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ABSTRACT: In this study, we systematically investigate the piezoelectric, thermoelectric, and photocatalytic properties of novel
two-dimensional Janus arsenic chalcohalide monolayers, AsXX’ (X = S and Se and X’ = Cl, Br, and I) using density functional theory.
The positive phonon spectra and ab initio molecular dynamics simulation plots indicate these monolayers to be dynamically and
thermally stable. The mechanical stability of these monolayers is confirmed by a nonzero elastic constant (Cij), Young’s modulus
(Y2D), and Poisson ratio (ν). These monolayers exhibit strong out-of-plane piezoelectric coefficients, making them candidate
materials for piezoelectric devices. Our calculated results indicate that these monolayers have a low lattice thermal conductivity (κl)
and high thermoelectric figure of merit (zT) up to 1.51 at 800 K. These monolayers have an indirect bandgap, high carrier mobility,
and strong visible light absorption spectra. Furthermore, the AsSCl, AsSBr, and AsSeI monolayers exhibit appropriate band
alignment for water splitting. The calculated value of the corrected solar-to-hydrogen conversion efficiency can reach up to 19%. The
nonadiabatic molecular dynamics simulations reveal the prolonged electron−hole recombination rates of 1.52 0.98, and 0.67 ns for
AsSCl, AsSBr, and AsSeI monolayers, respectively. Our findings demonstrate these monolayers to be potential candidates in energy-
harvesting fields.

1. INTRODUCTION
Energy-harvesting applications such as thermoelectricity,1

piezoelectricity,2,3 and photocatalytic water splitting4 are highly
efficient means to overcome the energy crises and environ-
mental pollution problems. In thermoelectric phenomena,
unexploited heat released in the environment from primary
sources of energy can be utilize to produce environmentally
friendly sustainable energy using various mechanisms such as
the Seebeck effect and the Peltier effect.5 The performance of
these thermoelectric mechanisms is characterized in terms of

dimensionless quantity zT ( =zT TS2

). The high value of
the power factor, i.e., S2σ, and low value of thermal
conductivity (κ) give rise to a high value of thermoelectric
performance. Further, in the case of piezoelectricity,
mechanical energy can be converted into electrical energy by
applying mechanical strain on the systems.3,6 Also, the
piezoelectric devices are beneficial to detect heart, brain, and
other organ-related diseases.7

Solar energy-harvesting mechanisms such as photocatalytic
water splitting8 is the most economical methods to overcome
the energy crisis and environmental pollution problem. The
photocatalytic water splitting is the most stupendous method
for the production of pollution-free green energy by availing of
solar energy.9 For commercial production of hydrogen, the
solar-to-hydrogen conversion efficiencies (ηSTH) should exceed
10%.10

For the implementation of these applications, researchers
have investigated various types of materials. After the
successful fabrication of graphene, a boom came in the field
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of 2D materials.11 Following the experimental synthesis of
graphene, various 2D monolayers were fabricated experimen-
tally, such as germanene,12 silicene,13 antimonene,14 and
bismuthene.15 Apart from these, a new class of 2D materials,
i.e., Janus monolayers, attracted researchers due to their
distinct properties on different surfaces. The first experimen-
tally fabricated Janus material is the Janus graphene monolayer,
which is synthesized via surface functionalization methods,
thus leading to the opening of bandgap in graphene.16 After
that, Janus MoSSe and Janus WSSe were synthesized
experimentally.17 Recently, Janus BiTeX (X = Cl, Br, and I)
was synthesized experimentally via CVD and liquid-phase
exfoliation methods.18

These experimental syntheses motivate researchers to
further investigate analogous monolayers theoretically and
experimentally. At 300 K, the zT values of Janus WSX (X = Se
and Te),19 PdSX (X = Se and Te),20 AsTeX (X = Cl, Br, and
I),21 AsSBr,22 ZnMN2 (M = Ge, Sn, and Si; N = S, Se, and
Te),23 XClO (X = Cl and Ir),24 NSiX (X = O, S, and Se),25

and BiTeX (Cl and Br)26,27 lie in the range of 0.0004−0.75.
Out-of-plane asymmetry in Janus structures gives rise to an
additional degree of freedom, which is utilized to tune the
piezoelectric properties of Janus monolayers. The piezoelectric
properties of 2D monolayers are specified by in-plane (d11)
and out-of-plane (d31) piezoelectric coefficients. Janus TiXY
(XY = SCl and SeBr),28 group IV(A) Janus dichalcogenides,29

YBrI,30 MoAZ3H (A = Si and Ge: Z = N, P, and As),31 BiXY
(X = S, Se, and Te; Y = F, Cl, Br, and I),32 PtXO (X = S and
Se),33 MoSSiX2 (X = N, P, and As),

34 BMX2 (M = Ga and In;
X = S and Se),35 M2AB (M = Si, Ge, and Sn; A/B = N, P, and
As),36 and γ-Ge2XX’ (X, X’ = S, Se, and Te)37 show a very high
out-of-plane piezoelectric behavior, which is beneficial for
piezoelectric devices. Furthermore, the corrected solar-to-
hydrogen conversion efficiencies of Janus monolayer-based
photocatalysts such as WSSe,38 MoSSe,39 PtSSe,40 WSeTe,41

AsTeX (X= Cl and Br),21 AsXY (X= Se and Te; Y = Br and
I),42 and AlXY (X= S and Se; Y= Cl, Br, and I)43 exceed the
10% criteria for commercial use of photocatalysts.

