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ABSTRACT: The reduction of dimensionality is a very effective
way to achieve appealing properties in two-dimensional materials
(2DMs). First-principles calculations can greatly facilitate the
prediction of 2DM properties and find possible approaches to
enhance their performance. We employed first-principles calcu-
lations to gain insight into the impact of different types of point
defects (vacancies and substitutional dopants) on the electronic
and magnetic properties of a ZnSnN, (ZSN) monolayer. We show
that Zn, Sn, and N + Zn vacancy-defected structures are p-type
conducting, while the defected ZSN with a N vacancy is n-type
conducting. For substitutional dopants, we found that all doped
structures are thermally and energetically stable. The most stable
structure is found to be B-doping at the Zn site. The highest work
function value (5.0 eV) has been obtained for Be substitution at the Sn site. Li-doping (at the Zn site) and Be-doping (at the Sn site)
are p-type conducting, while B-doping (at the Zn site) is n-type conducting. We found that the considered ZSN monolayer-based
structures with point defects are magnetic, except those with the N vacancy defects and Be-doped structures. The ab initio molecular
dynamics simulations confirm that all substitutionally doped and defected structures are thermally stable. Thus, our results highlight
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the possibility of tuning the magnetism in ZnSnN, monolayers through defect engineering.

B INTRODUCTION

Group II-IV nitrides, as a collection of ternary heterovalent
compounds, are composed of earth-abundant elements. The II—-
IV nitrides are very similar to the IIl-nitrides (III = Al, Ga, and
In) and are made of each group III element with periodically
varied group II and IV elements. Although group III-nitrides
have been extensively studied, the II-IV nitrides have not
attracted enough attention so far. However, potential
applications of these materials are conceivable." Among the
II-IV nitrides, the Zn—IV—N, class has attracted more
attention.” The advantages of Zn—IV—nitrides relative to the
nitrides of group I11 are as follows: (i) abundant natural elements
as constituents, making them cost-effective; (ii) absence of
phase separation across the whole alloying range; (iii)
environmental friendliness;” and (iv) facility for p-type doping
and controlling by an easy combination of elements and
retrieving the defects.>* Unlike the materials with ionic and
covalent bonding, the median bonding nature of Zn—IV—N,
makes them more practical.” ZnSnN, as an inseparable member
of the class of Zn—IV—nitrides can be used in different fields
such as photovoltaics, optoelectronics, photocatalysis, etc.” " It
also presents spontaneous polarization and piezoelectric
effects.’ Furthermore, a large absorption coefficient in the
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range of UV—Vis—NIR is attributed to the ZnSnN, material,
which makes it competitive with more commonly used
photovoltaic materials such as GaAs, CdTe, and Inp.>""0
ZnSnN, can fulfill the tetrawatt power requirement with its very
low cost and environmental compatibility’ by plentiful and
nontoxic materials.'' Due to these favorable properties, ZnSnN,
is appealing in terms of both economic and environmental
aspects.12

Despite all of these attractive properties, ZnSnN, is still at the
beginning of its development and investigation.” It is a rather
undeveloped member of the Zn—IV—N, family and the
knowledge about ZnSnN, is scarce and somewhat contra-
dictor?r.z’m'm The first computational research was reported in
2008."* The ZnSnN, thin film was first synthesized in 2012,"*'°
and its powder form was first prepared in 2016." """ Recently, the
first single-crystalline ZnSnN, material has been reported.” For
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Figure 1. (a) Top and side views of the atomic structure, (b) phonon dispersion, (c) electronic band structure (within PBE and HSE06) with
corresponding DOS and projected DOS (PDOS), (d) simulated STM profile, and (e) charge density difference of the ZSN monolayer. The primitive
unit cell used in calculations is shown by the red rectangle. Zero of energy is set to the Fermi level.

this purpose, many investigations have been started to elucidate
the electronic, optical, and other properties of ZnSnN,.'”'¥"?
Based on the cation-sublattice ordering, two phases of ZnSnN,
are available (i.e., ordered and disordered phases). The ordered
phase is made by a periodic substitution of the Zn and Sn inside
the wurtzite symmetry, which eventually results in an
orthorhombic structure. In the disordered phase cation
sublattice, Zn and Sn are placed randomly in the wurtzite-like
structure.''®

