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Exotic optoelectronic and transport properties of two-dimensional (2D) materials have made them the
focus of several application-oriented studies. This work is a feasibility study of such 2D structures based
on group-V elements as passivating/transparent conducting interlayers in photovoltaic applications. We
present a detailed first-principles study of the optoelectronic and carrier-transport properties of the two
most stable and experimentally synthesized allotropes (o and ) of As, Sb, and Bi. Monolayers of both
allotropes exhibit a band gap for all three elements, which decreases and eventually disappears beyond a
critical number of layers (thickness). Interestingly, this transition from semiconducting to metallic behav-
ior is found to be very different for As as compared with Sb and Bi. a-Arsenene remains semiconducting
until the pentalayered structure, while S-arsenene becomes metallic beyond the bilayered structure. All
other allotropes of Sb and Bi are semiconducting only for a monolayer. The in-plane conductivity of the
monolayered structures lies in the range from 10 to 10> Sm~', and increases with increasing layer thick-
ness. On the other hand, the monolayers exhibit the lowest reflectivity (5% or less), which increases to
more than 25%, 50%, and 40% in the visible region for pentalayers of a- and S-arsenene, antimonene,
and bismuthene, respectively. Trilayered a-arsenene, with a figure of merit (7'°/Ry,) of approximately
0.15 mS, is a promising candidate as a transparent conducting layer in solar-cell applications. Such com-
bined evaluation of 2D materials based on their optoelectronic and transport properties is quite useful for

future experimental investigations.
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I. INTRODUCTION

In recent years, two-dimensional (2D) quantum materi-
als have been studied extensively due to their suitability
in various electronic and optoelectronic devices. To name
a few, graphene, single-layered or few-layered transition-
metal dichalcogenides, black phosphorus, oxides, and
mixed carbides have attracted a great deal of attention due
to their potential use in electronic devices, composites,
energy storage, and sensing [1—11]. Since the discovery
of graphene [4,12,13], much attention has been devoted to
exploring 2D single-layered monoelemental materials of
this class. This is because of their attractive physical and
chemical properties, including band-gap tunability, high
electrical conductivity, and high mechanical strength. In
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the past few years, 2D crystals derived from a family of
group-V elements, e.g., P, As, Sb, and Bi, have attracted
increasing research interest [2,5,14—19]. Among the vari-
ous group-V 2D monolayers, the first and most explored is
phosphorene. Its band gap ranges from 0.3 eV (in bulk) to
2 eV (in monolayers), and coupled with high hole mobility
(more than 10* cm? V~!s™!), it is an interesting material
for electronic device applications [20-23]. Other group-V
elements based on 2D materials such as arsenene, anti-
monene, and bismuthene have also been reported to show
some intriguing electrical and optoelectronic properties
[5,14,15,24].

Recent phonon-dispersion studies have shown that
allotropes of group-V 2D structures are dynamically stable
with band gaps ranging from 1 to 2.5 eV [14—-16,24]. Addi-
tionally, Zhang et al. [15,24] found that these allotropes
of group-V 2D structures exhibit high carrier mobilities
(more than 103 cm? V~!s~!), which render them potential
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candidates for different applications, e.g., as a photocath-
ode in photocatalytic water splitting [14,15], topological
insulators [2,25], and thermoelectric technologies [26,27].
Also, optical studies [28,29] have revealed that the reflec-
tivity of these 2D structures is low and absorption is
almost negligible in the visible region. This combination
of the optical and electrical characteristics of these mate-
rials makes them potential candidates for passivating and
transparent conducting layers for photovoltaic (PV) appli-
cations. In this regard also, there are some suggestions in
the literature [28—31], albeit the implementation of a spe-
cific material as an interlayer in a PV cell and its exact
functionality in the device is still nebulous, i.e., whether it
can be an appropriate candidate as a transparent conduct-
ing layer, a passivating layer, a carrier-transport layer, or
a combination of both providing passivation and carrier
transport layer to solar photovoltaic devices.

Such monolayers and multilayers must be transparent
in the visible region of the solar spectrum and have high
electrical conductivity to be used in PV cells. However,
these characteristics are highly dependent on their thick-
ness. Also, it is experimentally difficult to maintain the
uniformity of such thin layered structures, and only a
few sophisticated techniques, such as molecular-beam epi-
taxy [32,33], mechanical exfoliation [22,34], and plasma-
assisted processes [17,35], have been demonstrated in the
literature. Therefore, an optimum thickness of the layered
structure needs to be determined for its practical use as a
transparent conducting layer in a PV cell.