Stimulated by experimental synthesis of the Janus mono-
layers,18 we investigate the arsenic-based chalcohalide Janus
monolayers, i.e., AsXX’ (X = S and Se and X = Cl, Br, and I).
The positive phonon dispersion spectra, ab initio molecular
dynamics (AIMD) simulations, and elastic tensor coefficients
quantified their dynamical, thermal, and mechanical stability,
respectively. We explore these monolayers in various energy-
harvesting fields such as piezoelectricity, thermoelectric, and
photocatalytic water splitting. Further, these monolayers
possess a very high carrier mobility and strong visible region
optical absorption spectra. Last, we computed electron−hole
recombination rates (τ) of Janus monolayers in the context of
photocatalytic water splitting. Our computed results indicate
that these monolayers have capabilities for various energy-
harvesting applications.

2. COMPUTATIONAL DETAILS
We employed density functional theory within the Vienna ab
initio simulation package (VASP)44 to perform first-principles
calculations. To include the link between electrons and ions,
we used projected augmented-wave (PAW)45 potentials, while
generalized gradient approximation (GGA) parametrized by
Perdew−Burke−Ernzerhof (PBE)46 has been implemented to
calculate exchange−correlation functionals. To confirm the
well-founded calculation of electronic properties, the screened
hybrid method HSE06 has been implemented.47 We relax the
structure until the Hellmann−Feynman forces decrease below
0.01 eV/Å. The energy convergence criteria between
sequential steps for structural relaxation are fixed at 10−5 eV.
For the sampling of the Brillouin zone, the Γ-centered k-mesh
of 16 × 16 × 148 has been implemented. A vacuum of 17 Å is
used to exterminate the interaction between the adjoining
layers in a nonperiodic direction.
The phonon dispersion spectra calculations were performed

using the DFPT method with a q-mesh of 8 × 8 × 1 and
convergence threshold of 10−16 Ry as incorporated with the
Quantum Espresso package.49 The thermal stability of 2D
AsXX’ Janus monolayers has been validated by AIMD

Figure 1. Top view, side view, and phonon dispersion spectra of Janus AsXX’ monolayers. The green, blue, purple, and cyan phonon lines
correspond to ZA, TA, LA, and optical modes, respectively.
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simulations at room temperature for up to 5 ps within a
supercell of size 4 × 4 × 1. To control the temperature in
AIMD simulations, the Nose−Hoover thermostat50 is
employed under the NVT ensemble. The elastic constants
and piezoelectric coefficients were calculated using finite
difference method.29,32

For the computation of electronic transport properties, we
used Rode’s algorithm as implemented in the AMMCR
package51 in conjunction with VASP. We implement the 48
× 48 × 1 dense k-mesh for the sampling of the Brillouin zone.
The electrical transport properties calculated by the CRTA
(constant relaxation time approach) do not comprise any type
of scattering mechanism that affects the experimental
validation of theoretically anticipated results; therefore, various
scattering mechanism models have been included in the
calculations of the scattering rate. The lattice thermal
conductivity of these monolayers is determined by the
phono3py code.52 Here, for the calculation of relaxation
time, we adopt a supercell of size 4 × 4 × 1. The magneto-
transport properties are investigated using the theory
implemented in the AMMCR package.51 To obtain charge
transfer dynamics, we implemented a (NVT) microcanonical
ensemble to perform MD simulation at 300 K with a supercell
of size 3 × 3 × 1 carried out within the Hefei-NAMD code.53

3. RESULTS AND DISCUSSION
3.1. Structural Properties and Stability Analysis. The

structure of asymmetric Janus AsXX’ reveals that these
monolayers possess a trigonal structure with a hexagonal unit
cell having a P3m1 space group within a C3v point group. The
unit cell of these monolayers avails three atoms with an “As”
atom jammed in between X and X’ as depicted in Figure 1. As
observed from Table S1, the presence of the lightest atoms,
e.g., S and Cl, in AsSCl monolayers leads to the lowest relaxed
lattice constant. The thickness of these monolayers increases
due to the elongation of bonds between the As-X and As-X’
sides, respectively. The widening of bond angles (α and β)
arises as the electronegativity difference between these
monolayers increases, and the electron is liberated around
the most electronegative atom. The charge transfer (Δρ)
decreases as the atomic mass of chalcogens and halogens
increases. From the average electrostatic potential curves, it is
observed that the electrostatic potential difference (ΔΦ)
decreases as the halogen atomic mass increases, as depicted in
Figure S1. Note that the ΔΦ is important for tailoring the
electronic properties (bands alignments) for photovoltaic solar
cells and photocatalytic water splitting.
3.1.1. Energetic Stability. The energetic stability of Janus

AsXX’ monolayers is evaluated by computing cohesive energy
(EC) by using the formula given as

= [ + + ] [ ]
E

E E E E(As) (X) (X ) (AsXX )
3C

T T T T

(1)