Strictly speaking, for ZnSnN,, three major factors should be
considered: (i) Point-defect properties. Any point defect should
be fully distinguished since they affect electrons and/or hole
recombination causing loss of photovoltaic cell efficiency.”” (i)
The discrepancy between theoretical and experimental values of
the band gap.'” The calculated band gap values are in the range
of 0.35—2.64 eV according to the calculation method and the
hypothetical crystal symmetry.”"”* Based on first-principles
calculations, a value of about 2 €V is obtained for the band gap."”
However, the Heyd—Scuseria—Ernzerhof (HSE) hybrid func-
tional calculations result in band gap values of 1.42 and 1.84
eV.>>** A band gap value of 2 eV was determined based on the
PBEO hybrid functional calculations.'> According to the local-
density approximation (LDA), lattice parameters were obtained
in the study by Punya and co-workers, and a gap of 2.15 eV was
calculated using the quasiparticle self-consistent GW method.
Using experimental values of the lattice parameters, they
reported a band gap value of 1.8 eV.” Utilizing the special
quasi-random structure (SQS), it was shown that the band gap
value reduces from 2.1 to 1.1 eV by altering the cation ordering
from maximum to minimum order. The calculation was
performed based on hybrid density functional theory (DFT).°
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According to experimental results, which rely on the absorption
or photoluminescence spectra, a wider range of band gap values
were reported, e.g,, from 0.95 to 2.38 eV.'#*%?” This obvious
discrepancy between the theoretical and experimental values is
justified by different reasons such as band filling due to
degenerate carrier density and alteration in cation ordering/
disordering leading to the fundamental band gap changes.13 (iii)
Undesirable n-type doping. The electron carrier concentration
adversely increases to 1021 cm™,"” which is in the range of the
metallic structures according to the Hall measurements.”® The
source of such a high concentration of electrons is not clear;
however, the coexistence of elemental metal phases or the
formation of intrinsic defects may be influential.”® Such high
concentrations lead to a meaningful Burstein—Moss shift, which
may be responsible for the larger band gap values. The formation
of donor-type point defects may also be related to the Burstein—
Moss shift.”*’ Apart from the electron carrier concentration, the
low mobility values are also a drawback that limit its device
application.””*° Until now, various aspects of the Zn—IV—N,
semiconductors have been considered, such as crystal structure,
thin-film growth, cation ordering, phonons, elasticity and
piezoelectric properties, electronic band structure, energies of
formation, and electrical conductivity,”*" but apparently native
point defects, interstitials, and doping effects are relatively
unexplored. As we know, two-dimensional (2D) materials
possess wonderful electro-optical and optoelectrical properties
compared to their three-dimensional (3D) counterparts.’
Especially in photocatalysis, the 2D material not only has a
high specific surface but also reduces the migration distance of
the photogenerated electrons and holes; hence, the possibility of
electron—hole recombination is minimized. Computational
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Table 1. Structural and Electronic Parameters Including the Lattice Constants a, b, Zn—N (d,_y) and Sn—N (dg, ) Bond
Lengths, Cohesive Energy Per Atom (E;), Charge Transfer (AQ) between Atoms, Work Function (@), and Band Gap (E,) of
PBE and HSE06 Are Shown Outside and Inside Parentheses, Respectively

a (b) (A) dzan (A) dsn—n (A)
ZSN 6.82 (5.91) 1.92 1.96

q(e) Ecn (eV) @ (V)
-13 -27.5 4.62

E, (eV)
0.64 (1.71)

investigations can accelerate the design of 2D materials. The
reduction of dimensions may be an effective path to gain novel
properties for layered or nonlayered materials.” Different aspects
of 2D materials can be investigated, such as point defects
(vacancies, substitutional doping, antisites), adsorbing atoms,
and grain boundaries along with mechanical, thermal, electronic,
and optical properties.””**

In this study, we have modified and simulated the 2D ZnSnN,
(ZSN) structure using an ab initio method. Different kinds of
vacancies such as single Zn (V**), Sn (V*), and N (VV)
vacancies and double N + Zn and N + Sn vacancies are
considered in detail. Furthermore, a number of substitutional
dopants are used to modify the electronic structure of the 2D
ZSN monolayer. The Zn atom is replaced by Li (Li,-ZSN) and
B (B,,-ZSN). The Sn atom is substituted by Be (Beg,-ZSN) and
by N (Ng,-ZSN). For an anionic dopant, the N atom is replaced
by an oxygen atom (Oy-ZSN). The role of impurities and
dopants is exceptionally significant in the 2D materials since
they not only ensure a means for tuning the carrier
concentration but also have implications for the interface
properties of future 2D device heterostructures.

