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Abstract: In this theoretical study, the electronic, structural, and optical properties of copper-doped
zinc oxide (CZO) were investigated using the full-potential linearized enhanced plane wave method
(FP-LAPW) based on the density functional theory (DFT). The Tran-Blaha modified Becke-Johnson
exchange potential approximation (TB-mBJ) was employed to enhance the accuracy of the electronic
structure description. The introduction of copper atoms as donors in the ZnO resulted in a reduction
in the material’s band gap from 2.82 eV to 2.72 eV, indicating enhanced conductivity. This reduc-
tion was attributed to the Co-3d intra-band transitions, primarily in the spin-down configuration,
leading to increased optical absorption in the visible range. The Fermi level of the pure ZnO shifted
towards the conduction band, indicating metal-like characteristics in the CZO. Additionally, the CZO
nanowires displayed a significant blue shift in their optical properties, suggesting a change in the
energy band structure. These findings not only contribute to a deeper understanding of the CZO’s
fundamental properties but also open avenues for its potential applications in optoelectronic and
photonic devices, where tailored electronic and optical characteristics are crucial. This study under-
scores the significance of computational techniques in predicting and understanding the behavior of
doped semiconductors, offering valuable insights for the design and development of novel materials
for advanced electronic applications.

Keywords: doped ZnO; FP-LAPW; bandgap; DOS; electronic properties; first principle study

1. Introduction

ZnO is a widely used material in many fields. It is a white crystalline powder with
good transparency in the visible light range and is an indirect bandgap semiconductor [1,2].
ZnO is well known for its piezoelectric and photocatalytic properties and is used in a
wide range of applications, including solar cells, transparent electrodes, sensors, and
light-emitting diodes [3].

The CZO is a type of material that is of interest in a variety of applications such as
sensing, energy harvesting, and water purification [4]. The presence of the Co dopants in
the ZnO improves its electronic and optical properties, making it useful for these appli-
cations [5]. The doping process involves introducing a small amount of Co ions into the
ZnO lattice to change its electrical conductivity and bandgap. This results in improved
sensing and catalytic properties, making it an attractive material for various advanced
technologies [6]. Moreover, the application of impurity-doped zinc oxide in transparent
conductors (TCs) holds significant promise due to its impressive combination of electrical
and optical properties, as cited in references [7-9]. The incorporation of donor elements,
such as aluminum (Al), indium (In), gallium (Ga), tin (Sn), and silicon (5i), has been a
widely explored method to enhance the electrical and optical characteristics of n-type ZnO

J. Compos. Sci. 2023, 7, 511. https:/ /doi.org/10.3390/jcs7120511

https://www.mdpi.com/journal/jcs


https://doi.org/10.3390/jcs7120511
https://doi.org/10.3390/jcs7120511
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0001-5218-0048
https://doi.org/10.3390/jcs7120511
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs7120511?type=check_update&version=1

J. Compos. Sci. 2023, 7, 511

2 of 14

material, reaching concentrations of up to 102! cm~3. First principle studies have confirmed
that specific dopants, like In, Al, and Ga, can improve the properties of ZnO films [10-12].
Recently, the enhancement of the ZnO bandgap energy through doping with elements
such as Ca, Si, Ti, Co, Sc, and Mo has been reported [13-18]. Rare earth cations, including
Tb, La, and Er dopants, demonstrate remarkable effectiveness in this regard [19,20]. This
approach has paved the way for extensive research, with recent investigations focusing
on the use of transition metals like vanadium (V) and niobium (Nb) as dopants for ZnO.
These innovations have spurred a wave of exploration into the doped ZnO thin films,
as indicated in references [21,22]. Furthermore, the ideal transparent conductive oxides
(TCOs) must fulfill specific criteria to be effective. They should exhibit low absorption and
reflectivity coefficients while maintaining a high transmittance across a broad spectrum,
spanning from infrared (IR) to ultraviolet (UV) wavelengths. Additionally, these materials
need to possess a high electrical conductivity. This comprehensive set of characteristics is
crucial for various applications, including optoelectronics, solar cells, and displays, making
ongoing research in this area particularly vital for advancing technology and scientific
understanding.

