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Abstract—The geometry optimization, structural characteristics, electronic, and optical properties of the
pure and Sb doped hexagonal wurtzite ZnO have been investigated using the first principles calculations
ultrasoft pseudopotential approach of the plane wave upon the basis of the Density Functional Theory
(DFT). According to the estimated results, the volume of ZnO doped with Sb exhibits p-type degenerate
semiconductor characteristics and acts as a deep acceptor. Furthermore, a peak of Sb-5p states
occupied close to the Fermi level forms, which leads the optical band gap to shrink and the Density of States
(DOS) to shift towards lower energy. Additionally, it is discovered that our findings agree well with those of
other experiments. A more precise monitoring and control during the formation of ZnO, p-type materials is
also made possible by the computed results. The formation of the p-type conductivity of Sb doped ZnO is
evidenced by the dielectric constants and photoconductivity spectra, which are in accordance with the avail-
able experimental and theoretical reports.
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1. INTRODUCTION

Zinc oxide (ZnO) thin films, both pure and doped,
have been found to be a highly transparent binary
semiconductor material with a large exciton binding
energy (60 meV) [1] at room temperature, and often
has a wide energy band gap (3.37 eV) [2]. In light of the
advancements in thin film fabrication techniques,
ZnO has garnered more interest recently, opening up a
wider range of potential device applications for this
wide band gap semiconductor [3]. Due to the growing
demand for nontoxic, abundant, and superior electri-
cal, optical, and magnetic properties in short wave-
length devices [4–7], ZnO has become widely recog-
nized as a material that shows great promise for many
different kinds of purposes. In fact, it has discovered
a wide range of applications, including surface acous-
tic wave devices, solar cells, phosphors, transparent
conducting films, Ultra-violet (UV) resistive coatings,
bio-sensors, transducers, varistors, blue-light emit-
ting, piezoelectric, and short wavelength laser diodes
with low thresholds in the UV light-emitting
diodes [8–10].

ZnO plays a significant role in the development of
terahertz quantum cascade lasers (QCLs) due to its

wide bandgap, which allows it to operate efficiently at
high frequencies. High power terahertz sources which
operate at room temperature show interest for a variety
of uses, including reliable connectivity telecommuni-
cation, non-invasive medical imaging, and the detec-
tion of explosive materials [11]. This makes ZnO ideal
for terahertz radiation generation, offering high elec-
tron mobility and effective electron transport. In
hybrid LEDs, ZnO is used as a transparent conductive
layer, improving charge injection and light emission
efficiency. Its optical properties, such as high transpar-
ency and durability, enhance the overall performance
and energy efficiency of LED devices, making ZnO an
important material for advancing optoelectronics [12].
Therefore, our goal is to better understand how Sb seg-
regation affects the atomic and electronic structure of
a ZnO model tilt boundary system.

Pure ZnO is well known for exhibiting n-type con-
ductivity characteristics. It took place as a result of
intrinsic donors like H incorporation [6], zinc intersti-
tials (Zni), and oxygen vacancies resulting in a depar-
ture from stoichiometry. Alternatively, a consequence
of levels of dopants, p-type conduction in ZnO is gen-
erally characterized by low hole concentration, insta-
bility, and relatively low hole mobility. In general, the
190
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ZnO doped with specific elements the electrical, opti-
cal, and magnetic properties can be manipulated.
However, formation of the high-quality p-type ZnO is
complicated due to factors such as deep acceptor lev-
els, low solubility of acceptor dopants, and a strong
self-compensating effect caused by native defects like
zinc interstitials (Zni), oxygen vacancies (VO), and
hydrogen incorporation [13, 14]. Even though theo-
retical calculations demonstrated that p-type ZnO
could be created by substituting the O by the group
V elements (like N, P, As, and Sb), but the experimen-
tal research on p-type doped ZnO have demonstrated
that it is highly difficult to produce low-resistivity
p-type ZnO [15].

At present, a great deal of research has been per-
formed on the behavior of p-type ZnO in an attempt to
comprehend the successful fabrication of p-type ZnO
materials [16]. N-In co-doped p-type ZnO, N-Al co-
doped p-type ZnO [17], Cu doped p-type ZnO [18],
and some homojunctions [19–21] have been success-
fully fabricated, according to some groups. Group
V elements, such as N and P [22, 23], have been uti-
lized to create the p-type ZnO. Among other elements,
there have been a few reports of p-type ZnO for As or
Sb [24]. Nevertheless, the deep acceptor levels and sig-
nificant size mismatching of Sb-doped ZnO make
them highly mysterious.

