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The development of solar enerqy materials is essential for achieving the
Sustainable Development Goals (SDGs). However, their performance is
often limited by the electronic and optical properties of commonly used
semiconductors. Unlike previous DFT studies mostly focused on non-
transition metal dopants (e.g., Al, Ga), this work explores pristine ZnO,
single cobalt (Co) doping, and CoX (X = chromium (Cr), manganese
(Mn), titanium (Ti), and vanadium (V)) codoping to reveal how single
and dual 3d-orbital interactions modify its electronic and optical
behavior. This study investigates the effects of transition metal codoping
CoX (X = Cr, Mn, Ti, V) on ZnO using Density Functional Theory
(DFT) and DFT with Hubbard U correction (DFT+U) within the
Generalized Gradient Approximation (GGA) to evaluate opto-electronic
properties. The bandgap of pristine ZnO was calculated as ~0.80 eV
with standard DFT, while ZnO-Co and ZnO-CoX exhibited zero
bandgap with a flatband due to conduction band overlap with the Fermi
level, indicating metallic behavior resulting from d-orbital
contributions. DFT+U improved the pristine ZnO bandgap to ~1.08
eV, although Co-doped and CoX co-doped remained metallic. Orbital
resolved analysis shows that Ti and V introduce states near the valence
band, while Cr and Mn shift states deeper below the Fermi level,
reflecting distinct d-orbital interactions. The theoretical band gaps
underestimated experimental values due to strong electron correlation
in ZnO. Optical analysis revealed that Co and CoX codoping shifts the
absorption edge into the visible range and enhances the absorption
intensity. The presence of dopants alters the electronic band structure
and enhances optical absorption in the visible range, underscoring their
effectiveness in engineering ZnO-based semiconductors for optimized
optoelectronic responses.

Copyright (c) 2026 by Author(s), This work is licensed under a Creative
BY SA

Commons Attribution-ShareAlike 4.0 International License.
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Introduction

Clean energy development relies heavily on the discovery of semiconducting materials that
can efficiently convert solar radiation into electricity. Fossil fuels remain the dominant source
of global energy, prompting efforts to shift toward sustainable alternatives [1]. Solar energy
provides a carbon-neutral and abundant power source, with high availability in tropical
regions like Indonesia. [2]. It also plays a key role in driving secondary renewables such as
wind and hydro energy [3-4].

Among the various photovoltaic technologies, solar cells based on silicon, dye-sensitized, and
perovskite materials have attracted attention, with perovskites offering high conversion
efficiency despite their instability issues [5-8]. Zinc Oxide (ZnO) is a promising candidate for
next-generation photovoltaics due to its wide band gap, optical transparency, and low toxicity,
which also enhance its electrical conductivity and light absorption capabilities [9-10]. ZnO’s
performance can be further enhanced through doping with transition metals, such as cobalt,
to increase the free carrier density via shallow donor states and enable light absorption within
the visible range (400-600 nm) [11-12]. However, the synergistic effects of codoping ZnO with
combinations of transition metals, particularly involving Co and elements like Cr, Mn, Ti, and
V, remain poorly understood and insufficiently studied. Cr, Mn, Ti, and V were chosen as
codopants because their distinct 3d electronic configurations can introduce localized d-orbital
states in ZnO’s band structure. These dopants have different ionic radii and valence states,
which affect defect formation energies, hybridization with ZnO states, and optical transitions.
This makes them suitable for systematically investigating the effects of transition-metal
codoping on the electronic and optical properties of ZnO.

However, most previous first-principles studies have been limited to single dopant systems or
employed standard Density Functional Theory (DFT), often underestimating band gaps and
optical transitions. Recent works using DFT+U or hybrid functionals have improved accuracy
but remain focused on isolated dopants, leaving the synergistic effects of transition-metal
codoping largely unexplored. Unlike previous studies that focused on specific codopant pairs,
this work provides a comparative understanding of multiple transition-metal codoping
combinations within a unified computational framework.

In this study, we systematically investigate the impact of codoping ZnO with cobalt and a
secondary transition metal (Cr, Mn, Ti, V) on its electronic and optical properties using DFT
and DFT+U calculations. Using first-principles DFT and DFT+U calculations, the band
structure and absorption of ZnO codoped with CoX (X = Cr, Mn, Ti, V) are systematically
evaluated. Unlike previous studies that focus on isolated dopants or a narrow set of codoping
cases, this work compares multiple CoX configurations under consistent simulation
parameters, allowing for a detailed analysis of d-orbital hybridization and band structure
modulation. Codoping is expected to introduce localized electronic states that modify the
conduction and valence band edges, potentially enhancing absorption in the visible light
region [12]. These findings provide fundamental insights into codoping strategies for tailoring
ZnO-based semiconductors and demonstrate their potential application in photovoltaic and
optoelectronic devices.
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Theoretical Background

Zn0O has attracted considerable research interest due to its wide band gap and high electrical
conductivity. Doping with transition metals such as Co, Cu, and Ni can alter their magnetic
and optical properties by modifying the band structure and charge carrier distribution [13,14].
Since 2021, codoping strategies, where two or more dopants are introduced simultaneously,
have emerged to further tailor the electronic and optical properties of ZnO. Codoping with
elements like Al-F, Ga-F, or In-F has shown improved conductivity and reduced charge
carrier relaxation time [15].

