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ABSTRACT

First-principles calculations with density functional theory (DFT) were carried out to
explore the effects of Hubbard on-site Coulombic correction on the structural and
electronic properties of wurtzite zinc oxide (ZnO). For an accurate prediction of ZnO
properties, adequate Hubbard terms must be established due to changes in structural
parameters produced by the correction of hybridization between Zn 3d and O 2p states.
The calculations are based on the local density approximation (LDA) and the
generalized gradient approximation (GGA) for Perdew-Burke-Ernzerhof (PBE) and
Perdew-Burke-Ernzerhof for solids (PBEsol) were performed by applying Hubbard
corrections Ug to Zn 3d states and U, to O 2p states. The lattice parameters were closer
to the experimental data and underestimated when Hubbard corrections Ug and U, were
applied in the calculation. The combination of the correction terms Uy and U, managed
to improve the underestimated bandgap of wurtzite ZnO, which might solve the
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standard DFT problems. The best Hubbard parameters Uy and U, found for LDA+U at
Us=6eVand U, = 8 eV, GGA-PBE at Ug =2 eV and U, = 10 eV and GGA-PBEsol+U
at Ug =5eV and U, = 9 eV show a good agreement with the experimental bandgap.

Keywords: Wourtzite ZnO, first-principles, density functional theory, Hubbard
correction, electronic

INTRODUCTION

Zinc oxide (ZnO) is a compound semiconductor belonging to the I1-VI groups with a
direct bandgap of 3.37 eV and a higher exciton binding energy of 60 meV at room
temperature [1,2]. ZnO has attracted much attention due to its potential application in
solar cells, photocatalyst, optoelectronic devices, semiconductor laser and light-emitting
diodes [3-7]. ZnO has a stable wurtzite crystal structure under ambient conditions.
Nevertheless, at relatively high pressure, the ZnO has observed a rock-salt crystal
structure and ZnO is stabilized by the growth of a zinc-blende crystal structure on a
cubic substrate [8].

The computational method based on density functional theory (DFT) has successfully
treated the structural, electronic, and optical properties of ZnO [9-11]. The DFT
calculations focused on local density approximation (LDA) and generalized gradient
approximation (GGA) are practical methods to simulate relatively large structures with
sufficient chemical precision. However, the standard DFT approach focused on the
exchange-correlation (XC) functionals of the LDA and GGA vyields underestimated
value bandgap energy for some semiconductors [12,13]. DFT calculations report a
bandgap of ZnO is (0.65 — 0.74 eV), which is underestimated by ~70% compared with
the experimental value is (3.37 eV) [14-17]. The apparent error in the calculation of
energy bandgap failed to describe the localization of strongly correlated electronic d and
f electrons metals [18,19].

The hybrid functionals or DFT+U methods are the most commonly utilized approaches
to overcome the problems of standard DFT [20]. The Green’s function and screened
Coulomb’s potential (GW) and hybrid functionals like Perdew-Burke-Ernzerhof
(PBEO), Heyd-Scuseria-Ernzerhof (HSE06) and Becke, 3-parameters, Lee-Yang-Parr
(B3LYP) are a popular approach to be more accurate in the calculation of the energy
bandgap of ZnO [9,21,22]. However, hybrid functionals are considered to require
higher computing costs [23]. Therefore, the first-principle method based on DFT+U is a
barely suitable approach due to the less expensive computational method and low
difficulty level. Nevertheless, applying the Hubbard Uy correction only to the d state,
the bandgap of ZnO is still underestimated, even at large Uq values [24,25]. Numerous
recent theoretical studies have investigated the influence of the Hubbard parameter Uy
on the d state of Zn and U, on the p state of oxygen (O) can improve the bandgap and
position of the valence and conduction band when both Hubbard parameters Ug and U,
are used [26-29]. Therefore, the Hubbard parameters Uy and U, values need to be
rationally correct in order to obtain more accurate structural parameters and electronic
properties of ZnO.
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In this work, the aim is to determine the suitable values of Hubbard parameters Uq and
U, using first-principles calculation within the DFT+U (LDA+U, GGA-PBE+U and
GGA-PBEsol+U) framework, which depends on structural (lattice parameters and
volume) and electronic (band structures and total and partial density of state) properties
of wurtzite ZnO. Different values of the Hubbard parameters Uy and U, are used to do a
series of DFT+U calculations. The results from inclusion Hubbard parameters Uy and
U, on DFT+U calculations were compared with those calculated using standard DFT
and experimental data. A similar work of inclusion Hubbard parameters Uy and U, on
DFT+U calculation of wurtzite ZnO had been carried out, but only using LDA+U
functional and different computational software [28].