In the past few years, it has been proposed that
group V dopant Sb may correlate to relatively shallow
acceptor levels in ZnO according to first principle
studies. This was based on the theory that a Sb atom
could take the place of a Zn atom and at the same
timeframe create two Zn vacancies in a process that
involves five-fold coordination [25]. Based on this
theory, Xiu et al. reported that hall effect measure-
ments for ZnO films using molecular beam epitaxy
showed p-type conduction [26]. Mandalapu et al.
demonstrated the initially Sb doped p-ZnO/n-Si
device performance [27]. They pointed out that Sb is a
promising element for p-type doping in ZnO thin
films for UV optoelectronic applications using Molec-
ular Beam Epitaxy (MBE).

As far as we know, little study has been done on
p-type ZnO, both theoretically and experimentally.
Thus, in order to analyze the impact of Sb on the
p-type ZnO doping, we must employ the first
principles approach. Meanwhile, Sb is proposed as
a better candidate to realize p-type ZnO with higher
carrier concentration [28, 29], even though the atomic
radius is much larger. Sb-doped ZnO material
research is still ongoing currently this moment [30–
33]. One effective way to achieve p-type conductivity
in ZnO could be to increase the concentration of Sb
[30]. However, it is appeared that an overly high Sb
doping level hinders effective p-type doping because,
as the mole ratio of Sb precursor to Zn precursor
increases, the conductivity type of Sb doped ZnO
shifts from p-type to n-type [32]. Consequently, Sb
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doped ZnO nanostructures should be a good option
for a UV photodetector at the nanoscale [33] and
ought to be a promising candidate for nanoscale UV
photodetector.

2. COMPUTATIONAL DETAILS
In this study, the first principles calculations were

performed using the Cambridge Serial Total Energy
Package (CASTEP) code [34] for calculating the lat-
tice parameters, electronic band structure, Density of
States (DOS) and optical properties of Sb-doped
ZnO. Perdew–Burke–Ernzerhof (PBE) and the Gen-
eralized Gradient Approximation (GGA) have been
employed as exchange-correlation functionals on a
framework of Density Functional Theory (DFT) [35].
For Zn, O, and Sb atoms, ultrasoft pseudopotentials
have been employed to simulate the ion-electron
coupling. The consequences of the spin-orbit
interaction has been disregarded. For Zn, O, and Sb,
the valence electron configurations were calculated to
be 3d104s2, 2s22p4, and 4d105s25p3, respectively.

ZnO is a C6v-4 symmetry system possessing a hex-
agonal-wurtzite structure and belongs to a member of
the P63mc [36] space group. The unit cell is made up
of two Zn two O as the role of cations and anions,
respectively. Consequently, a sequence of Zn-O dou-
ble layers stacked along the c-axis or (001) directions
can be used to describe the ZnO crystal. The second
nearest neighbor distances are a = 3.25 Å, c = 5.21 Å,
α = β = 90°, γ = 120° [37–40]. It is observed that, the
bond length of pure ZnO is 1.99 Å along the c axis,
1.97 Å along the other axis, and the c/a ratio is 1.602
[41]. To compute all the parameters of pure and Sb =
6.25 (on Zn-site) doped ZnO 2 × 2 × 2 supercells,
the Brillouin Zone (BZ) was sampled using the 4 ×
4 × 2 Monkhorst and Pack [42] grid and the plane-
wave cut-off energy of 400 eV. Reciprocal space is used
for all mathematical operations. The maximum force
was set to 0.03 eV/Å, the maximum stress taken at 0.05
GPa, and the overall energy at 5 × 10–5 eV/atom, with
convergence limits specified for geometry optimiza-
tion. We take into account a cell larger than the fun-
damental unit in order to analyze the fractional Sb
substitution. As a result, we formulated the supercell
2 × 2 × 2 supercell of pure ZnO consists of 32 atoms
(16 atoms represent Zn and 16 atoms represent O-atoms),
as seen in Figs. 1a and 1b.

3. RESULTS AND DISCUSSION
3.1. Geometry Optimization and Structural Properties

The ZnO is a wurtzite hexagonal crystal structure
having space group P63mc with Zn and O-atomic
planes stacked alternately along the direction of c-axis
illustrated in Fig. 1. First, in order to investigate how
impurities influenced the stability of the structure
during the calculation, the structure of pure and
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Fig. 1. Optimized structures of (a) pure, (b) Sb = 6.25% doped ZnO 2 × 2 × 2 supercells.
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6.25% Sn doped ZnO 2 × 2 × 2 supercells were opti-
mized. Following geometry optimization, the band
structure and DOS were calculated. Table 1 lists the
computed results for structural and electronic analy-
sis, which are consistent with the theoretical results
[15, 43–46] and demonstrate the reliability of the
computational methods. The obtained lattice con-
stants are observed to be a bit larger than those for pure
and Sb doped ZnO [37, 45, 47, 48]. It is noteworthy
that, these assumptions differ simply by between one
and five percent from the experimental values (a =
3.25 Å, c = 5.21 Å) [37–40] which demonstrates that
our calculations are reasonable.