Computational approaches, particularly Density Functional Theory (DFT), have become
crucial in predicting these effects prior to experimental synthesis, thereby saving both time
and cost. For example, in 2023, ZnO co-doped with Co and Mn using the LDA+U method
demonstrated enhanced magnetic properties [16], while DFT with the LDA-PBE functional
revealed that Co doping introduces a magnetic moment of ~3.073 uB [17]. These
characteristics are beneficial for spintronic applications where magnetic ordering and
reduced band gap are desired [18-19]. Additionally, doping with rare-earth elements or
codoping with Li-F and Co-Gd has shown potential for enhancing ZnO’s properties in
optoelectronic applications such as light-emitting diodes and photoactive materials [20-22].
Similar model studies on transition metals, particularly Ni, revealed that magnetic surface
anisotropy strongly depends on the effective potential changes of the 3d orbitals [23].

We employed spin-polarized DFT+U calculations to account for the strong electron
correlation in ZnO-transition metal systems. The Perdew-Burke-Ernzerhof (PBE) functional
within the GGA framework was used, with Hubbard U corrections applied to the 34 orbitals
of transition-metal dopants, as detailed in the methodology. In DFT, the total energy of an
interacting many-electron system is a functional of the electron density n(r). The Kohn-Sham
equations are obtained by mapping this system onto non-interacting electrons in an effective
potential, allowing the total energy to be written as:

N !
E[n] = Z g —ffwdr dr’ —fn(r) Vee()dr + Ey.[n] (D
=1

lr— 7|
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where ¢; are the Kohn-Sham eigenvalues, Er is the Fermi level, n(r) is the electron density,
and E, is the approximation exchange-correlation energy. While this formulation has proven
effective for many systems [32], it typically underestimates the bandgap of semiconductors,
especially transition metal oxides such as ZnO. To address this limitation, we apply the
DFT+U method, which introduces a Hubbard-like on-site Coulomb interaction U to partially
correct the self-interaction errors inherent in standard DFT functionals. The corrected energy
functional is:

E /s 1— 2
DFT+U — LCDFT 2 [ni,a( ni,a)] 2)
i,o0

where Ugrr = U — ] is the effective on-site Coulomb parameter, and n; , is the occupation
number of the localized d-orbitals for atom i and spin o. This correction enhances the
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description of localized states and improves the estimation of the band structure and optical
transitions in ZnO-based semiconductors.

One of the key outputs of DFT simulations is the electronic band structure, which enables the
calculation of the band energy. The summation runs over all occupied bands and k-points in
the Brillouin zone. From this, the band gap Eg,;, can be determined, which is defined as:

Egap = Ecem — EvamMm 3)

where Ecgyv and Ey gy represent the conduction band minimum and valence band maximum,
respectively. The band gap plays a critical role in determining whether a material behaves as
a metal, semiconductor, or insulator. Understanding the distribution of electronic states is
crucial for describing how a material interacts with incident light, particularly through its
dielectric response. The density of states (DOS) provides insight into both the electronic and
optical properties of a material [24]. Optical absorption was calculated from the complex
dielectric function, where the imaginary part accounts for interband transitions, and the real
part was obtained via the Kramers-Kronig transformation. These allow identification of
absorption onset and peak features in the visible spectrum [25]. The material’s complex
dielectric constant is defined as € = ¢, + ¢;, with &. = n? — k? and ¢; = 2nk. In optical
properties, such as the absorption spectrum, are derived from the complex dielectric function
using the following expression:

C > 4)

L J\/(sr)2+<ei)2—sr

where «a is the absorption spectrum, €, and ¢; are the real and imaginary parts of the dielectric
constant, respectively, w is the angular frequency, and c is the speed of light. These theoretical
considerations support our interpretation of how codoping strategies modify ZnO’s optical
and electronic characteristics.

Computational Method

Density Functional Theory (DFT) is widely employed to predict the electronic and optical
properties of semiconductors and transition metal oxides, including ZnO [26-28]. While other
computational methods, such as Molecular Dynamics (MD) [29], support broader materials
modeling, this study specifically focuses on pristine ZnO, Co-doped ZnO, and CoX-codoped
ZnO (X =Cr, Mn, Ti, V). These configurations were selected due to their potential to modulate
the band structure and enhance optical absorption, with a critical research gap regarding the
lack of systematic studies on codoping strategies [30]. To address the bandgap
underestimation inherent in standard DFT, particularly for systems involving strongly
correlated d-electrons, we employed the DFT+U approach. A Hubbard U value of 3.3 eV was
applied to the Co 3d orbitals, while a value of 4.0 eV was assigned to Cr, Mn, Ti, and V,
following previous theoretical studies. The U correction was applied exclusively to the 3d
orbitals of the transition metals [34]. Hybrid functionals such as HSE06 were not employed
due to their high computational cost. The DFT+U method was deemed sufficient to capture
the relative trends in band structure and optical responses across the doped ZnO systems.
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This research focused on pristine ZnO, ZnO doped with Co, and ZnO co-doped with
transition metals CoX. All calculations were performed using the Quantum Espresso (QE)
[31], employing the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [32]. A
2x2x2 wurtzite ZnO supercell containing 16 Zn and 16 O atoms was constructed using
VESTA. All atomic positions and lattice parameters were fully relaxed until the forces
converged, as shown in Figure 1.

