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Phosphorene, an emerging two-dimensional material, has received considerable attention due to its

layer-controlled direct bandgap, high carrier mobility, negative Poisson’s ratio and unique in-plane

anisotropy. As cousins of phosphorene, 2D group-VA arsenene, antimonene and bismuthene have also

garnered tremendous interest due to their intriguing structures and fascinating electronic properties. 2D

group-VA family members are opening up brand-new opportunities for their multifunctional applications
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perspectives and challenges for the future of this emerging field.
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1. Introduction

Two-dimensional (2D) materials possess rather unique and
exceptional properties, which are of great importance for
new-generation smart electronic, optoelectronic and energy
devices due to their finite band gap, superior flexibility,
absence of dangling bonds and the significant resistance to
short channel effects."™* A family of 2D crystals, derived from
group-VA layered materials (P, As, Sb, Bi), has emerged with
increasing research interest, strong momentum of develop-
ment and promising practical applications.'**® Different from
semimetallic group-IVA (graphene, silicene, germanene and
stanene) and metallic group-IIIA (borophene) materials,”®”®
2D nanosheets of the group-VA elements are semiconductors
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with significant fundamental band gaps, thus rendering them
potential candidates for future nanodevices.

Among 2D group-VA family members, the first and also the
most explored one is phosphorene, which exhibits a direct band gap
with large tunability, from 0.3 eV in the bulk to 2.0 eV in mono-
layers, and a high hole mobility above 10000 cm®> v ' s~ 1"
In 2014, Li et al. successfully fabricated the first phosphorene
field-effect transistor (FET) based on micrometer-sized flakes of
few-layer black phosphorus.’ Besides, monolayer and few-layer
phosphorene also present other promising properties, such as
highly anisotropic transport, superior mechanical properties,
negative Poisson’s ratios, excellent optical and thermoelectric
responses, strain-induced conduction bands, and perpendicular
electric-field-induced 2D topological character.'”>>”° These
unusual properties inspire a recent flourish of studies on
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phosphorene, which holds great potential for future applications
in many fields.

Over the past two years, as the cousins of phosphorene,
group-VA arsenene, antimonene and bismuthene have also
attracted lots of interest from physicists, chemists and material
scientists.?®"®° Particularly, in 2015, Zhang et al. predicted and
identified novel 2D semiconducting As and Sb monolayers,
namely arsenene and antimonene with wide band gaps, desir-
able stability and high carrier mobility.*® After that, many
available theoretical studies further revealed their rich and
peculiar properties. Importantly, the theoretically predicted
monolayer and few-layer group-VA nanosheets have been fabri-
cated experimentally by mechanical exfoliation, liquid phase
exfoliation, plasma-assisted processes, vapor deposition tech-
niques and molecular beam epitaxy.3°~3%8078
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Fig. 1 Applications of 2D group-VA materials in field effect transistors (reproduced from ref. 224 with permission from the American Chemical Society,
copyright 2015), photodetectors (reproduced from ref. 318 with permission from the American Chemical Society, copyright 2014), Tl spintronic devices™®
(reproduced from ref. 93 with permission from the American Chemical Society, copyright 2015), cancer therapy (reproduced from ref. 360 with
permission from Wiley, copyright 2017), light emitting devices, gas sensors (reproduced from ref. 333 with permission from Wiley, copyright 2015),

thermoelectric and energy devices.

With significant band gaps, predicted theoretically, and
desirable high stability, as proved experimentally, 2D group-VA
materials are expected to be promising and competitive candi-
dates for electronic, optoelectronic, spintronic and thermoelectric
applications (Fig. 1). Further theoretical and experimental explora-
tions of these group-VA materials will not only broaden our
fundamental knowledge of the 2D semiconducting family, but
also pave a practical route towards various technological appli-
cations. With these efforts, it is anticipated that these novel 2D
group-VA materials can complement well the properties of
graphene and other low dimensional materials to establish a
new research branch in the field of nanomaterials. Some
groups have reviewed the physical and chemical characteristics
of elemental 2D materials. However, they mainly place empha-
sis on graphene, silicene, germanene, stanene, phosphorene
and borophene.”"*°* The rapidly increasing number of publi-
cations in the area of group-VA materials provides a strong
motivation for this comprehensive review.

Herein, we report a systematic review of the latest advances in
2D group-VA materials (phosphorene, arsenene, antimonene and
bismuthene) and discuss their fundamental properties and applica-
tions. First, we will highlight the structural properties of this 2D
semiconductor family, as well as their layered bulk counterparts.
Then, we will describe the unprecedented electronic properties of
2D group-VA systems in detail. Furthermore, the synthesis appro-
aches and their applications will be broadly discussed. Finally, a
perspective on 2D group-VA semiconductors will be provided.

984 | Chem. Soc. Rev., 2018, 47, 982-1021

2. Structures and properties of group-
VA 2D semiconductors

Group-VA layered bulk materials show a structural variety,
being their typical allotropes. Significantly, phosphorus has
white, red, black phosphorus and other several amorphous
forms.®*°® Black phosphorus is the most thermodynamically
stable allotropic form under ambient conditions. It crystallizes
in a layered orthorhombic structure with space group Cmca,
consisting of parallel puckered double-floor atomic layers.
Within the individual atomic layer, each phosphorus atom
has five valence electrons from the 3s and 3p orbitals, which
hybridize to form three covalent bonds with neighboring
atoms. Among them, two covalent bonds lie parallel with the
atomic plane while the third one is nearly perpendicular to
that and plays an important role in bridge connection of
phosphorus atoms from upper and lower layers, forming a
unique puckered structure (o phase) as shown in Fig. 2a. Bulk
black phosphorus exhibits a band gap of 0.3 eV, a high carrier
mobility of 10> em® V™' s7" and a highly anisotropic layered
structure.”””® Under approximately 5 GPa, black phosphorus
transforms into a semimetallic B phase with space group R3m
as shown in Fig. 2b.°® The B phase is crystallized in a layered
rhombohedral structure, which adopts a double-layered struc-
ture consisting of many interlocked, ruffled and six-membered
rings. For black phosphorus, its first isolation could be traced
back to one hundred years ago. The original synthetic procedure

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Layered crystal structures of group-VA: (a) consisted of parallel puckered layers with space group Cmca (o phase), and (b) consisted of parallel
buckled layers with space group R3m (B phase). (c) Stable phases and natural layered crystals of P, As, Sb and Bi crystals.

is based on the treatment of white phosphorus at 1.2 GPa and
200 °C for 30 minutes.'*** In the subsequent years, black
phosphorus crystals were usually obtained from white or red
phosphorus under high pressure and high temperature
conditions.’”'%*'% Further improvement of crystal growth
methods of black phosphorus has been more explored at
reduced temperature and pressure. %7

Arsenic has three common allotropes, which are metallic
gray, yellow and black arsenic.'®® Gray arsenic is not only the
most common phase but also the most stable form with a
layered rhombohedral structure (space group R3m), as shown
in Fig. 2b. Importantly, the layered gray arsenic crystal also
exists in nature and has been known for more than a thousand
years. Gray arsenic is a semimetal material with bands near the
T and L points partly overlapped.'®® When arsenic is heated to
approximately 370 K, a layered orthorhombic o phase arises,
which holds a similar black phosphorous structure.'*® The
orthorhombic arsenic is a narrow-gap semiconductor with a
band gap of approximately 0.3 ev.'""

For bulk antimony, three known allotropes under normal
conditions are well known: gray antimony, black antimony and
explosive antimony.'*® Among them, the most stable one is gray
antimony. It has the same rhombohedral structure as gray
arsenic. Both gray antimony and arsenic show typical semimetal
characteristics in their layered bulk forms. In addition, layered
gray antimony is also a layered material. Black antimony has the
same structure as red phosphorus, and it is formed upon rapid
cooling of vapor of antimony. In fact, black antimony has high
chemical activity in the atmospheric environment. Under vacuum,
black antimony also transforms easily into the stable crystalline
gray antimony at approximately 373 K. Explosive antimony often
transforms fiercely into gray antimony under mechanical stress or

This journal is © The Royal Society of Chemistry 2018

heating. It should be noted that explosive antimony is probably
not an allotrope, but a mixed form.

For bulk bismuth, only one stable form exists, which possesses
a rhombohedral A7-type structure like gray arsenic and antimony,
with a natural layered structure, and layered bismuth shows
metallicity.'*®

In summary, the stable phases and natural layered crystals
are listed in Fig. 2c. Two stable phases have been isolated, for
P and As, o and B phases, whereas there is only one phase, for
Sb and Bi, a  phase. In addition, the natural layered crystals of
As, Sb and Bi have a B phase.

2.1 2D group-VA semiconductors

The 2D group-VA monolayer materials, derived from phosphorus,
arsenic, antimony and bismuth, are called phosphorene,
arsenene, antimonene and bismuthene. Akin to group-IVA
graphene, silicene, germanene and stanene, these group-VA
monolayer materials are termed with suffix “ene”, although
there are no double bonds. We must state that there are neither
nomenclatural reasons for the term “ene” nor linguistic reasons
for the suffix “ene” for these monolayer materials. However, in the
field of 2D materials, the suffix “ene” is commonly used as an
indication of monolayer materials. Therefore, we also adopted
this terminology. For simplicity, the emerging monolayer group-VA
materials are collectively termed as VAene, which include phos-
phorene, arsenene, antimonene and bismuthene. Depending on
the context, this terminology is also commonly applied to few layer
realizations of these materials.

Although initial studies on layered black phosphorous could
be dated back to 1914. The renaissance of phosphorene as an
elemental 2D material has attracted tremendous interest ever
since its first successful fabrication in 2014."7* This new class

Chem. Soc. Rev., 2018, 47, 982-1021 | 985
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of layered compounds shares with other 2D materials the
typical effects induced by quantum confinement in the vertical
direction, but in addition they also might exhibit a rich variety
of second-order effects. The group-VA atoms with lone pair
electrons alternately stack in an upper and a lower plane in the
layered structures, leading to significant puckering and a
pseudo-Jahn-Teller distortion. These two effects result in a
size-dependent interlayer interaction, leading to band gap
variations and other important properties. Thus, many unique
and significant transitions for the electronic and optical pro-
perties spring up after the process of thinning the layer thick-
ness to the nanoscale, which are verified in both theoretical
and experimental studies.'®?®**2

Many phosphorene allotropes with compacted honeycomb
or nonhoneycomb nanosheets have been designed and studied
from first-principles calculations. Zhu et al. predicted a buckled
honeycomb phosphorene, called blue phosphorene."** Soon
afterwards, Wu et al. reported a much more extended family of
phosphorene polymorphs with non-honeycomb structures.'**
Promisingly, Zhuo et al. further explored stable 2D phosphorus
porous polymorphs with tunable electronic properties."'> However,
the puckered (a-phosphorene) and buckled (B-phosphorene) mono-
layers are the most common allotropes, which have a structure
corresponding to the individual atomic layer of black phosphorus
(o phase) and blue phosphorus (B phase) crystals.

As for layered As, Sb, Bi crystals in Fig. 2c, one can clearly see
that arsenene may have both puckered and buckled monolayer
structures while antimonene and bismuthene are more likely to
have a buckled form. As a new 2D group-VA material, it is
natural to ask which monolayer structure is the most stable. To
address this issue, Zhang et al. systematically predicted a class
of group-VA monolayers with five typical honeycomb (o, B, v, 6,
¢) and four non-honeycomb (, n, 0, 1) structures, as illustrated
in Fig. 3a.”” They took into account their average binding
energy for all possible group-VA monolayer configurations, as
presented in Fig. 3b. For phosphorene, among the five honey-
comb «a, B, v, 3, ¢ monolayers and four non-honeycomb ¢, n, 6,
t monolayers, o-phosphorene with the puckered form is the
most stable. However, different from black phosphorene, for
arsenene, antimonene and bismuthene monolayer allotropes,
all corresponding B phases with the buckled form have the
lowest energy. Note that three phases of bismuthene, namely a,
B and {, have very close average binding energy. Here, we need to
emphasize that the counterpart bulk material of a-phosphorene
monolayer is black phosphorus, which is the most stable form of
the allotropic bulk crystals under standard conditions. Contrarily,
the counterpart bulk materials of p-arsenene, f-antimonene and
B-bismuthene are rhombohedral layered arsenic, gray antimony
and bismuth B-phase, respectively. Only o and P layered phases
experimentally exist in group-VA bulk crystals. In the following
text, if no specific explanation is presented, all group-VA mono-
layers are discussed only based on the two phases, as shown in
Fig. 4a.

The phonon spectra of the free-standing group-VA monolayers
with the puckered and buckled forms have been calculated based
on first-principles calculations, which serve as a criterion to judge
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the structure stability. As shown in Fig. 4b, no appreciable
imaginary phonon modes exist in group-VA monolayers, indicating
that these free-standing group-VA monolayers are kinetically stable.
In fact, o-phosphorene, -phosphorene, -arsenene, f-antimonene,
a-bismuthene and B-bismuthene have been experimentally pre-
pared and characterized. Regarding the progress in experiments,
we will revisit and provide a more detailed description in the
following section.

2.2 Fundamental properties

(1) Band structures. To address the promising electronic
properties of 2D group-VA materials, many first-principles
calculations have been performed to study their band structures.
Regarding the electronic and optoelectronic applications of 2D
group-VA materials, the electronic band gap is one of the most
important features in any new 2D materials. Therefore, Table 1
summarizes the calculated band gaps of phosphorene, arsenene,
antimonene and bismuthene, based on the Perdew, Burke and
Ernzerhof (PBE),''® Heyd-Scuseria-Ernzerhof (HSE) hybrid

This journal is © The Royal Society of Chemistry 2018
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(@) P, As, Sb and Bi monolayers (collectively termed VAene) for o and B phases. (b) Calculated phonon band dispersions of group-VA monolayers

for o and B phases. Reproduced from ref. 27 with permission from Wiley, copyright 2016.

Table 1 Band gaps calculated at different levels of group-VA monolayers for o and B phases (in units of eV)

2D materials GGA/LDA HSE GW BSE
o-P 0.9,"%° 0.91"° 1.5,2° 1.83%7 2.26%3 1.41'%
2.2,% 20" 1.4, 1.2"
B-P 2.0 2.62%7
o-As 0.83,%7 0.77'%° 1.66%7
B-As 1.5, 1.64% 2.2, 2.49%7 2.47%¢ 1.6°°
1.6,% 1.76°° 2.0%°
o-Sb 0.54(soc)*? 1.18%
0.37'%°
B-Sb 1.65,°° 0.76(soc)?® 1.55(soc),*® 2.28%7 2.38%¢ 1.5

1.04(soc),*®
1.18(soc)®?

o-Bi 0.16'*° 0.367
0.16,"%¢ 0.17(soc)"*®
B-Bi 0.49'%° 0.99%7

0.55,"¢ 0.51(soc)"*®
0.56,"*” 0.50(soc)"*”

functional,’” and the Green’s function and screened Coulomb
interaction (GW) methods."*®'*° 1t should be noted that PBE
usually underestimates the band gaps of semiconductors, while
HSE and the GW method are more reliable in determining the
band gap. Although PBE underestimates the band gap of 2D
materials at different levels, it can offer a correct physical
picture in agreement with results based on hybrid density
functional theory (DFT) and the GW method.

Black phosphorous is a typical direct-band-gap semiconductor.
When thinned to few-layer and monolayer, it still retains a direct
band gap, as shown in Fig. 5a. Promisingly, the band gap of
phosphorene depends sensitively on the number of layers
(Fig. 5b)."”" The fundamental band gap of semiconductor is
dominated by the electron-electron interaction, which can be
accurately described by HSE06 or the GW method. Here, we
need to stress that the computed results based on the GW
method have given a reliable tunable bandgap from 0.3 to 2 eV
when the thickness of black phosphorous decreases from bulk
to monolayer, which is consistent with the experimental results
obtained from Scanning Tunneling Microscopy (STM)
measurements.”>*”"?°1?> Besides, the optical gap of a semi-
conductor can be predicted by the GW method with the Bethe-
Salpeter equation (BSE) by considering the excitonic effect.'*®

This journal is © The Royal Society of Chemistry 2018

0.14,"%¢ 0.03(soc)"*®

0.80,"%¢ 0.32(soc)"*®

By means of the GW-BSE method, the estimated exciton bind-
ing energy of phosphorene is about 0.8 to 0.9 eV, which agrees
well with the experimental results.">'**'** In addition, consi-
dering that the phosphorus atom is heavier than the carbon
atom, the spin-orbital coupling (SOC) of phosphorene has
also been taken into account. The calculated results show that
including the SOC term has no appreciable effect on the
electronic band structures.