The CZO has become an essential material in semiconductor research due to its fasci-
nating electronic and magnetic properties [5,18]. The purposeful inclusion of cobalt ions
within the ZnO lattice results in unique properties that have piqued considerable scientific
interest. Integrating cobalt, a transition metal, into the ZnO semiconductor matrix not only
modifies its electronic structure but also imparts magnetic characteristics, transforming the
material from non-magnetic to ferromagnetic [23]. This transformation holds great promise
for various technological applications, such as spintronics, magnetic sensors, and dilute
magnetic semiconductors. Understanding the complex interaction between the cobalt
dopants and the host ZnO lattice is essential to exploit the full potential of the CZO in these
applications [18]. Against this background, this study examines in detail the electronic
and magnetic properties of the CZO, shedding light on the fundamental mechanisms
underlying its unique behavior and paving the way for innovative advances in semicon-
ductor technology. Experimental and theoretical studies of the CZO are complementary
approaches to understanding the properties and behavior of this material.

Experimental studies provide direct observations of the material’s properties and
behavior, while theoretical studies help to interpret and understand these observations, and
to predict new properties that may be useful for various applications. Experimental studies
on the CZO generally involve the synthesis of the material using various methods, such as
the sol-gel process [2,24-26], hydrothermal [27,28], electrodeposition [22,29] and pulse laser
deposition [30], and the characterization of its properties using techniques such as X-ray
diffraction, transmission electron microscopy, and photoluminescence spectroscopy [31].
All these methods have their own advantages and disadvantages, and the choice of method
depends on the specific application and desired properties of the CZO material. These
studies provide valuable information on the structural and optical properties of the material
and are often the starting point for theoretical studies.

Theoretical studies, using methods such as the density functional theory (DFT) and ab
initio [32] calculations, provide valuable information on the electronic structure, optical
properties, and defect behavior of the ZnO. By investigating fundamental interactions at
atomic and electronic levels, theoretical studies not only improve our understanding of ZnO
but also facilitate the design and development of new devices with enhanced efficiency
and performance [1]. The density functional theory (DFT) calculations are a popular
computational approach used to study the electronic and optical properties of materials,
including thin films [32]. The DFT is a quantum mechanical method that calculates the
electron density of a system based on the interactions between the electrons and nuclei of the
material’s atoms. By calculating the electron density, the DFT enables us to understand the
optical properties of thin films, such as their refractive index and absorption coefficient [33].
A significant advantage of the DFT lies in its three-dimensional scalability, denoted as N3
(where N represents the number of basic functions). In contrast, the ab initio methods
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scale at N*. Consequently, the DFT calculations are marginally faster and more accurate.
More importantly, the DFT methods address a key drawback of the ab initio techniques
like Hartree—Fock [34]: the complete neglect of electron correlation. Electron correlation,
defined as the disparity between the Hartree—Fock energy and the exact solution of the
Schrodinger equation, is partially accounted for by the DFT methods without requiring
additional computational time [35]. Theoretical studies of the CZO generally involve the
use of computational methods such as the density functional theory (DFT) and many-body
perturbation theory (MBPT), on the other hand, provide a better understanding of the
material’s electronic and optical properties, and can be used to design and optimize the
material for specific applications. For example, theoretical studies can be used to predict the
band gap and electronic structure of the material, as well as the effect of different co-doping
concentrations on these properties [36]. This information is not directly accessible through
experimental studies and provides valuable insights into material behavior. The advantage
of theoretical studies is that they provide a better understanding of material properties and
behavior and can be used to design and optimize the material for specific applications.

