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A first-principles study of electronic and optical
properties of the tetragonal phase of monolayer
ZnS modulated by biaxial strain
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Modulation of the electronic and optical properties of two-dimensional (2D) materials is of great
significance for their practical applications. Here, by using first-principles calculations, we study
a tetragonal phase of monolayer ZnS, and explore its associated electronic and optical properties
under biaxial strain. The results from phonon dispersion and molecular dynamics simulation
demonstrate that the tetragonal phase of monolayer ZnS possesses a very high stability. The
monolayer ZnS has a direct band gap of 4.20 eV. It changes to an indirect band gap under both
compression and tension, exhibiting a decrease in band gap. However, the band gap decreases more
slowly under compression compared to the tension process such that the direct band gap remains
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Accepted 16th February 2022 within —8%, demonstrating excellent endurance under pressure. Fortunately, tetragonal ZnS exhibits
a good absorption ability in the ultraviolet (UV) range regardless of strain. Our research results enrich

DOI 10.1039/d1ra08043a the understanding of monolayer ZnS, which is helpful for the design and application of optoelectronic
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1. Introduction

Binary II-VI zinc chalcogenides have attracted significant
interest due to their potential suitability for a broad range of
optoelectronic and thermoelectric applications."™ Three-
dimensional (3D) ZnS exhibits the wurtzite (WZ) phase at high
temperatures, and the cubic zinc blende (ZB) structure at low
temperatures and ambient pressure with a wide band gap of
3.77 €V,” making it an outstanding candidate for nanoelectronic
devices such as short-wavelength light-emitting devices. In
addition, the zero-dimensional (0D) quantum dots of ZnS have
been synthesized to further improve photoelectric efficiency.®”
Since the discovery of graphene,® much effort has been expen-
ded in exploring two-dimensional (2D) layered materials
because of their novel electrical and optical performances
which vary distinctly from the bulk phases.

The freestanding monolayer ZnS is a honeycomb structure
just like graphene, which has been previously experimentally
obtained.*™* Investigations of electronic and optical properties
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of graphene-like 2D ZnS reveal that the 2D ZnS has an ultrawide
band gap of 4.3 eV,*® and the transparency of 2D ZnS is greater
than that of the 3D phase over the visible range.'® To deepen the
understanding of the graphene-like 2D ZnS, Peng et al. studied
its mechanical behavior.'” Krainara et al. rolled it to the single-
walled nanotube to improve its electronic performance.' In
addition, strain modulation and element doping in the 2D ZnS
have also been carried out.''*** Recently, a tetragonal phase
has been reported in monolayer CdTe,>* CdSe,”> CdS** and
ZnSe;* as one of these II-VI compounds, monolayer ZnS also
possesses a similar structure.>® However, the knowledge of
monolayer tetragonal ZnS remains very limited,*® which severely
impedes its practical application.

In this work, we have studied the electronic and optical
properties of the tetragonal phase of monolayer ZnS, and then
explored the influences of applied biaxial strain by using ab
initio calculations. There is no imaginary frequency in the
phonon spectrum for monolayer tetragonal ZnS, suggesting its
dynamical stability. Endurance at 800 K in molecular dynamics
(MD) simulation indicates that the monolayer tetragonal ZnS
also possesses a high thermodynamics stability. Similar to the
honeycomb phase of monolayer ZnS," the tetragonal ZnS also
exhibits an ultrawide direct band gap, and shows excellent
optical absorption in the UV range. In addition, although the
band gap of monolayer ZnS changes with strain, this good
absorption ability in UV remains. Our findings deepen the
understanding of monolayer ZnS, which could speed up its
application in optoelectronic devices.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Computational details

