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Janus monolayers and their van der Waals heterostuctures are investigated by hybrid density functional
theory calculations. MoSSe, WSSe, MoSeTe and WSeTe are found to be direct band gap semiconductors.
External electric fields are used to transform indirect MoSTe and WSTe to direct band gap
semiconductors. MoSSe—-WSSe, MoSeTe-WSeTe and MoSTe-WSTe vdW heterostructures are also indirect
band gap semiconductors with type-Il band alignment. Similar to the corresponding monolayers, in some
of the above mentioned vdW heterostructures an external electric field and tensile strain can transform
indirect to direct band gaps, while sustaining type-Il band alignment. Janus monolayers have lower values
of the work function (¢) than their vdW heterostructure counterparts. Furthermore, absorption spectra,
absorption efficiency, and valence(conduction) band edge potentials are calculated to understand the
optical and photocatalytic behavior of these systems. Red and blue shifts are observed in the position
of excitonic peaks due to the induced strain in Janus monolayers. Strong device absorption efficiencies
(80-90%) are observed for the WSeTe, MoSTe and WSTe monolayers in the visible, infra-red and
ultraviolet regions. Energetically favourable band edge positions in Janus monolayers make them suitable
for water splitting at zero pH. We find that the MoSSe—WSSe heterostructure and the MoSTe monolayer
are promising candidates for water splitting with conduction and valence band edges positioned just out-
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|. Introduction

The incredible thinness of graphene with exceptional semicon-
ducting direct band gap (1.0-2.0 eV) nature, high carrier
mobility (>200 cm® V' s%), and high ambient stability makes
MX, (M = Mo, W; X = S, Se, Te) monolayers ideal candidates for
optoelectronic devices.'™ Recently, selenization in MoS,° and
sulfurization in MoSe,” through chemical vapor deposition
(CvD) have been confirmed successfully as Janus MXY (M = Mo,
W; X, Y = S, Se, Te) monolayers. Density Functional Theory (DFT)
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calculations for electronic structures and Raman vibration
modes of SMoSe monolayers are also found to correlate well
with experiments.” Furthermore, larger SOC-induced Rashba
spin splitting makes these materials promising for futuristic
spintronic devices.® Very recently, using DFT calculations Xia
et al® explored the electronic structure and photocatalytic
applications of MXY (M = Mo, W; X, Y = S, Se, Te) monolayers.
They showed that the atomic radius and electronegativity
differences of the X and Y chalcogen elements in MXY mono-
layers are associated with the direct-indirect band transition
and induced dipole moment.

Similar to the control of dimensionality, external electric
field,'® strain engineering,'* and vertical stacking via van der
Waals (vdW) interactions'>"? are also effective approaches for
manipulation of the electronic properties of materials. Layer
stacking in the form of a vdW heterostructure is a practical tool to
design viable electronic products, like tunneling transistors,'*
flexible optoelectronic devices™ and bipolar transistors.'® Type-II
band alignment obtained by confining the valence band maximum
(VBM) and conduction band minimum (CBM) to two different
layers of vdW heterostructures is capable of modulating the inter-
layer transition energy and responsible for charge separation,”
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and hence intensively used in designing advanced optoelectronic
devices.'®

Time-dependent DFT combined with nonadiabatic molecu-
lar dynamics have been used to realize ultrafast photoinduced
charge separation in the MoSSe-WS, vdW heterostructure, thus
it is a promising candidate in photovoltaic and optoelectronic
applications.”® Vertical vdW and lateral heterostructures of
Janus MoSSe and WSSe monolayers proposed in ref. 21 exhibit
type-II band alignment. Based on DFT calculations, six Janus
monolayers are found to be promising candidates for photo-
voltaic applications.””

