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Abstract—To investigate the effects of Hubbard on-site
Coulombic correction on the structural and electronical
characteristics of wurtzite zinc oxide, first-principles
calculations using density functional theory (DFT) were
carried out. Because of the changes in structural
characteristics brought about by the correction of
hybridization between Zn 3d and O 2p states, suitable
Hubbard terms need to be constructed before one can make an
accurate forecast of the properties of ZnO. The computations
were carried out by applying Hubbard corrections Ud to Zn 3d
states and Up to O 2p states. These adjustments were based on
the Wu-Cohen functional. When the Hubbard corrections Ud
and Up were introduced to the calculation, the lattice
parameters were more comparable to the experimental data
and were found to be accurately predicted. The combination of
the correction terms Ud and Up was successful in improving
the underestimated bandgap of the wurtzite ZnO, which may
have solved the difficulties that are associated with the
traditional DFT. There is a strong agreement between the
experimental bandgap and the best Hubbard parameters that
were discovered for (GGA-PBE-WC+U). These parameters
were found to be Ud =8 eV and Up =8 eV.

Keywords—Hubbard model, GGA-PBE-WC, ZnO, DFT,
Band structure.

. INTRODUCTION

Zinc oxide (ZnO) has been identified as a promising
material for the development of optoelectronic and optical
devices due to its large direct band gap (3.20-3.44 eV) [1].
With a binding energy of 60 meV, it finds application in a
wide range of electronic gadgets, including photovoltaic
cells and LEDs [2,3]. Hexagonal wurtzite-ZnO (w-ZnO)
maintains a consistent crystal structure when kept at room
temperature [4]. In any case, the intense pressure has caused
it to take on a rock-salt structure, which may eventually lead
to the compound's stabilization [5]. ZnO's electronic,
optical, and structural properties have been successfully
computed using density functional theory. Large structures
can be modeled with great chemical accuracy using this
method. For some semiconductors, the value of band gap is
underestimated because the standard DFT approach
accounts for the exchange-correlation functions of the GGA
and LDA. w-ZnO's band gap, for example, is predicted to be

0.74 eV, which is about 70% lower than the experimental
value [6-8]. Band gap problems are unfortunately common
in these approaches. According to ab initio computation, the
electronic properties of w-ZnO were calculated by Schrder
and colleagues in 1993 [9]. The band gap and absolute
position of 3d band did not match experimental results. The
Zn 3d eigenstates exhibit highly localized and strongly
correlated features. The narrow d bands correlation effects
caused these discrepancies. Strongly correlated electronic
components could not be localized due to a seemingly fatal
flaw in the band gap calculation. In order to reduce the
transition energy and increase the formation energy of Mott
insulators, some authors have suggested using the LDA + U
or the GGA + U method [10]. The original plan was to
include Hubbard-type interactions U in either the LDA or
the GGA to better characterize these substances. On the
other hand, it has been discovered that this technique can
also enhance the Hubbard parameter-based characterization
of ZnO. In order to work around the limitations of
traditional DFT, many researchers turn to DFT+U methods,
also known as hybrid functionals. The Green's function, the
B3LYP, and the Perdew-Burke-Ernzerhof (PBE) function
are just a few examples [4]. Recently, Wu and Cohen (WC)
proposed a new GGA exchange-energy functional [11].
Their functional, used in combination with the PBE
correlation-energy functional, was shown to have significant
improvement over LDA, PBE, and TPSS for the geometrical
parameters and the bulk modulus of solids. However, these
techniques aren't as reliable as their competitors. The low
difficulty level and high computational cost of the first-
principle DFT+U approach make it unsuitable for tackling
the problems of complex systems. When applied to the
d state, the Hubbard Ud correction helps, but the ZnO
bandgap is still underestimated. Recent research has shown
that the Ud and Up parameters, when used together, can
have a positive effect on the Zn and O bandgap. In order to
optimize ZnO's electronic properties and structural
parameters, it is necessary to rationally tweak the values of
the Hubbard parameters Ud and Up [12,13]. Using the
DFT+U framework, this effort seeks to identify the optimal
values for the Hubbard parameters Ud, Up, and GGA+U.
The volume, structure, and electronic properties of ZnO
determine the parameters. The Hubbard parameter values
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obtained from DFT+U calculations with the Ud and Up
values were compared to those obtained from standard DFT
and experimental samples.