(a) (b) (c) (d)

Figure 1. Structures of (a) pristine ZnO, (b) ZnO-Co, (c) ZnO-CoX, and (d) Brillouin zone showing
the high-symmetry path '-M-K-I'-A-L-H-A

Codoping was modeled by substituting one Zn atom with Co and another with X (X = Cr,
Mn, Tj, or V), corresponding to a dopant concentration of 3.125% for each element. A 2x2x2
ZnO supercell, containing 32 atoms, was employed as a balanced model that accurately
captures local structural distortion and dopant-induced electronic interactions while keeping
computational costs reasonable. This configuration is widely used in first-principles studies
of doped ZnO, as it sufficiently represents the dilute doping limit. The average dopant-
dopant separation of ~9 A effectively minimizes artificial periodic interactions among dopant
images within the simulation cell. Although larger supercells could further reduce these
effects, test calculations on total energy and density of states within the 2x2x2 model
exhibited stable trends, indicating adequate convergence for this study. Therefore, this
supercell model was deemed suitable for investigating the effects of single and codoping on
the electronic and optical properties of ZnO. The optimized structural parameters and
Brillouin Zone settings used for these calculations are described as follows.

The lattice parameters were set to a =b = 6.44A,c =104 A, with angles a =f =
90°and y = 120°, consistent with the hexagonal symmetry [33]. The Brillouin Zone (BZ) of
hexagonal ZnO, defined by its reciprocal lattice symmetry, begins and ends at the I point. In
Figure 1(d), the lines in the diagram represent the k-point sampling, while the red paths
highlight high-symmetry directions within the irreducible first BZ, describing the
relationship between energy and electron momentum used in band structure calculations.
The high-symmetry path I'-M-K-I'-A-L-H-A was selected because it represents the full
symmetry of the wurtzite-type hexagonal structure, allowing comprehensive mapping of the
electronic band dispersion. This path also follows the convention recommended by SeeK-
path. Norm-conserving pseudopotentials from the PseudoDojo library (version 0.5.1) were
used, with semicore states included for transition metal dopants. Optical properties were
derived from the imaginary part of the dielectric function. The imaginary part was calculated
using the independent particle approximation, which is suitable for describing interband
transitions within DFT-level simulations. Energy convergence tests were conducted for the
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cutoff energy and k-point density. An energy cut-off of 60 eV and a 7x7x5 k-point mesh was
selected, where total energy differences had plateaued. Additional tests confirmed a stable
dielectric response beyond this threshold.
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Figure 2. Convergence tests: (a) total energy (eV) vs. cutoff energy (eV); (b) total energy (eV) vs. k-
point mesh. Each system contains 32 atoms

Result and Discussion

This study aims to investigate the electronic and optical properties of the material using first-
principles calculations. At the atomic scale, the complex many-body interactions among
electrons and nuclei make solving the Schrodinger equation directly impractical. The Kohn-
Sham formulation of DFT, as presented in Equation 1, addresses this by modeling the
interacting electron system as non-interacting particles moving in an effective potential,
which leads to the formation of electronic energy bands, including the valence band
maximum and the conduction band minimum. These bands govern the material’s electronic
behavior, where the band gap, defined by the energy difference between the conduction band
minimum and the valence band maximum, determines its conductivity. The density of states
provides insight into the distribution of available electronic states and their role in charge
transport. Optical properties, linked to electronic transitions between these bands, can be
analyzed through the material’s dielectric response and the resulting absorption coefficient
presented in Equation 4.

Electronic Properties

The optimization of energy cutoff and k-point parameters was conducted to ensure
convergence and accuracy in Density Functional Theory (DFT) calculations, using wurtzite
ZnO as a reference prior to Co and transition metal doping, such as Cr, Mn, Ti, and V. After
optimizing the energy cutoff and k-point parameters, DFT calculations were employed to
investigate the electronic properties of ZnO.