In this article, we report the detailed electronic structure
and optical properties of these 2D materials using first-
principles density-functional-theory (DFT) calculations.
This allows an estimation of the feasibility of monolayers
and multilayers of the group-V-element o and 8 allotropes
as passivating/transparent conducting interlayers in solar
cells. Among multilayers, we simulate up to a pentalayer
of the o and B allotropes of arsenene, antimonene, and
bismuthene surface slabs. This covers a thickness up to
28.25 A. The monolayers of all the elements are found
to be semiconducting, the band gap decreases as the layer
thickness increases, and after a certain thickness, the mate-
rial becomes metallic. The optical simulation reveals an
extremely low absorption coefficient and extremely low
reflectivity for the monolayers, which increases gradu-
ally with increasing layer thickness. We further calculate
the in-plane conductivity of all the group-V 2D materi-
als using the semiclassical Boltzmann transport equation.
Both optical transparency (in the visible region) and elec-
trical conductivity depend on the layer thickness of these
2D materials.

II. COMPUTATIONAL DETAILS

First-principles calculations are performed using DFT
[36] as implemented within the Vienna Ab initio

Simulation Package [37—39] with a projector-augmented-
wave basis [40]. The generalized-gradient-approximation
[41] functional as parameterized by the Perdew-Burke-
Ernzerhof exchange-correlation potential [42] is used. For
a more-accurate calculation of the electronic structure
(band gap), the HSE06-screened-hybrid-functional method
[43,44] is used. The van der Waals interactions are incor-
porated in all the calculations with use of the DFT-D2
method of Grimme [45]. The kinetic energy cutoff for
the plane-wave basis set is set to 550 eV. The Brillouin-
zone integration is done with a I'-centered scheme with
16 x 16 x 1 k-point mesh sampling. The density of states
(DOS) is calculated by the tetrahedron method with Bloch
corrections [46]. For the HSE06 method, the electronic
band structure within is simulated with use of a 6 x 6 x
1 k-point mesh for energy convergence. All the atoms in
the unit cell are fully relaxed by means of the conjugate-
gradient method until the force (energy) converges below
0.001 eV/A (1079 eV). The constructed supercell slabs are
periodic in the x-y plane and are separated by a vacuum of
15 A in the z direction (perpendicular to the plane) to avoid
interaction between the repeated surface-slab geometry.
To calculate the optical properties, the frequency-
dependent dielectric constants are calculated by DFT with
the random-phase approximation [47—49], as implemented
in the Vienna Ab initio Simulation Package. The thickness-
dependent exciton binding energies are calculated with
the Bethe-Salpeter equation (BSE) [50,51]. All the GW
and BSE calculations are done with the Tamm-Dancoff
approximation method [52,53]. k-point-mesh convergence
is carefully checked for all the calculations, and finally a I'"-
centered 12 x 12 x 1 k-point mesh with plane-energy cut-
off of 550 eV is used. For GW calculations, 36 unoccupied
bands are taken into account, while for BSE calculations,
40 bands are considered. Electrical conductivity (o) and
the carrier relaxation time (7) are calculated with AMSET
[54]. Two different scattering mechanisms are considered
to calculate the relaxation time: acoustic-deformation-
potential scattering (ADP) and ionized-impurity scattering.
The effect of optical phonon scattering is not consid-
ered in the present case. Further theoretical descriptions
of optical and transport properties are given in Sec. 1 in
Supplemental Material [55]; also see Refs. [S6—61].

ITI. RESULTS and DISCUSSION

A. Electronic structure of group-V 2D monolayers

The « and 8 allotropes of arsenene, antimonene, and bis-
muthene can be constructed by cleaving the surface slabs
along the (110) and (111) planes of the rhombohedral bulk
As, Sb, and Bi crystals. Figure 1 shows the prototype crys-
tal structures of the o and g allotropes of the group-V 2D
monolayer. The « allotropes are arranged in a 2D rect-
angular lattice with a puckered surface with space group
Pmna and with four atoms per unit cell. Each monolayer
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FIG. 1. Prototype 2D crystal structures of (a) « and (b) 8
allotropes of arsenene, antimonene, and bismuthene along three
different projections, i.e., (001), (100), and (010), of the 2D
lattice. Atoms at the top and bottom of nonplanar layers are dis-
tinguished by different colors. Atoms placed at the bottom of the
sublayer are indicated in black, while those at the top are indi-
cated in brown. d; and d, are the in-plane bond length and the
out-of-plane bond length, respectively.

consists of two sublayers, where atoms positioned in the
same sublayer are not in the same plane. The two differ-
ent sublayer atoms are indicated by two different colors in
Fig. 1. Similarly, the stable configuration of the 8 allotrope
has a buckled atomic structure with a hexagonal 2D lattice
with space group P3ml and contains two atoms in each
unit cell. Similarly to the « phase, two atomic sublayers
exist in the 8 allotrope. The calculated lattice parameters,
bond lengths, and band gaps of monolayered arsenene,
antimonene, and bismuthene are given in Table I.

