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The past year has witnessed the fast growth of investigations on monolayer and
few-layer black phosphorous, termed as “phosphorene.” The intrinsic mechanical,
electronic, thermal, and optical properties of phosphorene, which have mainly
been revealed by computations, endow it with significant potential applications
to the fields of electronics, optoelectronics, thermoelectrics, catalysis, and energy
storage. In this overview, we summarize the computational investigations on
phosphorene from aspects of inherent quality, properties, potential applications,
and new allotropes, and manage to interpret what we can know about phosphor-
ene from computations. We hope that this overview would help better under-
stand phosphorene and provide guidance for experimental and computational
colleagues to further investigate phosphorene and other novel two-dimensional
materials. © 2015 John Wiley & Sons, Ltd
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INTRODUCTION

Located in the third period and the VA group,
phosphorus is a familiar element abundant in the
earth’s crust. There are two common morphologies
of phosphorus, white phosphorus and red phospho-
rus, both of which are easy to be ignited by fire. As
the third morphology of phosphorus, black phospho-
rus is more chemically stable and ignition resistant
than the red and white ones. Black phosphorus also
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shows advantages in effective electron and heat con-
ductance over white and red phosphorus.' However,
the most attractive property of black phosphorus is
its layered structure. Stacked by the surmountable
van der Waals (vdW) interactions, black phosphorus
in the orthorhombic crystallization with space group
cmca,” is supposed to be potentially exfoliated into
individual atomic layers, which are named as ‘phos-
phorene.” In fact, black phosphorus has been known
for a century before it was exfoliated into phosphor-
ene. Composed of only one element, two-dimensional
(2D) phosphorene is expected to exhibit fantastic
properties akin to graphene and duplicate the success
of 2D materials in wide applications.

In the past year, great efforts have been devoted
to seeking effective methods to prepare phosphor-
ene.>* Up to now, monolayer or few-layer phosphor-
ene have been experimentally realized via Scotch
tape-based mechanical exfoliation,>® liquid exfolia-
tion under bath ultrasonication,” and Ar* plasma
thinning process before mechanical cleavage.® After
the experimental realization, more research interest
was stimulated to study the intrinsic properties of
phosphorene. Actually, even long before the experi-
mental exfoliation of black phosphorous, theoretical
researchers had already probed the properties of
phosphorene.
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Thirty years ago, Morita et al. noticed the sin-
gle puckered black phosphorus layer (namely phos-
phorene) and investigated the band structure of
phosphorene through tight-binding computations,”'°
and they found that phosphorene is semiconducting
with a direct band gap of ~2.5 eV, which was highly
consistent with the recent experimental results. Since
last year, abundant computations with higher accu-
racy than the tight-binding method have been widely
performed to investigate the structural configura-
tions, intrinsic properties, and possible applications
of phosphorene. An overview of those computational
studies on phosphorene is urgent to better trace
the emergency and development of phosphorene in
computational materials science. Meanwhile, good
comprehension of how computations investigate
phosphorene can also facilitate the theoretical
explorations of other new materials.

In this overview, the recent computational stud-
ies on phosphorene are summarized. After the struc-
tural configurations and intrinsic properties of
phosphorene are briefly introduced, different compu-
tational methodologies, especially the selected func-
tional on predicting the structure and properties of
phosphorene, are compared. Various processes in
tuning the properties of phosphorene are then sum-
marized, including applying elastic strain and vertical
electric field, cutting phosphorene into nanoribbons,
stacking phosphorene monolayers with different
orders, and surface doping with atoms and mole-
cules. We also present a generalization on the possi-
ble applications of phosphorene to electronics and
energy storage from the theoretical side. Finally,
computational insights are interpreted into predicting
possible allotropes of phosphorene.
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STRUCTURE AND PROPERTIES

Two-dimensional Configuration of Black
Phosphorene

As shown in Figure 1(a), monolayer phosphorene
consists of two atomic layers of P atoms that are
arranged in a puckered honeycomb lattice described
by C,}, point group. Different from hexagonal graph-
ene, phosphorene has an orthogonal unit cell and
exhibits armchair and zigzag configuration along the
x and y direction, respectively, resulting in a remark-
able structure anisotropy. The intralayer bonding in
phosphorene is dominated by the sp® hybridized P
atoms, resulting in three bonding orbitals per two
atoms augmented by lone pairs associated with each
atom. By testing the accuracy of different functionals
of density functional theory (DFT) in simulating the
geometric structure of black phosphorous, Qiao
et al. proposed that PBE-G06 and optB86b-vdW
functional can give the best results in describing the
structure of phosphorene.'' Here, both PBE-G06 and
optB86b-vdW functional can correctly describe the
weak interactions between phosphorene layers,
which are based on the semi-empirical potential
(DFT-D) and nonlocal correlation functional (vdW-
DF), respectively.'> As DFT-D treats the dispersion
interactions semi-empirically, it is less expensive than
vdW-DF. Nevertheless, the optB86b-vdW method
can generally give smaller errors in optimizing geom-
etry than other functionals (optB88-vdW,
revPBEvdW, rPW86-vdW2, etc.) and can be adapted
to wider applications.'® For the lattice optimization
of phosphorene, different DFT methods as presented
in Table 1 predict the lattice parameters with discrep-
ancy lower than 2.6% in the x and 1.5% in
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FIGURE 1 | (a) Structure schematic of two-dimensional (2D) phosphorene in the top (left) and side (right) views. The unit cell is labeled in
dashed blue lines; (b) DFT band structure of 2D phosphorene and the corresponding Brillouin zone. (Reproduced with permission from Ref 20

