetectors.

2.3.4 Bismuthene

Bismuth has a natural layered structure, while bulk bismuth is
rhombic. Bismuthene has two kinds of allotropes, a-bismuthene
and B-bismuthene. P-bismuthene’s structure as shown in
Figs. 2(e) and 2(f) [160]. Similar to antimonene, bismuthene
has strong SOC, unique electron and ultra-fast photonic
properties, which include nonlinear optical transmission, high
temperature QSHE and ultra-fast saturated absorption. With
a small direct bandgap of 0.5 eV, bismuthene has a stable
low-buckle hexagonal structure and will become TIs under
the action of external force [251, 252]. Based on DFT-SOC
calculations, monolayer hexagonal buckled bismuthene is
extraordinary in topology, besides, hexagonal buckled bismuthene
on silicon substrate is also extraordinary in topology [183].
As the last and most important element of group V, bismuth
will produce more significant QSHE and broad bulk bandgap
because of its large atomic number [253, 254]. The carrier
mobility of the bismuthene is also large, and has the superior
photoluminescence property [255, 256]. These excellent
properties make bismuthene very attractive and expected to to
be widely used in optoelectronic devices. Previous researches
have shown that bismuthene has stable topological properties,
which is independent of the number of layers [257]. Therefore,
bismuthene is expected to show strong topological properties
at room temperature and maintain high structural stability,
which makes bismuthene can be widely used in the next
generation optoelectronic devices.

24 Group VI

Group VI includes selenium and tellurium. The 2D monolayer
materials extracted from selenium and tellurium are called
selenene and tellurene. Similar to other layered materials
such as silicene, germanene, stanene and plumbene, they have
chair-like buckle structures, which is not hexagonal but square.
The topological insulators of selenene and tellurene have
nontrivial edge states, which makes them widely used in the
field of electronics. At present, there have been a lot of researches
on these two materials, which are analyzed below.
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2.4.1 Selenene

Selenium has both non-metallic and metallic properties.
Selenium has many kinds of allotropes. Among them, three
kinds of crystals (a monoclinic, p monoclinic, and grey triangle)
are the most important, and also exist in the form of three
amorphous solids. Some studies have shown that in a-Se and
B-Se, the charge transport from the center to the external
atoms is 0.18 and 0.04 e, respectively [184]. Besides, they have
proved that monolayer a-Se has quite high carrier mobility
and monolayer B-Se has large in-plane spontaneous polarization.
Base on the DFT calculations in the generalized gradient
approximation (GGA), some researchers have obtained the
structure of selenene, as shown in Figs. 2(g)-2(i) [185]. Similar
to the case of three dimensional (3D), 2D selenene atoms are
easy to form double coor-dination bonds. Thus, the low-
dimensional crystal structure of 2D selenene has different forms.
The atomic ring is formed in the zero-dimensional (0D), and
the spiral atomic chain is formed in the one-dimensional (1D).
The force between the ring and the ring or between the chain
and the chain is van der Waals force. 0D selenium atomic ring
as shown in Fig. 2(g), and 1D selenium spiral atomic chain
as shown in Fig. 2(h). They also developed a new layered
structure of 2D selenene, as shown in Fig. 2(i). Similar to the
structure of Xenes of group IV, this new structure presents a
chair-like form, which shows that selenium atoms are arranged
in a rectangular unit cell, and the atoms in the center of the
new structure are tilted to one side. Unlike van der Waals
forces in both 0D atomic rings and 1D spiral atomic chains,
the forces between all atoms in the layer of the new layer
structure are covalent bonds forces. Selenene has a very
interesting electronic structure, and there are two gaped
semi-Dirac cones in square Brillouin zone. In addition, selenene
has many optical properties, such as high photo-conductivity,
high piezoelectricity, thermoelectricity, nonlinear photoresponse
and nontrivial topological properties [258—262]. These unique
properties make it widely used in optoelectronic devices,
especially photodetectors.

2.4.2 Tellurene

Tellurium is a kind of material with van der Waals force.
Its spiral 1D atomic chain can be assembled into 1D filaments
or 2D thin films (tellurene), which can be deposited by
solution-based process [166, 263-266]. Bulk tellurium is a
semiconductor with narrow bandgap of 0.34 eV. It has a triangular
lattice, in which the spiral chain of a single tellurium atom is
arranged together by weak bonds and spirals around the axis
of the hexagonal basic element parallel to the direction of
[0001]. On the same chain, each atom is connected to two
adjacent atoms by covalent bonds. Tellurene has three tellurium
atoms in a unit cell, as shown in Fig. 2(j) [187]. In addition,
there is a kind of square tellurene structure, which is another
crystal structure in tellurene, as shown in Fig. 2(i) [185]. Recently,
some researchers have predicted a new type of monolayer
tellurium with different structures, in which a-Te and p-Te have
high carrier mobility, and its carrier mobility much higher
than that of MoS, [267]. In particular, some people have
synthesized B-Te and its direct bandgap is 1.47 eV [266, 268].
B-Te is more suitable for photovoltaic devices than a-Te with
indirect bandgap of 0.75 eV. Tellurene has many important
properties, such as semiconductor properties, photoconductive
properties, thermoelectric properties and topological properties.
Tellurene has a n-type and p-type mobility of up to 700 um,
and it’s stable in the air [269]. Recent theoretical studies show
that the absorption of light in low-layer tellurium is similar to
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isotropism [188, 266]. For normal incident light, the efficiency
of absorbing photons is about twice to three times that of
phosphorene. Besides, the research results show that the
absorption efficiency (that is, the absorbance of each layer)
increases significantly with the decrease of the thickness of
a small layer of tellurium layer, which is a kind of absorbance
related to interlayer absorbance. This is due to inter-layer
electronic hybrid and band dispersion associated with the
thickness. With the increase of layer thickness, inter-layer
electronic hybrid and band dispersion will become stronger.
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The excellent characteristics of highly isotropic absorbance
and high carrier mobility show that tellurene has important
applications in optoelectronic devices.

3 The preparation methods of 2D-Xenes

At present, there are many methods for preparing 2D-Xenes
materials, which are generally divided into three categories:
physical preparation methods, chemical preparation methods
and other methods, all of which are summarized in Table 1.

