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Abstract:

OMON

(Zn0O) Zinc oxide is considered a semiconducting material from the family of transparent

conductive oxide materials. Our study aims to study the electronic properties of pure Nano-

sized hexagonal zinc oxide using the DFT method using the (GGA-PBE) approximation and

the (HSEO3) approximation, as we demonstrated through our study on the unit cell In the large

cell (3x3x3) and the small cell (1x1x1), zinc oxide has a direct energy gap in the (GGA-PBE)

approximation, and its value is (e V) 1.74) and in the (HSE03) approximation, the value of the

energy gap is (e V2.79). The difference in the two approximations is very clear, and it is

evidence that when using the (GGA-PBE) approximation for the DFT method, it reduces the

value of the energy gap for zinc oxide, and when using the (HSE03) approximation, the energy

gap increases because it is more mathematically accurate, even though it takes more time to

calculate.

Keywords: h-znO, density function theory (DFT), approximation (GGA-PBE), CASTEP
program, electronic properties of pure hexagonal Zinc Oxide, hybrid approximation (HSEO03).
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1. INTRODUCTION:

Since graphene appeared in the headlines and was rediscovered in 2004-2005, there has been
and continues to be an increase in interest in isolating and using other new two-dimensional
materials. Two-dimensional materials such as hexagonal zinc oxide (h-ZnO) and graphene
possess a set of properties that are used in a large number of scientific disciplines and on a wide
industrial scale for manufacturing across many fields in the search for significantly improved
device performance, starting with sensing [1]. Through energy storage and generation and
carbon-based molecular electronics [2] [3]semiconductors with hexagonal transition elements
[4-12] (11-V1) in the periodic table crystallize in a hexagonal close-packed (HC) system and can
Zinc oxide (ZnO) exists in nature in the form of a powder or solid crystal [13] and depending
on the conditions of preparation. It features a wide direct n-type bandgap at 300K°. The benefit
of the large bandgap is to withstand large electric fields with the added benefit of low electrical
noise. The strong correlation energy (60mev) is also distinguished by the fact that it can be used
to make an energy-based laser [6 ,14] with wonderful physical properties, which makes it one
of the most widely used materials in various fields such as photoelectrons and photovoltaic
cells. Researchers have been interested in Zinc oxide is currently used for its uses in various

electronic [15], industrial, military, medical, chemical, physical, biomedical, and other fields.
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Hexagonal zinc oxide is characterized by high electron mobility, a non-toxic nature, and

excellent photocatalytic activity by ultraviolet radiation. (Zn-O) leads to the fact that (sp?)
hybridization in the two-dimensional graphene-like honeycomb structure is stronger than (sp®)
hybridization in bulk zinc oxide crystals. In addition, hexagonal zinc oxide is highly resistant
to strong radiation and shows remarkable photoluminescence [16 ,17].

2. Method for calculating electronic properties:

The electronic properties of pure hexagonal zinc oxide were studied using First Principle
Calculations [18] wusing Density Functional Theory (DFT), Generalized Gradient
Approximation (GGA), and using the Perdew — Burke approximation. Ernzerhof (PBE) for the
possibility of exchange correlation energy and also used the hybrid HSEO3 approximation [19,
20] hybrid functional based on a screened Coulomb potential to be more mathematically
accurate for the energy gap in the program [21] (CASTAP) and it was used to describe the
electronic valence structure of Zinc Oxide Pure hexagon( Zn — 3d°4S2? ,0 — 25% 2P*).
3. Results and Calculations:

3.1. Bond length of pure nanoparticle hexagonal zinc oxide:

The calculations were carried out on the small unit cell (1x1x1), the large unit cell (3x3x3),
(3x3x1), and the large unit cell (4x4x1), and it gives the same results whether the large cell is
taken or not. The small cell was taken (1x1x1). Zinc oxide consists of 8 atoms of oxygen and
30 atoms of zinc, which are the lattice parameters (a, b, ¢). (a=b=3.525 A°) in the plane (X, Y).
As for the value of (c), which represents the distance between each two layers, it was chosen
(c=5.025 A°) (in the direction of the Z axis).) This large distance was chosen for calculation
purposes as it is possible in this case, the interaction between the layers is neglected, so that the
calculated properties of zinc oxide with one layer (layer) only and not the bulk (bulk), the length
of the bond according to practical measurements, the original length of the bond is (1.501 A°)
and after the Geometry Optimization procedure it became (1.976 A°) as shown in Figure (1-a).
The primitive cell unit consists of the original lattice constants (a=b=2.600, c=30.00 A°). The
first Berlion region is set at point k. (11x11x2) as for the angle between the atoms bonded to
each other for zinc and oxygen (Zn-O-Zn)« it is equal to (120°) as shown in Figure (1-b). Also,
the lattice parameters (a, b, c¢). (a=b= 3.525 A°) in the plane, only one, as in this case the

interaction between the classes can be neglected.
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Figure 1: Hexagonal Pure Zinc Oxide cell after Conditioning and the Value
of the angle between (Zn-O-Zn).