However, despite the above results using first principles
calculations, the expected properties from these systems are
still under debate. Therefore, a comprehensive insight is gained
into the electronic structure, effective masses, work function,
and photocatalytic performance of the Janus MXY (M = Mo, W;
X, Y = S, Se, Te) monolayers and their vdW heterostructures.
Furthermore, optical properties in terms of the imaginary part
of the dielectric function (e,(w)) and absorption efficiency (17)
are also investigated for optoelectronic and solar cell device
applications. Contrary to six possible stackings of MX, (M = Mo,
W; X = S, Se) monolayers,"” twelve possible stackings (six in
each Model, Model-I and Model-II) of Janus monolayers are
investigated. Experimentally achievable strain is induced in MX,
monolayers while generating Janus monolayers. Therefore, the
biaxial strained and electric field tunable electronic structures of
the Janus monolayers and their vdW heterostructures have also
been considered.

lI. Computational details

We employ DFT with Grimme’s empirical dispersion correction
in the Vienna ab initio simulation package (VASP).>* A 500 eV
cut-off, 6 x 6 x 1 k-meshes, and a 20 A vacuum layer along the
z-axis added to interrupt the artifacts of the periodic boundary
conditions, are used. Energies (forces) were converged to 10™* eV
(1072 ev A™") by the Perdew-Burke-Ernzerhof (PBE) functional®®
in the relaxation of the atomic positions. Commonly, the PBE
functional underestimates the band gap values of semiconductors;
therefore, a computationally expensive HSE06 (Heyd-Scuseria—
Ernzerhof) functional®® including the effect of spin-orbit
coupling is used for electronic band structure calculations.
Furthermore, an external electric field?” and mechanical strain
applied by setting the optimized lattice parameters to fixed
larger/smaller values®® and relaxing the atomic positions are
used to tune the electronic properties.

A 4 x 4 x 1 supercell and harmonic interatomic force constants
estimated by density functional perturbation theory are used via
Phonopy code for the phonon spectrum calculations.>*

The HSEO06 single particle energies and wave functions are
further used to calculate the quasiparticle energies in a GW,
approach and to solve the Bethe-Salpeter (Tamm-Dancoff
approximation) equation®"*? to investigate the optical absorp-
tion spectra in terms of ¢,(w). A 420 eV cut-off, 300 of NBAND,
and 10 highest(lowest) valence(conduction) bands are used for
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excitonic eigenstates in these calculations. Different cutoffs are
adopted due to the high computational cost of GW, calculations.

Moreover, &(w) and é(w) are used as input files for
the device absorption efficiency in the COMSOL-multiphysics
software, briefly described in ref. 33, 34 and see Fig. 7(a). In this
simulated device, a glass layer of 100 nm, indium doped tin
oxide (ITO) layer of 80 nm (as anode material), and 2D mono-
layer and heterostructure layer of 350 nm are used. A 10 nm
thick PC60BM ((6,6)-phenyl-C61-butyric acid methyl ester) known
as an electron transport layer (ETL) stacked above the 2D material
layer, while a 15 nm thick PCDTBT (poly(N-9'-heptadecanyl-2,7-
carbazole-alt-5,5-(4’,7'-di(thien-2-yl)-2',1’,3’-benzothiadiazole)))
known as a hole transport layer (HTL) was used below the 2D
material, for obtaining the excited carriers. A 100 nm thick
bottom layer (Ag) worked as a cathode material.

I1l. Results and discussion

Contrary to MX, monolayers, in Janus MXY monolayers,
M (transition metal atom) is sandwiched between X and Y
(two different chalcogen atoms).>® Optimized lattice parameters
and bond lengths of MXY (M = Mo, W; X, Y = S, Se, Te)
monolayers presented in Table 1 are about the average value of
the corresponding MX, monolayers and are in agreement with
theoretical®*® and experimental® findings. In agreement with
ref. 9 and 22, MoSSe, WSSe, MoSeTe and WSeTe are found to be
K-point direct band gap semiconductors, while MoSTe and WSTe
are indirect band gap semiconductors with the VBM located at the
I'-point and the CBM at the I'-K-point of the Brillouin zone (BZ),

Table 1 Lattice constant (a), bond length (M—X), phonon modes (Ay,E),
band gap (Eg-nse. Eg-awo). valence band splitting (4yvg), work function (¢),
binding energy (E, Ep, Ec Eq. Ee Ef), and interlayer distances (d) for
monolayer and Model-I(-1l) vdW hetrostructures