Table1 The preparations of 2D-Xenes

Group Element 2D form Materials synthesis Thickness Ref.
111 B Borophene MBE Few-layer [205, 206, 291-293]
CVD ~0.8 nm [352]
Liquid-phase exfoliation ~ 1.8 nm, 20-50 nm [83, 355, 356]
Chemical exfoliation Mono to few-layer [371]
Etching 15 nm [83]
Plasma-assisted synthesis Multilayer [379]
111 Ga Gallenene MBE Mono to few-layer [294, 295]
solid-melt exfoliation Few-layer [215]
v Si Silicene MBE Mono to muitilayer [296-312]
Chemical exfoliation ~ 0.37 nm, multilayer [374, 375]
Plasma-assisted synthesis Multilayer [378, 380]
v Ge Germanene Mechanical exfoliation Few-layer [86]
MBE Monolayer [313-322]
Plasma-assisted Multilayer [378, 381]
v Sn Stanene MBE Mono to few-layer [87,323-325]
v Pb Plumbene MBE Few-layer [326]
A% P Phosphorene Mechanical exfoliation Mono to muitilayer [189, 240, 273-286]
MBE Monolayer [327, 328]
PLD ~2nm [350]
CVD ~ 3.4 nm, Monolayer [353, 354]
Liquid-phase exfoliation Mono to muitilayer [191, 357-363]
Wet-chemical synthesis <5nm [369]
Chemical exfoliation Few-layer [372,373]
Etching Monolayer [377]
Plasma-assisted synthesis Monolayer, 4-50 nm [378, 382, 383]
A% As Arsenene Mechanical exfoliation Few-layer [286, 287]
MBE Few-layer [329]
Liquid-phase exfoliation 5-12 nm, 3349 nm [364, 365]
A% As Arsenene Plasma-assisted synthesis ~ 14 nm [384]
A% Sb Antimonene Mechanical exfoliation Few-layer [286-288]
MBE Mono to few-layer [329-333]
Liquid-phase exfoliation ~4nm, 3-4.3 nm [366, 367]
Chemical exfoliation 31.6 nm, ~ 3.5 nm [144, 376]
Plasma-assisted synthesis ~5nm [385]
A% Bi Bismuthene Mechanical exfoliation Few-layer [286, 287]
MBE 6-50 nm, few-layer [334-338]
Liquid-phase exfoliation 3.5-9.9 nm [159, 368]
Chemical exfoliation 4nm [160]
Wet-chemical synthesis — [370]
VI Se Selenene MBE Few-layer [339-346]
Liquid-phase exfoliation 5-10 nm [163]
VI Te Tellurene MBE 2 nm [347]
PLD 6 nm [351]
Liquid-phase exfoliation 10 nm [165]

Wet-chemical synthesis

~6nm, 7 nm, 12 nm

[166, 263-266]
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3.1 Physical preparation methods

Physical preparation methods usually use optical and electrical
techniques to evaporate materials in vacuum or noble gas,
and then make atoms or molecules form nanoparticles. It also
includes ball milling, spray and other mechanical processes.
There is mechanical exfoliation, PVD, PLD, plasma-assisted
process and so on.

3.1.1 Mechanical exfoliation

Graphene, as the first 2D nanomaterial, was exfoliated from
the graphite block by mechanical exfoliation in 2004 [35].
Mechanical exfoliation is a simple and traditional physical
preparation method, which has been widely used to obtain 2D
nanoflakes [12, 270-272]. The method is usually carried out by
adhesive tape to peel the bulk layered 2D materials repeatedly,
so that it becomes a thin layered sheet, and then the adhesive
tape attached to the layered sheet transfer and stay on the
target substrate. The simple method has successfully produced
some 2D-Xenes materials, such as germanene [86], phosphorene
[189, 240, 273-286], arsenene [286, 287], antimonene [286—288]
and bismuthene [286, 287].

3.1.2 PVD

PVD refers to the physical method of vaporizing the materials
which wants to be a coating into an atom, molecule or ionizing
it into an ion in a vacuum chamber. Under the action of a
current bias voltage, the materials are attracted and deposited
on the working surface to form a thin film deposition layer. Its
main methods include vacuum evaporation, sputter coating, arc
plasma plating, ion plating, and MBE [289, 290]. At present,
PVD technology can not only deposit metal films, alloy films,
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but also compounds, ceramics, semiconductors, polymer films
and so on. MBE method is used to prepare 2D-Xenes materials.
In ultra-high vacuum environment, the source materials produce
molecular beam through high temperature evaporation, glow
discharge ionization, gas cracking, electron beam heating
evaporation and so on. Then the molecular beam is sprayed
on the substrate and reacts on the substrate surface. Finally,
single crystal thin films are grown. The MBE method can be
used to prepare all the 2D-Xenes materials includes borophene
[205, 206, 291-293], gallenene [294, 295], silicene [296-312],
germanene [313-322], stanene [87, 323-325], plumbene [326],
phosphorene [327, 328], arsenene [329], antimonene [329-333],
bismuthene [334-338], selenene [339-346] and tellurene [347].
In 2015, Mannix et al. made an electron beam evaporation
using a high-purity boron source to successfully produce an
atom-thin boron on an atomic level of clean Ag (111), as
shown in Fig. 3(a) [205]. During the growth process, the boron
flow is in the range of 0.01 monolayer/min to 0.1 monolayer/min,
and the substrate temperature is held between 450 and 700 °C.
After borophene was deposited, two different phases were
found on the substrate by scanning tunneling microscopy
(STM). As shown in Fig. 3(b), one is a kind of homogenous
phase and the other is a kind of “striation” phase (marked
with red and white arrows, respectively). They also obtained
the dI/dV diagram of the electronic density of states (DOS)
(where I and V are tunneling currents and voltages, respectively),
as shown in Fig. 3(c). In the same year, Zhu et al. used MBE
method to grow the stanene in the Bi;Tes (111) [87]. The STM
morphology of the substrate is shown in Fig. 3(d) [87], showing
layer by layer of stanene. Figure 3(e) shows the STM morphology
of large area stanene films [87]. Compared with the morphology

Figure 3 The preparation methods of borophene, stanene and tellurene. (a) The schematic diagram of boron atom growth on Ag(111). (b) STM topography
of borophene. (c) The closed-loop dI/dV image of borophene (where I and V are tunneling current and voltage) (adapted with permission from Ref. [205],
© The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science 2015). (d) STM topography of Bi»Tes(111)
substrate. (e) Large area STM topography of stanene film. (f) Atomic resolution STM image of stanene (adapted with permission from Ref. [87], © Springer
Nature 2015). (g) PLD diagram of tellurene. (h) AFM topography of tellurene. (i) HRTEM topography of tellurene (adapted with permission from

Ref. [351], © IOP Publishing Ltd. 2019).
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of Bi;Te; (111) substrate, the morphology of the whole substrate
surface is not interfered by the growth of stanene, and the step
height of Bi,Tes substrate can also be observed. The atom-
resolved STM image of stanene (Fig. 3(f)) clearly shows the
triangular lattice of stanene [87].

