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ABSTRACT

Semiconducting Zn chalcogenide monolayers are important members of the 2D family of materials due to their unique
electronic properties. In this paper, we focus on strain-modulated electronic properties of monolayers of ZnX, with X being
O, S, Se, and Te. ZnO and ZnS monolayers have a hexagonal graphene-like planar structure, while ZnSe and ZnTe monolayers
exhibit slightly buckled silicene and germanene-like structures, respectively. Density functional theory calculations find the hex-
agonal ZnO monolayer to be dynamically stable. However, ZnS, ZnSe, and ZnTe monolayers are predicted to be less stable with
small imaginary frequencies. The application of tensile strain to these monolayers, interestingly, yields stability of dynamically
less stable structures together with the modification in the nature of the bandgap from direct to indirect. For a tensile strain of
about 8%, a closure of the bandgap in ZnTe is predicted with the semiconductor-metal transition. The results, therefore, find
strain-induced stability and modification in electronic properties of monolayers of Zn chalcogenides, suggesting the use of these

monolayers for novel device applications.

Published under license by AIP Publishing. https://doi.org/10.1063 /1.5053680

I. INTRODUCTION

2D monolayers and their derivatives such as nanoribbons
have attracted attention due to their potential in electronic
and optoelectronic applications.”™ Graphene is one of the
most studied 2D materials due to its unique physical and
electronic properties. However, the absence of the bandgap
limits its potential for nanoscale electronic devices.® This has,
therefore, motivated several researchers to explore alternative
2D materials with finite bandgaps. One of the examples of such
2D materials is a family of transition metal dichalcogenides."
In this paper, we focus on monolayers of zinc chalcogenides,
which have previously been investigated. For example, mono-
layers of ZnX, with X being O, S, Se, and Te, are predicted to be
direct bandgap semiconductors.” The synthesis of ZnO honey-
comb layered monolayer has been reported.™® Likewise, a
heteroepitaxial growth of the ZnO monolayer on graphene
using the atomic layer deposition method was reported'’
with a measured bandgap of 4.0 eV. ZnS nanosheets with

a width of ~11A were synthesized in the wurtzite phase
using the hydrothermal method with a bandgap of 5.08 eV."
Theoretical studies'”™” based on the density functional
theory reported the ZnO monolayer to be stable, while ZnS,
ZnSe, and ZnTe monolayers are predicted to be thermody-
namically less stable.

The physical and chemical properties of nanomaterials
can be modulated by strain in nanosystems, leading to
thermodynamic stability and respective changes in their
properties.”’™*” In general, strain engineering and the appli-
cation of an external electric field are employed™ to tailor
the properties of 2D materials. The effect of strain on the
electronic properties of 2D materials, especially graphene,
has been extensively investigated.”*™ In this paper, we focus
on the strain engineering of the properties of ZnX monolayers
to see if the strained monolayers can be stable.

As a practical issue, strain is almost inevitable in fabri-
cated monolayer nanostructures, manifesting as the formation
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of ridges and buckling. The strain in 2D materials can be
introduced in many ways such as depositing them onto the
flexible substrate, by subjecting them to the external load,
by pseudomorphic growth, and by nanoindentation of the
system. In particular, graphene and MoS, possess superior
mechanical flexibility and can sustain a spectacularly large
strain (<25%).”*? We will consider both tensile and compres-
sive strains, and each type of strain can be applied along the
biaxial direction in the chalcogenide monolayers.

Il. COMPUTATIONAL METHOD

Initially, a wurtzite structure with Zn atoms surrounded
by chalcogens is considered in the tetrahedral symmetry,
which consists of two formula units in a unit cell. After
removing one formula unit from the ZnX unit cell orthogo-

nally to —>3D = c lattice parameter, 2D monolayers of ZnX

systems are constructed, exhibiting half of the symmetry
operators with respect to that of the bulk.” A hexagonal
supercell (4 x4) of the ZnX monolayer in conjunction with 15 A
vacuum along the z-axis to avoid the interlayer interaction
was considered. Structural optimization was performed using
the density functional theory (DFT) as implemented in the
SIESTA code.” ™" The generalized gradient approximation
with the Perdew Burke Ernzerhoff (GGA-PBE)" type parame-
terization was employed. Troullier-Mertin non-conserving
pseudo-potentials were used, factorized under the Kleinman
and Bylander scheme. The valence electrons were described
by the localized pseudo-atomic orbitals (PAOs), with the
double-¢ double polarized basis sets.*® The structural optimi-
zation was carried out using force and stress convergence
criteria of 0.001eV/A and 0.001eV /A% respectively. A large
plane wave mesh cutoff of 150 Ry was used. The K-point sam-
pling of 10x10x1 was used for the structural optimization,
and the 20 x 20 x1 sampling was used for the band structure
and density of states calculations in conjunction with a 75 Ry
mesh cutoff for the real space grid sampling. The dynamical
stability of these monolayers is investigated using the density
functional perturbation theory (DFPT) as implemented in
PWSCF-Quantum Espresso (QE).""*® Here, we used the ultra-
soft pseudopotentials under GGA in conjunction with the PBE
exchange and the correlation functional form. The kinetic
energy cutoff was set at 30 Ry and 12 x 12 x 1 K-point sampling
was considered using the Monkhorst-Pack scheme*” for calcu-
lations for optimization. We used the 8 x 8 x1 K-point sampling
for optimization and self-consistent field (SCF) calculation.
The biaxial strain in both tensile and compressive modes along
the xy direction was defined as €(%) = (a - ap) /a0, where a and
ag are lattice parameters for the strained and pristine systems,
respectively.