Besides black phosphorene, Zhu et al. predicted another
2D allotrope of phosphorene, namely blue phosphorene.'*?
Blue phosphorene has comparable cohesive energy with black
phosphorene and the calculations indicate that it is both
dynamically and thermodynamically stable, thus very likely to
exist. Based on DFT calculations, blue phosphorene is a semi-
conductor with an indirect fundamental band gap of approxi-
mately 2.0 eV, much larger than that of black phosphorene. The
band-gap value can be effectively tuned from 2.0 eV to below
0.8 €V via strain, as well as the number of layers. Furthermore,
2D blue phosphorene was successfully grown on Au(111) in
experiments.'*! The fundamental band gap of the synthesized
structures was determined to be 1.10 eV by scanning tunneling
spectroscopy (STS) measurements. The discrepancy between
theoretical prediction and experimental observation is likely

Chem. Soc. Rev., 2018, 47, 982-1021 | 987
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Fig. 5 (a) Band structures of black phosphorene monolayer calculated with the HSEO6 functional (red solid lines) and the mBJ potential (blue dashed
lines), respectively. (b) Evolution of the direct bandgaps as a function of the sample thickness. Functionals used for structural optimization are shown in
parentheses. (a and b) Reproduced from ref. 15 with permission from Nature Publishing Group, copyright 2014. (c) Band structures of arsenene and
antimonene monolayers calculated with the PBE and GW approaches, respectively. (d) Calculated imaginary part of the dielectric function ¢, for arsenene
and antimonene monolayers with and without the electron—hole (e—h) interaction. (c and d) Reproduced from ref. 66 with permission from the American

Chemical Society, copyright 2017.

due to the quality of synthesized blue phosphorene and the
substrate effect.

Promisingly, Zhang et al. firstly predicted an abrupt transi-
tion from semimetallic or metallic As and Sb bulk crystals
to wide-band-gap semiconductor arsenene and antimonene
monolayers.”® Meanwhile, they further found that arsenene and
antimonene undergo an indirect-to-direct band-gap transition
upon tensile strain. Whereafter, Zhang et al. proposed that
phases with buckled forms are the most stable structures among
the possible arsenene, antimonene and bismuthene allotropes.*”
Therefore, we discuss the electronic properties of arsenene and
antimonene with 3 phases firstly. Through first-principles theory,
B phases of arsenene and antimonene monolayers hold 1.76 and
1.65 eV indirect-band-gaps at the PBE level in Fig. 5c. Based on the
GW method, calculated results describe more reliable funda-
mental band gaps for arsenene and antimonene, which are
predicted to be 2.47 and 2.38 eV.°® The exciton binding energy,
given by the difference between the electronic and optical band
gaps, is found to be 0.9 (0.8) eV for arsenene (antimonene).
Considering that antimonene is a heavy element of the fifth
period, B-antimonene may possess a strong SOC effect. The
band gap of f-antimonene with SOC is 1.04 eV at the PBE level
and 1.55 eV at the HSE level, while also in the presence of an
indirect bandgap. Besides, the calculated imaginary part of the
dielectric functions for arsenene and antimonene monolayers,
in Fig. 5d, shows that the optical absorption occurs at 1.6 (1.5) eV
within the red wavelength for arsenene (antimonene).®®

988 | Chem. Soc. Rev., 2018, 47, 982-1021

As the last element of group-VA, a layered B-bismuth crystal
is characterized by a small density of states around the Fermi
level, showing a semi-metallic property, while its single-layer
structure is a narrow band gap semiconductor.">>""*® Because
bismuth is heavier than other group-VA elements, stronger SOC
should affect the band structure of bismuthene. Aktiirk et al.
calculated the electronic structures of bismuthene with and
without SOC by means of the PBE and HSE functionals.'*® The
HSE correction applied to PBE states increases the direct band
gap to 0.80 eV. However, when SOC is included, this fundamental
band gap decreases to 0.32 eV and the band structure transforms
from direct band gap into indirect band gap.

Besides the B phase, o phases of arsenene, antimonene and
bismuthene also exhibit good thermodynamic stability in spite
of their metastable phases. They have band gaps of 0.77,
0.37 and 0.16 eV based on the PBE method, and 1.66, 1.18
and 0.99 €V based on the HSE correction.””"*> Among them,
a-bismuthene shows a direct band gap and it also turns into an
indirect band gap semiconductor with the inclusion of SOC,
just like B-bismuthene.'*"'*® Notably, o phases of arsenene,
antimonene and bismuthene hold much smaller band gaps
than the most stable B phases, respectively.

(2) Carrier transport. 2D group-VA semiconductors exhibit
superior carrier transport properties, leading to their promising
application in electronic and optoelectronic devices. It is
known that carrier transport properties are evaluated based
on the calculation of mobility. In theory, the carrier mobility of
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2D materials is defined by the following expression:"

_ 2€h3 C2D

oD S T PE?
where 7, kg, and T are the reduced Planck constant, Boltzmann
constant and temperature, respectively. The term m* is the
effective mass along the transport direction and C,p, means the
elastic modulus. E; represents the deformation potential con-
stant of the valence-band minimum (hole) or conduction-band
maximum (electron) along the transport direction. From the
definition, it is clear that the carrier mobility relies on three
intrinsic properties of 2D materials, which are effective mass
m*, elastic modulus C,p and deformation potential constant E;.
Qiao et al.*® predicted that the mobilities of black phosphor-
ene are hole-dominated, anisotropic and rather high based on
HSEO06 calculations. The electron mobility is 1100-1140 cm’ V' s~*
along the armchair direction and ~80 cm® V™' s~ " along the zig-zag
direction. In particular, the value of hole mobility along the
armchair direction is 640-700 cm” V' s~ ' and the value along
the zigzag direction is extremely high, up to 10000 cm> V' s~ .
The extraordinarily large hole mobility is much higher than the
mobility of MoS, (~200 cm”® V™" s7%),"*° mainly benefiting from
the extremely small deformation potential (E; = 0.15 + 0.03 eV).
The carrier mobilities of black phosphorene present strongly
anisotropic characteristics in virtue of the highly anisotropic
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atomic structure, which causes the big differences in effective
mass (Fig. 6a), elastic modulus and deformation potential constant
along armchair and zigzag directions. Additionally, the high
in-plane transport anisotropy of black phosphorene distin-
guishes it from other typical 2D materials, such graphene,
silicene, h-BN and so on.

The carrier transport properties of arsenene, antimonene
and bismuthene are also studied by the deformation potential
method.?”?%%%13% Based on the method, the carrier mobilities
of o and P arsenene, f antimonene, and B bismuthene are as
high as several thousand cm?® V' s '.*73%130 pizzi et al?®
calculated the electron and hole mobilities to be 635 and
1700 cm® V' s7* for B arsenene, and 630 and 1737 cm® V' s7*
for B antimonene. They emphasized that the SOC effects hardly
influence the conduction band of As and Bi but change the
topmost valence band, leading to the changes of effective
masses and deformation potentials. As a result, the hole
mobilities of As and Bi monolayers are increased by 25% and
84%, respectively.

(3) Optical properties. 2D group-VA materials present
unique optical properties which extend their potential applications.
Qiao et al"® and Tran et al' predicted the optical adsorption
spectrum of black phosphorene by first-principles calculations. The
calculated absorption spectrum is anisotropic, for light linearly
polarized in the armchair and zigzag directions. The band edge of
the first absorption peak is found at the bandgap and falls quickly
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Fig. 6 (a) Effective mass of electrons and holes according to spatial directions. (b) Polar representation of the absorption coefficient A(x) for a 40 nm

intrinsic black phosphorus film for normal incident light with excitation energies at the band gap wq, and larger. « is the light polarization angle. A() is
plotted for two values of interband coupling strengths. Reproduced from ref. 20 with permission from the American Physical Society, copyright 2014.
(c) The thermoelectric figure of merit according to the doping density at T = 300 K. Different long-wave relaxation times of phonons are included. The
unit of the doping density is m~2. (a and c) Reproduced from ref. 139 with permission from the American Chemical Society, copyright 2014. (d) Direction
dependence of Young's modulus of phosphorene. Reproduced from ref. 140 with permission from the American Institute of Physics, copyright 2014.
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with increasing layer thickness in the armchair direction, while the
peak is found at 3.14 eV in the monolayer and falls slightly with
thickness in the zigzag direction. This in-plane linear dichroism
allows optical determination of the crystalline orientation and
optical activation of the anisotropic transport properties. Tran
et al."® calculated that the phosphorene monolayer absorbs light
between 1.1 and 2.8 eV along the armchair direction and is
transparent to light in the same energy range along the zigzag
direction, covering the infrared and a part of the visible light
regime of broad interest. Moreover, the polarization energy
window is tunable over a wide range by adjusting the layer
stacking number, which is promising for device design. By using
the Kubo formula within an effective low-energy Hamiltonian,
Low et al.?° investigated the optical conductivity tensor of black
phosphorene, which can express physical quantities observed in
optical experiments (Fig. 6b). The optical conductivity of black
phosphorene, similar to the optical adsorption spectrum, is very
sensitive to the number of layers, especially for frequencies
ranging from 2500 to 5000 cm™ .

By calculating dielectric functions, electron energy loss
spectra, absorption coefficients, refractive indices, and optical
reflectivities in the 0-21 eV energy range, Singh et al.*® studied
the optical properties of antimonene. They found that it is
suitable for ultraviolet optical nanodevices, microelectronic
devices and solar cells. The dielectric functions become nega-
tive between 5.1 eV and 9.0 eV for a-antimonene and between
6.9 eV and 8.4 eV for B-antimonene, indicating their metallic
character in the UV part of the electromagnetic spectrum. In
addition, the result that electron energy loss spectra reveal the
plasmon energies of around 9 eV also suggests its metallic
behavior regarding the refection of light. The values of refractive
indices are 2.3 for a-antimonene and 1.5 for B-antimonene at the
zero energy limit and scale up to 3.6 in the ultraviolet region.

(4) Thermal properties. Thermal properties of 2D group-VA
materials have been widely studied by theoretical and experi-
mental methods.*®*?%1317138 The anisotropic phonon property
in o phases of phosphorene, arsenene, antimonene and bis-
muthene brings about an asymmetrical thermal conductivity
and thermoelectric efficiency.”' > Aierken et al."*' calculated
the thermal properties of black and blue phosphorene through
first-principles calculations. They predicted that the linear
thermal expansion coefficients of black phosphorene along
the zig-zag and armchair directions are highly anisotropic (up
to 20%), while the blue phase is isotropic in thermal expansion.
Zhu et al.*** found that thermal conductivities in black phos-
phorene are highly anisotropic because of orientation depen-
dent group velocities and phonon relaxation times. Their
theoretical calculation indicated that thermal conductivities
at 300 K are 83.5 and 24.3 W m ' K ' along zigzag and
armchair directions, respectively. More interestingly, the elec-
tronic conductivity along the armchair direction is much larger
than that along the zigzag direction."*® Therefore, thermoelectric
figure of Merit (Z7), dependent not only on thermal conductivity
but also on electronic conductivity, is also highly anisotropic for
black phosphorene, where the value along the armchair direc-
tion is larger than that along the zigzag direction (Fig. 6c)."*
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The intrinsic value of ZT in phosphorene is unfriendly low but
can be increased with different enhanced methods, which will be
described in detail later.

By using first-principles anharmonic lattice dynamics calcu-
lations and the Boltzmann transport equation for phonons,
Zeraati et al.*® investigated the phonon dispersion and the
lattice thermal conductivity of o-arsenene. Results show that
arsenene presents a smaller and more anisotropic thermal
conductivity than phosphorene. The thermal conductivities of
arsenene along the zigzag and armchair directions are 30.4 and
7.8 Wm ' K" at room temperature, respectively. Due to the
puckered structure, the thermal conductivity of arsenene is
mainly provided by the longitudinal acoustic phonon modes at
temperatures above 100 K.

The buckled structure of group-VA materials reveals isotropic
characteristic for thermal properties. Wang et al.'*® predicted
that antimonene has a low lattice thermal conductivity of
151 W m ' K ' at 300 K, accounting for its small group
velocity, low Debye temperature and large buckling height.
The low thermal conductivity can be tuned to be smaller by
minimizing the sample size and chemical functionalization.'**'?”
The intrinsic values of thermoelectric figure for antimonene and
bismuthene are not sufficiently high for potential application but
can be effectively increased by the n/p-doping method.'**%%

(5) Mechanical properties. Due to the puckered and
buckled structures, 2D group-VA materials exhibit distinctive
mechanical properties. Black phosphorene has special and
anisotropic mechanical properties, as depicted in Fig. 6d.>***'*!
Wei et al'*® used first-principles calculations to find that the
maximal Young’s modulus of 166 GPa is along the zigzag direction
and the minimal value of 44 GPa is along the armchair direction
(Fig. 6d). Along the armchair direction black phosphorene can
suffer a strain of up to 30%. In particular, Jiang et al.>* reported a
negative Poisson’s ratio in the out-of-plane direction during the
deformation of phosphorene in its zigzag direction, originating
from its puckered structure. This fantastic property endows phos-
phorene with great potential to be an auxetic material. Moreover,
theoretical research studies verified that o arsenene and bis-
muthene also have directional elastic behaviors.'**'** The in-plane
stiffness values of As are C, = 20 N m~* and Cy,=55N m 1,
while the values of Bi are C, =8.04 Nm ' and C,=22.6 Nm .
Clear anisotropic Poisson’s ratios for As and Bi are observed, as
Vxy = 0.33 and vy, = 0.91 for As, v, = 0.33 and 1, = 0.93 for Bi.
Along the zig-zag direction the values of v, are rather high both
for As and Bi. Importantly, in-plane stiffness influences the
robustness of the structure while Poisson’s ratio is meaningful
to the variation of the electronic structure, in particular for
possible metal-insulator transitions under tensile strain.

As for mechanical properties, theoretical calculations
show that the in-plane stiffness values of P arsenene and
bismuthene are isotropic, that is C =58 Nm ' and 23.9 N m ..
The isotropic Poisson’s ratios of As and Bi have a uniform value
of 0.21 and 0.33, respectively. All the values of in-plane stiffness
are calculated to be much smaller than those of some typical
honeycomb materials, such as graphene (330 N m~ ') and h-BN
(240 Nm™).

126,142
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2.3 Tunable electronic properties

The tunability of the material properties in such 2D group-VA
nanosheets offers a charming prospect of engineering versatile
applications. Various strategies such as strain, electric field,
doping, defect, chemical functionalization, heterostructure
have been theoretically proposed to effectively tune their funda-
mental properties, as shown in Fig. 7 and 8.

(1) Strain/electric field. It is well known that ultrathin 2D
materials often hold high mechanical stretchability, and can
reversibly withstand extreme structural deformation. Therefore,
strain has been considered as an effective method to modulate
electronic properties of 2D materials, and can further extend their
applications (Fig. 7a-e).'3>"4%144

Peng et al. investigated the band gap of phosphorene under
external strain.'** They found that its band gap is sensitive to
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Fig. 7 (a) Schematic of strain and electric field modulating the electronic
properties of group-VA monolayers. (b) The band gap of 2D phosphorene
as a function of strain ¢, applied in the zig-zag direction. Five strain zones
were identified for ¢, based on its distinct band structures. Zones |, II, lll, IV
and V correspond to the direct (d), indirect (in), direct, indirect, and direct
gaps, respectively. The critical strains for the gap transition are —10.2%,
—2%, +8% and +11.3%. The gap closes up at ¢, = —13%. Reproduced from
ref. 144 with permission from the American Physical Society, copyright
2014. (c) Changes in the valence-band top and the conduction-band
bottom with increasing biaxial tensile strain. Reproduced from ref. 26 with
permission from Wiley, copyright 2015. (d) Electron mobilities of mono-
layer phosphorene for biaxial strain at room temperature. Reproduced
from ref. 14 with permission from the American Chemical Society,
copyright 2014. (e) Schematic band structure and spin and charge current
in the phosphorene channel for F. < F < Fyn. The letter “I” stands for
insulating. Reproduced from ref. 17 with permission from the American
Chemical Society, copyright 2015.
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strain. As is illustrated in Fig. 7b, when a compressive strain is
applied along the zig-zag direction of phosphorene, the value of
band gap decreases with the increase of strain. Intriguingly, the
value of band gap increases to a maximum with critical tensile
strain (4%) in the zig-zag direction and then decreases with
increasing strain. The same trend of change also appears
when the external strain is along the armchair direction. More-
over, the effective mass of phosphorene also causes the dramatic
transformation under external strain. Fei and Yang found that
the favorable direction of electron transport can be switched by
the applied biaxial strain, as shown in Fig. 7d."* Furthermore, the
electron mobility along the zig-zag direction is much larger
than that along the armchair direction, while the hole mobility
is not sensitive to the applied strain. Moreover, an electric field
can also tune the electronic properties of phosphorene. Dai and
Zeng studied the band gap of few-layer phosphorene under an
external electric field.'*® The band gap decreases (from 0.78
to 0.56 eV) with increasing electric field while monolayer
phosphorene only has a tiny change (from 0.86 to 0.78 eV).
Interestingly, researchers also reported the possibility of achieving
a topological state by an external electric field that induces a
specific band inversion."”

For other 2D group-VA materials, analogous properties are
also found by first-principles computations. Zhang et al. found
that both arsenene and antimonene experience a significant
indirect-to-direct band gap transition under small biaxial strain.*®
Here, taking arsenene as an example, under 0-3% biaxial strain,
the conduction band minimum of the buckled arsenene remains
in the Brillouin zone halfway between the I" and M high-symmetry
points. However, further increase of tensile strain up to 4% can
rapidly change the indirect-band-gap buckled arsenene into a
direct-band-gap semiconductor. Importantly, in the scope of
tensile strain from 4% to 12%, arsenene maintains its semi-
conducting property with a direct band gap (Fig. 7c). The
overall trend for the electronic band characters of antimonene
in response to biaxial tensile strain is quite similar to that of
arsenene. Thus, a change from an indirect to a direct band-gap
semiconductor is observed in both arsenene and antimonene.
Consequently, the direct band structures of strained arsenene
and antimonene have a clear advantage for potential application
in optical devices, because electronic excitation becomes feasible
with lower phonon energies.