Copyright 2014 American Chemical Society)
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TABLE 1 | Computed Lattice Parameters and Band Gaps of Phosphorene based on Different Methods in Comparison with the Experimental

Results
Method Lattice a (A) Lattice b (A) Band Gap (eV) Refs.
PBE 4.627 3.298 0.92 Peng?’; 5a??
optB88_vdW 4506 3.303 0.76 Sa??
HSE06@PBE 4.627 3.298 1.54 Sa*?
HSE06@optB88_vdW 458 3.32 1.51 Qiao"’
LDA_mBJ@optB88_vdW 458 3.32 1.41 Qiao™"
ModifiedHSEO6@PBE 4.62 3.35 1.0 Liu®
GoW,o@PBE 4627 3.298 2.08 Sa??
GW,@PBE 452 3.31 1.94 Liang®
GoWo@PBE_vdW — — 2.0 Tran'®
BSE(GoWo/G;W,) — — 1.21.4 Tran"
GW — — 1.60 Rudenko®'
Measured PL spectra — — 1.45 Liu®
Surface STM detection — — 2.1 Liang?®

PL, photoluminescence; STM, scanning tunneling microscopy.

y direction; therefore, the effect of induced strain
could be neglected. For example, the Perdew, Burke,
and Ernzerhof (PBE) computations indicate that the
lattice parameters of phosphorene are 4.627 and
3.298 A for a and b, respectively, and the optB88-
vdW computations indicate that phosphorene has the
lattice parameters of 4.58 A for a and 3.32 A for b.
The anisotropic structural properties of phosphorene
also endow it with anisotropic mechanical, elec-
tronic, optical, and thermal properties, which will be
introduced in the following sections.

Mechanical Properties

The unique structural properties of phosphorene
firstly endow it with special mechanical properties.
DFT-PBE computations by Jiang et al. demonstrated
that the Young’s modulus of phosphorene is aniso-
tropic.'* Specifically, the in-plane Young’s modulus
for phosphorene are 44 and 166 GPa along the x and
y direction, respectively, indicating that the puckered
x direction is more ductile than the y direction. Wei
et al. demonstrated computationally that phosphor-
ene monolayer can endure tensile strain up to 30 and
27% in the x and y direction, respectively.'” The
more pronounced flexibility in the x direction can be
attributed to the stretchable pucker of phosphorene
in this direction. Remarkably, the puckered structure
leads to a negative Poisson’s ratio of phosphorene,
which makes it significantly distinctive from other
2D materials.'® Via ab initio computations, Jiang
et al. revealed that the pucker of phosphorene can
function as a nanoscale re-entrant structure and
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introduce a negative Poisson’s ratio in the out-of-
plane direction during the deformation of phosphor-
ene in its y direction. This fantastic mechanical prop-
erty renders phosphorene an attractive 2D auxetic
material. Since previous DFT-D results on the pres-
sure coefficient and elastic constants of bulk black
phosphorus are in good agreement with experimental
values,'” the mechanical properties of phosphorene
predicted by DFT computations are reliable.

Electronic Properties

As a new mono-element 2D crystal, what novel elec-
tronic properties can phosphorene present? To
address this issue, many theoretical studies have been
conducted to investigate the electronic properties of
phosphorene. It is known that DFT usually underesti-
mates the band gap of semiconductors, while GW
method is more reliable in determining an accurate
band gap for semiconductors. The GW method is
based on the Green’s function (G) and screened Cou-
lomb interaction (W). It can accurately describe
ground and excited states of materials, and is supe-
rior to DFT that can only deal with the ground state.
Based on the local-density approximation (LDA)/
generalized gradient approximation (GGA) single-
particle Hamiltonian Hy, GoW, is successful in
computing the band gap of materials, especially
semiconductors and insulators composed of light
elements.'® By using GoW, method, Tran et al. pre-
dicted a band gap of ~2.0eV for phosphorene.'’
Very recently, scanning tunneling microscopy (STM)
performed by Liang et al. has also indicated a band

© 2015 John Wiley & Sons, Ltd 7
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gap of ~2.0 eV for phsophorene.'”?° Therefore, GW
method is very credible in accurately describing the
band structure of phosphorene. However, the wide
applications of GW are significantly restricted by the
huge computing-resource consumption.