The objective of this study is to examine the impact of co-doping on the structural,
electronic, and optical properties of the ZnO. The analysis was carried out using the density
functional theory (DFT) as implemented in WIEN2K (23.1) software [37]. The modified
Becke-Johnson of Tran—Blaha (TB-mBJ) and Perdew—Burke-Ernzerhof Generalized Gra-
dient Approximation (PBE-GGA) were utilized to perform the calculations [38,39]. The
investigation focuses on the effects of co-doping concentration on the electronic structure,
optical properties, and electrical properties of the ZnO.

2. Computational Methods

The current computation employs the full potential augmented plane wave (FP-
LAPW) method [40] integrated into the WIEN2K software package [38]. This approach is
rooted in the density functional theory (DFT) and is utilized for performing first-principle
calculations.

The calculations were performed utilizing two approximations, namely the TB-mB]
and PBE-GGA. However, only the results obtained with the TB-mB]J approximations were
presented, owing to their superior performance over the PBE-GGA functional. When
compared to other theoretical methods and real-world data, these approximations enhance
both the bandgap and optical properties. The TB-mB]J approximation was used to account
for exchange—correlation effects, and the calculations were deemed convergent when the
total system energy stabilized within a range of 107> Ry. A wavefunction cutoff magnitude
of Ryt X Kmax = 7.5 was applied, with the cutoff energy set at —6.0 Ry. The valence
wavefunctions inside the muffin-tin spheres were extended to lnax = 10, and the charge
density was Fourier-extended to Gpax = 12 (a.u.)~ L. For the undoped ZnO system, 450 k-
points in the first Brillouin zone were used, following an 8 x 8 x 7 Monkhorst-Pack (MP)
grid, and a 4 x 4 x 2 supercell was used. The anisotropic nature of the ordinary and
extraordinary components in the ZnO compounds is a consequence of their tetragonal
structure (where a = b # c) (see Figure 1), as demonstrated by the method [2]. To present
our results accurately, we need to use three axes: the x-axis, the y-axis, and the z-axis.
However, in our calculations, we found that a and b were equal, so the results for the x-axis
and y-axis were identical. Consequently, we will present our results in the xx-plane, which
is the plane that includes the x- and y-axes, as well as the z-axis in all our figures. Within
the hexagonal unit cell depicted in Figure 1, there are two Zn atoms and two O atoms. The
Zn atoms occupy the corners of a hexagon, whereas the O atoms are situated between the
Zn atoms along the hexagonal axis.



J. Compos. Sci. 2023, 7, 511

4 of 14

N

Y
Figure 1. Zinc oxide (ZnO) unit cell in the F63mc space group.

3. Results and Discussion
3.1. Structural Properties

In the pursuit of determining the lattice equilibrium parameters, a meticulous process
of structural optimization was undertaken for both the ZnO and CZO. This intricate task
involved the application of the advanced WIEN2K software package, which facilitated
the execution of self-consistent total energy calculations. To pinpoint the specific lattice
parameters corresponding to the state of minimum energy, a systematic approach was
adopted. This systematic approach included a series of steps, foremost among them being
the rigorous minimization of the total energy. Through these comprehensive efforts, the
precise lattice equilibrium parameters crucial for the study were successfully identified:

v/ Equilibrium volumes optimization: Optimizing equilibrium volumes involved a
meticulous process of exploring the relationship between the total energy and unit
cell volume for the studied ZnO compound. This exploration was conducted while
keeping the atomic positions optimized and the experimental c/a ratio fixed. The cell
volume was systematically varied within a range of +15% of the reference volume
(Vo). The resulting energy values for different volumes were analyzed and fitted using
Murnaghan’s equation (Equation (1)) to derive meaningful insights (See Figure 2).

B | B+1 B —1

/
BV (VXO)B BV,
E= |Eo+ 1 )

where, B denotes the equilibrium bulk modulus, which characterizes the material’s response
to changes in pressure, and B’ represents its first derivative concerning ambient pressure.
The term V( corresponds to the equilibrium unit cell volume, signifying the stable volume
configuration attained under specific conditions.

v c/aratio Optimization: Compute the total energy as a function of the c¢/a ratio through
a systematic variation of £5% in the c/a ratio, all while maintaining the theoretical
equilibrium volume constant (See Figure 3).
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Figure 3. The total energy variation as a function of c/a for the ZnO through a systematic variation
of £15%.