The values of the theoretically optimized lattice parame-
ters of the two allotropes of the three materials match fairly

well with experimental values [17,24,62,63] and other
theoretically reported values [14,16,28]. The calculated
in-plane and out-of-plane bond lengths of a-arsenene, a-
antimonene, and «-bismuthene are slightly different from
each other. The crystal structures of the « allotropes are
anisotropic in the a and b directions, while those of the
B allotropes are isotropic, i.e., a = b. The layer width
(h) of the two sublayers of the @ and S allotropes of
the three materials is also given in Table I; the values
agree reasonably well with previously reported values
[14,16,28].

Figure 2 shows the electronic band structures of all the
group-V 2D-monolayer allotropes, obtained with use of
the HSE06 hybrid functional. The high-symmetry direc-
tions of the Brillouin zones for the o and B phases in
which the band structures are calculated are shown in
Figs. 2(d) and 2(h), respectively. Monolayered «-arsenene
and «-antimonene are indirect-band-gap semiconductors,
having band gaps of 1.51 and 1.04 eV, respectively. As is
evident from Figs. 2(a) and 2(b), the valence-band max-
imum (VBM) is located in the I'-X direction, while the
conduction-band minimum (CBM) lies at the I'" point.
However, a-bismuthene shows a direct band gap of 0.27
eV, where the VBM and the CBM are both located in the
I'-X direction [see Fig. 2(c)]. The B allotropes of arsenene
and antimonene also show an indirect band gap, with val-
ues of 2.28 and 1.85 eV, respectively, where the CBM is
located in the I'-M direction, while the VBM lies at the
I point [see Figs. 2(e) and 2(f)]. B-Bismuthene is also a
direct-band-gap semiconductor, with a band gap 0f 0.95 eV
[see Fig. 2(g)], where both the VBM and the CBM lie at the
I" point. Our calculated band structures for both allotropes
of arsenene, antimonene, and bismuthene match fairly well
with those in previous studies [15,16,28].

The in-plane and out-of-plane bond lengths increase on
increase of the atomic number. For example, as seen from
Table I, the in-plane bond length (d;) of @-As, «-Sb, and

TABLE 1. Calculated lattice parameters, bond lengths, layer width, and band gaps of « and 8 allotropes of monolayered arsenene,
antimonene, and bismuthene. Perdew-Burke-Ernzerhof (PBE).
Allotrope Lattice parameters Bond lengths Layer width (%) Band gap (eV)
(A) A) A) PBE method HSE06 method ~ Expt.
a-Arsenene a=3.70,b=4.76 dy =2.50,d, =2.48 2.38 0.79 1.51 1.0 [24]
a=3.65b=474
(expt. [24])
a-Antimonene  a = 4.36, b = 4.89 dy=291,d, =2.83 2.79 0.32 1.04 0.85[62]
a-Bismuthene a =4.59,b=5.01 dy =3.08,d, =2.98 2.95 0.07 0.27 0.15 [63]
B-Arsenene a=b=36l dy =250 1.40 1.60 2.28 1.42 [17]
a=b=3.60
(expt. [17])
B-Antimonene a=5b=4.12 dy =2.89 1.64 1.26 1.85 2 [62]
B-Bismuthene a=5b=4.34 d, =3.04 1.71 0.54 0.95 0.33 [63]
a=b=447

(expt. [63])
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FIG. 2. Electronic band structures of (a) «-arsenene, (b) a-antimonene, (c) a-bismuthene, (e) B-arsenene, (f) S-antimonene, and (g)
B-bismuthene, calculated with use of the HSE06 hybrid functional. The band gap (£,) for each case is indicated in the respective plot.
The Fermi level (Er) is set to 0 eV. (d),(h) Brillouin zones and the high-symmetry directions for the o and 8 phases.

«-Biis 2.5, 2.91, and 3.08 A, respectively. Similarly, for
B phases, the bond length increases as we move from As
to Bi. This is expected as the atomic size increases from
As to Bi. The covalent radii of As, Sb, and Bi are 1.15,
1.45, and 1.6 A, respectively [64]. The ratio of the bond
length and the corresponding sum of covalent radii is 1.09
for As, 1.00 for Sb, and 0.96 for Bi. As we move from
As to B, this ratio decreases, which indicates an increase
in hybridization. This stronger hybridization may result in
more dispersive bands as we move from As to Bi, and may
contribute to the reduction in the band gap. Also, the band
gap of the « allotropes is relatively smaller than that of
the B allotropes for all three materials. The out-of-plane
bond length (d>) might play an important role in this phe-
nomenon. In the « allotrope of all three 2D crystals, d;
is smaller than d;, implying that the out-of-plane atoms
are closer and relatively more strongly interactive than
the in-plane atoms. Because of this, the orbital hybridiza-
tion is relatively stronger in the o structures as compared
with the B structures. The orbital hybridization is also
explained from the projected density of states plots, as
explained later. We also study the effect of spin-orbit cou-
pling (SOC) in all our calculations. It does not result in
much change in the band gap and band topology (apart
from minor splitting) of arsenene and antimonene. Bi,
being a heavy element, shows some changes in the band
gap. For instance, the band gap for an @-bismuthene mono-
layer changes from 0.27 eV without SOC to 0.17 eV with
SOC, while that of a S-bismuthene monolayer changes
from 0.95 eV without SOC to 0.75 eV with SOC. Once
again, apart from minor band splitting, the band topology
remains unaltered. The effect of such small changes in the