As depicted in Figure 3(a), the calculated band structure reveals a band gap of ~0.80 eV,
significantly lower than the experimental value of 3.23 eV [35]. This underestimation arises
from the standard DFT's inability to properly describe systems with strongly correlated
electron interactions. The DFT+U method introduces an on-site Coulomb correction to account
for these interactions, leading to more accurate electronic structure predictions [34]. To address
this, the DFT+U method was applied, exhibiting an increased band gap of ~1.08 eV, as shown
in Figure 3(b). This method incorporates on-site Coulomb interactions with exchange-
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correlation to better capture electron correlation effects. The DOS analysis further supports
this result, with the DFT+U method yielding a smoother distribution near the Fermi level
compared to the sharp peak observed in standard DFT. Figures 3(c) and 3(d) illustrate the
electronic structure of Co-doped ZnO obtained using both DFT and DFT+U approaches. Co-
doping introduces impurity states near the Fermi level, resulting in a reduced band gap. In
some configurations, the band edges shift below the Fermi level, indicating a transition toward
metallic behavior.
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Figure 3. Electronic band structures of pristine and Co-doped ZnO calculated using DFT and DFT+U
methods. (a) Pristine ZnO obtained from DFT, showing a band gap of ~0.8 eV; (b) Pristine ZnO with
DFT+U, exhibiting an increased gap of ~1.08 eV; (c) Co-doped ZnO calculated using DFT, indicating
metallic behavior due to band overlap at the Fermi level; (d) Co-doped ZnO with DFT+U, retaining
metallic features; (e) Orbital-specific DFT+U result for pristine ZnO with U =10 eV (Zn 3d) and 7 eV
(Co 3d), showing a band gap of ~0.82 eV; and (f) Corresponding Co-doped ZnO structure, displaying
flattened bands and metallic characteristics.

Standard DFT and DFT+U methods tend to underestimate the band gap and electronic
structure, as they apply the Hubbard U correction at the atomic level. To improve accuracy,
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this study employs an orbital-specific DFT+U approach, utilizing U values of 10 eV for the 3d
Zn orbitals and 7 eV for the 3d Co orbitals, respectively. As illustrated in Figure 3 (e-f), the
orbital-specific DFT+U results show more pronounced band dispersion for both pristine and
Co-doped Zn0O, indicating improved treatment of localized d-electrons. This approach yields
a band gap of approximately 0.82 eV for pristine ZnO, which is higher than those obtained
using standard DFT and atom-centered corrections. In contrast, the Co-doped system retains
a zero-band gap with flattened bands, consistent with its metallic nature. Although orbital-
specific corrections enhance the electronic description, the predicted values remain
underestimated relative to experiment.

The electronic band structures of ZnO doped CoX (X = Cr, Mn, Ti, V), calculated using
standard DFT, are presented in Figure 5. In all configurations, the Fermi level intersects the
conduction band, indicating a collapse of the band gap and the emergence of metallic behavior.
CoX codoping introduces additional electronic states near the Fermi level, significantly
altering the band edge positions and effectively filling the band gap, thereby inducing metallic
behavior.

Energy {(sV)

¢ (/N
L | L L
Energy (V)

L

—_ T T T T T
r 1 K r A | H A0 20 40 r M K r A | H A0 20 40
DOS (states/cV/u.c.) High-symmetry points DOS (states/eVAlc.)

(b)

Energy (eV)

-
=z
=

Energy (eV)
i
i

roa L H A0 20 40 r MoK roa H A0 20 40
High-symmetry points DOS (states/eViu.c.) High-symmetry points DOS (statos/eViu.c.)

(d)

Encrgy (cV)

il Vi V
Encrgy (cV)

s

T T
A0 20 40
DOS (states/eViu.c.)

T T
r M K r a L H A0 20 40
High-symmetry points DOS (states/eViu.c.)

(e) (f)

65



P-ISSN: 2615-1278, E-ISSN: 2614-7904

Encrgy (V)
Encrgy (oV)

T T s S = T T
ks A0 20 10 r M K r a L H AD 20 410
High-symmetry points DOS (stales/eViu.c.) High-symmelry points DOS (statesfeviu.c.)

® (h)
Figure 4. Band structures of CoX-doped ZnO (X = Cr, Mn, Ti, V) calculated using (a-d) standard
DFT and (e-h) DFT+U with a U value of 4 eV applied to Zn and Co. Codoping modifies the
electronic states near the Fermi level, showing band gap narrowing and increased DOS intensity,
consistent with metallic behavior.

K r A L H

As shown in Figure 4, the band structures of CoX-codoped ZnO (X = Cr, Mn, Ti, V) obtained
using the DFT+U method reveal that the Fermi level remains pinned within the conduction
band, confirming the persistence of metallic behavior in all configurations. The inclusion of
the on-site Hubbard U correction slightly reduces the density of states near the Fermi level,
yet the band gap remains closed due to the strong hybridization between Co-X 34 and O 2p
orbitals. This hybridization produces delocalized electronic states that bridge the valence and
conduction bands, preventing the reopening of the gap even after partial electron localization
is restored by the U correction. The metallic features observed in Co-Cr and Co-Mn systems
are mainly associated with occupied t,; states overlapping the Fermi level, whereas Co-Ti and
Co-V introduce unoccupied 3d states just above it. These orbital interactions account for the
observed narrowing of the band gap and the enhanced conductivity. Although the DFT+U
correction mitigates self-interaction errors and improves the overall electronic description,
both GGA and GGA+U approaches still underestimate the experimental band gap values, as
summarized in Table 1, which compares the calculated electronic band gaps of ZnO CoX (X =
Cr, Mn, Ti, V) using DFT and DFT+U.