I1l. RESULT AND DISCUSSIONS

Figure 1 shows top and side views of ZnX hexagonal
monolayers. Here, Ad is the buckling parameter and d is the
bond length. In the equilibrium configuration, the lattice
parameters are 3.32 A, 3.874A, 4.06 A, and 4.40 A for ZnO, ZnS,
ZnSe, and ZnTe monolayers, respectively. These values are
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FIG. 1. Schematic diagram for a hexagonal ZnX monolayer, with X being O, S,
Se, and Te. Ad represents buckling in the monolayer. The reciprocal space with
high symmetry points is also displayed. (Gray spheres represent zinc atoms and
red spheres represent chalcogen atoms.)

compared with the previously reported values as listed in
Table 1. Note that a planar graphene-like structure is pre-
dicted for ZnO and ZnS monolayers, substantiating sp?
hybridization between Zn-O (S) atoms. A 15A vacuum along
the z direction in ZnO and ZnS monolayers avoids the interac-
tion of atoms with top most electrons and also the interaction
of p, orbital of Zn and O(S) atom is not dominating. That is
why ZnO and ZnS form the planar structure.’” Further, with
increasing size of the chalcogen elements, interaction of the
p. orbital of Zn with Se(Te) atoms is significant, causing the
low buckling in ZnSe and ZnTe monolayers, similar to that of
silicene and germane, suggesting sp* hybridization between
Zn-Se(Te) atoms in the 2D lattice.” The buckling parameters
are 0.31A and 0.35A for ZnSe and ZnTe monolayers, respec-
tively. The lattice parameters and buckling value of ZnSe and
ZnTe differ slightly from the work of Zheng et al.” using the
local density approximation (LDA). In contrast, the lattice
parameters are nearly identical with the work of Safari et al.”’
using GGA-PBE exchange correlation potentials.

The cohesive energy, Ec, can be computed by taking
the difference between the total energy of the system and the
atomic constituents as Ec = Ez,x — Ez, — Ex, where E;.x is the
total energy of ZnX unit cell, Ez, and Ex are the total energies
for zinc and X (O, S, Se, and Te) atoms, respectively. The cal-
culated cohesive energies are 9.4 eV, 7.6 eV, 6.1eV, and 5.3 eV
for ZnO, ZnS, ZnSe, and ZnTe monolayers, respectively. The
cohesive energy value is the maximum for the ZnO monolayer
substantiating the strongest bonding between the Zn-O
atoms. Note that Zn-X bond strength decreases in the order
of ZnO >7ZnS >ZnSe > ZnTe. Our results are in agreement with
the work of Zheng et al. based on LDA calculations.” The
trend in cohesive energy is also reflected in the computed
electron difference density (EDD) plots as shown in Fig. 2.
The electronegativity values of Zn and O atoms confirm the
ionic and small covalent character, as evident from the EDD
contour plot for the ZnO monolayer showing transfer of elec-
tron from Zn to O atom in the lattice. The EDD for other Zn-X
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TABLE I. Calculated structural and electronic properties of ZnX (with X=0, S, Se, and Te) monolayers.

Zn0 ZnS

ZnSe ZnTe

Properties This work  Previously reported  This work Previously reported This work Previously reported This work Previously reported
Lattice parameter (A) 332 3.237321° 3.87 3.80,° 3.89,° 3.88° 406 3.99° 4.10° 440 429" 443°
Bond length (A) 1.91 1.90,° 1.866,° 1.85," 2.23 2.19,° 2.25° 240 2.31° 259 25°

1.91,71.92,2 1.90"
Bond angle (degree) 120 120.03° 120 120, 120° 1741 116.0
Buckling value (A) 0 0 0 0 0.31 0.18° 0.35 0.37°
Cohesive energy (eV) 943 8.38" 765 6.68" 6.09 595 534 517°
Bandgap (eV) 1.83 1.65,° 2.03,% 1.66," 28 2.66,°2.77) 2,65 1.84 1.92eV° 1.37 173

1.68,” 4.0 5.08

2Reference 19.
PReference 9.