The terms ET(As), ET(X), and ET(X’) are the energies of
single atoms corresponding to As, X, and X’, respectively, and
ET (AsXX’) is the total energy of AsXX’ Janus monolayers. The
lattice constants of the AsXX’ monolayer decrease down the
group that leads to larger bond lengths and hence the weak
bond strength. The weakening of bonds results in the decrease
in the cohesive energy (Table S1).
3.1.2. Dynamical and Thermal Stability. The dynamical

stability of these monolayers is quantified by computing
phonon dispersion spectra (Figure 1). The absence of negative
frequency in Janus AsXX’ monolayers suggested their
dynamical stability. The phonon dispersion spectra of Janus
AsXX’ are composed of nine modes. Out of these, three are
acoustic: ZA, TA, and LA, and the remaining represent optical
modes. The ZA and LA/TA modes quantify the quadratic
dispersion (p2) and have linear dispersion near the Γ point
according to the continuum elasticity theory. The phonon
dispersion spectra of these monolayers shifted to the lower
frequencies because of an increase in the atomic mass of
constituent atoms. The lower frequencies correspond to the
decrement of phonon group velocity of these monolayers. The
overlapping of phonon band lines signifies the strong optical-
acoustic phonon scattering.
Next, we evaluated the thermal stability of AsXX’

monolayers by performing AIMD simulations. The smaller
fluctuation of temperature around a constant level with respect
to time steps confirms their thermal stability as depicted in
Figure S2 and Figure S3. The atomic configuration of these
monolayers remains undistorted even after heating systems at
300 and 800 K.

3.2. Mechanical and Piezoelectric Properties. After
confirming stability, we compute the mechanical properties in
terms of nonzero elastic constants (Cjk), Young’s modulus
(Y2D), and Poisson ratio (ν) as tabulated in Table 1. The
mechanical stability is confirmed by Born and Huang criteria54

given as

> | | = >C C C
C C

and
2

011 12 66
11 12

(2)

Further, these monolayers also exhibit the Mouhat and
Coudert criteria,54 according to which the four necessary
conditions for the stability of the structures are C11 > |C12|,
2C132 < C33(C11 + C12), C44 > 0, and C66 > 0. The Janus AsXX’
monolayers fulfill these criteria, which indicates their
mechanical stability. The stiffness of these monolayers is
characterized in terms of Young’s modulus, given as

Table 1. Elastic Coefficients (C11, C12, C13, C44, C33, and C66) in Units of N/m, Young's Modulus (Y2D), and Poisson Ratio (ν)
of AsXX’ Monolayers

2D AsXX’ C11 C12 C13 C33 C44 C66 Y2D(N/m) ν
AsSCl 54.07 17.53 0.04 0.16 17.75 18.27 48.39 0.31
AsSBr 46.97 15.46 0.08 0.23 12.96 15.76 41.87 0.33
AsSCl 42.41 14.50 0.45 1.56 12.54 13.96 37.44 0.33
AsSeCl 38.66 11.78 0.02 0.61 13.58 13.44 35.06 0.30
AsSeBr 37.98 11.76 0.04 0.09 14.84 13.44 34.34 0.31
AsSeI 33.99 10.51 0.04 0.12 13.97 11.74 30.73 0.31
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=Y
C C

C
( )

2D
11
2

12
2

11 (3)

The elongation of bonds between the atoms leads to the
reduction of Young’s modulus as we move to AsSeI from
AsSCl monolayers. The fraction of the transverse strain to the
axial strain delivers the Poisson ratio (ν = C12/C11). The
computed ν values are in the range 0.21−0.31 (Table 1). The
Poisson’s ratio of Janus AsXX’ monolayers fulfills the criteria of
Frantsevich rule, which confirms the brittle nature of these
monolayers.55

After discussing the various elastic coefficients, next, we
analyze the piezoelectric behavior of these monolayers in terms
of piezoelectric strain and stress coefficients. Piezoelectricity is
defined as electromechanical coupling between external stress
and intrinsic electrical polarization, which arises due to the
absence of inversion symmetry in Janus monolayers.56−58 The
piezoelectric behavior of 2D monolayers is expressed in terms
of isothermal piezoelectric coefficients,58 which are known as
piezoelectric stress coefficients (e11 and e31) and piezoelectric
strain coefficients (d11 and d31).

57,58 These piezoelectric stress
and strain coefficients are different for the direct piezoelectric
effect (DPZ) and the reverse piezoelectric effect (RPZ). In
DPZ, electrical polarization arises due to externally applied
stress, while in RPZ, when an external electric field (EF) is
applied to the system, it deforms the system.
The piezoelectric strain coefficient (exyz) for the 2D system is

given as the combination of electronic and ionic part:

= +e e exyz xyz xyz
electronic ionic

(4)

For the direct polarization effect and reverse polarization
effect, the strain coefficient of piezoelectricity is given as

=

i

k

jjjjjjjjj

y

{

zzzzzzzzzi
k
jjjjj

y
{
zzzzz

e , forDPZ
ijk

Pi

jk E T, (5)

