Chemical Physics 539 (2020) 110939

journal homepage: www.elsevier.com/locate/chemphys

Contents lists available at ScienceDirect

Chemical Physics

CHEMICAL
PHYSICS

First principles study of structural, optoelectronic and photocatalytic R

Check for

properties of SnS, SnSe monolayers and their van der Waals heterostructure %

Thi-Nga Do™", M. Idrees‘, Bin Amin‘, Nguyen N. Hieu®', Huynh V. Phuc?, Le T. Hoa""",

Chuong V. Nguyen”

2 Laboratory of Magnetism and Magnetic Materials, Advanced Institute of Materials Science, Ton Duc Thang University, Ho Chi Minh City, Viet Nam

Y Faculty of Applied Sciences, Ton Duc Thang University, Ho Chi Minh City, Viet Nam
© Department of Physics, Hazara University, Mansehra 21300, Pakistan

4 Department of Physics, Abbottabad University of Science and Technology, Abbottabad 22010, Pakistan

¢ Institute of Research and Development, Duy Tan University, Da Nang 550000, Viet Nam
f Faculty of Natural Sciences, Duy Tan University, Da Nang 550000, Viet Nam
& Division of Theoretical Physics, Dong Thap University, Cao Lanh 870000, Viet Nam

! Department of Materials Science and Engineering, Le Quy Don Technical University, Ha Noi 100000, Viet Nam

ARTICLE INFO ABSTRACT

Keywords:

2D materials

van der Waals heterostructure
photocatalytic performance
DFT calculations

Electronic structure, optical, and photocatalytic properties of SnS, SnSe and their van der Waals heterostructures
are investigated by first-principle calculations. Thermal stability confirmed that SnS, SnSe and SnS-SnSe van der
Waals heterostructure are thermodynamically stable. The calculated band structure shows that SnS, SnSe and
SnS-SnSe van der Waals heterostructure are indirect band nature while the heterostructure are confirmed for
type-II band alignment. Bader charge analysis shows that the charges are transfer from SnS layer to SnSe layer.

Furthermore, absorption spectra are calculated to understand the optical behavior of these systems, where the
lowest energy transitions are lies in visible region. The valence and conduction band edges straddle the standard
redox potentials in SnS, SnSe and their van der Waals heterostructures van der Waals heterostructures, making
them promising candidates for water splitting in the acidic solution.

1. Introduction

Since the discovery of graphene, new two-dimensional (2D) mate-
rials continue to emerge with novel electronic and optoelectronic
properties [1-6]. Lots of graphene-like 2D materials, such as boron
nitride [7,8], transition metal dichalcogenides (TMDCs) [9], phos-
phorene [10,11], graphitic carbon nitrides [12-16] and others [17-20]
have been widely studied due to their distinctive physical properties
and numerous promising applications [21]. Among them, the group IV
chalcogenides has received extensive attention due to its rich earth
resources, environmental friendliness, low cost, and unique applica-
tions in the fields of solar energy conversion, photovoltaics, and ther-
moelectric devices [22-25]. The most representative Group IV chalco-
genide is SnSe, which is a well-known high-performance thermoelectric
material with ultra-low thermal conductivity [26,27]. In addition, bulk
and monolayer-group IV monochalcogenides MX (M = Ge, Sn;; X = S,
Se) have many advantages, such as stability, flexibility and high per-
formance as piezoelectric materials. In sharp contrast to MoS, and AIN,
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the anisotropic piezoelectric coefficient of the MX series is quite large
[28,29]. Moreover, the atomically thin Group IV monochalcogenide is
of interest as a required spin transport device in spin physics. For ex-
ample, due to the interaction of spin orbit coupling in SnSe and GeSe
sheets, the lack of inversion symmetry and dipole moments are gener-
ated, which causes anisotropic energy band spin splitting and makes the
sheet dependent on the direction Aspect has unprecedented potential
for spin transmission equipment [30]. In the group IV mono-
chalcogenide family, SnS and SnSe have significant high absorption
efficiency because their absorption rate is close to the optical absorp-
tion threshold of 1.3 eV [31], which is an optimal band gap.
Recently, there have been many different strategies that can be ef-
fectively used to tune the properties of two dimensional materials dif-
ferent techniques such as, external electric field intensity [32,33], strain
engineering [34,35], and the normally stacking via van der Waals
(vdW) interactions of monolayers [36-39]. Type-II band alignment are
achieved by limiting of valence band maximum (VBM), conduction
band minimum (CBM) to various layers of vdW heterostructures is
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capable to modulate the transition energy of the interlayer and re-
sponsible for charge separation [40], hence intensively uses in de-
signing advanced optoelectronic devices [41].