COMPUTATIONAL DETAIL

First-principles calculations based on plane-wave ultrasoft pseudopotentials method
were performed for wurtzite ZnO using Cambridge Serial Total Energy Package
(CASTEP) module in Materials Studio (MS) 8.0 developed by Accelrys Sofware Inc
[30,31]. The structural and electronic properties of wurtzite ZnO were calculated using
XC functionals from LDA by Ceperley and Adler as parametrized by Perdew and
Zunger (LDA-CAPZ) and GGA of Perdew-Burke-Ernzerhof (GGA-PBE) and Perdew-
Burke-Ernzerhof for solids (GGA-PBEsol) [13,32,33]. The valence electron
configurations were treated as Zn-4s3d*° and 0-2s°2p”. The optimized cut-off energy
value for the plane-wave basis set of the electronic wave function was 340 eV. The
integration in the Brillouin zone was performed using 5 x 5 x 4 k-points from the
Monkhorst-Pack scheme. The geometrical optimization was performed using the total
energy of 1.0 x 10 eV/atom, the maximum force of 0.03 eV/A, the maximum stress of
0.05 GPa and maximum atomic displacement of 1.0 x 10 A.

Three strategies were performed by utilizing distinct XC functionals to investigate the
conceptual differences in calculation. The optimization was first performed on the unit
cell of wurtzite ZnO using a standard DFT (LDA, GGA-PBE and GGA-PBEsol). In the
second optimization, the Hubbard term Uy is applied to the 3d states of the Zn atoms
using DFT+U (LDA+U, GGA-PBE+U and GGA-PBEsol+U), which the Uy values
range from 1 eV to 10 eV. The third optimization process implemented both Hubbard
term Uy to Zn 3d states and U, to O 2p states using DFT+U (LDA+U, GGA-PBE+U
and GGA-PBEsol+U), where the Uy and U, values range from 1 eV to 10 eV. To
provide an accurate description of the calculated structural and electronic properties of
wurtzite ZnO, the DFT + Uy + U, method were adopted according to the following
formalism [26, 34];

U-1J
Eprr+u = Eppr T 3 Z T.[p7p° — p°] 1)

T

where 7 denotes the spin (=) polarized on-site density matrix. The spherically averaged
Hubbard parameter U represents the increase of energy generated by placing an
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additional electron at a certain position and the screened exchange energy is represented
by parameter J (1 eV). The various values in the optimized lattice parameter and
corresponding bandgap energy, E, were investigated. The best XC functional for the
ZnO system was determined through analysis.

RESULTS AND DISCUSSION
Structural Parameters

The crystal structure of wurtzite ZnO (hexagonal, space group P6smc) is visualized in
Figure 1. The unit cell of wurtzite ZnO contains 4 atoms which consist of 2 zinc (Zn)
and 2 oxygen (O). The crystal structures of wurtzite ZnO were optimized by minimizing
the total energy and atomic forces. Optimization was carried out utilizing several
approximations in order to identify the best functional for the ZnO system. The lattice
parameters (a and c), lattice ratio (c/a) and volume (V) of optimized wurtzite ZnO
computed from standard LDA, GGA-PBE and GGA-PBEsol functionals were
compared to the experimental values were listed in Table 1. The value of lattice
parameters from standard LDA was found underestimates (1.37% — 1.82%) the values
of lattice parameters from the standard of GGA (0.10% — 1.91%). In contrast, the value
of lattice parameters GGA-PBE and GGA-PBEsol were consistent with each other,
which agrees with other findings [35-37]. The lattice parameters and volume from
GGA-PBEsol show a good agreement with the experimental values, which is less than
0.59% deviation compared to the other calculated lattice parameters and volume from
standard LDA and GGA-PBE functionals.