Janus monolayer MoSSe WSSe MoSeTe WSeTe MoSTe WSTe

a (A) 3.25 3.26 3.42 3.45 3.35 3.38
M-X (o) 2.42 2.42 2.52 2.56 2.43 2.44
M-Y (A) 2.53 2.54 2.55 2.72 2.71 2.72
Ay (cm’l) 294 282 210 214 236 222
E (cm’l) 345 332 263 227 336 318
Eg sk (ev) 2.24 2.16 1.84 1.70 1.52 1.50
E¢.cwo (eV) 3.15 3.29 2.66 2.78 2.44 2.52
Avg (eV) 0.19 0.47 0.20 0.47 0.19 0.50
¢ (eV) 2.53 3.00 2.55 2.82 3.10 2.88
MoSSe-WSSe MoSeTe-WSeTe MoSTe-WSTe

Heterostructures Model-I Model-II Model-I Model-II Model-I Model-IT

E, (eV) —0.125 —0.131 —0.193 —0.148 —1.96 —1.93
Ey, (eV) —0.148 —0.158 —0.232 —0.182 —2.05 —2.01
E. (eV) —0.166 —0.183 —0.265 —0.199 —2.08 —2.02
Eq (eV) —0.169 —0.184 —0.266 —0.200 —2.06 —2.01
E. (eV) —0.129 —0.135 —0.199 —0.153 —2.07 —2.00
E¢ (eV) -0.179 —0.198 —0.287 —0.211 —2.07 —2.01
dspacing (A) 3.15  3.04 322 3.10 3.14  3.01
a (A) 3.25 3.43 3.36

Mo-X/Y (A) 2.42/2.53 2.55/2.72 2.43/2.71
W-X/Y (A) 2.42/2.54 2.56/2.72 2.44/2.72
Egusk (€V) 145  1.62 0.77  0.94 0.44  0.52
Eg.gwo (€V) 1.68  2.08 124  1.23 0.86  0.93
¢ (ev) 4.03 512 475  5.68 4.55  6.05
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see Fig. 3. Additionally, strain is a good approach to tune the
band gap, therefore strain was induced in the MX, (M = Mo, W;
X =S, Se, Te) monolayers, while generating a Janus structure
alters the band gap value, i.e. MS,(strained) > MSSe > MSe,
(strained) and MSe, (strained) > MSeTe > MTe, (strained).
Hence, constructing Janus MXY structures is a good strategy for
the band gap modulation of MX, monolayers. Compressive-
(tensile) strain enhances(reduces) splitting between bonding
and antibonding states at the K-point, while reduces(enhances)
it along the I'-K direction, leading to fluctuation in the nature
of the band gap. In the case of all Janus TMDCs monolayers, the
VBM at the K-point(I-point) of the BZ is mainly originating
from d,y + dy2_y2(d;2), while the CBM is due to the d.. orbital.
However, the d, and d,, orbitals are not involved directly in the
interplay near the CBM and VBM. Applying an external electric
field split the electronic levels, and hence is also a good strategy
to control the electronic properties of 2D materials.>” An
electric field of 0.34(0.50) eV A™* shifts the VBM/CBM to the
I'-point of the BZ, and hence transforms MoSTe(WSTe) to a
direct band gap semiconductor, see Fig. 3(g and i), while
further increase in the electric field tunes these materials to
metals in agreement with ref. 37 for MX, monolayers. Transition
from indirect to direct band gap nature and from semiconduc-
tor to metallic nature with increasing electric field is due to
the fact that an external electric field induces repulsion among
the electronic levels leading to an upshift(downshift) of the
VBM(CBM), and thus decreases the band gap at the I'-point
instead of the K-point of the BZ for MX, monolayers.*”

