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ABSTRACT

Phosphorene, especially black phosphorus (BP), has attracted considerable attention due to the unique characteristics, such as
tunable direct bandgap, high carrier mobility, and strong in-plane anisotropy. Recently, a new modification strategy for black
phosphorus has been developed by alloying black phosphorus with the congener element arsenic. The elemental composition
tuning of black phosphorus with arsenic can not only maintain its special crystal structure and high anisotropy but also modify its
electrical and optical properties for the further applications of multifunctional devices. The achieved two-dimensional (2D) black
arsenic-phosphorus materials exhibit outstanding optical, electrical, and photoelectric properties, such as very narrow band gap,
anisotropic infrared absorption, and bipolar transfer characteristics, presenting great potential in infrared photodetectors and high-
performance field effect transistors (FETs). In this review, we introduce the recent progress made in the synthesis and
applications of black arsenic-phosphorus, and provide an outlook and perspectives on the current challenges and future
opportunities in this field. We hope that this review can bring new insights and inspirations on the further development of 2D

black arsenic-phosphorus based materials and devices.
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1 Introduction

Two-dimensional (2D) materials, a class of layered materials
aggregated by van der Waals forces, supply a significant platform
for the exploration of fundamental matter properties, promote the
generation of novel electronic devices and accelerate the
understanding of exotic physical and chemical phenomena
[1-19]. The 2D materials depict a fantastic charm due to their
exotic electrical, optical, and chemical properties, showing wide
applications in the fields of transistors, optoelectronics, sensors,
biomedical therapy, energy conversion, etc. [20-37]. Black
phosphorus (BP) is a star material in 2D materials that
has a tunable band gap, high carrier mobility, and offsets the
band gap shortage between graphene and transition metal
sulfides [22, 38-43]. Moreover, the outstanding properties of BP
enable its great potential in the construction of new generations of
photonic and electronic devices.

To extend the applications and enrich the transport behaviors
of BP, alloying BP with foreign atoms is an available strategy that
can effectively modulate its optical and electrical properties. More
recently, black arsenic-phosphorus (b-AsP), which is an alloy of
BP obtained by introducing variable percentages of arsenic atoms,
has attracted significant attention and interest. B-AsP shares the
same crystal structure as BP but has a more variable band gap,

which can be simultaneously tuned by the composition and layer
thickness [44]. By using molecular beam deposition (MBD) [45],
electrochemical delamination exfoliation [46], shear force
milling [47], and mechanical exfoliation [48-52], b-AsP with
different compositions and features was successfully prepared. To
date, the reported applications and properties of b-AsP are diverse,
such as Er-doped fiber ultrashort laser generations [46],
thermoelectronics [53], photonic microheaters [54], and lithium-
ion batteries [47]. In particular, the band gap of b-AsP can be
tuned down to ~ 0.15 eV (corresponding to a wavelength of
~ 8.5 um), indicating that b-AsP is a promising candidate for mid-
wave infrared photodetectors [48-52]. Experimentally, Miao et al.
reported the mid-infrared photodetection of b-AsP with specific
high detectivity beyond 4.9 x 10’ Jones in the range of 3 to
5 pum [48]. In addition, as the crystal structure of b-AsP is similar
to the crystal structure of BP, b-AsP also shows strong in-plane
anisotropic optical absorption and Raman scattering [50, 55, 56].
Moreover, theoretical studies have predicted that b-AsP possesses
high electronic mobility and a direct band gap of 1.54 eV, which
potentially acts as a highly efficient donor in solar cells [57]. The
massive reports and rapid advances of b-AsP reveal its great
potential in electronics and photonics and suggest a highly
necessary comprehensive review of this fantastic material.
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Hence, to closely track the advances of b-AsP, we perform this
review on the recent progress of b-AsP from the aspects of
structural features, synthesis, properties, and applications. The
structural features of b-AsP are first presented with a comparison
to BP. Then, we introduce the preparation of 2D b-AsP using
mechanical exfoliation, liquid-phase exfoliation, electrochemical
delamination exfoliation, and MBD. Subsequently, the optical and
electrical properties of 2D b-AsP, such as the band structure,
surface energy, thermoelectric performance, electrically tunable
optical properties, Raman scattering effect, and carrier mobility,
are discussed. Finally, we list the applications of 2D b-AsP and
provide some perspectives on the current challenges and future
developments of 2D b-AsP.

2 Crystal structure

Bulk b-AsP crystals have a flake or needle morphology with an
obvious layered structure [58]. An individual b-AsP layer is
constructed with arsenic and phosphorus atoms with strong in-
plane covalent bonds, and each layer is aggregated into a bulk
crystal via weak van der Waals interactions (Fig. 1(a)). The weak
interlayer force suggests a high possibility of b-AsP crystals being
(Fig. 1(a)). The
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phosphorus atoms are alternatively distributed with the same
valence bond form in a single atomic layer b-AsP, forming an
orthorhombic lattice with a puckered honeycomb structure
(Fig. 1(a)). Owing to the radius of arsenic being larger than that of
phosphorus, the lattice constant of b-AsP increases with the
increasing proportion of arsenic (Fig. 1(c)). The structural
parameters and the band gaps of b-AsP, monoelemental
phosphorus and arsenic crystals with bulk and monolayer states
are listed in Table 1.

Osters et al. in 2012 combined quantum-chemical calculations
and thermodynamic considerations for predicting the stability of
the orthorhombic phase from different proportions of phosphorus-
arsenic solid solution [58]. Furthermore, they successfully
synthesized crystals of 0-As,P,_,, which is the first time that b-AsP
was synthesized by chemical vapor transport (CVT). In 2015, Zhu
et al. predicted the structural transition in layered As,P,_, from the
a-phase (orthorhombic) to the B-phase (rhombohedral) when x
was near 0.83, accompanied by a change from lone-pair electron
states in a-P to o-bond states in 3-As [59].

Li et al. in 2020 predicted a dynamically stable Janus single-layer
b-AsP by using density functional theory (DFT) calculations. As a
result, phosphorus and arsenic atoms are arranged in parallel,
forming a puckered honeycomb-like orthogonal phase structure.
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Figure1 (a) Top view and side view of the b-As.P,_, crystal. Reproduced with permission from Ref. [46], © Optical Society of America 2019. (b) X-ray diffraction
measurement of the b-As P, crystal. The broad peak at 18° is from Kapton tape, which is used to encapsulate b-AsgP, ;. Reproduced with permission from
Ref. [49], © American Chemical Society 2018. (c) Lattice parameter variations of b-AsP crystals as a function of the alloy composition. Reproduced with permission

from Ref. [60], © WILEY-VCH Verlag GmbH & Co. KGaA 2020.