=
i
k
jjjjj

y
{
zzzzz

e , (forRPZ)
ijk

P
E

i

jk T, (6)

where Pi and σjk correspond to the electric polarization and
stress tensor, respectively.
The piezoelectric strain coefficient eij is demonstrated by

using Voigt notation given as

=e d Cij ik kj (7)

where Ckj stands for elastic tensor given as

=

··· ··· ··· ··· ··· ···
··· ··· ··· ···

··· ··· ··· ··· ··· ···
··· ··· ··· ··· ··· ···

··· ··· ··· ··· ··· ···

··· ··· ··· ··· ··· ··· ··· ···

i

k

jjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz

C

C C C

C C C C

C C C

C C C

C C

C
C C

2

11 12 13

12 11 13 14

31 31 33

14 14 44

44 14

14
11 12

(8)

Further, these elastic stiffness coefficients are elaborated in
elastic strain coefficients, which are represented as

= = =C C
S

E
C

S
E1

and
1

11 22

2

11
2 12

2

11 22 (9)

where S is the area of the unit cell.
Due to the C3v symmetry in Janus monolayers and as

consequences of Voigt notation, the piezoelectric stress (eij)
and strain (dik) coefficients given as

=

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑ
e

e
e e

e e e

e e
eij

11

22 22

31 31 33

15 22

15

(10)

=

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ
d

d

d d

d d d

d d

djk

11

22 22

31 31 33

15 22

15

(11)

where “--” stands for zero values. These piezoelectric tensors
are reduced to second order from third order and hence are
represented by 3 × 6 matrices.
By performing symmetry analysis, the number of piezo-

electric stress and strain coefficient reduces as32,59

=
i

k

jjjjjjjjjjj

y

{

zzzzzzzzzzz
e

e e

e

e e

0

0 0

0

11 11

11

31 31 (12)

=

i

k

jjjjjjjjjjjj

y

{

zzzzzzzzzzzz
d

d d

d

d d

0

0 0 2

0

11 11

11

31 31 (13)

The noncentrosymmetric behavior and broken inversion
symmetry in Janus monolayers give rise to the piezoelectric
coefficients and these coefficients are direction-dependent. The
d11 or in-plane piezoelectric coefficients arise due to the arousal
of in-plane electrical polarization when the same mechanical
stress is applied along the same direction. Further, the d31 or
out-of-plane (z-direction) electrical polarization arises when
mechanical stress is applied along the x-direction. For the
unstrained system, the in-plane and out-of-plane piezoelectric
tensor is given as60,61

= =
+

d
e

C C
d

e
C C

,11
11

11 12
31

31

11 12 (14)

The values of C11, C12, d11, d31, e11, and e31 are listed in Table
1 and Table 2. Note that the out-of-plane piezoelectric
coefficient (d31) reported for other monolayers in the literature

Table 2. Piezoelectric Stress Coefficients (e11 and e31) and
Corresponding Piezoelectric Strain Coefficients (d11 and
d31), Respectively, of Janus AsXX’ Monolayersa

2D monolayers e11 (C/m) e31 (C/m) d11(pm/V) d31(pm/V)

AsSCl 10.42 0.009 28.50 0.013
AsSBr 12.90 −0.193 40.94 −0.31
AsSI 14.56 −0.448 52.17 −0.79
AsSeCl 3.65 0.076 13.58 0.15
AsSeBr 5.61 −0.066 21.40 −0.13
AsSeI 7.88 −0.224 33.55 −0.50

aNote that e11 and e31 are in the power of 10−10.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02874
ACS Omega 2024, 9, 33723−33734

33726

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


is as follows: MoSSe (0.29 pm/V),61 MoSTe (0.4 pm/V),60

1H-WSO (0.4 pm/V),62 BiSF (−0.33 pm/V),32 BiSCl (−0.29
pm/V),32 and BiSBr (−0.41 pm/V)32 monolayers. The strong
out-of-plane piezoelectricity of Janus AsXX’ monolayers makes
them potential candidates for piezoelectric devices. When the
piezoelectric material is deformed corresponding to the strain,
it generates an electric field that enhances the heat transfer and
helps the thermoelectric device to maintain favorable temper-
ature. So, next, we discuss the thermoelectric properties of
Janus AsXX’ monolayers.

3.3. Thermoelectric Properties. 3.3.1. Lattice Thermal
Conductivity. The phonon transport properties play an
important role in the calculation of the lattice thermal
conductivity (LTC) (κl). The κl values of Janus AsXX’
monolayers are characterized in terms of phonon transport
variables such as phonon group velocities (vg), Gruneisen
parameters (γ), etc. The (κl) at temperature T is formulated as

= C q q( , ) ( , )l j g j, p ,
2

(15)

where Cp represents the specific heat capacity.
Janus AsXX’ monolayers exhibit a decrease in lattice thermal

conductivity as temperature increases, suggesting Umklapp
anharmonic interactions. The calculated values of LTC at 300
K range from 0.61 to 1.83 W/mK for 2D Janus AsXX’ (Figure
2a). The calculated value of lattice thermal conductivity is
lower than those of BiOCl (3 W/mK),63 PdSTe (5.45 W/
mK), and PdSeTe (4.02 W/mK)20 and comparable with those
of BiTeCl (1.46 W/mK),27 BiTeBr (1.47),26 and AsTeCl (0.92
W/mK)21 monolayers.
Next, we computed the phonon’s group velocities for

different modes as

* =
*

v q
q

q
( , )