The advantage of MBE is that the source and substrate are
heated and controlled respectively, and the growth temperature
is low, which can form the hyperfine structure. It is easy to
control the growth rate during the growth process, which is
beneficial to the growth of multilayer heterogeneity, and the
surface is in vacuum, which is conducive to real-time monitoring
and detection. This is a kinetic process, which can grow crystals
that are difficult to obtain by thermal equilibrium growth.
However, it also has some shortcomings, such as complex
equipment, large investment, slow extension growth rate
and poor economic benefits. The parameters such as crystal
smoothness, stability and purity are too strict, and defects and
impurities will lead to high defect density on the surface of
epitaxial films. Although it can obtain many new semiconductor
materials, the atomic growth mechanism is still unclear.

3.1.3 PLD

PLD is a vacuum physical deposition technology, which focuses
the high-power pulsed laser generated by the pulse laser on the
surface of the target materials to generate high temperature
and ablation on the surface of the target materials, and further
generates a high-temperature and high-pressure plasma (T >
10* K), then the plasma-directed local expansion is deposited
on the substrate, and finally a film is formed. The pulse
deposition system typically includes a pulse laser, an optical
path system (photo-optical scanner, a converging lens, a laser
window, etc.), a deposition system (vacuum chamber, a vacuum
pump, an inflation system, a target, a substrate heater), an
auxiliary device (measurement and control device, a monitoring
device, a motor cooling system) [348, 349]. At present, the
PLD technology has synthesized the phosphorene [350] and
tellurene [351]. In 2019, Apte et al. developed a tellurene film
onalcm x 1 cm single-crystal MgO (100) by PLD technology
[351]. As shown in Fig. 3(g), the PLD process of the tellurene
film shows that the tellurene film is continuous and appears
flat under an optical microscope. The atomic force microscope
(AFM) image is shown in Fig. 3(h) and it shows the thickness
of the tellurene film is 6 nm. Besides, the high-resolution
transmission electron microscope (HRTEM) image is shown
in Fig. 3(i) and it also shows the thickness of the tellurene film
is about 6 nm, which is same as the thickness of the sample
measured by the AFM.

PLD technology has many advantages. First of all, it uses
UV pulse laser with high photon energy and high energy
density as the energy to produce plasma, so it is pollution-free
and easy to control. Secondly, the ablation particles have high
energy, which can accurately control the stoichiometry, realize
the target film composition is close to consistent and simplify
the work of controlling the film composition, especially suitable
for the preparation of thin films with complex composition
and high melting point. The process is simple and flexible, and
there are many kinds of thin films that can be prepared. Of
course, it also has some disadvantages. For example, it’s not
easy to prepare large-area films. And impurities on the surface
of the thin film cause the film to be contaminated, and the
uniformity of the prepared film is poor. For multicomponent
compound films, if some cations have high vapor pressure, the
equal stoichiometric growth of the films will not be guaranteed
at high temperature.

899

3.2 Chemical preparation methods

Chemical preparation methods refer to the preparation of
nanomaterials from molecules, atoms and ions through appropriate
chemical reactions. The chemical preparation methods of
2D-Xenes materials mainly include CVD, liquid-phase exfoliation,
wet-chemical synthesis and chemical exfoliation.

321 CVD

CVD is the most widely used technology to prepare 2D
nanomaterials by the gas-phase method to date. The method
is to control the nucleation growth process of the nanoparticle
film by controlling the reaction gas pressure, the gas flow rate,
the temperature of substrate materials and the like under
the conditions of high temperature, plasma or laser-assisted
conditions by the gas-phase reaction, or through the post-
treatment of the films, the crystallization process of the
amorphous films is controlled, and the nanostructured thin
films are obtained. With CVD, borophene [352] and phosphorene
[353, 354] have been successfully obtained. In 2015, Tai et al.
used boron and boron oxide powder as the boron source to
grow a large atomic thin borophene film on the copper (Cu) foil
with the auxiliary gas of hydrogen [352]. The growth process
of the borophene film is shown in Fig. 4(a). The borophene
film was prepared by a self-made double-temperature-zone
CVD furnace. Before the growth, the Cu foil was annealed at
1,000 °C for 1 h to make its surface smooth and expand the
grain boundary. T is set to 1,100 °C, and the boron dioxide
(B202) vapor is obtained by annealing the mixture of B and
B,0s. T is set to 1,000 °C, and the borophene film is obtained
by heating for 1 h. The AFM topography of the borophene
film is shown in Fig. 4(b), and the thickness is 0.8 nm.

The advantages of CVD include the deposition device is
simple, the reaction source materials needed for film formation
are generally easy to obtain, and different chemical reactions
can be selected for the preparation of a thin film. Consciously
changing and adjusting the composition of reactants can also
easily control the composition and characteristics of the film,
so it is flexible. However, there are also some shortcomings,
such as the deposition rate is not too high, and it is not as
good as evaporation and ion plating, or even lower than the
sputter coating. It is difficult for the substrate to deposit thin
films locally or on a certain surface, which is not as convenient
as PVD technology.

3.2.2  Liquid-phase exfoliation

Liquid-phase exfoliation is also one of the chemical methods
to prepare 2D materials. By adding specific chemical solvents,
such as N-methylpyrrolidone (NMP), dimethylformamide
(DMF) or dimethyl sulfur oxide (DMSO), the energy is provided
by means of ultrasonic assistance in order to weaken the van
der waals force between the layers of the layered 2D materials
without affecting the covalent bond in the materials layer.
Finally, centrifugation is carried out to realize the exfoliation
of 2D materials. The quality of 2D materials prepared by
liquid-phase exfoliation is related to solvent selection, ultrasonic
time and centrifugal rate. For example, the surface of the
appropriate special solvent can match the 2D materials, and
can provide enough interaction between the solvent and the
2D materials, as well as balance and satisfy the energy consumed
by stripping the 2D materials. Choosing the right solvent can
improve the peeling efficiency, stabilize them and prevent
them from gathering again [355]. Some 2D-Xenes materials
such as borophene [83, 355, 356], phosphorene [191, 357-363],
arsenene [364, 365], antimonene [366, 367], bismuthene [159,
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Figure 4 The preparation methods of borophene, phosphorene, tellurene and bismuthine. (a) The CVD growth schematic diagram of borophene film.
(b) AFM topography of borophene film (adapted with permission from Ref. [352], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2015). (c) Liquid-phase
exfoliation schematic diagram of borophene film (adapted with permission from Ref. [356], © American Chemical Society 2018). (d) Liquid-phase exfoliation
schematic diagram of phosphorene (adapted with permission from Ref. [191], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2015). (e) The optical
image of solution-grown tellurene. Insert map: the optical image of tellurene solution dispersion. (f) AFM topography of tellurene (adapted with permission
from Ref. [266], © Macmillan Publishers Limited, part of Springer Nature 2018). (g) The preparation of bismuthene. (h) TEM images of bismuthene. (i) SEM
image of bismuthene. (j) AFM image of bismuthene (adapted with permission from Ref. [160], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018).