Il. METHOD OF SIMULATION

Figure 1 shows the hexagonal ZnO crystal structure
(space group 186/P63mc). Wurtzite ZnO has 2 zinc (Zn)
and 2 oxygen (O) atoms per unit cell. Electronic, optical,
and structural properties of ZnO-based materials were
analyzed using first-principles calculations in Hubbard U.
A comparison was made between the results and those
already published. In this study, we looked at how well the
CASTEP computer code performed when simulating ZnO
transition oxide using the Kohn-Sham plane-wave direct
Fourier transform method [14]. Wurtzite ZnO materials'
electronic, optical and structural properties were analyzed
using DFT from first principles. Furthermore, PBE with
Wu-Cohen (PBE-WC) exchange-correlation was used to
characterize the exchange-correlation [15,16]. We used a
soft pseudopotential with a kinetic cutoff energy of 380 eV
for this analysis. We performed the computation on a 5x5x4
k-point grid with a separation of 5x10° A™. For the purpose
of addressing the Zn 3d electron transition, the PBE-WC+U
technique was applied. Zn-3d'® and O-2p4 valence electron
configurations were assumed. Energy changes of less than
1 x 10® eV per atom were achieved during the geometric
optimization procedure. Forces up to 0.05 GPa and stresses
of less than 1 x 107 displaced worked well, too. In order
to study the conceptual variations in the calculation,
four different procedures that each made use of a unique
XC functional were carried out. Initially, a conventional
DFT was utilized in order to carry out the optimization
procedure on the wurtzite ZnO unit cell (GGA-PBE-WC).
The Hubbard term Ud is applied to the 3d states of the Zn
atoms by utilizing DFT+U (GGA-PBE-WC+Ud) for the
second optimization. The Hubbard term Up is applied to the
2p states of the O atoms by utilizing DFT+U (GGA-PBE-
WC+Up) for the third optimization. The fourth optimization
procedure utilized DFT+U (GGA-PBE-WC+(Ud,Up)) to
implement both Hubbard term Ud to Zn 3d states and Up to
O 2p states. The values for Ud and Up ranged from 2 eV to
14 eV (step by 2) as shown at the TABLE |I.

Fig. 1: Crystal structure of unit cell for wurtzite ZnO.
Zn (green) and O (red).
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TABLE I. Hubbard parameter values that used in the present work.

(ZnUd, O Up)
" (n,0) (0,n) (n,n)
2 (2,0 (0,2) (2,2
4 (4,0 (0,4) 4.9
6 (6,0) (0,6) (6,6)
8 (8,0) (0,8) (8,8)
10 (10,0) (0,10) (10,10)
12 (12,0) (0,12) (12,12)
14 (14,0) (0,14) (14,14)
1. RESULTS

Minimizing energy and atomic forces optimized
wurtzite ZnO crystal structures. The lattice parameters
(a and c), lattice ratio (c/a) and volume (V) of optimized
wurtzite ZnO computed from standard GGA-PBE-WC
functional are compared to the experimental values listed in
TABLE Il. The value of lattice parameters from standard
GGA-PBE-WC was consistent with each other works,
which agrees with other findings [17-19]. The lattice
parameters and volume from GGA-PBE-WC show a good
agreement with the experimental values. On the other hand,
the values of the lattice parameters GGA-PBE-WC were
the same, which is in line with what other researchers have
found. When compared to the other calculated lattice
parameters and volume from standard GGA-PBE and GGA-
PBESOL functional, the lattice parameters and volume from
GGA-PBE-WC show good agreement with the experimental
values, with a difference of less than 0.499%.

TABLE II: The calculated lattice parameters (a and c), lattice ratio (c/a)
and volume (V) of wurtzite ZnO using standard GGA-PBE-WC with the
percentage deviation (~%) from the experiment and other theoretical
data (* - Ref. [17], ° - Ref. [18], ® - Ref. [19]).

