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Cu,Tay_,O5 compositions were investigated for advanced thermoelectric and optical applications, using both simula-
tions and experimental approaches. Density functional theory calculations were performed before the experimental obser-
vations to predict the trends of various parameters. Crystal structure analysis confirmed the presence of the orthorhombic
TapOs5 phase in all the compositions. The composition and morphology demonstrated impurity-free contents with uni-
form and crack-free surfaces. Thermoelectric analysis depicted a decrease in Seebeck coefficient from 3.66 uV-K~! to
1.91 wV-K~! and an increase in the value of specific heat from 0.73 J- K~ -kg~! to 11.6 J-K~!-kg~! upon Cu incorporation
in structure. The bandgap was found to reduce from 2.61 to 1.38 eV with Cu-induced electronic states. The real epsilon and
static refractive index increased from 3.75 to 4.57 and from 1.93 to 2.11, respectively, with increment in Cu content. The
enhanced parameters, focusing on the thermoelectric and optical responses, make these compositions potential candidates

for advanced optoelectronic applications.
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1. Introduction

In recent years, researchers have focused on transi-
tion metal oxides owing to their unique optical, electrical,
magnetic, thermoelectric, and electrochemical properties.!!]
Among different transition metal oxides, tantalum oxide
(TayOs) is a potential semiconductor with distinctive features,
including a large bandgap of 3.9 eV, high resistivity, high
€ of approximately 50-70, good breakdown field strength,
high-temperature piezoelectric properties, low leakage cur-
rent, chemical stability, high ionic conductivity, low internal
stress, high biocompatibility, good thermal and mechanical
stabilities, and high refractive index of 2.125.1>"1% In addition
to its many properties, TayOs has intriguing structural charac-
teristics. It is amorphous at temperatures below 650 °C. Nev-
ertheless, when crystalline, it can take on a variety of shapes,
including those that are oxygen-rich and oxygen-deficient. It
is evident that at approximately 1360 °C, the low-temperature
(L) crystalline phase gives rise to a high-temperature (H) crys-
talline phase.!!=13]

The incorporation of dopants into Ta;Os significantly in-
fluences its structural, electrical, and optical properties, which
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enhances its functionality in various technological applica-
tions. Doping influences electrical conductivity by creat-
ing defect states or charge carriers. For example, tungsten
doping enhances conductivity by acting as a donor state,
thereby establishing Ta;Os as an active layer material for UV
detectors.!"* Nitrogen doping in Ta;Os lowers the bandgap
and enhances the visible light absorption for photocataly-
sis. It further improves charge separation by creating oxygen
vacancies and increases the efficiency of water splitting.!!”!
TayOs is chemically significant because of its complex crys-
tal structure, which permits the incorporation of a variety
of dopant ions at high concentrations with minimal struc-
tural changes.[!®! However, copper (Cu) is a valuable dopant
because of its superior electronic conductivity and afford-
ability. According to previous reports, Cu-doped TiO, and
CuO/TiO, composites are effective photocatalytic materials
for the degradation of dyes, organic pollutants, and other
substances. Cu doping in metal oxides creates defects and
d-band states that reduce the bandgap of the semiconduc-
tor oxides. It acts as an electron trap, which lowers car-
rier recombination and enhances charge separation.[!”-18 ZnS-

Cu and ZnO-Cu are light-emitting materials, in which cop-
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per serves as a transition metal dopant, tuning the electronic
structure and improving optical efficiency.!'”! Thus, there
are several methods for depositing Ta;Os films, including
electron beam evaporation,!?°! chemical vapor deposition, [>!]
sputtering,?>?3! sol—gel synthesis,>*! and pulse laser deposi-
tion (PLD).[>] Co-sputtering was selected because of its target
purity, ease of doping control, and ability to attain high dopant
concentrations. 26!

Previous studies have shown that Cu,Ta;_,O5 composi-
tions remain unexplored in terms of their thermoelectric and
optical responses. In this brief study, density functional theory
(DFT) calculations were used to predict the trends of various
parameters. Similar compositions were experimentally fabri-
cated in uniform and phase-pure structures using magnetron
sputtering for comparative analysis. DFT-based calculations
provide insights into the electronic band structure and ther-
moelectric and optical properties. The trends of various pa-
rameters predicted through simulations were experimentally
observed to check the suitability of these compositions for ad-
vanced applications.