Vertical stacking of combining distinct 2D materials in the form of
heterostructures has useful technique to modulate the structure and
electronic properties of 2D materials. Which give exciting physical
properties which play key role in nanoscale, electronic and photovoltaic
devices [42-46]. One of the unique properties of van der Waals (vdW)
interaction is type-II band alignment, in which CBM and VBM is due to
the different monolayers from the heterostructures [47,48]. Generally,
when two different monolayers combined to form type-II heterojunc-
tions the VB and CB of materials A are normally higher than semi-
conductor of B, so the generated electrons will move from the CBM of A
to the VBM of B monolayer with lower reduction potential, while the
corresponding holes in the VBM of monolayer B will transfer to
monolayer A which have lower oxidation potential, thus a spatial se-
paration of electron and holes pairs will be generated. Also the type-II
band alignment is the effective for improving the photocatalytic per-
formance of two dimensional materials [49,50]. BlueP-SiC and ar-
senene/MoTe, [51,52] vdW heterostructures studies show that the
type-II band alignment can enhanced the photocatalytic response for
water splitting for pH = 0 and also shows good response for optical
properties.

In this work, we used first principle calculation to invistegate the
properties of SnS and SnSe monolayers and their corresponding het-
erostructures for the first time. We check the stability by using the
AIMD method, which results all SnS and SnSe monolayers and their
corresponding heterostructures are thermodynomicaly stable. After that
we find the electronic band structures, band edge alignments, charge
transfers, optical properties and potocatalytics properties of SnS and
SnSe monolayers and their corresponding heterostructures. Our results
present that SnS and SnSe monolayers and their corresponding het-
erostructures could be a promising material for visible light photo-
catalysis and electronic and optoelectronic devices.

2. Computational details

In present work we used Density functional theory which is im-
plemented in Vienna ab initio simulation package (VASP) [53-57] with
with the projector augment wave (PAW) method. A vacuum layer of 25
A is added along the z direction to prevent the periodic boundary
conditions. For geometric relaxation we used the Perdew-Burke-Ern-
zerhof (PBE) functional [58], as its well-known that PBE underestimate
the bandgap that is why we used the HSE06 (Heyd-Scuseria-Ernzerhof)
functional [59] for electronic structure calculations. The GW, method,
where only eigenvalues of the Green’s function G are updated, is used
for the optical properties of these systems with the help of Bethe—
Salpeter equation [60,61]. The I'-centered Monkhorst-Pack k-meshes of
6 x 6 x 1 were used for the structural relaxation. The plane wave cutoff
was set to 550 eV. A convergence criterion of 10~* eV/A and 10~5 eV for
force and energy was adopted, respectively.

3. Results and discussions

The optimized atomic structures of SnS and SnSe monolayers are
presented in Fig. 1. The lattice constant, band gap and bond length of
SnS and SnSe monolayers are given in Table 1. The bond length and
lattice constant are 2.61 A and 3.80 A for SnS monolayer, while for
SnSe are 2.74 A and 3.91 A, respectively, which are in good agreement
with the available data [62]. Moreover, the thermal stability shows that
these monolayers are stable even at room temperature, as depicted in
Fig. 2. The band structures calculated by HSE06 method of both SnS
and SnSe monolayers are plotted in Fig. 3. We can find that these
monolayers are indirect band nature with VBM and CBM at different
points. The calculated band gap values of SnS and SnSe monolayers are
2.89 eV and 2.65 eV, respectively, agreed well with available data [62].
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Fig. 1. Top view of SnS and SnSe monolayers, where yellow, green and blue
balls represent S, Se and Sn atoms respectively.

Table 1

Lattice constant (a), bond length (M-X), band gap (E,), conduction and valence
band edge potentials (Ecg, Eys), binding energy (Ejp), interlayer distance (d) of
the SnS, SnSe monolayer and the SnS-SnSe heterostructure.