We performed the first-principles calculations using the Vienna
ab initio simulation package (VASP) based on the density func-
tional theory (DFT).>** The projector augmented-wave (PAW)
method*® and Perdew-Burke-Ernzerhof generalized gradient
approximation (GGA-PBE) were utilized to describe the
exchange-correlation functional.* The kinetic energy cutoff was
set to 500 eV, and k-point meshes of 10 x 10 x 1 were chosen
from the Brillouin zone with the Monkhorst-Pack method.*® For
structural relaxation, the convergence values were 10~ ° eV per
atom and 0.01 eV A~' for total energy and atomic force
component, respectively. A biaxial strain was applied to
modulate the electronic and optical properties of monolayer
tetragonal ZnS with a strain range from —10% to 10%, corre-
sponding to the compression and tension stages. For calcula-
tions of electronic and optical properties, monolayer ZnS was
simulated in a periodic 1 x 1 slab with a vacuum thickness of 20
A. The hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional was
applied to obtain more accurate electronic structures and
optical properties.*® In addition, the DFT-D3 method from
Grimme was utilized to correct the long-range vdW interac-
tion.** The phonon band structure was calculated by the Pho-
nopy package.*® For the MD simulations, a 4 x 4 supercell was
utilized to explore the dynamics stability of monolayer ZnS.
Only one I" point was sampled in the Brillouin zone, with a time
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(d) strain energy—strain curve of monolayer ZnS.
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step of 1 fs. The canonical (NVT) ensemble with Nosé-Hoover
thermostat was applied to maintain the temperature during the
relaxation stage.

3. Results and discussion

Fig. 1(a) shows the top and side views of the monolayer tetrag-
onal ZnS, in which Zn is in a tetrahedral environment while S is
in a pyramid structure. The calculated lattice constant is 3.96 A,
which is close to the value in previous literature.> To validate
the calculations, the bond length of the graphene-like 2D ZnS is
also calculated as having a value of 2.24 A, in line with
a previous report.”” In addition, the exfoliation energy of
monolayer tetragonal ZnS from the five-layer stack structure is
identified as low as 0.39 ] m?, indicating that the interlayer
interaction of monolayer tetragonal ZnS is sufficiently small
such that the monolayer tetragonal ZnS possesses high
stability.** Fig. 1(b) shows the phonon dispersion curves of
monolayer ZnS with a supercell of 4 x 4 x 1. There is no
imaginary frequency in the phonon band, demonstrating the
dynamical stability of monolayer tetragonal ZnS. The ab initio
molecular dynamics (AIMD) results of a ZnS supercell under
different strains are shown in Fig. 1(c). For the ZnS supercell
without strain, the total energy fluctuates notably in the initial
stage, but quickly becomes stable with longer simulation time.
There is no abrupt variation in total energy during the subse-
quent MD simulations, indicating that the chemical bonds in
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(a) Top and side views, (b) phonon band dispersion, (c) evolution of total energies with time in the AIMD process under different strains, and
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tetragonal ZnS are very stable. The inset snapshot presents the
final configuration of this ZnS supercell. Although many atoms
clearly deviate from their equilibrium positions, the local
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chemical environment remains for both Zn and S, giving the
ZnS supercell a high thermodynamic stability. When the strain
is applied, the ZnS supercell stabilizes at 400 K under a strain of
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Fig. 2 (a) The electronic band structures and (b) The PDOS of the monolayer ZnS.
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Fig. 3 The electronic band structures of monolayer ZnS under compression and tension. The circle and rectangle symbols represent the CBM

and VBM, respectively.
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—4% and at 700 K at a strain of 4%, indicating that the thermal
stability is reduced under both compression and tension
processes. Fig. 1(d) shows the strain energies of monolayer ZnS
at different strains. The strain energy is at its minimum for the
monolayer ZnS at zero strain. The strain energy increases
quickly under compression while it increases more slowly in the
tension process, suggesting that the tetragonal ZnS resists
pressure more.