band gap on the optoelectronic properties of the monolayer
is checked and found to be insignificant. Beyond a mono-
layer, bismuthene becomes metallic, and hence there are
only minor effects on the band topology. The simulated
band gaps for the three monolayers cover a wide range,
0.27-2.28 eV, which can be important for electronic and
optoelectronic applications.

B. Electronic structure of multilayered o-arsenene,
B-arsenene, a-antimonene, S-antimonene,
a-bismuthene, and S-bismuthene

The band-structure calculations show that the monolay-
ers of the three group-V 2D materials are semiconductors
and have a thickness ranging between 2 and 3 A. How-
ever, synthesizing such thin monolayers is expensive and
sophisticated. The transparency, charge transport, and ease
of synthesis are thus highly dependent on the thickness of
these layered structures. To find an optimal thickness as a
passivating and transparent conducting layer for solar PV
devices, we further investigate the layer-thickness depen-
dence of the electronic and optical properties of these 2D
structures. We choose bilayered to pentalayered surface
slabs with a 15-A vacuum between the repeated slab geom-
etry for all the surfaces. To grow the multilayered systems,
we consider only the 4B stacking between the layers that
exists in the stable configuration as per previous litera-
ture [65,60]. In AB stacking, the top layer is shifted by
one half (a-As) or one third (8-As) of the unit cell in the
a direction of the 2D surfaces. The prototype pentalayer
AB-stacking relaxed structures of the o and S allotropes
are shown in Figs. 3(a) and 3(e). The thickness-dependent
electronic band structures showing only VBM and CBM
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FIG. 3.

Model crystal structures of pentalayered (a) o and (e) 8 allotropes of arsenene, antimonene, and bismuthene. Thickness-

dependent band structures showing only conduction-band minima and valence-band maxima for a monolayer (black), bilayer (red),
trilayer (green), tetralayer (blue), and pentalayer (magenta) of (b)—(d) « allotropes and (f)—~(h) B allotropes. The Fermi level (Er) is set

toOeV.

for different layered o and B allotropes of arsenene, anti-
monene, and bismuthene are shown in Fig. 3. The whole
band structures of all the group-V « and g allotropes are
provided in Figs. S2.1 and S2.2 in Supplemental Mate-
rial [55]. The in-plane and out-of-plane bond distances
between the atoms for different allotropes with different
layer thicknesses (monolayer to pentalayer) are given in
Table II. These bond lengths are calculated by our tak-
ing an average of the respective bond lengths between
different consecutive layers for a given multilayered sys-
tem. On increase of the layer thickness, the in-plane bond
length for all the 2D layers remains the same as for the
monolayer throughout the multilayer. In contrast, the out-
of-plane bond length in the case of all the « allotropes

increases on increase of the layer thickness, which plays a
major role in the change in orbital hybridization and hence
the electronic, optical, and transport properties.

Table III gives the band gaps and layer widths of the dif-
ferent multilayered group-V 2D surface slabs. Evidently,
the band gap decreases with increasing number of lay-
ers, eventually becoming metallic after a certain thick-
ness. For «-arsenene, the band gap decreases from 1.51
to 0.05 eV as the layer thickness is increased from a
monolayer to a pentalayer. Similarly to monolayered o-
arsenene, multilayered «-arsenene has an indirect band
gap, where the CBM is located at the I point, while the
VBM lies at a point in the I'-X high-symmetry direction
[see Fig. 3(b)]. In the case of S-arsenene, the monolayered

TABLE II.  Average in-plane (d;) and out-of-plane (d>) bond lengths (in A) of various layered structures of o and 8 allotropes of

arsenene, antimonene, and bismuthene.

Allotrope Monolayer Bilayer Trilayer Tetralayer Pentalayer
«-Arsenene dy =2.50 d, =2.50 dy =2.50 dy =2.50 d, =2.50

d, =248 d, =2.49 dy =2.49 dy =251 d, =252
a-Antimonene dy =291 dy =291 dy =291 dy =291 dy =291

d, =2.83 d, =2.89 d, =291 d, =293 d, =2.84
a-Bismuthene dy =3.08 dy =3.08 d, =3.08 dy =3.08 dy =3.08

dy =2.98 dy, =3.00 dy =3.01 dy =3.02 dy, =3.02
B-Arsenene dy =2.50 d, =2.50 dy =2.50 dy =2.50 d, =2.50
B-Antimonene dy =2.89 dy =2.89 dy =2.89 dy =2.89 dy =2.89
B-Bismuthene dy =3.04 dy =3.04 dy =3.04 dy =3.04 dy =3.04
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TABLE III.