Table 1 presents a comparison of the electronic band gap values of ZnO CoX materials,
calculated using standard DFT, DFT+U, and experimental methods. The DFT+U method
enhances band gap predictions by incorporating on-site Coulomb corrections with exchange-
correlation to more accurately account for localized d-electron interactions; however, both
methods still tend to underestimate the band gap compared to experimental values. Standard
DFT often predicts metallic behavior in ZnO-Co and ZnO-Co X (X = Cr, Mn, Ti, V) due to its
inability to fully capture electron correlation effects in these transition metal-doped systems
[36]. Although DFT+U reduces these inaccuracies and provides a more reliable description of
the electronic structure, band structure diagrams of ZnO with single Co doping and CoX
codoping show that both DFT and DFT+U calculations reveal a persistent presence of energy
states at the Fermi level. This results in the conduction band intersecting the Fermi level, which
confirms the metallic nature of the doped ZnO systems. To further understand the origin of
these electronic states, an orbital-resolved analysis was conducted on atoms located near the
doping sites. In the ZnO-Co configuration, the Co atom was substituted at the Zn1 site.
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Table 1. Comparison of electronic band gaps of ZnO, ZnO-Co, and ZnO-CoX.

Hubbard E
Material Method Atom Orbital \g] Software References
Zn O Co X Zng Oy (V)

ZnO GGA - - - - - - 0.74 CASTEP [34]

ZnO GGA+U - - - - 15 6 1.25 CASTEP [34]

ZnO Experiment - - - - - - 3.23 - [35]
ZnO GGA - - - - - - 0.80 QE This Research
ZnO GGA+U 4 0 4 4 - - 1.08 QE This Research
ZnO GGA+U - - - - 10 7 0.82 QE This Research

Zn0O-Co GGA - - - - - - 0 WIEN2k [36]

ZnO-Co Experiment - - - - - - 3.05 - [37]
ZnO-Co GGA - - - - - - 0 QE This Research
ZnO-Co GGA+U 4 0 4 4 - - 0 QE This Research
Zn0O-Co GGA+U - - - - 10 7 0 QE This Research
ZnO-CoCr GGA - - - - - - 0 QE This Research
ZnO-CoCr GGA+U 4 0 4 4 - - 0 QE This Research
ZnO-CoMn GGA - - - - - - 0 QE This Research
ZnO-CoMn GGA+U 4 0 4 4 - - 0 QE This Research
ZnO-CoTi GGA - - - - - - 0 QE This Research
ZnO-CoTi GGA+U 4 0 4 4 - - 0 QE This Research
ZnO-CoV GGA - - - - - - 0 QE This Research
ZnO-CoV GGA+U 4 0 4 4 - - 0 QE This Research

The projected orbital contributions were analyzed for neighboring atoms, including O17,
which is directly bonded to Co, and Zn13, which is located near the Co dopant but does not
form a direct bond. For the CoX co-doped systems, Co and the secondary dopant X, where X
represents a transition metal (Cr, Mn, Ti, or V), replaced the Zn1 and Zn2 sites, respectively.
Orbital-resolved analysis was then conducted on atoms adjacent to the dopants, specifically
018, which is directly bonded to the X dopant, and Zn3, which is in the vicinity of X but not
directly bonded. Despite applying DFT+U to correct band gap underestimation in transition
metal-doped ZnO, band structures still show states overlapping the Fermi level. This indicates
the introduction of electronic states that may close the gap and affect ZnO’s semiconducting
behavior.

Their persistence after the on-site Coulomb correction suggests the need for a more localized
electronic analysis to identify the orbitals responsible for these states. The projected density of
states (PDOS) provides a detailed description of how individual atomic orbitals contribute to
the total electronic structure, particularly near the Fermi level. This method enables the
identification of the specific dopant or host atoms responsible for states affecting conductivity
and band gap behavior. By examining the PDOS for both single Co doping and CoX (X = Cr,
Mn, Ti, V) codoping configurations, the role of each transition-metal dopant in modifying
ZnQO'’s electronic structure can be systematically clarified.
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Figure 5. PDOS of Co-doped ZnO showing the orbital contributions of Co, O, and Zn atoms based on
(a) DFT calculations, and (b) DFT+U calculations, with a U value of 4 eV applied to Zn and Co. PDOS
of CoX-doped ZnO calculated using DFT, where X = (c) CoCr, (d) CoMn, (e) CoTj, and (f) CoV. PDOS
of CoX-doped ZnO calculated using DFT+U, with a U value of 4 eV applied to Zn, Co, and the dopant
atom X, where X = (g) CoCr, (h) CoMn, (i) CoTji, and (j) CoV. The correction introduces shifts in the
localized d-orbitals