Layer stacking can effectively modulate the electronic struc-
ture in the formation of vdW heterostructures.*® Therefore,
maximum possible stacking configurations in each MXY-WXY
vdW heterostructure are fabricated by using an optimized
lattice constant of Janus monolayers. In a simple TMDC monolayer,
a similar chalcogen atom is attached to the transition metal atom
(X-M-X); hence, there are six favourable arrangements of atoms
in a heterostructure."'® In the case of Janus monolayers, two
different chalcogen atoms are attached to the transition metal
atom (X-M-Y), so there are twelve favourable high-symmetry
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stacking sequences of atoms in the formation of a Janus vdW
heterostructure, separated into two models. Model-I: top layer
of one chalcogen atom of one monolayer touches the bottom
layer of a different chalcogen atom of a second monolayer while
for Model-II: the same chalcogen atoms touch both monolayers.
Model-I in Fig. 1; stacking (a) the M atom of one monolayer is
placed on the top of an M atom of a second monolayer, while an
X(Y) atom of one monolayer is on top of the Y(X) atom of a
second monolayer, stacking (b) M atom of one monolayer is
placed on top of the X/Y atom of the second monolayer and vice
versa, stacking (c) the M atom of one monolayer is placed on top
of the M atom of another monolayer while the X and Y atoms of
both monolayers are on the hexagonal site, stacking (d) the M
atom of one monolayer is placed on the X/Y atom of a second
monolayer while the other M atom and X/Y atom of a second
monolayer is on the hexagonal site, stacking (e) the M atom of
the second monolayer is placed on the top of the X/Y atom of
first monolayer while the M atom of the first monolayer is on the
hexagonal site, stacking (f) the M atoms of both monolayers are
on the hexagonal site while the X/Y atoms are on top of each
other. We have also relaxed all the similar configurations in
Model-II as discussed.

Binding energy (Ey); Ep =

FEheterostructure — Emonolayer-i -

Emonolayer-ii - is calculated and presented in Table 1. More
negative binding energy and smaller interlayer distance owing
to the stronger interaction make stacking f (similar to bulk MX,)
in both models of MoSSe-WSSe and MoSeTe-WSeTe most
favourable, see Table 1. These values are in the range of previous
calculated values of other vdW heterostructures.'®***> Similarly,
a favourable stacking position is also established in the vdwW
heterostructures of MX, monolayers.'>"® The stability of a specific
model is controlled by several factors including the strength of
the hybridization tailored by strain. Therefore, in contrast to
MoSSe-WSSe and MoSeTe-WSeTe, stacking c is favourable for
the MoSTe-WSTe vdW heterostructure, due to the large induced
strain in MX, while generating MXY monolayers.*°

The phonon spectrum exhibits no imaginary phonon modes,
confirming the dynamical stability of all Janus MXY monolayers
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Fig. 1 Janus heterostructure in six high symmetry stacking sequences in Model-I. The dotted line represents the unit cell.
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Fig. 2 Phonon spectra; (a) MoSSe, (b) MoSSe—-WSSe, (c) WSSe, (d) MoSeTe, (e) MoSeTe—-WSeTe, (f) WSeTe, (g) MoSTe, (h) MoSTe-WSTe, and (i) WSTe.

and their favourable vdW heterostructures, see Fig. 2. Phonon
dispersion of Janus monolayers has three acoustical branches
at lower frequency containing in-plane longitudinal acoustic
(LA), transverse acoustic (TA), and out-of-plane acoustic (ZA)
modes and six optical branches of two in-plane longitudinal
optical (LO; and LO,), two in-plane transverse optical (TO; and
TO,), and two out-of-plane optical (ZO; and ZO,) modes. Six
optical modes are further classified as degenerate E’ (LO, and
TO,) and E” (LO; and TO;) and non degenerate A1’ (ZO,) and
A1" (ZO,) at the I'-point of the BZ. Vibration frequencies of A1
and E modes for the MXY monolayers in Fig. 2 are summarized
in Table 1, which are in agreement with the Raman peaks at
287 and 355 cm™ ' for MoSSe in ref. 6 and 7.

Heterostructures contain six atoms with the corresponding
three acoustic and fifteen optical branches. Acoustic branches
at lower frequency also hold LA, TA, and ZA modes. Apparently
in all heterostructure systems (see Fig. 2) at the I'-point,
the two lowest optical modes (red color) above the acoustic
mode located in the frequency range 40-60 cm ™, are respon-
sible for the vdW interaction or coupling effect between the
corresponding monolayers. A similar trend has been experi-
mentally reported in fabricating MoS,-WSe, and MoSe,-MoS,
heterostructures®' and theoretically predicted in SiC-TMDC
heterostructures.*>