B METHODS

First-principles calculations were performed using the plane-
wave basis projector augmented wave (PAW) method employed
in the framework of density functional theory (DFT). The
generalized gradient approximation (GGA) in the form of the
Perdew—Burke—Ernzerhof (PBE)>>*° functional was taken into
account for the exchange-correlation potential as implemented
in the Vienna Ab initio Simulation Package (VASP).>”*® The
kinetic energy cutoff of 600 eV was used for the plane waves. The
Brillouin zone sampling was carried out using a I'-centered 16 X
16 X 1 k-point mesh for the primitive cell. The geometries were
optimized until the energy difference between the following two
steps was less than 107 eV and the maximum force on atoms
was smaller than 1073 eV A1, Moreover, for band structure
calculations, the Heyd—Scuseria—Ernzerhof (HSE06)*”*
screened-nonlocal-exchange functional of the generalized
Kohn—Sham scheme was employed for more accurate band
gap calculations. The van der Waals correction proposed using
the DFT-D2 method of Grimme was implemented to describe
the long-range vdW interactions.”” The electronic charge
transfers were calculated with a decomposition of charge density
into atomic contributions by applying the Bader charge analysis
technique.”’ The dynamical stability was examined in terms of
the phonon band dispersions calculated by the small-displace-
ment method using the PHONOPY code.” Simulated scanning
tunneling microscopy (STM) images were obtained employing
the Tersoff—Hamann theory.” STM-simulated images were
graphed by means of WSxM software.*> Ab initio molecular
dynamics (AIMD) simulations have also been carried out to
examine the thermal stability of the stability of defected and
doped single-layer structures at 500 K and at room temperature
(300 K) with a total simulation time of 6 ps and 2 fs time steps.

B RESULTS AND DISCUSSION

Figure la—e shows the top and side views of the atomic structure
of the ZnSnN, monolayer, the calculated phonon dispersion
curves, the calculated electronic band structure along with the
total and projected density of states (DOS), the simulated STM
profile, and the density of gain and loss charges, respectively. In
the atomic structure of the ZSN monolayer, which has a
rectangular primitive unit cell formed by two Zn, two Sn, and
four N atoms, the lattice constants a and b are not equal vectors
that make a 90° and it exhibits the P, space group, as shown in
Figure 1a. The optimized lattice constants are 6.82 and 5.91 A,
respectively, while the bond lengths of Zn—N and Sn—N are
1.92 and 1.96 A, respectively. The optimized lattice constant and
bond lengths are in good agreement with previous results.*® The
dynamical stability of the ZSN is verified by calculating its
phonon band dispersion, which is depicted in Figure 1b. The
monolayer of ZSN is found to possess dynamical stability in its
free-standing form as examined by the phonon band dispersions
through the whole BZ. Obviously, in the phonon branches, no
imaginary frequencies are observed, which confirms the
structure’s dynamical stability. Apparently, all of the acoustical
and optical phonon branches are free from any imaginary
frequencies. There is a huge phonon gap between optical
phonon branches probably arising from the different bonding
characteristics of Zn—N/Sn—N and Zn—Sn atoms. It is known
that the Zn—N and Sn—N bond stretching occurs at higher
frequencies due to their strong bonding character. The structural
parameters of ZSN are listed in Table 1. The difference in charge
density (Ap) is calculated using Ap = Py — P70 — Psn — Pro
where pioy P70y Psny and py represent the charge densities of the
ZSN and of the isolated atoms, respectively (see Figure le). The
Zn atom is positively charged, and the Sn atom is surrounded by
negatively charged N atoms. Based on the charge transfer
analysis, we found that the two types of N atoms in the atomic
lattice of the ZSN gain 0.92¢ (N;) and 1.31¢ (N,) from the
adjacent Zn and Sn atoms. According to the Pauling
electronegativity scale, the N atom has a larger electronegativity
(3.04) than the Sn (1.96) and Zn (1.65) atoms, which results in
a large difference in electron density.