Table1 Comparison of space groups, monolayer thicknesses, interlayer spacings, and energy band gaps between b-AsP, monoelemental phosphorus, and arsenic

materials
Name Space group Thickness (A) Interlayer spacing (nm) E'gﬁi,k (eV) Elg\?,% (eV) References
a-P Pmna 2.11 0.36 1.60 [61-63]
B-As R3m 1.38 0 1.1-1.3 [64-67]
a-As Pmna 2.39 0.31 1.52 [44, 64, 68]
a-AsP,_, Pmna 2.34 0.15-0.3 0.92-1.54 [48, 50, 57, 69]
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This b-AsP was shown to have important consequences for the
electronic, optical, and elastic properties [70].

3 Synthesis

3.1 Preparation of bulk b-AsP

Early in the 1980s and 1990s, phosphorus arsenic alloys were
originally synthesized at robustly high temperature and pressure
conditions to study their superconductivity, phase transition, and
other physical properties [71-73]. Currently, the CVT method is
commonly used to synthesize bulk b-AsP crystals because of the
high crystallinity of the product and good repeatability, which is
similar to the synthesis of BP [74]. Digital photographs and
scanning electron microscopy (SEM) images of bulk b-AsP
crystals synthesized by CVT are shown in Figs. 2(a) and 2(b),
respectively. Thereafter, a b-AsP single crystal was synthesized for
the first time in 2012 by using red phosphorus and gray arsenic as
the source materials and Pbl, as a mineralizer. The three pristine
materials were transferred to a silica ampoule and sealed under a
high vacuum followed by heating in a furnace with the mixture
near the hot end and the empty part near the cold end. After the
high-temperature reaction and slow cooling, b-AsP crystals were
generated at the cold end. The arsenic composition of b-As,P,_,
obtained by this method can be tuned from 0 to 0.83 [58].
Theoretical calculations and experiments have proven that
orthorhombic phase b-AsP,, with a puckered honeycomb
structure can be realized when x < 0.83 [58]. When x > 0.83, the
stable b-As,P,_, required the presence of impurities. That is, when
x > 0.83, pure b-As,P,_, is difficult to synthesize by the ordinary
CVT method.

Subsequently, Snl, was used as a mineralizer to replace Pbl,
because it is inexpensive, nontoxic, and easily available. Sn powder
was also added to stabilize Snl, and prevent the decomposition of
Snl, at high temperature [50]. A small amount of Snl, residual in
the as-prepared b-AsP crystals can be removed through refluxing
in boiling toluene (ultrasonic bath for 20-45 min). Inductively
coupled plasma optical emission spectrometry (ICP-OES)
characterization demonstrated that the purity of b-AsP crystals
synthesized by this method was above 99.9 at.%. Furthermore,

some later studies have further proven that the removal of Snl,
impurities from the synthesized crystals can also be achieved by
soaking in anhydrous acetone or refluxing in boiling toluene [75].

3.2 Preparation of 2D b-AsP

3.2.1 Mechanical exfoliation

Successful implementation of the mechanical exfoliation method
inspired emerging 2D material research. Nanosheets prepared by
this method have fewer defects, smooth surfaces, and high carrier
mobility. Furthermore, few-layer b-AsP flakes can also be obtained
by mechanical exfoliation owing to the weak van der Waals
interaction between each pair of b-AsP layers. Due to the
advantages of low cost, high efficiency, and convenience,
mechanical exfoliation has become the most commonly used
method for exfoliating bulk b-AsP crystals [48-51,54-55]. It is
worth noting that the van der Waals interaction between different
layered materials plays an important role in the mechanical
exfoliation process. For instance, the weak van der Waals
interaction resulting from the weak electronegativity between
layers leads to a facile formation of few-layer graphene by
mechanical exfoliation [3]. Transition metal dichalcogenides
(TMDCs) have intrinsically passivated surfaces without dangling
bonds, resulting in weak van der Waals interactions. Thus, large
quantities of few-layer TMDCs flakes can easily be obtained by
facile mechanical exfoliation [76]. Nevertheless, because of the
multiple and inhomogeneous compositions with a high
electronegativity of b-AsP, which result in a much stronger
interaction among layers than other materials, it is more difficult
to obtain few-layer b-AsP flakes by mechanical exfoliation. The
yields of b-AsP nanosheets obtained by mechanical exfoliation are
usually low, and the surface of the b-AsP nanosheets generally has
adhesion residues, leading to open challenges to 2D material
development.

3.2.2 Liquid-phase exfoliation

Considering the low yield of mechanical exfoliation, liquid-phase
exfoliation conducted by dispersing the layered materials in a
liquid phase under ultrasonication to obtain a large number of
nanosheets [77]. The mechanism of liquid-phase exfoliation
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Figure2 (a) B-AsygP,,; crystal synthesized by CVT. Reproduced with permission from Ref. [58], © WILEY-VCH Verlag GmbH & Co. KGaA 2012. (b) SEM image
of b-As,Pys. Reproduced with permission from Ref. [53], © American Chemical Society 2020. (c) Optical image of mechanically exfoliated few-layer b-As)gP,,;. (d)
Schematic illustration of the preparation of 2D b-AsP nanosheets by the liquid-phase exfoliation method. Reproduced with permission from Ref. [78], © IEEE 2020. (e)
Schematic illustration of the liquid-phase electrochemical exfoliation procedure. Reproduced with permission from Ref. [46], © Optical Society of America 2019.
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includes ion intercalation/exchange and ultrasonic-assisted
exfoliation. In this process, huge energy generated by the
formation and collapse of cavitation bubbles, leading to the
separation of layered materials [77]. Liquid-phase exfoliation was
used mainly for the preparation of graphene at first and then
expanded to other 2D materials [79-81].

Figure 2(d) illustrates a typical scheme of the liquid-phase
exfoliation of b-AsP. The commonly used solvent is relatively
polar isopropanol (IPA), whose surface energy is equivalent to the
surface energy of nanosheets. When bulk b-AsP is exfoliated into
nanosheets by ultrasonication, the b-AsP nanoflakes are well
dispersed in the isopropanol solvent and simultaneously stabilized
against reaggregation. With the generation of a large amount of
heat, which would lead to an elevated temperature, the ultrasound
process must be performed in an ice bath to prevent the oxidation
of b-AsP nanoflakes [52, 78].

Compared to the b-AsP nanosheets synthesized by mechanical
exfoliation, the yield of nanoflakes achieved by the liquid-phase
exfoliation method is significantly enhanced. An easier synthesis
method is conducive to the further development of studies and
application of b-AsP. However, many shortcomings of b -AsP
prepared by liquid-phase exfoliation still need to be solved. For
example, the lateral size of nanosheets is insufficient, and violent
ultrasonic peeling causes many defects on the surface of
nanosheets, restricting their application in nanoelectronics. In
addition, many single crystals deteriorate and are wasted after
liquid-phase exfoliation, suggesting the necessity of further
improvement of methods and the application of products.