°Reference 24.
9Reference 46.
®Reference 22.
fReference 21.
9Reference 15.
PReference 20.
'Reference 16.
IReference 23.
“Reference 25.
'Reference 17.

monolayers is summarized in Fig. 2. The electronegativity of
the anion is decreasing from S to Se to Te, substantiating the
covalent nature and is in agreement with observed EDD
contour plots [Figs. 2(b)-2(d)]. Safari et al.”' reported similar
observations for ZnS, ZnSe, and ZnTe monolayers. The effec-
tive charge sharing is increasing from O to S to Se to Te, as
can be seen in respective EDD contour plots (Fig. 2).

To determine the dynamic stability of ZnX monolayers,
the phonon band dispersions were computed along the high
symmetry points '-M-K-I' of the Brillouin zone using the
DFPT inbuilt in the QE code. The respective dispersion curves
are shown in Fig. 3, exhibiting six phonon modes. The lowest
three are acoustic phonon modes and the rest three are
optical phonon modes. Acoustic modes are expressed as ZA,
TA, and LA; and optical modes as ZO, TO, and LO, where Z
stands for out of plane vibration along the vacuum region,
A stands for acoustic, O for optical, T for transverse, and L for
longitudinal modes. ZnO phonon dispersion curve [Fig. 3(a)] is
showing the dynamical stability of the ZnO monolayer, as the
calculated frequencies are real across the Brillouin zone.
The frequency of the ZO optical mode is closer to acoustic
phonon modes with a separation of 220 cm™ energy gap
between LA and TO vibrational modes for the ZnO monolayer.
TO/LO optical phonon modes are degenerate at I" for ZnO,
ZnS, ZnSe, and ZnTe monolayers with values of 481, 365, 247,
and 199 cm™, respectively. The magnitude of the optical and
acoustic branch depends on the mass of atoms present in the
unit cell. There is a significant reduction in degenerate
TO/LO modes at I" from ZnO to ZnTe systems as the mass of
the anion (i.e., chalcogen atom) is increasing from O to S to
Se to Te atoms. These degenerate TO/LO bands are similar to

those calculated in the graphite phonon dispersion curve.’”
The energy of the ZO phonon mode, out of plane optical
vibration mode, is very close to the acoustic modes of the
ZnO monolayer, similar to that of the graphite system.” This
energy separation becomes larger for ZnSe and ZnTe, similar
to that calculated for the phonon band dispersion of low
buckled germanene and silicene monolayers.” The frequency
dispersion becomes imaginary for the ZnS monolayer, where
the ZA phonon branch showed imaginary frequency dispersion
[Fig. 3(b)] along the M-K direction. The onset of such imaginary
frequencies substantiates that ZnS is less dynamically stable.
Furthermore, ZA phonon dispersion in low buckled ZnSe and
ZnTe monolayers also showed relatively small imaginary fre-
quencies (<8 cm™) at " in ZnSe and at T and along the M-K
direction for the ZnTe monolayer. These hexagonal mono-
layers seem to be relatively less stable with respect to the
ZnS monolayer.

The calculated band structure along I'-M-K-I' and
density of states (DOS) for these monolayers are shown in
Figs. 4-7 in conjunction with the respective total and partial
DOS. The direct bandgap of the ZnO monolayer is 1.83 eV at T,
which is in agreement with the previously reported literature,
as listed in Table I. The computed bandgap is less than the
experimentally synthesized ZnO monolayer bandgap of 4.0 eV
by Hong et al.”* and is attributed to the GGA-PBE exchange
correlation functional, which is prone to underestimate the
bandgap of semiconductor materials. No significant change in
carriers’ effective mass along K-M is expected, whereas along
other directions, carriers’ effective mass should change
depending on the slope of the parabolic section of the band.
The computed effective masses of electrons are 0.24m, and
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FIG. 2. Contour plots of electron difference density (i.e., difference in the number of electrons per unit volume) of (a) ZnO, (b) ZnS, (c) ZnSe, and (d) ZnTe monolayers.
Negative values represent the charge accumulation, and positive values represent the charge depletion in the lattice.

0.24m. along (100) and (110) directions, respectively, and the
effective masses of holes are 0.57m. and 1.00m. along (100)
and (110) directions, respectively. These carrier effective
mass values are similar to the values reported by Behara and
Mukhopadhyay”® based on the full-potential (linearized)
augmented plane wave plus the local orbital (FP-(L)APW+lo)
method.