Figure 1: Crystal structure of unit cell for wurtzite ZnO
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Table 1: The calculated lattice parameters (a and c), lattice ratio (c/a) and volume (V) of
wurtzite ZnO using standard LDA, GGA-PBE and GGA-PBEsol with the percentage
deviation from the experiment and other theoretical data

Method
Other works
[35-37] Experiment [38,39]
LDA GGA-PBEGGA-PBEsol LDA GGA-PBEGGA-PBEsol
3.1907 3.2888 3.2466
a(A) (1.82%) (+1.20%) (-0.10%) 3.1860 3.2819 3.2710 3.2499
5.1598 5.3056 5.2317

c(A) (C137%) (+1.91%) (+0.49%) 5.1500 5.2943 5.2350 5.2063

Present works

16172 16132 16115
U2 o5y (+070%) (w0500 L6200 16130 16000 1.6020

s 45492 49.699  47.755
VA) (442%) (+4.42%) (+0.33%)

(+) overestimate; (—) underestimate

45.270 49.386 47.759 47.597

The effects of inclusion Hubbard parameter Uy applied to the 3d states of the Zn on the
lattice parameters and volume of wurtzite ZnO was investigated by optimizing the
crystal structures using LDA+U, GGA-PBE+U and GGA-PBEsol+U functionals. The
lattice parameters a and ¢ and volume gradually increased with the increment in the
Hubbard parameter Uq range from 1 eV to 10 eV from LDA+U, GGA-PBE+U and
GGA-PBEsol+U functionals as in Figure 2, in agreement with the result produced in
similar research using CASTEP software by other theoretical researchers [24,35,37].
Figure 2 (a) shows that at Uy = 2 eV, lattice parameter a from the GGA-PBEsol+U
functional value is equal to the experimental value 3.2499 A, which represents by
horizontal dash lines [38]. However, the trend lines of lattice parameters ¢ and volume
in Figure 2 (b) and (c) never reach the point of the experimental values, which are
5.2063 A and 47.597 A®[39]. Therefore, the lattice parameters of wurtzite ZnO using
the inclusion Hubbard parameter Uy applied to the 3d states of the Zn were best
described from GGA-PBEsol+U at Uy = 2 eV for only calculation lattice parameter a
and none for calculation lattice parameter ¢ and volume. Compared with the previous
standard DFT calculations, the percentage deviation of lattice parameters a and ¢ and
volume of wurtzite ZnO without the inclusion Hubbard parameter Uy is still good and
below +0.49% using standard GGA-PBEsol.

The effects of inclusion Hubbard parameter Ugy applied to the 3d states of the Zn and U,
applied to the 2p states of the O on the lattice parameters and volume of wurtzite ZnO
was investigated by optimizing the crystal structures using LDA+U, GGA-PBE+U and
GGA-PBEsol+U functionals. The lattice parameters a and ¢ and volume gradually
decreased with the increment in the Hubbard parameter U, at all fixed values of Ug
range from 1 eV to 10 eV from LDA+U, GGA-PBE+U and GGA-PBEsol+U
functionals as in Figure 3, Figure 4 and Figure 5 due to stronger localization of the
electron state. Using LDA+U, GGA-PBE+U and GGA-PBEsol+U functionals, similar
trends are agreed by the other theoretical researchers using the same CASTEP software
[40]. Figures 3 (a), 4 (a) and 5 (a) show that none of the Uy and U, matches the
experimental lattice parameters a and ¢ and volume values. The lattice parameters a and
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¢ and the volume calculated using the LDA+U functional are underestimated and
further away from experimental values as the Hubbard parameter U, increases. A
similar trend is agreed by the other theoretical researchers using the same LDA+U
functional but different software [28]. Meanwhile, Figures 4 and Figure 5 show that the
reduction of lattice parameters a and c¢ and the volume from GGA-PBE+U and GGA-
PBEsol+U improves the overestimation from standard GGA-PBE and GGA-PBEsol.

