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HIGHLIGHTS

Structural, electronic and magnetic properties of hexagonal wurtzite crystalline structure
ZnO and oxygen atom vacancy defected ZnO (ZnO_O) are studied by first-principles
calculations through Quantum ESPRESSO as a computational tool and XCrySDen as a
structure visualization.

From the calculations of ground state energy, pristine and vacancy defected ZnO are found
to be stable materials. Compactness of ZnO decreases in the presence of vacancy defect.

From band structure and DOS calculations, it is found that ZnO is a n-type and ZnO_O is a
p-type semiconducting materials.

By the analysis of DOS and PDOS calculations, both the materials have non-magnetic
properties.

ABSTRACT

Electronic and magnetic properties of materials are appealing properties and have budding
applications in the devices. In this work, we have investigated the structural, electronic and
magnetic properties of pristine Zinc-Oxide (ZnO) and Oxygen-defected Zinc-Oxide (ZnO_0O)
materials by spin-polarized density functional theory (DFT) method. Structural properties are
studied by calculating their total ground state energy, and found that both are stable 2D
materials. It is also found that ZnO have higher stability than of ZnO_O material. Electronic
properties of considered materials are examined by analyzing of their band structure, density of
states (DOS) calculations and found that ZnO is a direct band gap, n-type semiconductor
material in its pristine form and an indirect band gap, p-type semiconductor material in its
Oxygen-defected form (ZnO_0O). Magnetic properties of pristine and defected ZnO are
investigated by analyzing their density of states (DOS) and partial density of states (PDOS)
calculations, they revealed that ZnO and ZnO_O have non-magnetic properties.
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1. INTRODUCTION

ZnO is a 11°-VI compound and a wide gap
semiconductor with a band gap of (3.44 + 0.003)
eV at 0 K and (3.37 £ 0.005) eV at 300 K. It has
a hexagonal wurtzite crystalline structure. In
comparison with other 11°-Vl and IlI-V
compounds, ZnO has been found to exhibit a
stronger polar binding and a larger exciton
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binding energy. It has a density of 5.6 gcm™ with
4.2x10% molecules/cm® [1]. ZnO is a promising
material with regards to its optoelectronic
property. ZnO research has been heavily driven
by the hope of its use in LEDs and LDs in wide
spectral ranges [2]. Although GaN is mostly
found to be the material of choice when it comes
to the manufacturing of UV light emitters (due to
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viable p-type technology), ZnO shows great
promise for its replacement as it holds many
advantages of its own, namely the availability of
large area substrates, excess electrons and holes
forming tightly-bound excitons, the possibility of
low-temperature  epitaxial —growth, superior
radiation harness etc. [2, 3].

Although difficult to realize in the lab, p-type
ZnO are found to exist nonetheless [2]. The
current situation with ZnO parallels that of GaN
many years ago when the workable methods for
p-type doping of GaN was not yet realized.
Manufacturing proper p-ZnO is the only way to
obtain high-quality homojunction ZnO LEDs.
Experimental homojunction ZnO LEDs that have
been demonstrated so far do not offer the
commercial goals required for them to be
efficient, reliable, durable and feasible. However,
although slow, the progress is continually being
made in this field [4-7]. It is very likely that in
the coming years, a breakthrough discovery in p-
type doping of ZnO will make its appearance and
an entirely novel device emitting blue and UV
light will be realized [4].

Other aspects that are driving ZnO research
include development of nano lasers through nano
rods, application in the development of solar
cells, application in the development of gas
sensors etc. [8]. Single vacancy defect is one of
the simplest possible point defects in a crystal, in
which, a single atom is removed from the lattice
site [9]. Vacancy defect is an inherent property of
any crystal above 0 K temperature. The number
of such defects increase exponentially with the
increase in temperature [10]. Many novel
properties can be induced by such point defects,
which can lead to the defective materials having
properties useful for technological applications;
for example, an otherwise nonmagnetic material,
graphene is found to exhibit magnetic moment of
(1.12 to1.53) pg per vacancy defect, depending
on the defect concentration [11]. So, studying the
effects of such defects is very valuable in the
case of ZnO as well.

In this paper, we discuss the structural, electronic
and magnetic properties of two-dimensional (2D)
pristine ZnO crystal and an Oxygen atom vacancy
defected ZnO (ZnO_O) crystal through the analysis
of band structure, density of states (DOS) and
partial density of states (PDOS) calculations. We
have performed this study using spin-polarized
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density functional theory (DFT) method of
calculations  through  computational package
Quantum ESPRESSO (QE) codes and structure
visualization tool XCrySDen.