The band structure of the ZnS monolayer is plotted in
Fig. 5(a), showing it to be a direct bandgap semiconductor
with a bandgap of 2.8 eV. The computed bandgap is consistent
with the report of Lashgari et al.”* but less than the experi-
mental reported bandgap of 5.08 eV of ultra-thin ZnS nano-
sheets.”® The band dispersions near conduction band minima
(CBM) are similar to the ZnO monolayer, i.e., a large variation
is observed along I'-M and K-T' with a little dispersion along
K-M. The band dispersions near valence band maxima (VBM)
are almost similar to that of CBM. The computed effective
masses of electrons are 0.16m. and 0.16m. and that of holes
are 0.37m. and 0.66m. along (100) and (110), respectively, for
the ZnS monolayer.

The band structure of the buckled ZnSe monolayer is
shown in Fig. 6(a), showing the direct bandgap at I' with a
bandgap of 1.84 eV, consistent with the work of Zheng et al..”
The band dispersion near CBM is similar to that of ZnO and
ZnS monolayers, showing large dispersions along I'M and
K-T and a small variation along M-K. The effective masses of
conduction band electrons are 0.1lm. and 0.1lm. along (100)
and (110) directions, respectively, and that of holes in valence
band are 0.31m, and 0.68m, along (100) and (110) directions,
respectively. The ZnTe monolayer also shows buckling similar
to that of the ZnSe monolayer and the band structure is
shown in Fig. 7(a). The band structure is similar to that of the
ZnSe monolayer, showing a direct bandgap of 1.37eV at I'
[Fig. 7(a)]. The band dispersions are showing similar variations
and the computed conduction band electron effective masses
are 0.08m. and 0.08m. and the valence band hole effective
masses are 0.25m. and 0.60m, along (100) and (110) directions,
respectively.

The effective masses of electrons are nearly same along
(100) and (110) directions for these monolayers. In contrast,
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FIG. 3. Calculated phonon band dispersion curves for (a) ZnO, (b) ZnS, (c) ZnSe, and (d) ZnTe monolayers.

the hole effective masses are relatively sensitive to the
respective directions. The effective mass of holes along the
(110) direction is approximately two times that of the (100)
direction. The observed variation in the hole effective mass
values is attributed to the narrower parabolic region along
(110) near VBM with respect to the (100) direction.

We also computed the partial density of states (PDOS)
in the interval of —4 to 4eV and they are plotted next to the
respective band structures in Figs. 4-7. The PDOS of the ZnO
monolayer suggests that the valence band near the Fermi level
is mainly dominated by O-p states in conjunction with

Energy (eV)

4
3
2
1
0
-1
-2
-3
4

significant contributions from Zn-p and Zn-d states. This sug-
gests a strong hybridization between Zn and O atoms in the
lattice. The conduction band of the ZnO monolayer is domi-
nated by Zn-s states in conjunction with a small contribution
from Zn-p and O-p states. The ZnS monolayer PDOS [Fig. 5(b)]
is similar to the planar ZnO monolayer [Fig. 4(b)]. Here, the
CBM are mostly filled with Zn-s and S-p orbitals and the deep
conduction region is dominated by Zn-p orbitals, which is also
more localized around ~3.1eV. The VBM near the Fermi energy
is mostly contributed by S-p orbitals in conjunction with a
small contribution from Zn-p and Zn-d orbitals.

15;.
-]
® 1,3
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432 a0
Energy (eV)

FIG. 4. (a) Band structure and (b) partial density of states of the ZnO monolayer.
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FIG. 5. (a) Band structure and (b) partial density of states of the ZnS monolayer.

Figure 6(b) shows PDOS of the buckled ZnSe monolayer,
in which the states near the VBM are mostly dominated by
Se-p states in conjunction with Zn-p and Zn-s orbitals near
the Fermi energy. The region near CBM is showing a major
contribution from Zn-s states with a small contribution from
Zn-p and Se-p states. Zn-d states contribute in the deeper
region of the conduction band. In contrast, Zn-s and Zn-p
states constituting conduction bands are dispersive, suggesting
the delocalization of s and p electrons in the lattice. A similar
observation is also noticed for the buckled ZnTe monolayer
[Fig. 7(b)]. The region near CBM is mainly dominated by Te-p
(Se-p) and Zn-s states in the ZnTe (ZnSe) monolayer.
Additionally, the highly localized Te-p states are also con-
tributing deeper in the conduction band region. The region
near VBM is dominated by Te-p (Se-p) and Zn-p states for
ZnTe (ZnSe) monolayers, showing hybridization for these
states in the lattice.