( , )
g

(16)

The maximum value of LA, ZA, and TA modes reaches up
to 40 Km/s. The phonon group velocities of Janus AsXX’
monolayers reach up to 40 Km/s (Figure S4). The lattice
thermal conductivity is directly linked with phonon group
velocity, as the lower the value of phonon group velocity, the
lower is the lattice thermal conductivity.
Furthermore, the κl can also be elaborated in terms of a

dimensionless quantity γ formulated as

= V
w Vq

q
,

,q

,

(17)

The γ character describes the anharmonic interaction in the
crystal structure. The greater the value of γ, the higher the
phonon−phonon scattering is, leading to the lower phonon
relaxation time value. The calculated value of γ reaches up to
40, corresponding to the Janus AsXX’ monolayer. The ZA
mode of γ contributes more than that of the TA and LA mode.
From Figure S5, it is observed that the contribution of optical
modes is much less than acoustic modes, which indicates that
κl majorly arises due to the anharmonic acoustic scattering of
phonons.64 The high value of γ and the low value of vg are
responsible for the low value of the lattice thermal
conductivity.
3.3.2. Electronic Transport Properties. Relaxation time

calculation using the RTA approach has several limitations.
Scattering rate calculation by the RTA approach is unsuitable
for an inelastic scattering mechanism. To overcome RTA
limitation, we employed Rode’s algorithm51 to include various
scattering mechanisms for the appropriate relaxation time
approximation. Thus, the momentum-dependent relaxation
time is calculated, including eight different kinds of scattering,
i.e., ionized impurity scattering (τIi(k)), polar optical phonon
scattering due to longitudinal phonon (τPop(k)), dislocation
scattering (τDis(k)), alloy scattering (τAlloy(k)), intravalley
scattering (τIv(k)), piezoelectric scattering (τPz(k)), acoustic
deformation scattering (τAc(k)), and neutral impurity scatter-
ing (τNi(k)), in the calculations. These scattering mechanisms
are expressed as65

= + + +

+ + + +

k k k k k

k k k

1
( )

1
( )

1
( )

1
( )

1
( )

1
( )

1
( )

1
( )

1

k

Ii Ac Pz Dis

Alloy Iv Ni Pop( )

(18)

Out of these eight scattering mechanisms, τPop, τAc, and τPz
play the most significant role. Pop (polar optical polar)
scattering predominates in regions with higher temperatures or
near room temperature. The acoustic deformation potential
scattering arises from the scattering of electrons from acoustic
phonons. The contribution of piezoelectric scattering in Janus
monolayers arises from the presence of an in-built intrinsic
electric field. We have taken the piezoelectric coefficient from
Table 2 for the calculations. The scattering rates of Janus
AsXX’ monolayers are mentioned in Figure S6a. Note that the
inclusion of these scattering models provides more consistency
with experimental results.51 For calculating electronic transport
properties, we have accounted for the relaxation time
incorporated with various scattering mechanisms rather than

Figure 2. (a) Lattice thermal conductivity and (b) thermoelectric performance of 2D Janus AsXX’ monolayers as a function of temperature.
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the constant relaxations time approach. For Janus AsXX’
monolayers, the computed value of relaxation time lies in the
range of 0.008−0.09 (× 10−14 s).
Next, we implement a momentum-dependent scattering

mechanism and semiclassical Boltzmann transport theory
within the BoltzTraP code to calculate electronic transport
properties.66 The Seebeck coefficient (S), electronic thermal
conductivity (κe), electrical conductivity (σ), and power factor
(P) of Janus AsXX’ monolayers play an essential role in the
calculation of (zT). We have calculated the Seebeck coefficient
(S) in the temperature range of 300 to 800 K as depicted in
Figure S6b. The σ values of these monolayers also increase
with temperature (Figure S6c). To compute κe, Wiedemann−
Franz law is given as

= L Te (19)

where L is the Lorentz number. For semiconductors, the fixed
value of L is 2.44 × 10−8 WΩK−2.67 Since L varies from
material to material, so we have taken the Seebeck coefficient-
dependent L values given as68

= + i
k
jjj y

{
zzzL

S
1.5 exp

116 (20)

Here, S is the value of the Seebeck coefficient in the units of
μV/K. Different S corresponds to different L. The calculated
values of electronic thermal conductivity at 800 K are 16, 13,
10, 80, 32, and 20 W/mK for AsSCl, AsSBr, AsSI, AsSeCl,
AsSeBr, and AsSeI, respectively. By the integrated effect of σ
and S, we calculate the power factor (P), formulated as

=P S2 (21)

The power factor of Janus AsSX’ monolayers is higher than
that of AsSeX’ monolayers (Figure S6d). The vast difference
between the power factor affects thermoelectric performance
of these monolayers. The higher value of the power factor of
the AsSI monolayer leads to its higher value of thermoelectric
performance.
By the integrate effect of κl and P, the thermoelectric

performance of Janus AsXX’ monolayers is formulated as69

=
+

zT S T2

e l (22)

The thermoelectric performance gradually increases with
temperature because of the reduction of lattice thermal
conductivity. Among various Janus AsXX’ monolayers, AsSI
exhibits high thermoelectric performance at 800 K due to low
lattice thermal conductivity and high thermoelectric transport
properties (Figure 2b). The comparison of the thermoelectric
performance of Janus AsXX’ monolayers with the other 2D
monolayers is made in Table S2. From this comparison, it is
clear that the Janus AsXX’ monolayer acts as a potential
candidate in the field of thermoelectrics at higher temperatures
(800−900 K).