2. METHODS AND MATERIALS

Implemented in the computational package
Quantum ESPRESSO (QE) [12], using the spin-
polarized density functional theory (DFT) method
[13, 14], the calculations of structural, electronic
and magnetic properties of pristine and defected
ZnO have been performed. All electrons in the
systems are treated by the Generalized Gradient

Approximation (GGA) using Perdew-Burke-
Ernzerhof (PBE) exchange-correlation (XC)
functional [15]. Rappe-Rabe-Kaxiraas-

Joannopoulos (RRKJ) model of plane-wave ultra-
soft pseudopotential [16] has been chosen. The
optimized and relaxed, stable ZnO structure is
shown in Fig.1(a). Broyden-Fletcher-Goldfarb-
Shanno (BFGS) scheme [17] is implemented for the
structure optimization and self-consistent field
(SCF) calculations, where, the atoms are fully
relaxed unless the change in the total energy is
below 10 Ry in between two successive SCF
steps and each component of the acting force is
below 103 Ry/Bohrs.

We determined a k-mesh of (16x16x1) from the
convergence test, for calculating the self-consistent
total energy. Also, for the expansion of ground state
electronic wave function, we used kinetic energy
cut-off value of 40 Ry and charge density cut-off
value of 400 Ry. Furthermore, the Marzari-
Vanderbilt (MV) method [18] of “smearing” with a
width of 0.001 Ry is used. We used the meshes of
(16x16x1) k-points for electronic band structure,
and (16x16x1) k-points for density of states (DOS)
and partial density of state (PDOS) calculations,
where 256 k-points are used along the high
symmetric points connecting the reciprocal space
for band structure calculations. The (4x4) supercell
structure of ZnO monolayer is constructed by
extending the unit cell of ZnO along x and y-
directions. For Oxygen atom (O) vacancy defected
ZnO material, we have removed one O atom from
(4x4) supercell monolayer structure of ZnO, and
then relax by using BFGS scheme [17] which is
shown in Fig.1(b). Findings are obtained from band
structure, DOS and PDOS calculations of pristine
and vacancy defected materials are described in
results and discussion section.
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(b)

Fig. 1: (Colour online) Optimized and relax stable structures of pristine and vacancy defected ZnO:
(@) (4x4) supercell structure of ZnO monolayer material, (b) (4x4) supercell structure of
Oxygen atom vacancy defected ZnO monolayer (ZnO_O) material.

3. RESULTS AND DISCUSSION

In this section, we have presented the analysis of
structural, electronic and magnetic properties of
pristine ZnO and Oxygen atom vacancy defected
ZnO materials, and then compared our findings
parameters with the reported values available in the
literatures.

3.1. Structural Properties

Primitive unit cell of ZnO is extended along x and
y-directions in order to obtain its 2D, (4x4)
supercell structure. The lattice parameters of ZnO
(wurtzite phase) are found to be: a = 3.28 4 (or 6.20
Bohr) and c/a = 1.62, which matched closely with
the experimentally reported values a ~ 3.254 and

c/a ~ 1.60 [1]. These are found out by optimizing
the lattice parameters. Along with optimizing the
lattice parameters, we also have to optimize the cut-
off energy value (or ecut) and number of k-points.
The values of optimized parameters such as ecut, k-
points and lattice parameter are found to be 40 Ry,
16 and 6.20 Bohr (or 3.28 A) respectively, through
the plots of energy versus ecut, k-point and lattice
parameters are shown in Fig. 2 (a-c) respectively.
Optimized parameters are used in the input file of
ZnO, and then performed relax calculations by
employing BFGS scheme. The optimized and
relaxed stable structure of pristine ZnO monolayer
is prepared is shown in Fig.1(a).
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Fig. 2: (Colour online) Determination of optimized parameters: (a) optimized value of energy cut-off (ecut),
(b) optimized value of number of k-points, and (c) optimized value of lattice parameter (celldm1l).

The Oxygen atom vacancy defected structure
(Zn0O_0) is prepared by removing one Oxygen (O)
atom from the pristine ZnO material. The prepared
ZnO_O structure is relaxed by using the BFGS
method and found that it is stable to carry out further
calculations. Stability of material is predicted by
calculating the total ground state energy of the
system, which are given in Table -1. The optimized
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and relaxed stable structure of ZnO_O is shown in
Fig.1(b). The total energy of the system is evaluated
by the sum of one-electron contributions, Hartree
contribution, exchange-correlation contribution,
Ewald contribution and smearing contribution. We
obtained these values from self-consistent field
(SCF) calculations. Lower value of total energy
indicated that the system is more stable [19-21].