As a compromise, hybrid DFT which can
relieve the band gap underestimation of pure DFT
and consume less computing time than the GW
method, is attractive in exploring the band structure
of materials. Currently, the Heyd-Scuseria—
Ernzerhof (HSE) hybrid functional which is based on
the PBEh hybrid functional turns out to be preferable
in determining the band gap of semiconductors. The
HSE exchange-correlation energy is based on an
expression below:?!

EYSE = EHSR () 4 (1-0)E2PPESR )
+EfPBE’LR(a)) + EEBE

where EX™™® is the short-range Hartree Fock

(HF) exchange. ECPBESR g E“PBELR 4re the short-
and long-range components of the PBE exchange
functional, @ is the splitting parameter and a (=1/4)
is the HF mixing constant. By setting the value of w
appropriately, one can obtain a reasonable band gap.
Commonly, w is set to be 0.2, corresponding to the
HSEO6 functional. With HSEQ6, the band gap of
phosphorene is computed to be ~1.5eV,'"*? still
lower than the GW predicted and the experimental
measured values.

For the band gap computation of phosphorene,
another attractive method is the modified Becke and
Johnson (mBJ) method which gives a close band gap
(~1.4€eV) to that predicted by HSE06, as shown in
Table 1. The mB] method is developed by minimizing
the mean absolute relative error for the band gap of
abundant solids and is as cheap as LDA or GGA.
Thus, the mBJ method is advantageous to be applied
in large systems.”> However, as the mB] method is
based on experimental fitting, it shows different
accuracies to different materials. Moreover, in the
mB] method, only the exchange-correlation potential
is proposed, while the exchange-correlation func-
tional is defected. Therefore, mB] would confront dif-
ficulties in self-consistent convergence for some
systems.

Although pure DFT methods (such as PBE and
mB]J) and hybrid DFT (such as HSE06) underesti-
mate the band gap of phosphorene at different levels,
they actually deliver identical physical picture with
GW method. For example, both PBE and HSE06
computations demonstrate that phosphorene is semi-
conducting with a quasi-direct band gap, with the

8 © 2015 John Wiley & Sons, Ltd
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conduction band minimum (CBM) located at the T’
point and the valence band maximum (VBM) situ-
ated close to the I point,''** consistent with the GW
computation. As the energy difference between the I'
point and the actual VBM is lower than 10 meV,
phosphorene can still be considered as a direct band-
gap semiconductor. The computed band gap of phos-
phorene via various methods is summarized in
Table 1 in comparison with experimental results.

As seen from the band structure of phosphor-
ene (Figure 1(b)), conduction and valence bands in
the y direction (I'-Y) are more flat than those in the
x direction ([-X), indicating a highly asymmetric
band structure for phosphorene, and thus contributes
to anisotropic excitons and effective mass in different
orientations.”*® As revealed by HSE06 computa-
tions, the effective mass in the x direction is 0.15 mg
for holes and 0.17m for electrons, while in the
y direction the effective mass is 6.35 mg for holes and
1.12m for electrons."’ The anisotropic effective
mass in the x and y directions for electrons and holes
indicates that phosphorene could possess anisotropic
carrier mobility in the x and y directions, which is
another important factor besides the band gap for
semiconductors in device applications.

Computationally, the carrier mobility of semi-
conductors can be evaluated by deformation poten-
tial (DP) theory which was initially proposed by
Barden and Shockley.?” According to the DP theory,
the respective energies of the CBM and VBM have a
linear relationship with the lattice dilation or com-
pression. The carrier mobility (¢) of 2D materials can
be given by the following expression:''

2eh3C
M Sk T PEL2
where % is reduced Planck constant, ky is Boltzmann
constant, and T is the temperature, while m*, E; and
C are the effective mass, DP constant, and in-plane
stiffness of the studied 2D material, respectively.

At the HSE06 level of theory, Qiao
et al. indicated that the electron mobility along the
x direction in phosphorene is about 1100-1140 cm?/
Vs, almost 14 times higher than that in the
y direction (~80 cm?/Vs).'! However, the hole mobil-
ity in the x direction (640-700 cm*/Vs) of phosphor-
ene is 16—-38 times lower than that in the y direction
(10,000-26,000 cm?/Vs), which indicates the high-
mobility transport anisotropy in phosphorene.
Remarkably, the extraordinary carrier mobility of
phosphorene is much higher than that of MoS,
(~200 cm?/Vs).”® As a consequence, the high-carrier
mobility and moderate direct band gap of

Volume 6, January/February 2016
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phosphorene render it a promising candidate for fab-
ricating transistors. Moreover, the electron/hole
mobility anisotropy along the x and y directions also
promises phosphorene valuable potentials for elec-
tron and hole separations.

Note that the band structure of phosphorene is
significantly sensitive to the number of layers. Both
computational and experimental investigations have
demonstrated that phosphorene possesses a layer-
dependent direct band gap.'”*” Especially, with
increasing the layer thickness, the band gap of phos-
phorene decreases monotonically.'"'**® Rudenko
et al. suggested that the thickness-dependent band
structure of phosphorene can be ascribed to the
repulsive interlayer hopping effect.>! Besides thick-
ness, Dai et al. revealed theoretically that the elec-
tronic properties of phosphorene layers also have a
close relationship with stacking patterns.”” There-
fore, the electronic properties of phosphorene can be
effectively tuned by controlling the thickness and
stacking patterns.