3.2.3 Electrochemical exfoliation

Electrochemical exfoliation based on the redox process is a
relatively efficient method for the generation of 2D materials. Ions
in the electrolyte migrate from the electrolyte to the interspace of
the layered bulk under an electric field, which can easily break the
weak van der Waals force among layers. With the ions inserted
into the electrode, the interlayer spacing of the layered bulk
expands, leading to peeling off the nanosheets from the electrode
bulk materials. However, under high potential, such a method
inevitably causes the oxidation of bulk materials when used as an
anode. In contrast, the oxidation issue can be efficiently addressed
when the layered bulk material serves as a cathode, in which
cations are inserted into the interlayer, resulting in expansion.

Shi et al. imitated the previous method used for exfoliating BP
and successfully exfoliated b-Asg;P,;, nanosheets [82-85]. In this
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report, tetrabutylamine hydrogen sulfate (TBA-HSO,) was used as
the electrolyte, and b-AsP was used as the cathode. The reaction
diagram of the exfoliation process is shown in Fig. 2(e). Initially,
only flattened TBA® can migrate to the interlayer gap.
Subsequently, hydrogen ions ionized by HSO, can also be
inserted between the layers to undergo a reduction reaction and
generate hydrogen, which will accumulate exfoliation by forming
small bubbles. As TBA* spreads out in the interspace, the weak
van der Waals interaction can be destroyed, resulting in successful
peeling off of b-As ;P ;; nanosheets [46].

Electrochemical exfoliation is a common method to synthesize
2D materials because of its advantages of being highly efficient and
environmentally ~friendly. However, a severe exfoliating
environment will also generate enormous defects on the surface of
2D materials. Therefore, further study is needed to prepare single-
layer b-AsP nanosheets with excellent quality and performance.

3.2.4 Molecular beam deposition of b-AsP thin film

In 2018, a 3-inch b-As 5P, film was successfully deposited on a
large-area InP wafer by MBD [45], in which three effusion cells
generate phosphorus and arsenic atomic beams under ultrahigh
vacuum (Fig. 3(a)). A stepping motor drives the substrate on the
sample stage to controllably rotate and tilt for uniform deposition.
Reflection high-energy electron diffraction (RHEED) is employed
to monitor the growth of phosphorus-arsenic crystal films. MBD
has very high requirements on the vacuum of the chamber and
the temperature of the substrate for strict control over the quality
of the crystal film. The temperature of the substrate greatly affects
the speed of deposition on the substrate, which in turn affects the
quality of the crystal film. After subsequent annealing, the
crystallinity of the film can be highly improved. Transmission
electron microscopy (TEM) was employed to illustrate the lattice
structure of the formed b-AsP film (Fig. 3(b)). As shown in Fig.
3(c), the 6 nm thick b-AsP film obtained with a highly preferred
orientation could be encapsulated with a layer of ALO; film
formed through low-temperature atomic layer deposition (ALD)
to prevent the b-AsP film from oxidation. The corresponding
Raman spectra of the film is also identical to the Raman spectra
previously reported (Fig.3(d)). High-quality b-AsP films with
controllable thickness and adjustable composition can be
obtained, promoting the study of the integration of b-AsP into
various electronic and optoelectronic devices.

Previous works reported the bottom-up synthesis of bulk b-AsP
with varied As/P atomic ratios through the CVT method.

o

<

InP substrate

I b-AsP thin film

-4
|
Individual

mapped Raman
spectra

Figure3 (a) Schematic diagram of the MBD system equipped with solid source As and P cells and an unemployed Te cell. (b) On the right is a high-resolution TEM
(HRTEM) image of the sample cross section. On the left is a magnified image of the cross section, where the yellow lines represent directions normal to planes (131)
and (002). (c) Schematic illustration of the synthesis of b-AsP alloys. (d) The mapped Raman spectra of a half-wafer. The inset shows the sample section diagram.

Reproduced with permission from Ref. [45] © American Chemical Society 2018.
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Moreover, top-down methods were also used to exfoliate few-layer
b-AsP materials. However, it is still difficult to obtain single-layer b-
AsP materials with good crystal quality, owing to the uneven
distribution of phosphorus atoms and arsenic atoms, which causes
the increase of interlayer non-dispersive interactions. So far, there
is only one report on the bottom-up synthesis of few-layer b-AsP
films by the MBD method [45], and the bottom-up synthesis of
monolayer b-AsP has not been realized. The thickness and quality
of b-AsP still need to be further controlled. Although the
conventional chemical vapor deposition (CVD) method is mature,
there is still no successful instance of growing b-AsP by the CVD
method. Therefore, it is an urgent problem to precisely control the
thickness of b-AsP, especially the growth of monolayer b-AsP. It is
very likely that more exciting properties of b-AsP could be
revealed and more applications could be realized after achieving
the control synthesis of monolayer b-AsP, as predicted by
theoretical calculations.

4 Properties

4.1 Band structure

B-AsP is a semiconductor with a direct bandgap similar to BP.
The bandgap of BP previously reported is 0.3-2.2 eV [38-40]. As
the number of layers decreases, the gap gradually increases until
reaching 2.2 €V in a single layer. However, the bandgap of bulk b-
AsP is less than 0.3 eV and decreases with increasing arsenic
concentration. The b-Asyg;P;;; synthesized with the highest
arsenic concentration has a bandgap of 0.15 eV measured with
infrared absorption. B-AsP with a bandgap of 0.15-0.3 eV can
absorb light with a wavelength of 4.13-8.27 pm, which can be well
utilized for technologically important slack in the long wavelength
infrared (LWIR) regime and expand its application to
optoelectronics [69, 86].

As shown in Fig.4(a), Liu et al. systematically conducted
infrared absorption measurements of b-AsP with different arsenic
concentrations and confirmed the relationship between the
bandgap and the arsenic concentration. When the arsenic
concentration changes from 0 at.% to 40 at.%, the bandgap is
drastically reduced from 0.3 to approximately 0.17 eV. As the
arsenic concentration increases further, the bandgap changes are

5

no longer as pronounced as before, only from approximately 0.17
to approximately 0.16 eV [50].

In 2016, Xie et al. combined the Perdew—Wang 1991 (PW91)
functional with the Heyd-Scuseria-Ernzerhof hybrid functional
(HSEO06) to calculate single-layer phosphorus-arsenic alloys with a,
B, v, 6, and € phases (Figs. 4(b) and 4(c)). The direct band gap of a-
phase single-layer b-AsP calculated by PW91 is 0.90 eV, while that
calculated by HSE06 is 1.54 eV. The band gap calculated with
PWO1 is often lower than the bandgap calculated with HSE06, but
the band type at the Fermi level calculated by the two methods is
basically the same with only minor differences. In this report, the
structure of a-AsP is an ideal structure, in which arsenic and
phosphorus atoms are alternately arranged to form a puckered
orthogonal hexagonal structure. However, the atoms of the two
different elements are arranged randomly in actual b-AsP crystals,
rather than as uniform as reported in the article [57].