Hence, Pristine ZnO is found to be more stable than
O atom vacancy defected ZnO. In addition, we have
estimated the average bond lengths around vacancy
site in crystal structure of ZnO_O and corresponding
bond lengths in crystal structure of ZnO materials
are given in Table-1. We found that Zn atoms in
ZnO have come closer in ZnO material compared to
the corresponding Zn atoms around the O-vacancy
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site in ZnO_O material. Furthermore, the Zn-O bond
lengths of those Zn atoms in ZnO_O material have
increased. Both of these results agree with each other
in indicating that the material has become less
compact upon introducing the defect. Hence, pristine
structure of ZnO is more compact and stable material
than Oxygen atom vacancy defected ZnO material.

Table-1: Fermi energy (Es), Fermi energy shift (Es), bandgap energy (Ey) and total energy (Ey),
average bond lengths around vacancy site in ZnO_O and corresponding bond lengths in ZnO of
pristine ZnO and vacancy defected ZnO materials.

Materials (Ep) eV (E) eV (Eg) eV (E) Ry Zn-Zn () | zZn-O (4)
Zn0O -1.53 - 1.20 -2890.18 3.26 1.89
Zn0O_0O 1.65 3.17 1.37 -2859.92 3.29 1.90

3.2. Electronic and Magnetic Properties

Materials are promising candidate in electronic,
spintronic and optoelectronic devices on the basis
of their electronic, magnetic and transport
properties. Thus, electronic, magnetic and transport
properties of material have blossoming application
in the fields of devices [20, 22, 23]. Defects
(vacancy and impurity) in materials are used to
develop the desire properties, they generate
attracting properties in the crystalline materials [10,
24, 25]. In the present work, we have investigated
the electronic and magnetic properties of
considered materials by the analysis of their band—
DOS and DOS-PDOS plots respectively. In Fig.
3(a-b) and Fig. 4(a-b), we have shown the band
structures and DOS plots of ZnO and ZnO_O
materials respectively. I'-M-K-T" are chosen as high
symmetric points in the irreducible Brillouin zone
(BZ) for band structure plots taking 100 k-points
along the direction. In the band structure plots, the

P

x-axis represents the high symmetric points in the
primary Brillouin zone (BZ) and y-axis represents
the corresponding energy values. The horizontal
dotted line represents the Fermi level. In the DOS
plots, x-axis represents the energy level and the
corresponding density of electron states is
represented in the y-axis. The dotted vertical line
marks Fermi energy level and the horizontal dotted
line marks the axis that separates the up-spin states
of electron from the down-spin states of electron in
the orbitals of all atoms in material samples. The
electronic configuration of Zn and O in ZnO are:
[Ar] 3d™ 4s? and [He] 2s® 2p*, respectively. Thus,
Zn does not have any unpaired electrons in its sub-
orbitals, while O has a paired 2p, sub-orbital with
two unpaired 2p, and 2p, sub-orbitals. Before
investigating about the electronic and magnetic
properties of vacancy defected ZnO materials, we
need to first study the electronic and magnetic
properties of pristine ZnO material.
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Fig. 3: (Colour online) Band structure, DOS and PDOS plots of pristine ZnO monolayer:
(a) Band structure of ZnO, (b) DOS plot of ZnO and, (c) PDOS plot of ZnO.
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From Fig.3(a), we can see that the conduction band
edge is at k = 0, the I'-point, which is also the k-
value of the valence band edge for ZnO. Hence,
ZnO is a direct band gap semiconductor since the
valence and conduction band edges occur at the
same k-values. We know that the bandgap is given
by, E; = Ec + E,, where, E. is the band energy gap in
between the lower most conduction band to the
Fermi energy and E, is the energy gap between the
uppermost valence band and Fermi energy. From
the band structure in Fig. 3(a), we found that E,
0.41 eV and E, = -0.79 eV. Hence, the direct
bandgap of ZnO is 1.20 eV, which is sightly differs
from the experimental observed value of 3.44 eV
[1] because of using DFT with PBE through the
GGA approximation.