Other works Present work
Exp. GGA-PBE-
GGA-
: wcC
GGA-PBE PBESOL
3.282°
a (A a (+0.98%) 3.246° 3.249
)] 3249 3271° (~0.10%) (-0.028%)
(+0.65%)
5.294°
cA) | 50080 (+1.69%) 5.232° 5.230
: 5.235° (+0.49%) (+0.455%)
(+0.55%)
1.613° ,
ofa | 1602 (+0.68%) 1611 1.610
. 1.600° (+0.59%) (+0.499%)
(=0.12%)
49.38° ,
VAR | 47590 (+3.75%) 47.75 47.797
: 47.76°¢ (+0.33%) (+0.420%)
(+0.34%)




In order to achieve maximum efficiency in the formation
of crystals, research has been conducted on the
incorporation of the Ud and Up parameters into the three-
dimensional states of Zn and O atoms. The GGA-PBE-
WC+U functional were utilized in order to conduct an
investigation into the impacts of this parameter on the
volume and lattice characteristics of ZnO. By gradually
increasing the Hubbard Ud parameter, which ranged from 2
to 14 eV, it was possible to examine the changes that
occurred in the range of the a and c lattice parameters. This
falls in accord with the findings of other researchers who
used the CASTEP software to conduct tests that were quite
comparable to this one. The GGA-PBE-WC+U functional
incorporation of the Ud parameter was utilized so that the
lattice parameters of ZnO could be calculated. Figure 2
show a lattice parameter as a function of (Ud,0), (0,Up) and
(Ud,Up), where the value of the a lattice parameter is
identical to the experimental value of 3.249 or 3.250 (A)
when Ud is equal to 2, 4, 6 and 8 eV. These experimental
values are shown by horizontal dashes in the graph.
However, the trend lines (0,Up) and (Ud,Up) of the lattice
parameters a do not reach the experimental value and tend
toward smaller values.

Figure 3 show c lattice parameter as a function of
(Ud,0), (0,Up) and (Ud,Up), where the value of the ¢ lattice
parameter is identical to the experimental value of 5.204 or
5.207 (A) when Up and (Ud,Up) are equal to 2 eV. These
experimental values are shown by horizontal dashes in the
graph. However, the trend lines (Ud,0) of the lattice
parameter ¢ do not reach the experimental value and tend
toward larger values. As a result, the lattice parameters of
wurtzite ZnO were best described from GGA-PBE-WC+U
at Ud and Up equal to 2 eV for calculation lattice
parameters a and c. The differences in the a and c values of
the ZnO lattice, both with and without the addition of the
Hubbard parameter, produce results that are superior than
those obtained using the conventional DFT calculations.
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Fig. 2: Lattice parameter a of wurtzite ZnO with respect to Hubbard
parameter. Horizontal dashed lines represent the experimental
values.
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Fig. 3: Lattice parameter ¢ of wurtzite ZnO with respect to
Hubbard parameter. Horizontal dashed lines represent the
experimental values.

Figure 4 illustrates the different band gap values that can
be expected from wurtzite ZnO depending on whether or not
the Hubbard parameter Ud and Up are included and are
applied to Zn and O for the functional. The values of Ud and
Up increased from 2 eV to 14 eV, which resulted in
an increase in the band gap values. At a band gap energy
of Ud = 14 eV, the band gaps with the highest values are
1.173 eV. Even though the inclusion of the Hubbard Ud
parameter aims to correct the localized 3d states electrons in
a correlated system but is still underestimated, these band
gap values are still small in comparison to the experimental
value, which is 3.37 eV. This finding is consistent with
research that was conducted in the past and agrees with the
findings of those studies. The pervasive underestimation of
band gap has highlighted the need to incorporate the 2p
states into the calculations. Figure 4 displayed the variation
band gap values of wurtzite ZnO when the Hubbard
parameter Up was applied to O with zero Ud value. At a
band gap energy of Up = 14 eV, the band gaps with the
highest values are 3.361 eV, and it is very close to the
experimental band gap. With equalized Ud and Up values,
the band gap values increased progressively as the Hubbard
parameters (Ud,Up) increased from 2 eV to 14 eV. To study
the band gap properties of wurtzite ZnO, the appropriate
values of Ud and Up must be determined. Using the same
CASTEP software, the selection of Hubbard Ud value is
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Fig. 4: Band gap of wurtzite ZnO with respect to Hubbard

parameter. Horizontal dashed lines represent the experimental
valiles

typically in the range of 8 eV, whereas the selection of Up is
in the range of 8 eV.