368], selenene [163] and tellurene [165] , have been successfully
synthesized by this method. In 2018, Li et al. prepared borophene
by liquid-phase exfoliation, as shown in Fig. 4(c) [356]. They
put bulk boron in DMF and isopropanol (IPA), and control
the thickness and size of borophene by changing solvent type

and centrifugal rate. The average thickness and area of
borophene peeled by DMF are 1.8 nm (4 borophene layers)
and 20,000 nm?, respectively, while the thickness and area of
borophene sheets peeled by IPA are 4.7 nm (11 borophene
layers) and 1,800 nm?, respectively. In addition, the basic NMP
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solvent stripping method of phosphorene is shown in Fig. 4(d)
[191]. The bulk BP is added to the saturated mixed solution of
NaOH and NMP and then peeled off by ultrasound for 4 h.
After ultrasonic treatment, phosphorene in the mixed solution
is separated by means of centrifugation and move to water.

Liquid-phase exfoliation has the advantages of simple
process, low cost, high concentration of suspension and stable
dispersion system, which makes this method have a broad
application prospect. However, it still has some shortcomings,
such as the solvent is not volatile, the boiling point is high, the
subsequent removal is difficult, and the yield of monolayer
materials is low.

3.2.3 Wet-chemical synthesis

Wet-chemical synthesis is a process for the preparation of
materials by chemical reaction in a liquid phase, in which
surfactants in the liquid phase act to control the size, shape,
morphology, and stability of the materials being prepared. At
present, there are many wet-chemical synthesis methods for
preparing nano-materials, such as precipitation method, spray
pyrolysis method, sol-gel method, hydrothermal method,
micro-emulsion method, etc. A few layers of BP were prepared
by wet-chemical hydrothermal method [369]. Ultrathin bismuth
nanosheets were also prepared by wet-chemical synthesis [370].
Tellurene was also synthesized by wet-chemical synthesis [166,
263-266]. For example, Wang et al. synthesized tellurene
by wet-chemical synthesis [266]. In a typical process, sodium
tellurite (Na,TeOs) and proper amount of polyvinylpyrrolidone
(PVP) were put into double distilled water and stirred at room
temperature to form a uniform solution. The solution was poured
into a stainless-steel autoclave lined with polytetrafluoroethylene
and then filled with ammonia and hydrazide hydrate (N.H>).
The autoclave was sealed and maintained at the reaction
temperature for a period of time. When the autoclave was
cooled to room temperature, the silver ash solid product was
precipitated by 5,000 rpm centrifugal precipitation and washed
with distilled water for 5 min. Finally, tellurene was obtained.
The optical image of tellurene in solution is shown in Fig. 4(e).
The AFM morphology image is shown in Fig. 4(f).

The advantages of wet-chemical synthesis method are
relatively low cost to achieve high yield and large-scale
production of 2D nanomaterials, which is potentially suitable
for industrial production. However, the synthesis is easily
affected by the reaction stage, including reaction temperature,
reaction time, precursor concentration and solvent, so the
monolayer nanomaterials are difficult to be synthesized by
wet-chemical synthesis method.

3.2.4  Chemical exfoliation

The chemical exfoliation method refers to putting the materials
into a chemical solvent, and inserting a chemical solvent
molecule between the inner layer and the layer of the materials
so as to achieve the purpose of layer-by-layer separation. The
chemical exfoliation method includes sonochemical exfoliation
method and electrochemical exfoliation method. Borophene
was prepared by sonochemical exfoliation [371]. A variety of
solvents, such as DMEF, acetone, IPA, water and ethylene glycol
(EG), were used to synthesize freestanding borophene. The
researchers used a rapid stripping method based on the principle
of electrochemistry to obtain the layered phosphorene
from the bulk BP [372]. Besides, some researchers obtained
phosphorene from bulky BP by electrochemical cathode
exfoliation [373]. In addition, some researchers prepared silicene
by redox assisted chemical exfoliation [374]. Silicene has also
been prepared by chemical exfoliation method [375]. Other
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researchers have prepared antimonene quantum dots (QDs)
by electrochemical exfoliation [144, 376]. In 2017, with
sonochemical exfoliation, bismuthene was prepared by Lu
et al. and the synthesis process is shown in Fig. 4(g) [160]. The
typical process of synthesis of bismuthene by sonochemical
exfoliation is as follows: using IPA as raw materials, the bulk
bismuth is first ground into bismuth powder, then the mixture
solution of proper amount of IPA and bismuth is put into a
spiral glass bottle with proper amount of IPA, and then the
suspension obtained is centrifuged at 5,000 rpm for 20 min
with probe ultrasound under ice bath for 10 h. The transmission
electron microscopy (TEM) image of bismuthene as shown
in Fig. 4(h), and it shows a lateral size of about 0.8 um for
bismuthene. The scanning electron microscope (SEM) image
of bismuthene is shown in Fig. 4(i), showing the crystal
structure of bismuthene. The AFM image of bismuthene is as
shown in Fig. 4(j), and the height of 4 nm for bismuthene is
presented.

The chemical exfoliation method has the advantages of easy
control, low temperature in the synthesis process, high expand
ability and low required cost. At the same time, the method also
has some disadvantages, for example, it is difficult to control
the quality of the control structure, the process is complicated,
the reaction time is long, and the solvent used is difficult to
remove and is not environment-friendly.

3.3 Other preparation methods

In addition to physical and chemical preparation methods,
there are also other methods for the preparation of 2D-Xenes
materials, such as etching and plasma-assisted synthesis.

3.3.1 Etching

Etching refers to the process of selectively removing unwanted
materials from the surface of the materials by physical or
chemical method. There are two basic etching processes in the
semiconductor manufacturing process, which are dry etching
and wet etching, respectively. The dry etching is to expose the
surface of the silicon wafer to the plasma generated in the air,
the plasma is through a window opened in the photoresist,
and a physical or chemical reaction occurs with the silicon
chip so as to remove the exposed surface materials. The wet
etching is a material that reacts with the material on the
surface of the silicon chip through the liquid chemical reagent,
so as to achieve the effect of removing unwanted materials.
Etching techniques have produced a number of 2D-Xenes
materials, such as borophene [83] and phosphorene [377].
The researchers used a novel approach to the preparation of
high-quality borophene [83]. The method combines thermal
oxidation etching method and liquid-phase exfoliation method,
in which the thermal oxidation etching method is an improvement
method of dry etching. In this way, they prepared an ultra-
thin borophene nanosheet, which shows the average size is
110 nm and the average thickness is 3 nm. In 2016, Pei et al.
thinned phosphorene by dry etching to controllable produce
high quality phosphorene with a specified number of layers, as
shown in Figs. 5(a)-5(d) [377]. At first, phosphorene was etched
by oxygen plasma, as shown in Fig. 5(a). In the process of oxygen
plasma etching, the top layer of phosphorene is oxidized to
P.O,, and forms a protective layer on this basis. Through
further oxygen plasma etching, oxygen plasma can penetrate
the P.O, layer so that oxidize underlying phosphorene layer,
which make the phosphorene layer thinner and increase the
thickness of P.O,. After oxygen plasma etching, there is a
dynamic balance between the oxidation of phosphorene and
the physical removal of P.O, layer, which makes the PO, layer
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Figure 5 The preparation methods of phosphorene and borophene. (a)—(d) Etching process flow chart of phosphorene film (adapted with permission
from Ref. [377], © Springer Nature 2016). (e) TEM image of boron injected substrate after nitrogen plasma immersion. (f) TEM image of multilayer
B-borophene/SiN./p-type silicon layer structure (adapted with permission from Ref. [379], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016).
(g) The thinning process of phosphorene film (adapted with permission from Ref. [383], © American Chemical Society 2015).