The cohesive energy per atom that quantifies the stability of
materials is calculated using E .y, = [Eyo; — (2Ez, + 2Eg, + 4Ex)]/
8, where E,,, Eg,, and Ey represent the energies of isolated single
Zn, Sn, and N atoms, respectively. E,, represents the total
energy of the ZSN; 8 stands for the total number of atoms in the
primitive unit cell. The calculated cohesive energy of the ZSN is
—27.5 eV/atom. The band structure with the corresponding
density of states (DOS) and projected DOS (PDOS) of the ZSN
monolayer is shown in Figure lc. Notice that the ZSN
monolayer is a semiconductor with a direct band gap of 0.64
eV within the PBE functional. Since the ZSN monolayer is a
semiconductor, the HSE06 functional has also been used to
study the electronic band structures, as displayed in Figure 1c. It
is clear that the HSE06-based results are consistent with the
PBE/GGA ones for the direct semiconductor band gap of ZSN
and the calculated band gap value is 1.71 eV, which agrees well
with a previous report.*°

https://doi.org/10.1021/acs.jpcc.1c03749
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Table 2. Structural and Electronic Parameters of the Defected ZSN Monolayer Including the Lattice Constants a, b, Bond

Lengths of Zn—N (d,_y) and Sn—N (d,_y) around the Vacancy Region, Formation Energy (E;), Work Function (®), Magnetic
Moment (M), and Electronic States (ES) Specified as Metal (M), Ferromagnetic Metal (FM), Dilute Magnetic Semiconductor
(DM-SC), and Semiconductor (SC)“

sys.
yin
yon
VN
yN+Zn

VN+Sn

a b (A) dzon (A)
13.59, 11.78 1.84
13.64, 11.82 1.90
13.69, 11.86 1.84
1323, 11.46 1.93
13.69, 11.86 1.82

ds,n (A)
2.07
2.00
2.07
1.99
1.98

E; (e)
—6.41
—-11.15
—11.73
—16.11
—-20.12

@ (eV) M (eV) ES (u3)
4.86 2.0 DM-SC
4.72 4.0 DM-SC
3.74 0.0 M
4.53 1.0 DM-SC
4.40 1.0 DM-SC

“The band gap of HSE06 (Eg) for the spin-up (spin-down) channel is shown outside (inside) parentheses.

Ey

2.06 (1.61)
2.14 (1.65)

2.07 (1.62)
2.18 (1.65)

We found that the valence band maximum (VBM) and the
conduction band minimum (CBM) are located at the I point.

13070

From the DOS and PDOS of the ZSN monolayer (see Figure
1c), it is clear that the VBM is mainly contributed by N-p, states,

https://doi.org/10.1021/acs.jpcc.1c03749
J. Phys. Chem. C 2021, 125, 13067—13075
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while the CBM is contributed by N-p,,, and Zn-d states. To have
an experimental insight, DFT is employed to simulate the STM
image and the result is displayed in Figure 1d. Notice that the
atomistic structure is easily recognized from the predicted STM
image, where the N atoms are brighter than the Zn and Sn
atoms.

First, we discuss the role of single and double vacancy defects
in the structural and electronic properties of the ZSN
monolayer. The vacancy defects include single vacancies Zn
(VZ), Sn (V5), and N (V) as well as double vacancies N + Zn
(VN*2") and N + Sn (VV¥50),

The optimized atomic structures and electronic band
structure of the ZSN monolayer for different vacancies are
depicted in Figure 2a,b. Furthermore, the DOS/PDOS within
the PBE of defected ZSN is shown in Figure 3a. For V", the
bond lengths of N—Zn and N—Sn at the edge of a vacancy are
determined to be 1.84 and 2.07 A, respectively. The structural
parameters including the bond lengths of defected ZSN with
different point defects are listed in Table 2. The charge transfer
calculations demonstrate that the N atom gains 1.3¢ from the
neighboring Zn and Sn atoms. We found that the work function
value of V*" is 4.86 eV. From the band structure Figure 2b for
V%" one can see that the created midgap states for the N-p spin-
up channel reduce the band gap from 0.64 to 0.4 eV. Meanwhile,
due to the splitting bands of both spin components, the structure
has a magnetic moment of 2 5.