Optical and Thermal Properties

The absorption spectrum of phosphorene can be pre-
dicted by computing the dielectric function, which is
defined as e(w) = &1(w) + iex(w). The imaginary part
&>(w) of dielectric function can be expressed by>*:

4775262 1 —
2 .
eaﬁ(a)) =5 (}1_{%; E szk 5(SCE —€5 —w)

o, k
ux > <uc§ +epq ux >

where the indices ¢ and v refer to the conduction and
valence band states, respectively, and u | is the cell

x <”ci reaq

periodic part of the orbitals at the k-point k. The
real part e;(w) could be obtained from the imaginary
part &(w) of dielectric function by Kramer-Kronig
relationship. Based on the calculated dielectric func-
tion, Qiao et al. revealed that phosphorene shows
optical anisotropy along the x and y directions,
resulting in a strong linear dichroism.'" Specifically,
phosphorene has absorption at 1.55 eV with incident
light in the x direction, while light absorption hap-
pens at 3.14eV in the y direction. Owing to the
strong linear dichroism, the orientation of phosphor-
ene can be experimentally determined by using opti-
cal spectroscopy.

DFT computations by Cai et al. indicated that
phosphorene monolayer can allow faster phonons
transport along the y direction than that along the
x direction.?® This anisotropic phonon property leads
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to an asymmetrical thermal conductivity for phos-
phorene. Using the nonequilibrium Green’s function
(NEGF) method combined with first-principles com-
putations, Ong et al. predicted that phosphorene
monolayer has a significant thermal transport anisot-
ropy.®* At room temperature, the thermal conduct-
ance along the y direction of phosphorene can be
40% higher than that along the x direction. Simi-
larly, via DFT and density functional perturbation
theory (DFPT) computations, Jain et al. predicted
that phosphorene monolayer can be qualified with a
thermal conductivity of 36 and 110 W/mK along the
x and y directions at 300 K, respectively.*> The com-
parable thermal conductivity to that of MoS, makes
phosphorene attractive for thermal transport.*®
Moreover, Fei et al. predicted that phosphorene also
possesses an anisotropic electrical conductance which
is orientation orthogonal to the anisotropic thermal
conductance, thus resulting in a high ratio of electri-
cal conductance against thermal conductance for
phosphorene.®” As a consequence, phosphorene can
convert heat energy to electrical energy with high effi-
ciency, which is desirable for thermoelectrics.

Inspiringly, some of the theoretically predicted
electronic and optical properties of phosphorene
besides its carrier mobility have been well verified by
experimental investigations. For example, Zhang
et al. revealed that few-layer phosphorene shows
strong and layer-dependent photoluminescence
(PL) and anisotropic Raman response.®® As shown in
Figure 2(a) and (b), the PL peaks show blue shift
with increasing layer thickness, indicating consistent
results with those of computations, and experimen-
tally verifying the thickness-dependent band gap of
phosphorene. They also demonstrated that the
Raman phonon modes, A,', Bag, and A% of phos-
phorene show blue shift with decreasing temperature.
The sensitive response of phonon frequency to tem-
perature modulation should be ascribed to the
mechanical flexibility of phosphorene. Moreover, by
performing linearly polarized Raman measurements,
it was demonstrated that the anisotropic Raman
response can be utilized to quickly determine the
crystalline orientation of phosphorene,® echoing
well with the theoretical prediction.'!

PROPERTY TUNING

To widen the applications of phosphorene in more
fields, various methods have been theoretically pro-
posed to tune the properties of phosphorene, includ-
ing external elastic strain,”**%*! external electric
field,** surface modification with atomic defects,*

© 2015 John Wiley & Sons, Ltd 9
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FIGURE 2 | (a) Photoluminescence (PL) spectra of few layer phosphorene and (b) band gap of few-layer phosphorene from PL measurements
and computations. (Reproduced with permissions from Ref 38 Copyright 2014 American Chemical Society)

molecule doping,** and size regulation in tailored
nanoribbons.*’

External Elastic Strain

Owing to the mechanical flexibility and anisotropy
of phosphorene, elastic strain works dramatically in
tuning the properties of phosphorene. As demon-
strated by various computations, elastic strain can
cause a direct—indirect band gap transition as well as
semiconducting-metallic transition for phosphorene.
As shown in Figure 3(a), DFT-PBE computations
demonstrated that the band gap of phosphorene
increases to a maximum with certain (4%) tensile
strain in the y (zigzag) direction and then decreases
with increasing the strain.** When subjected to a
compressive strain in the y direction, the band gap
decreases with increasing the strain, and can be
closed finally. Similar strain-tuning results were also
found in the x direction, as shown in Figure 3(b).
GGA-PBE and HSE06 computations both predicted
that under a biaxial strain, the band structure of
phosphorene varies more prominently and requires
an even lower critical strain to trigger the
semiconducting-metallic and direct—indirect transi-
tions.*! Although DFT underestimates the band gap
of phosphorene, the predicted trend for strain modu-
lations is solid.