2. Computational and experimental methods
2.1. Computational method

Density functional theory (DFT) calculations were per-
formed using the FP-LAPW method in WIEN2Kk to investigate
the optical, electrical, and thermoelectric properties of pure
and Cu-doped TayOs. To represent different Cu doping levels
in TayOs, different supercell sizes were used by replacing one
Ta atom with Cu: a 4 x 2 x 2 supercell for 4.16%, a2 x 2 x 2
supercell for 6.25%, and a 1 x 2 x 2 supercell for 12.5%. A
Hubbard U value of 4.0 eV was chosen for Ta 5d orbitals
based on previous reports, where similar values successfully
represented the electronic structure of TayOs. To assess the
effect of the U parameter, additional calculations were per-
formed within the 3.0-5.0 eV range. The resulting shifts in
the band edges were minimal, and the main features of the
TDOS and PDO, including the changes attributable to Cu in-
corporation, remained stable. This confirmed the reliability of
the selected U value for describing the electronic properties of
the system. The TB-mBJ functional was used for an accurate
bandgap estimation. The computational parameters included
a plane wave cutoff energy of —6 Ry, RKpyax of 7.0, Gpax of
12, and Iy« of 10. A 1000 k-point grid ensured a precise Bril-
louin zone integration. The SCF calculations were converged
with an energy threshold of 1073 eV and a charge convergence
of 10~* C. The thermoelectric properties were assessed via
BoltzTraP under constant relaxation time approximation.

2.2. Experimental method

Experimental deposition of the simulated compositions of
pure and Cu-doped TayOs on silicon-100 substrates was con-

ducted using a DC magnetron co-sputtering (DAON 1000S)
system under O,/Ar ambient conditions at room temperature.
Pure Ta;Os thin films were deposited by loading a tantalum
metallic target and an oxygen-reactive gas into a DC sput-
tering gun. Cu-doped TayOs thin films were synthesized by
co-sputtering Cu and Ta targets into two separate sputtering
guns controlled by a DC power source. Through a power sup-
ply adjustment, the DC power supply connected to the sputter
gun controlled the composition of the material. Using a turbo
pumping station, an initial vacuum of 1x 10~ Torr was main-
tained before each thin film deposition. The flow rates of ar-
gon and oxygen gas were adjusted to 70 sccm and 30 sccm,
respectively, and the working pressure of 5 mTorr was main-
tained during the deposition process. The chamber’s Sycon
thickness monitor was used to regulate the sputtering speeds
for the Cu-TayOs thin films to achieve the desired composi-
tion and thickness. Finally, in the muffle furnace, the thin films
that were formed were thermally annealed for 4 h at 800 °C.
The pure and Cu-doped Ta,Os thin films were analyzed using
various characterization techniques.

The phase and crystallographic patterns of the thin films
that formed were examined using a Bruker D2-phaser x-ray
diffractometer (XRD) that used Cu-Ko radiation. An FEI
Nova NanoSEM 450 field emission scanning electron mi-
croscopy (FESEM) and Oxford INCA x-act energy dispersive
x-ray (EDX) spectroscopy were used to investigate the surface
morphology and elemental compositions, respectively. The
optical parameters were obtained using the Alpha-SE spectro-
scopic ellipsometry technique.

3. Results and discussion
3.1. X-ray diffraction analysis

Figures 1(a)-1(d) show the x-ray diffraction patterns of
both pure and Cu-doped Ta;Os. The 20 values ranged from
20° to 40°. All samples displayed almost identical diffraction
patterns indexed by the (hkl) values of the characteristic peaks
with variable diffracted line intensities and a slight positional
change. There were two peaks in the composition with the re-
spective Miller indices (110) and (019). The diffracted pattern
of the thin films exhibited a TayO5 phase with an orthorhom-
bic structure and dominant peaks that are well matched with
JCPDS # 89-2843. No secondary phase was found in the XRD
pattern, revealing the formation of single-phase Ta;Os. It was
also observed that the addition of Cu decreased the peak in-
tensity, indicating substitution of Cu in the Ta;Os films, which
might be caused by the incorporation of Cu, leading to a distur-
bance in the degree of crystallinity and distortion in the struc-
ture.