For V" with an optimized atomic structure shown in Figure
2a, the N—Zn and N—Sn bond lengths are 1.90 and 2 A,

13071

respectively. The related charge transfer values are the same as
that for V" and the work function is 4.72 eV. The created
midgap states of N for the spin-up channel and Sn and Zn for the
spin-down channel decrease the band gap to 0.3 eV. Meanwhile,
for VY, the bond lengths of N—Zn and N—Sn are determined to
be 1.84 and 2.07 A, respectively. The work function value of this
defect is calculated as 3.74 eV. Figure 2b shows that VN is p-type
conducting with a band gap of 1 eV and there is spin degeneracy
with nonmagnetic behavior. As regards the optimized atomic
structures for double vacancies, the calculated bond lengths are
1.93 and 1.99 A for the N—Zn and N—S, respectively (see Figure
2a). The work function value of V**" is determined to be 4.53
eV. Figure 2b shows the p-type conducting feature of the ZSN
monolayer with a double vacancy VN*“", having a band gap of 0.7
eV. The spin-up midgap states are dominated by the N-p orbital
states with a small contribution of the Zn- and Sn-orbital states
(see Figure 3a). The asymmetric DOS for the two spin
components confirms the magnetic behavior of the structure
with a magnetic moment of 1 y5. For the last type of vacancy
considered in this study, VN*" with an atomic structure
illustrated in Figure 2a, the computed N—Zn and N—S bond
lengths are 1.82 and 1.98 A, respectively, and the work function
value is 4.40 eV. The magnetic moment of V""" is similar to the
corresponding value of VN*“", From the band structure and
DOS we found that the structure is metallic due to the dominant
contributions of the N-p states in the two spin components at
the Fermi energy (see Figure 3a).
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Table 3. Structural and Electronic Parameters of the Doped ZSN Monolayer Including the Lattice Constants a, b, Bond Lengths
of Zn—N (dz,_y) and Sn—N (dg,_y), Bond Lengths of the Dopant with a Nearest Host Atom (dy), the Charge Transfer (Aq)
Where the Positive (Negative) Denote to Lose (Gain) Charge, Formation Energy (E,4), Work Function (®), Magnetic Moment
(M), Electronic States (ES) Specified as Metal (M) and Dilute Magnetic Semiconductor (DM-SC), and Band Gap of HSE06 (Eg)
for the Spin-up (Spin-down) Channel is Shown Outside (Inside) Parentheses

sys. a, b (A) dznn (A) ds,n (A) dy (e) Aq (eV) E,q (eV) @ (ps)  M(eV) ES E,
Liy, 13.64, 11.82 1.93 1.99 1.93 +0.84 —5.67 4.94 0.9 DM-SC 1.75 (1.50)
- 13.36, 11.58 1.93 1.99 148 +0.84 -13.0 3.85 0.0 M

Beg, 13.46, 11.66 1.93 1.99 1.67 +1.60 —-3.39 5.00 LS DM-SC 0.35 (1.70)
N, 12.92, 11.42 1.93 1.99 1.32 —1.00 —-9.20 433 1.0 DM-SC 1.50 (1.25)
On 13.61, 11.79 1.94 2.07 1.96 -1.10 —-6.56 4.38 0.8 DM-SC 1.42 (1.40)

Since the defected ZSN monolayer shows a semiconducting
character, the HSE06 functional has also been employed to
study the material’s electronic properties. The DOSs consider-
ing the HSEO06 for the defected ZSN monolayer with several
kinds of vacancies, including V", V**, VN, VZ*N and V"N are
illustrated in Figure 3b. Based on the band structure acquired by
the HSE06 method, V7, V5", V?™N and VSN exhibit the
behavior of a dilute magnetic semiconductor. For VN we
observed a metallic behavior that is consistent with the PBE
results. Our results demonstrate that the band gap in the spin-up
(spin-down) channel for V" and V" is 2.06 €V (1.61) and 2.14
eV (1.65), respectively. Meanwhile, for the double vacancies
VN2 and VN the band gap values in the spin-up (spin-down)
channel are estimated to be 2.07 eV (1.62) and 2.18 eV (1.65),
respectively.