In addition to the modulation of the electronic band struc-
tures of arsenene and antimonene, strain has also been imple-
mented to induce a topological insulator transition.’®"” Many
theoretical studies demonstrated that strain could drive the
normal insulators of arsenene and antimonene to novel topo-
logical nontrivial 2D materials with a non-zero Chern number
(Fig. 7e).

(2) Defect. Theoretical calculations have revealed that defects
can effectively affect the electronic properties of 2D group-VA
materials and produce magnetism in nonmagnetic pristine phos-
146-154 HOrlg et al.148

studied the electronic band structures and bias dependent trans-

phorene, arsenene and antimonene (Fig. 8a).

port properties of various defective phosphorene systems. They
found that the band gap closes in single vacancy phosphorene,
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Fig. 8 (a—d) Schematic illustrations of group-VA materials with defect, doping, chemical functionalization, and heterostructures. (a) Reproduced from
ref. 146 with permission from the American Chemical Society, copyright 2014. (b and d) Reproduced from ref. 175 and 207 with permission from the

Royal Society of Chemistry, copyright 2016.

but reappears in the divacancy system. Moreover, the vacancy
defects can greatly increase the phosphorene-based device
current. Hu et al.'¥’ studied ten kinds of point defects in
phosphorene, including Stone-Wales defects, single vacancies
(SV) and double vacancies (DV), as listed in Table 2. Among
these defects of phosphorene, the SV-(5|9) and DV-(5|8|5)-2
defects can generate unoccupied localized states in the funda-
mental band gap. Besides, the SV-(5|9) and SV-(55|66) defects
can result in hole doping, and the SV-(5|9) defect induces local
magnetic moments. Typical point defects in arsenene and
antimonene are also investigated systematically by Sun et al.*>®
(Table 2). They found that most of the defective configurations
maintain indirect band gaps with reduced band gap values.
In particular, the 555|777 defect in antimonene brings a transition
from an indirect band gap to a direct band gap. Most SV defects
carry magnetic moments due to the dangling bonds. In addition,
Yang et al."> found that a single vacancy in antimonene makes it
metallic but its four divacancies preserve the semiconducting
character with the reduced bandgap.

(3) Surface functionalization. Surface functionalization
is an effective strategy to modify intrinsic properties of 2D
group-VA materials through physical adsorption and chemical
functionalization.

Physical adsorption behavior of 2D group-VA materials has
been widely studied based on first-principles calculations
(Fig. 8b). Physical adsorption includes the doping of metallic
atoms (Na, K, Li, Al, and so on), nonmetallic atoms (H, C, F, Cl,
and so on), and small molecules (gas molecules and organic
molecules).””> 7> Table 3 summarizes the modification of
electronic properties by some metallic and nonmetallic atoms
in 2D group-VA materials.

Tunable electronic properties have been realized in phos-
phorene and arsenene by external adsorption doping. Using
means of selective doping, one can transform the semiconducting
a-phosphorene and B-arsenene into a half-metal, even a metal,
or transform a spin-non-polarized semiconductor into a spin-
polarized semiconductor. For example, adsorption of B, C, N, F,
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Table 2 Calculated formation energies E¢ (eV per atom) and band gaps
Eg (eV) of perfect and defective phosphorene (a-P),*” arsenene (B-As)*>*

and antimonene (B-Sb)*>*
2D systems Defect E¢ (eV) Eq (eV)
o-P Perfect 0.000 0.905
SW-1 1.012 0.928
SW-2 1.322 0.883
SV-(5]9) 1.626 0.190/0.941
SV-(55]66) 2.025 Hole doping
DV-(5|8/5)-1 1.906 0.962
V-(5|8|5)-2 3.041 0.559
V-(4]10]4) 2.137 0.929
V-(555|777)-1 2.081 0.966
V-(555|777)-2 2.350 0.962
V-(555|777)-3 2.613 0.973
B-As Perfect 0.00 1.60
SwW 1.33 1.29
SV 2.13 0.09
5|85 2.37 0.99
555|777 1.96 1.44
B-Sb Perfect 0.00 1.26
SwW 1.09 0.96
SV 1.86 0.00
5|85 2.08 0.74
555|777 1.09 1.18

Li, Na, K, Al and Cr on phosphorene induces a fermi level shift
and produces metallic electronic structures.'*>¢%*¢* For
arsenene, V, Mn, Fe and Ni doped systems possess half-
metallic properties, while C, O, Se, Ti and Zn doped systems
present metallic states.’”'®”'°® Additionally, transition metal
(Ti, V, Cr, Mn, Fe, Co) doping can induce magnetism in
a-phosphorene.’®"'%°7'%3 Besides transition metal doping, H,
B, G, O, Si, S, Ge, Sn, NO and NO, can also produce magnetic
states in arsenene.>”1%¢717?

Kou et al."®® investigated the adsorption of CO, CO,, NHj,
NO and NO, gas molecules on phosphorene by first-principles
calculations. Their results implied that the CO and CO, adsorbed
on phosphorene systems have small adsorption energies, and the
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Table 3 Calculated adsorption energy E, (eV) and local magnetic
moment u (ug) for an adatom adsorbed on «-phosphorene*>®
B-arsenene'®® and B-antimonene.*® The band gap Eq (eV) for an adatom
adsorbed on a-phosphorene.’®> The charge transfer p (e) between the
adatom and B-arsenene’®®/g-antimonene™®

a-Phosphorene B-Arsenene

Adatom E, u Eg Adatom E, u o

B —5.08 1.00 — H —1.185 1.0 —-0.84
C —5.16 0.00 — Li —1.720 0.0 +0.19
N —2.98 1.00 — B —4.511 1.0 —-0.84
O —4.69 0.00 — C —4.398 2.0 —1.32
F —2.30 1.00 — N —1.650 0.0 —1.14
Li —-1.823 0.00 0.00 O —4.130 0.0 —1.07
Na —1.291 0.00 0.00 Al —-1.598 0.0 +0.34
Mg —0.613 0.00 0.54 Si —-2.233 0.0 —0.10
Al —1.988 0.00 0.00 P -1.812 1.0 —-1.13
Cr —-1.721 4.89 0.00 Cl -1.799 1.0 —-0.48
Fe —3.129 2.00 0.68 Ti —3.405 0.0 —0.75
Co —4.381 1.00 0.26 Ga -1.570 0.0 —0.08
Ni —4.482 0.00 0.89 Ge —-1.622 2.0 +0.18
Mo —3.305 0.00 093 As —-1.492 1.0 +0.13
Pd —3.505 0.00 0.95 Se —-2.428 0.0 —0.21
Pt —4.842 0.00 0.94 Sb —1.028 1.0 —0.02
Au —-1.636 1.00 0.08

B-Antimonene B-Antimonene

Adatom E, u p Adatom E, u 0

H -1.25 1.0 0.297  Si -1.93 2.0 0.235
Li —1.41 0.0 —-0.218 P —1.30 1.0 0.240
B —4.04 1.0 1.235 Cl —-2.26 0.0 0.630
C -7.71 2.0 1.535 Ti —-3.38 2.0 —0.316
N —-1.87 0.0 1.309 As —1.22 1.0 0.481
(@) —-3.46 0.0 0957 In -1.59 1.0 —0.342
Al —-1.66 1.0 —0.281 Sb -1.19 1.0 0.000

adsorption of CO, CO, and NH; doesn’t exert a substantial effect
on its electronic structures. On the other hand, the adsorption of
NO and NO, presents a higher adsorption energy. Both NO and
NO, adsorption result in a magnetic moment of 1 yg. In addition,
the NH; (NO) adsorption on phosphorene can alter the resistance
and lead to the increase (decrease) of the current by transport
calculations. Zhang et al."*® studied two kinds of organic mole-
cules adsorbed on phosphorene, an electrophilic molecule tetra-
cyano-p-quinodimethane (TCNQ) as an electron acceptor and
a nucleophilic molecule tetrathiafulvalene (TTF) as an electron
donor. After TCNQ or TTF adsorption, the band gap decreases
because of their impurity states. The TCNQ adsorption can lead to
a typical p-type phosphorene with considerable electron transfer
from phosphorene to TCNQ. The phosphorene adsorbed by a
typical nucleophilic molecule TTF does not become effectively
n-doped, but the doping states can be strengthened by an external
electric field or strain.

Compared with the doping in phosphorene and arsenene,
the doping of antimonene is in the initial stage of
exploration.?>®%17417> The geometric structures, stabilities,
electronic and magnetic properties of buckled antimonene
have been studied with substitutional doping of 3d-transition-
metal adatoms, such as Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and
Zn."”* They found that the Cr doping induces a spin-polarized
semiconducting state, while half-metallic states appear in the
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Ti, V, and Mn doped antimonene. Ciraci et al>® studied
selective adatoms (H, Li, B, C, N, O, Al, In, Si, P, Cl, Ti,
As and Sb) and molecules (H,, O,, and H,0) on buckled
antimonene. Calculations indicated that all adatoms have a
strong binding with antimonene, whereby its electronic struc-
tures are modified considerably. Specific adatoms (H, B, C, Al,
Si, P, Ti, As, In and Sb) lead to spin polarization for buckled
antimonene. The energy locations of spin-polarized states for
C, Si, and Ti atoms suggest that antimonene can attain half
metallicity at high coverage of one of these adatoms. Xie
et al.'” also introduced TTF and TCNQ as electron and hole
dopants to attain n- and p-type antimonene semiconductors.
After adsorption of TTF and TCNQ, the band gap of antimonene
significantly decreases.

Chemical functionalization has been proposed as a powerful
way for manipulating quantum properties of 2D materials.
Group-VA family, phosphorene,"”®"® arsenene,*®>3>>>%181
antimonene®'*71827184  and  bismuthene'®*™* have been
further functionalized with H, F, CI, Br, I, O, OH, CH; and
other functional groups, which induce many novel structural,
magnetic, electronic properties and topological edge states
(Fig. 8c). Different from physical adsorption, chemical functio-
nalization causes large areas of reconstruction of 2D materials.

Among functionalized group-VA 2D materials, phosphorene
is the first one to be investigated. Wang et al. studied the
physical and chemical properties of phosphorene oxides."”® Its
phonon spectrum shows that phosphorene oxides are stable
under ambient conditions. They found that the degree of
O-functionalization of phosphorene can influence its band
gap. Furthermore, the band gap of phosphorene oxide can be
tuned effectively by external strain or an electric field. Lately,
Zhu et al. proposed a new stable 2D blue phosphorene oxide
(BPO)."”’ First-principles calculations indicate that BPO is
found to be a narrow bandgap semiconductor and it can be
subjected to a semiconductor-to-semimetal quantum phase
transition under strain. Moreover, they pointed out exotic
effects via building effective models characterizing the phase
transition and novel emergent fermions. BPO will make con-
tributions to explore fundamental properties of quantum phase
transitions and fermions, and it can be a candidate for nano-
device applications.

Inspired by these fantastic properties of the functionalized
phosphorene, researchers have already started to explore other
group-VA 2D materials. Zhang et al. predicted a new planar
magnet and 2D Dirac materials derived from the hydrogenated
arsenene.® They found that the semi-hydrogenated arsenene is
a quasi-planar magnet. However, quite interestingly, the fully
hydrogenated arsenene is an extremely planar Dirac material,
with three-fold rotation symmetry like graphene. The electronic
properties of arsenene are modulated by hydrogen, changing
from a semiconductor (bare arsenene) to a zero-band gap
metallic material (partially hydrogenated arsenene), and further
to a Dirac material (fully hydrogenated arsenene). Subsequently,
structural and electronic properties of arsenene functionalized by
halogenation, hydroxylation and methylation are also reported.
Unambiguously, the buckling height of pristine arsenene is greatly
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decreased by the hydrogenation, resulting in a planar sheet.
Other polar group (F, Cl, Br, I, OH and CHj;) functionalized
arsenene monolayers have different buckling heights of 0.11,
0.05, 0.07, 0.14, 0.06 and 0.02 A, respectively. This subtle
structural difference of these functionalized arsenene structures
has brought unprecedented richness in their electronic properties,
such as various bulk gaps showing potential in quantum spin Hall
insulator applications.>*>>°

Analogously, these polar groups have also been introduced
into antimonene and bismuthene monolayers to tailor their
structural and electronic properties. Noticeably, the spin-orbital
coupling has opened a quantum spin Hall gap in chemically
decorated arsenene, antimonene and bismuthene.®*'®® The
calculated edge states of nanoribbons further demonstrated
that functionalized arsenene, antimonene and bismuthene
are good 2D topological insulators. This aspect will be
described in the following section. To sum up, chemical
functionalization is an effective method to manipulate the
geometry, electronic structures and topological properties of
2D group-VA nanosheets.

(4) Heterostructures. Many studies have focused on van
der Waals heterostructures (vdWHs) as shown in Fig. 8d.
A typical vdWH is composed of two different monolayers free
of dangling bonds, such as graphene/BN, graphene/TMDCs,
graphene/phosphorene, BN/TMDCs, BN/phosphorene, TMDCs/
phosphorene, and TMDCs/MXenes. A great number of research
studies have demonstrated that these vdWHs present many
novel electronic and optical properties far beyond their indivi-
dual components and can be regarded as a promising way to
integrate the characteristics of their individual components
with supreme properties to fabricate ideal electronic and
optoelectronic devices.

Therefore, two interesting questions arise: (1) What new
properties of vdWHs can be measured based on 2D group-VA
materials? (2) Will these new properties exceed pristine 2D
group-VA crystals? As the novel 2D group-VA family members,
phosphorene,'®* % arsenene®”>'' and antimonene®*?%%*'?
provide potential building blocks for vdWHs. In the phosphorene-
based heterostructure, Guo et al. investigated the heterobilayers
of phosphorene with a TMDC monolayer which possess proper-
ties of a semiconductor, and found that their bandgaps can
be reduced by a vertical electric field."”® The power conversion
efficiency for the phosphorene/MoS, heterobilayer can be
up to 17.5%. Besides, Wang et al. investigated a graphene/
phosphorene/graphene heterostructure.’® Based on their
computational results, vdWHs have two advantages: (1) the
thermionic transport barriers can be tuned by changing the
number of layers; (2) thermal conductance across these non-
covalent structures is weak. It is widely believed that layered van
der Waals structures have potential to be a candidate for solid-
state energy-conversion devices. Afterwards, Yu et al. examined
the physical properties of a GeSe/phosphorene van der Waals
p-n heterostructure.>®> They found that the heterostructure
holds a type-II band alignment and indirect band gap. Through
external strain, interesting indirect-direct and insulator-metal
transitions can be achieved. Besides, they found spontaneous
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electron-hole charge separation, and thus, the GeSe/phosphorene
heterostructure has the potential to be applied in optoelectronic
devices.

In an arsenene-based heterostructure, Wang et al. and Xia
et al. studied the structural and electronic properties of
arsenene/graphene.”®>?'° They found that a linear Dirac-like
dispersion relation is still retained in the arsenene/graphene
heterostructure. Promisingly, by tuning the interlayer distance,
the transition from a p-type Schottky barrier to an n-type
Schottky barrier allows considerable freedom in integrating
arsenene and graphene with controllable functions. However,
for arsenene/silicene, the Schottky barriers are always p-type
with a small band gap, which can be opened with a linear
varying trend by changing the interlayer distance. By arsenene/
FeCl, interfacial coupling, the spin splitting appears at the
conduction band minimum of arsenene with a maximum
splitting energy of 123 meV in all arsenene/FeCl, vdWH con-
figurations. In addition, antimonene/graphene, antimonene/
silicene and antimonene/germanene heterostructures have
also been predicted. Antimonene/silience possesses a p-type
Schottky barrier with a sizeable band gap opened at the Dirac
point, and antimonene/graphene reveals a Shottky-to-Ohmic
contact transition caused by compressive strain. In particular,
for antimonene/germanene vdWHs, a significant band gap is
opened with a direct band gap nature, differing from the
indirect band gap feature of antimonene and gapless charac-
teristic of germanene. Therefore, stacking vdWHs is an impor-
tant and reliable method to tune the electronic properties of 2D
group-VA crystals.