maintain constant thickness and the etching rate becomes
constant, as shown in Fig. 5(b). Any specified number of layers
or even monolayer phosphorene can be accurately manufactured
because of constant etching rate, as shown in Fig. 5(c). Because
phosphorene is unstable in air and easy to oxidize, an ALO;
protective layer is deposited on phosphorene by atomic layer
deposition (ALD) technique, as shown in Fig. 5(d).

Dry etching can realize anisotropy etching, and there is no
need to use chemicals, but the cost is high and less used in
microfluidic chip fabrication. Plasma may cause device damage.
Wet etching is characterized by strong adaptability, uniform
surface of the materials and less damage to the substrate, but
the effect may not be good and the etched pattern is difficult
to grasp.

3.3.2 Plasma-assisted synthesis

The plasma is a form of substance that is a major component
of free electrons and charged ions, and it’s referred to as the
fourth state of the substance. It includes ions, electrons, atoms
and molecules that are more reactive than the ground-state
atoms or molecules, thus demonstrating the enormous potential
for the preparation and improvement of 2D materials through
energy-efficient and cost-effective method [378]. The plasma-
assisted synthesis can be used to thin the 2D materials, and
can also be used for auxiliary PVD, and can also be used for
auxiliary CVD. The 2D-Xenes materials can be synthesized
with the aid of plasma such as borophene [379], silicene [378,
380], germanene [378, 381], phosphorene [378, 382, 383],
arsenene [384], and antimonene [385]. In 2016, Tsai et al.
synthesized multilayer -borophene on silicon substrate by
plasma assisted process combined with boron ion implantation
[379]. They first introduced boron ions into p-type silicon
substrate by ion implantation machine, and then immersed
the substrate in nitrogen plasma. The samples were annealed

for 30 min after plasma immersion. The TEM images of boron
injected substrate after nitrogen plasma immersion were
obtained by using TEM to detect the annealed cross section
structure, as shown in Fig. 5(e). The low rate image shows that
the damage layer is produced after the substrate surface is
bombarded by ions in the process of implantation. The high
rate images show that the damage layer is uniformly covered
by SiN. and amorphous boron. After annealing, amorphous
boron is recrystallized into crystal boron and multilayer
borophene are produced, as shown in Fig. 5(f). In 2015, Jia et
al. prepared few-layer phosphorene thin films with controllable
thickness through modulating plasma treatment of phosphorene
nanosheets [383]. Figure 5(g) shows the plasma treatment,
the thinning process of phosphorene layer and the resulting
unclean removal of phosphorene films surface. After the
source/leakage electrode pattern, the exposed phosphorene thin
films were treated by plasma and passivated by poly (methyl
methacrylate) (PMMA). In order to control the thickness of
the phosphorene films without destroying the morphology
and crystal structure of the phosphorene films, the thickness
of the phosphorene films is controlled by changing the plasma
processing time.

The plasma-assisted synthesis has the important advantages
of low temperature, rapid synthesis and high efficiency. These
advantages result from unique plasma materials and a plasma-
surface interaction created by ionization, excitation and
dissociation of the source gas. By controlling the transfer of the
plasma confinement, the plasma energy, the gaseous precursor
and the ion energy to the materials and the surface, it is
possible to control the materials morphology and structural
uniformity. In addition, the presence of the strong electric
field in the plasma shell can lead the 2D materials to grow in
the vertical direction of the substrate, thereby synthesizing 2D
materials with high crystal line and vertical orientation, which
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is significant for applications requiring high surface area and
communication porosity.

4 The working mechanisms of photodetectors

The photodetectors are based on the photoelectric effect,
which is to convert the optical signal into an electrical signal,
such as a photocurrent or a photovoltage. The working
mechanisms of the photodetectors includes the photoconductive
effect (PCE), the photovoltaic effect (PVE), the photogating
effect (PGE), the photothermoeletric effect (PTE) and the
photobolometric effect (PBE). According to the working
mechanisms of photodetectors, photodetectors are divided into

Table 2 Summary of photodetectors based on 2D-Xenes
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photon detector and thermal detector, in which the photon
detector comprises photoelectric conductor, photodiode and
photoelectric transistor [5, 386, 387]. In the following, the
working mechanism of photodetectors based on 2D-Xenes will
be introduced in this paper. Meanwhile, the working mechanisms
and corresponding performance of these photodetectors are
summarized in Table 2.

41 PCE

PCE means that, when the semiconductor is irradiated with
light, photo-generated carriers are generated inside the
semiconductor, and the concentration of carriers is increased,
thereby increasing the conductivity of the semiconductor and

Materials Working Spectral range R (A/W) EQE (%) Response time D’ (Jones) Ref.
mechanism (ms)

Borophene PCE uv 465 1.78 x 10° 2.4 %107 4.91 x 10" [210]
Phosphorene PCE UV-Vis-NIR 9x 10* 10° 1 3 x10% [390]
Phosphorene PCE MIR - - 6.5 x 107 - [391]
Phosphorene PCE 400-900 nm 7 x 10° 1x10° - — [392]

43 % 10° 2% 10° — — [392]