The calculated bond length between Zn and O
(Zn-O bond length) along the c-axis for pure and Sb
doped ZnO are obtained 2.202 and 2.317 Å, respec-
tively, which are marginally greater than that of the
Table 1. Structural and electronic parameters of pure ZnO an
zation

a Present work, b [52], c [53], d [34], e [45], f [44], g [51], h [54].

Sample’s name Lattice
constants (Å)

Deviation
(%)

Volu
(Å

ZnO a 3.298a, 3.278b, 
3.298c, 3.295d

1.47 49.

c 5.299a, 5.295b, 
5.286c, 5.290d

1.53

Zn93.75Sb6.25O a 3.319a, 3.267e, 
3.276f

2.12 52.

c 5.469a, 5.292e, 
5.288f

4.97
bulk ZnO 1.991 Å [45] and also become concurrent
with the theoretical and experimental results as repre-
sented in Table 1 [43, 49]. The electronic configura-
tion of Sb is 4d10 5s2 5p3. The observed distortion in
the ZnO monolayer upon substituting Zn2+ with Sb3+

atoms may be attributed to the larger ionic radius of
the Sb3+ ion (0.76 Å) compared to the Zn2+ ion (0.74 Å).
Despite this size difference, the incorporation of Sb
leads to notable distortions in the structure of the ZnO
monolayer. Consequently, the grain size tends to
increase, suggesting that Sb has a significant influence
on the grain growth of ZnO [50]. However, this
increase in grain size can lead to a reduction in the
material’s mechanical strength and crystal hardening
properties [43]. Moreover, the relaxed hexagonal
structures (shown in Figs. 1a and 1b) indicate that the
Zn-O bond length remains uniform, which is a result
SEMICONDUCTORS  Vol. 59  No. 2  2025

d Zn93.75Sb6.25O 2 × 2 × 2 supercells after geometry optimi-

me
3)

c/a
Band gap,

Eg (eV)
Bond length

(calculated), Å

914 1.606 0.730 Zn–O 2.022a, 1.985e, 
1.890g, 1.99h, 

1.98h

174 1.648 0.178 Zn–O 2.317a, 2.477e, 
1.980g
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Fig. 2. Calculated band structures of (a) pure, (b) Sb = 6.25% doped ZnO 2 × 2 × 2 supercells.
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of the high symmetry within the geometry. Even with
the substitution of Zn by the larger Sb atom, the 2D
configuration of the ZnO monolayer is largely pre-
served, with only minor distortions observed [51].

3.2. Band Structure and Density of States (DOS)

To gain insights into the orbital contributions in
both pure and Sb-doped ZnO monolayers, we con-
ducted a detailed study of the electronic structure.
This analysis included the total density of states
(TDOS) and partial density of states (PDOS), using
the generalized gradient approximation (GGA) func-
tional. Notably, our calculations were performed with-
out incorporating spin-orbit interactions, allowing us
to focus on the intrinsic electronic characteristics of
the system. Figures 2a and 2b represent the elec-
tronic band structure along the high-symmetry
paths Z-G-F-Q-G-F-B in the first Brillouin zone.
To clearly distinguish between the conduction and
valence bands relative to the Fermi level, we set the
Fermi level (EF) to zero in our analysis. From Fig. 2a,
it is evident that ZnO behaves as a direct band gap
semiconductor, with the band gap energy calculated to
be approximately 0.73 eV. This value is in good agree-
ment with previously reported results obtained
through density functional theory (DFT) calculations.
In this structure, both the conduction band minimum
(CBM) and the valence band maximum (VBM) are
located at the same k-point along the (G-G) path in
the Brillouin zone, confirming the direct band gap
nature of ZnO [37, 43, 47, 52–63].
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However, this calculated band gap is considerably
smaller than the experimentally observed band gap of
3.37 eV for ZnO [2, 64]. This discrepancy is a common
issue associated with traditional DFT calculations,
where the electronic band gaps of semiconductors are
typically underestimated. This is due to the fact that
DFT often neglects the electron-electron correlation
effects in the excited states, which are crucial for accu-
rately predicting the electronic properties of materials,
particularly their band gaps [37, 47, 52, 55–60, 65–68].