By using DFT calculations, Sun et al. also found that the band
gap of b-AsP is sensitive to uniaxial strain, which is applied to the
armchair and zigzag directions (Figs. 4(d) and 4(f)). Particularly,
owing to the transition from a direct bandgap to an indirect
bandgap, the bandgap will accordingly increase and then slightly
decrease after reaching the maximum value when a tensile strain is
applied in the armchair direction [87].

In view of the features of heavy elements for both P and As, the
influence of the spin-orbit coupling (SOC) effect on the band gaps
of b-AsP was also studied. In 2018, Yu et al. proved the
dependence of the bandgap of thin-layer b-AsP on the SOC
through Fourier transform infrared (FTIR) spectroscopy and DFT
calculations. As shown in Fig. 4(e), the valence band maximum
(VBM) and conduction band minimum (CBM) of b-AsP will split
into one newly generated subband, forming four infrared energy
gaps [55].

4.2 Surface energy

When the thickness of b-AsP is thinned to the atomic level, the
material has a tremendous specific surface area, leading to a great
desire of researchers to study its surface energy to promote the
understanding of the surface structure, reconstruction and
roughening [88-90]. In 2020, Bousa et al. measured the surface
energy of b-AsP alloys with two different compositions (b-As,P,
and b-As,P;) through inverse gas chromatography equipped with
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Figure4 (a) Summary of the x-dependent infrared absorption wavelength and band gaps of b-As,P,_,. Reproduced with permission from Ref. [50], © WILEY-VCH
Verlag GmbH & Co. KGaA 2015. (b) Electronic band structure of the monolayer a-AsP calculated by PW91 and HSE06. (c) The energy band gaps of binary
phosphorus-arsenic alloys with different crystal structures calculated by the HSE06 method. Reproduced with permission from Ref. [57], © Elsevier Ltd. 2016. (d) and
(f) Strain dependence of the energy band gap along the armchair and zigzag directions. Reproduced with permission from Ref. [87], © the Owner Societies 2016. (e)
On the right is a schematic diagram of the band structure of multilayer b-AsP considering SOC. On the left is an enlarged image of the energy band, in which the band
has been split into four sub-bands. Reproduced with permission from Ref. [55], © IOP Publishing Ltd 2018.
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a surface energy analysis instrument (IGC-SEA) [60]. As seen
from the DFT calculation results in Fig. 5(a), the surface energy of
the material basically does not change greatly with the variation of
the element ratio in b-AsP. Figure 5(b) illustrates the total surface
energy of the material by considering dispersion and
nondispersive components. The difference in total surface energy
among b-As,P;, b-As,P;, and BP is not obvious after considering
the error bars, which implies that the addition of arsenic atoms
has almost no effect on the surface energy of b-AsP. Moreover,
Fig. 5(b) also shows that the surface energy of the b-As,P; and b-
As,P; alloys varies little with respect to the surface coverage of the
probe molecules. The relationship between the surface energy and
the surface coverage of the probe molecule is thus shown in
Fig. 5(c). As the surface coverage increases, the measured surface
energy decreases drastically at first and then decreases slowly. At a
low surface coverage, the probe would first adsorb on sites with
higher surface energy, such as steps, edges, and cavities. Therefore,
the measured surface energy can be used to evaluate the flatness of
the material surface [91]. The almost constant surface energy with
increasing coverage demonstrates that the flat surface of b-AsP
basically does not have these high-energy sites, and it is basically a
flat surface (Fig.5(b)). The relationship between the acid-base
component and the coverage of the probe molecule shown in the
inset of Fig. 5(b) reveals that the acid-base component of b-As,P;
and BP contributed just approximately 3%, indicating that the
surface energy is contributed mainly by the dispersion factor.
Herein, the limited acid-base component (13 mJ/m’) of b-As P,
might be ascribed to surface oxidation.

4.3 Thermoelectricity
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Thermoelectric materials can reversibly convert the electrical and
thermal energy within the materials, realizing the energy
conversion and utilization of waste energy. Three factors,
including the Seebeck effect, Peltier effect, and Thomson effect, are
usually considered to evaluate the performance of thermoelectric
materials. The thermoelectric efficiency of the material can be
evaluated by the thermoelectric figure of merit (ZT). ZT can be
calculated by the formula ZT = S’oT/k, where S is the Seebeck
coefficient, also known as thermoelectric power (TEP), ¢ is the
electrical conductivity, T is the absolute temperature, and k is the
thermal conductivity. Thus, the thermoelectric performance of a
material is determined by the Seebeck coefficient and electrical
and thermal conductivity. In addition, for a thermoelectric device,
it’s favorable to have both high electrical conductivity and low
thermal conductivity in the direction between the cold end and
the hot end [92-94]. Similar to BP, b-AsP also has anisotropic
thermal conductivity and electrical conductivity, enabling b-AsP
to be a potential candidate for thermoelectrical applications.

In 2020, Karki et al. measured the thermoelectric power and
electrical conductivity of b-AsP by fabricating a thermoelectric
device (Fig. 6(a)). Figure 6(b) shows the temperature dependence
of the TEP of b-As,P,_, with different values of x. The Seebeck
coefficient changed with temperature almost in accordance with S
~ aT” when x = 0, 0.2, and 0.5, and the TEP value of b-As;,Py
reached 800 pV/Keven at room temperature, indicating a
potential 2D variable range hopping (VRH) model within
materials [95]. However, pure arsenic and b-Asyg;P;; showed a
very small TEP with a value of 7 pV/Kat room temperature.
Figure 6(c) shows the relationship between the resistance of b-
As,P, . and the temperature. B-As P, and b-As,gP,,,; basically

02 03 04 05 06
Surface coverage (n/n,,)

00 01

Figure5 (a) Surface energies of phosphorus-arsenic alloys with different compositions in their most stable structures. (b) Relationship between the total surface
energy and surface coverage of BP (black circles), b-As,P; (red triangles), and b-As,P; (blue triangles) alloys. The inset shows the relationship between the acid-base
components of the total surface energy and surface coverage. Reproduced with permission from Ref. [61], © WILEY-VCH Verlag GmbH & Co. KGaA 2020. (c)
Dispersive surface energy profile when the surface coverages are between 0.5% and 50%. Reproduced with permission from Ref. [91], © Elsevier B.V. 2014.
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exhibited the resistance characteristics of the metal, in which the
resistance simply increased with increasing temperature. However,
when x = 0, 0.2, and 0.5, the resistance of b-As,P,_, is negatively
related to temperature at low temperature but positively at high
temperature, which conforms to the relationship of
AR/R = aT+ bexp(T"(—1/3)), further conforming to the 2D
VRH mechanism in the transmission process. By fitting the TEP
and resistance values of several alloys (Fig. 6(d)), both TEP and
resistance values can be predicted to reach their maximum values
of 1,000 uV/K and 1 Q) when x is approximately 0.2. When x <
0.2, the TEP of the material decreases significantly with decreasing
arsenic concentration, but the conductivity will not be improved;
when x > 0.2, the TEP of the material decreases as the arsenic
concentration increases, but x > 0.2 significantly improves the
electrical conductivity of the material [53]. Table 2 shows the
electron transmission characteristics (Seebeck coefficient,
conductivity, and PF) of thermoelectric materials at room
temperature, demonstrating the excellent thermoelectric
performance of phosphorus-arsenic alloys.