Layer widths and band gaps (or metallicity) of various layered structures of & and $ allotropes of arsenene, antimonene,

and bismuthene, calculated with use of the HSE06 hybrid functional.

Allotrope Monolayer Bilayer Trilayer Tetralayer Pentalayer
Layer Band Layer Band Layer Band Layer Band Layer Band
width gap width gap width gap width gap width gap

A) (eV) (A) (eV) (A) (eV) (A) (eV) (A) (eV)

a-Arsenene 2.38 1.51 791 0.5 13.47 0.24 19.05 0.13 24.54 0.05

a-Antimonene 2.79 1.04 9.01 Metal 15.19 Metal 21.36 Metal 27.50 Metal

a-Bismuthene 2.95 0.27 9.52 Metal 15.87 Metal 21.83 Metal 28.25 Metal

B-Arsenene 1.40 2.28 5.74 0.5 10.04 Metal 14.23 Metal 18.26 Metal

B-Antimonene 1.64 1.85 5.81 Metal 9.23 Metal 13.78 Metal 17.56 Metal

B-Bismuthene 1.71 0.95 6.24 Metal 10.91 Metal 15.20 Metal 19.15 Metal

and bilayered structures show semiconducting behavior,
with indirect band gaps of 2.28 and 0.5 eV, respectively
[see Fig. 3(f)], and beyond these structures the behav-
ior becomes metallic. In contrast, only the monolayer
geometry of a-antimonene, B-antimonene, a-bismuthene,
and B-bismuthene shows semiconducting behavior, and
all the multilayered surface slabs show metallic character
[Figs. 3(c), 3(d), 3(g), and 3(h)]. Although the nature of
the band structures remains the same as for the monolayer
for these 2D materials, the positions of the VBM and CBM
are shifted with increasing layer thickness (see Fig. 3). We
speculate that this might be due to the rapid surface recon-
structions and the semiconductor-to-metallic transitions of
all these materials.

Figure 4 shows the orbital projected DOS for differ-
ent layered o and g allotropes of arsenene. The orbital
projected DOS for different layered antimonene and bis-
muthene allotropes is shown in Fig. S3 in Supplemental
Material [55]. In all cases, the significant contribution near
the Fermi level (Er) (comprising both valence and con-
duction bands) arises from p orbitals (in particular, p,

(b) B arsenene

2 Pentalayer _:
R ]
2 V. ]
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%] X
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% g n Bilayer ]
51 L J
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FIG. 4. Orbital projected DOS for a monolayer, bilayer, tri-
layer, tetralayer, and pentalayer of (a) «-arsenene and (b) 8-
arsenene. Black, red, green, blue, and magenta lines show the
projected DOS for s, px, py, p-, and d orbitals, respectively. The
Fermi level (Ef) is set to 0 eV.

orbitals). The electronic state of the s orbital is located
deep within the valence band, with a very small contri-
bution near the Er; d orbitals hardly contribute anything
near the Er, as expected. In other words, these group-V 2D
materials acquire a strong sp hybridization. The B phases
have higher contributions of s orbitals than do « phases.
As aresult, the sp hybridization in 8 structures is more sig-
nificant than in « structures. This strong sp hybridization
induces large band gaps of the 8 structures. As the layer
thickness increases, the contribution of s and d orbitals
increases in the deep region of valence and conduction
bands. The dominant contribution of p, orbitals is a com-
mon feature of 2D materials such as silicene, germanene,
and phosphorene, which involves sp?-like bonding [14].
With increasing number of layers, the electronic states
of p. orbitals mediate interlayer interaction between adja-
cent layers, resulting in a band dispersion perpendicular to
the plane. Consequently, the multilayered structures have
smaller band gaps than the monolayers and eventually
become metallic after a certain number of layers. Effects
of a similar kind are also observed in other 2D materi-
als, such as phosphorene and monolayered transition-metal
dichalcogenides [67—69], where the band gap is inversely
proportional to the number of layers.