The lattice parameters were determined based on the ground state, identified as
the minimum of the total energy concerning the curves of cell volume and c/a ratio.
The resulting values for lattice parameters a, ¢, and the c/a ratio, along with additional
theoretical and experimental data, are provided in Table 1. Remarkably, our optimized
lattice parameters align closely with both experimental values and results obtained from
other theoretical approaches, indicating the accuracy and reliability of our findings.

Table 1. Various values of structural parameters of the pure ZnO and CZO.

a=b(A) c(A) cla

7Zn0O 3.212 5.134 1.598
This work

CzZO 3.220 5.190 1.611
experiments 7ZnO 3.247 5.196 1.600
[1,5] CZO 3.249 5.200 1.600
Other DFT ZnO 3.230 5.160 1.597
works CcZO 3.221 5181 1.608

[2,36]
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To examine the structural properties of the ZnO and CZO, the geometrical structures
are shown in Figure 3 with space groups F63mc. It is noteworthy that the two geometrical
structures have a tetragonal structure. The ZnO is wurtzite-structured and crystallizes
in the hexagonal P63mc space group. The Zn?* is bonded to four equivalent O>~ atoms
to form corner-sharing ZnOj tetrahedra. There are three shorter (1.97 A) and one longer
(1.98 A) Zn-O bond length. The O?~ is bonded to four equivalent Zn?* atoms to form
corner-sharing ZnQOy tetrahedra (See Figure 1).

3.2. Electronic Properties

The electronic properties refer to the behavior and characteristics of materials in
response to the flow of electric current, as well as the interaction of materials with elec-
tromagnetic fields. Understanding electronic properties is fundamental to various fields,
including physics, materials science, electrical engineering, and chemistry. In the realm of
electronic properties, two key concepts play a central role: conductivity and band structure.

Using supercell models, studies have been carried out on the CZO, where cobalt
replaces zinc atoms at 2% cobalt concentration. The band structures of the pure ZnO and
CZO are shown in Table 2. It can be seen that the band gap of the pure ZnO is 2.82 eV, in
line with other reported measurements [2]. However, it is lower than the experimentally
obtained value of 3.18 eV [2]. The theoretical bandgap value calculated for the Co-metal
concentrations is 2.72 eV, which is lower than the value found for the host semiconductor.

Table 2. Various values of calculated and measured bandgap energy of ZnO and CZO.

ZnO Ccz0
. pbe-GGA 2.10 2.05
This work TB-mBJ 2.82 2.72
Experiment [5] 3.20 3.02
pbe-GGA [2,36] 2.34 1.12
Other DFT works TB-mBJ [2] 264
Band Gap nature Direct Direct

Our analysis determined that the bandgap values correspond to the states of the host
semiconductor. We have observed in Figure 4 that the d-states are located within the band
gap of the semiconductor. The empty cobalt states are now present in the conduction band
and the filled states are located in the valence band.

As depicted in Figures 4 and 5, the incorporation of a cobalt ion into a ZnO semi-
conductor induces notable alterations in its properties. Specifically, this addition exerts a
significant influence on both the material’s band gap and the configuration of spin-up and
spin-down states. Upon the introduction of a cobalt ion, the spin-up polarization interacts
intricately with the valence band states, resulting in a considerable reduction in the band
gap. This interaction also leads to the formation of distinct minority and majority levels
linked to cobalt ions, especially noticeable under spin-down conditions.