Furthermore, our analysis reveals that the Zn-3d
and O-2p orbitals primarily contribute to the forma-
tion of the valence band in ZnO. These orbitals domi-
nate the bonding and electronic states in the valence
region. On the other hand, the conduction band is
mainly composed of the Zn-3s and O-2p states. These
findings highlight the crucial role of both zinc and
oxygen orbitals in determining the electronic proper-
ties of ZnO, particularly in the formation of its band
structure.

Figure 2b represents the effect of Sb concentration
on the band structure. The Zn-3d and Sb-5p states
predominate in the conduction band of Sb doped ZnO
systems. As the region of occupied states increases,
these donor states close to the Fermi level improve
conductivity and delocalize spectra with n-type carrier
concentration [51]. Figure 2b provides a clear indica-
tion of the characteristics of a typical p-type degener-
ate semiconductor, where the Fermi level shifts down-
ward into the valence band. This downward shifting in
the Fermi level is a defining trait of p-type materials.
Specifically, when Zn atoms, that has the electron
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configuration 4s2, are substituted with Sb atoms which
possess electron configuration 5s25p3, the carrier con-
centration of electrons is reduced. This reduction in
the electron concentration results in the Fermi level
being pushed further into the valence band, as shown
in the figure [69].

For the specific case of Sb-doped ZnO with a dop-
ing concentration of 6.25%, the band gap is found to
decrease significantly to 0.178 eV, as depicted in
Fig. 2b. This is a notable reduction compared to the
band gap of pure ZnO, as shown in Fig. 2a and sum-
marized in Table 1. The decrease in the band gap is
attributed to the formation of an impurity energy level,
often referred to as the acceptor level, which appears
near the top of the valence band due to the introduc-
tion of Sb atoms. This acceptor level causes the Fermi
level to shift downward by approximately 0.148 eV. The
appearance of this acceptor level facilitates the move-
ment of electrons from the valence band to the impu-
rity energy levels, thus increasing the carrier concen-
tration in the valence band [69]. This result is consis-
tent with previous findings in the literature, where
similar trends have been observed for Sb doped ZnO
and other materials [1, 52, 65–68, 70–75].

The key mechanism behind the reduction of the
band gap and the shift in the Fermi level is the
increased availability of acceptor levels introduced by
the Sb dopants. These levels allow electrons to be eas-
ily excited from the valence band to the impurity lev-
els, which increases the concentration of hole carriers
in the valence band. As shown in Fig. 2b, this process
effectively introduces a deep acceptor level within the
energy gap of Sb doped ZnO at a concentration of
6.25%. The presence of this deep acceptor level
enhances the stability of the p-type ZnO system, as the
increased hole concentration improves the overall
conductivity and performance of the material. This
result highlights the important role that Sb doping
plays in not only improving the p-type conductivity of
ZnO but also enhancing the material’s stability and
overall quality. Therefore, Sb doped ZnO can be con-
sidered a more stable and high-quality material for
p-type semiconductor applications, as it promotes a
more efficient and reliable p-type ZnO system [1, 37,
47, 52, 55–60, 63, 65–68, 74–82].

The electronic band structures of pure and 6.25%
Sb ZnO are effectively depicted through the (TDOS)
and (PDOS) shown in Figs. 3a and 3b, respectively.
These figures provide a detailed view of the contribu-
tions from different atomic orbitals to the electronic
structure. In Fig. 3a, the valence bands of ZnO are
clearly divided into two distinct regions, each domi-
nated by different electronic interactions. The lower
portion of the valence band, spanning from –6.20 to
–4.66 eV, is primarily formed by the d-p hybridization
of Zn-3d and O-2p orbitals. This hybridization creates
a bonding interaction between the Zn and O atoms,
significantly influencing the electronic states in this
energy range. Although, the Zn-4s orbitals also con-
tribute to this lower valence band, their influence is
relatively minor compared to the strong interaction
between Zn-3d and O-2p states. This hybridized
region plays a critical role in defining the material’s
electronic characteristics, as it governs the bonding
interactions and the overall stability of the valence
band.

Above –4.66 eV, the electronic states in the upper
valence bands are predominantly derived from O-2p
orbitals, indicating a stronger oxygen character in this
region of the band structure. However, there are still
some minor contributions from Zn-3d and Zn-4s
states, although their influence is considerably weaker
than that of the O-2p orbitals. This shift in the domi-
nant orbital character above –4.66 eV suggests that the
upper valence bands are more inf luenced by the
oxygen atoms, which can affect the material’s elec-
tronic properties, such as its conductivity and opti-
cal behavior.