In addition to the band structure calculations, we
have also performed density of states (DOS)
calculations. The DOS plot from that calculation is
shown in Fig. 3(b), where we can see that the
unoccupied up and down spin states of electrons are
available 0.79 eV below the Fermi level (in the
valence band) and 0.41 eV above the Fermi level
(in the conduction band). The band gap being 1.20
eV, which gives a confirmation to the data from the
band structure analysis as well. We can easily see
here that since the conduction band edge lies much
closer to the Fermi energy level, it is an n-type
semiconductor. Furthermore, we have investigated
the electronic properties of ZnO_O material
through electronic band structure and DOS plots as
shown in Fig.4. In Fig. 4(a), we can see that the
conduction band edge is at k = 0.58, the M-point,
which differs from the k-value of the valence band
edge for ZnO_O, which is at k = 0.91, the K-point.
Hence, ZnO O is an indirect band gap

semiconductor, since the valence and conduction
band edges do not occur at the same k-values. From
the band structure in Fig. 4(a), we found that E.
0.82 eV (at M-point) and E, = -0.54 eV (at K-
point), hence, the direct bandgap energy of ZnO_O
is 137 eV. Moreover, the band structure
calculations, we have also performed DOS
calculations is shown in Fig. 4(b). We can see that
the unoccupied up and down spin states of electrons
are available 0.54 eV below the Fermi level (in the
valence band) and 0.82 eV above the Fermi level
(in the conduction band). The bandgap being 1.37
eV. This gives a confirmation to the data from the
band structure analysis as well. We can easily see
here that since the valence band edge lies much
closer to the Fermi energy level. So, it is a p-type
semiconductor material.

The magnetic properties of ZnO and ZnO_O
materials are investigated by the analysis of their
density of states (DOS) and partial density of states
(PDOS) calculations are shown in Fig. 3(b-c) and
Fig. 4(b-c) respectively. From DOS plots (in Fig.
3(b) and Fig.4(b)), we found that up-spin and
down-spin states are symmetrically distributed
around the fermi energy level, which gives zero
value of magnetic moment. Hence, both materials
have non-magnetic properties. In addition to the
DOS calculations, we also performed the PDOS
calculations of ZnO material. The PDOS plot
clearly shows that the contribution in the net
magnetic moment by the up and down spin states of
electrons in 4s-Zn, 3p-Zn, 3d-Zn, O-2s and O-2p
orbitals are all zero. Hence, monolayer pristine ZnO
iSs a non-magnetic, n-type direct band gap
semiconductor.
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Fig. 4: (Colour online) Band structure, DOS and PDOS plots of Oxygen atom vacancy defected ZnO (ZnO_O)
monolayer: (a) band structure of ZnO_0O, (b) DOS plot of ZnO_0O and, (c) PDOS plot of ZnO_0O material.
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Similarly, we have analyzed the PDOS plots of
ZnO_O material and found that up-spin states of
electrons are symmetrically balanced by down-spin
states of electrons at all energy values. It shows that
ZnO_0O is a non-magnetic material. Also, PDOS
plot clearly shows that the contribution in the net
magnetic moment by up and down spin states of
electrons in 4s-Zn, 3p-Zn, 3d-Zn, O-2s and O-2p
orbitals are all zero. Hence, ZnO_O is a non-
magnetic, p-type, indirect band gap semiconductor.

4. CONCLUSIONS

In the present work, we have investigated the
structural, electronic and magnetic properties of
hexagonal wurtzite crystalline structure ZnO and
oxygen atom vacancy defected ZnO (i.e., ZnO_0O)
materials using spin-polarized density functional
theory (DFT) method. The structures visualization
and computational work are carried out
respectively through XCrySDden and Quantum
ESPRESSO software packages. We found that
both materials (ZnO & ZnO_0O) are found to be
stable material. Compactness of material are
decreased in the defected structure than pristine
form of ZnO which is due to the unpaired
arrangement of spin states of electrons in the
orbital of atoms. Electronic properties of these
materials are examined by the analysis of their
band structure and density of states (DOS)
calculations. It is found that ZnO is a direct band
gap, n-type semiconductor with a band gap energy
1.20 eV, while ZnO_O is an indirect band gap, p-
type semiconducting material. The band gap
energy of ZnO_O is found to be 1.37 eV, which is
slightly greater than the band gap energy of
pristine ZnO. Thus, n-type semiconducting ZnO
material changes to p-type semiconducting
ZnO_O material due to the presence of O vacancy
defect. For the investigation of magnetic
properties, we have analyzed density of states
(DOS) and partial density of states (PDOS)
calculations of ZnO and ZnO_O materials. In
these calculations, it is found that up and down
spin states of electrons are symmetrically
distributed around the Fermi energy level and
hence, both materials have zero value of magnetic
moment. These calculations revealed that ZnO and
ZnO_0O materials have non-magnetic properties.
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