This journal is © the Owner Societies 2019

In both Model-I and -II of MoSSe-WSSe and MoSTe-WSTe
(MoSeTe-WSeTe), the VBM lies at the I'(K)-point while the CBM
lies at the I'-K-point of the BZ; hence, they are indirect band
gap semiconductors, see Fig. 3, while the band gap values are
presented in Table 1. Our calculated band gap value for an
untwisted bilayer (MoSSe-WSSe) is slightly larger than the
values calculated in ref. 43, because we have used the HSE06
functional, while the VBM and CBM lie at the same points in
the Brillouin zone. Tensile strain of 2% shifts the CBM from
I' to K-point of the BZ uniquely in MoSeTe-WSeTe (Model-I),
and hence it transforms to a direct band gap semiconductor.
Similar to Janus monolayers, external electric field of 0.4 eV A™*
transforms indirect MoSSe-WSSe and MoSeTe-WSeTe to direct
band gap semiconducting materials (see Fig. S2 in the ESIt for
details). A substantial amount of induced strain maintains the
indirect band gap nature of an MoSTe-WSTe semiconductor
under both applied external electric field and tensile strain.

The weighted band structure of both modeled heterostruc-
tures without and with applying external electric field are
investigated and presented in Fig. 4. Model-I, the VBM of
MoSSe-WSSe (MoSeTe-WSeTe) heterostructures is due to the
Mo-d,2(W-d,2) orbitals, while the CBM is due to the W-d,,,(Mo-d,,)
orbitals, see Fig. 4 (top row). External electric field not only
transforms indirect MoSSe-WSSe and MoSeTe-WSeTe to direct

Phys. Chem. Chem. Phys., 2019, 21, 18612-18621 | 18615
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Fig. 3 Band structure; (a) MoSSe, (b) MoSSe—-WSSe,
Model-1, green color for Model-II heterostructures in

band gap semiconducting materials, but also tunes the band
alignment, see Fig. 4(b and e), where the VBM of MoSSe-WSSe
(MoSeTe-WSeTe) heterostructures is due to the W-d,,(Mo-d,,)
orbital and the CBM is due to the Mo-d,2(W-d,2) orbitals. This
type of VBM and CBM, separated into different layers of both
modeled heterostructures, called type-II band alignment, and
will spontaneously separate the free electrons and holes, and
enable efficient optoelectronics and solar energy conversion
applications in photovoltaics.>* A similar trend of both electron
and holes contributed by different layers is also observed in
MoSTe-WSTe (Model-I, II) heterostructures, see Fig. 5.
Although, in our previous work we have shown type-II band
alignment for indirect band gap heterostructures, while Terrones
and his co-workers** show the same property in direct band
gap semiconducting heterostructures of MX, monolayers. In the
present work, type-II band alignment is confirmed for both
direct (under external electric field) and indirect (without exter-
nal electric field) semiconducting band gap heterostructures.
Interlayer charge transfer tunes the electronic band struc-
ture and absorption spectra of a heterostructure with respect to
the corresponding parent monolayers. Therefore, interlayer
charge transfer is investigated by Bader population analysis
and charge density difference p = pr) — PgT™MDCs-i) — PITMDCs-ii)s
presented in Fig. 5(c and d), where p(y is the charge density of
the heterostructure and pyrmpcs-i) and pgrvmpcs-ii) are the charge

18616 | Phys. Chem. Chem. Phys., 2019, 21, 18612-18621

c) WSSe, (d) MoSeTe, (e) MoSeTe-WSeTe, (f) WSeTe, (g) MoSTe, (h) MoSTe-WSTe, and (i) WSTe. Black color for
b), (e) and (h) and dotted line represents transition to direct band gap nature under the influence of electric field.