Figure 3c shows the difference in the spin density of the
defected ZSN monolayer. It is clear that the majority of spin
density comes from the N atoms that are located at the edge of
the vacancy. The formation energy (E), which gives an
indication as to which Y vacancy is more likely to be of
experimental relevance than the others, is defined as Ef = EPristine
— E%Y _ EY where E™"Y, EY, and EP"™" refer to the total
energy of the ZSN monolayer with a Y vacancy, an isolated Y
atom, and of a pristine structure, respectively. We determined
E* (5% from the Zn (Sn) isolated atom energy, while we assume
EN to be half of the molecular energy. In our results, the
formation energies of different single vacancies such as v v
and VN were —6.41, —11.15, and —11.73 €V, respectively.
Meanwhile, for the VN*“" and VN*5" double vacancy structures,
the formation energies were calculated as —16.11 and —20.12
eV, correspondingly. Further, we examined the thermal stability
of the ZSN monolayer with different vacancies of atoms by
evaluating the ab initio molecular dynamics trajectories at S00 K.
The AIMD simulation of the defected ZSN monolayer at 500 K
is depicted in Figure S1 of the Supporting Information. The top
and side views of the structures are indicated at the bottom panel
of Figure S1. Analysis of the AIMD trajectories also shows the
structure could stay intact at S00 K with very stable energy and
temperature profiles, proving the thermal stability of the
defected ZSN monolayer-based structures.

Most donor and acceptor impurities reside on substitutional
sites, ie., they replace one of the host atoms. Further, we
investigated the effect of substitutional doping on the electronic
properties of the ZSN monolayer. Figure 4a shows the top and
side views of the relaxed structures of the pristine and doped
ZSN monolayer, along with the calculated band structure and
the pertinent charge transfer analysis. The Zn atom is replaced
by Li (Liz,) and B (By,). The Sn atom is substituted by Be
(Beg,) and N (Ng,). The structural parameters including the
bond length of the ZSN monolayer with a different atomic
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dopant are listed in Table 3. The last doped structure is the
anionic dopant, where the N atom is replaced by an O atom
(Oy)- We have determined that the optimized bond lengths are
as follows: 1.93 (1.48 A) for Li—N (B—N) in Liy, (B,,), 1.67
(1.32 A) for Be—Sn (N—Sn) in Beg,, and 1.96 (2.07 A) for O—
Zn (O—Sn) in the Oy system. Obviously, as the atomic radius of
the dopant increases, the bond length increases too. From Figure
4a, it is clear that the bond lengths and angles have a trivial effect
on the planar structures, except in the case of substitution of N
atom by an O atom. The charge transfer calculations imply that
Zn, Sn, Li, B, and Be lose le, 1.6e, 0.84¢, 2.1¢, and 1.6e,
respectively, while N and O (as dopants) gain le and 1.le,
respectively, from the surrounding atoms of the corresponding
doped structures. These observations indicate a character of
covalent bonding and chemisorption. The calculated work
function values are 4.94, 3.85, 5.00, 4.33, and 4.38 eV for the
Liz,, By, Beg,, N, and Oy structures, correspondingly.

Obviously, as the atomic radius of the dopant increases, the
bond length increases too. From Figure 4, it is clear that the
bond lengths and angles have a trivial effect on the planar
structures, except in the case of substitution of an N atom by an
O atom. The charge transfer calculations imply that Zn, Sn, Li, B,
and Be lose le, 1.6¢, 0.84¢, 2.1¢, and 1.6¢, respectively, while N
and O (as dopants) gain le and 1.le, respectively, from the
surrounding atoms of the corresponding doped structures.
These observations indicate a character of covalent bonding and
chemisorption. The calculated work function values are 4.94,
3.85,5.00, 4.33, and 4.38 €V for the Liy,, B,,, Beg,, Ng,, and Oy
structures, correspondingly.

To explain the origin of the electronic states, the DOS and
PDOS of the doped ZSN monolayer within PBE are shown in
Figures 4b and 5, respectively. For Li,, as compared to the
pristine ZSN, we can see that the Fermi energy is shifted toward
the lower energies due to the effect of the Li dopant. The
structure is p-type conducting with the same band gap value as
the pristine ZSN monolayer. Notice that the break in the
electronic degeneracy in the up and down spin channels induces
a magnetic moment of 0.8 yp in the ground state. The N-p and
Sn-p states are dominant in the VB and CB, respectively. The
contribution of the Li states appears in the VB (from —2.5 to 0.1
eV) and in the shown range of the CB. As regards B, the Fermi
energy is shifted toward the CB, which means that the structure
is n-type conducting and nonmagnetic. The band gap becomes
0.6 eV, which is smaller than the corresponding value of the
pristine ZSN and Li, structures (see Figure 4b). The dominant
states at the top of the VB and the bottom of the CB are similar
to those of Li,. The contribution of the B states is larger than
the contribution of the Li states. Turning to the substitutional
dopants residing on the Sn atom site, the band structure and
PDOS of Beg, are demonstrated in Figures 4b and S. Notably,

https://doi.org/10.1021/acs.jpcc.1c03749
J. Phys. Chem. C 2021, 125, 13067—13075


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03749/suppl_file/jp1c03749_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03749/suppl_file/jp1c03749_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03749?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