3.4. Optoelectronics Properties. To study the electronic
band structure of Janus AsXX’ monolayers, we implement
different methods, i.e., GGA, HSE06, and G0W0. The
calculated value of the band gap using these methods is
tabulated in Table S3. Janus AsXX’ monolayers exhibit an
indirect bandgap in the vicinity of Γ and M high symmetry
points. Due to the bond elongation, the bandgap decreases as
depicted in Figure 3. The total density of states (TDOS) of
AsXX’ monolayers is also depicted in Figure S7. On analyzing
the partial density of states (PDOS) of these monolayers, it has
been observed that the valence states near the Fermi level are
dominated by As atoms while conduction states near the Fermi
level show strong hybridization between chalcogen and
halogen atoms (Figure S8).
To study the light-harvesting ability of these monolayers, we

computed the optical absorbance spectra of AsXX’ monolayers
using G0W0-BSE methods.

70 The optical absorbance of these
monolayers are computed as71

=A
c

L( ) ( )I (23)

εI(ω) is the imaginary part of the dielectric function, and L
is the length of the unit cell in the Z-direction. The A(ω) of
AsXX’ monolayers lie in the UV−visible region with the first
most prominent peak in the visible region (Figure 4). We
computed excitonic binding energy of photogenerated charge
carriers to analyze their photoexcitation. The excitonic binding
energy (Eb) is formulated as

Figure 3. Band structure of AsXX’ monolayers using the HSE06 level of theory.
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=E E Eb QP OPTICAL (24)

where EQP and EOPTICAL stand for the energies of the quasi-
particle direct bandgap and the first most prominent peak,
respectively. The computed value of the excitonic binding
energy is listed in Table S3. The excitonic binding energy
decreases as the electronegativity difference between the
constituent atoms decreases. The excitonic binding energy of
AsXX’ monolayers is lower than MgO (2.49 eV),72 BeN2 (1.07
eV),73 and MoS2 (1.1 eV).

74 These results indicate that these
monolayers have extraordinary capability in light-harvesting
devices. The lower excitonic binding energy facilitates the
separation of electron−hole pairs and reduces the electron−
hole recombination before they participate in redox reaction.
Efficient charge separation is helpful for achieving high
photocatalytic activity and thus improves the overall perform-
ance of the photocatalyst.
Considering the semiconducting nature and excellent light-

harvesting capabilities, we have designed six AsSeI-based type-
II heterostructures having minimum lattice mismatch for
photovoltaic solar cells (Figure S9 and Table S4). The lower
lattice mismatch with minimum conduction band offset in the
case of AsSeI/AsTeI monolayers gives rise to a high value of
power conversion efficiency (PCE) up to ∼19% (Table S5).
The detailed discussion of the proposed heterostructure for
solar cells is given in the SI.
Next, we consider the effect of magnetic field and electric

field on charge carriers in terms of magneto-transport
properties and carrier mobility. The magneto-transport
properties are incorporated with Hall conductivity (σH) and
Hall factor (r) (Figure S10). The detailed discussion of
magneto-transport properties is given in the SI. Furthermore,
the carrier mobility of the Janus AsXX’ monolayers by
including various scattering mechanisms is depicted in Figure
5. We employed Matthiessen’s rule for the calculation of
temperature-dependent carrier mobility (μ), which is formu-
lated as

= + +1 1 1 1

Ac Pz Pop (25)

where μAc, μPz, and μPop represent the carrier mobility arising
due to the acoustic, piezoelectric, and polar-optical contribu-
tions, respectively. Here, we incorporate only three types of
scattering because, in the case of Janus monolayers, these
scattering mainly plays an important role. AC scattering arises
due to the coupling of electrons with an acoustic phonon,
piezoelectric scattering in Janus monolayer arises due to the

presence of an in-built electric field, and Pop scattering arises
due to the interaction of electron with optical phonons, and it
is the dominant scattering mechanism near the room
temperature or high-temperature region.33 The carrier mobility
of these monolayers decreases with T because as the T
increases, the electrons scatter more; thus, their mobility
decreases. The scattering rate of AsSCl charge carriers is less as
compared to other AsXX’ monolayers; this will lead to a higher
value of carrier mobility for the AsSCl monolayer (∼10,000
cm2V−1s−1 at room temperature). Carrier mobility of charge
carriers plays an important role in various applications such as
photovoltaic solar cells and photocatalytic water splitting.