Fig. 2(a) shows the electronic band structures of the mono-
layer tetragonal ZnS using the PBE method, and the PBE
method with HSEO06 correction, with the inset schematic
showing the K path in the Brillouin zone. Both the valence band
maximum (VBM) and the conduction band minimum (CBM)
are located at the I' point, demonstrating that monolayer
tetragonal ZnS possesses a direct band gap. The band gaps are
2.91 eV and 4.20 eV for PBE and PBE with the HSE06 hybrid

(a)
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functional, respectively, indicating that the monolayer tetrag-
onal ZnS is an ultrawide-bandgap semiconductor.** The elec-
tronic structures of the two methods are close in the valence
bands, but clearly different in the conduction bands. This
difference is due to the underestimation of the PBE method in
the exchange-correlation functional. The partial density of state
(PDOS) of the monolayer tetragonal ZnS is shown in Fig. 2(b).
The valence band near VBM is dominantly contributed by the p
state of S and the p and d states of Zn, of which the p state of S is
predominant, while the s state of Zn is mainly responsible for
the CBM of the monolayer ZnS.

When a biaxial strain is applied to the tetragonal monolayer
ZnS, the electronic and optical properties will change with the
lattice length. Fig. 3 shows the electronic band structure ob-
tained from the PBE method with HSE06 hybrid functional
under different strains, corresponding to the compression
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(a) The energy bandgap of monolayer ZnS with strain, and (b—d) the charge distributions of monolayer ZnS under strains of 0%, —10% and

10%, respectively. The yellow areas show the charge density with an iso-value of 0.02 A~2, while the blue regions are the sectional view of charge

distributions.
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(0- —10%) and tension (0-10%) processes. In compression
process, both the VBM and CBM are located at the I' point
under strains of —4% and —8%, exhibiting the direct band gaps
of 4.23 eV and 4.08 eV, respectively. However, the VBM right
shifts to the I'-X region when the strain reaches —10%, result-
ing in an indirect band gap of 3.98 eV. As for the tension
process, the CBM are always located at the I point while the
VBM is located between the I and A points, exhibiting indirect
band gaps of 3.69 eV, 3.02 eV and 2.72 eV at strains of 4%, 8%
and 10%, respectively. It is clear that the band structure of
monolayer ZnS changes from a direct band gap to an indirect
band gaps under both compression and tension processes due
to the migration of VBM. However, note that the positions
of VBM are along the I'-X path for compressive strain but along
A-T for tensile strains.

Fig. 4(a) shows the evolution of band gap with the strain,
calculated by the PBE method, and the PBE method with HSE06
correction, respectively. The two band gap curves show a similar
tendency in both compression and tension processes regardless
of the differences in band gap. The band gap increases at first
and then decreases slightly during the compression process,
whereas the band gap gradually decreases in the tension
process. Note that the band gap varies by a relatively smaller
amount in the compression process as compared to the tension
process. The band structures during the strain scale ranging
from —8% to 2% exhibit direct band gaps, denoted by the grey
region of Fig. 4(a), but become indirect when the strain exceeds
that range. Fig. 4(b-d) shows the charge distributions of
monolayer tetragonal ZnS under strains of 0%, —10% and 10%,
respectively. For the monolayer ZnS with a strain of —10%, the
interatomic distance becomes smaller, increasing the charge
between Zn and S, as seen in Fig. 4(c). In contrast, the charge
between Zn and S decreases when the strain is 10%, owing to
the weak effect between Zn and S, as shown in Fig. 4(d).

Fig. 5 shows the projected band structures of monolayer ZnS
under different strains. For the monolayer ZnS without strain
(0%), the VBM is dominantly contributed by the p orbit while
the CBM's major contributor is the s orbit. For a compression
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strain of —10%, the VBM right shifts to the I'-X region due to
the upshift of the p orbit, while the CBM shifts down slightly at
the I' point, which is mainly ascribed to the movement of the s
orbit. At a tension strain of 10%, the VBM is mostly contribu-
tions of the p orbit, and moves to the A-I region, while the CBM
decreases due to the downshift of the s orbit. It can be seen that
the CBM is always located at the I' point, while the VBM varies
with strain, resulting in the direct-indirect transition. As the p
orbit plays an important role in the variation of the VBM, it is
believed to be the origination of the transition.