4.4 Optical properties

4.4.1 Infrared absorption effect

The unique puckered orthogonal hexagonal structure of b-AsP
and the highly tunable compositions enable diverse optical
properties. The direct bandgap of 0.15-0.3 eV corresponds to a
mid-infrared wavelength range of 4.13 to 827 pm. The high

7

tunability of the composition enabled the material to have a
versatile infrared absorption effect. Figure 7(a) exhibits the
infrared absorption curve of b-AsP,, with different
concentrations of arsenic, in which the absorption edge of the
infrared absorption redshifts with increasing arsenic. As shown in
Fig. 7(b), the band gap of b-AsP gradually narrows down with the
incorporation of arsenic atoms, resulting in a gradual decrease in
its infrared absorption wavenumber [50]. In addition, the
polarization-resolved infrared absorption spectrum of b-AsP in
Fig. 7(c) demonstrates that b-AsP also has anisotropic absorption
behavior similar to BP. The maximum absorption arises at an
angle of 135°, corresponding to the x-axis of b-Asg;P,,;, while the
minimum absorption arises at an angle of 45°, corresponding to
the y-axis of b-AsygP;,7 In 2018, Yu et al. demonstrated that
b-AsP has three weaker absorption peaks in a longer wavelength
range, as depicted in Fig. 7(d). Owing to the SOC effect, the
original VBM and CBM split a sub-gap, resulting in the
generation of three additional infrared absorption peaks. In
addition, the three subpeaks also have anisotropic absorption
behavior, which was consistent with the same anisotropic law for
band-edge absorption. Furthermore, the subpeaks corresponding
to infrared absorption are electrically tunable. The gate voltage
applied to the materials enlarged the absorption, which is revealed
at the subpeak, valley and absorption edge. This change in
absorption was attributed to the change in the free carrier
concentration induced by the gate voltage, which in turn affects

Table2 Room-temperature electronic transport properties (S, p, and PF) of some thermoelectric materials at 300 K

Compound TEP(S) (uV/K) P (Qm) PF = §/p (uWW/(m-K?)) References
BP 313.0 4.66 x 10 22.38 [53]
b-Asy,Pgs 803.0 5.85x 107 110.26 [53]
b-AsysPys 550.9 9.59 x 10™* 316.54 [53]
b-Asgs3P 5 7.4 8.34 x 10°° 6.57 [53]
Bi,Se; —-105 1.92 x 10~ 575.0 [96]
Sb,Te, 129 4.76 x 10°° 349 [97]
PbTe 451 4.34 x 10 468 [98]
SnSe, ¢sBrj ¢, -201 2.70 x 10™* 149 [99]
ZnO -175 2.00 x 10™* 153 [100]
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Figure7 (a) Infrared absorption curves of b-As P, . samples. (b) Summary of the x-dependent infrared absorption wavelength and band gaps of b-As,P, . (c)
Polarization of the extinction intensity at 2,200 cm™. Reproduced with permission from Ref. [50], © WILEY-VCH Verlag GmbH & Co. KGaA 2015. (d) The
absorption spectrum measured by FTIR reflection spectroscopy (the dashed lines indicate the three subgap peaks). Vg = 0 V; T = 300 K; P = 1 bar. (e) Fourior
transform infrared (FTIR) spectra of the sample with different rotation angles of the polarizer. (f) Polarization of the infrared adsorption corresponding to the band gap
and three subpeaks in (d). Reproduced with permission from Ref. [55], © IOP Publishing Ltd. 2018.
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the infrared absorption intensity [55].

4.4.2 Raman scattering effect

Compared with BP and gray arsenic, the b-AsP alloy has multiple
element types, resulting in a multiple bond form and showing
several groups in Raman peaks. The Raman peaks of b-AsP were
distributed in three main regions (Fig. 8(a)). The low-frequency
region below 275 cm™ contains vibration information for the
As-As bond, while the high-frequency region above 350 cm™
contains vibration information for the P-P bond. The Raman
peaks in the region between 275 and 350 cm™ could thus reflect
the vibration of the P-As bond. After increasing the arsenic
concentration, the relative intensity of the Raman peaks in the low-
frequency region became intense, whereas the opposite
phenomenon was observed for the high-frequency region. When
50% of the phosphorus atoms were replaced with arsenic atoms,
the most intense Raman peaks in the middle frequency region
were exhibited. Furthermore, the redshift of Raman for
phosphorus was also raised after increasing the concentration of
arsenic, as shown in Fig. 8(b), which can be attributed to the
length of the P-P bond being shorter than the length of the As-As
bond. When a small number of arsenic atoms were incorporated
into the BP lattice, the arsenic atoms will be compressed, resulting
in a shorter bond length due to the influence of surrounding P
atoms. However, this effect weakens when the concentration of
arsenic atoms increases, as shown by the redshift of Raman peaks,
resulting in an enlarged As—As bond length. In contrast, when the
concentration of arsenic atoms increases, arsenic in the crystal
lattice will occupy most of the positions for phosphorus, and a
small part of the P-P bonds will be affected by the surrounding
arsenic atoms, thus enlarging the bond length of the P-P bond
and redshifting the Raman peak [53]. Because b-AsP is a layered
material, the Raman shift displays no change with the stacking
number of layers, but the intensity changes (Fig. 8(d)) [50]. The
Raman feature of the b-AsP alloys is also anisotropic due to the
unique crystal structure characteristics of BP. Previous studies
have shown that the Raman scattering of BP shows a polarization
behavior related to the crystal orientation [101, 102]. In 2015, Liu
et al. observed such polarization behavior in the low-frequency

Nano Res.

region, the Raman peaks of different vibration modes of arsenic in
b-AsP alloys also have polarization behavior, as shown in Figs.
8(e) and 8(f) [50].

4.5 Carrier mobility

Mobility is an important parameter that characterizes the
conductivity of semiconductors and affects the operating speed of
the device. As early as 1987, Shirotani et al. started to focus on the
superconductivity of phosphorus-arsenic alloys. Phosphorus-
arsenic alloys have been found to be able to achieve complete
conductivity with a resistance of 0 under high pressure, and the
superconducting temperature showed high pressure dependence
(Fig. 9(a)) [71]. Recently, the conductivity of monolayer b-AsP has
been more extensively studied with emerging studies on 2D
materials. In 2015, Shojaei et al. simulated the carrier drift
behavior of b-AsP under different original topological arrang
ements, demonstrating good performance as BP. Specifically, the
electron mobility of the dynamically stable orthogonal phase of b-
AsP in the zigzag direction has been demonstrated to be as high as
10,460-25,840 cm?/(V-s). In contrast, the high mobility of holes is
poor in the armchair direction, which in turn provided anisotropy
for carrier transport [103]. In 2016, Xie et al. stimulated exciton
solar cells using a b-AsP monolayer as a donor, achieving high
electron mobility of 14,000 cm?*/(V-s) [57]. Experimental efforts on
b-AsP have demonstrated good bipolar transport characteristics
and high hole mobility of approximately 307 cm?/(V-s) by building
field effect transistors (FETs), implying the tremendous
application potential of b-AsP.