—=—LDA+U —— GGA-PBE+U —— GGA-PBEsal+U —=— LDA+U —— GGA-PBE+U —— GGA-PBEsol+U

(b) 5.36 o

a(A)

c(A)
oo
%] (%]
B [}
\

318

—=— LDA+U —— GGA-PBE+U —— GGA-PBEsol+U

U,(eV)

Figure 2: (a) Lattice parameter a, (b) lattice parameter ¢ and (c) volume (V) of wurtzite
ZnO with respect to Hubbard parameter Uy applied to Zn for different functionals
LDA+U, GGA-PBE+U and GGA-PBEsol+U. Horizontal dashed lines represent the
experimental values

From Figures 3 (b), 4 (b) and 5 (b), it show the matches lattice parameter a value with
experimental at point Uy = 6 eV and U, = 10 eV (0.00%), lattice parameter ¢ at point Uq
=1eV and U,=9 eV (+0.02%) and volume at point Ug = 6 eV and U, = 10 eV
(+0.14%), whereas Figure 3 (c), 4 (c) and 5 (c) show the matches lattice parameter a
value with experimental at point Uy =8 eV and U, = 3 eV (0.00%), lattice parameter ¢
at point Ug = 9 eV and U, =5 eV (+0.01%) and volume at point Ug = 9 eV and U, = 4
eV (-0.07%).
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Figure 3: Lattice parameters a of wurtzite ZnO with respect to Hubbard parameter U,
applied to O with fixed Uy values for different functionals (a) LDA+U, (b) GGA-
PBE+U and (c) GGA-PBEsol+U. Horizontal dashed lines represent the experimental
Values.
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Figure 4: Lattice parameters ¢ of wurtzite ZnO with respect to Hubbard parameter U,
applied to O with fixed Uy values for different functionals (a) LDA+U, (b) GGA-
PBE+U and (c) GGA-PBEsol+U. Horizontal dashed lines represent the experimental
values.
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Figure 5: Volume (V) of wurtzite ZnO with respect to Hubbard parameter U, applied to
O with fixed Uq values for different functionals (a) LDA+U, (b) GGA-PBE+U and (c)
GGA-PBEsol+U. Horizontal dashed lines represent the experimental values
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The reduction of lattice parameter a with increased the Hubbard parameter U, agreed
with other theoretical researchers using the same GGA+U functional but different
software [41]. It is concluded that the structural parameters of wurtzite ZnO were most
aptly described from GGA-PBEsol+U with possible agreements of different Hubbard
Ug and U, values. The effects of inclusion Hubbard parameter Uy applied to the 3d
states of the Zn and U, applied to the 2p states of the O were underestimated the
structural properties of wurtzite ZnO.

Electronic Properties

The calculated bandgaps energy of wurtzite ZnO using standard LDA, GGA-PBE and
GGA-PBEsol functionals were found underestimated (76% — 82%) compared to the
experimental values are listed in Table 2, which is agreed well with the previous DFT
researches [40,42,43]. These problems are driven by standard LDA, GGA-PBE and
GGA-PBEsol, that failure to locate the binding energy in the 3d states electrons,
resulting in the overestimation of hybridization with the anion 2p states. Thus, a strong
p-d coupling was finally causing the reduction of the bandgaps [41].

Table 2: The bandgap (Eg) of wurtzite ZnO using standard LDA, GGA-PBE and GGA-
PBEsol and LDA+U, GGA-PBE+U and GGA-PBEsol+U with the percentage deviation
from the experiment and other theoretical data

Method UdeV  UpleV EqleV
LDA - - 0.791 (-76.53%)
GGA-PBE - - 0.733 (—78.25%)
Presents works GGA-PBEsol - - 0.618 (—81.66%)
LDA+U 6 8 3.364 (-0.18%)
GGA-PBE+U 2 10 3.379 (+0.27%)
GGA-PBEsol+U 5 9 3.365 (-0.15%)
LDA - - 0.770
GGA-PBE - - 0.741
Other works GGA-PBEsol - 0.622
[26,40,42-45] LDA+U 8 7 3.310
GGA-PBE+U 10 7 3.300
GGA-PBEsol+U 10 7 3.370