A. Strain-modulated structural properties

Considering strain as an important engineering parameter,
we now investigate the impact of strain on these monolayer

O = NWh

Energy (eV)

systems using both compressive and tensile strains (—-8% to
+8%) biaxially at an interval of 2%. The strain energy is defined
as Eg - Ep, where Eg and Ep are the total energy of strained and
pristine, i.e., pristine ZnX monolayers, respectively. The com-
puted strain energy against biaxial strain is shown in Fig. 8, sug-
gesting that the strain energy increases monotonously for both
compressive and tensile strains. The impact of strain is investi-
gated in terms of the bond length and buckling parameter for
these ZnX monolayers. The variation in the bond length against
strain is summarized in Fig. 9(a). This variation, i.e., change in
the bond length shows linear enhancement or reduction for
planar ZnO and ZnS monolayers and non-linear enhancement
or reduction for buckled ZnSe and ZnTe monolayers after
applying tensile or compressive strains [Fig. 9(a)]. The buck-
ling height is also an important parameter to characterize
the corrugation of the buckled 2D materials.””””™"" This is
optimized for the buckled ZnSe and ZnTe structures against
strain and computed optimized buckling is shown in
Fig. 9(b). The maximum buckling for ZnSe and ZnTe mono-
layers was observed at —8% compressive strain confirming
the strong sp® hybridization. This buckling decreases linearly
from compressive to tensile strain and almost planar

DOS (StatesleV)

12
Energy (eV)

FIG. 6. (a) Band structure and (b) partial density of states of the ZnSe monolayer.
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FIG. 7. (a) Band structure and (b) partial density of states of the ZnTe monolayer.

structures are observed at +8% of the tensile strain for both
ZnSe and ZnTe monolayers, reducing buckling to approxi-
mately zero. Under the compressive strain, the interaction of
p. orbitals of Zn with Se (Te) has increased due to reduced
bond lengths, which is why sp? hybridization is dominating.
Moreover, in tensile strain, the interaction of Zn p, orbitals
with Se(Te) has reduced due to the increased bond length,
which is why sp® hybridization gets weaker and buckling
almost vanishes in ZnSe(Te) monolayers.

B. Strain-modulated phonon properties

The pristine ZnO monolayer is dynamically stable, as sub-
stantiated by the phonon dispersion curve [Fig. 3(a)] whereas
buckled ZnSe and ZnTe pristine monolayers are less dynami-
cally stable [Figs. 3(c) and 3(d)]. The pristine ZnS monolayer is
also less dynamically stable, yet the calculated imaginary fre-
quencies are small, suggesting it to be relatively less unstable
[Fig. 3(b)], as compared to buckled ZnSe and ZnTe monolayers.
To understand the impact of strain on their relative dynamic
stability, we computed phonon dispersion curves for strained

1.2
1.0-
0.8+

- Zn0

e Q9
il id

A Energy (eV)
o
h

0.0-
86-4-20246 8
Strain (%)

FIG. 8. Relative change in energy versus applied strain for different ZnX
monolayers.

ZnX monolayers. The computed phonon dispersion curves at
2% and 6% strain are shown in Figs. 10-13 for ZnO, ZnS, ZnSe,
and ZnTe monolayers under both compressive and tensile
strains in conjunction with respective phonon spectra of the
pristine monolayer. Phonon dispersion curves for 4% and 8%
strain under compressive and tensile strains for ZnO, ZnS,
ZnSe, and ZnTe monolayers are shown in the supplementary
material (Figs. S1-S4).

We note that the ZnO monolayer can withstand the com-
pressive strain up to —2% without losing its thermodynamic
stability, whereas with a further increase in the compressive
strain led to the onset of imaginary frequencies, showing a
transition from dynamic stability to dynamic instability phase.
The out of plane ZA acoustic vibrational mode showed soft-
ening with an increase in the compressive strain and became
imaginary after —2% comprehensive strain (Fig. 10). The
optical modes in ZnO monolayers also showed softening and
out of plane ZO optical mode at —8% compressive strain,
showing dynamic instability of the ZnO monolayer against
compressive strains. Theoretically, degenerate LO/TO modes
at T showed phonon hardening, i.e., shifting toward a higher
frequency with an increase in the compressive strain. Sa et al.*
also observed similar behavior in the phosphorene monolayer
under the compressive strain. The splitting of LO/TO at M
point decreases with an increase in the compressive strain and
these modes become almost degenerate at —8% compressive
strain shown in the supplementary material (Fig. S1), whereas
the splitting of these LO /TO modes showed enhancement at K
point with compressive strains.

In contrast to the compressive strain, the tensile strain
showed an opposite impact on the ZnO monolayer. The out-of-
plane acoustic mode ZA showed phonon hardening, whereas
degenerate LO/TO optical modes at I showed phonon soften-
ing, i.e., reduced in frequency with an increase in the tensile
strain. Jha and Soni”' showed similar observations in the boron
pnictide monolayer under tensile strains. The optical mode ZO
(out of plane) gets degenerated with LO/TO modes at I for 8%
tensile strain. The splitting of LO/TO modes at the M point
enhanced with an increase in the tensile strain, whereas
reduced at K with an increase in the tensile strain and became
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FIG. 9. (a) Bond length and (b) buckling height against strain for these monolayers (ZnO and ZnS monolayers are planar, which is why no buckling is computed for these

systems).

almost degenerate at 8% tensile strain. Thus, the ZnO mono-
layer seems to be robust against tensile strain as the layer is
dynamically stable upto such high 8% tensile strain.