3.5. Photocatalytic Properties. Apart from the photo-
voltaic solar cell, solar energy also plays an important role in
water splitting. Due to the excellent light-harvesting ability of
Janus AsXX’ monolayers, we compute the photocatalytic
properties of these monolayers. Of these six monolayers, only
AsSCl, AsSBr, and AsSeI monolayers possess suitable band
alignment for water splitting. As shown in Figure 6a, the
valence band position from the halogen side and conduction
band position from the chalcogen side properly engulf the
redox potential of water, which makes hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) feasible
for these monolayers. Note that the positions VBM and CBM
with respect to the redox potential are important. Only those
VBM/CBM take part in redox reaction, which properly engulf
the redox potential of water. In the case of the AsSCl
monolayer, the VBM and CBM of both the surfaces properly
engulf the redox potential of water, but we choose the VBM of
chalcogen and CBM of halogen because these lie near the
redox potential of water.
The schematic of photoexcitation is illustrated in Figure 6a

for AsSCl, AsSBr, and AsSeI interfaces, where 1, 2, and 3
represent the electron dynamics, holes dynamics, and
electron−hole recombination dynamics, when an electron
and hole pair is generated after photoexcitation. The electron
transfer takes place between the higher VBM to lower VBM,
while hole transfer takes from the lower VBM of one surface to
the higher VBM of other surface. Further the recombination of
photogenerated charge carriers takes place between the VBM
and CBM of different surfaces near the redox potential of
water. By implementing the method proposed by Chen and
Wang,75 we further analyzed the photocatalytic stability of
these monolayers in aqueous solution (SI). As depicted in
Figure 6b, hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) are two- and four-step mechanisms.

Figure 4. Optical absorbance spectra of AsXX’ monolayers using the
GW-BSE level of theory. Figure 5. Carrier mobility of AsXX’ Janus monolayers as a function of

temperature.
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3.5.1. Gibbs Free Energy Profile. Gibbs free energy profiles
are another important aspect in analyzing the hydrogen and
oxygen evolution mechanisms. The various parameters such as
zero point energy (ZPE) and entropy (TΔS) are required to
calculate the Gibbs free energy of these monolayers (Table
S6). The detailed calculation of Gibbs free energy of these
monolayers is given in SI. The computed values of photo-
generated electron potential (Ue = energy difference of
reduction potential of H+/H2 and conduction band minima)
are 0.08 0.01, and 0.19 eV corresponding to AsSCl, AsSBr, and
AsSeI monolayers, respectively. Due to the less value of
photogenerated electron potential, we take the standard value
of Ue, i.e., 1.23 eV, in the Gibbs free energy plot.

76 Therefore,
external potentials of 0.59, 0.55, and 0.39 eV corresponding to
AsSCl, AsSBr, and AsSeI monolayers, respectively, are required
to make HER feasible in these monolayers as depicted in
Figure 6c.
The computed values of photogenerated hole potential (Uh

= energy difference of reduction potential of H+/H2 and
valence band maxima) are 1.66, 2.0, and 2.17 eV
corresponding to AsSCl, AsSBr, and AsSeI monolayers,
respectively. For the OER reaction, external potentials of
1.14 0.37, and 0.36 eV are required to make the reaction
feasible, as depicted in Figure S11. Note that previous studies
have shown that the strain engineering77 and defect engineer-
ing78 methods can improve the photocatalytic performance by
reducing the external potential required to make HER/OER
feasible in 2D monolayers. Therefore, we have aligned the
band positions of AsSCl, AsSBr, and AsSeI monolayers

strained at 1, 2, 3, and 4%. After applying strain, only AsSeI
at 1 and 2% exhibits a proper band alignment for water
splitting (Figure S12). The calculated values of photogenerated
electron potential for hydrogen reduction and photogenerated
hole potential for water oxidation are given in Table S7. The
Gibbs free energy profiles of AsTeI for HER and OER at
different values of strain are depicted in Figure S13 and Figure
S14, respectively. The extra potential (ηHER) required to trigger
the HER spontaneously increases with strain, whereas the extra
potential (ηOER) required to make the OER spontaneous show
decrease at 2% of strain. It indicates that strain engineering can
be adopted as a potential tool to improve the photocatalytic
performance of 2D monolayers.
3.5.2. Solar-to-Hydrogen Conversion Efficiency. Next, the

solar-to-hydrogen (ηSTH) conversion efficiency of these
monolayers are formulated as79

= ×STH Abs Cu (26)

where ηAbs and ηCu stand for the absorption efficiency and
carrier utilization efficiency. ηAbs is given as

=
E

E

( ) d( )

( ) d( )

E

Abs

0

g

(27)

Next, the ηCU is calculated as

Figure 6. (a) Computed band alignments of AsXX’ monolayers at the HSE06 level of theory. 1, 2, and 3 represent the electron, hole, and electron−
hole recombination pathways, respectively. (b) Configuration of adsorption of atomic species for hydrogen evolution reaction and oxygen evolution
reaction and (c) Gibbs free energy pathways for hydrogen evolution reaction that corresponds to AsSCl, AsSBr, and AsSeI monolayers. The rate-
limiting potentials for AsSCl, AsSBr, and AsSeI are 1.81 1.77, and 1.61 eV, respectively. The external potential (ηOER) required to make OER
feasible is also shown.
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= ×G
P

P

( ) d( )