This intriguing behavior is illustrated in the band structure shown in Figure 4 and
the density of states (DOS) diagram provided in Figure 5. Together, these graphical
representations effectively and efficiently capture the complex interplay between electronic
states in the presence of cobalt ions, aligning perfectly with the results documented in the
reference [23]. One of the key findings lies in the altered relationship between spin-up and
spin-down states, highlighting the nuanced electronic behavior induced by the introduction
of cobalt ions into the ZnO.
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Figure 4. The band structures of ZnO (a) with 2% co-doping (b,c) along high-symmetry lines in the
Brillouin zone using the TB-mB] approximation.
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Figure 5. The densities of states of ZnO (a) with 2% co-doping (b,c) along high-symmetry lines in the
Brillouin zone using the TB-mB]J approximation.



J. Compos. Sci. 2023, 7, 511

8 of 14

3.3. Optical Properties

Optical properties encompass the various interactions between material and light,
including phenomena such as reflection, transmission, and absorption. The meticulous
study of these properties in thin films is significant because of their versatility in a variety
of applications, including optical coatings, solar cells, and electronic devices. These optical
characteristics are closely related and can be exhaustively explained by the principles
of wave optics. For example, the reflectivity, transmittance, and absorption of material
collectively characterize the way light behaves as it passes through it. Studying the nuances
of these optical properties not only improves our understanding but also enables us to
precisely design and optimize materials for specific uses, from advanced optical coatings to
solar cells and state-of-the-art electronic devices.

The dielectric function, defined by Equation (2), is a complex quantity that represents
how a material reacts to an external electric field, and is closely related to the optical
characteristics of the material [41,42]:

e(w) =g (w) +iex(w) )

The real and imaginary parts of the complex dielectric function are denoted as &1 (w)
and & (w), respectively. The former is linked to the polarization and anomalous dispersion
of the material, while the latter corresponds to the dissipation of energy in the medium.
The real part of the dielectric function called the refractive index, determines the phase
velocity of light in the material, while the imaginary part, called the extinction coefficient,
determines the absorption of light by the material.

Using the dielectric function to calculate the optical properties of a material provides
a convenient and flexible way of studying the behavior of light in materials, including
light reflection, transmission, and absorption. The dielectric function can be obtained
experimentally using spectroscopic techniques, such as ellipsometry or reflectometry, or
theoretically using computational methods, such as density functional theory (DFT) or
many-body perturbation theory. The real and imaginary parts of the dielectric function are
related to the material’s refractive index by Equation (2) [43—45]:

2 2
) - | Y@ . o

It is defined as the ratio between the speed of light in a vacuum and the speed of light
in the material. A material with a high refractive index deflects more light than one with a
low refractive index. According to Figure 6, the refractive index has a large value in the
high-wavelength region (or low-energy region) but undergoes a considerable reduction in
the low-wavelength region (or high-energy region).

The imaginary part of the dielectric function is related to the extinction coefficient by
the Equation (4) [46]:

2 2
oy - 1| Var(@) Fealw) - ulw W

The extinction coefficient is a measure of the amount of light absorbed by a material
as a function of the wavelength of the light. The extinction coefficient is proportional to the
absorption coefficient and is often used to describe light absorption in a material in a more
intuitive way. As shown in Figure 7, the extinction coefficient decreases with increasing
wavelength, reaching low values in the visible and near-infrared range for both parallel
and perpendicular components within the TB-mB] approximations (See Figure 7).
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Figure 6. The refractive index calculated for the ZnO and CZO using the TB-mB] approximation.
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Figure 7. The extinction coefficient calculated for the ZnO and CZO using the TB-mB]J approximation.