The detailed analysis of these valence bands reveals
the intricate nature of the bonding and electronic
interactions in ZnO. The division between the lower
and upper valence bands, based on the contributions
from different atomic orbitals, highlights the key role
played by both Zn and O atoms in the material’s elec-
tronic structure. This information is crucial for under-
standing the fundamental properties of ZnO, espe-
cially when considering the impact of doping Sb dop-
ing on modifying these electronic characteristics.

Additionally, it is seen from Fig. 3a, the O-2s states
around –17 eV are excluded from the analysis due to
their negligible interaction with other valence bands.
These O-2s states are predominantly derived from the
oxygen atoms and contribute only weakly to the overall
electronic structure, with a slight influence from the
Zn-4s and Zn-3d orbitals. This suggests that the O-2s
orbitals do not significantly participate in the bonding
interactions that govern the material’s primary elec-
tronic properties.

On the other hand, the conduction band of ZnO is
mainly composed of Zn-4s states, with only a small
contribution from Zn-3d and O-2p states. The Zn-4s
states play a pivotal role in determining the conductive
behavior of ZnO, as these orbitals are involved in
charge transfer processes. Specifically, electrons are
transferred from the Zn-4s levels to the O-2p levels, a
process that contributes to the material’s electronic
conductivity. This charge transfer leads to a shift in the
center of gravity of the local density of states (LDOS)
at the oxygen sites, causing it to move toward lower
energy levels [41]. This shift indicates that the Zn-4s
states are directly influencing the electronic properties
of the material, enhancing its conductivity by facilitat-
ing charge transfer.

The strong contribution of Zn-4s states to the con-
duction band and their role in charge transfer point to
the characteristics of ZnO as a mixed bond metal
SEMICONDUCTORS  Vol. 59  No. 2  2025
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Fig. 3. Total and partial density of states of (a) pure, (b) Sb = 6.25% doped ZnO 2 × 2 × 2 supercells.
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oxide semiconductor. In this type of material, the
ionic bonding between Zn and O atoms is significantly
stronger than the covalent bonding, which is a defin-
ing feature of the electronic structure. The dominance
of ionic bonding in ZnO impacts several key properties
of the material, including its electrical conductivity,
stability, and optical characteristics. These findings
reinforce the idea that ZnO, with its ionic bonding
nature, exhibits semiconductor behavior driven by the
interaction between Zn-4s and O-2p states.

Moreover, the results presented in this study are
consistent with previous theoretical work performed
by first-principles calculations, that have been used to
characterize the electronic structure of pure ZnO.
These studies have also observed similar trends in the
electronic band structure and the role of Zn-4s states
in the conduction process, further supporting the
interpretation that ZnO exhibits strong ionic bonding
and mixed bonding characteristics. The alignment of
these findings with prior reports underscores the
validity of the conclusions drawn from this analysis
and strengthens the understanding the behavior of
ZnO as a mixed bond metal oxide semiconductor
material [1, 37, 43, 47, 52, 55–59, 61–63, 65–68].

Figure 3b illustrates the total and partial DOS for
Sb doped ZnO, providing a deeper understanding of
the material’s electronic structure and p-type charac-
teristics. In Sb doped ZnO, the p-type behavior is
driven by an excess of holes located at the top of the
valence band (VB). This results in a downward shift of
the Fermi level into the valence band, signifying the
SEMICONDUCTORS  Vol. 59  No. 2  2025
presence of acceptor states that contribute to hole for-
mation and p-type conductivity. Specifically, when Sb
atoms replace Zn atoms in the ZnO lattice, they intro-
duce new electronic states that alter the material’s
electronic structure.

For Sb doping at the Zn site, the DOS data in Fig. 3b
show that the holes within the valence band create an
acceptor level located near the middle of the band gap.
This acceptor level is characterized by localization due
to repulsive interactions between the narrow Sb impu-
rity states and the surrounding electronic states in the
lattice. The presence of this localized acceptor level
plays a key role in the formation of holes that contrib-
ute to p-type nature.

When Sb is positioned at the Zn interstitial (Zni)
sites, the partial DOS reveals the formation of addi-
tional peaks near the Fermi level, highlighting the
impact of Sb doping on the electronic structure of
ZnO. The Sb-5s states contribute to a distinct peak
located at the bottom of the lower valence band,
around –10 eV. Additionally, the Sb-5p states generate
two other peaks, one at approximately –8 eV and
another at –5 eV, indicating the presence of impurity
states in the lower to mid-energy range. A prominent
peak attributed to the Sb-5p states appears above the
Fermi level, further influencing the overall electronic
structure of the material. This peak is crucial as it
reflects the energy levels that facilitate charge transfer,
promoting p-type conductivity.