N
o
()
| —2n-d —N-
T H —Sx':-p Li—l.i
———

PDOS

PDOS

Zn-d ==N-p

8 i\ ==Sn-p —Be-p -f\ ~| TO

. ==—) @D
2 | §
78]
@]
@
(=™
ot = Toh
a ' O
o) =4

4

-2 0
Energy (eV)

Figure 5. DOS of doped ZSN with different atomic dopants such as
Liz,, B;,, Beg, Ng, and Oy. The zero of energy is set at the Fermi
energy.

the Fermi energy is shifted toward the lower energies, which
means that the structure is p-type conducting. The asymmetry in
the band structure/PDOS induces a magnetic moment of 1.5 5.
The contribution of Be states at the top of the VB decreases the
band gap value to 0.5 eV. In the case of N, we can see band
splitting in both the spin-up and spin-down channels, as
compared to the pristine ZSN, and the system turns out to be a

magnetic semiconductor. The asymmetry in the two spin
components of the band structure/PDOS refers to a magnetic
structure with a magnetic moment of 1 5. The anionic dopant is
the last dopant considered in this study, namely, the oxygen
atom on a nitrogen site, Oy, which is largely observed in 3D-
ZSN. Figure 5 demonstrates that the O and Sn states are filling
the band gap, as compared to the pristine ZSN monolayer, and
Oy is a semiconductor with a magnetic moment of 0.88 i due
to the asymmetry in both spin components of the Oy density of
states.

Since the doped ZSN monolayer shows a semiconducting
character, the HSE06 functional was also used to study the
electronic properties. The DOS considering HSE06 for the
doped ZSN monolayer with several kinds of atomic dopants
including Liy,, By, Beg,, Ng,, and Oy is shown in Figure S1 of
the Supporting Information (SI). Based on the acquired band
structure by the HSE06 method, Li,,, B, Beg,, Ng,, and Oy are
dilute magnetic semiconductors. We found that the band gaps in
the spin-up (spin-down) channel for Li,, and B, were 1.75 eV
(1.50) and 1.35 eV (1.53), respectively. However, for Ng, and
Oy, the band gaps in the spin-up (spin-down) channel were 1.50
eV (1.25) and 1.42 eV (1.40), respectively.

Further, we examined the thermal stability of the ZSN
monolayer doped with different dopants by evaluating the ab
initio molecular dynamics trajectories at 500 K. The ab initio
molecular dynamics simulation of the doped ZSN monolayer at
500 K and at room temperature is exhibited in Figure 6. The top
and side views of the structures are depicted at the top panel.
The analysis of the AIMD trajectories shows that the structures
could stay intact at 500 K, with very stable energy and
temperature profiles, indicating the thermal stability of the
doped ZSN structures.
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Figure 6. Ab initio molecular dynamics at 500 K (top) and top and side views of atomic structures after ATIMD simulation (bottom) for the (a) VAN, (b)

VN, (c) VN, (d) V™™ and (e) V5**N ZSN defected monolayer.
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B CONCLUSIONS

The electronic and magnetic properties of a pristine and a
defected ZnSnN, monolayer have been studied by the spin
density functional theory. Different kinds of vacancy defects
have been considered, such as Zn, Sn, N, N + Zn, and N + Sn
vacancies. Moreover, several substitutional dopants situated at
different host atom positions have been investigated: Li and B
(at the Zn site), Be and N (at the Sn site), and O (at the N site).
We found that the Zn and Sn vacancy structures have higher
work function values as compared to the pristine ZSN
monolayer and the other vacancy structures. All ZSN
monolayer-based structures containing vacancies possess
magnetic properties except the one with the nitrogen vacancy.
The vacancy-defected structures are of p-type for Zn, Sn, N, and
N + Zn vacancies, of n-type for the N vacancy, and with a
metallic behavior for the N + Sn vacancy. The results of the ab
initio molecular dynamics simulation confirm that all substitu-
tionally doped and defected structures are thermally stable. We
found that Beg, has the largest work function value within this
study (5.0 eV). Liz, and Beg, are p-type, while B, is n-type, and
all doped ZSN monolayers have magnetic properties except B,
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