Fig. 6 shows the PDOS of monolayer tetragonal ZnS under
different strains, which are calculated with the tetrahedron
method for Blochl corrections, and a smearing width of 0.05 eV.
Fig. 6(a) and (b) show the PDOS of Zn and S under different
strains, respectively. From Fig. 5, the VBM of such a monolayer
ZnS is mainly composed of the p state, while the CBM is
ascribed to the s state. In the compression process, the d state of
Zn near the VBM varies little, while the p state of S changes
notably, in which the p, and p, states are notably reduced. The s
state of Zn on the conduction band gradually decreases as well
as the p state of S. In the tension process, the d,: states of Zn in
the vicinity of the VBM increases, while the p, state of S
increases prominently. The s state of Zn at the CBM decreases
notably while the electronic states of S change little. Comparing
the PDOS of Zn and S with strain, note that the electronic states
at the VBM are mainly composed of the p states of S, while the
CBM is dominantly made up of contributions from the s states
of Zn. As the p state of S shows two different evolution
tendencies under compression and tension, thus the transi-
tions of the band structure from direct gap to indirect gap
exhibit two different behaviors.

The optical absorptions a(w) of monolayer tetragonal ZnS
under different strains are obtained from the real (¢;) and
imaginary (e,) parts of the dielectric function. The formula is as
follows:

Fig. 5 The projected band structures under strains of —10%, 0% and 10%. The red, green and blue symbols represent the contributions from
the s, p and d orbits, where the width represents the weight. The black squares and circles show the VBM and CBM, respectively.
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Fig. 6 The PDOS of (a) Zn and (b) S under different strains.
Fig. 7 shows the optical absorption spectrum, in which the

HSEO06 correction is applied for more accurate results. The
results present strong light absorption peaks in the UV
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Fig. 7 Optical absorption of the monolayer ZnS under different
strains. Dashed line represents the absorption edge of UV light.
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spectrum, as most of the absorption spectrum lies above
3.1 eV. There are two prominent absorption ranges for
monolayer ZnS without strain, located at 3.1-5.8 eV and 5.8-
10 eV. In the compression process, the strength of the first
absorption range was gradually reduced, while the second
absorption range evolves to a notable peak, suggesting that
absorption ability in this range increases with compression.
In the tension process, the first absorption range increases to
a notable peak, while the second absorption range decreases,
with the absorption ability enhanced in the first absorption
range. This indicates that monolayer ZnS exhibits an excellent
absorption ability in the UV region, with strain effectively
tuning the absorption range to the UV spectrum. Although the
absorption peak changes with the strain, the absorption
spectrum is always concentrated in the UV region regardless
of the applied strain. This is probably due to the stable direct
band gap and its large value under strain. In addition, optical
absorption below 3.1 eV changes little with strain, suggesting
that the tetragonal phase of monolayer ZnS possesses excel-
lent transmission in the visible and infrared regions. There-
fore, it still could act as the shell for quantum dots and optical
films.?®
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4. Conclusions

In summary, we investigated the electronic and optical char-
acteristics of the tetragonal phase of monolayer ZnS using the
first principles calculation, and explored their evolutions with
strain. There is no imaginary frequency in phonon band and the
monolayer ZnS can endure the thermal fluctuation at 800 K for
a long time, certifying the stability of the monolayer ZnS with
a tetragonal structure. The monolayer ZnS is a direct band gap
semiconductor with an ultrawide band gap of 4.20 eV, and
maintains the direct gap over the strain range from —8% to 2%.
Beyond this scope, the band structure becomes indirect due to
the migration of the VBM. Though the band gap decreases in
both compression and tension processes, the extent of decrease
under tension is substantially larger. Fortunately, the optical
absorption of monolayer ZnS always exhibits good performance
in the UV range regardless of variation in strain, suggesting that
monolayer ZnS is a good candidate for a UV detector. Further,
the excellent transmission in both visible and infrared regions
ensures that it is a good candidate for the shells of photoelectric
devices.
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