The Sb doping induced shifts in the DOS result in
the movement of electronic states towards lower
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energy levels, leading to a reduction in the optical band
gap. This narrowing of the band gap is primarily due to
the contribution of Sb-5p states, which occupy energy
levels near the Fermi level and introduce new states
within the band gap. These states provide additional
pathways for electron excitation, lowering the energy
required for electronic transitions and reducing the
optical band gap.

Moreover, the majority of the holes in Sb doped
ZnO are generated around the top of the valence band.
This is consistent with the expected behavior of p-type
semiconductors, where holes at the top of the VB act
as charge carriers. However, a self-compensation
effect arises due to the position of the acceptor level
induced by Sb impurities on the Zn interstitial sites.
The acceptor level appears relatively close to the Fermi
energy, which leads to a situation where the introduc-
tion of holes is somewhat counterbalanced by the
presence of these acceptor levels. This self-compensa-
tion effect is a significant challenge in optimizing the
p-type properties of Sb doped ZnO. It complicates the
formation of stable p-type conductivity, as the accep-
tor states that generate holes also reduce the overall
carrier concentration.

The findings suggest that Sb doping in ZnO causes
the Fermi level to shift downward into the valence
band, significantly altering the bottom of the valence
band. The impurity states introduced by Sb in the
band gap act as acceptor levels, reinforcing the p-type
character of the material. However, the self-compen-
sation effect, particularly when Sb occupies interstitial
sites, presents a major obstacle in achieving high qual-
ity p-type ZnO. These results underscore the com-
plexity of achieving high quality p-type ZnO materials
and highlight the delicate balance between acceptor
and donor states, which affects the material’s overall
conductivity and electronic properties [41].

3.3. Optical Properties

The investigation of the optical properties is a cru-
cial aspect of this research, as it plays a key role in
enhancing the performance of ZnO based optoelec-
tronic devices. Specifically, improving the quality of
p-type ZnO materials and reducing the optical band
gap could significantly contribute to the development
of high performance electronic devices. These
advancements are essential for optimizing the func-
tionality of ZnO in various optoelectronic applica-
tions, as reported in previous studies [83, 84].

To gain a comprehensive understanding of the
optical behavior, this study focuses on several key opti-
cal constants, including the real and imaginary parts
of the dielectric constants, εr(ω) and εi(ω), respec-
tively, the refractive index n(ω), the absorption coeffi-
cient α(ω), and photoconductivity σ(ω). These prop-
erties were thoroughly investigated through first prin-
ciples calculations, using the Density Functional
Theory (DFT) framework. The generalized gradient
approximation (GGA) and Perdew–Burke–Ernzer-
hof (PBE) functional were employed as exchange-cor-
relation functionals to model the electronic structure
and optical responses of the material. These computa-
tional methods allow for an accurate and detailed pre-
diction of the material’s optical characteristics, which
are essential for optimizing ZnO based devices.

3.4. Dielectric Constant

Optical properties are very crucial in comprehend-
ing the nature of materials and provide valuable
insights for optoelectronic applications. Generally, the
complex dielectric function εi(ω), which governs how
radiation propagates through a medium and charac-
terizes the linear response of electromagnetic radia-
tion, can be used to illustrate the optical properties of
the material of interest which is given by the following
relation (1),

(1)

where εr(ω) and εi(ω) represent the real and imaginary
components of the dielectric functions, respectively.
The εr(ω) of pure and Sb doped ZnO are depicted in
Fig. 4. At photon energy 0.0 eV, the values of εr(0) for
pure and 6.25% Sb doped ZnO are found to be 3.96
and 28.58, respectively. It is clear that, for Sb-doped
ZnO structures, the line shape of the real part of the
dielectric function, εr(ω), remains nearly identical in
the high energy range. However, its influence of Sb
enrichment is most noticeable in the low energy
region, significantly altering the behavior of εr(ω) [57].
This suggests that the doping with Sb has a more
noticeable effect on the electronic properties of ZnO
at lower energies, while the higher-energy response
remains largely unchanged. Consequently, after Sb
doping, the static dielectric constant is increased. ZnO
εr(ω) is not significantly affected by the defect at low
dopant concentrations of Sb [57]. The increased value
of εr(0) observed for Sb doping suggests a narrowing of
the band gap. This observation is further supported by
the results from the current electronic band structure
calculations, which confirm that Sb doping has a sig-
nificant effect on reducing the band gap. These find-
ings indicate that the introduction of Sb into the ZnO
structure alters the electronic properties, leading to a
smaller energy gap between the conduction and
valence bands. It is taken into account, when photon
energy increases, the value of εr(ω) sharply drops.
About photon energy 1.30 eV Sb doped ZnO exhibits a
valley-like shape that gradually increases to approxi-
mately 4.10 eV photon energy. At 9.96 and 9.38 eV
photon energies, respectively, the first roots of εr(ω)
for pure and Sb = 6.25% doped ZnO are found. Like-
wise, the respective second roots found at 13.84 and
13.73 eV. The second roots of the dielectric function,
εr(ω), correspond to the plasma energy, which is the