Experiment [38,39] - - 3.37

(+) overestimate; (—) underestimate

The variation bandgap values of wurtzite ZnO with the inclusion of Hubbard parameter
Ug applied to Zn for different functionals are presented in Figure 6. As Uy values
increased from 1 eV to 10 eV, the bandgap values also increased. The highest values of
bandgaps at Uy = 10 eV are 1.30 eV (LDA+U), 1.17 eV (GGA-PBE+U) and 1.11 eV
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(GGA-PBEsol +U). These bandgap values are still small compared to the experimental
value (3.37 eV), which agrees with previous researches even though the inclusion of the
Hubbard Uy parameter aims to correct the localized 3d states electrons in a correlated
system but is still underestimated [28,37,46]. When only the Hubbard parameter Uy was
changed, a significant fluctuation in total energy was observed, indicating an
incomplete representation of the bandgap structure [41].
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Figure 6: Dependence bandgap values of wurtzite ZnO with respect to Hubbard
parameter Uy applied to Zn for different functionals LDA+U, GGA-PBE+U and GGA-
PBEsol+U

The widespread underestimate in bandgap has brought to light the necessity of
including the 2p states in the calculations. The selection of the appropriate value of Uy
and U, are required to investigate the bandgaps properties of wurtzite ZnO. Figure 7
presented the variation bandgap values of wurtzite ZnO with the Hubbard parameter U,
applied to O with fixed Uy values for different functionals. The bandgap values
gradually increased with the increment in the Hubbard parameter U, range from 1 eV to
10 eV with fixed Uqy values. The matches bandgaps value with experimental is listed in
Table 2. Thus, the bandgap from GGA-PBEsol+U functional nearly matched the
experimental by 0.15% deviation. From the previous research, the selection of Hubbard
Uy is typically in the range of 8 eV to 10 eV, whereas for U, in the range of 7 eV, using
the same CASTEP software [26,44,45]. Thus, this will prove that the inclusion of both
Hubbard parameters, Uy dan U, has successfully reproduced the correct bandgap of
wurtzite ZnO compared to the standard LDA, GGA+PBE and GGA+PBEsol. The
Hubbard parameters Uy and U, values for electronic properties are not the same as the
structural properties, but the problem is to correct the underestimated bandgap of
wurtzite ZnO from standard DFT by inclusion Hubbard parameter U4 applied to the Zn-
3d state and U, applied to the O-2p state. The structural properties using standard DFT
are still acceptable due to percentage deviation below +5.00%.
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Figure 7: Dependence bandgap values of wurtzite ZnO with respect to Hubbard
parameter U, applied to O with fixed Uq values for different functionals (a) LDA+U, (b)
GGA-PBE+U and (c) GGA-PBEsol+U. Horizontal dashed lines represent the
experimental values

The calculated band structures of wurtzite ZnO using standard LDA, GGA-PBE and
GGA-PBEsol functionals and the best Hubbard parameters Uy and U, for LDA+U,
GGA-PBE+U and GGA-PBEsol+U along the highest symmetry direction of the
Brillouin zone path from G-A-H-K-G-M-L-H are presented in Figure 8. The results
imply that the wurtzite ZnO has a direct energy bandgap between the G Brillouin zone
valence and the conduction band. The bandgap energy is determined between the
valence band maximum and the conduction band minimum, in which the Fermi level is
situated at 0 eV of the energy scale. The calculated bandgaps of wurtzite ZnO from
standard LDA, GGA+PBE and GGA-PBEsol were about 0.791 eV, 0.733 eV and 0.618
eV, in good agreement with the other first-principle DFT calculations [40,47,48].
Nevertheless, the bandgap results did not affect the accuracy of comparing the related
crystal properties, such as band structure and density of state.
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Figure 8: Comparison bandgap structures of wurtzite ZnO using different functionals
(@ LDA and LDA+U, (b) GGA-PBE and GGA-PBE+U and (c) GGA-PBEsol and
GGA-PBEsol+U for without Hubbard U and with the best Hubbard parameters Uq and
Up

It is well known that the underestimated bandgap can be due to the ground state DFT
results of strong Columb correlation and XC potential between excited-state electrons.
Underestimation of the bandgap from the first-principle calculations can be fixed using
Hubbard parameter Uy and U, to compare it with the experimental results. Therefore,
the effective Hubbard parameters Uy and U, in LDA+U, GGA-PBE+U and GGA-
PBEsol+U calculations tend to upper shifted the minimum conduction band to give the
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larger gap between the maximum valence band and minimum conduction band. The
calculated bandgaps of wurtzite ZnO from LDA+U, GGA+PBE+U and GGA-
PBEsol+U were about 3.364 eV, 3.379 eV and 3.365 eV. All the bandgaps values are in
good agreement with the other first-principle DFT+U calculations [26,49,50]. Hence,
the bandgap from GGA-PBEsol functional nearly matched the experimental by 0.15%
deviation.