As shown in Figure 5(a-b), the PDOS of ZnO doped with Co, calculated using standard DFT
and DFT+U (U = 4 eV for Zn and Co), reveals notable differences in the electronic structure.
In standard DFT, the conduction band partially overlaps with the Fermi level, indicating a
metallic-like behavior and the collapse of the semiconducting gap. Applying the DFT+U
correction shifts the localized d-orbitals of Co and Zn, slightly restoring the gap; however,
residual states persist near the Fermi level. These states are likely derived from Co 34 orbitals
interacting with O 2p states, suggesting strong hybridization effects that hinder the formation
of a full band gap.
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Furthermore, Figures 5(c-f) and 5(g-j) present the PDOS of CoX-doped ZnO (X = Cr, Mn, Tj,
V) under DFT and DFT+U, respectively. The introduction of X modifies the distribution of d-
states near the Fermi level, enhancing absorption in the visible range. Notably, DFT+U
calculations indicate that applying U to the dopant X localizes the d-states further, shifting
some occupied levels deeper and unoccupied levels higher, which correlates with the observed
optical transitions. This orbital-resolved analysis reveals that the visible-region absorption
primarily originates from transitions between the Co 3d and X 3d orbitals, involving O 2p
states, which provides a mechanistic explanation for the codoping effect on ZnO’s electronic
and optical properties.

These interactions between the dopant d-states and the conduction or valence bands result in
the formation of localized electronic states near the Fermi energy. These energy levels increase
the density of states (DOS) and effectively suppress the formation of a distinct band gap. For
instance, in CoCr and CoMn doping, the dopant d-states introduce multiple energy levels
within the Fermi region, significantly disrupting the band structure. Similarly, CoTi and CoV
codoping exhibit strong d-orbital overlap near the Fermi level, maintaining the metallic
character of the material. Overall, the electronic behavior of these Co- and CoX-doped ZnO
systems is largely governed by the dopant d-orbitals.

As shown in Figure 5(g-j), DFT+U corrections were applied to better understand the
electronic behavior of dopant atoms in CoX-codoped ZnO. PDOS analysis identifies the
orbital contributions near the Fermi level and explores how these are influenced by the atomic
properties of each dopant, particularly their d-electron occupancy and position in the periodic
table. The results reveal a clear distinction between the behavior of Cr and Mn, with atomic
numbers 24 and 25, respectively, and Ti and V, with atomic numbers 22 and 23, respectively.
Cr and Mn show significant d-orbital contributions at both the valence band maximum and
the conduction band minimum, indicating a broader energy distribution of d-states and
stronger interaction with the ZnO host lattice. In contrast, Ti and V, which have fewer d-
electrons, exhibit PDOS peaks below the Fermi level at lower energies, suggesting that the
DFT+U correction induces a larger energetic shift in these less-occupied orbitals.

Band structure, DOS, and PDOS analyses based on DFT and DFT+U calculations confirm that
transition metal codoping introduces mid-gap states and perturbs the electronic density
around the Fermi level. The systematic underestimation of the band gap in both DFT and
DFT+U, compared to experimental results, is primarily attributed to their inherent limitations
in describing electron correlation effects within localized d-orbitals, particularly those
associated with transition metal dopants.

In this study, such limitations are evident in ZnO doped with Co. Zn, with a [Ar] 3d104s?
electronic configuration, possesses a fully occupied 3d-orbital lying deep in the valence band,
which does not significantly contribute to states near the Fermi level. In contrast, Co, with a
[Ar] 3d74s? configuration, has partially filled 3d-orbitals, resulting in the emergence of Co-
derived 3d-states near the Fermi level. These states appear as nearly flat bands in the band
structure, reflecting their localized character. A similar behavior is observed for other
transition metals such as Cr, Mn, Ti, and V, which introduce localized 3d-states whose
positions relative to the Fermi level depend on their electron configuration and degree of d-
orbital occupancy.
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Such localized and partially filled 3d-states are challenging for standard DFT to describe
accurately due to self-interaction errors and the neglect of dynamic many-body correlations.
The flatness of these bands, indicating the coexistence of occupied and unoccupied 3d-states
near the Fermi energy, is consistent with previous reports on transition metal doping in wide-
bandgap semiconductors. While DFT+U introduces a static on-site Coulomb correction to
partially mitigate these deficiencies, it still cannot fully capture electron-electron interactions
in these systems, resulting in underestimated band gaps relative to experiments. These
findings underscore the need for employing more advanced approaches, such as hybrid
functionals or the GW approximation (G = Green’s function, W = screened Coulomb
interaction), to obtain quantitatively accurate electronic structures in transition metal-doped
oxides [38].

Optical Properties

The optical properties of a material are fundamentally governed by its electronic structure, as
they determine the material’s ability to interact with electromagnetic radiation. In this work,
although no direct simulation of device performance is conducted, the optical characteristics
of the material suggest its potential applicability in optoelectronic devices. These properties
were derived from the complex dielectric function ¢ (w), which was calculated using both
standard DFT and the DFT+U method. The inclusion of the Hubbard U correction provides a
more accurate description of the interband transitions involved in optical processes.