Unlike the well-known vertically stacked vdWHs, lateral
heterostructures are connected in-plane by covalent bonds with
atomically clean and sharp interfaces. This kind of hetero-
structure has opened up various charming realms in materials
science and device physics, marking the ultimate thickness
limit for heterostructures. The 2D crystals from the group-VA
layer materials, ie. arsenene and antimonene, have been
successfully used as building blocks to assemble such lateral
heterostructures.*” After stitching As and Sb monolayers in-plane,
the authors found that the freestanding As/Sb lateral hetero-
structures with the zig-zag interlines can present excellent
stability, and possess intrinsic direct energy gaps without any
modulations compared with the pristine As and Sb monolayers.
Importantly, these lateral heterostructures linked by covalent
bond tend to form a type-II band alignment, which could
promote charge carrier separation spatially. Moreover, further
studies revealed that the high charge carrier mobility is inde-
pendent of the widths of the building blocks (arsenene and
antimonene). The above qualities would make these materials
potential candidates for applications in electronics and opto-
electronics instead of the traditional heterostructures. In addition,
they also identified the critical structural condition to achieve
the highly coveted direct energy gaps. So, the fabrication of
As/Sb lateral heterostructures will not only enrich the family of
the new heterostructure with group-VA layer materials, but also
highlight the efficient strategy to yield appealing materials for
future devices.
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3. Realizing 2D group-VA
semiconductors
3.1 Fabrication of phosphorene

(1) Mechanical exfoliation of phosphorene. From a historical
perspective, micromechanical exfoliation is the first method
introduced to delaminate material down to the single layer
morphology. The mechanical exfoliation technique has been
broadly adopted in the preparation of black phosphorene, due
to its simplicity and executability to produce high-quality 2D
materials (Table 4)."®'>"2137227 By means of a scotch tape,
phosphorene is exfoliated from bulk crystals and then trans-
ferred onto the substrates inside a glove box. The most widely
used substrate materials are SiO,/Si, and other substrates are
also implemented, such as SiN and glass. Phosphorenes having
few-layer to monolayer thickness have been successfully obtained
in recent experiments. However, these ultrathin phosphorenes
peeled from the bulk crystals may suffer severe degeneration
when being exposed to ambient conditions. Many approaches
have been used to protect phosphorene from degradation and
using various kinds of protection materials, including AlOy,>**
PMMA (poly-methyl methacrylate),”*> PMMA/PVA (poly vinyl
alcohol),”®® ZEP520A,”” PMMA/MMA (methyl methacrylate),”**
and PDMS (polydimethylsiloxane).**>2'7?** As illustrated in
Fig. 9a, the phosphorene flakes exfoliated from bulk crystals are
released onto the PMMA/PVA stack. Then the flake together with
the PMMA/PVA is attached to the 200 nm-thick free-standing SiN
substrate film. To remove the PMMA/PVA layer, the whole sample
is immersed in plenty of alcohol (>70 mL) and acetone for a long
soaking time (>12 h) to remove the PMMA residue extensively
and then finally dried with nitrogen.>*®

Conventional micromechanical exfoliation generally results
in a low density of phosphorene flakes, leaving traces of tape on
the surface and hence reducing the quality of phosphorene.
Some investigations were also devoted to ameliorating the
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Fig. 9 (a) Sketch of the flake preparation and transfer process. Repro-
duced from ref. 226 with permission from Nature Publishing Group,
copyright 2015. (b) Three-step exfoliation of black phosphorus with PDMS.
(i) Exfoliation done on the flat PDMS-1, (i) flakes are rolled on the semi-
spherical PDMS-2 stamp and (iii) the stamp is rolled on the SiO,/Si
substrate. Reproduced from ref. 216 with permission from Nature Publishing
Group, copyright 2015. (c) Optical microscope image of a monolayer
phosphorene (labeled as “1L"). The inset is the schematic of the single-layer
phosphorene molecular structure. Reproduced from ref. 219 with permission
from Nature Publishing Group, copyright 2015. (d) Microscope image of the
phosphorene bilayer. Reproduced from ref. 220 with permission from the
American Chemical Society, copyright 2014.

mechanical exfoliation technique.*'®>'%2>*2>  Cagtellanos-

Gomez et al. employed an intermediate viscoelastic surface to
exfoliate the flakes substantially, which increases the yield and
reduces the contamination of the fabricated flakes.”’” Another
method to modify the mechanical exfoliation technique is to
use two PDMS stamps. The first one is reticulated in a Petri
dish while the second one is reticulated in a cylindrical tube of
1 cm diameter. After being exfoliated onto a flat PDMS stamp,

Table 4 Summary of synthesis methods used to prepare 2D group-VA materials

2D group-VA Synthesis method Thickness Ref.

P Mechanical exfoliation Mono to multilayer 16, 121 and 213-227
Liquid phase exfoliation Mono to multilayer 228-237
Plasma-assisted/teatment Monolayer, 4-50 nm 238 and 239
Pulsed laser deposition 2-10 nm 240
Electrochemical exfoliation Few-layer 241
Chemical vapour deposition 3.4 nm 242

As Plasma-assisted Multilayer 29
Shear exfoliation Few-layer 80

Sb Mechanical exfoliation Monolayer 31
Liquid phase exfoliation ~4 nm, 3.0-4.3 nm, 2-5 nm 32, 243 and 244
van der Waals epitaxy Mono to few-layer 33
Molecular beam epitaxy Monolayer, mono to few-layer 34 and 245
Electrochemical exfoliation 31.6 nm, ~3.5 nm 81 and 82
Shear exfoliation Few-layer 80

Bi Molecular beam epitaxy Few- to multilayer 246-253
Shear exfoliation Few-layer 80
Epitaxial growth Monolayer 83
Hot-pressing method ~2 nm 84
Sonochemical exfoliation 4 nm 85

This journal is © The Royal Society of Chemistry 2018
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the flake is transferred onto a curved PDMS stamp, instead of
the desired substrate.>'®** Then, the curved PDMS stamp
covered with flakes is rolled onto the substrate (Fig. 9b). These
processes are always carried out under a dry atmosphere without
any solution to remove the protection materials, which avoids the
impurities left on the surface of flakes.

To characterize the thickness of phosphorene flakes, AFM
and Raman spectroscopy are the most convenient and simplest
techniques. However, AFM and Raman spectroscopy are not
reliable for characterizing monolayer or bilayer phosphorene.
Due to the faster degradation rate of phosphorene, AFM cannot
acquire enough data before significant sample degradation.
Meanwhile, phosphorene can also be destroyed by the high-
power laser used in Raman spectroscopy. Yang et al. reported a
rapid, noninvasive and highly accurate approach to study the layer
number of phosphorene, using phase-shifting interferometry
(PSI).>'® The results were further confirmed with reliable photo-
luminescence measurements. PSI utilizes almost non-focused and
very low-density light from a light-emitting diode source to achieve
fast imaging to prevent any damage to the phosphorene samples.
Fig. 9c and d show the optical microscope images of the monolayer
and bilayer phosphorene on Si/SiO, substrates, respectively.
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(2) Liquid phase exfoliation of phosphorene. Although
phosphorene produced by mechanical exfoliation has high
structural and electronic quality, the yield is so low that it
cannot meet the industrial requirements. Meanwhile, liquid
phase exfoliation (LPE) has been applied to produce 2D materials
and many efforts are made to get high-yield production of
phosphorene (Fig. 10a-e). In the LPE, the exfoliation depends
on a surface energy match between the solvent and the 2D
material. It is important to choose a suitable solution to achieve
efficient exfoliation and create a stable dispersion. Common
liquid exfoliation solvents are listed in Fig. 10b. The LPE
technique is almost based on ultrasonication, including organic
solvent-based exfoliation, stabilizer-based exfoliation, ionic liquid-
based exfoliation, salt-assisted exfoliation, intercalant-assisted
exfoliation and ion exchange-based exfoliation. In addition, ultra-
sonication can be performed either by the bath sonication or the
tip sonication technique.

Organic solvents have been broadly applied to exfoliate
black phosphorene.?®?* In 2014, Brent et al. firstly reported
the liquid exfoliation of black phosphorus in N-methyl-2-
pyrrolidone (NMP) to fabricate few-layer phosphorene.>*® After-
wards, researchers were committed to modify the LPE method
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Fig. 10 (a) Schematic illustration of the fabrication process of basic-NMP-exfoliated phosphorene. Reproduced from ref. 229 with permission from

Wiley, copyright 2015. (b) Common liquid exfoliation solvents. (c) Photograph of a liquid-exfoliated suspension of 2D phosphorene in isopropyl alcohol,
and its SEM image. Reproduced from ref. 237 with permission from the American Chemical Society, copyright 2015. (d) Schematic of the preparation
method for few-layer phosphorene aqueous dispersions. Reproduced from ref. 234 with permission from the National Academy of Sciences, copyright
2016. (e) Scaled-up production of 2D phosphorus, using a combination of shear mixing and sonication. The size distribution of 2D phosphorus in this
fraction is shown (right). Reproduced from ref. 237 with permission from the American Chemical Society, copyright 2015.
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to obtain a highly-concentrated and uniform solution, in order
to produce large-scale and stable phosphorene. Guo et al
added NaOH to NMP solvent, called the basic-NMP solvent,
and produced phosphorene with excellent water stability,
controllable size and layer number, as well as in high
yield.”*® After 4 hour sonication, the phosphorene in basic-
NMP was separated and transferred to water by centrifugation.
It is interesting that the basic-NMP can realize more efficient
phosphorene exfoliation and excellent stability than pure NMP
and water. This is because OH-ions are adsorbed on the surface
of phosphorene, which leads to a negative charge and a
suspension with a zeta potential over 30 mV. They also found
that optimizing the centrifugation speed can produce phos-
phorene with a relatively uniform size and thickness. For
instance, centrifugation at 18 000 rpm can generate phosphorene
with a size of around 210 nm and a thickness of 2.8 £ 1.5 nm
(2-7 layers) and a thickness of 5.3 £+ 2.0 nm (5-12 layers). Yasaei
et al. examined several solvents from different chemical families
for black phosphorus exfoliation.>** They noticed that dimethyl-
formamide (DMF) and dimethyl sulfoxide (DMSO) are another
two appropriate solvents to produce uniform and stable
dispersions. Hanlon et al. demonstrated that phosphorus
nanosheets produced by liquid phase exfoliation under ambient
conditions in solvents such as N-cyclohexyl-2-pyrrolidone (CHP)
showed high-quality, controllable size, large quantities and obser-
vable photoluminescence.”®" They exfoliated black phosphorus in
an aqueous surfactant solution with sodium cholate (NaC) as the
stabilizer. Compared with mechanically cleaved flakes, phosphorene
exfoliated by this method is extremely stable in CHP, probably
because of the solvation shell which can protect the nanosheets
from reacting with water or oxygen.

Ionic liquids present a stable yield with a high concentration
for efficient exfoliation of 2D materials. Zhao et al. used nine
ionic liquids to produce stable monolayer to few-layer black
phosphorene, which is produced on a large-scale, is highly
concentrated and environmentally friendly.?*®> The prepared
dispersions remained stable for one month without any obvious
sedimentation and aggregation in ambient air.

Kang et al. presented the tip-sonication-based exfoliation
method to produce phosphorene at high power output in an
inert environment.**>?** Tip-sonication-based exfoliation has
the distinguishing feature that it uses a sealed container lid
attached to an ultrasonicator tip/probe. The interface between
the tip and the lid is sealed with PDMS several times to occlude
0, and H,O penetration into the tube. In addition, Parafilm®
and Teflon®™ tapes are used to further suppress ambient
exposure. Compared with bath sonication, tip sonication is
driven at a higher power, immensely saving the processing
time. Instead of conventional organic solvents with high boiling
points,**® Kang et al.*** used deoxygenated water with 2% (wt/vol)
sodium dodecylsulfate as the surfactant for preparing phosphor-
ene (Fig. 10d). Deoxygenated water is prepared by purging deio-
nized water with ultrahigh-purity Ar gas in a sealed container. For
few-layer phosphorene enrichment, as-prepared solutions undergo
two steps of sedimentation-based ultracentrifugation to isolate thin
flakes with a relatively large lateral area. Exfoliated phosphorus
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nanosheets are stabilized in aqueous solution with amphiphilic
surfactants in a manner analogous to other 2D materials with
higher optical absorbance and a lower zeta potential value. This
method produced stable and highly concentrated few-layer
phosphorene with distinct advantages over the ones exfoliated
in organic solvents. Moreover, research studies have shown that
the LPE method can exfoliate phosphorene in large yield assisted
by a shear mixing process which applies the shear force to break
down the interlayer van der Waals forces, and this can also
reduce the ultrasonication time.>****” Fig. 10c and e demon-
strate the presence of phosphorus nanosheets with lateral
dimensions in micrometer sized and scaled-up production of
2D phosphorus, respectively.

(3) Other fabrications of phosphorene. Other approaches
to fabricate few-layer phosphorene are also utilized, such as
plasma-assisted fabrication,?*®***° pulsed laser deposition,**°
electrochemical exfoliation,>*' and chemical vapour deposition.”*?
As an emerging approach, 2D monolayers can be obtained from
multilayered 2D materials via plasma or laser irradiation.>>¢%”
Lu et al. proposed a successful experimental method to fabricate
monolayer phosphorene through mechanical cleavage and a sub-
sequent Ar' plasma thinning process.**® This method is strongly
controllable for fabrication of few-layer phosphorene. Moreover, Jia
et al. reported the preparation of thickness-controlled few-layer
black phosphorus films by means of the modulated plasma treat-
ment of phosphorus flakes.”*® By regulating the plasma treatment
duration, black phosphorus thickness can be effectively controlled.
Another method to obtain few-layer black phosphorus is pulsed
laser deposition. Yang et al. provide a new conventional and
scalable technique, pulsed laser deposition, which can successfully
deposit a wafer scale ultrathin film at relatively low temperature.”*°

3.2 Fabrication of arsenene

The synthesis of monolayer buckled arsenene has not been
reported to date. Tsai et al. demonstrated a new kind of
preparation technique, the plasma-assisted process, to synthe-
size multilayer arsenene on InAs, as shown in Fig. 11a.>° During
the multilayer arsenene fabrication process, they chose to
launch nitrogen ions into the InAs substrate. During the
thermal treatment, the N ions react with In, and As is squeezed
out of the surface to form the arsenene layers. To optimize the
synthesis process of arsenene, the annealing time, power of
plasma and exposure time of plasma must be well controlled.
After a systematic investigation, they found that the optimized
synthesis process would begin with the N, plasma immersion
with a power of 100 W for 30 min and then annealing at 450 °C
for 30 min. It is noted that the synthesized multilayer arsenene
is not continuous but like a pile of multilayer nanoribbons.
Besides, the method has also been adopted to synthesize
multilayer graphene, germanene, violet phosphorene and silicene
on certain substrates.>** >

Zhao et al. theoretically predicted a way to exfoliate buckled
arsenene into single- or few-layers by the conformational
change associated with the photo-isomerization of azobenzene
(AB)-based molecules.”® The same photochromic system has
been successfully used to exfoliate graphite to graphene during
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Fig. 11 (a) TEM image of multilayer arsenene/InN/InAs. Reproduced from ref. 29 with permission from the American Chemical Society, copyright 2016.
(b) The predicted light-assisted exfoliation of multilayer arsenene by the photo-isomerization of 4-(decyloxy)azobenzene (AB-OCjoH»4). Reproduced
from ref. 60 with permission from the Royal Society of Chemistry, copyright 2017. (c) Bottom shear mixing and top shear mixing. (d) The TEM image of
shear-exfoliated As. The scale bar corresponds to 2 mm. (c and d) Reproduced from ref. 80 with permission from Wiley, copyright 2017.

262 As demonstrated in

the liquid-phase exfoliation process.
Fig. 11b, when exposed to ultraviolet and visible light, the
trans-to-cis conformational change of AB or AB-OC;,H,; can
lead to an increase of the interlayer distance. Reactive molecular
dynamics simulations show that about 5 A increase of interlayer
distance can be obtained during the photo-isomerization of an
AB-OC;oH,; molecule, nearly 4 A larger than that induced in the
AB-OC,oH,;-graphene hybrid system.”®> These results indicate
the possibility of the effective exfoliation of multilayer arsenene
by AB-based molecules. The predicted results may pave the way
for the experimental realization of light-driven synthesis of single
or few-layer arsenene.

By the aqueous shear exfoliation method, Gusmao et al
successfully fabricated As, Sb and Bi nanosheets.?’ Here, we
mainly introduce the experimental procedure for As nanosheets,
which is similar to those for Sb and Bi. First, to purify the
powders, As bulk should be pretreated to remove the oxides on
the surface. 1 g of As powder with 5 mg mL ™" aqueous surfactant
sodium cholate is sonicated in an ice bath for 20 minutes. After
being centrifuged with a Beckman Coulter Allegra 64R centrifuge
for 1 hour at 4k rpm, the sediment is then dried at a temperature
of 60 °C in a vacuum. Then, the pretreated As powders are mixed
in aqueous sodium cholate surfactant for shear dispersion
and exfoliation. The exfoliation process continues for 2 hours
alternating between two types of kitchen blenders, a bottom
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shear mixer and a top shear mixer, as shown in Fig. 11c. The
As nanosheets are separated by centrifugation with aqueous
washing and centrifugation at different rotation speeds.
Finally, the sediments are dried at 60 °C in a vacuum. They
investigated the structure, morphology, and composition of
exfoliated As nanosheets by TEM and EDS (Fig. 11d). The
individual particles of As nanosheets are clear in sizes of tenths
of nanometers. They also measured Raman spectra to study the
crystal structure and thickness and educed that the exfoliated
materials have nanoscale thickness.