5 Applications

5.1 Field effect transistors

The FETs could tune the conductivity of the material between the
source and drain by applying a voltage on the gate. In 2015, Liu et
al. exfoliated b-As,,P 5 nanosheets onto an oxidized and polished
silicon wafer to fabricate a classic FET device (Fig. 9(b)). The thick
nanosheet showed no change in I, during the gate voltage sweep
from —45 to 45 V, as shown in Fig. 9(d). However, the b-AsP
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Figure8 (a) Raman spectra of BP, gray As, and b-As P, with different chemical compositions. (b) Relationship between Raman shift and arsenic concentration (x)
for P-P (top) and As-As (bottom) vibrational modes. Reproduced with permission from Ref. [53], © American Chemical Society 2020. (c) Schematic of an As-As
vibrational mode at 208 cm™ of bulk b-As,sP,s. As atoms are in red and P atoms are in gray. Reproduced with permission from Ref. [45], © American Chemical
Society 2018. (d) Raman spectra of bulk (black), thick flakes (red), and thin flakes (blue) of b-Asg;P, ;. () Local Raman spectra of b-As,g;P, 5 at different polarization
angles, which reflect mainly the polarization characteristics of b-As. The inset shows the optical image of the sample and indicates the polarization angle. (f)
Polarization of the intensity of Raman peaks at 256, 233, and 224 cm™, which correspond to the A,', By, and A,' modes of b-As,g;Py,;. Reproduced with permission

from Ref. [50], © WILEY-VCH Verlag GmbH & Co. KGaA 2015.
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Figure9 (a) The relationship between the electrical conductivity and temperature of b-As,P, under different pressures. Reproduced with permission from Ref. [71],

© IOP Publishing 1987. (b) Atomic force microscope (AFM) image of the b-AsP FET.

(c) Transfer curves of a 15 nm thick b-As, Py, flake. (d) I)s—V{; characteristics

of a thick b-As,g;P,,; flake. The thickness of the flake is approximately 60 nm based on AFM measurements. Reproduced with permission from Ref. [50], © WILEY-
VCH Verlag GmbH & Co. KGaA 2015. (e) The relationship between the off-state current and the gate length for HP and LP devices along the zigzag and armchair
directions. (f) Subthreshold swing as a function of the gate length for HP and LP devices along the armchair and zigzag directions, respectively. (g) Schematic diagram
of a monolayer b-AsP FET along the armchair direction. (h) Transfer characteristics of n-type and p-type b-AsP FETs with different gate lengths along the armchair
direction for HP and LP devices, respectively. Reproduced with permission from Ref. [56], © Wiley-VCH Verlag GmbH & Co. KGaA 2020.

nanosheet with a thickness of 15 nm showed typical bipolar
transfer characteristics and high hole mobility of 110 cm?*/(V-s)
(Fig. 9(c)) [50]. Then, Long et al. reported a FET of b-AsP that had
high hole mobility of 307 cm’(V-s) at a drain voltage of
0.01 V [48]. To study the ballistic transport characteristics of 2D
b-AsP, Zhou's group utilized the FET model to simulate and
calculate the transport performance of 2D b-AsP (Fig. 9(g)),
demonstrating that the b-AsP FET conformed to the International
Technology Roadmap for Semiconductors (ITRS) requirements
and was more suitable for high-performance (HP) applications
than for low-power consumption (LP) applications (Fig. 9(h)). In
addition, the ballistic transportation of b-AsP FET devices also
displayed anisotropic behavior (Figs. 8(e) and 8(f)) [56]. There are
distinct differences between n-type and p-type FETs in varied
directions of the b-AsP. As the p-type semiconductor changed
more intensely in the zigzag direction, the Iz in the armchair
direction would be generally higher than the I in the zigzag
direction when the gate length increased. In addition, the variation
in subthreshold swing (SS) in different directions also showed the
anisotropic behavior of the b-AsP FETs. This work also revealed
that the smaller energy-delay product (EDP) of 4.05 x 107
and -1.35 x 107 (J-s)/um suggested the great application potential
of b-AsP in FET's [56].

5.2 Mid-wave infrared photodetectors

The band gap of b-AsP falls from 0.15-0.3 eV, which indicates
good absorption at mid-infrared wavelengths of less than 8 yum.
The first mid-infrared photodetector based on b-AsP showed a
relatively high specific detectivity (D*) of 24 x 10° cm-Hz"/W
(Fig. 10(a)) [51]. Subsequently, the infrared detector made of b-
AsP depicted a responsivity of 15-30 mA/W corresponding to
wavelengths ranging from 2 to 8 um and a rise time of 0.54 ms
(Figs. 10(b) and 10(c)). Current noise caused by disorders and
defects in 2D b-AsP is a key obstacle in improving the detectivity
of equipment. In 2017, Long et al. reported a mid-infrared
detector with a relativity low current noise through an innovative
heterostructure design (Fig. 8(d)). The b-AsP nanosheet was
superimposed on a MoS, nanosheet to form a P-N
heterostructure that suppressed the current noise by generating an
energy barrier. The noise equivalent power (NEP) is one order of

magnitude lower than the NEP of the ordinary b-AsP detector
reported previously; D* is nearly two orders of magnitude higher
than the D* of commercialized infrared detectors (Figs. 10(e) and
10(f)) [48]. Degradation of b-AsP would greatly reduce the
performance of the detector and thus limit its infrared application.
Yuan et al. reported a sandwich-structure hBN/b-As P, ,,/hBN
structure to make a stable mid-infrared detector (Figs. 10(g) and
10(h)), demonstrating an outstanding responsivity for several
months of 90 mA/W in an ambient environment [49].