Structural factors play an important role in determining
material behavior and qualities, particularly the microstruc-
ture, and how they are used in electronic devices.?”) In the

027801-2



Chin. Phys. B 35, 027801 (2026)

table, structural parameters such as FWHM, microstrain, crys-
tallite size, and dislocation density are mentioned. Using De-

bye Scherrer’s formula, the average crystallite size of the thin

0.91
BcosB?’

of the x-ray, f in full-width half-maxima, 0.9 is the value of

films was determined as D = where A is the wavelength
the shape constant, and 6 is the diffraction angle. The crystal-
lite size of the most intense peak, which was located at 23.76
with hkl of (110), was calculated, as shown in Table 1. As Cu
was added to the system, the intensity of the peaks decreased,
indicating a decrease in FWHM, and as a result, the crystallite
size increased. The dislocation density was calculated using
8 = 1/D? , where D is the crystallite size, and the microstrain

was calculated using € = 4tf —5 - The results revealed the de-
crease in strain with the inclusion of Cu, and this reduction
in strain enhanced the crystallite size. The dislocation den-
sity decreased as Ta;Os; was added to the system; therefore,
the Cu-doped films had a more stable structure. Therefore, the
results demonstrate the effect of Cu on the structural param-
eters, such as dislocation density, strain, and crystallite size.
Structural analysis based on the XRD patterns revealed shifts
in peak positions and variations in intensity, which indicate
the inclusion of Cu atoms into the Ta, O5 lattice site and, con-
sequently, slight lattice distortion. The observed decrease in
microstrain and dislocation density, along with an increase in
crystallite size, indicates that Cu doping enhances the crystal
structure by minimizing the internal stresses and enhancing
the crystal quality.
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Fig. 1. XRD pattern of (a) Ta;Os, (b) 4.16% Cu-Tay0s, (c) 6.25%
Cu-Tay 05, and (d) 12.5% Cu-TayOs thin films.

Table 1. Structural parameters of Ta;Os and Cu-doped Ta;Os thin

films.

Parameters Ta,Os 4.16% Cu  6.25% Cu  12.5% Cu

26 (°) 23.77 23.70 23.93 23.77

hkl 110 110 110 110

FWHM (°) 0.461 0.460 0.513 0.393

Crystallite size (nm) 17.59 17.61 15.81 20.61

Dislocation density (107> nm~2)  3.23 3.22 3.99 2.35

Microstrain (1073) 9.55 9.57 10.56 8.15

3.2. FESEM and elemental composition analysis

The surface morphology analyzed using FESEM further
Figure 2 shows the FE-
SEM micrographs of the pure and Cu-doped Ta;Os thin films.

confirmed the structural changes.

The images from the field emission scanning electron micro-
scope were recorded using a lens detector with a 10 kV beam
intensity in the secondary electron mode at 100k magnifica-
tion while the distance between the pole pieces and sample
was adjusted to 5.0 mm. The images indicate homogeneous
thin films, leading to some agglomeration after doping, re-
vealing the incorporation of Cu into the Ta;Os films. All
the samples in the figure exhibit compact structures without
cracks, whereas micrometer-sized grains are uniformly dis-
tributed throughout the substrate. Figure 2(a) displays the
surface morphology of a pure tantalum oxide thin film with a
uniformly smooth surface that exhibits small, densely packed
grains. Figure 2(b) illustrates that granule formation results
from the addition of Cu with different sizes separated by sharp
grain boundaries. With the increase in doping concentration,
the variation in grain size and irregular shape can be observed
in Figs. 2(c) and 2(d). Figure 2(c) depicts the formation of
blisters with increasing Cu concentration owing to the agglom-
eration of smaller grains. Figure 2(d) demonstrates that with
a further increase in Cu concentration, a significant reduction
in grain boundaries was observed owing to the nucleation pro-
cess, leading to roughness of the film surface. Therefore, the
changes in morphology were attributable to changes in the
Cu concentration, indicating that Cu acts as a nucleation cen-
ter because it influences the nucleation process and growth of
grains.

Fig. 2. FESEM micrographs of (a) pure Ta;Os, (b) 4.16% Cu-Ta,Os,
(c) 6.25% Cu-Tay0Os, and (d) 12.5% Cu-Ta,Os thin films.

As the Cu concentration increased, significant variations
in the grain size and shape were observed, along with notice-
able agglomeration. These changes indicate that Cu plays a
role in the growth mechanism by acting as a nucleation cen-
ter, thus influencing grain formation during film deposition.
Pure films exhibited a smoother and denser surface, whereas
Cu-doped films showed increased surface roughness and irreg-
ularities, which highlight a clear correlation between doping
concentration and surface morphology.

EDX analysis was performed to determine the chemical
composition and to confirm the incorporation of Cu into the
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host matrix of TayOs. Figure 3 shows the energy-dispersive
x-ray spectra of the fabricated thin films of pristine and Cu-
incorporated Ta;Os. To get the highest counts for the elemen-
tal composition analysis, EDX spectra were acquired using a
5 um spot size and electron beam energy of 15 kV. Ta, Cu, and
O peaks were observed in all thin film compositions, indicat-
ing the presence of the expected concentrations.
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Fig. 3. EDX spectra of (a) pure TayOs, (b) 4.16% Cu-TayOs, (¢) 6.25%
Cu-Tay0s, and (d) 12.5% Cu-TaOs thin films.