3.2. Electronic properties of hexagonal zinc oxide sheets:

3.2.1. Calculate energy packets using the (GGA-PBE) approximation:

The band gap is defined as the energy required to excite (transfer) electrons from the top of
the valence band to the conduction band. It is called forbidden because it is a place free of
electronic states and in which electrons do not settle in pure semiconductors. The energy gap
allows one to distinguish between insulators. Semiconductors, metals, and conductors. The
value of the energy gap for pure hexagonal zinc oxide is calculated through the values of the
difference between the two closest points in the conduction band and the valence band, and
determining whether the gap is direct or indirect .1 calculated the electronic properties of zinc
oxide, including the band structures, and determined the samples of the first Berlion region at
the k point (11x11x2) of the lattice using (GGA-PBE) calculations for a pure hexagonal zinc
oxide sheet. From the results, we notice an energy gap of 1.742 eV directly at Point (K) as
shown in Figure (2). It is known that the (GGA-PBE) approximation using DFT theory
generally underestimates the band gap in pure hexagonal zinc oxide, and the reduction of the
energy gap occurs in the (GGA) approximation in ZnO, so we used (HSE03) approximates the
hybrid, which will be explained later in detail.

Band gap is 1.742 eV

Energy (eV)
|

| D AR e - L. . .H
Figure (2) Structures of the electronic states (band gap) of pure hexagonal zinc oxide sheet
using the (GGA-PBE) approximation.
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3.2.2. Calculate energy packages using approximation (HSE03)

The hybrid (HSEO03) approximation can describe the electron self-interaction better than the
(GGA-PBE) approximation« and the calculation results are closer to the experimental values,
although it is time and computationally expensive. Figure (3) shows the beam structures using
the (HSEOQ3) approximation. The points were taken at the K point (4x4x1) using the (HSEO3)
approximation for a pure hexagonal zinc oxide plate on the small cell (1x1x1) because it gives
the same results as the large cell calculations. To calculate the band gap« we take the difference
between the two closest points in the conduction and valence bands. We notice when
performing the calculations that the energy gap is (2.794 eV) at point (K)¢< which is a direct
energy gap¢ meaning that the energy gap has changed and become wider than it was when it
was calculated. In the (GGA-PBE) approximation (GGA-PBE) and an approximation to the
results of experimental calculations [22, 23], these types of the broad bandgap of (2D ZnO)
have the potential to be implemented in nanoscale UV-optoelectronics via nonstructural
engineering. The direct and indirect band gap can be compared. If the band gap is direct, the
electron releases its energy in the form of a photon. If the band gap is indirect, it releases its
energy in the form of a phonon. The transfer of electrons between the conduction and valence
bands is useful in several applications, the most important of which are solar cell, lasers, masers,
and light diodes. Table (1) shows a comparison between the current study and previous studies

of 2D hexagonal ZnO for the lattice, energy gap, approximation, and device used.

Band gap is =2.79%4

—a—— Band gap

Energy

15 4

Figure (3) shows the structures of the electronic states (band gap) of a pure hexagonal
zinc oxide sheet using the (HSE03) approximation.

Web Site: https://isnra.net/index.php/kjps E. mail: kjps@uoalkitab.edu.iq

82



https://isnra.net/index.php/kjps
mailto:kjps@uoalkitab.edu.iq
mailto:kjps@uoalkitab.edu.iq

Ahmed RS, Hassan IZ. / Al-Kitab Journal for Pure Sciences (2023); 7(2):78-88.
e —

Table (1) shows a comparison between the current study and previous studies of two-dimensional
hexagonal zinc oxide for the lattice, energy gap, approximation, and device used.

. Bandgap XC
Material Structure . Program Ref
(eV) functional
448 4.20
Hexagonal HSEO3 DFT [22 ,23]
eV eV
2D-Zn O PW91
Hexagonal 175eV CASTAP [24]
sRef. 26d
Hexagonal 1.68eV GGA DFT [25]
in this
Hexagonal 1.742 eV GGA-PBE | CASTAP
study
in this
Hexagonal 2.794 eV HSEOQ3 CASTAP
study

4. Total density of states (TDOS)
4.1. Total density of states using the GGA-PBE approximation

Density of states in materials physics. The condensed state describes the proportion of states
that the system must occupy at each energy. The total density of states is obtained by summing
the peaks of all the bands. I calculated the density of states. | took the density of states at the
point k (1 x 1 x 1) using (GGA- PBE) Figure (4) represents the energy changes in terms of
energy, where we notice the density of states in the extended field (0-18.6 (eV)) representing
the conduction band, and this means that there is a critical temperature at which the density of
states is high and a noticeable change appears at (3.5 e\eV). This was done. A high density of
states was also recorded in the extended field.