SnS SnSe SnS-SnSe
a (A) 3.80 3.91 3.85
S-Sn (A) 2.61 2.74 2.57
Sn-Se (A) - - 2.78
Eg (PBE) (eV) - - 0.67
Eg (PBE + SOC) (eV) - - 0.60
Eg (HSE) (eV) 2.89 2.65 1.50
Ep/d (stacking-1) (eV/A) - - —0.466/3.309
Ejp/d(stacking-2) (eV/A) - - —0.426/3.314
Ejp/d (stacking-3) (eV/A) - - —0.423/3.871
Ecp (eV) -0.214 -0.195 -0.102
Eyp (eV) 2.122 2.054 1.560
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Fig. 2. The fluctuation of total energies of (a) SnS and (b) SnSe monolayers,
performing by ab inition molecular dynamics simulation at room temperature.

Weighted band structure shows that for SnS the main contribution in
VBM is due to the S state while CBM is due to the Sn state. The similar
trend is also for SnSe in which VBM is due to the S sate while CBM is
due to the Sn state, as depicted in Fig. 4.

We now turn to construct the SnS-SnSe heterostructures using the
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Fig. 3. Electronic band structure of (a) SnS and (b) SnSe monolayers, respectively. The dashed black line represents the Fermi level and set to be zero.
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Fig. 4. Weighted band structures of (a) SnS and (b) SnSe monolayers.

supercell method. Here, we studied three possible stacking for SnS-SnSe
heterostrucrures, as illustrated in Fig. 5. For stacking-1, Sn atom is on
the top of Sn atom, while S atom is on the top of Se atom. For stacking-
2, Sn atom is on the top of Sn atom, while S atom is on the hexagonal
ring. In stacking-3, S atom is on the top of Se atom, while Sn is on the
hexagonal ring. Based on the binding energies and interlayer distances,
we can find that the more negative binding energy and smaller inter-
layer distance the most stable stacking becomes. Binding energy is
calculated by the difference of the total energy from the corresponding
heterostructures and their constituent monolayers: E, = Ey - Eg;s -
Esys.. Here, Ey represents the total energy of SnS-SnSe heterostructure.
The Eg,s and Egys, are the total energies of SnS and SnSe monolayers,
respectively. The calculated binding energy and the interlayer distance
for all stacking configuration are presented in Table 1. Among different
stacking configurations, one can find that the stacking-1 is the most
energetically favorable configuration due to its smallest binding energy
and shortest interlayer distance in SnS-SnSe heterostructures. There-
fore, the stacking-1 is examined in our next calculations. Moreover, to
check the thermal stability of such stacking configuration, we further
perform ab initio molecular dynamics calculations after 4 ps. These
results are depicted in Fig. 6. One can see that there are small fluc-
tuations in the total energy of SnS-SnSe heterostructure before and after

heating 4 ps. In addition, we can find that is no geometric reconstruc-
tion or bonds broken after heating 4 ps at room temperature. All these
findings confirm the thermally stable of such SnS-SnSe heterostructure.

The band structures of SnS-SnSe heterostructure using PBE,
PBE + SOC and HSE06 method are presented in Fig. 7. It can be seen
that the band nature of SnS-SnSe heterostructure is indirect. The band
gap calculated by PBE is 0.67 eV, while it decreases to 0.60 eV by using
PBE + SOC. The nature of such decrease is due to the appearance in the
band splitting when the SOC effect is induced. As the PBE method
underestimated the band gap values, so here we also used the HSE06
method to give the correct band gap of SnS-SnSe heterostructure. The
HSE06 band gap of SnS-SnSe heterostructure is calculated to be
1.50 eV.

To check for the band alignment types of such SnS-SnSe hetero-
structure, we also calculate and plot the weighted band structure of
SnS-SnSe heterostructure, as depicted in Fig. 8(a). We find the VBM of
SnS-SnSe heterostructure is due to the S-p, state of SnS layer, whereas
the CBM comes from the Sn-p, state of SnSe layer. Therefore, the SnS-
SnSe heterostructure depicts the type-II band alignment, revealing re-
markable applications in optoelectronic and photovoltaic applications
due to the efficient electron-hole separation. Moreover, the SnS-SnSe
heterostructure exhibits an indirect semiconductor. Such characteristics
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Fig. 5. Different possible stacking of SnS-SnSe heterostructures. Yellow and green balls stand for S and Se atoms, while blue balls represent the Sn atoms.
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Fig. 6. (a) and (b) represent the SnS-SnSe heterostructure before and after

heating the system, respectively. (c) The fluctuation of the total energy of SnS-
SnSe heterostructure for stacking-1 pattern as a function of the time step.
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in band structures will spontaneously separate the free electrons and
holes, enabling the high efficiency optoelectronics and solar energy
conversions [63,64].