In addition, hydrothermal synthesis, as well as solvothermal
synthesis, is a typical wet-chemical synthesis method to fabricate
nanomaterials. It is a simple and scalable method to synthesize
2D materials in high yield and low cost. Some works about the
hydrothermal/solvothermal synthesis of 2D materials have been
reported.”®*™2% For group-VA nanosheets, nearly no work on their
hydrothermal/solvothermal synthesis has been reported to date.
However, in 1968, As bulk crystals were grown by the hydro-
thermal synthesis approach using hydroiodic acid as a solvent.**®
In addition, several works about the hydrothermal synthesis of
quantum dots for P,**” nanotubes, nanowires and nanospheres
for Sb and Bi have been reported.>*®?”® It is believable that
through selecting suitable precursors and solvents at optimized
temperature, As nanosheets and other 2D group-VA materials can
be synthesized successfully in the near future.

This journal is © The Royal Society of Chemistry 2018
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3.3 Fabrication of antimonene

Two antimony allotropes are known, one is the most stable
form, a rhombohedral structure (B-phase), similar to that of
grey arsenic. Another one has an orthorhombic structure,
known as the o-phase, which is similar to that of black
phosphorus. As is stated above in Section 2.1, theoretical
calculations predict that both o- and B-phase antimonene are
energetically and structurally stable, indicated by their for-
mation energies (in Fig. 3b) and phonon band dispersions
(in Fig. 4b), repectively.?”

(1) Micromechanical exfoliation of antimonene. Ares et al.
used the scotch tape method finding a low transfer yield of
thick flakes and a very small amount of few-layer flakes.*" The
yield can be improved by replacing the tape by a viscoelastic
polymer (Gelfilm from Gelpak®). The softness of the viscoelas-
tic polymer results in a higher yield of flakes on the polymer
surface. Then, by pressing the polymer against a SiO, substrate,
they were able to obtain thin antimony flakes with large area
in a more controlled way.

Fig. 12a is an AFM image showing a few-layer antimonene
flake with a well-defined monolayer terrace. Similar to the
exfoliated graphene on SiO,, ripples can be formed by con-
formation of antimonene with respect to the underlying SiO,
substrate. The measured height of this terrace is ~0.9 nm
(Fig. 12a and b) and compatible with the presence of water
layers between the flakes and SiO, as is commonly observed in
other 2D materials such as graphene or dichalcogenides.>”*>”*
Raman spectroscopy is widely used in determining the layer
thickness of many 2D materials. Unfortunately, the Raman
signal measured for few-layer antimony flakes on silicon dioxide
is so weak that it hampered the final determination of the flake
thickness. The final determination of the layer height is carried
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out by AFM assisted nanomanipulation.*" According to Geim and
Novoselov,””® the identification of single graphene sheets can be
unambiguously carried out by measuring the step height of single
folds. In this case, the lowest step height is ~4 A (inset in Fig. 12¢
and profile in Fig. 12d) which corresponds to a single layer of
B-phase antimonene. XEDS and HRTEM analyses confirmed
the high quality of the material and its rhombohedral structure
(B-phase).

In order to demonstrate the stability of the flakes under
ambient conditions, a region with two thin flakes was located
(Fig. 12e and f). The sample was then stored for two months
without further precaution. After that, the flakes were imaged
again showing no significant evolution (Fig. 12e and g). To
further confirm the resistance to moisture, an AFM image was
acquired with the sample immersed in water (Fig. 12e and h).
The surface retains the original morphology and the hexagonal
periodicity (inset Fig. 12h) compatible with the B-antimony
phase can be clearly visible. Fig. 12e is the corresponding line
profiles of the AFM images taken under different conditions.

A simple and fairly accurate identification of the thicknesses
of thin antimony flakes based on Fresnel-law has been reported.*®
To this end, mechanically exfoliated antimony flakes were trans-
ferred to a Si(111) substrate with 300 nm SiO, grown on top.*'
Fig. 13a shows a high-resolution optical microscopy image of a
representative set of flakes illuminated with white light. Fig. 13b-e
demonstrate the same flakes but illuminated with different light
of selected wavelengths. In Fig. 13f, the optical contrast is colour
coded as a function of the incoming light wavelength and the SiO,
thickness. It can be concluded that the highest optical contrast
can be obtained by using light of wavelengths below 550 nm for
substrates with 80 and ~240 nm SiO, thicknesses. This method
allows a fast and fairly easy determination of the layer thicknesses
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Fig. 12 AFM topography images of an antimonene flake with a monolayer terrace at the bottom. (a) AFM topography showing a ~0.2 um? antimonene
flake with terraces of different heights. The profile is taken along the blue horizontal line in the image. (b) Height histogram of the image in (a) where the
different thicknesses of the terraces can be readily seen. For the sake of clarity, the substrate peak has been cut to 12 000 nm?. The minimum step height
is ~0.9 nm compatible with a single layer of antimony adsorbed in the presence of water layers. (c) Same flake as in (a) but after a nanomanipulation
process. The lower terrace of the flake was folded upwards resulting in an origami structure with different folds. The inset corresponds to the area of the
origami where the lowest step height is found. (d) Profile along the green line in the inset in (c). The lowest step height is ~0.4 nm corresponding to a
single antimonene layer. (e) Profiles taken along the lines drawn in (f—h). (f) Image of two antimonene sheets taken immediately after exfoliation. White
scale bar: 500 nm. (g) Same as in (f) but measured two months later. (h) Image taken immediately after (g) but with the sample immersed in water. The
inset shows atomic periodicity compatible with the antimonene atomic lattice. Reproduced from ref. 31 with permission from Wiley, copyright 2016.
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Fig. 13 Different optical images of few-layer antimonene flakes acquired
using (a) white light and (b—e) narrow-bandpass filters (500, 546, 600 and
632 nm, respectively). (f) Optical contrast as a function of incident light
wavelength and SiO, layer thickness for antimonene. Reproduced from ref. 35
with permission from the American Chemical Society, copyright 2017.

that is particularly relevant since Raman spectroscopy fails
to provide this information on SiO, substrates. In summary, the
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works by Ares et al. demonstrate the feasibility of isolating and
identifying high quality antimonene crystals which are very stable
under ambient conditions.*”

(2) Liquid phase exfoliation of antimonene. Liquid phase
exfoliation has been successfully applied to acquire single- or
few-layer of several 2D-materials on the large scale,>****!
including stable suspensions of few-layer black phosphorus.***
This is a powerful approach for the production of massive
quantities of layers suspended in a variety of solvents and, which
in principle is promising to be scalable for mass production.

Gibaja et al. demonstrated that high-quality, few-layer anti-
monene nanosheets could be produced by liquid phase
exfoliation.*”> The sonication of bulk antimony crystals in an
isopropanol (‘PrOH)-water (4: 1) mixture gives rise to a colour-
less and very stable dispersion showing the Faraday-Tyndall
effect (Fig. 14a). The unexfoliated material is removed by
centrifugation at 3000 rpm (845 rcf) for 3 min to yield a stable
dispersion with a concentration of ca. 1.74 x 10° g L™" as
determined by atomic absorption spectrometry. The liquid
phase exfoliation parameters were optimized from independent
studies of solvent selection, sonication experimental conditions
and centrifugation speeds. The stability of the resulting suspen-
sions was determined by UV-vis spectroscopy. Fig. 14b shows a
typical AFM topographic image of few-layer antimonene flakes
on SiO, substrates. Fig. 14c displays the height histogram
corresponding to the image shown in Fig. 14b. The flakes do
not show characteristic terraces distinguishing layered materials
but well-defined structures with heights being multiples of
ca. 4 nm. These features suggest that the apparent mono/bilayer
thickness could be 4 nm. It is well-known that apparent AFM
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Fig. 14 (a) Structure of B-antimonene and SEM image of a layered antimony crystal (scale bar: 1 um) (left). Photograph of a dispersion of exfoliated
FL-antimonene showing the Faraday—Tyndall effect. (b) Topographic AFM image of few-layer antimonene drop-cast on SiO, showing over micron-scale
lateral dimensions (scale bar, 3 um). (c) Height histogram of the image in (b) where the different thicknesses of the terraces can be readily seen. For the
sake of clarity, the substrate peak has been cut to 2.5 um?. A minimum constant thickness of ca. 4 nm can be easily observed. (d) AFM showing atomic
periodicity. (e) Fast Fourier transform (FFT) image taken from (d), showing the agreement with a hexagonal lattice as expected for B-antimony. (f) Low
magnification HAADF image of a flake along with an atomic resolution image (image taken along the [0—1 2] direction). Reproduced from ref. 32 with

permission from Wiley, copyright 2016.
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heights of layers obtained by LPE can be overestimated due
to residual solvent®'*’® as well as contributions from effects
such as capillary and adhesion forces.”’”” The overall lateral
dimensions of the isolated nanolayers are over 1-3 um?. High-
resolution AFM topographic and Fast Fourier transform images
taken in the lowest terrace (ca. 4 nm) of the isolated flake shown
in Fig. 14d and e exhibit an atomic periodicity indicating -phase
antimony. Aberration corrected scanning transmission electron
microscopy (STEM) combined with electron energy-loss spectro-
scopy (EELS) was used to determine the structure and composi-
tion of the flakes. Fig. 14f exhibits an atomic resolution image of
the crystal structure, obtained at an acceleration voltage of 80 kV
to prevent beam induced damage.

Remarkably, AFM studies of the on-surface isolated few-
layer antimonene confirm that they are very stable for weeks
under ambient conditions. In order to complete the structural
characterization of the isolated few-layer antimonene flakes
on SiO, substrates, Raman spectroscopy is also utilized. The
Raman spectrum of bulk antimony shows two main phonon
peaks: A, at 150 cm ™' and E4 at 110 ecm™ !, when excited off
resonance (e.g. /2 = 532 nm).>’® Studies on a polydisperse
sample of antimony by correlation between AFM and Statistical
Raman Microscopy (SRM) showed that flakes with an apparent
thickness below ca. 70 nm hardly display any measurable
Raman signal. This unexpected dependence of Raman intensities
on flake thickness is similar to that of the micromechanically-
exfoliated flakes of antimony.>" Indeed, a series of single point
spectra measured at different positions confirmed a concomitant
decrease of the peak intensity with the thickness. Theoretical
phonon spectra calculations, carried out to understand these
experimental observations, indicate two interesting behaviours.
Firstly, a significant contraction of the in-plane lattice constant

L
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of few-layer antimonene compared to the bulk material when the
thickness of the layers is decreased to a trilayer, bilayer and
monolayer. As a result, the frequency of the bulk E, mode gradually
increases from 88 to 167 cm™ ' in the monolayer. Secondly, the
calculations suggest a strong influence of the thickness on the
simulated Raman activity, which decreases by more than a factor of
1000 from bulk to monolayer Sb, which explains the experimentally
observed absence of Raman signals in the thinnest flakes. In
summary, the work by Gibaja et al. provides an industrially scalable
and environmentally friendly approach for isolating few-layer
antimonene in aqueous solution that can be of interest for the
development of new antimonene-based technologies.*®

(3) van der Waals epitaxy of antimonene. van der Waals
epitaxy has been successfully applied to grow various high
quality layered materials. This technique uses conventional
epitaxy growth of a material on a substrate that hampers
dangling bond formation on its surface. Therefore, epitaxial
layers are connected with the substrate via weak van der Waals
forces instead of strong chemical bonding.

Ji et al. have been able to grow high-quality few-layer anti-
monene monocrystalline polygons of the most stable B-phase
antimony allotrope on a variety of substrates, including flexible
ones (Fig. 15a-h).** The experimental procedure (Fig. 15a)
implements a two-zone tube furnace with separate temperature
controllers in which antimony powder is placed in the T1 zone
and heated up to 660 °C to generate antimony vapour.
The substrates are placed in the T2 zone of the furnace
with a typical temperature of 380 °C that produces antimony
condensation. A transporting flow of Ar/H, gas was used to
transfer antimony vapour from the T1 to the T2 area causing a
soft-landing and diffusion of Sb atoms on the substrate and
then allowing crystallization. After 60 min the temperature of

Fig. 15 (a) Schematic illustration of the sample synthesis configurations. (b) Schematic diagram of van der Waals epitaxy. (c—f) Optical images of typical
antimonene polygons with triangular, hexagonal, rhombic, and trapezoidal shapes, respectively. The scale bar is 5 um. (g) AFM image of a typical
triangular antimonene sheet. The thickness is 4 nm. The scale bar is 1 um. (h) AFM image of a tiny antimonene sheet. The thickness is ca. 1 nm. The scale
bar is 50 nm. Reproduced from ref. 33 with permission from Nature Publishing Group, copyright 2016.
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the furnace was slowly cooled down up to room temperature.
Inspection by optical microscopy confirms the formation of
several polygonal shapes, including triangles, hexagons, rhombus
and trapezoids (Fig. 15¢-f). The crystal growth on mica can be split
into nucleation and lateral growth (Fig. 15b). At the first stage,
antimony vapours, carried by Ar/H, gas, cool down and land on
the mica substrate, resulting in the formation of nuclei. Then,
adatoms on mica diffuse to the edge of initial nuclei, which grow
fast along the chemically passivated surface into layers.

In particular, mica was found to be a very suitable substrate
for van der Waals epitaxial growth of few-layer antimony due to
the absence of dangling bonds on the ultra-smooth surface.
The growth using silicon and sapphire substrates showed more
irregularities. Therefore, the absence of dangling bonds seems
to be crucial for the successful growth, which is confirmed
by XPS.

Most polygons have lateral sizes around 5-10 pm. AFM
confirms a thickness down to 4 nm (ca. 10 atomic layers,
Fig. 15g). A very small and irregular sheet with lateral size
around 100 nm and thickness down to 1 nm (Fig. 15h), which is
characteristic of monolayer antimonene,*' was also found. The
B-phase formation was also confirmed by Raman spectroscopy.
Interestingly, the Raman features observed for the single-
crystalline antimonene layers show the intensity dependence
reported for few-layer antimonene obtained by micromechanical
exfoliation and LPE.>'"**> However, signal detection of the Raman
peaks of E; and A, on mica is significantly enhanced in compar-
ison to that observed on SiO,. HRTEM and SAED analyses
confirmed the crystallinity and high quality of the material as

Initial state
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well as corroborate its rhombohedral structure (B-phase). Besides,
stability in air of the antimonene samples prepared by van der
Waals epitaxy was also confirmed using a bunch of techniques
including optical microscopy, AFM, Raman, and XPS.

Finally, transistor devices were fabricated using few-layer
antimonene polygons with thicknesses of 30, 40 and 50 nm on
mica, using gold as contact electrodes and hafnium oxide as a
top gate dielectric. The electrical conductivity of the few-layer
antimonene polygons was calculated to be 1.6 x 10* S m ™,
a typical conductivity value for semimetals. Additionally, the
samples also showed wavelength independent high transparency
in the visible light range. In summary, the work by Ji et al
envisioned interesting potential applications of few-layer antimo-
nene as flexible transparent conductive electrodes and paved the
way for further experimental investigations on the extraordinary
properties of antimonene, as well as various applications.*

(4) Molecular beam epitaxy. Micromechanical exfoliation
provides a proof of concept for the existence of antimonene as
a 2D material. However, large quantity synthesis using this
procedure is impossible. Epitaxial synthesis is a well-known
scalable method to produce significant amounts of crystalline
2D materials.

Epitaxial growth and air-stability of monolayer antimonene on
PdTe, has been reported by Wu et al., as shown in Fig. 16a-f.**
A schematic drawing illustrates the molecular beam epitaxy (MBE)
fabrication process in Fig. 16a. STM topographic images in
Fig. 16d and e show antimonene islands in ultra-high vacuum.
When the sample is exposed to atmospheric conditions, the STM
images do not show substantial contamination confirming the
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Fig. 16 (a) Schematic of fabrication. (b) STM topographic image (—2.0 V, —10 pA) of large antimonene island on PdTe,. Inset: LEED pattern of
antimonene on PdTe,. The six diffraction spots are due to the antimonene (1 x 1) structure with respect to the substrate. (c) Atomic resolution STM image
(=1.5V, —200 pA) of monolayer antimonene with enhanced visibility showing the graphene-like honeycomb. (d) Typical STM image (—2.0 V, —100 pA) of
antimonene islands on the PdTe, substrate before air exposure. The surface of the islands is smooth without impurities. (e) STM image (-2.0 V, —100 pA)
of the same sample after exposure to air for 20 min. (f) A height profile along the red line in (b), showing that the apparent height of the antimonene island
is 2.8 A. Reproduced from ref. 34 with permission from Wiley, copyright 2017.
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environmental stability of antimonene. Fig. 16b shows a large
antimonene area with a well-defined LEED pattern corresponding
to the 1 x 1 orientation (inset). The apparent height of this
antimonene adlayer is about 2.8 A (Fig. 16f), as measured by the
profile line across the edge of the antimonene film (corres-
ponding to the red line in Fig. 16b). This height is close to that
of single layer antimonene in the Sb bulk. Consequently, these
measurements indicate that the antimony adlayer is a monolayer.
A high-resolution STM image of monolayer antimonene is dis-
played in Fig. 16c, in which the graphene-like honeycomb lattice
can be clearly observed. Specifically, a buckled configuration of
this honeycomb lattice can be well distinguished. The distance
between hexagon centres is 0.413 nm, which is quite close to the
periodicity of the PdTe, substrate (4.10 4 0.02 A). Therefore, the
close match of these lattices, shown from STM observations, is
consistent with the LEED pattern showing (1 x 1) diffraction
points (inset in Fig. 16b).