However, for the prediction of semiconductor—
metal transition point, GW is more reliable. Via GW
computations, Cakir et al. revealed that elastic strain
also has significant effects on the optical properties
of phosphorene.*' As shown in Figure 3(c), the opti-
cal gap of phosphorene increases with increasing the
biaxial tensile strain at first. Under a biaxial tensile
strain of 4%, phosphorene can be active over the
most visible range. The further increase of tensile
strain, however, would decrease the optical gap.
When subjected to a biaxial compressive strain, the

10 © 2015 John Wiley & Sons, Ltd

optical gap monotonically decreases as the increase
of strain. By means of DFT (LDA) computations, Fei
et al. studied the lattice vibrational mode and corre-
sponding Raman spectra of phosphorene under both
uniaxial and biaxial strains along two directions.*®
According to their results, applying axial strains can
effectively modulate the frequency and intensity of
three typical Raman scattering signals, namely A,',
B,, and Ag2 modes, as shown in Figure 3(d). Espe-
cially, the energy spacing between A,' and By, modes
increases under tensile strain and decreases under
compressive strain in the armchair (x) direction
(Figure 3(e)), while alters oppositely in the zigzag (y)
direction (Figure 3(f)).

Fei et al. further demonstrated that the carrier
mobility of phosphorene can be controlled by apply-
ing elastic strain via DFT-PBE computations.*” Under
a 5% biaxial strain, the electric effective mass of
phosphorene can be rotated by exactly 90°, thus con-
tributes to more effective electron mobility in the
y direction opposite to the case in strain-less phos-
phorene. Moreover, the effect of compressive strain
on the carrier mobility is more pronounced for
bilayer phosphorene.*® Computed at the HSE06 level
of theory, Morgan et al. indicated that a perpendicu-
lar compressive strain can enhance the electron
mobility of bilayer phosphorene by two orders of
magnitude. Especially, the thermal conductivity of
phosphorene can also be modulated by elastic strain.
For example, by means of DFT/PBE combined with
the semi-classical Boltzmann transport theory, Lu
et al. revealed that the Seebeck coefficient can be
greatly enhanced under the tensile strain applied in
both zigzag and armchair directions.*’

Electric Field

Experimental investigations have also proved that
the gate voltage can effectively modulate the drain

Volume 6, January/February 2016
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FIGURE 3 | The band gap of phosphorene as a function of the applied uniaxial strain along zigzag (a) and armchair (b) directions. Zones I, II,
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current and conductance of few-layer phosphorene
transistors.” Very recently, via DFT/PBE computa-
tions, Liu et al. have revealed that under a vertical
electric field, few-layer (1-4 layer) phosphorene can
be transformed from a normal insulator to an intri-
guing topological insulator.** Specifically, this transi-
tion happens under the critical electric field of 0.55
and 0.3 V/A for 3- and 4-layer phosphorene, respec-
tively. The band structures of 4-layer phosphorene
under different external electric fields are shown in
Figure 4(a)-(d). As shown in Figure 4(d), 4-layer
phosphorene becomes metallic when the electric field
is 0.6 V/A. Aware of that PBE could seriously under-
estimate the band gap, Liu et al. also examined the
effect of electric field on electronic properties of phos-
phorene layer by using HSE06 hybrid functional and
found the same trend as that predicted by PBE func-
tional but with a higher critical electric field. Inspir-
ingly, Kim et al. have experimentally demonstrated
that the band gap of few-layer phosphorene can be
effectively tuned by a vertical electric field through
band structure measurements.’’>! At a critical elec-
tric field, the semiconducting few-layer phosphorene
can be tuned to be a Dirac semimetal, which con-
firms the theoretical predictions.** Therefore, apply-
ing electric field is an important and dependable
method to tune the properties of phosphorene.

Surface Modifications

Surface modification is also an effective approach
toward engineering the properties of phosphorene.
Vacancy and topological defects on phosphorene are
inevitable during the preparation process and can
affect the properties of phosphorene.’? Srivastava
et al. demonstrated theoretically that a monovacancy
defect in phosphorene can induce magnetization
while phosphorene with a divacancy defect is
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04 v V <r 0.4
03 03t U V
0.2 02t

= 041 < 017}

S r S

c oV/A le ) 0.3 V/A

w 0 r w or

w vifi e ul

W —0.1 W —o.1t
-0.2 | Normal =02 | Critical
03 Insulator _og | Point
-0.4 : . -0.4 - -