( ) d( )
E

E

CU

g (28)

where E is the photon energy used for the photocatalytic
mechanism.
The calculated values of ηAbs (ηCu) for AsSCl, AsSBr, and

AsSeI monolayers are 56.78% (44.86%), 59.17% (45.76%),
and 61.86% (48.89%), respectively. The presence of an in-built
intrinsic electric field facilitates the photogenerated charge
carriers in the form of potential difference (ΔV); therefore, the
corrected solar-to-hydrogen efficiency ( STH) is formulated as

= ×

×

E

E V

( ) d( )

( ) d( )
E

E

STH STH

0

0
( ) d( )

g (29)

The calculated values of STH are ∼12, 16, and 19%,
respectively. These monolayers' STH fulfilled the 10%
efficiency target for the commercial production of hydrogen.
The comparison of the corrected solar to hydrogen conversion
efficiency with other 2D monolayers is listed in Table S8. For
in-depth insights into the photocatalytic water splitting, we
compute the charge transfer behavior of these monolayers in
terms of electron transfer, hole transfer, and recombination
rate.
3.5.3. Charge Transfer Dynamics. Next, we study the

charge transfer dynamics of AsSCl, AsSBr, and AsSeI
monolayers in the context of photocatalytic water splitting.
The recombination rate of the charge carriers affects the
corrected solar-to-hydrogen conversion efficiency. To quanti-
tatively analyze the lifetime of photogenerated electron−hole

pair recombination, we first demonstrate the evolution of the
state populations. By evaluating the time-dependent Kohn-
Sham (TDKS) equation at configuration R(T), the TDKS
orbitals ψE(r, T) (Figure 7a) is expressed as53

=r T C T r R T( , ) ( ) ( , ( ))E
k

k k
(30)

Electron−phonon coupling plays an important role in the
charge carrier recombination process. In nonadiabatic
molecular dynamics simulations, the photogenerated charge
carrier recombination rate depends upon the decoherence time
(DT) and NACs (nonadiabatic coupling) time.53 The
recombination rate of photogenerated charge carriers mainly
depends on NACs: the smaller the NACs, the smaller the
recombination rate. The phonon exciton and electron−
phonon coupling gave the DT and NACs. The nonadiabatic
coupling of charge carriers is given as

= | | =
| |

d
t

H
rxy x y

x r y

y x (31)

where r ̇ is the velocity of the nuclei. NACs are calculated by
electron−phonon coupling elements (⟨ψx|∇rH|ψy⟩), energy
gap (εy − εx), and velocity (r)̇. The computed value of
nonadiabatic coupling time is Table S8.
Further, we calculate the electron transfer rate (τe) and hole

transfer rate (τh) corresponding to steps 1 and 2 (Figure 6a)
for AsSCl, AsSBr, and AsSeI Janus monolayers. The electron
transfer rate is higher than the hole transfer rate as listed in
Table S9. The electron−hole recombination rate (τ) for the
full exponential decay process is formulated as80

=P T T
( ) exp( )

(32)

Figure 7. (a) Energy evolution of Kohn−Sham (KS) states near the Fermi level and (b) electron−hole recombination rate for the photocatalytic
water splitting process of AsSCl, AsSBr, and AsSeI monolayers.
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The calculated electron hole recombination rate values are
1.52, 0.98, and 0.67 ns corresponding to AsSCl, AsSBr, and
AsSeI monolayers, respectively, as depicted in Figure 7b. Note
that the recombination rate value of other 2D monolayers are
Ga2SeTe (51.5 ns),

81 In2SeTe (61.1 ns),
81 In2STe (72.8 ns),

81

and PtSe2 (>10 ns).
82

4. CONCLUSIONS
In this study, we computed the piezoelectric, thermoelectric,
and photocatalytic properties of 2D Janus AsXX’ monolayers.
The positive phonon dispersion spectra, AIMD curves, and
nonzero elastic coefficients confirm their dynamical, thermal,
and mechanical stability, respectively. These monolayers
possess strong out-of-plane piezoelectric coefficients. Using
various scattering models, the scattering rate has been
estimated to obtain the thermoelectric performance of these
monolayers in terms of zT, which lies in the range of 0.09 to
1.51 at 800 K. These monolayers exhibit an indirect band gap
with high carrier mobility and strong visible light optical
absorption spectra. The power conversion efficiency of AsSeI-
based type-II heterostructures has been shown to reach up to
19%. Further, AsSCl, AsSBr, and AsSeBr monolayers exhibit
suitable band alignment for water splitting. AsSCl, AsSBr, and
AsSeI monolayers can be potential candidates for water
splitting with solar-to-hydrogen conversion efficiencies 12,
16, and 19%, respectively. Further, the extra potential (ηHER)
required to trigger the HER spontaneously increases as the
strain increases, whereas the extra potential (ηOER) required to
make the OER spontaneous show a decrease at 2% of strain.
The calculated values of electron−hole recombination rates are
1.56, 0.98, and 0.67 ns corresponding to AsSCl, AsSBr, and
AsSeI monolayers, respectively. These findings indicate that
Janus arsenic chalcohalide monolayers can act as potential
candidates for energy-harvesting applications.
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