5.3 Er-doped fiber ultrashort lasers

With the development of long-distance data transmission [104],
biomedical imaging [105], laser engraving [106], and welding
technologies [107], ordinary lasers are unable to meet technical
requirements. The emergence of technologies such as high-
brightness laser diode pump light sources and Er-doped fiber
(EDF) amplifiers in the 1980s promoted the development of short-
pulse, high-energy, and long-lasting fiber lasers [108,109].
Recently, a fiber laser with excellent performance was equipped
with a saturable absorber (SA), which is a basic portion of a laser
system that modulates cavity loss and realizes ultrashort pulses. 2D
materials are promising candidates for saturated absorbers due to
their thickness-dependent band gap and large specific surface
areas. Many suitable 2D materials, such as graphene, TMDCs,
Bi,Te;, SnSe,, and b-P, have been utilized to fabricate the SA of
lasers to achieve ultrashort pulse modulation [110-114]. B-AsP
features a highly adjustable band gap and excellent optical
properties, making it a powerful candidate for SA applications. In
2019, Shi et al. reported for the first time that a b-AsP alloy was
used as an SA to fabricate an Er-doped fiber laser (Fig. 11(a)). As a
result, the laser operated at a maximum output power of 3.68 mW
when the pump power was 40 mW (Fig.11(b)). The pulse
duration lasted for 9.18 us, with a frequency of 38.47 kHz (Fig.
11(c)) [46]. Shu et al. reported that an Er-doped laser using b-AsP
as the SA showed a pulse duration of only 828 fs, but a frequency
of 8.49 MHz, with a signal-to-noise ratio of 61 dB, and the output
laser spectrum was stable for 7 h (Figs. 11(d)-11(f) ). Comparable
performance was also shown in Th-doped lasers with a high signal-
to-noise ratio of 68.8 dB, reflecting the huge application potential
of b-AsP as a saturated adsorber [52].
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54 Silicon photonic microheaters microheater, the waveform of the output signal measured by the
oscilloscope (Fig. 12(c)) demonstrated a response time of 30 ps

Silicon photonic microheaters are an important reconstruction ) . .
P P and a decay time of 20 ps. Subsequently, a strong correlation with

technology in silicon photonics that can tune photonic devices
. &Y b b . . the thickness of the b-AsP nanosheets of the microheater was also
without energy loss due to the excellent thermo-optical properties

of silicon. Liu et al. reported a nonresonant broadband heater df:monstrated; the @ner the.thlckness of the. b-AsP flakes, the
fabricated by a b-AsP nanosheet for tuning silicon optical devices, higher the thermo-optical efficiency. However, it has been a.}.luge
as shown in Fig, 12(a). The exfoliated b-AsP nanosheet covered on challenge thus far to further accelerate the response of silicon
the strip waveguide, followed by applying a voltage to both ends of photoheaters and to manufacture them on a large scale [54].

the nanosheet. Due to the metallic properties of the b-AsP alloy,
the carriers locally heated the waveguide through the ohmic
heating effect. As shown in Fig. 12(b), the output wavelength shift A lithium-ion battery is a secondary battery that relies mainly on
changes linearly with the heating power, with an efficiency of 0.74 Li* ion intercalation and extraction forth and back between the
nm/mW. When a 2 V square wave was applied to the cathode and anode. 2D materials have huge specific surface areas

IN%IEI'SSQYI‘&EQ @ Springer | www.editorialmanager.com/nare/default.asp

5.5 Lithium-ion batteries
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(Phcating)- (€) and (f) show the waveform of the optical response measured via a sampling oscilloscope. The measured rising time is approximately 30 ps, and the
decaying time is approximately 20 ps. Reproduced with permission from Ref. [54], © WILEY-VCH Verlag GmbH & Co. KGaA 2020. (g) CV curves of b-As,sP,s at a
scan rate of 0.5 mV/s. (h) An enlarged version of the region approximately 1.25 V in (g). (i) Rate capabilities of BP, b-As,5P,s, and b-As,¢P,, at various current

densities. Reproduced with permission from Ref. [47], © Elsevier B.V. 2019.

with unique surficial properties that are convenient for assembly
or modification. Enormous amounts of 2D materials, such as
rGO, MoS,, BN, Ti;C,, and BP, have been employed for anode
materials of lithium-ion batteries to date [115-119].

In 2020, a study by Jin et al. demonstrated a high-rate and high-
capacity lithium storage device by utilizing b-P as the anode active
material [47]. Given that the structure of b-AsP is similar to the
structure of b-P but with one order of magnitude higher electron
mobility of 10,000 cm?/(V-s) [115], a study on b-AsP as an anode
was conducted, including cyclic voltammetry (CV) measurements
with redox peaks at 0.5-1.0 V vs. Li/Li*, which was attributed to
the process of Li* intercalation (Figs. 12(g) and 12(h)). The peak at
1.0-1.2 V vs. Li/Li* was caused by the desertion of Li* ions during
the reverse scan. The rate capabilities of different arsenic
proportions of phosphorus-arsenic alloys at various current
densities are shown in Fig. 12(i), featuring a huge loss of specific
capacity initially owing to the delithiation of the high lithium
phase and the formation of the solid electrolyte interface.
Subsequently, an arsenic-phosphorus alloy demonstrated a higher
specific capacity than BP, with a Coulombic efficiency
approaching 99%, emphasizing the huge application potential of b-

AsP alloys in lithium-ion batteries [47].

5.6 Interfacial protection

For practical applications, the material stability in ambient
conditions should be carefully studied. It is reported that BP could
be degraded after being exposed to air for 3 days, and many
bubbles will be formed on the surface of BP. In contrast, it is
reported that b-AsP with the similar thickness shows negligible
degradation after being exposed to the same air condition for
7 days [54]. The ambient stability of b-AsP is much better than
BP, although the surface of b-AsP will still be oxidized to some
extent. When stored in ambient air for a long time, an oxidation
layer could be formed on the surface of layered b-AsP, resulting in
the performance reduction of the devices. To overcome this
drawback, some useful strategies have been developed to protect
the interface of b-AsP. Liu et al. found that layered b-AsP could be
stored in an argon-filled glovebox for one month and the surface
still kept very flat [50]. Amani et al. spin-coated a layer of PMMA
on the surface of b-AsP and stored it in a nitrogen-filled glovebox,
which effectively prevented the degradation of b-AsP [51]. Young
et al. deposited a thin layer of Al,O; film on the surface of b-AsP
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via the ALD method, which can ensure the ambient stability of b-
AsP and the retention of its crystal structure [45]. Yuan et al.
fabricated a mid-infrared photodetector with the configuration of
sandwiched hBN/b-AsP/hBN structure, which can maintain good
performance in ambient conditions for a long time owing to the
interfacial protection effect of the upper hBN layer [49].

6 Challenges and perspectives

This review summarizes the recent progress of 2D b-AsP toward
structure, synthesis, basic properties, and applications. Alloying BP
by arsenic atoms, on the one hand, preserves the special crystal
structure and high anisotropic effect of BP and, on the other hand,
enhances the tunable range of the band gap and effectively
broadens the operational wavelength range in photodetection. The
optical response of b-AsP can be as low as approximately 0.15 eV,
corresponding to a very long wavelength. Moreover, the long-
range composition tuning of b-AsP supplies more flexibility in the
manipulation of chemical (stability, reactivity) and physical
(electrical and optical) properties. As a monoelemental 2D
pnictogen material, BP has been extensively studied in recent
years. Other 2D layered pnictogen materials (such as arsenene,
antimonene, and bismuthene) are gradually being valued due to
their unique properties and great potentials for various devices,
such as FETs, photodetectors, batteries, photovoltaic devices, and
sensors. However, so far, most of the researches in 2D pnictogen
materials were focused on monoelemental pnictogen materials. As
a dual-elemental pnictogen material, 2D layered b-AsP
undoubtedly paved a new way for 2D pnictogen materials,
enriching the category and broadening the application field of 2D
pnictogen materials. Until now, 2D b-AsP has been successfully
applied in the fields of photodetection, transistors, energy storage,
etc.