Y r X M Y r X

wires.wiley.com/wcms

nonmagnetic.*> Adsorption of N, Fe, Co, Cr, or Au
adatoms can also make phosphorene magnetic.**>>3
However, the magnetic states for those transition
metal (TM) atom doped phosphorene are quite dif-
ferent.>* For example, codoped phosphorene is non-
magnetic while those Ti-, V-, Cr-, Mn-, Fe-, or Ni-
doped phosphorene are magnetic. Substitution P
atom with nonmetallic elements, such as Si, S, and
Cl, can also introduce local magnetic moments for
phosphorene.’®

Aside from atomic modification, molecular
adsorption also turns out to be effective in tuning
the electronic properties of phosphorene. Cai
et al. reported that small molecules, such as CO, H,,
H,0, NHj3, NO, NO,, and O, can be physisorbed
on the surface of phosphorene with significant charge
transfer from molecules (CO, H,, H,O, and NH3) to
phosphorene or from phosphorene to molecules (O,
and NO,).** These molecular physisorption can
effectively modulate the charge carrier density of
phosphorene and also render it promising for gas
sensors. DFT/PBE computations indicated that
charge transfer can also happen between phosphor-
ene and organic molecules, including tetracyanoqui-
nodimethane (TCNQ), tetracyanoethylene (TCNE),
and tetrathiafulvalene (TTF).>®*” Especially, the
adsorption of these molecules can induce in-gap
states in the band structure of phosphorene, leading
to significant band gap reduction for phosphorene.

Phosphorene Nanoribbons

Cutting 2D materials into quasi 1D nanoribbons can
bring many novel properties due to the quantum con-
finement effect and the probable edge states. The
electronic properties of phosphorene nanoribbons
(PNRs) have been extensively investigated theoreti-
cally. As shown in Figure 5(a)-(d), zigzag PNRs
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FIGURE 4 | Band structure of 4-layer phosphorene under external electric field of (a) 0 V/A, (b) 0.3 V/A, (c) 0.45 V/A, and (d) 0.6 V/A at PBE
level. (Reproduced with permissions from Ref 42 Copyright 2015 American Chemical Society)
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(zPNRs), armchair PNRs (aPNRs), and diagonal
PNRs (dPNRs) can be obtained by cutting 2D phos-
phorene along three different directions. Guo
et al. revealed that bare aPNRs are all semiconduct-
ing with an indirect band gap, which decreases with
increasing the ribbon width. In contrast, all bare
zPNRs are metallic regardless of the ribbon width.*’
Zhu et al. further demonstrated that the dangling
band states in bare zPNRs are ferromagnetically
coupled in one edge but antiferromagnetically
coupled between two edges.’® However, both aPNRs
and zPNRs become semiconducting with a direct
band gap after hydrogen termination.’”

As shown in Figure 5(e), Han et al. indicated
that the band gap of hydrogen terminated PNRs
decreases with increasing the ribbon width.®°
They also found that the carrier effective mass of
hydrogen terminated aPNRs (H-aPNRs) are smaller
than those of zigzag and diagonal ones. Especially,
the band gap and carrier effective mass of H-aPNRs
can be effectively modulated by applying elastic
strain (Figure 5(f)), and thus facilitate the wide appli-
cations of H-aPNRs. Moreover, consistent with the
optical anisotropy of phosphorene, hydrogen termi-
nated zPNRs (H-zPNRs) show higher absorption

edge energies than those of H-aPNRs with similar
width.®!
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POTENTIAL APPLICATIONS

With such fantastic geometric, mechanical, electronic,
optical, and thermal properties, phosphorene shows
potential applications in many important fields. The
first application of phosphorene is in transistors fol-
lowing its experimental exfoliation. However, experi-
mentally detected carrier mobility of phosphorene is
lower than the theoretically predicted value because
the prepared phosphorene may possess uncontrolla-
ble surface and edge defects and also has inhomogen-
ous thickness. Nevertheless, the experimentally
examined carrier mobility of phosphorene (~1000
cm?V~'second™),>** is much larger than that of
MoS, and comparable to that of graphene devices,®’
and thus renders phsophorene an attractive 2D tran-
sistor material.

The appropriate band gap of phosphorene also
makes it attractive for light harvesting and photoca-
talysis. Using DFT computations, Sa et al. predicted
that phosphorene can be an effective photocatalyst
for water splitting at a given pH of 8.%* They also
revealed that the water splitting process on phos-
phorene is energetically favorable and can be
improved by applying a strain.