The open paren omega close paren and the imaginary part script epsilon sub 2 dielectric
function € (w) comprises the real part & (w) and the imaginary part &, (w). & (w) describes
the dispersive response of the material, reflecting its ability to be polarized by an external
electric field and its contribution to the refractive index, while ¢, (w) represents the absorptive
response and indicates the probability of photon-induced electronic transitions between the
valence and conduction bands. Together &; (w) and &, (w) determine key optical properties,
including the refractive index, reflectivity, and absorption coefficient, highlighting the
tunability of ZnO’s optical behavior through CoX codoping. For semiconductors, & (w)
typically exhibits a high value at low photon energies and gradually decreases with increasing
energy, whereas ¢, (w) presents characteristic peaks corresponding to specific interband
transitions. In contrast, metallic systems show a steep increase in ¢; (w) at very low photon
energies due to free-carrier screening, and &, (w) lacks a sharp onset, instead rising
continuously across low-energy regions. This is indicative of intraband transitions. Such
behavior is observed in the Co and CoX-doped ZnO systems, confirming the metallic-like
optical response introduced by transition metal d-states.
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Figure 6. Dielectric constant of pure ZnO and CoX codoped ZnO calculated using (a) DFT and (b)
DFT+U method

As shown in Figure 6, the dielectric response of pristine ZnO displays typical semiconductor
behavior: &; (w) starts from a high value at low energy and decreases smoothly, while ¢, (w)
shows sharp peaks that mark the onset of electronic transitions. However, when ZnO-Co and
ZnO-CoX (X = Cr, Mn, Tj, V), the dielectric behavior changes significantly. These changes in
the dielectric function originate from transitions involving the dopant d-states near the Fermi
level, which introduce additional electronic states in the band gap. Such transitions enhance
absorption at low photon energies, contributing to the observed metallic-like optical response.
&; (w) begins to increase from very low photon energies, and ¢, (w) no longer shows a distinct
onset but increases gradually, reflecting the presence of mid-gap states and a more metallic-
like optical response. The absorption coefficient a (w), which quantifies how much light is
absorbed per unit length of the material, was obtained from &, (w) through the standard
relation in linear response theory. The variations in €; (w) and &, (w) Due to doping, as shown
in Figure 11, illustrates the tunability of ZnO'’s optical behavior, particularly in the low-energy
region. This tunability is crucial for designing materials with tailored optical characteristics for
potential applications in optoelectronic devices. The optical response, as revealed by the
dielectric function, highlights the sensitivity of ZnO to electronic modifications introduced
through the doping of transition metals.
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Figure 7. Absorption coefficient of ZnO and CoX codoped ZnO calculated using (a) DFT and (b)
DFT+U correction.

The absorption for pristine and co-doped ZnO systems is presented in Figure 7. Incorporating
the DFT+U correction adjusts the position of strong interactions and shifts the absorption
onset toward higher energies, producing results that alignh more closely with experimental
trends. Across all systems, the main interband transitions begin near 3 eV. These additional
absorption peaks originate from electronic transitions involving dopant d-states and their
hybridization with O 2p states, which introduce mid-gap states and extend light absorption
into the visible region. For pure ZnO, the absorption occurs predominantly in the ultraviolet
(UV) region, with peaks below 400 nm. In contrast, codoping with Co and other transition
metals, such as Cr, Mn, Ti, and V, introduces additional absorption in the 400-500 nm range,
thereby enhancing light capture in the visible region.

The optical absorption peak is a critical indicator of a material's ability to absorb light
efficiently at specific photon energies. Semiconductors like ZnO inherently absorb strongly
in the UV and near-visible regions. Table 2 presents a comparison of the absorption peak
positions for pristine ZnO, ZnO doped with Co, and ZnO codoped with CoX. A consistent
redshift is observed with increasing dopant complexity, indicating enhanced photon
absorption capability in the visible range.

Based on Table 2, the comparison of optical absorption peaks for ZnO co-doped with CoX
reveals two distinct regions. The primary absorption peak is clearly observed in the
ultraviolet (UV) region, specifically below 380 nm. This result is consistent with both
experimental findings and previous computational studies. Furthermore, the introduction of
dopants in ZnO-Co or ZnO-CoX (X = Cr, Mn, Ti, V) leads to the emergence of secondary
peaks in the higher wavelength range, particularly within the visible light spectrum. These
additional peaks suggest enhanced absorption in the visible region, indicating that codoping

73



P-ISSN: 2615-1278, E-ISSN: 2614-7904

not only modifies the band structure but also enhances the material’s potential for
optoelectronic applications, particularly in devices such as solar cells.

The enhanced absorption in the visible region observed upon CoX codoping can be attributed
to orbital-level interactions between the transition-metal dopants and the ZnO host lattice. As
revealed by the PDOS analysis in Figure 5, the introduction of Co and X (Cr, Mn, Ti, and V)
generates localized 3d states near the Fermi level, mainly originating from the partially filled
d orbitals of the dopants. These states act as intermediate energy levels that facilitate optical
transitions between the O 2p-derived valence band and the dopant 3d conduction sublevels.
For instance, in Co-Cr and Co-Mn systems, the Cr3* (3d°) and Mn?" (34°) ions contribute to
visible-light absorption through d transitions between the spin-split eg and t»; states, whereas
in Co-Ti and Co-V systems, hybridization between Co 34, Ti 3d, and V 3d orbitals introduces
shallower donor-like states near the conduction band. These orbital interactions effectively
reduce the transition energy, shifting the absorption edge to lower photon energies, which is
consistent with the observed redshift in the absorption spectra. Thus, the enhanced
absorption in the visible region is a direct consequence of the dopant-induced intra-d and p-
d transitions, which broaden the range of optically active states within the ZnO band gap.
These mid-gap states arising from dopant d-orbitals are responsible for the redshift in
absorption peaks, as summarized in Table 2.