densities of isolated Janus monolayers, respectively. Bader
population analysis and charge density difference show the
interlayer charge transition. The majority of charge is trans-
ferred from the monolayer of WSSe(MoSSe) to MoSSe(WSSe) at
the interface of the Model-I(-II) MoSSe-WSSe heterostructure,
see Table 2, which is also confirmed from the weighted band
structure of the MoSSe-WSSe heterostructure presented in
Fig. 5. Therefore stacking in Model-I(-II) turns WSSe(MoSSe)
into a p-doped semiconductor, while MoSSe(WSSe) into an
n-doped semiconductor. In the case of MoSeTe-WSeTe(MoSTe-
WSTe) heterostructures, charges are transferred from the
monolayer of MoSeTe(MoSTe) to WSeTe(WSTe) at the interface
in Model-I(-II), see Table 2. Thus, MoSeTe(MoSTe) turns into
p-doped, while WSeTe(WSTe) turns into an n-doped semicon-
ductor after stacking in both Model-I(-I), hence also confirming
type-1I band alignment, which slows down charge recombination
and is highly desirable for light harvesting applications.
Formation of the Janus monolayers and their vdW hetero-
structures not only modulates the band structure, but also tailors
the effective masses. Therefore, effective mass of carriers for
Janus monolayers and the corresponding heterostructure in both
Model-I and -II are calculated by using the deformation potential
theory m* = h*(0°E(k)/0k”)~" and band fitting to a parabola,*® see
Table 3. Induced strain in MX, (M = Mo, W; X = S, Se, Te)
monolayers while generating a Janus structure alters the band gap

This journal is © the Owner Societies 2019
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Fig. 4 Weighted band structure; MoSSe-WSSe: (a) Model-|, (b) electric field tuned Model-I, (c) Model-II; MoSeTe-WSeTe: (d) Model-|, (e) electric field

tuned Model-|, (f) Model-II.

value, and hence the effective masses. Therefore, electron-hole
effective masses (m*) of the Janus MXY monolayers are about the
average value of the corresponding strained MX, monolayers and
are in good agreement with reported*® values. A smaller effective
mass leads to higher carrier mobility, which is strongly desired
for high performance device applications;"” therefore, WSSe and
WSeTe are expected as the best candidates for electronic and
opto-electronic devices. It is also clear from Table 3 that the
effective masses for holes and electrons of a heterostructure in

This journal is © the Owner Societies 2019

Model-I are smaller than that of Model-II, and hence shows the
best candidate for electronic and opto-electronic devices. Smaller
effective mass of electrons than holes for all Janus MXY mono-
layers and the corresponding heterostructures in both Model-I
and -II are in good agreement with previous calculated results.*®

Absorption spectra in terms of the ¢(w) of the Janus mono-
layers and their vdW heterostructures, are presented in Fig. 6.
The A and B-excitons are the lowest energy transitions with the
peak values at 2.0-2.2 eV for MoSSe, 2.24-2.64 eV for WSSe,

Phys. Chem. Chem. Phys., 2019, 21, 18612-18621 | 18617
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Fig. 5 Weighted band structure; MoSTe—-WSTe (a) Model-I, (b) Model-II,
charge difference of the MoSSe-WSSe (c), and MoSTe-WSTe (d). The
isovalue chosen to plot the isosurface is 0.001 eV A=3.

1.48-1.65 eV for MoSeTe, 1.65-2.2 eV for WSeTe, 1.51-1.73 eV
for MoSTe, and 1.67-2.02 eV for WSTe and the binding energy
is 1.15 eV (MoSSe), 1.05 eV (WSSe), 1.18 eV (MoSeTe), 1.13 eV
(WSeTe), 0.79 eV (MoSTe), and 1.01 eV (WSTe). Blue shift in the
excitonic peaks and larger binding energy with respect to the
parent monolayers in ref. 12 and 49 is due to the induced strain
while constructing a Janus structure. Therefore, we have also
calculated the é&,(w), of parent (MoS,, WS,, MoSe,, WSe,)
strained monolayers, indicating that the absorption spectra can
be modulated by forming Janus MXY structures. The positions of
the excitonic peaks are further modulated in the heterostructures
of the Janus monolayers and appear in Model-I(II) at 2.21(2.31)
and 2.42(2.39) eV for MoSSe-WSSe, at 1.57(1.65) and 1.66(1.83) eV
for MoSeTe-WSeTe, and at 1.83(1.88) and 2.03(2.07) eV for
MoSTe-WSTe heterostructures. Hence, the above alteration in
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Table 3 Carrier effective masses (m*) for electrons (m.*) and holes (m,*)
of Janus monolayers and their heterostructures