The contribution of the partial density of state (PDOS) and total density of state (TDOS)
of wurtzite ZnO obtained from standard LDA, GGA-PBE and GGA-PBEsol functionals
and the best Hubbard parameters Uy and U, for LDA+U, GGA-PBE+U and GGA-
PBEsol+U are illustrated in Figure 9. The PDOS and TDOS were used to analyze the
contribution of the electrons from s, p and d orbitals in wurtzite ZnO. The calculated
DOS of wurtzite ZnO for LDA, GGA-PBE, GGA-PBEsol, LDA+U, GGA-PBE+U and
GGA-PBEsol+U were within energy interval from —20 eV to 25 ¢V and the Fermi level
situated at O eV of the energy scale.

From the standard LDA, GGA-PBE and GGA-PBEsol, the first peak at around —17.38
eV to —17.21 eV in the valence band originates from the contribution of the Zn 4s and
O 2s states, but it is mainly controlled by O 2s state. Hence, the deep-level inner-layer
electrons belong to O 2s states. The higher energy region of the valence band situated
from —6 eV to 0 eV is mainly derived from Zn 3d and O 2p states due to the strong
hybridization that occurred between both states. The top region of the valence band is
primarily originated from the O 2p state. The bottom part of the conduction band above
Fermi level is contributed mainly by Zn 4s state. The bandgap values are determined by
both Zn 4s states and O 2p states. All the results of wurtzite ZnO from PDOS and
TDOS of standard LDA, GGA-PBE and GGA-PBEsol agreed with other reports using
DFT [15,48,51].

The inclusion of Hubbard parameter Ug and U, in LDA+U, GGA-PBE+U and GGA-
PBEsol+U calculations led to a downward shift of the hybridized Zn 3d and O 2p states
and tended to upper shifted the bottom conduction band to the broadening bandgap
between the highest valence band and lowest conduction band. The Zn 3d and O 2p
states at the higher energy region of the valence band moved to a relevant position
about —6.9 eV compared to standard LDA, GGA-PBE and GGA-PBEsol about —6 eV.
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Figure 9: Comparison PDOS and TDOS of wurtzite ZnO using different functionals (a)
LDA and LDA+U, (b) GGA-PBE and GGA-PBE+U and (c) GGA-PBEsol and GGA-
PBEsol+U for without Hubbard U and with the best Hubbard parameters Uy and U,

CONCLUSION

In this study, the structural parameters and electronic properties of wurtzite ZnO were
evaluated by first-principles calculations based on DFT and DFT+U methods from
CASTEP software. The inclusion of Hubbard parameters Ug and U, in LDA+U, GGA-
PBE+U and GGA-PBEsol+U have marked a significant difference in the structural
parameters and electronic structure of wurtzite ZnO. The inclusion of Hubbard
parameters Uy and U, have underestimated the lattice parameters and volume of
wurtzite ZnO and improved the underestimated bandgap from standard DFT. The
calculated lattice parameters and volume were most aptly described from GGA-
PBEsol+U functional with possible agreements of different Hubbard Uy and U, values.
The best Hubbard parameters of wurtzite ZnO found for functionals LDA+U at Ug = 6
eV and U, = 8 eV, GGA-PBE+U at Uy = 2 eV and U, = 10 eV and GGA-PBEsol+U at
Us=5eV and U, =9 eV show a good agreement with the experimental bandgap. DOS
calculations were used to investigate the composition that determined the wurtzite ZnO
band structure. The O 2p state primarily dominates the top part of the valence band and
the bottom part of the conduction band is contributed mainly by the Zn 4s state.
Incorporating the Hubbard parameters Uy and U, into calculations resulted in a
downward shift of the hybridized Zn 3d and O 2p states and a slight upper shift the
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bottom conduction band toward the broadening bandgap between the highest valence
band and lowest conduction band. Our results suggest that the predicted GGA-
PBEsol+U method for investigating the structural and electronic properties of wurtzite
ZnO is acceptable for solving the DFT calculations problem at a low computing cost.
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