( ) ( ) ( )ε ω = ε ω + ε ω ,r ii
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Fig. 4. Real dielectric constant of pure and Sb doped ZnO
2 × 2 × 2 supercells.
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Fig. 5. Refractive index of pure and Sb doped ZnO 2 ×
2 × 2 supercells.
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specific energy at which εr(ω) transitions to a negative
value. For the samples under investigation, the plasma
energies were determined to be 13.84 and 13.73 eV,
respectively. This finding indicates the energy thresh-
old at which free carriers in the material begin to con-
tribute to the dielectric response. In addition to the
plasma energy behavior, an additional optical transi-
tion peak was observed at a photon energy of 4.35 eV.
This peak can be attributed to the hybridization of
impurity states, where the O-2p and Sb-5p states (spe-
cifically the holes in these states) interact with the Zn-
4s states. Such hybridization leads to a distinct optical
feature in the dielectric function. The estimated
values for the real dielectric function obtained in
this study are in excellent agreement with those
reported in the literature, reinforcing the reliability
of the findings [1, 37, 47, 53, 55–59, 69, 85–94].

3.5. Refractive Index

The changes in light waves brought about by inter-
actions with materials are described by the refractive
index, n(ω). This is typically very useful for nonmag-
netic materials in connecting a material’s dielectric
characteristics to its optical characteristics at any spe-
cific frequency of interest. Precisely, n(ω) is depen-
dent on the wavelength of the light and it also depends
on the dispersion of the light. The refractive index,
n(ω), of the pure and Sb doped ZnO supercells have
been shown in Fig. 5. For every sample, the refractive
index exhibits a well dispersive nature. Its maximum
value is achieved at a particular energy, representing
the significant polarization induced at that particular
energy. The value of n(ω) lowers with increasing pho-
ton energy attribute after reaching its maximum due to
varying loss mechanism participation [95]. They are
SEMICONDUCTORS  Vol. 59  No. 2  2025
similar that of dielectric constants which can be
obtained by the root of the dielectric constants [96]:

(2)

For pure and Sb = 6.25% doped ZnO, our calculated
static refractive index n(0) is ~1.99 and 5.38, respec-
tively. The respective maximum values of n(ω) of pure
and Sb = 6.25% doped are 2.10 and 5.38 obtained at
energy 1.04 and 0.0 eV. It is found that as photon
energy increases, n(ω) decreases. Notably, Sb-doped
ZnO exhibits a high refractive index. From Fig. 5 the
refractive indices of pure and Sb-doped ZnO are
appeared to be decrease below unity at 10.0 eV. Conse-
quently, after 10.0 eV, both pure and Sb-doped ZnO
exhibit superluminal behavior. The phenomenon
known as superluminal wave propagation, which
occurs when electromagnetic waves travel faster in
vacuum than light speed, is generally mentioned [94].
The obtained outcomes closely match the outcomes
published in previous results [94].

3.6. Absorption
Figure 6 depicted the absorption coefficient, α(ω),

of pure and 6.25% Sb doped ZnO. The presence of a
peak near the band gap value indicates the nature of
direct optical transitions. This height of the peak goes
up as Sb doping increases and shifts toward a lower
energy to reflect the band gap narrowing. The inten-
sity of this peak is reduced by Sb doping; this may be
due to well incorporation of Sb in Zn site and in agree-
ment with previous findings [39, 97]. The prominent
large peak in the spectra is located at 10.55 eV. It has
been noticed that in the UV region, α(ω) increases. By
taking absorption into account, the computed α(ω)
values agree fairly well with findings from previous
studies [92, 97, 98]. The absorption α(ω) spectra for

( ) ( )ω = ε ω .n
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Fig. 6. Absorption co-efficient of pure and Sb doped ZnO
2 × 2 × 2 supercells.
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Fig. 7. Photoconductivity of pure and Sb doped ZnO 2 ×
2 × 2 supercells.

ZnO
Zn93.75Sb6.25O

�
�

�

�

�

5 �� ��15
Energy E, eV

Ph
ot

oc
on

du
ct

iv
ity

, 

(�

),
 a

.u
.