XPS measurements were also performed, indicating that the
interaction between monolayer antimonene and the substrate
is via a weak van der Waals force and that no chemical
interfacial coupling between antimonene and the PdTe, sub-
strate exists. In summary, the work by Wu et al. provides an
effective method to produce high-quality monolayer antimonene
that is chemically inert.**

(5) Electrochemical exfoliation of antimonene. Electrochemi-
cal exfoliation has been realized in synthesis of graphene,””**
MoS,,**" and phosphorene.?®> Compared with other methods, the
electrochemical approach can potentially have a lower cost for
obtaining large-scale 2D materials. Moreover, this method avoids
the use of several chemicals by taking advantage of electro-
chemical activation, presenting an easier purification step.>**

Lu et al. reported the electrochemical exfoliation of few-layer
antimonene.®" As shown in Fig. 17a, an antimony crystal is
directly connected to the conducting wire of a DC power supply
while the counter electrode is made of Pt wire with a diameter
of 0.5 mm. And Na,SO, aqueous solution is used as the
electrolyte. The antimony crystal and Pt wire form the working
electrode and are partially placed into the electrolyte in order to
avoid electrolysis and contamination of the connected conducting
wire. The whole process is carried out at a —6 €V constant voltage
for 60 min to ensure full intercalation and exfoliation of Na ions
inside cathodic Sb. Then, the electrolyte with exfoliated Sb
nanosheets is centrifuged at a speed of 6000 rpm for 30 min.
The sediment after centrifugation is washed by ultrasonication in
deionization water for 10 min. The two processes, centrifugation
and ultrasonication-washing, have to be repeated three times.
Finally, the dispersion solution is dried at 60 °C for 24 h in a
vacuum and diluted in NMP for characterization.

As illustrated in Fig. 17b, the height and phase of the
synthetized Sb nanosheets are characterized by AFM with
samples dispersed on Si/SiO, substrates. The AFM image shows
flakes with ~31.6 nm in thickness with a smooth surface and
an irregular profile. The microstructure is characterized by
TEM using a FEI Tecnai G2F30 field-emission TEM equipment
operated at 300 kv. The TEM image in Fig. 17c presents a
lateral size of ~10.3 um and the high-resolution TEM image in
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Fig. 17 Characterization of the prepared multilayer antimonene. (a) Sche-
matic illustration of the two-electrode system used for the electrochemi-
cal exfoliation of antimony, with an antimony crystal, a Pt wire and Na,SO4
aqueous solution as the working electrode, counter electrode, and elec-
trolyte, respectively. (b) Typical AFM image of an electrochemically exfo-
liated multilayer antimonene nanoflake. (c) TEM and (d) HRTEM images of
the multilayer antimonene flake. (e) Raman spectra of bulk antimony and
31.6 nm thick multilayer antimonene shown in (b). (f) XPS spectrum of the
Sb 3ds,, peak of exfoliated multilayer antimonene. Reproduced from
ref. 81 with permission from Wiley, copyright 2017.

Fig. 17d further exhibits a rigid arrangement of lattice planes.
The observed inter-distance of the lattice fringes is 0.228 nm, in
conformity to the (100) interplanar distance of rhombohedral
gray antimony (0.225 nm).>* The Raman spectrum is obtained
by the Renishaw method via a confocal Raman microscope.
In Fig. 17e, the bulk antimony crystal exhibits the typical sharp
scattering peaks of the E, and A, vibration modes (red dashed
line),** situating at 111.7 and 149.7 cm ™', respectively. And for
multilayer antimonene of 31.6 nm, the peak positions of E; and
A, (the blue lines) are blueshifted to 113.8 and 150.9 cm™ %,
respectively. Additionally, the intensity ratio of the E; and A,
peaks reduces from 0.07 to 0.068 upon thinning the Sb crystal
to 31.6 nm. X-ray photoelectron spectroscopy (XPS) shows a
sharp symmetric photoelectron peak at 528 eV, in agreement
with the Sb-Sb 3ds,, orbital bonding (Fig. 17e). The presence
of only one peak indicates that few-layer antimonene has a
nonoxidation feature. In summary, the work by Lu et al
demonstrates a facile, green and cost-effective multiple electro-
chemical exfoliation method for few-layer antimonene.®*

3.4 Fabrication of bismuthene

Bulk bismuth, a layered rhombohedral crystal, is a semi-metal
with a very small indirect band overlap and unique electronic
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properties resulting from a tiny electron effective mass of about
0.001 m, and low charge density.>®* 2D bismuth materials have
received steadily growing interest due to their quantum size
effects, long mean free path, low carrier density and large spin—
orbit coupling.*®**>%” In particular, realizing bismuthene as a
2D topological insulator will be of great advantage in monoelement
materials. In fact, the synthesis of bismuth thin films has been
reported and can be traced back to 1966.**® High quality bismuth
films have been grown on Si(111) and Si(001) substrates by using
molecular beam eptiaxy (MBE) and incorporation of an annealing
step into the growth process.>** %>

Sun et al. grew buckled bismuth nanosheets on a NbSe,
superconducting substrate.>*" The Bi/NbSe, system has a weak
interaction, and the ultrathin bismuth material shows a quasi-
freestanding feature. The STM image of Bi(111) is shown in
Fig. 18a. Lu et al. have combined DFT calculations and scanning
tunneling microscopy/spectroscopy (STM/STS) experiments to
study the topological properties of puckered bismuth nanosheets
(Fig. 18b).>** It should be mentioned that bulk bismuth only has
the layered rhombohedral bulk bismuth with buckled forms, but
2D bismuthene with the puckered structure can been fabricated
using suitable substrates. Walker et al. reported the first direct
dry transfer of 2D bismuth nanosheets grown through the MBE
method (Fig. 18c).*®® 2D bismuth nanosheets are successfully
transferred by a double cantilever beam fracture technique.
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Importantly, the transferred 2D bismuth material can maintain
electrical, optical, and structural properties comparable to the
as-grown epitaxial 2D bismuth material. The ability to easily
transfer epitaxial materials can enable previously impossible
measurements of the electronic and spintronic properties of 2D
group-VA materials.

Reis et al. have realized monolayer bismuthene, which is
epitaxially deposited on a SiC(0001) substrate (Fig. 18d-f).**
They first prepared the SiC substrate starting from n-doped
Si-terminated 4H-SiC(0001) substrates by dry-etching in a
hydrogen-based gas atmosphere. Remarkably, a fully planar
graphene-like configuration has been generated instead of
buckled bismuthene, which is due to the SiC substrate strain
effect (Fig. 18d). The flakes are further characterized by STM, as
shown in Fig. 18e. The close-up STM images show the detailed
honeycomb structure of bismuthene. The monolayer-substrate
composites are detected to have a wide gap and conductive
edge states by scanning tunneling spectroscopy. Importantly,
the SiC(0001) substrate not only stabilizes the planar bismuthene
monolayer but also plays a key role in achieving a large bulk gap
of approximately 0.8 eV.

Other groups have reported other methods to fabricate free-
standing buckled bismuthene. Hussain et al. developed an
efficient hot-pressing method to fabricate bismuthene from Bi
nanoparticles.** The Bi nanoparticles are compressed using
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Fig. 18 (a) STM image of Bi(111) on NbSe,. Inset: Atomic resolution image taken from the surface. Reproduced from ref. 251 with permission from the

American Chemical Society, copyright 2017. (b) STM image of the Bi(110) film on HOPG. Most of the Bi films are islands with a preferred elongation
direction along [110], as indicated by black arrows. The inset shows an atomic-resolution STM image of the film surface. The surface unit cell is indicated
by the black rectangle with measured lattice constants in A. Reproduced from ref. 252 with permission from the American Chemical Society, copyright
2015. (c) Raman spectrum of Bi exfoliated onto flexible epoxy through mechanical peeling. Inset: Photograph of flexible Bi on epoxy post-exfoliation.
Reproduced from ref. 253 with permission from the American Chemical Society, copyright 2016. (d) Sketch of a bismuthene layer placed on the
threefold-symmetric SiC(0001) substrate in (\/§ X \/§)R30° commensurate registry. (e) Topographic STM overview map showing that bismuthene fully
covers the substrate. The flakes are of thickness ~25 nm, limited by domain boundaries. (f) Substrate step height profile, taken along the red line in (e).
The step heights correspond to SiC steps. (d—f) Reproduced from ref. 83 with permission from Science, copyright 2017.

1004 | Chem. Soc. Rev., 2018, 47, 982-1021 This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c7cs00125h

Published on 06 December 2017. Downloaded by Institute of Physics, CAS on 12/20/2018 8:57:58 AM.

Review Article

suitable press while heating at optimized temperature. By using
atomic force microscopy, the minimum thickness is figured out
to be 2.55 nm, indicating the few-atomic-layer of bismuth.
Through field emission scanning electron microscopy, Bi
nanosheets can be observed with the lateral dimension of up
to several micrometers. Lu et al. employed a sonochemical
exfoliation method to synthetize high-quality bismuthene with
enhanced stability.®” First, bulk Bi is ground into powders with
isopropyl alcohol. Then, the solution added with more isopropyl
alcohol is transferred into a spiral glass bottle and kept under
ice-bath sonication and then sonicated for 10 h. The suspension is
centrifuged at 5000 rpm for 20 min. The AFM image of fabricated
bismuthene shows that the nanosheets have a height of ~4 nm
with a smooth surface.

4. Applications of 2D group-VA
semiconductors
4.1 Field effect transistors

One of the most important and widely used applications of
semiconductors is FET, which is the indispensable building
block of modern integrated circuits. In the FETs made from 2D
materials instead of 3D materials, there are no dangling bonds,
undesirable coupling with phonons and the creation of inter-
face states, which reduce the electrical devices’ performances.’
Semiconducting group-VA crystals show their potential as the
body terminal of FETs. As channel materials of FETs, compared
with graphene and MoS,, black phosphorene simultaneously

Hole dominated
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has two main advantages, high on/off ratio for effective switch-
ing and charge carrier mobility for fast operation. In 2014, Liu
et al."™** and Li et al.*® firstly reported phosphorene field-effect
transistors based on few-layer phosphorene (Fig. 19a). The
drain current modulation of the transistor is on the order of
10° at room temperature, four orders of magnitude larger than
that in graphene. The highest value of charge carrier mobility is
up to ~1000 cm? V' s7!, superior to that of commercial
silicon-based devices. Li et al. also pointed out that optimizing
the gate dielectric could improve the existing low on-state
current and high subthreshold swing in the future.'® Chen
et al. reported fabrication of a FET device made of sandwiched
heterostructures by encapsulating few-layer phosphorene
between hexagonal boron nitride layers to realize ultra-clean
interfaces.'®” This electronic device allowed a higher mobility
of up to ~1350 cm® V"' s™' at room temperature and on-off
ratios exceeding 10°.

Based on theoretical and experimental studies, it is
shown that the carrier mobilities of black phosphorene are
highly direction dependent, because of the structural
anisotropy.'®'1>?897292 The lower effective masses along the
armchair direction lead to higher drive current at the same
biasing. At the same time, the higher degree of anisotropy
improves the performance of p-type devices.?®* In addition,
some groups also indicated that the device transport charac-
teristics depend on the transport directions by the use of the
non-equilibrium Green’s function formalism.>**% 1t is
demonstrated that this transport anisotropy helps improve
the on-state current with the channel length below 10 nm and
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Fig. 19 (a) Schematic of the device structure of a few-layer phosphorene FET. Reproduced from ref. 16 with permission from Nature Publishing Group,
copyright 2014. (b) Linear plot of the transfer curves at 0.5 and 10 nm Cs,CO3 coverage with respect to pristine black phosphorus. The electron transport
of the black phosphorus FET was significantly improved after Cs,CO3z modification, leading to either a more balanced ambipolar or even electron-
transport-dominated FET characteristic. Inset: Schematic illustration of the black phosphorus device coated with Cs,COs. Reproduced from ref. 302 with
permission from Nature Publishing Group, copyright 2015. (c) Micrographic images of unencapsulated and AlO, encapsulated phosphorene. Reproduced
from ref. 222 with permission from the American Chemical Society, copyright 2014. (d) Schematic of arsenene and antimonene double-gated MOSFETSs.
(e) Optimal on-current versus gate length for the arsenene (red and orange), antimonene (cyan and magenta), double-gated n-MOSFETSs in the low
power (LP) and high performance (HP) applications. Black dashed lines represent the International Technology Roadmap for Semiconductors (ITRS)
requirements. (d and e) Reproduced from ref. 66 with permission from the American Chemical Society, copyright 2017.
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meeting the ITRS target in the presence of a quantum tunnel-
ing effect.”®

However, phosphorene transistors suffer from a few disadvan-
tages, including the strong asymmetric ambipolar characteristics,
the high Schottky barrier, and severe surface degradation.

It is known that ambipolar channel materials with both
n- and p-type transport are preferred in Complementary Metal-
Oxide-Semiconductor Transistor (CMOS) logic circuits in order
to simplify the circuit design and also to save the layout area.>*®
The ambipolar characteristics of phosphorene transistors are
observed,'®>**?973%1 put the ambipolar behavior is strongly
asymmetric which is unfavorable for complementary logic
devices. In order to balance the ambipolar behavior, some
studies focused on enhancing the slower hole transport, by
optimization of the device structure, fabrication conditions and
flake thickness.>*>°* Xiang et al. reported an effective modu-
lation on ambipolar characteristics of phosphorene transistors
through in situ surface functionalization with Cs,C05.%%?
As shown in Fig. 19b, with a coverage of 0.5 nm Cs,COj;, the
on-current in the electron regime almost reaches the same level
as that of the hole regime, demonstrating a more symmetric
and balanced ambipolar characteristic. The electron mobility
is significantly enhanced to be ~27 cm® V' s when the
thickness of Cs,CO; is larger than 10 nm, indicating greatly
improved electron transport behavior.

The Schottky barrier is generally derived from the difference
of work function between metal electrodes and semiconductors,
which blocks the electron charge carrier injection. Using an
electrode with a suitable work function is an effective method to
enhance the device performance. Kamalakar et al. used TiO,/Co
contacts to get a reduced Schottky barrier below 50 meV, which
can be tuned further by the gate voltage.>*” In addition, good
transistor performance is achieved in the device, with Ion/Iog >
10* and a mobility of 155 cm?> V™" s~ for hole conduction at room
temperature.

While exposed to air, phosphorene irreversibly reacts with
0, and H,0 to form phosphoric acid or oxidized phosphorous
compounds over a short period of time.*'”**>?°® The surface
degradation brings about physical changes such as volume
expansion and uneven surfaces, chemical changes such as
the electronic structure and large Schottky barrier heights, thus
degrading the mobility."'>'°**° Many effective approaches
were reported to attempt to reduce the surface degradation,
including passivation and solvent exfoliation. By capping the
flake with a thick AlO, layer***?%%3%¢=% or direct liquid exfolia-
tion in anhydrous and oxygen-free organic solvents,>?%?30-232309
phosphorene transistors can maintain the ambient stability
for a long time, overcoming a critical material challenge for
applied research and development. Fig. 19c shows the signifi-
cant difference between pristine phosphorene and phosphorus
nanosheets capped with AlO, overlayers upon exposure to
ambient conditions, and phosphorus nanosheets deposited
with AlO, overlayers effectively suppress ambient degradation.
In addition, Chen et al. encapsulated few-layer black phosphorene
between hexagonal boron nitride layers to ensure the high quality
of phosphorene under ambient conditions.**”
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The other two 2D group-VA materials, buckled arsenene and
antimonene, have been successfully synthesized. Importantly,
different from phosphorene, they are highly stable when exposed
to ambient conditions. Additionally, monolayer arsenene and
antimonene show a wide band gap based on DFT calculations,
indicating their potential for FET applications. Pizzi et al*® and
Wang et al.*® theoretically predicted the performance of sub-10
nm monolayer arsenene and antimonene metal oxide semi-
conductor FETs (MOSFETs). Using Takagi’s formula with SOC
effects, Pizzi et al. calculated that the electron mobility and the
hole mobility are 635 and 1700 cm® V' s~ for As, and 630 and
1737 em® V' s for Sb, respectively.*® In particular, the hole
mobility is significantly enhanced by SOC, increasing by 25% and
84% in As and Sb, respectively. Instead, in arsenene and anti-
monene the SOC effects are negligible for the conduction band.
Supported by the high mobility, they performed a full-device
simulation of FETs based on arsenene and antimonene as
channel materials within the non-equilibrium Green function
formalism. Significantly, arsenene and antimonene show a per-
formance that is compliant with industry requirements for ultra-
scaled devices in the sub-10 nm scale. In 2017, Wang et al.
reported that arsenene and antimonene MOSFETs based on the
ab initio quantum transport approach show excellent device
performances.®® As shown in Fig. 19d and e, both the low power
and high performance of monolayer arsenene MOSFETSs surpass
the monolayer MoS, Schottky barrier FETs on all the sub-10 nm
scales in terms of an obvious advantage of large I,,. They can
satisfy both the low power and high performance application
requirements for all the studied nodes, down to 5 nm, for the next
decade in ITRS 2013. All these works indicate that arsenene and
antimonene are very attractive for nanoscale electronic devices.