The pristine ZnS monolayer is less dynamically stable as
compared to the ZnO monolayer, and the ZA mode exhibits
an imaginary frequency along the M-K direction. The ZnS
monolayer is relatively more sensitive to the compressive
strain, where the imaginary frequency of ZA mode increases
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with an increase in the compressive strain. The ZO phonon
mode in the ZnS monolayer also lowered toward an imaginary
frequency, making ZnS more unstable under compressive
strain. The splitting of TO/LO modes at M and K increases
with an increase in the compressive strain. The change in
frequency for these modes is opposite for tensile strain.
The out-of-plane ZA mode shows an increase in frequency,
i.e., shifted toward positive frequency under tensile strains.
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FIG. 10. Calculated phonon band dispersion of the ZnO monolayer: (a) 6% compression strain, (b) 2% compression strain, (c) 2% tensile strain, and (d) 6% tensile strain.
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FIG. 11. Calculated phonon band dispersion of the ZnS monolayer: (a) 6% compression strain, (b) 2% compression strain, (c) 2% tensile strain, and (d) 6% tensile strain.
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FIG. 12. Calculated phonon band dispersion of the ZnSe monolayer: (a) 6% compression strain, (b) 2% compression strain, (c) 2% tensile strain, and (d) 6% tensile
strain.
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FIG. 13. Calculated phonon band dispersion of the ZnTe monolayer: (a) 6% compression strain, (b) 2% compression strain, (c) 2% tensile strain, and (d) 6% tensile strain.

All the modes of the ZnS phonon spectrum became positive
at 4% of tensile strain, suggesting that the dynamically
unstable phase becomes a dynamically stable ZnS monolayer
at this tensile strain. Moreover, the ZA mode shows robust-
ness with a further increase in the tensile strain, while the
degenerate optical modes, LO/TO at I', M, and K follow a
similar trend as in the ZnO monolayer under tensile and
compressive strains.

The phonon spectra of buckled ZnSe and ZnTe monolay-
ers at 2% and 6% are shown in Figs. 12 and 13, respectively,
under compressive and tensile strains with pristine phonon
spectra for these layers. The ZnSe monolayer phonon band
dispersion is similar to the buckled silicene and germanene
systems, studied by Yan et al.,”* and ZnSe and ZnTe pristine
monolayers show the small imaginary frequency (<8 cm™) at
T, and I and K, respectively. ZA out-of-plane phonon modes
in these layers become softer, shifting toward lower imagi-
nary frequencies with an increase in the compressive strain.
Thus, the compressive strain increases the dynamic instability
for these monolayers. The degenerate LO/TO optical modes
at T shifted to higher frequencies with an increase in the
compressive strain. The splitting of LO/TO modes at M
showed a reduction with an increase in the compressive
strain. The small imaginary frequency of pristine ZnSe and
ZnTe monolayers shifted to the positive frequencies at even
at 2% tensile strain, suggesting the transition from dynami-
cally less stable to stable strained structures. The ZA mode
shows robustness with an increase in the tensile strain for
these monolayers, whereas the degenerate LO/TO optical
modes at the I' point are shifted to lower frequencies with

an increase in the tensile strain, and splitting of LO/TO
modes also showed enhancement in the frequency along
I'M and I'-K with an increase in the tensile strain.

The general condition for the stable structure in terms of
lattice dynamics is that all phonon modes have real frequen-
cies. An imaginary frequency of any of these modes leads the
system to thermodynamical instability. However, it is well
known that in the case of elastic materials like graphene and
ZnX monolayers, the instability can occur from the softening
of the acoustic branch at the zone center. Figure 14 shows the
hardening or softening of the Raman active mode for ZnO,
ZnS, ZnSe, and ZnTe monolayers under the compressive or
tensile strain. Phonon mode hardening (compressive strain) of
the Raman active mode Ey, and A, is relatively larger as com-
pared to the phonon mode softening (tensile strain) in planar
like ZnO and ZnS monolayers. Moreover, low buckled ZnSe
and ZnTe monolayers exhibit opposite trends for phonon
mode hardening or softening under the compressive or
tensile strain as compared to planar ZnO and ZnS monolayers.
Change in the frequency of Raman active modes of ZnO and
ZnS monolayer as much higher as compared to low buckled
ZnSe and ZnTe monolayers (Fig. 14).