Janus monolayers MoSSe WSSe MoSeTe WSeTe MoSTe WSTe

me* 0.54 0.36 0.57 0.36 0.46 0.45
mp* 0.64 0.50  0.70 0.49 1.56 1.44
MoSSe-WSSe MoSeTe-WSeTe MoSTe-WSTe

Heterostructures Model-I Model-II Model-I Model-II Model-I Model-IT

me* 0.62 0.64 0.62 0.67 0.54 0.59
mp* 0.71 0.75 0.82 0.91 1.88 1.92

the position of the exciton with respect to the corresponding
parent monolayers is due to charge transfer between the layers of
heterostructures. This type of electron-hole separation represses
the intralayer optical recombination processes.

Device absorption efficiencies are calculated to see the
suitability of these materials for solar cell applications, see
Fig. 7. MoSSe and WSSe show high absorption (above 60%) in
the wavelength range below 700 nm and 600 nm respectively,
while abrupt decrease in the absorption is found above 600 nm.
MoSeTe has smaller absorption efficiency below 600 nm, while
WSeTe and WSTe have excellent absorption efficiency 80-90%
in a wide range of light spectra (above 800 nm). Outstanding
absorption efficiency of about 90% in the spectral range of
~ 840 nm is found for the MoSTe monolayer. By simulating the
absorption efficiency of the corresponding heterostructures in Fig. 7,
we show that there is no significant amplification in the case of all
heterostructures. In the case of MoSSe-WSSe and MoSTe-WSTe, the
absorption efficiency decreases in both Model-I and -II compared to
their monolayer counterparts. MoSeTe-WSeTe shows higher absorp-
tion efficiency than MoSTe, while less than a WSeTe monolayer. On
the basis of the above discussion, WSeTe, MoSTe and WSTe show
excellent absorption efficiencies (80-90%) in a wide range of light
spectra, covering the visible, infra-red and ultraviolet regions of light.
It is also noted that 98% of the solar energy/photons reaching the
earth’s surface are below 3.4 eV, ref. 33 and 34. We can see that
most of our studied materials have strong absorption efficiencies
below 3.4 eV. On the basis of these findings we expect very strong
power conversion efficiencies (PCE) for these 2D materials.
We expect potential applications of these 2D materials in the
photovoltaic industry. Therefore, we are highly encouraging
experimentalists to further investigate these materials for solar
cell applications.

Table 2 Bader charge (1072 e) distribution in the Janus vdW heterostructures

MoSSe-WSSe MoSeTe-WSeTe MoSTe-WSTe
Heterostructures Model-T Model-I1 Model-I Model-I1 Model-I Model-I1
Mo 0.10 0.06 0.14 0.11 0.63 0.25
w 0.10 0.12 0.13 0.12 0.53 0.30
S, 0.19 —0.16 — — 2.53 4.75
S, 0.68 —0.19 — — 0.30 —5.95
Seq —0.81 1.21 1.71 0.80 — —
Se, —0.27 —1.03 0.22 —1.37 — —
Te, — — —0.29 0.17 —0.55 0.40
Te, — — —1.92 0.16 —3.45 0.26
MXY/WXY —0.52/0.51 1.11/-1.10 1.56/—1.57 1.08/—1.09 2.61/—2.62 5.40/—5.39
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(h) MoSTe-WSTe, and (i) WSTe. The black color for Model-1, and green color for Model-1I heterostructures in (b), (e) and (h); see the text for details.
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Fig. 7 (a) A simulated solar cell device structure and total device absorption efficiencies; (b) MoSSe—-WSSe, (c) WSSe (black), MoSSe (red), (d) MoSeTe,
(e) MoSeTe—-WSeTe, (f) WSeTe, (g) MoSTe, (h) MoSTe-WSTe, and (i) WSTe. The black color for Model-1, and green color for Model-Il heterostructures in

(b), (e) and (h); see the text for details.