Theoretical studies have also been performed to
explore the possible applications of phosphorene in
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FIGURE 5 | (a) Schematic of two-dimensional (2D) phosphorene with armchair, zigzag, and diagonal directions labeled. Structure of zigzag
phosphorene nanoribbon (b), armchair phosphorene nanoribbon (c), and diagonal phosphorene nanoribbon (d); (e) Variation of band gap with

increasing the ribbon width for zPNR, aPNR, and dPNR with hydrogen termination, respectively; (f) Band gap and effective electron mass (m"e)
and hole mass (m";) of H-aPNRs as functions of elastic strain. (Reproduced with permissions from Ref 60 Copyright 2014 American Chemical

Society)
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lithium-ion batteries (LIBs) and sodium-ion batteries
(SIBs). Via DFT/PBE computations, Zhao et al.
revealed that phosphorene can be a good anode
material in LIBs.®* The theoretical capacity of phos-
phorene monolayer is predicted to be as high as 433
mA hg™', making phosphorene attractive for high
capacity LIBs. DFT computations further demon-
strated that phosphorene shows anisotropy for Li dif-
fusion. Compared with the high diffusion barrier of
0.68 eV along armchair direction in phosphorene
monolayer (Figure 6(a) and (b)), Li et al. reported
that the diffusion of Li is highly favored along the
zigzag direction (Figure 6(c) and (d)) with a negligible
diffusion barrier of 0.08 ¢V.%® As a comparison, the
diffusion barriers of Li on graphene (~0.33 eV) and
MoS, monolayer (~0.25¢€V) are much higher than
that on phosphorene along the zigzag direction.®®¢”
Thus, the highly favored Li diffusion of phosphorene
would render it an attractive anode material with
marvelous high-rate performance. Diffusion barrier
profiles for Li along armchair and zigzag directions
on phosphorene are shown in Figure 6(e). Via
DFT/PBE computations, Kulish et al. further pre-
dicted the potentials of phosphorene for Na storage,
including high-theoretical capacity (433 mAhg™),
low diffusion barrier (0.04eV) and good electrical
conductivity.®® Very recently, Sun et al. have pre-
pared a hybrid material made out of few phosphor-
ene layers sandwiched between graphene layers, and
applied it as anode material for SIBs.®” As revealed
by this experimental study, phosphorene-based
anodes show high capacity and good stability for
SIBs. Therefore, based on those theoretical and

wires.wiley.com/wcms

experimental investigations, phosphorene will be a
promising material for energy storage.

NEW PHASE EXPLORATIONS

Extensive theoretical studies have revealed that phos-
phorene monolayer can also crystallize in other
phases in addition to the most stable black phospho-
rus phase. The structural and electronic properties of
many metastable phosphorene monolayers have been
theoretically investigated. The most attractive allo-
trope of metastable phosphorene monolayer is blue
phosphorene, denoted as B-P, which is quite close in
energy to black phosphorene monolayer (denoted as
o-P for comparison).”’ With a hexagonal lattice, p-P
is actually the structural analogue of silicene and ger-
manene and exhibits isotropic structure (Figure 7(a)).
As shown in Figure 7(d), B-P is also semiconducting
with an indirect band gap of ~2eV.”° Interestingly,
the band gap of B-P increases with increasing the
thickness, which is in contrast to that of a-P. At pres-
ent, B-P is still a hypothetical material which has not
been realized experimentally. Zhu et al. predicted
that B-P can be synthesized by using practical sub-
strates in chemical vapor deposition growth. Via the
combination of molecular dynamics (MD) and
Monte Carlo (MC) simulations, Boulfelfel et al. pre-
dicted that blue phosphorus may be realized by
pressure-induced phase transition in black phospho-
rus.”! Then, it will be feasible to exfoliate blue phos-
phorus into monolayers because the interlayer
interaction in blue phosphorus is weaker than that in
black phosphorus.
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FIGURE 6 | Diffusion path of Li on phosphorene along the armchair (a and b) and zigzag directions (c and d) from the top and side view;
Energy profiles for Li diffusion on phosphorene along armchair and zigzag directions (e). (Reproduced with permissions from Ref 65 Copyright

2015 American Chemical Society)
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FIGURE 7 | Schematics of p-P (a), y-P (b), and 8-P (c) monolayer in top and side views. In each schematic, the P atoms in top layer are
assigned by dark atoms and light atoms denote P in bottom layer. Band structure of B-P (d), y-P (e), and &-P (f) monolayer. (Reproduced with
permissions from Ref 70 Copyright 2014 American Physical Society; Ref 72 Copyright 2014 American Physical Society)

TABLE 2 | Lattice Constants a and b, Energy Difference (AEey;a10m) Relative to a-P and Band Gap (Value and Type) for Phosphorene in

Different Phases, Predicted by DFT Computations

a-P p-P y-P 6-P e-P ¢-P n-P 6-P
alh 4.58 333 3.4 5.56 5.37 6.43 5.40 5.50
bIA 3.32 3.33 5.34 5.46 5.37 5.32 6.32 6.22
AEev/atom 0 0.02 0.10 0.08 0.13 0.10 0.05 0.01
EgapleV 1.51 2.0 0.50 0.45 0.25 1.19 0.87 1.16
Bandgap Direct Indirect Indirect Direct Direct Indirect Indirect Indirect
Refs " 70 72 72 73 73 73 73

DFT, density functional theory.

After a-P and B-P, y-phase and &-phase allo-
tropes of phosphorene were proposed by Guan
et al.”* As shown in Figure 7(b) and (c), both y- and
8-P have a rectangular unit cell, which contains
4 and 8 P atoms, respectively. The computed lattice
parameters for y-P and 8-P can be found in Table 2.
Computed at the PBE level of theory, y-P is semicon-
ducting with an indirect band gap of 0.5 eV (Figure 7
(e)), while 8-P has a direct band gap of 0.45eV
(Figure 7(f)).