Table 2. Comparison of optical absorption peak of ZnO, ZnO-Co, and ZnO-CoX.

Absorption Peak (eV)
Material Method Ultraviolet Visible Light Reference
(Primary) (Secondary)

ZnO DFT 310 563 [39]

ZnO DFT 113 - [34]

ZnO DFT+U 82,67 - [34]

ZnO Experiment 390 - [40]
ZnO DFT 166 479 This Research
ZnO DFT+U 161 511 This Research

ZnO-Co Experiment - 520 [40]

ZnO-Co DFT <200 - [12]
Zn0O-Co DFT 182 465 This Research
Zn0O-Co DFT+U 154 409 This Research
ZnO-CoCr DFT 169 465 This Research
ZnO-CoCr DFT+U 155 498 This Research
ZnO-CoMn DFT 169 483 This Research
ZnO-CoMn DFT+U 124 498 This Research
ZnO-CoTi DFT 123 475 This Research
ZnO-CoTi DFT+U 123 401 This Research
ZnO-CoV DFT 124 438 This Research
ZnO-CoV DFT+U 161 511 This Research

The shaded regions in blue represent the UV range with wavelengths below ~380 nm, while
the yellow regions indicate the visible light range 380-800 nm. In the DFT-based results, as
shown in Figure 8(a), pristine ZnO exhibits two major absorption peaks at approximately 166
nm in the UV region and 479 nm in the visible region. ZnO-doped Co doping shifts the first
peak slightly to 182 nm and the second to 465 nm in the visible region. The ZnO CoCr has a
strong UV absorption at 169 nm and a visible peak at 465 nm. The ZnO CoMn system features
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peaks at 169 nm and 483 nm. The ZnO CoTi yields a strong UV absorption at 123 nm and a
visible peak at 475 nm. Meanwhile, ZnO CoV exhibits a sharp UV peak at 124 nm and a visible
peak at 438 nm, with the latter being the highest redshift among all doped samples in the
visible range.

In the DFT+U results, as shown by the peak positions of pristine ZnO, there are absorption
peaks at wavelengths under 161 nm in the UV and 511 nm in the visible. For Figure 8(b), ZnO-
doped Co doping shifts the first peak slightly to 154 nm and the second to 409 nm in the
visible region. The ZnO CoCr has a strong UV absorption at 155 nm and a visible peak at 498
nm. The ZnO CoMn system exhibits peaks at wavelengths of under 124 nm and 498 nm. The
ZnO CoTi yields a strong UV absorption at 123 nm and a visible peak at 401 nm. Meanwhile,
ZnO CoV exhibits a sharp UV peak at a wavelength of under 161 nm and a visible peak at
511 nm, confirming an effective redshift in the visible absorption band. These results highlight
the critical role of transition metal doping in tuning the optical response of ZnO. In particular,
codoping combinations such as CoCr and CoMn extend the absorption into longer visible
wavelengths, thereby enhancing solar light harvesting potential.
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Figure 8. Absorbance spectra of ZnO and CoX codoped ZnO calculated using (a) DFT and (b) DFT+U
correction.

Transition-metal codoping effectively modifies the optical characteristics of ZnO, improving
its visible-light absorption. The DFT+U method significantly refines spectral predictions,
particularly in terms of band gap positioning and transition accuracy. These findings support
the strategic use of codoped ZnO for optoelectronic applications, particularly in solar energy
harvesting and photocatalysis. The results confirm that transition metal d-orbitals play a
decisive role in modulating interband optical transitions in ZnO. Moreover, beyond
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absorption, CoX codoping can also modify other optical properties, including the refractive
index and reflectivity, highlighting the broader tunability of ZnO’s optical response for
targeted optoelectronic applications.

Conclusion

The present study demonstrates that the codoping of ZnO with Co and transition metals
significantly modifies its electronic and optical properties. The incorporation of 3d dopant
states near the Fermi level introduces metallic-like behavior characterized by the appearance
of flat bands and enhanced orbital hybridization, indicating partial bandgap closure compared
to pristine ZnO. These electronic modifications lead to a visible-range shift in the absorption
edge and an overall enhancement in optical absorption intensity, particularly for Co-Mn and
Co-V codoped ZnO systems. This behavior underscores the crucial role of dopant chemistry
in shaping the optoelectronic response of ZnO. Although the DFT+U scheme adequately
captures relative codopant trends, its tendency to underestimate the absolute bandgap
suggests that future investigations employing hybrid-functional or many-body perturbation
methods (e.g., HSE06 or GW) would be beneficial for quantitative prediction. Overall, these
findings offer valuable insights into the rational design of doped ZnO semiconductors and
highlight their promising prospects in visible-light photocatalysis, solar energy conversion,
and optoelectronic applications, where bandgap reduction and enhanced absorption directly
translate to improved photon utilization efficiency.
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