So far, the research works on monolayer b-AsP have still
stagnated at the stage of theoretical calculations. It is still very
difficult to obtain large-area, single-layer 2D b-AsP materials with
few crystal defects via top-down methods, such as mechanical
exfoliation and liquid-phase exfoliation. This is because 2D
pnictogen materials with puckered layer structures possess higher
interlayer interactions compared to graphene and TMDC
materials. In addition, the dual-composition nature of b-AsP
further increases the interlayer dispersion interactions. On the
other hand, the bottom-up growth of b-AsP is also rarely reported,
and the bottom-up growth of monolayer b-AsP has not been
realized yet. The CVD method has been considered as one of the
most promising routes to realize the growth of b-AsP film with
high crystalline quality. However, the lack of suitable precursor
material limits the CVD growth of b-AsP. It is hard to break and
rearrange the complex bonds of red phosphorus to form the
puckered hexagonal orthorhombic crystal phase of b-AsP. The
utilization of AsH;, PH;, organic phosphine, and organic arsine as
sources for the CVD growth of b-AsP has not been explored yet,
and suitable catalytic pyrolysis pathways need to be established.
For arsenates and phosphates, a feasible experimental procedure is
still to be built to overcome their high bond energies and high
kinetic energy barriers. Some other deposition technologies also
have great potential in the bottom-up synthesis of b-AsP.
Molecular beam epitaxy (MBE) equipped with two thermal crack
cells can easily generate arsenic atoms and phosphorus atoms,
allowing the epitaxial growth of b-AsP crystals on flat substrates.
However, the requirements of high vacuum apparatus, expensive
effusion cells and suitable substrates limit the development of this
method. PLD is also another promising choice for growing b-AsP
crystals with a well-controlled elemental ratio. However, for the
PLD technique, it is difficult to obtain monolayer b-AsP with high
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crystal quality because it is hard to avoid the growth of large
particles. Overall, there is still plenty of room for researchers in the
preparation and applications of monolayer b-AsP materials.

However, the investigation and understanding of b-AsP is just
the tip of the iceberg, and there are still many obstacles in the
development of 2D b-AsP. The first and foremost difficulty is the
large-scale synthesis of 2D b-AsP with controllable thickness and
high purity. Current methods to achieve 2D b-AsP focus mainly
on mechanical exfoliation and liquid-phase exfoliation of bulk
b-AsP. The weakness of mechanical exfoliation is obvious,
such as high randomness and low yields, which is far from
industrialization. The liquid phase can produce a high yield of 2D
b-AsP, and the cost is relatively low and environmentally friendly,
making it suitable for catalysis and energy conversion. However,
the crystal quality of prepared 2D b-AsP is lower than the crystal
quality of mechanical exfoliation, limiting its application in
photonics and electronics. In addition, epitaxial growth of BP has
been a difficult key problem for a long time. Thus, developing
effective wafer-scale and high-quality methods to prepare 2D
b-AsP is essential for its practical applications. Large-area film
deposition techniques, such as MBD, PLD, ALD, and plasma-
enhanced CVD (PECVD), may be an appropriate choice. These
results ensure high reproducibility and uniformity and are
compatible with the current silicon-based chip fabrication
processes.

Although b-AsP has been successfully applied in many fields
and some exotic properties of b-AsP have also been
experimentally demonstrated, the applications and property
engineering of b-AsP alloys are still insufficient. In particular,
various theoretical calculations and simulations have predicted
fantastic properties of b-AsP, such as superconductivity, low-
temperature thermal properties, and mechanical flexibility,
requiring further verification and implementation. The high
electronic mobility and direct band gap of b-AsP also demonstrate
a high potential to act as a highly efficient donor in solar cells. In
addition, doping exotic atoms or fabricating defects in b-AsP are
also effective ways to adjust the electronic band structures and
introduce specific active sites, enabling great potential in the
applications of functional electrical and optical devices, sensors,
catalysis and lithium and sodium batteries. Notably, the atomic
ratio of b-AsP is changeable. Previous theoretical and
experimental researches predicted that the As atom ratio in b-AsP
can be varied between 0 and 0.83. If the As atomic ratio is higher
than 0.83, the commonly used CVT method can only yield gray
arsenic phase P-As alloy, rather than b-AsP. Many previous
researches have chosen b-Asyg;P,,; as a prototype, this is because
the b-AsP with an As/P ratio of 0.83:0.17 has the most distinct
properties from BP. The b-AsP material with a relatively high
proportion of P atoms will depict similar properties to BP, at least
to some extent. Therefore, it is reasonable to study the synthesis
and characterizations of b-AsP with an As/P ratio of 0.83:0.17.
Especially, b-Asg;P,, exhibits strong light absorption in the wide
range of 3.4-7.7 um, which is favorable for the application of the
mid-infrared photodetector. The band gap and optical properties
of b-AsP are greatly influenced by the As/P ratio, especially the
mid-infrared absorption behavior. Previous studies have shown
that with the increase of As concentration, the band gap of b-AsP
will decrease and the infrared absorption edge will show a red
shift. Moreover, as the concentration of As atoms increases, the
characteristic Raman scattering peaks of b-AsP will shift to a low
wavenumber, indicating that the increase of the As/P ratio can
change the phonon vibration behavior in b-AsP. In short, the wide
tunability of the As/P ratio is very beneficial to adjust the
properties of b-AsP. However, so far, it is still a lack of
comprehensive studies on the tuning of the As/P ratio. For the
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future application of b-AsP 2D materials, it is very crucial to
realize and make good use of the adjustable characteristics of b-
AsP with different atomic ratios. Currently reported crystal phases
of arsenic phosphorus alloys are mainly orthorhombic phases with
puckered honeycomb structures, which are derived from BP or
black arsenic (b-As). Phosphorus or arsenic has diverse allotropes,
such as amorphous phosphorus and rhombohedral phosphorus.
The crystal phase is an important factor in determining the
physical and chemical properties of 2D materials. For instance,
rhombohedral arsenic is also a layered crystal and exists in nature,
showing semimetallic features with high conductivity. Moreover,
as arsenic and phosphorus are in the same group and have similar
chemical properties, it is rational that arsenic phosphorus alloys
with given atom ratios can be derived from arsenic or phosphorus
with different crystal phases. Therefore, rational design and
synthesis of 2D arsenic phosphorus alloys with different crystal
phases and structures are desirable to fully uncover the intrinsic
properties and potentially develop more applications of arsenic
phosphorus alloys.

As mentioned above, the challenges of 2D b-AsP also hint at
great opportunities for fabricating new conceptual devices and
understanding new emerging chemical physics. We hope that this
review will provide more inspiration and interest for property
research and application developments of 2D b-AsP.
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