Very recently, Wu et al. have further enriched
the phases of phosphorene by proposing several new

Volume 6, January/February 2016
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polytypes composed of P4 square or P5 pentagon
units, including e-P, ¢-P, n-P, and 6-P.”® The similar
cohesive energy for different phosphorene configura-
tions indicates the comparable stability of different
phosphorene allotropes, as shown in Table 2. By per-
forming Born—-Oppenheimer molecular dynamics
(BOMD) and phonon dispersion simulations, the
good thermal and dynamic stability of e-P, {-P, n-P,
and 6-P was further confirmed. These four phosphor-
ene polytypes are all semiconducting (Table 2). Spe-
cifically, the band gap of &-P is direct while those of
{-P, -P, and 6-P are indirect.

15



Overview

Currently, phosphorene phases except a-P are
still discussed at the theoretical level. However, as
implied by DFT computations, these new phases of
phosphorene show comparable formation feasibility
and stability to a-P, which are highly promising to be
experimentally realized. Therefore, theoretical inves-
tigations have significantly helped understand possi-
ble phosphorene phases and promoted the
development of phosphorene in a wide scale.

PROSPECTIVE AND CONCLUSION

Although extensive studies have been performed to
promote the investigations of phosphorene, there are
still problems restricting its development. As revealed
by an experimental study, significant surface rough-
ening of thin phosphorene was observed via atomic
force microscopy (AFM) after exfoliation,”* implying
the instability of phosphorene. Lu et al. has recently
demonstrated that laser pruning approach can be
used to prepare few-layer phosphorene under ambi-
ent conditions.”’ However, the laser induces different
degrees of oxidation to phosphorene as well. DFT
computations also indicated that phosphorene can be
easily etched by O, at ambient atmosphere.”® There-
fore, for the wide applications of phosphorene, the
instability issue should be conquered in future stud-
ies. Enlightened by the fact that composites with
graphene can well stabilize few-layer structures (such
as MoS,) from restacking, it has been suggested that
phosphorene would be stabilized by interacting with
graphene or other 2D materials.”” Inspiringly,
phosphorene-MoS, heterojunction p-n diodes have
been fabricated through vdW interactions between
phosphorene and MoS,.”® Meanwhile, DFT compu-
tations also indicated that phosphorene/graphene
and phosphorene/BN heterostructures could be stabi-
lized via weak interlayer noncovalent bonding, which
indicates a possible way to protect phosphorene from
structural and chemical degradation.”” Very recently,
Avsar et al. have experimentally realized the encapsu-
lation of thin layer black phosphorus and graphene
with hexagonal BN in a layer-by-layer fashion.®® As
a result, electric field transistors with the encapsu-
lated thin layer black phosphorus show excellent sta-
bility over 2weeks and present hysteresis-free
transport characteristics, which verifies the DFT
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computational predictions. Therefore, the technique
of creating 2D heterostructures can be effectively uti-
lized to control or suppress the oxidation of
phosphorene.

As large-scale phosphorene is still experimen-
tally inaccessible, effective and facile methods to pre-
pare phosphorene should be developed to facilitate
its wide applications. Very recently, Sresht
et al. have theoretically investigated the liquid-phase
exfoliation process of phosphorene in different sol-
vents via modeling the solvent-phosphorene interac-
tions using MD simulations.*' They indicated that if
the solvent has planarity and the cohesion between
the solvent molecules and the adhesion between
phosphorene and molecules are equivalently strong,
the exfoliation and dispersion of phosphorene
nanosheets in the solvent will be favorable. There-
fore, finding suitable solvents may help realize the
preparation of large-scale phosphorene via liquid
exfoliation in the near future.

In this overview, the fast development of phos-
phorene in the past year is briefly summarized, par-
ticularly from the view of computational side. By
introducing the intrinsic properties, possible applica-
tions, and new phosphorene phases, we can know
much about phosphorene from computations. On
the basis of first-principles computations, phosphor-
ene is predicted to have anisotropic mechanical, elec-
tronic, magnetic, optical, and thermal properties due
to its anisotropic configuration. Those fantastic prop-
erties of phosphorene can be further tuned by
elastic strain, external electric field, atomic and
molecular doping, and thickness and width control.
Inspiringly, the direct band-gap semiconducting
property, high-charge carrier mobility, and wide-
range light absorption of phosphorene have been ver-
ified experimentally, which make phosphorene a
promising 2D material with wide applications. The
theoretical explorations to the new phases of phos-
phorene have promoted the understanding of P in
2D configurations and provide reliable guidance
for experiments. We hope that our overview on
phosphorene from the computational side can help
better understand the present investigations of
phosphorene and shed lights on the development
of phosphorene and other novel 2D materials for
wider applications.
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