4.2 Photodetectors

Black phosphorene has attracted tremendous attention for
optoelectronic and photonic applications because of its unique
in-plane anisotropy, thickness-dependent direct band-gap and
high carrier mobility.>**'® The carrier mobility of phosphorene-
based FETs is as high as 286-1000 cm® V™' s, together with
tunable band gaps and anisotropic carrier transport properties,**®
indicating that phosphorene can be employed as a suitable candi-
date for infrared optoelectronic applications that fills the gap
between graphene and large-band-gap TMDCs.>*” Furthermore,
Li et al. achieved hole mobility as high as 3900 cm®* V" s " in
phosphorene-FET with h-BN as the top and bottom gate dielec-
tric materials.>"* In order to satisfy the infrared applications,
the carrier mobility and band gap can be controlled by nano-
engineering, defect engineering, strain and chemical
treatments.'¢3%4312:313 1n addition, the infrared optical proper-
ties and the related band transitions of multilayer phosphorene
was revealed by Fourier transform infrared spectroscopy (FTIR),
which indicates the stupendous potential of phosphorene in
infrared photodetection.®'*

According to the band gap of black phosphorene, it can be
configured as an excellent UV photodetector with high detec-
tivity and photoresponsivity due to the resonant-interband
transition between two specially nested valence and conduction
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bands (Fig. 20a).*"> Buscema et al. achieved a broadband
phosphorene photodetector in the near infrared regime with
a photoresponsivity of 4.8 mA W ! based on a phosphorene
FET, where the photo-generated carriers emerge and separate
in the electrode/phosphorene interface.>'®*'” At the same time,
it was reported that few-layer phosphorene can be used as high
performance visible photodetectors for high-contrast, diffraction-
limited optical imaging.*'® Compared with other TMDCs, one
unique property of phosphorene is the anisotropic carrier
transport and light absorption behavior originated from the
in-plane asymmetric structure, thus phosphorene can be employed
as a broadband, polarization-sensitive photodetector from 400 nm
to 3750 nm and provide novel functionalities in phosphorene-
based optoelectronic devices.*'® However, this operation mode
hasn’t optimized the light absorption and photo-carrier separa-
tion efficiency. To solve this problem, PN junctions are created
via different strategies to effectively separate the photogenerated
carriers. Buscema et al. reported the first black phosphorene
lateral PN junction by the dual-gating method that drastically
enhanced the photoresponsivity.*>° Furthermore, under the
photovoltaic mode, the dark current of the phosphorene PN
junction photodetectors is decreased, because no bias voltage is
applied (Fig. 20b-e). Moreover, the lateral phosphorene PN
junction was also constructed by the chemical doping method
and achieved high responsivity and fast response time for near-
infrared photodetection,*" due to the simultaneously modified
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carrier mobility and transport behaviors. In contrast, vertical PN
junctions are also effective due to the larger photo-active area.
Deng et al. demonstrated a gate-tunable PN diode based on
phosphorene/WS, van der Waals heterostructure and achieved
a photoresponsivity of ~418 mA W~ '.'> However, these
approaches limit the active area selectivity and increase the
fabrication procedures. In addition, the relatively low light
absorption coefficient is another obstacle for photodetective
applications. As a result, the enhancement of light absorption
of phosphorene by optical field controlling is an essential
method for phosphorene photodetectors. For example, Young-
blood et al. demonstrated obvious absorption enhancement of
phosphorene by a silicon waveguide in the phosphorene active
area and achieved a photoresponsivity of ~657 mA W' and
a detectivity of almost three orders of magnitude since the
photodetectors are designed in the photovoltaic operation mode
(Fig. 20f).>* Similarly, Viti et al demonstrated efficient room
temperature THz photodetectors combining top-gated FETs
exploiting multilayer phosphorene with specially designed THz
asymmetric antennas to increase the light absorption.*** Last
but not least, the environmental stability of phosphorene is an
important factor for phosphorene photodetectors. The device
architecture and photonic design strategies, dielectric layer
capping®**?** and chemical treatment®*** would be promising
ways to integrate with conventional phosphorene photodetectors.
It has been demonstrated that the band gap of phosphorene can
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Fig. 20 (a) Three-dimensional view of a few-layer black phosphorus photo-FET. Reproduced from ref. 315 with permission from the American Chemical

Society, copyright 2015. (b) Output characteristics in the PN configuration as a function of the incident optical power (4 = 640 nm), and the inset shows
the electrical power that can be harvested at the maximum employed illumination power. (c) Output characteristics in the PN configuration in darkness
(black solid line) and under illumination of different excitation wavelengths at fixed power (P = 0.33 pW), and the inset shows the schematics of the
equivalent circuit. (d) Optical image of one of the fabricated devices. (e) /4s—Vys Characteristics of the device in different gate configurations. (b—e)
reproduced from ref. 320 with permission from Nature Publishing Group, copyright 2014. (f) The response of the phosphorene photodetector is
measured when phosphorene is gated to low and high doping. At low doping, the response is broadband with a cutoff frequency of 3 GHz, which
is limited by the RC bandwidth of the contact pads and the input impedance of the preamplifier. At high doping, the response rolls off at 0.2 MHz,
indicating that the photoresponse is of a thermal origin, as expected from the bolometric effect. The inset shows the receiver eye diagram at a data rate
of 3 Gbit s~ measured with the phosphorene photodetector. Scale bar, 100 ps. Reproduced from ref. 303 with permission from Nature Publishing Group,
copyright 2015.
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be widely tuned by the chemical doping method,*** owing to the
giant Stark effect, which may further extend the working wave-
length range to the far-infrared regime.

As brothers of phosphorene in the group-VA family,
arsenene, antimonene and bismuthene cover a wide range of
energy band gaps, which are crucial for a broadband photo-
response. Combining such a broad range of band gaps and
high carrier mobilities, 2D group-VA materials are promising
candidates for photodetectors.

4.3 Light emitting devices

2D group-IVA materials, such as graphene, silicene, germa-
nene, and stanene, are semimetallic, and the lack of a suitable
band gap totally restricts their applications in light-emitting
devices. 2D group-VA materials are semiconductors with signi-
ficant fundamental band gaps, thus rendering them possible
candidates for active materials in light-emitting devices.
Phosphorene is an atomically-thin optical material with direct
exciton emission, and its wavelength is tunable by controlling the
number of layers. Zhang et al. investigated the photolumines-
cence (PL) spectra of few-layer phosphorene exfoliated on a silicon
substrate, obtaining a strong and highly layer-dependent PL
in few-layer phosphorene (Fig. 21a).>*° Strong PL peaks of
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phosphorene at 961, 1268, 1413, and 1558 nm have been
observed in 2-5 layers, which correspond to energy peaks of
1.29, 0.98, 0.88, and 0.80 eV, respectively. The PL peaks are
attributed to the nature of excitons, which represent lower
bounds on the fundamental band gap values in few-layer
phosphorene. The measured PL spectra provide very useful
information to investigate the exciton nature and the electronic
structures in phosphorene. Li et al. studied the PL spectra of
monolayer, bilayer, and trilayer phosphorene at 77 K under
unpolarized photoexcitation at 2.33 eV (Fig. 21b and c).**® They
have observed strong polarization dependence in monolayer,
bilayer and trilayer phosphorene. The PL peak energy can
match well with that in the absorption spectra, which confirms
the direct bandgap nature of phosphorene. Additionally, Ge
et al. pointed out that the intense and stable PL peaks of the
black phosphorene quantum dots have been found in the blue-
violet wavelength region.>”” Due to the excellent PL intensity,
stability and its excitation wavelength-independence in the
blue-violet light region, phosphorene is expected to be a suitable
material for blue-violet light irradiation sources. Aghaeimeibodi
et al. reported a new class of near-infrared emission from defect
states in phosphorene.’*® With the linear increase of excitation
intensity, a sublinear increase of PL intensity at 1240 nm has been
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Fig. 21 (a) Photoluminescence spectra of 2L, 3L, 4L and 5L phosphorene. Note: The tiny oscillation on the PL curve of 3L is due to the limitation error of

the InGaAs detector. Reproduced from ref. 220 with permission from the American Chemical Society, copyright 2014. (b) Photoluminescence spectra of
monolayer phosphorene recorded at 77 K with unpolarized photoexcitation at 2.33 eV. (c) Intensity of the PL at peak energy as a function of polarization
angle 0. Data taken on monolayer phosphorene are shown by the red circles. All angular dependences show a nearly perfect cos 20 pattern (black solid
curves), consistent with the fact that optical transitions along the y direction are forbidden by symmetry. (b and c) Reproduced from ref. 326 with
permission from Nature Publishing Group, copyright 2017. (d) PL spectra of multilayer arsenene/InN/InAs at different temperatures. Inset: Photograph of
the sample in the chamber of the spectrometer. Reproduced from ref. 29 with permission from the American Chemical Society, copyright 2016. (e) PL
spectra of multilayer antimonene/InN/InSb at different temperatures. Inset: Image of the sample in the spectrometer chamber at room temperature.
Reproduced from ref. 30 with permission from the Royal Society of Chemistry, copyright 2016. (f) PL spectra of free-standing pristine BiNPs and
as-prepared BiNSs on Si substrates, recorded at a wavelength of 325 nm. Reproduced from ref. 84 with permission from Wiley, copyright 2017.
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observed, which confirms the defect-based nature of this
emission. They found that the defect emission is 34 times
brighter than the exciton at low temperature, and it still
maintains the brightness even up to room temperature. The
brighter room-temperature emission is an important advantage
for a source of infrared light with potential room-temperature
and near-infrared optoelectronic applications.

Interestingly, multilayer arsenene nanoribbons have been
fabricated and exhibited green PL light emission at 540 nm
at room temperature (Fig. 21d).>® The green light emission
implies that the band gap of the multilayer arsenene nano-
ribbons is about 2.3 eV. Two factors lead to their bandgap
opening. One is the quantum confinement effect induced by
dimensionality reduction, and the other is the turbostratic
stacking. In addition, Tsai et al. also fabricated multilayer
antimonene nanoribbons with orange light emission at 610 nm
(Fig. 21e).*° Thus, the PL measurements of arsenene and anti-
monene nanoribbons indicate that they also possess potential
applications in light-emitting devices.

Large area and highly crystalline bismuth nanosheets have
been successfully fabricated by using a novel and facile hot-
pressing method.?* It has been argued that the significant
PL response from ultrathin Bi nanosheets (Fig. 21f) might be
attributed to the carrier confinement effects and process-
dependent crystal defect/dislocation induced trapping of electrons
and excitons in ultrathin BiNSs.

4.4 Topological spintronic devices

As a new quantum state of matter, a topological insulator (TT)
has attracted extensive research interest due to its bulk insulating
gap and topologically protected boundary state. 2D TIs are
considered as more promising materials than 3D TIs for spin
transport applications because the edge states in the former are
more robust against back-scattering than the surface states in the
latter. Graphene is the first predicted 2D TI with a quantum spin
Hall (QSH) effect. However, due to its weak SOC, graphene has the
deficiency of small bulk gap and low-temperature operation.
Group-VA elemental monolayers, phosphorene, arsenene, anti-
monene and bismuthene, are regarded as new emerging 2D
materials with unique properties, which have much stronger
SOC effect than graphene. As new members in the 2D material
family, can phosphorene, arsenene, antimonene and bismuthene
have a TI phase under suitable conditions? The answer is yes.
Liu et al. reported that a normal-to-topological phase transi-
tion can be obtained with an applied electric field along the
stacking direction of few-layer black phosphorene.'”” When the
electric field increases to 0.3 V A™", 4-layer phosphorene will
transform from a normal insulator into a topological insulator.
The system becomes metallic when the electric field reaches
0.6 V A7, This band inversion is induced entirely by the field-
induced Stark effect rather than by SOC. The tuning of topo-
logical behavior under an electric field would lead to the
quantum spin Hall effect. In addition, by in-plane time-periodic
laser fields, a phosphorene monolayer may undergo Lifshitz
transitions to topological insulating phases.**® Furthermore,
strain fields can also drive band inversion of 2D group-VA crystals
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around the gamma point. Based on the prediction of first-
principles calculations, arsenene and antimonene monolayers
can be tuned to be topological insulators under biaxial tensile
strain larger than 11.7% and 14.5%, respectively.*®*” Moreover,
the buckled configuration of arsenene and antimonene enables
them to endure large tensile strains of up to 18.4% and 18%.
Thus, they can achieve the maximum bulk gaps at the max
strains, making them 2D topological insulators as promising
candidate materials for achieving the QSH effect.

Interestingly, Zhou et al. proposed an alternate practical
method to combine both the large intrinsic QSH and anomalous
Hall conductivity in a flat honeycomb Sb or Bi monolayer grown
on a ferromagnetic MnO, (H-MnO,) layer by means of first-
principles density functional theory with a simplified tight binding
analysis.”" The h-Sb and h-Bi sheets become magnetized because
of proximity effects and the Dirac points split into different spin
channels. Particularly, in the presence of both intrinsic and
Rashba SOC, there is an intrinsic QSH state with a large band
gap of 228 meV for h-Sb and 941 meV for h-Bi, and a nearly
quantized anomalous Hall state with a large band gap of
~10 meV for both h-Sb and h-Bi. Significantly, it is an efficient
way to realize both quantized intrinsic spin Hall state and
anomalous Hall conductance state in a single material.

Chemical functionalization is a powerful method to
create topological insulators and can be used to explore novel
electronic properties.'®7'833% Argenene, antimonene and bis-
muthene have been modified to be TIs by different chemical
functionalization. In 2014, Song et al. predicted a group of 2D
topological insulators BiX/SbX (X = H, F, Cl and Br) monolayers,
where bulk gaps range from 0.32 eV to a record-breaking value
of 1.08 eV.'®® They found that these large bulk band gaps
completely result from the strong spin-orbit interaction of
Bi/Sb atoms which is related to the p, and p, orbitals around
the two valleys K and K’ of the honeycomb lattice. They proved
that BiX monolayers with honeycomb structures remain stable
even at high temperature. Considering their intriguing features,
2D topological insulators, BiX/SbX monolayers, are suitable
candidates to realize new quantum devices operating at room
temperature.

Ma et al. predicted bismuth, antimony and lead bilayers
with methyl-functionalization as 2D topological insulators.'®
These materials possess suitable quantum spin Hall properties
due to protected Dirac type topological helical edge states.
Notably, these 2D topological insulators have a large nontrivial
bulk gap of about 0.9 eV, which are large enough for room
temperature application. Lately, Zhang et al. reported that
antimonene oxide is a 2D topological insulator with a sizable
band gap of 117 meV.%?* Zhou et al'®® investigated the topo-
logical properties of Sb(111) monolayers decorated with H and
doped with certain magnetic atoms, which have the properties
of quantum spin-quantum anomalous Hall insulators with a
band gap of up to 53 meV. Soon afterwards, Zhou et al.'®?
further systematically explored the electronic and topological
properties of a hydrogenated Sb monolayer epitaxially grown
on a LaFeO; substrate (Sb,H/LaFeOj;) by first-principles calcu-
lations and tight-binding models. In the heterostructure, the
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Fig. 22 (a) With the right handed light controls, the spin edge state (red solid arrows) emerges along the edges of the heterostructure. The small solid
arrows on the edge states indicate the spin directions. Reproduced from ref. 182 with permission from the American Physical Society, copyright 2016.

(b) Phosphorene as a superior gas sensor: selective adsorption and distinct /-

V response. Reproduced from ref. 159 with permission from the American

Chemical Society, copyright 2014. (c) Gravimetric and volumetric capacities of C (LiCe), P (LizP), As (LizAs), Sb (LizSb) and Bi (LizBi). Reproduced from
ref. 335 with permission from Royal Society of Chemistry, copyright 2010. (d) Seebeck effect for power generation; an applied temperature difference
causes charge carriers in the material (electrons or holes) to diffuse from the hot side to the cold side, resulting in current flow through the circuit.
Reproduced from ref. 349 with permission from Science Direct, copyright 2015.

exotic quantum spin-quantum anomalous Hall (QSQAH) state
is observed and the band gap is opened up to 35 meV exactly
around the Eg, which can be enlarged by strain or an electric
field. A device based on the QSQAH heterostructure, displayed
in Fig. 22a, is designed in which the degrees of freedom of the
carriers can be manipulated flexibly, providing a promising
route towards applications in electronics, spintronics and
valleytronics.

Experimentally, Reis et al. reported bismuthene, a candidate
for a high-temperature quantum spin Hall material, with a
0.8 eV bandgap.®> Combining theory and experiment, in bis-
muthene grown on a SiC(0001) substrate, the substrate not only
stabilizes the quasi-2D topological insulator but also plays a key
role in achieving the large gap, with the strong on-site SOC
coming directly into play, which would further improve the
on-current and the intrinsic switching speed.