C. Optical properties of multilayered c-arsenene,
B-arsenene, a-antimonene, S-antimonene,
a-bismuthene, and S-bismuthene

Here we present the optical properties, i.e., complex
dielectric function &(w), absorption coefficient, and reflec-
tivity, for the multilayered surfaces of three elements cal-
culated with use of the HSE06 functional. The optical
properties of all the surface slabs are calculated by our
considering incident light with polarization of the elec-
tric field in the z direction (E || z), i.e., the out-of-plane
direction. Figures 5 and 6 show the real [¢;(w)] and imag-
inary [&;(w)] parts of the complex dielectric function for o
and B allotropes of the three materials with different layer
widths. &1 (w) describes the electronic polarizability of the
material, while &, (w) is related to the interband transitions
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Real part of the complex dielectric function in the out-of-plane polarization direction (£ || z) for a monolayer, bilayer,

trilayer, tetralayer, and pentalayer of (a)—(c) « and (d)~(f) 8 allotropes of arsenene, antimonene, and bismuthene, calculated with use

of the HSEO06 hybrid functional.

due to the absorption of radiation by electrons in occupied
valence bands below the Fermi level. The static dielectric
constant, i.e., &; at zero photon energy, has finite values
for all the 2D layered structures. For example, for mono-
layered o-arsenene and B-arsenene, & is 2.54 and 2.42,
respectively, as evident from Fig. 5. As the layer width is
increased, ¢; increases (see Fig. 5), suggesting that these
materials are highly polarized. The « allotropes have rela-
tively higher polarizability than the § allotropes. The real
part of the dielectric function is negative in the energy
range between 2.0 and 5.5 eV in the case of a-antimonene
and B-antimonene [see Figs. 5(b) and 5(e)]. This indi-
cates the metallic character of the material in this energy
range of the electromagnetic spectrum. Similar phenomena
are also observed in the case of w-arsenene, B-arsenene,
o-bismuthene, and B-bismuthene. The real dielectric con-
stants are negative in the energy range between 5.0 and 9.0
eV for arsenene multilayers and between 3 and 7 eV for
bismuthene multilayers.

The imaginary part of the dielectric function &;(w), as
shown in Fig. 6, for various layered « and § allotropes
clearly remains zero in the range of photon energies that is
the same as their band gaps. Above this energy range, sev-
eral peaks are observed in &;(w) due to the absorption of
incident photons and the interband transition of electrons
from the valence band to the conduction band. For mono-
layers, these peaks are observed in the high-photon-energy
range (greater than 3 eV), indicating no absorption of pho-
tons in the low-energy range (approximately 0 to 2.5 eV).
In other words, most low-energy photons are transmitted
due to the small monolayer thickness. All the peaks in

& (w) are mainly attributed to the electronic transitions
from p states in the valence band to hybridized s or p
states in the conduction band (as shown in the orbital pro-
jected DOS plot in Fig. 4). With the increase in thickness
(number of layers), the peaks are shifted slightly toward
the left (lower energy) as compared with the monolayer
case. This happens mainly due to the reduction of the band
gap with increasing layer thickness. Since the major con-
tribution to &,(w) arises from the interband transitions of
electrons from the valence band to the conduction band
near the Fermi level, and the band gap of the « allotropes
follows a trend, i.e., E(c-arsenene)> E,(a-antimonene)>
Eq(a-bismuthene), so the &;(w) curves of a-arsenene are
blueshifted as compared with those of a-antimonene and
a-bismuthene [see Figs. 6(a)—6(c)]. The observed blueshift
in the &;(w) curves of B-arsenene as compared with those
of f-antimonene and S-bismuthene can be explained in a
similar manner [see Figs. 6(d)—6(f)].

The thickness-dependent absorption coefficients of the
group-V 2D structures are shown in Fig. 7. A blueshift,
as mentioned above, in the &;(w) curves is observed
in the absorption spectra of a-arsenene (fB-arsenene) as
compared with those of a-antimonene and «-bismuthene
(B-antimonene and B-bismuthene); however, the absorp-
tion bandwidth of antimonene and bismuthene is broader
than that of arsenene irrespective of their being in the «
phase or the § phases. The absorption of both monolay-
ered allotropes is negligible in the visible region, as shown
in Fig. 7. On increase of the layer thickness, the absorption
coefficient remains negligible in the visible region up to
the pentalayered structure in the case of a-arsenene and
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and B allotropes of arsenene, antimonene, and bismuthene.
For monolayers, the reflectivity in the visible region is
approximately 5%. As we see from Fig. 7, the absorp-
tion is negligible in the visible region, which confirms that
the group-V monoelemental monolayers are suitable can-
didates for transparent materials. The reflectivity increases
in the higher-photon-energy range. Also, as we move from
a monolayer to a pentalayer, the reflectivity increases grad-
ually due to the reduction in the band gap. However,
the absorption remains negligible in the visible region.
This is attributed to the strong excitonic effects generally
observed in low-dimensional (2D) materials arising from
quantum confinement. The exciton binding energies are
large in atomically thin semiconducting (2D) materials,
and this has a pronounced effect on the dielectric function
[70-72]. Recently, it was shown that exciton binding
energy is almost inversely proportional to static polariz-
ability for 2D materials [73,74]. To analyze the depen-
dence of the excitonic effect on the layer thickness of
group-V 2D systems, we calculate their exciton bind-
ing energies up to the trilayered structure using the BSE
method. Although BSE calculations are highly accurate,
they are computationally quite expensive; hence, we per-
form calculations up to only the trilayered structure.
This, however, gives a reasonable indication of the vari-
ation of excitonic effects with change in layer thickness.
Table IV gives the calculated exciton binding energies for
a monolayer, bilayer, and trilayer of the two allotropes
of the three materials. The exciton binding energies range
from 0.27 to 1.61 eV, which indicates a reasonably strong