Sb doped ZnO supercells are observed to range
between 3 to 11 eV in the UV spectrum, indicating that
these materials can effectively absorb incident photon
energy within this energy range, as shown in Fig. 6.
Thus, the materials may find use in electronic and
optoelectronic devices as effective absorbers of inci-
dent energy falling within this energy range.

Furthermore, a notable observation is that when
the incident photon energy surpasses 11 eV, the
absorption coefficient, α(ω), for both pure and Sb
doped ZnO undergoes a sharp decrease. This behavior
suggests that the material becomes optically transpar-
ent beyond this photon energy, meaning it no longer
absorbs light in this range. The decline in α(ω) marks
a transition to a state where the electronic properties of
materials are dominated by collective oscillations of
free charge carriers, which is a characteristic behavior
observed at the plasma frequency. At this energy, the
material exhibits plasmonic effects, where the free car-
riers, such as electrons, oscillate collectively in
response to electromagnetic fields. This phenomenon
signifies the onset of a plasma like regime, further con-
firming the material’s transition to transparency and
the observation of plasmon energy, a key feature asso-
ciated with the interaction of light and free carriers in
the material.

3.7. Photoconductivity

The optical conductivity, σ(ω), for both pure and
6.25% Sb doped ZnO is presented in Fig. 7. Apart
from the typical electron-hole pair generation, the Sb
doped ZnO shows a noticeable peak at 0.90 eV. This
peak is notable for shifting to lower energies with Sb
doping, which is the key feature of the narrowing of
the material’s band gap. This behavior suggests that Sb
doping influences the electronic structure of ZnO,
altering its optical properties. The peak near the band
gap in Sb doped ZnO is likely due to optical transitions
between the Sb-5p states in the upper valence band
and the O-2p states in the lower valence band. These
transitions involve the hybridization of the impurity
states with the host ZnO states, which can modify the
electronic states near the band edge. Additionally, a
higher energy peak appears above 1.0 eV, which can be
attributed to optical transitions from the valence band
to deeper impurity band states within the material.
These impurity bands are formed due to the introduc-
tion of Sb into the ZnO lattice and represent states that
lie below the conduction band but above the valence
band.

Another important observation is that, the optical
conductivity spectrum of Sb doped ZnO lies below
that of pure ZnO across the measured energy range.
This decrease in optical conductivity suggests that the
doping process introduces a higher concentration of
hole carriers in the valence band, which likely
increases the overall conductivity but reduces the
material’s ability to absorb photons in the optical
region. The presence of additional hole carriers due to
Sb doping indicates the formation of a p-type ZnO,
which is a key characteristic that can be leveraged for
certain electronic and optoelectronic applications,
such as diodes, transistors, and light emitting devices.

These findings are consistent with previous
research on Sb doped ZnO and support the potential
of this material for use in a variety of electronic and
optoelectronic devices, where p-type conduction is
necessary for device functionality [1, 37, 47, 52, 53,
55–59, 65–69, 85–91]. The observed shift in optical
conductivity and band gap narrowing also suggests
that Sb doping can be fine-tuned to optimize the
material’s properties for specific applications.
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4. CONCLUSIONS

Sb doped ZnO has been investigated using first
principles calculations within the framework of Den-
sity Functional Theory (DFT), using Perdew–
Burke–Ernzerhof (PBE) and the Generalized Gradi-
ent Approximation (GGA) as the exchange-correla-
tion functional. This study provides strong evidence
for the p-type conductivity of Sb doped ZnO. It
demonstrates that, the Sb doping leads to a narrowing
of the band gap, which is a key characteristic of p-type
materials. Furthermore, the doping introduces accep-
tor impurity bands at the top of the valence band,
which are responsible for the creation of hole carriers
in the material. These acceptor states facilitate the
movement of holes, thus contributing to the p-type
conductivity observed in Sb doped ZnO. The presence
of these impurity bands and the associated band gap
narrowing confirm the successful induction of p-type
behavior, making Sb doped ZnO a promising candi-
date for various electronic and optoelectronic applica-
tions. Sb concentrations are shown to increase grain
size, which results in a loss in mechanical strength and
crystallinity hardening. Importantly, doping of Sb and
photoconductivity both play crucial roles in promot-
ing the formation of p-type ZnO. The incorporation
of Sb introduces acceptor states that facilitate hole
conduction, while photoconductivity further enhances
the material’s ability to conduct under light exposure.
Together, these factors contribute to the development
of p-type ZnO, which is essential for a wide range of
electronic and optoelectronic applications. Therefore,
the findings of this study could significantly aid in the
design, fabrication, and optimization of devices that
rely on p-type ZnO, such as transistors, light emitting
diodes, and solar cells.
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