The work function (¢) can be defined as the minimum
amount of energy needed for removing an electron from a
surface. The change in conductivity of a surface, especially a
monolayer, is closely related to the variation in ¢.>° Accurate
calculation of ¢ can also help to establish the direction of
charge flow in the surface. Conventionally, using DFT methods,
the following relation could be used to calculate ¢:*" ¢ = V., — Ep,
where V., is the electronic potential at a vacuum region far

This journal is © the Owner Societies 2019

from the surface (see Fig. SI in the ESIT) and Ep is the Fermi
level. The values of ¢ for the Janus monolayers and their vdW
heterostructures are given in Table 1. A comparative analysis of
calculated ¢ of monolayers shows the trend, MoSTe > WSSe >
WSTe > WSeTe > MoSeTe > MoSSe. For the heterostructures,
we obtain the following trend MoSTe-WSTe > MoSeTe-WSeTe
> MoSSe-WSSe. Thus, it can be seen that the Janus monolayers
have lower values of ¢ than their heterostructure counterparts.
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Fig. 8 Valence and conduction band edge potentials of Janus monolayers and their Model-| (black) and Model-II (green) vdW heterostructures. Water
reduction (H*/H,) and oxidation (H,O/O,) potentials are represented by dashed lines.

TMDC monolayers, already found as low-cost and earth-
abundant catalysts, can replace noble metals.’” Therefore, the
photocatalytic response of Janus monolayers and their vdW
heterostructures are investigated by using Mulliken electrone-
gativity in Evgm = 1 — Eelec + 0.5E; and Ecpy = Evpm — Eg.”>%!
Where Evpm(Ecsm) is valence(conduction) band edge potential, x
represents geometric mean of Mulliken electronegativities of the
constituent atoms, E... = —4.5 €V is the standard electrode
potential on the hydrogen scale, and E, is the band gap values.
Band alignments with respect to the redox potential of water at pH
= 0 for Janus monolayers and their vdW heterostructures are
presented in Fig. 8. We note that our predicted band edges for
the MoSSe monolayer are in good agreement with previous work
(CBM: —4.88 eV, VBM: —3.80 eV).’ Of the Janus monolayers, MoSTe
exhibits the most energetically suitable positions of the band edges
and hence is a promising candidate for water splitting at pH = 0.
However, it should be pointed out that all the Janus monolayers
show energetically suitable positions of the band edges which are
outside of the reduction and oxidation potentials (Fig. 8). Of the
heterostructures, MoSSe-WSSe emerges as a good candidate for
water splitting, however, all other vdW heterostructures at pH = 0
fail to reduce H to H,. We have used the Nernst equation®”®
to investigate the water redox potentials (H'/H, and H,0/0,) at
PH = 1-7 of Janus monolayers and their corresponding heterostruc-
tures (see Table SI and SII in the ESIt). The calculated values show
that by increasing the value of pH, the materials tend to be favorable
for reduction while the value of oxidation further decreases.

V. Conclusions

In summary, the vibrational properties, electronic structure, effective
masses, device absorption efficiency, workfunction, optical and
photocatalytic response of Janus monolayers and their vdW hetero-
structures were investigated using first-principles (hybrid DFT)
calculations. The phonon spectrum confirms the dynamical stability
of Janus monolayers and their vdW heterostructures. Pristine
MoSSe, WSSe, MoSeTe and WSeTe are found to be direct band
gap semiconductors, while external electric fields can transform

18620 | Phys. Chem. Chem. Phys., 2019, 21, 18612-18621

indirect MoSTe and WSTe to direct band gap semiconductors.
MoSSe-WSSe, MoSeTe-WSeTe and MoSTe-WSTe are indirect band
gap type-II semiconductors, while external electric field and tensile
strain can be used in specific cases to transform them to a direct
band gap semiconductor with type-II band alignment. Strong optical
absorption is speculated in the visible to ultraviolet regions of these
heterostructures and monolayers calculated via ¢,(«w). Monolayers of
WSeTe, MoSTe and WSTe show excellent absorption efficiencies
(80-90%) in the visible, infra-red and ultraviolet regions. We expect
potential applications of these monolayer materials for solar cells
applications in the photovoltaic industry. Janus monolayers have
shown lower values of ¢ than their vdW heterostructure counter-
parts. All Janus monolayers are found to be favorable for water
splitting at pH = 0, with MoSTe being a particularly attractive
candidate with conduction and valence band edges positioned just
outside of the redox interval. Of the heterostructures, MoSSe-WSSe
is found to be a promising candidate for water splitting.
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