C. Strain-modulated electronic properties

We considered biaxial compressive and tensile strain
in —8% to 8% range at 1% interval to understand the change
in electronic properties of ZnX monolayers. The computed
VBM and CBM of electronic band structures are shown in
Figs. 15 and 16 for compressive and tensile strains, respectively.
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FIG. 14. Deviation of (a) Exg and (b) A as a function of applied biaxial strain of ZnX monolayers.

We notice that the CBM of ZnO and ZnS planar monolayers
remain least affected [Figs. 15(a) and 15(b)], whereas the VBM
is shifting lower in energy, i.e., far from the Fermi energy
downwards under compressive strains [Figs. 15(a) and 15(b)].
Thus, the bandgap of ZnO and ZnS monolayers increases
with an increase in the compression strain and the change
is summarized in Fig. 17. The calculated maximum changes
are 0.24 eV and 1.27eV at T for ZnO and ZnS monolayers for
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—-8% compressive strain with respect to the pristine struc-
tures. The bond lengths between the atoms reduce under
compressive strains, causing enhanced orbital overlapping.
This increased orbital overlapping is the main reason for the
band reorganization away from the Fermi level. However,
the nature of bandgap, i.e., the direct bandgap is conserved
under the compressive strain for both ZnO and ZnS
monolayers.
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FIG. 15. Near band edge of (a) ZnO, (b) ZnS, (c) ZnSe, and (d) ZnTe under compressive strains.
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In the case of the ZnSe monolayer, the CBM shows a
small shift under the compressive strain, whereas the VBM
shows a large shift and shifts away from the Fermi energy
upto —6% compressive strain [Fig. 15(c)]. The VBM is shifted
toward the Fermi energy with any further increase in the
compressive strain, as shown in Fig. 15(c). Thus, the bandgap
of the ZnSe monolayer increases upto —6% compressive strain
and decreases at higher compressive strains. These changes

1.5
10
2 05
%”o.o

-0.5F o come

A0

FIG. 17. Change in the bandgap as a function of applied biaxial strain with the
inset showing the cartoons for tensile and compressive strains.

are summarized in Fig. 17. The similar changes are predicted
for the ZnTe monolayer against the compressive strain, where
the bandgap increases upto —5% compressive strain and
decreases afterwards. The maximum bandgap deviations are
~0.52eV and ~0.38eV at I' for ZnSe and ZnTe monolayers,
respectively. The nature of the bandgap, i.e., the direct bandgap
is also conserved for ZnSe and ZnTe monolayers, similar to
ZnO and ZnS monolayers against compressive strains.

The changes in band structures are summarized in Fig. 16
for these monolayers under tensile strains (0%-8%). The CBM
of ZnO and ZnS monolayers shows a small shift toward the
Fermi energy, whereas the VBM shows a relatively large shift
toward the Fermi energy. The VBM for the ZnO monolayer is
located at T" up to 5% tensile strain and is shifted to K with
further increase in the tensile strain [Fig. 16(a)]. This suggests
the onset of electronic phase transition (direct to indirect
bandgap) at 6% of tensile strain for the ZnO monolayer.
A similar electronic phase transition (direct to indirect bandgap)
is observed at only 1% tensile strain for the ZnS monolayer.
The maxima of valence band at 1% of tensile strain are
shifted from I' to K for ZnS monolayer, substantiating the
indirect band behavior [Fig. 16(b)]. The observed changes in
the bandgap of ZnS monolayers are summarized in Fig. 17.

The changes in the band structure for buckled ZnSe and
ZnTe monolayers are shown in Figs. 16(c) and 16(d) under
tensile strains. The CBM and VBM of ZnSe show a shift
toward the Fermi energy [Fig. 16(c)], suggesting the reduction
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in bandgap values with tensile strain. The VBM of the ZnSe
monolayer is located at I' up to 2% tensile stain and shifted
to K with an increase in the tensile strain. This suggests the
onset of the electronic phase transition (direct to indirect
bandgap) at about 3% tensile strain in the ZnSe monolayer.
The near band edge changes for the ZnTe monolayer under
tensile strains are similar to that of the ZnSe monolayer
[Fig. 16(d)]. The VBM and CBM in the ZnTe monolayer show a
similar relative shifting like the ZnSe monolayer, moving
toward the Fermi energy. The ZnTe monolayer also exhibits
direct to indirect bandgap electronic phase transition at or
above 2% tensile strains, where the VBM changed from I to
K. The ZnTe monolayer showed another interesting indirect
semiconductor to metal transition at 8% tensile strain, where
the minima of conduction band crossed the Fermi energy.
The changes in bandgap values for buckled ZnSe and ZnTe
monolayers are illustrated in Fig. 17.