Phosphorene PCE Vis-IR 1.5 x 108 - 0.01 2.1 x 10" [276]
Phosphorene PCE MIR 51.83 — — — [278]
Phosphorene PCE Vis 1.4 x 10* — — — [382]
Phosphorene/InSe PCE Vis—NIR 53.8 1,020 22 — [189]
Phosphorene PGE MIR 82 — — — [396]
Phosphorene/Graphene PGE NIR 33x10° — — — [112]
Phosphorene/Al PVE NIR 6.2 x 1073 - 13 1.04 x 10" [397]
Phosphorene PVE Vis—-NIR 48x 107 — 1 — [273]
Phosphorene/Se PVE Vis 15.33 2,993 150 — [274]
Phosphorene PVE Vis—-IR 230 — 4.8 — [275]
Phosphorene PVE NIR 0.18 0.75 15 101-10" [277]
Phosphorene/MoS: PVE Vis—NIR — — 0.013 — [279]
Phosphorene/MoS; PVE Vis 0.418 0.3 — — [280]
Phosphorene/ReS, PVE uv 11,811 — — — [282]
Phosphorene PVE Vis—NIR 0.1534 - 0.015 3.1 x 10" [283]
Phosphorene/WSe: PVE Vis-IR 10% 0.5 100 0.8 10,10 [284]
b-AsP PVE/PTE MIR 0.015-0.03 6.1 0.54 92 % 10° [399]
Phosphorene PTE Vis—-MIR 0.35x 103 — — — [402]
Phosphorene PTE THz — — — — [281]
Phosphorene PTE NIR 53 — — — [285]
Bismuthene PVE UV-Vis 294.9 x 10-6 200 8.68 x 10° [159]
Bismuthene/n-Si PVE — — — — — [335]
Selenene PCE 0.21 mW/cm? 263 — 100 - [389]
Selenene PCE Vis 3.27 x 10* — 0.57 — [340]
Selenene/TiO, PVE Vis 0.1 1.4 6.2 x 10" [341]
Selenene/ZnO PVE uv 2.65 x 103 — 0.69 — [342]
Selenene/n-Si PVE UV-Vis 0.0374 0.235 10" [343]
Selenene PCE UV-IR 0.006 — <25 — [346]
Selenene PCE UV-Vis 10.45 x 10°° — — — [163]
Selenene/ReS; PVE Vis 98 — 45 6 x 10" [344]
Selenene PVE UV-Vis 0.294 — 0.12 0.94 x 10" [345]
Selenene/Te nanotubes PVE UV-Vis—NIR 0.001 — 520 — [165]
Tellurene PCE SWIR 13 - - 2 x10° [263]
Tellurene/Bi QDs PVE UV-Vis-NIR 142.79 x 10°° — — 5.14 x 108 [264]
Tellurene PGE NIR 10° - - 5x 10" [266]
Tellurene PCE UV-Vis 13.4 x 10-° — — 3.1 x 107 [164]
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becoming easily conductive [355, 388]. As for the advantage
of the PCE, that is, the difference of the movement velocity
between two kinds of photo-generated carriers leads to higher
photoconductive gain so that the corresponding photore-
sponsitivity (R) of the photodetectors are fine. Usually, the
external quantum efficiency (EQE) of the photodetectors is
over 100. When concerned the disadvantage of PCE, firstly, it
mainly lies in bias voltage being applied to the devices, which
can result in big dark current so as to exhaust the energy
resource. Additionally, the response range is depended on the
bandgap, so the photodetectors based on PCE mechanism
tend not to detect IR range [5, 6, 355].

For example, Qin et al. reported a 2D backgate selenium
nanosheet photodetector [389]. The schematic diagram of
which is shown in Fig. 6(a). Figure 6(b) shows the functional
relationship between Iis and gate voltage V; under different
laser lighting power densities, indicating that the photocurrent
response of the photodetector can be tuned by V, The
photodetector also have strong photoresponse at very low
laser lighting power, and its photocurrent can reach 54 nA.
Figure 6(c) shows that the R of the photodetector can reach
263 A/W and linearly related to the lighting power, indicating
that the generation of photocurrent depends on the photo-
generated carrier. Figure 6(d) shows that photocurrent has slow
response speed. The rising time is 0.10 s and the fall time is
0.12 s. Selenium nanosheets, as a kind of 2D materials formed
by 1D van der Waals materials, are widely used in the fabrication
of electronic and photoelectronic devices. Wu et al. reported a
high-quality few-layer phosphorene photodetector with a large

Nano Res. 2020, 13(4): 891-918

UV-response [390]. They proved for the first time that the
phosphorene UV photodetector has an excellent detectivity
(D) of 3 x 10" Jones, and in addition, by setting the drain-
source bias voltage (Vus) of 3 V, the UV R can be made to be
9 x 10* A/W. Phosphorene is proven to be a powerful choice
for future optoelectronic applications, especially as the most
advanced UV photodetectors. Ryan J. Suess et al. reported a
phosphorene IR photodetector that works with PCE [391].
The results of the autocorrelation test show that the PCE in the
phosphorene is beneficial to the development of sensitive and
fast IR detection platform. In addition, Huang et al. reported
a high-performance broadband phosphorene photodetector,
whose structure with the spectral wavelength in the range of
400 to 900 nm as shown in Fig. 6(e) [392]. Figure 6(f) shows a
plot of the photocurrent from 250 mW/cm? to 50 uW/cm? at
20 and 300 K, respectively, for different incident light power
densities at a wavelength of 633 nm. The results show that the
photodetector has ultra-high sensitivity. Figures 6(g) and 6(h)
show the photoresponse of the photodetector at a wavelength
of 633 and 900 nm, respectively. When the wavelength is 633 nm,
the R is 6.7 x 10° A/W. At a NIR region of 900 nm, when the
temperature is 20 K, the R of 7 x 10° A/W was obtained, and
an R of 10> A/W is obtained at 300 K. Figure 6(i) shows that
the EQE tends to increase from 900 to 400 nm, which is due to
the absorption of the energy of photons resulting in the PCE.

42 PGE

As a special case of PCE, the PGE shows the change of
conductivity under light. There are two cases of this effect. In
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Figure 6 The photodetectors based on selenene and phosphorene. (a) The schematic diagram of 2D backgate selenium nanosheet photodetector. (b) The
transfer curve of selenium nanosheet photodetector was measured at different laser lighting power densities at Vas = 3 V. (c) The functional relationship
between the photocurrent, R and the laser lighting power was measured at Vas = 3 V and Vy = —80 V. (d) Typical rising or fall characteristics of
photocurrent under laser illuminance switch (adapted with permission from Ref. [389], © American Chemical Society 2017). (e) The schematic diagram
of broadband phosphorene photodetector. (f) The curve relationship between reverse Vg and photocurrent under different laser power densities. (g) and
(h) The R of the photodetector at different incident laser power densities. The incident laser wavelength is 633 nm at G, and the incident laser wavelength
is 900 nm at H. At 300 K, the device shows weak response to 900 nm incident laser, and at 20 K, they show very small difference. (i) EQE at different
incident wavelengths (adapted with permission from Ref. [392], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016).
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the first case, the semiconductor is irradiated by light, and two
kinds of photo-generated carriers are produced under the
excitation of light. One of the two photo-generated carriers is
trapped in the local state at the defect or surface adsorption.
In the other case, the generation of photo-generated carriers
under light excitation occurs at the surface adsorbents or charge
trap, so one kind of photo-generated carriers is transferred to
the semiconductor as a conductive channel, so that the other
photo-generated carriers are trapped in the surface adsorbents
or trap. In both cases, the captured photo-generated carriers
work as local gate, and can effectively modulate the conductivity
of semiconductors caused by electrostatic interaction, so that
the carriers in semiconductors cycle multiple times in the life
cycle of captured photo-generated carriers, thus obtaining a

3.39 um IR laser

(a)
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higher gain [355, 393-395]. The advantage of PGE is analogue
to that of the PCE. The trap resulting in the huge difference in
the movement velocity between two kinds of carriers produces
larger photoconductive gain so as to make the R of the devices
is very high. And then, the disadvantage of PGE mainly can be
divided into two points. One point is relatively bigger power
consumption of the photodetectors based on PGE due to the
applications of V,. The other point is that dark current is usually
bigger than that of PCE owing to PGE enhancing concentration
of the carriers [5, 6, 355].