A growing research interest has gradually focused on group-
VA 2D nanosheets as superior 2D topological insulators.
Various strategies are being proposed to achieve group-V 2D
TIs with large bulk gaps, which could be characterized and
utilized at room temperature. The present progress in group-VA
TIs provides a promising innovative platform to design 2D
quantum spin Hall devices.

4.5 Gas sensors

The past decade has witnessed the blooming of 2D materials
as promising candidates for gas sensors due to their large
specific surface area, high surface activities and high electrical

1010 | Chem. Soc. Rev., 2018, 47, 982-1021

conductivities originating from the quantum size effects.
The absence of a bandgap dramatically hampers the application
of some typical 2D materials, such as graphene, silicene, germa-
nene and others, in semiconductor devices, including gas sensors.
In contrast, 2D group-VA materials stand out with moderate band
gaps ranging from 0.36 to 2.62 eV, accompanied by the emerging
new phenomena and fascinating physical properties, which make
2D group-VA materials very attractive for future gas detection
systems.>'*?317333 Kou et al. firstly studied the adsorption of CO,
CO,, NH3, NO and NO, gas molecules on a phosphorene mono-
layer based on first-principles calculations coupled with a non-
equilibrium Green’s function (NEGF) approach.'* They found that
phosphorene exhibits stronger adsorption of gas molecules with
high sensitivity and selectivity than graphene and MoS,, tending to
be a more efficient sensor. Furthermore, phosphorene is found to
be more sensitive to gas molecules containing nitrogen atoms,
such as NO and NO,. Moreover, the transport feature exhibits
distinct responses with a dramatic change of the -V relation
before and after gas molecule adsorption on phosphorene;
the results displayed in Fig. 22b indicate that the adsorption
of gas molecules on phosphorene can cause the change of the
current, thus changing the resistance, which can be measured
experimentally.

In view of the theoretical studies, Abbas et al. firstly reported
on the sensing of NO, gas on FETs fabricated based on few-
layer phosphorene.**" They found that no apparent change in the
peak before and after targeted gas adsorption can be obtained by
using the Raman spectroscopy technology, suggesting the good

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c7cs00125h

Published on 06 December 2017. Downloaded by Institute of Physics, CAS on 12/20/2018 8:57:58 AM.

Review Article

stability of the NO, adsorbed multilayer phosphorene system.
Phosphorene sensors exhibit excellent sensitivity for detection of
NO, concentration down to 5 ppb. Moreover, the conductance of
devices shows good recovery after flushing the devices with Ar,
indicating reversible adsorption and desorption of NO,. Last year,
Cho et al accurately compared the sensing performances
of phosphorene, graphene and MoS,.**> The electrical sensing
measurement results show that the sensitivity of phosphorene is
about 20 times higher than those of graphene and MoS,, which
corroborates with the theoretical DFT simulations by Kou et al."*
Response/recovery time, selectivity, molar response factor and
adsorption behavior all support the fact that phosphorene is a
superior gas sensing material. In addition to NO,, phosphorene is
also sensitive to methanol.*** The device based on phosphorene is
very selective in the presence of other vapors for methanol
detection and has long-term stability.

The superior sensing performances found in phosphorene
motivate the researchers to explore other 2D group-VA materials.
Only theoretical studies about buckled arsenene and antimonene
used as gas sensing materials have been reported.>*** Similar to
phosphorene, arsenene shows high sensitivity to nitrogen-based
gas molecules."”**** Liu et al. studied the adsorption of CO, CO,,
N,, NH;, NO and NO, molecules on the buckled arsenene
monolayer.”® Among those gases, the NO, adsorbents have
the largest charge transfer, indicating a potential greater
change in conductivity. Only the adsorption of NO, can lead
to a magnetic moment of 1 ug. It is suggested that arsenene is a
potential candidate for gas sensing of NO and NO, molecules.
For the antimonene monolayer, first principles calculations
demonstrate that N,, CO,, O,, H,O and CO are weakly adsorbed,
while other toxic gases, NH3, SO, and NO, are strongly adsorbed.®
The sensitivity of adsorbed molecules towards the electronic
properties indicates that monolayer antimonene could be a
qualified sensing material for gaseous pollutant detection.

4.6 Battery

As shown in Fig. 22c¢, group-VA crystals possess higher theore-
tical capacity than graphite, indicating that they are promising
electrode candidates for Li and Na ion batteries.*** Compared
with 3D crystals, 2D group-VA materials have extremely high
surface areas and superior structural characteristics, exhibiting
higher specific capacity. So, what about the performances of 2D
group-VA materials as anodes for Li and Na ion batteries?
Theoretical calculations show that black phosphorene exhibits
ultrafast Li ion diffusion and large capacity for Li ion
batteries.*****° Zhang et al. found that Li atoms could form
strong binding with P atoms and stay in the cationic state.**
At high concentrations of Li atoms, the Li-phosphorene
complex becomes metallic and gives rise to good electrical
conductivity, which is essential for an electrode. Due to the
puckered honeycomb nanosheet, the diffusion of Li atoms on
phosphorene is extremely anisotropic. The Li-diffusion along
the zig-zag direction is highly energetically favorable, while the
diffusion along the armchair direction is almost prohibited.
The diffusion barrier of Li atoms along the zig-zag energy is
calculated to be 0.08 eV, which is much lower than those in two
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other Li-battery anode materials, graphene (~ 0.3 eV) and MoS,
(~0.28 €V).>***3 The low energy barrier leads to diffusivity
10" (10?) times faster than that in graphene (MoS,) at room
temperature. For comparison, the large energy barrier (0.68 eV)
along the armchair direction results in effectively blocked
diffusion. Furthermore, the average voltage of the adsorbed
Li-atoms is estimated to be ~2.9 V, appropriate for the phos-
phorene based Li-ion battery. Similar to the Li-diffusion on
phosphorene, the Na diffusion is anisotropic and its value
along the zig-zag direction is predicted to be ~0.04 ev.>**3%

Experimental works concerning phosphorene as the anode
for Li and Na ion batteries have also been presented.’**>*®
Sun et al. experimentally studied few-layer phosphorene sand-
wiched between graphene layers used as a high-capacity anode
for Na ion batteries.**” They found that the hybrid phosphorene-
graphene material possesses a specific capacity of 2440 mA h g™*
at a current density of 0.05 A g~ " and 83% capacity retention after
100 cycles while operating between 0 and 1.5 V. To explain the
large capacity of the anode material, they used in situ transmis-
sion electron microscopy and ex situ X-ray diffraction techniques,
and found a dual mechanism of intercalation of Na-ions along the
zig-zag direction of phosphorene followed by the formation of a
NaP alloy. The superior electrochemical properties of the sand-
wiched hybrid structure could render it a suitable anode material
for sodium-ion batteries.

Metallic buckled antimonene nanosheets-graphene (SbNS-
G) films have been synthesized to present high volumetric
capacity, high-rate capability and good cycle performance for
sodium storage.*® In the initial cycle at a current density of
0.1 mA cm 2, the reversible volumetric capacity reached a very
high value of 1226 mA h ecm ™ for the SbNS-G film with a mass
loading of 1.6 mg cm 2. After 50 cycles, the reversible volu-
metric capacity is almost stable at 650 mA h cm 2. It is worth
noting that the good flexibility of graphene relieves the stress of
the notorious volume change of metallic Sb. The research
effectively illustrates that the metallic Sb nanosheets will have
broad applications in the areas of Na ion batteries.

Owing to the puckered and buckled structural properties, 2D
group-VA materials have low atomic packing factors, indicating
that these elements are favorable for accommodation of Li
and Na atoms. Besides, the rich alloy phases Li;VA and NazVA
(VA is the group element: P, As, Sb and Bi) provide their high
capacities for Li-ion (Na-ion) batteries. Specifically, the high
surface areas of group-VA nanosheets will give those higher
capacities and faster ion diffusion as anodes in Li and Na ion
batteries.

4.7 Thermoelectric

A thermoelectric material is a kind of promising material that
can convert waste heat directly into electrical energy (Fig. 22d).
The performance of thermoelectric materials can be quantified
by a dimensionless figure of merit ZT: ZT = $°¢7T/x, where S is
the Seebeck coefficient, ¢ is the electrical conductivity, T is
the temperature, and x = k. + kp, is the total thermal conduc-
tance that is usually split into electron (x.) and phonon (i)
contributions.*”® In order to make materials suitable for
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thermoelectric generation, it is desirable to have a ZT larger
than three.**° Unfortunately, as described by the Wiedemann-
Franz law, the electrical conductivity is proportional to the
thermal conductivity and it becomes impossible to increase
electrical conductivity and suppress thermal conductivity
simultaneously. Compared with bulk crystals, low dimensional
materials can escape from the Wiedemann-Franz law and have
the potential to achieve higher ZT by different engineering
approaches.***3>?

Theoretical works indicate that 2D group-VA materials have
great potential in thermoelectric applications, 71383737356
Due to the anisotropic puckered structures, group-VA crystals
exhibit strong anisotropy in electrical and thermal conduc-
tivities, where the value of ZT along the armchair direction is
much larger than that along the zig-zag direction.?*>?>" 73> Fej
et al. predicted that depending on the p or n doping and
orthogonal electric field, the thermoelectric performance of
phosphorene can be strongly enhanced. Its figure of merit ZT
can reach ~1.5 along the armchair direction at room
temperature.'*® Additionally, some groups studied the effect
of the applied strain on the thermoelectric effect of black
phosphorus.>'?**?>¢ When the zig-zag direction strain is
applied, the Seebeck coefficient and electrical conductivity in
the zig-zag direction can be greatly enhanced at a strain of 5%.
When the armchair direction strain of 8% is applied, the room
temperature ZT value can reach 2.12 in the armchair direction
of phosphorene.?*® By nano-structure engineering (cutting a
monolayer phosphorene along armchair or zigzag directions),
Zhang et al. showed that very good thermoelectric performance
of phosphorene can be obtained.*® The ZT value of phosphorene
nanoribbons with armchair edges can be optimized to as high
as 6.4 at room temperature, which suggests that phosphorene
nanoribbons could be very promising candidates for high-
performance thermoelectric applications.

Promisingly, Sandonas et al. explored the thermoelectric
performance of the puckered phosphorene and arsenene. Puck-
ered arsenene exhibits a stronger anisotropic thermoelectric
response than phosphorene.?* At 300 K with moderate n type
doping, the ZT value of arsenene can reach ~1.0 along the
armchair direction. For antimonene, its thermoelectric proper-
ties have not been reported and only its thermal conductivity ¢
has been studied. Zhang et al. found that buckled antimonene
exhibits a relatively low thermal conductivity.'*” Furthermore,
chemical functionalization can lower this value even further,
indicating that antimonene is a potential excellent thermo-
electric material. Considering the vast amount of research
studies, phosphorene, arsenene and antimonene have great
potential to be good thermoelectric materials by engineering
approaches.

Besides, Cheng et al. evaluated the figure of merit ZT of
buckled and puckered bismuthene at different temperatures.**3
Buckled bismuthene exhibits much larger ZT than its bulk
structure as indicated by first-principles calculations combined
with the Boltzmann transport equation.'*® The better thermo-
electric performance is attributed to the fact that buckled
bismuthene exhibits very large power factors (S°¢) and lower
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thermal conductivity. The ZT value of buckled bismuthene can
be optimized to as high as 2.4 at room temperature and it can
be further improved to 4.1 at 500 K. Their theoretical works
predicted that puckered bismuthene exhibits a very high ZT
value of 6.4 for n-type systems at room temperature.'*® This
value significantly exceeds that of buckled bismuthene (2.4)."**
Moreover, it is demonstrated that the ZT values are all higher
than 2.0 in relatively broad regions of both temperature and
carrier concentration. The obviously improved thermoelectric
performance of puckered bismuthene is inherently related to
the weak electron-phonon coupling strength, as identified by
the very small deformation potential constant. Considering the
rapid progress of fabrication techniques, it is reasonable to
expect that high thermoelectric performance could be realized
in bismuthene.

5. Summary and outlook

The initial progress in 2D phosphorene, arsenene, antimonene
and bismuthene has motivated a revisit of group-VA materials,
with a focus on accelerating the discovery of materials that
complement the properties of their bulk van der Waals solids.
In particular, unlike semimetallic group-IVA (graphene, silicene,
germanene and stanene) and metallic group-IIIA (borophene)
materials, 2D group-VA materials are semiconducting, with a
broad range of band gaps, from 0.36 to 2.62 eV, providing
unprecedented opportunities for device applications. This
review article presents a theoretical and experimental overview
of the state-of-the-art research in the 2D group-VA material
family, in terms of their structural allotropes, basic funda-
mental properties, exotic electronic properties, material pre-
paration methods, and various possible applications.

Phosphorene, among the 2D group-VA family members, is
the first and most studied member. It presents fascinating
properties, such as the highly tunable direct bandgap, high
carrier mobility, negative Poisson’s ratio, and predominantly
anisotropic electronic and optical properties. Importantly,
these properties can be further tuned by various external
factors, e.g., doping, defect engineering, strain, electric field,
heterostructure and chemical functionalization, etc. In particular,
compared with graphene, MoS, and other 2D materials, black
phosphorene exhibits more prominent application advantages
in electronic devices and optoelectronic devices. However, one
Achilles’ heel of phosphorene is the presence of its intrinsic
instability due to its fast oxidation behavior coupled with light-
induced degradation of exfoliated flakes under air moisture
conditions. Several methods have been developed to solve this
issue, and the stability mechanisms are being explored. However,
the practical application of phosphorene is still in its infancy.
Thus, to accelerate the reality of phosphorene devices, researchers
have to focus on mitigating its oxidation issue and enhancing its
long-term stability under ambient conditions.

Regarding arsenene, more emerging reports are based on
first-principles DFT calculations. Experimentally, in the process
of preparing 2D arsenene, highly toxic arsenic trioxide can be
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produced, which hinders the experimental exploration of arsenene.
Nevertheless, impressively, a plasma-assisted process has been
used to synthesize multilayer arsenene on InAs. In addition, the
aqueous shear exfoliation method has also been used to fabricate
arsenene nanosheets for electrochemical applications. These works
provide experimental evidence for the successful synthesis of 2D
arsenene and may pave the way for further experimental investiga-
tions of the unique properties of arsenene.

In terms of antimonene, several theoretical works have
predicted a variety of exotic properties and applications ranging
from optoelectronics to energy harvesting or unusual topo-
logical features originated from its electronic band structure.
Since 2016, a number of experimental results have made all
those expectations somewhat closer to reality. In particular,
antimonene was isolated for the first time demonstrating
environmental stability. We expect that the potential applications
of antimonene and related materials will be expanded in the near
future to cover medicine, catalysis, etc.

Bismuthene has received widespread attention due to its
quantum size effects, long mean free path, low carrier density,
large spin-orbit coupling and so on. In particular, the realiza-
tion of a bismuthene based 2D topological insulator will be of
great importance in monoelement materials. Stable bismuth
films have been fabricated by MBE and aqueous shear exfolia-
tion methods. Interestingly, monolayer bismuthene has also
been grown on a SiC(0001) substrate, and the substrate not only
stabilizes the quasi-2D topological insulator but also plays a
pivotal role in achieving the large gap. Excitingly, the bulk gap
is up to 0.8eV, and thus bismuthene can be regarded as a
candidate for a high-temperature quantum spin Hall material.
The composite method incorporating monolayer-substrate by
using other group-VA monolayer arsenene and antimonene
may open a systematic route to generate large-gap quantum
spin Hall systems.

It should be noted that one of the most charming properties
of phosphorene, arsenene, antimonene and bismuthene is
their colorful allotropes, which distinguishes them from other
2D materials. For instance, black phosphorene in the puckered
form is the most prominent allotrope, and other allotropes are
metastable phases, such as the recent successfully fabricated
blue phosphorene. The buckled § phases are the lowest-energy
configuration, which are different from the most stable black
phosphorene structure. Many allotropes of arsenene, antimonene
and bismuthene can also be obtained. Furthermore, three
allotropes, namely o, B and {, found in bismuthene have
comparable average binding energy. These 2D group-VA mono-
layer allotropes with different band alignments can facilitate
the designing of 2D material based van der Waals heterostruc-
tures, which are of utmost importance for novel electronic and
optoelectronic applications.

Despite the excellent intrinsic properties and great variety of
2D group-VA materials, the main challenge is the lack of an
environment-friendly and low-cost synthesis method for large-
scale production. High-quality, large-area growth should be
developed to facilitate more powerful functional devices such
as field effect transistors, photodetectors, light-emitting devices,
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topological spintronic devices, gas sensors, lithium and sodium
batteries, and thermoelectric devices. The unique properties and
wide variety of allotropes of 2D group-VA materials are also
favourable for practical applications in terms of biosensors,
medical treatments, non-linear optics, catalysis, thermophoto-
voltaic cells, etc.?°8*2%3%1 The 2D group-VA materials, from
phosphorene, arsenene, antimonene, to bismuthene, offer a
novel platform to study new emerging device physics in these
atomically thin 2D systems and create new concepts for nano-
devices. This review article aims at establishing a well-defined
impression of 2D group-VA materials, from their atomic struc-
tures, fundamental properties, electronic modulations, synthesis
methods, to various potential applications. We hope that this
review will inspire more exciting discoveries and applications in
this growing family of 2D group-VA materials.
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