To have a better understanding the charge distribution in SnS-SnSe
heterostructure, we further visualize the charge density difference,
which can be calculated as follows: Ap = p;; — pg,5 — Psnse> Where oy, is
the charge density of SnS-SnSe heterostructure. The pg, ¢ and pg,q, are
the charge densities of SnS and SnSe monolayers, respectively. Such
result is depicted in Fig. 8(b). Bader population analysis shows that in
SnS-SnSe heterostructure, 0.14 e per unit cell charges are transferred
from SnS monolayer to SnSe monolayer. Hence, SnS become p-doping,
while SnSe become n-doping. The photogenerated free charge carriers
are effectively separated, indicating these vdW heterostructures for
prominent applications in solar energy conversion [64].

Furthermore, in order to examine the optical performance of SnS-
SnSe heterostructure for practical applications, we also calculate its
optical properties along with those of the constituent monolayers. The
imaginary part of dielectric function of SnS-SnSe heterostructure and
the corresponding monolayers is depicted in Fig. 9. One can see that the
SnS-SnSe heterostructure has a high optical absorption as compared
with the constituent SnS and SnSe monolayers. In addition, all peaks in
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Fig. 7. Band structures of SnS-SnSe heterostructures using (a) PBE, (b) PBE + SOC and (c) HSE06 methods, respectively.
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(b)

Fig. 8. (a) Weighted band structure of SnS-SnSe heterostructures using HSE06 method. (b) Charge density difference of SnS-SnSe heterostructure. The yellow and

cyan areas represent the charge accumulation and depletion, respectively.
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Fig. 9. Imaginary part of dielectric function of the constituent (a) SnS, (c) SnSe
monolayer and (b) their corresponding SnS-SnSe heterostructure.

the optical spectrum of the SnS-SnSe heterostructure are appeared in
visible region.

The photocatalytic water splitting for the SnS and SnSe monolayers
and their corresponding heterostructures are investigated by using
Mulliken electronegativity Eypy = —Egec + 0.5 X E; and
Ecpy = Eypy — Eg for pH = 0 [65,66]. One can find from Fig. 10 that
the CBM and VBM edges of SnS and SnSe monolayers cover the required

SnS-SnSe

Fig. 10. Valence and conduction band edges for SnS and SnSe monolayers and
their heterostructures. The blue and red colors represent the CBM and VBM of
semiconductors, respectively.

redox potentials, indicating the ability for oxidation and reduction of
water at pH = 0. Moreover, the SnS-SnSe heterostructure also exhibits
the power to split water to O, and H*, hence showing good response
for photocatalysts. Therefore, we can conclude that SnS, SnSe mono-
layers and their SnS-SnSe heterostructure are highly efficient photo-
catalysts for conversion of solar light into hydrogen, which is an at-
tractive technique for the production of clean and renewable energy
device applications.

4. Conclusion

In summary, we have investigated the structural, electronic, optical
and photocatalytic properties of SnS, SnSe and their heterostructure by
first principles calculations. Our result shows that the SnS, SnSe and
their heterostructure are energetically and dynamically feasible. The
SnS-SnSe vdW heterostructure shows indirect band nature with type-II
band alignment. Bader charge analysis and charge density difference
confirm that SnS layer donates electrons to the SnSe layer. More
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importantly, SnS-SnSe vdW heterostructure show obvious absorption
peaks in the visible region, which leads to the efficient use of solar
energy. The CB and VB edges for both models straddle the standard
redox potentials which shows good response for water splitting and are
useful for dissociating water into H* /H, and O,/H,0. We expect that
the obtained results can provide a valuable guidance for synthesis of
SnS-SnSe vdW heterostructure for potential applications as photo-
catalysts.
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