D. Strain-modulated carrier effective mass

The effective mass of charge carriers plays a vital role in
affecting carrier mobilities in the materials. The effective
2 [d2E(Ry]
=]
where m” is the effective mass of the charge carrier; h is the

reduced Plank constant; E(k) is the energy band, and k is the
reciprocal wave vector along the high symmetry direction.

masses of electron and hole are defined as m*
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The carrier effective masses for pristine ZnX monolayers
were discussed earlier and computed for different strained
ZnX monolayers at I'(0,0) and K(1/3, 1/3) under compressive
and tensile strains. The variation of computed electron and
hole effective masses against strain shown in Fig. 18 along
(110) and (100) directions in the unit of m, (m, is the free
mass of electron). The electron effective masses are 0.24 me,
0.16 me, 0.11'm,, and 0.09 m, and the hole effective masses
are 1.00 me, 0.68me, 0.66 me, and 0.60m, along (110) for pris-
tine ZnO, ZnS, ZnSe, and ZnTe monolayers, respectively.
The electron effective mass decreases linearly along (110) and
(100) directions from compressive to tensile strains for ZnO
and ZnS monolayers [Figs. 18(a) and 18(b)]. This slight variation
in the electron effective mass is attributed to the observed
change in the conduction band curvature at I'(0,0) and
K(1/3, 1/3) points (Figs. 15 and 16). The electron effective
mass in ZnSe and ZnTe monolayers along (110) and (100)
increases linearly from tensile strain to compressive strain,
with a noticeable increase at —7% and —5% for ZnSe and ZnTe
monolayers, respectively. The effective mass of electron in
the ZnSe monolayer at —7% along the (110) direction signifi-
cantly increases from 0.19 to 0.69m., while along (100) it
increases from 0.19 to 0.99 m, A similar behavior is also pre-
dicted for the ZnTe monolayer at —5% and the changes in the
electron effective masses are 0.12 to 0.49m, and 0.12 to 0.55m,
along (110) and (100) directions, respectively. Furthermore,
with an increase in the compressive strain, the minima of
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FIG. 18. Effective mass of (a) electron along (110), (b) electron along (100), (c) hole along (110), and (d) hole along (100) directions as a function of biaxial strain.
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conduction band get flatter for ZnSe and ZnTe monolayers at
T'(0,0), as can be seen in Figs. 15(c) and 15(d).

The hole effective masses along (110) and (100) directions
are almost constant under the compression strain for these
ZnX monolayers. However, the relative change in the hole
effective masses is observed near the direct to indirect
bandgap under tensile strains. This increases linearly upto 5%
tensile strain for the ZnO monolayer, followed by an increase
from 0.56 to 2.94m. along the (100) direction, where the
direct to indirect bandgap is observed in the ZnO monolayer.
This is attributed to the shift in the maxima of the valence
band from 1°(0,0) to K(1/3, 1/3), where the curvature is more
dispersive. The corresponding sudden variation in the hole
effective mass is predicted at 1% tensile strain in the ZnS
monolayer, where the hole effective mass increased from
0.37 to 1.62m, and a further increase in the tensile strain
showed a linear increase. Similar behaviors are predicted
for ZnSe and ZnTe monolayers [Figs. 18(c) and 18(d)]. The
increase in the hole effective mass is predicted at 3% and 2%
tensile strains for ZnSe and ZnTe monolayers, respectively.
This increases linearly with tensile strains above this point
because of the change in the band slope at the K(1/3, 1/3) with
tensile strains [Figs. 18(c) and 18(d)].

IV. SUMMARY

The effect of biaxial strain on the electronic and phonon
properties of ZnX monolayers is investigated using the
density functional theory. The structural stability is deter-
mined using phonon band dispersion. The calculated results
find that the ZnO monolayer is dynamically robust, showing
stability for —2% compressive strain as well as in conjunction
with tensile strains. ZnS, ZnSe, and ZnTe are relatively less
thermodynamically stable even under pristine conditions.
Interestingly, ZnS, ZnSe, and ZnTe monolayers exhibited
dynamic stability at 4%, 2%, and 2% biaxial tensile strains,
respectively. The out-of-plane ZA acoustic mode is showing
softening for the compressive strain, whereas it is relatively
robust in the tensile strain. The buckling height of ZnSe and
ZnTe monolayers is enhanced with an increase in the com-
pressive strain, but is reduced under 8% tensile strain. The
bandgap of ZnX monolayers is increased under compressive
strains, but is reduced under tensile strains. ZnO, ZnS, and
ZnSe monolayers show direct to indirect bandgap electronic
transition under applied strains. The ZnTe monolayer shows
not only direct to indirect electronic transitions at the inter-
mediate strain values but also semiconducting to metallic
transitions at the higher strain value. These transitions are
accompanied by a sharp increase in the carrier effective
masses. We believe that the predicted strain-induced proper-
ties of ZnX monolayers will be useful in the development of
the next generation nanoscale devices.

SUPPLEMENTARY MATERIAL

The supplementary material includes the phonon band
dispersions for different monolayers under compressive and
tensile strains.
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