3.3. Electronic properties

To understand the electronic properties of the material,
TDOS and PDOS spectra, indicated by state probability and
band structure, were acquired because they were strongly re-
lated to the underlying electronic behavior. The band structure
illustrates the contribution of valence electrons in the mate-
rial, whereas the number of states indicates the contribution of
intraband and interband transitions as well as substates. Theo-
retically, TDOS and PDOS investigations can analyze the im-
pact of relaxation on the electronic band structure and atomic
exchange.[27] Figures 4(a)-4d) shows the TDOS and PDOS
spectra of pure and Cu-doped Ta; O5 calculated using DFT4-U
methods, setting the Fermi level to zero. The density of states
computations were performed in the energy range of —6 eV to
6 eV, demonstrating continuous valence and conduction bands.

Figure 4(a) shows the TDOS and PDOS spectra of pure
Ta,Os, indicating a significant bandgap between the conduc-
tion and valence state of 1.5 eV. The main contribution of
the valence band is from the O atom, whereas for the con-
duction band, the Ta atom plays a vital role. According to
the PDOS spectra of pure TayOs, the Ta-d and O-p orbitals
mainly contribute to the conduction and valence bands, re-
spectively, leading to p—d hybridization because it refers to
the broadening of the electronic states of Ta and O atoms. In
the case of pure tantalum oxide, the TDOS calculations ex-
hibited the maxima of the valence band and conduction band
at —0.93 eV and 2.36 eV, respectively. It was also observed
from the TDOS spectra that as Cu was incorporated in the
system, the states of the Ta atom shifted toward the region
of the conduction band, resulting in a significant reduction in

the bandgap, as shown in Fig. 4(b). It also shows that as Cu
was induced in the material, the valence band contribution was
mainly attributable to the Ta atom, whereas the Cu atom was
responsible for the conduction band contribution, as shown in
Figs. 4(c) and 4(d). This variation in the electronic structure
was attributable to the increase in the dopant concentration.
The results revealed that as the Cu concentration increased,
the variation in the electronic states and orbital peaks could be
observed along with the valence band shifts toward the con-
duction band. This reduces the bandgap energy because the
electronic states are induced by the positional changes in the
valence band. Furthermore, the overlapping states of Cu, Ta,
and O cause bonding interactions. Thus, the overlapping of
states as an impurity (Cu) is introduced in the host material
(TapOs) increases the number of states and manifests the mod-
ified electronic properties. The electronic structure from DFT
also showed changes in the density of states (DOS), in which
Cu doping introduced new energy levels close to the valence
and conduction bands. These changes support the experimen-
tal observation of enhanced electrical conductivity because the
added states provide additional charge transport paths. The
partial density of states (PDOS) further confirmed that Cu d
orbitals interact with O p orbitals, which may improve carrier
mobility and reduce recombination; these potential properties
make this material a potential candidate for optoelectronic ap-

plications.
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Fig. 4. TDOS and PDOS spectra of (a) pure TayOs, (b) 4.16% Cu-
TayOs, (¢) 6.25% Cu-Ta,0s, and (d) 12.5% Cu-Ta,Os.

The band structure was examined using the mBJ tech-
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nique for exchange—correlation along the higher symmetric
boundaries of the Brillouin zone. The graphs illustrate the
electronic band structures of pristine and Cu-incorporated
Ta;Os, as shown in Fig. 5, in which the Fermi energy is lo-
cated at zero. Figure 5(a) shows that pure Ta;Os has an in-
direct bandgap of approximately 1.5 eV. The results indicate
that the electron mobility increased with the incorporation of
Cu, as illustrated in the band structure graphs. The impact
of Cu on the band structure can also be observed through the
overlapping phenomenon. A shift of the Fermi level toward
the valence band was observed, indicating the p-type semicon-
ductor behavior of the doped materials. A noticeable bandgap
reduction was observed upon Cu incorporation owing to the
generation of energy levels between the conduction and va-
lence bands, which can enable these compositions to be used
in optoelectronic devices.

-3
X M r R r

Fig. 5. Band structure plots of (a) pure Ta;Os, (b) 4.16% Cu-Ta,Os,
(¢) 6.25% Cu-Tay0Os, and (d) 12.5% Cu-TaOs.