Reflectivity and transmittance can be calculated using Fresnel’s equations or the
transfer matrix method, considering the refractive index and extinction coefficient of the
material. The amount of light reflected by a surface is described by reflectivity, which is
the ratio between the amount of light reflected and the amount of light incident on the
surface. Figure 8 shows the reflectivity coefficient curves in the range from 0 to 13 eV. The
calculation of reflectivity, R(w), uses Equation (5) as shown in reference [43]:

ex (@) Fjea(w) — 1]

Ver(w) +jea(w) +1

Our findings reveal a distinct pattern in the behavior of the reflectivity coefficient.
Specifically, we observed that the reflectivity coefficient attains its peak value in the UV
range and gradually diminishes as the wavelength increases. This trend holds true for both

R(w) = ®)
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parallel and perpendicular components, as calculated within the TB-mB]J approximations.
Furthermore, our analysis identified a noticeable anisotropy between the extraordinary
and ordinary components of the reflectivity coefficient. This disparity underscores the
directional dependence of the reflectivity properties, suggesting that the interaction of light
with the material is not uniform in all directions. These observations provide valuable
insights into the optical characteristics of the studied material and contribute to a deeper
understanding of its behavior under different wavelengths and orientations.

Reflectivity

ity
w

Reflectiv

T
400 600 00
Wavelength(nm)

—— pure ZnO_xx

—— pure ZnQ_zz
Co:Zn0@2%) _xx

—— Co0:Zn0O2%)_zz

LB e i b b e e o o Sn o S o o o

0.0 , . : ,

r T ' '
200 400 600 800 1000
Wavelength(nm)

Figure 8. The reflectivity calculated for the ZnO and CZO using the TB-mB] approximation.

The amount of light absorbed by a material is described by the absorption coefficient,
which is a measure of the amount of light absorbed as a function of material thickness.
Figure 9 illustrates the absorption coefficient, (w), which is calculated directly from the
dielectric function, and the correspondence used for this calculation is Equation (6) [47]:

a(w) = \/2(\/81(w)2 +ep(w)? — el(w)) (6)

In Figure 9, the peaks of the absorption spectrum correspond to the peaks of the
imaginary part of the complex dielectric function, e;(w). It is clear that for the photon
energies below 3 eV, there is no absorption, as the curves start to decrease in the range
above 400 nm for both the parallel and perpendicular components. The primary absorption
peak is located in the UV range, between 0 and 200 nm.

Transmission refers to the phenomenon where light traverses through a substance.
The measure of light that successfully passes through a material is defined by the transmis-
sion coefficient. This coefficient represents the ratio between the quantity of light that is
transmitted through the material and the quantity of light that initially strikes the material’s
surface. The distinctive features observed in our study can be elucidated by the remarkably
high transmission coefficients of the materials under investigation. Specifically, within the
TB-mB]J approximation of the ZnO, the transmission coefficient surpasses 87% in both the
visible and infrared regions. For the CZO, this coefficient rises to over 90%. These values
are visually represented in Figure 10. Notably, at longer wavelengths beyond 380 nm, both
materials exhibit exceptionally high transparency, signifying that they allow a significant
portion of incident light to pass through without being absorbed or scattered.
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Figure 10. The transmittance calculated for the ZnO and CZO using the TB-mBJ approximation.
4. Conclusions

The effects of co-doping on the electronic and optical properties of the ZnO were
explored with sophisticated first-principles calculations using density functional theory.
This analysis was carried out both along the z-axis and in the xx-plane. To establish a basis
for comparison, pure ZnO was used as the reference material. The tained using the TB-mB]
approach revealed that CZO exhibited characteristics typical of n-type metals. Using the
same calculation method, the study demonstrated that co-doping significantly increased
the absorption coefficient of the ZnO in the UV and visible spectra. This increase in visible
light absorption was attributed to electron transfer from the O-2p state to the Co-3d state, as
well as to intra-band transitions occurring between the Co-3d and Zn-3d states. The energy
level associated with these intra-band transitions facilitated efficient electron transfer across
interfaces and significantly reduced the rate of electron-hole recombination, particularly
under sunlight, in the CZO. This phenomenon was corroborated by high transmission
coefficients exceeding 90% in the visible range. As a result, the study concluded that the
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co-doped rutile ZnO system exhibited enhanced photocatalytic activity. As a result, it
emerged as a promising candidate for process applications. As a result, it has emerged as
a promising candidate for applications in photoelectrochemical processes, representing a
significant advance in this field.
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