For example, Guo et al. reported a high gain IR phosphorene
photodetector, the schematic diagram of which is shown in
Fig. 7(a) [396]. Figure 7(b) shows that the absolute IR R of the
source and drain bias voltages is 100 and 500 mV, respectively,
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Figure 7 The photodetectors based on phosphorene. (a) The schematic diagram of the IR phosphorene photodetector. (b) Vs is 100 and 500 mV,
respectively, the variation curve of R with incident light power. (c) The energy band of the photodetector for (I) Vg < Vi, (I) Vg = Vin and (III) Vg > Vin.
(d) Upper panel: the variation curve of photocurrent with incident light power; down panel: transistor transfer characteristic curve of Vas = 200 mV.
(e) The relation diagram of R and incident light power of Vi, is 100 and 200 mV, respectively. (f) Variation curve of photoconductive gain with incident
optical power of Vs is 100 and 200 mV, respectively. Inset: Vg = 12V, the relation graph of the photoconductive gain and the incident light power
(adapted with permission from Ref. [396], © American Chemical Society 2016). (g) The schematic diagram of graphene-phosphorene heterojunction
photodetector. (h) The band diagram of graphene-phosphorene heterojunction. Photoexcited hot carrier transport under zero Vi and illumination. (i) The
transfer curve of graphene-phosphorene photodetector under the presence and absence of light (adapted with permission from Ref. [112], © American

Chemical Society 2017).
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with the change curve of the incident light power. When V, =
3V, the PGE is significantly reduced as photoresponse at
higher incident light power. The maximum R is 82 A/W at
a bias of 500 mV and incident light power of 1.6 nW. The
photodetector is mainly operated by PGE, as shown in Figs. 7(a)—
7(f). In addition, Liu et al. reported a graphene-phosphorene
heterojunction photodetector with ultra-high R and long-term
stability at an IR light wavelength, the structure of which is shown
in Fig. 7(g) [112]. Under illumination, due to the presence of
a built-in electric field between the phosphorene and the
graphene, the phosphorene film generates a photo-generated
electron or a hole pair, and the holes are transferred to the
graphene, so that the electrons are still trapped in the phosphorene
film. Thus, the phosphorene layer accumulates a large amount
of negative charge and attracts more holes in the graphene,
and the trapped photo-generated carriers work as a local gate,
that is the PGE, thus the phototransistor requires a higher V;
to reach the neutral point (Figs. 7(h)-7(i)).

43 PVE

The PVE is based on the built-in electric field in the semicon-
ductor, which separates the photo-generated carriers under
the action of the built-in electric field, and promotes the
photo-generated electrons and holes to move in the opposite
direction. Photodetectors based on the principle of PVE is
often called photodiode. It usually contains p-n photodiode
formed by two kinds of semiconductor with opposite doping
type and metal-semiconductor photodiode or semiconductor-
semiconductor photodiode with Schottky barrier [355]. There
are two advantages of the PVE. Firstly, the build-in electric
field supplies the power, not needing the external circuit, which
is benefit to save the energy resource and fit for lower power
consumption system. Secondly, dark current is relatively lower,
and the on/off ratio is relatively higher. With regard to the
disadvantage of the PVE, it can be summarized to two points.
To begin with, building the heterojunction is necessary for the
photodetectors based on PVE, which directly brings about the
sophisticated construction for the devices. Besides, lower R
always exists in the photodetectors based on PVE [5, 6, 355].
For example, Liu et al. reported an Al-doped phosphorene
homogeneous diode and the schematic diagram is shown in
Fig. 8(a) [397]. Due to the built-in electric field at the p-n

junction, the photo-generated carriers are effectively separated.

During operation, no external bias voltage is applied and
high-performance NIR PVE is generated. When the diode
works, the recombination probability of photo-generated
electron-hole is greatly reduced, which are better than those
of photodetectors based on PCE (Figs. 8(a)-8(d)). Wang et al.
prepared a high-performance self-powered UV—Vis broadband
photodiode based on n-CdS/p-Se heterojunction and the
structure is shown in Fig. 8(e) [398]. Based on the strong
electric field and good contact produced by CdS/Se heterojunction,
the photodiode produces obvious broadband optical response
through PVE without external bias voltage (Figs. 8(f)-8(h)).

The above is about p-n photodiode based on PVE, and the
following is about Schottky barrier photodiode based on PVE.
Long et al. reported a LWIR photodetector based on black
arsenic phosphorus/metal Schottky junction and the structure is
shown in Fig. 8(i) [399]. Through the black arsenic phosphorus/
metal Schottky junction, the electron-hole pair produced by
light is separated on the junction surface of the photodetector,
thus generating photocurrent (Figs. 8(j)—8(1)).

44 PTE

When nonuniform light is irradiated on semiconductors, the
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temperature gradient and temperature difference AT are
produced at both sides of semiconductors due to light radiation,
which is called PTE. According to Seebeck effect, the temperature
difference leads to different voltage, which is photothermoelectric
voltage Vere. The photothermoelectric voltage Vere is expressed
by the formula Vere = (81 = S2)-AT, where S, S is the Seebeck
coefficient of the two semiconductors. Due to the difference of
thermoelectric voltage, photocurrent can also be generated at
zero bias voltage [400, 401]. As for the advantage of the PTE,
there are two points. Firstly, the corresponding photodetectors
can detect IR range at room temperature. Secondly, the
photodetectors based on PTE are cheaper than those of
commercial IR photodetectors. The disadvantage of the PTE
lies in that photodetectors are usually sensitive to environmental
temperature and exhibit relatively lower R to UV and Vis
range [5, 6, 355].