Consequently, this demonstrates that the inclusion of
both Hubbard parameters, Ud and Up, has effectively
reproduced the correct band gap of wurtzite ZnO in
comparison to the standard GGA+PBE-WC. The Hubbard
parameters Ud and Up values for electronic properties are
not the same as the values for structural properties, but the
problem is to correct the underestimated band gap of
wurtzite ZnO from standard DFT by including Hubbard
parameter Ud applied to the Zn-3d state and Hubbard
parameter Up applied to the O-2p state.

Figure 5 and 6 display the band structures that were
computed for wurtzite ZnO by utilizing a conventional
GGA-PBE-WC functional and the best Hubbard parameters
Ud and Up along the highest symmetry direction of the
Brillouin zone path. The band gap of wurtzite ZnO was
approximately 0.618 eV when estimated using conventional
GGA-PBE-WC and the result showed that it was 81% lower
than the experimental values. This value is in good accord
with the results of the other first-principle DFT calculations.
The failure of typical GGA-PBE-WC to find the binding
energy in the electrons of the 3d states causes an
overestimation of hybridization with the anion 2p states,
which is the root cause of these difficulties. As a result, a
powerful p-d coupling was ultimately responsible for the
narrowing of the band gap. The findings suggest that the
wurtzite form of ZnO possesses a direct energy band gap
between the valence band of the I' Brillouin zone and the
conduction band. The band gap is found by measuring the
distance between the maximum of the valence band and the
minimum of the conduction band, where the Fermi level is
located at the 0 eV point on the energy scale. In spite of this,
the accuracy of comparisons made between relevant crystal

parameters, such as lattice parameters, were not affected in
any way by the band gap finding.

It is common knowledge that the ground state DFT
results showing significant Coulomb correlation and XC
potential between excited-state electrons might contribute to
an overestimated band gap. The underestimation of the band
gap that arises from the first-principle calculations can be
corrected by comparing it with the findings of the
experiments using the Hubbard parameters Ud and Up. In
the GGA-PBE-WC+U computations, the effective Hubbard
parameters Ud and Up have a tendency to upper shift the
minimal conduction band, which results in a wider gap
between the maximum valence band and the minimum
conduction band. The band gap of wurtzite ZnO determined
using GGA-PBE-WC+U was around 3.432 eV respectively.
When compared to the results of the other first-principle
DFT+U calculations, all of the band gaps values show a
high level of concordance. Therefore, the band gap
calculated using GGA-PBE-WC functional was only 0.19
percent off from what was seen during the experiment.
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Fig. 5: The band gap structure of ZnO by using GGA-WC.
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IV. CONCLUSIONS

First-principles calculations utilizing DFT and DFT+U
methods included in CASTEP software were used in this
investigation to determine the structural characteristics of
wurtzite ZnO as well as its electronic properties.
The incorporation of Hubbard parameters Ud and Up in
GGA-PBE-WC+U has highlighted a considerable difference
in the structural parameters as well as the electronic
structure of wurtzite ZnO. Incorporating the Hubbard
parameters Ud and Up has resulted in an underestimation of
the wurtzite ZnO lattice parameters, but it has improved the
underestimation of the band gap that was produced by
traditional DFT. The properties of the computed lattice were
most accurately characterized by the GGA-PBE-WC+U
functional, with possible agreements of different Hubbard
Ud and Up values. The best Hubbard parameters of wurtzite
ZnO were determined for the functional GGA-PBE-WC+U
at Ud = 8 eV and Up = 8 eV. These values show a high
agreement with the observed band gap. According to the
findings that we have obtained, the GGA-PBE-EC+U
approach that was projected in order to investigate the
structural and electronic properties of wurtzite ZnO appears
to be an appropriate way for solving the DFT calculations
problem while maintaining a low cost of computation.
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