excitonic effect in these thin 2D films. As expected, with
increasing number of layers, the exciton binding energy
decreases, which consequently causes an increase in the
polarizability. This might explain the increase in reflec-
tivity with increasing layer thickness [70]. In the case of
a-arsenene, the reflectivity is below 20% up to the trilay-
ered structure in the visible region [see Fig. 8(a)]. Hence,
trilayered o-arsenene is the best candidate as a transparent
layer for solar PV devices. Similarly, multilayered slabs
up to the tetralayered structure for S-arsenene and up to
the bilayered structure for antimonene (for the o and 8
allotropes) can be considered to be used as a transparent
layer [reflectivity less than 20%; see Fig. 8(d)]. However,
for bismuthene, any surface slab beyond the bilayered
structure may not be a good candidate for a transparent
conducting layer.

TABLE IV. Exciton binding energy (in eV) for a monolayer,
bilayer, and trilayer of the o and g allotropes of arsenene, anti-
monene, and bismuthene. The calculations are done with the BSE
method.

Allotrope Monolayer Bilayer Trilayer
a-Arsenene 0.72 0.63 0.49
a-Antimonene 0.42 0.34 0.27
a-Bismuthene 0.78 0.51 0.34
B-Arsenene 1.61 0.83 0.58
B-Antimonene 0.74 0.52 0.33
B-Bismuthene 0.84 0.67 0.53
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D. Carrier transport in a-arsenene, $-arsenene,
oa-antimonene, f-antimonene, a-bismuthene, and
B-bismuthene

Understanding carrier-transport mechanisms is essen-
tial for a transparent-conducting-material electrode. In
this subsection, we present the results of a study of
temperature-dependent carrier transport in the group-V 2D
monolayers. Figures 9(a)-9(f) and 10(a)-10(c) show the
temperature dependence of the in-plane electrical conduc-
tivity (o) for the o and § allotropes of arsenene, anti-
monene, and bismuthene monolayers. The « allotrope is
structurally anisotropic, unlike its § counterpart, and hence
the former has unequal xx and yy components of conduc-
tivity. o is calculated for different dopant concentrations in
the range from 10%° to 10?! cm™3. The carrier relaxation
time (7) for o and B allotropes of the three materials is
shown in Figs. 9(g)-9(i) and 10(d)—10(f), respectively. As
is evident, the relaxation time for all three materials ranges
between 1 and 70 fs. For the « allotropes, the conductivity

for the x and y directions increases in the low-temperature
range (25-50 K) for all dopant concentrations. This is
because the carrier concentration increases in this tempera-
ture range, and dominates over the appreciable effect due to
ionized-impurity scattering. Beyond 50 K, the carrier con-
centration starts to be saturated, while the relaxation time
decreases. This causes an overall reduction in conductivity,
suggesting a semiconductor-to-metallic transition at 50 K.
The reduction in relaxation time mainly arises due to the
dominant effect of ADP scattering. For a-bismuthene [see
Figs. 9(c) and 9(f)], certain bumps are observed in the con-
ductivity in the temperature range from 400 to 500 K for
dopant concentrations of 10 x 10%°, 15 x 10%°, and 20 x
10%° cm~3. An enlarged view of o-versus-T plots in the
temperature range from 400 to 600 K with a smaller step of
10 K is shown in Fig. S4 in Supplemental Material [55]. A
closer look at these plots shows that o increases between
450 and 460 K and then decreases for dopant concentra-
tions of 10 x 10%°, 15 x 10%°, and 20 x 10%° cm™3 in the x
and y directions. Such anomalous behavior might arise due
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to the anisotropic nature of the relaxation time. Note that
the relaxation time shown in Fig. 9 includes the effect of
impurity-ionization scattering only. In a real 2D material,
however, other scattering mechanisms that vary drasti-
cally at different dopant concentrations are also involved.
This might play an important role because the relaxation
time showing anisotropic behavior causes anomalous con-
ductivity in 2D systems [75—77]. We speculate that this
kind of o-versus-T behavior may be associated with some
kind of phase transition (arising from structural or chem-
ical environment changes) between 450 and 460 K for
a-bismuthene.