((-16.6) - 0 (eV)) which represents the valence band region and the presence of the first peak
in the extended field ((-16.8)-(-15.3 e\ eV)) which is estimated at (3.4 e \eV) after which the
density of states disappears. The second peak in the extended field ((-6.87)-(-4.63eV)), which
is estimated at ((11.6(e\eV)) and then disappears, the density of states is high for zinc for the
2p orbital) in the beam The valence band is rich in electrons with the ability to move, and at
this energy, the ability to move the electrons is for the conduction band. It can be noted that the
valence band near the Fermi level is dominated by O-2p with a small contribution from the Zn-
3d states, and the conduction band mainly contributed to the states (O-2p, Zn-4s). The third
peak in the valence band is in the extended field ((-3.94)-0.06(e\ eV)) the density is estimated
at (2.87 e\ eV) in the valence band region. The density of electronic states is symmetric for both
spin and spin. The symmetrical electron density causes the magnetic moment of this material

to be zero, which indicates that zinc oxide is a non-magnetic semiconductor material.
P,
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Figure (4) shows the electronic state structures (total density) of pure hexagonal zinc oxide

sheets using the (GGA-PBE) approximation.

4.2. Total density of states using the approximation (HSEO03)

To know the extent of the effect of the hybrid (HSEQ03) approximation on the overall density
of states of the GGA-PBE approximation, we note that the energy field extending from (0- 21
(e V)) In Figure (5) is called the conduction band. We notice a noticeable change from (0.5-18
(e V)) where the density of states varies because of the high temperatures in these areas of
energy. The highest density of states is recorded in the conduction region at energy (10.1 eV)
and reaches (5.1). The valence band is the energy field extending from (0-(-20) e V). We notice
a first peak extending from ((-20.1)-(-22.8) (e V)) after which there is no density. The states are
a result of the possibility of the electrons not being transferred. We notice in the energy range
from ((-17.1)-0.67(e V)) the occurrence of different density states in the energy values and
peaks, which means that they are rich in electrons that can move freely between energy levels.
We note that the regions near The Fermi level are where the density of states for the conduction
and valence bands decreases due to the lack of electrons in them. It becomes clear to us from
the density of states in the regions of the conduction band and the valence band that the regions
in which electrons are present, i.e., rich in electrons, have peaks of state density in which there
are no electrons, i.e., poor in electrons. We notice that there is not a significant difference in the
overall density of states for both the (GGA) approximations and the hybrid (HSEQ3)

approximation.
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Figure (5) shows a pure hexagonal zinc oxide sheet's electronic state structures (total
density) using the HSEO3 approximation.

5. Conclusions

The purpose of the research is to study the electronic properties of pure Nano-hexagonal zinc
oxide using the DFT method. We found that when calculating the electronic structures
(densities of total and partial states) using the generalized gradient approximation (GGA),
where the density of states in the extended field (0-18.6 (eV)) this region represents the
conduction band This means that there is a high temperature, meaning there are many
conductive electrons, the density of states is high, and a noticeable change appears at (3.5 e\eV).
This is due to the lack of transfer of electrons that cannot break the Coulomb potential barrier.
We found that if we modify and prepare the geometry of the zinc oxide network, the length of
the bond increases from the original length (1.501 A ° - 1.97 A °) and that the resulting increase
does not affect the structure of the network. When calculating the beam structures using the
generalized gradient approximation (GGA-PBE), we found that it is equal to (1.74e V), and it
turns out that the energy beams fall on the same values of (K) at the first Brillion point, meaning
that the energy gap is direct band gap. When calculating the beam structures, we found that the
energy gap using the hybrid (HSEO3) approximation, which is equal to (2.79 e V) at point (K),
is that the energy gap is direct. We found out through our theoretical calculations in the
CASTAP program and using DFT theory that the energy gap lies at the same values as (K),
which is a direct band gap using the two approximations, the (GGA-PBE) approximation and
the (HSEO3) hybrid approximation. Now the hybrid approximation does not reduce the value
of the band. The range of pure hexagonal zinc oxide nanoparticles, in contrast to the (GGA-
PBE) approximation, shows us that hexagonal zinc oxide has a wide bandgap. It is a

semiconductor material and is used in electronics applications and energy electron emitters.
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