For example, Yuan et al. reported a polarization-sensitive
broadband phosphorene photodetector based on vertical p-n
junction, the structure of which is shown in Fig. 8(m) [402].
The photodetector operates based on two effects. The PTE
plays a leading role in the photocurrent generation at the
zero-source voltage and low V. At the high Vi, the PVE begins
to take a leading role in the generation of the photocurrent
(Figs. 8(n) and 8(0)). The black arsenic phosphorus based LWIR
photodetector reported by Long et al. which was mentioned
earlier, also works on the basis of PTE [399]. The photodetector
has the advantages of good broadband and high response,
fast speed and ultra-high speed anisotropic photoresponse.

4.5 How to distinguish these mechanisms?

The applied bias voltage is 0 V, if photocurrent is generated, it
is PVE. The applied bias voltage is 0 V, if no photocurrent is
generated, and then, please look at the transfer curve. Under
illumination, if shifting appears in the transfer curve, it is PGE.
If no shifting appears in the transfer curve, it is PCE. Under
illumination, the current polarity exhibits change with the
slow movement of the light spot from source to drain, it is
PTE [5, 6, 355].

5 Summary and prospect

In this paper, based on the novel 2D single element materials-
Xenes, the types of 2D-Xenes materials are introduced, and
then their preparation methods are introduced. Finally, the
working mechanisms of photodetectors based on 2D-Xenes
materials are summarized. 2D-Xenes materials have many
excellent properties such as high carrier mobility, layer-dependent
bandgap, QSHE, SOC, topological properties, which make it
possible to be widely used in photodetectors. At present, there
are few studies on the photodetectors fabricated by 2D-Xenes
materials, and the researchers are still trying to explore the
applications of 2D-Xenes materials in the field of photodetectors.
Because the researchers’ reports on these 2D-Xenes materials
are not deep enough, phosphorene is currently the most
widely used in the field of photodetectors in these 2D-Xenes
materials, while other materials are rarely used in the field of
photodetectors.

According to the distribution of periodic table, these
2D-Xenes materials are mainly concentrated in group III, IV,
V and VI. Borophene and gallenene are in group III; silicene,
germanene, stanene and plumbene are in group IV; phosphorene,
arsenene, antimonene and bismuthene are in group V; selenene
and tellurene are in group VI. Among them, borophene has
both non-metal properties and metal properties, and has
large optical anisotropy. Besides, boron nanosheets have the
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Figure 8 The photodetectors based on phosphorene. (a) The schematic diagram of the Al-doped phosphorene homogeneous diode. (b) The measurement
curves of Ia and Vsa in dark and light, respectively. (c) and (d) The function curve of R and incident light power (adapted with permission from Ref. [397],
© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017). (e) The schematic diagram of self-powered UV—Vis n-CdS/p-Se heterojunction broadband
photodiode. (f) The schematic diagram of n-Cd/p-Se heterojunction photodiode at —0.5-0.5 V in dark and different light, respectively. (g) The time response
of the device at zero bias in the white light illumination of I mW/cm?®. (h) R and D" of the device at zero bias (adapted with permission from Ref. [398],
© Author(s) 2018). (i) The schematic diagram of the LWIR photodetector based on black arsenic phosphorus/metal Schottky junction. (j) The schematic
diagram of photocurrent under the function relationship of Vs and Vj. (k) The schematic diagram of photocurrent and Vj at different bias voltages. (I) The
energy structure schematic diagram of different doping types under zero bias voltage. Upper half: the device that works in P-type area. Bottom plate: the
device that works in n-type area. The black horizontal arrow indicates the direction of the photocurrent caused by PVE (adapted with permission from
Ref. [399], © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science 2017). (m) The optical image of BP
photodetector with an annular photocurrent collector. (n) The polarization dependence of the R of the BP sheet with the light illumination at the wavelength

of 400-1,700 nm. (o) The photocurrent generation mechanism of the BP photodetector is determined by the photocurrent diagram of Vas (adapted with
permission from Ref. [402], © Macmillan Publishers Limited 2015).
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characteristics of high crystallization, free of trap state, low
electron-hole pair recombination barriers and so on. These
excellent properties indicate that borophene has great applications
in electronic and optoelectronics. However, borophene is not
stable enough in air, so there is a method of hydrogenation
to saturate hanging bonds, such as hydrogenated borophene.
Some studies have shown that hydrogenated borophene has
good current limiting effect and strong electron anisotropy. In
addition, it can produce large photocurrent under light, so it
can be greatly applied in the field of photodetectors. Gallenene
has light carrier and high mobility, which indicates that gallium
can also be used in photodetectors. In the group III, there are
aluminum, indium, thallium and other elements, their single
element 2D materials have not yet been developed. Based on
the excellent optical properties of borophene and gallenene,
single element 2D materials such as aluminum, indium and
thallium are expected to be developed by researchers and widely
used in photodetectors. The structures of silicene, germanene,
stanene and plumbene are similar to those of graphene
hexagonal honeycomb, and all of them have QSHE and strong
SOC, and show nontrivial electronic state in topology. These
excellent properties make them have important applications
in the field of photodetectors. In the group V, phosphorene
has many excellent properties, such as high carrier mobility,
in-plane high anisotropy and tunable bandgap related to the
number of layers, which makes phosphorene widely used
in optoelectronics. Arsenene, antimonene and bismuthene
all have high carrier mobility and broad bandgap, which is
very important for broadband photoresponse, so arsenene,
antimonene and bismuthene are expected to be widely applied
to photodetectors. In the group VI, the SOC of selenene and
tellurene opens up a large bandgap for them, and their TIs
have nontrivial edge states. Thus, they are promising novel
electronic and spin electron application materials, which are
expected to be widely used in the field of photodetectors.

In the future, the application of these 2D-Xenes materials in
the field of photodetectors is still a great challenge. First of all,
the preparation methods of these 2D-Xenes materials are still
relatively limited and are not produced in a large area, so it is
necessary to develop a method that can produce high quality
and large area 2D-Xenes materials. Secondly, some 2D-Xenes
materials have very high chemical reaction activity and are
easy to be oxidized in air, which makes it difficult to characterize
the materials, so it is necessary to provide some methods
to protect them from oxidation. Based on these 2D-Xenes
materials, the fabrication process of photodetectors also needs
to be explored constantly, which involves many problems such
as device cost, mass production, stability and high quality. These
emerging difficulties need to be solved by a lot of experiments
and long-term researches.

Generally speaking, the research of photodetectors based
on 2D-Xenes materials still needs to be explored. Through
these novel 2D-Xenes materials, we construct photodetectors
with different structures, such as homogeneous junction,
heterojunction or Schottky junction, which can be used to
improve R, internal and EQE, stability and D', expand the
wavelength range of photoresponse, shorten the photoresponse
time, and finally achieve high-performance photodetectors.
Finally, the research of 2D-Xenes materials will continue, and
it is believed that these materials will play an inestimable role
in the preparation of new high-performance photodetectors in
the future.
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