Unlike the o allotropes, the conductivity of the g
allotropes decreases with increasing temperature in the
entire temperature range. In this case, ADP scattering is the

dominant scattering, which is confirmed by the relaxation-
time plots [see Figs. 10(d)}—10(f)]. The conductivity of all
the group-V-element monolayers is found to be reasonably
high (approximately 10> Sm™!). The « allotropes are rel-
atively more conducting than the 8 ones. To gain further
insight, we also calculate the conductivity of the o and
allotropes of bilayered arsenene and the « allotrope of tri-
layered arsenene (see Sec. 5 in Supplemental Material [55]
for more details). Similarly to for monolayered «-arsenene,
a semiconductor-to-metallic transition occurs at 50 K,
beyond which the conductivity decreases monotonously
(see Figs. S5.1 and S5.2 in Supplemental Material [55]).
Interestingly, the conductivity increases with increasing
layer thickness. To check their performance as a trans-
parent conducting layer, we calculate the figure of merit

TABLE V. Figure of merit (FOM) for the « and B allotropes of arsenene, antimonene, and bismuthene. R, «, 7, o, and Ry, are
the reflectivity, absorption coefficient, transmittance, electrical conductivity, and sheet resistance, respectively. 1L, monolayer; 2L,

bilayer; 3L, trilayer.

Allotrope Thickness (f) R o T o (Sm™h) Ry = (o0)~! FOM = T'0/Rg,
A) (10* cm™1) at 300 K ($2/0) (mS)
a-Arsenene (1L) 2.38 0.05 0.01 0.95 1.66 x 10° 2.53 x 10* 0.02
a-Arsenene (2L) 7.91 0.13 0.01 0.87 2.97 x 10° 0.42 x 10* 0.06
a-Arsenene (3L) 13.47 0.15 0.01 0.85 5.41 x 10° 0.13 x 10* 0.15
a-Antimonene (1L) 2.79 0.05 0.01 0.95 2.18 x 10° 1.64 x 10 0.03
«-Bismuthene (1L) 2.95 0.07 0.01 0.93 1.88 x 10° 1.80 x 10* 0.02
B-Arsenene (1L) 1.40 0.04 0.01 0.96 0.41 x 10° 424 x 10* 0.01
B-Arsenene (2L) 5.74 0.12 0.01 0.88 0.87 x 10° 2.00 x 10* 0.01
B-Antimonene (1L) 1.64 0.05 0.01 0.95 0.27 x 10° 2.25 x 10* 0.02
B-Bismuthene (1L) 1.71 0.07 0.01 0.93 0.31 x 10° 1.83 x 10* 0.02
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(FOM) for all our 2D systems using the relation pro-
posed by Haacke [78], FOM = T'%/R,, where Ry, is the
sheet resistance. The calculated FOM values are listed in
Table V. The FOM for the best-performing material, trilay-
ered a-arsenene, is 0.15 mS. Our calculated FOM values
of these group-V 2D layered structures are about 1 or 2
orders less than those of the state-of-the-art transparent
conducting layers used in solar PV devices such as indium
tin oxide (ITO) and fluorine-doped tin oxide (FTO) [79—
82]. The low FOM is mainly attributed to the smaller
thickness of these 2D films causing the high sheet resis-
tance. Therefore, among the group-V 2D structures, we
propose trilayered «-arsenene as a promising candidate for
a transparent conducting layer.

IV. CONCLUSIONS

In summary, we systematically investigate the thickness
(multilayer) dependence of the electronic structure and the
optical and carrier-transport properties of highly stable «
and g allotropes of arsenene, antimonene, and bismuthene
from a monolayer to a pentalayer using first-principles
calculations. This study helps us to identify an optimal
thickness of these 2D systems for further experimental
analysis. The electronic band structures suggest that the
monolayers of & and § allotropes are semiconducting, with
a band gap ranging between 0.27 and 2.28 eV. The band
gap of a-bismuthene and B-bismuthene is direct, while that
of arsenene and antimonene is indirect. Simulation of mul-
tilayered structures confirms a reduction in band gap with
increasing layer thickness due to the interlayer interac-
tion between the p, orbitals of adjacent layers. o-Arsenene
shows semiconducting behavior throughout, from a mono-
layer to a pentalayer. However, for S-arsenene, only the
monolayered and the bilayered structures are semiconduct-
ing, while the rest of the higher-order layers of S-arsenene
as well as antimonene and bismuthene show metallic char-
acter. The peaks in the imaginary part of the dielectric
function of all the materials correspond well to the inter-
band transitions of electrons from the valence band to
the conduction band. The simulated absorption coefficient
and reflectivity spectra for both allotropes of the three
monolayered materials confirm them to be potential candi-
dates for transparent conducting layers (reflectivity of 5%
or less). The simulated electrical conductivity for all the
materials lies in the range from 10* to 10° Sm~!. The FOM
of the best-performing material, trilayered o-arsenene, is
0.15 mS. A combined evaluation of carrier-transport and
optical properties suggests that trilayered o-arsenene may
be a suitable candidate for transparent conducting layers in
photovoltaic applications, requiring further experimental
investigation.
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