The total and partial densities of states indicate that Cu
doping introduced additional electronic states near the Fermi
level, effectively reducing the bandgap. This narrowing of
the gap enhanced the electrical conductivity by increasing the
number of available charge carriers. Furthermore, the shift
in the Fermi level and the notable orbital interactions among
Cu, Ta, and O atoms indicate stronger chemical bonding and a
modified charge distribution, which supports the changes ob-
served in the electrical performance of the material. To support
the experimental findings, DFT calculations were performed
for Cu-doped TayOs at different doping levels. Theoretical
results showed that doping with Cu led to a reduction in the
bandgap, which was attributed to the introduction of Cu d
states near the Fermi level. This trend is in good agreement
with the experimentally measured Tauc relation, where a de-
crease in the optical bandgap was observed with increasing Cu
content.

3.4. Thermoelectric properties

The BoltzTraP package, which is integrated into WIEN2k
software, was used to analyze the thermoelectric properties

(thermal conductivity (k), electrical conductivity (o), specific
heat capacity, and Seebeck coefficient (5)), as shown in Fig. 6.
The structure of an effective thermoelectric material has a
large number of free charge carriers, resulting in high electri-
cal conductivity.*8! Figure 6(a) presents the variation in elec-
trical conductivity with temperature for the pure and Cu-doped
TayOs materials. As the result depicts, the increase in electri-
cal conductivity with an increase in Cu content in the host ma-
terial might be attributable to the enhancement in charge car-
riers signifying energy states near the Fermi level, indicating
the transport of electrons from VB to CB. The theoretically
recorded electrical conductivity values were 1.96 (Q-m-s)~!
for pure TayOs and 2.61 (Q-m-s)~! at the maximum Cu con-
centration. Therefore, the findings indicate that an increase in
the electrical conductivity would follow an increase in the im-
purity concentration, which is an indication of the high density
of states near the Fermi level. This results in increased mobil-
ity with higher Cu content, making it appropriate for thermo-
electric materials.

Thermal conductivity, which is associated with electron
and phonon interaction, is a crucial component in examining
the capacity of thermal insulation because it provides insights
into the transport of heat within a material.[*’! Figure 6(b)
shows the graph of x of pristine and Cu-incorporated Ta;O5
with temperature variation. It can be observed that k increased
with increasing temperature because the temperature incre-
ment improved the carrier mobility. The observed thermal
conductivity values were 1.290 W-m~!-K~! for pure TayOs and
5.74 W-m~!.K~! at the maximum Cu concentration. The re-
sults revealed an enhancement in thermal conductivity as Cu
was introduced in the material, depicting the diffusion of Cu
into the lattice.

Figure 6(c) presents the graph of the thermoelectric power
S with the temperature variation of the pure and Cu-doped
TapOs materials. It revealed a decrease in the Seebeck co-
efficient with increasing Cu concentration. All samples have
a positive Seebeck coefficient, and S appears to be zero at
T = 0 K. These results indicate that the samples are p-type
materials, in which hole carriers are dominant.
lated Seebeck coefficient values were 3.66 wV-K~! for pure
TayOs and 1.91 pV-K~! at the maximum Cu concentration.
Figure 6(d) shows the variation in specific heat with respect

The calcu-

to T. As the Cu concentration increased, the specific heat of
the material increased, which might have been caused by the
vibration and translation effects. The recorded specific heat
values were 0.73 J/K-kg for pure Ta,Os5 and 11.6 J/K-kg at the
maximum Cu concentration.

Thermoelectric analysis indicates that with increasing Cu
concentration, the electrical conductivity improved, whereas
the Seebeck coefficient declined, an expected behavior asso-
ciated with a higher carrier concentration. The observed in-
crease in thermal conductivity with Cu doping indicates that
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the introduced Cu atoms not only boost the carrier mobility
but also enhance heat transport. These observations follow the

fundamental thermoelectric theory, in which doping influences
the relationship between electrical and thermal properties.
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Fig. 6. Thermoelectric properties of (a) pure TayOs, (b) 4.16% Cu-Ta;0s, (c) 6.25% Cu-TapOs, and (d) 12.5% Cu-Ta,Os.

3.5. Optical properties

Figures 7 and 8 show the optical properties that are energy
dependent, such as optical conductivity, extinction coefficient,
real epsilon, refractive index, absorption coefficient, reflectiv-
ity (R), and bandgap of undoped and Cu-doped TayOs. These
properties were evaluated experimentally using spectroscopic
ellipsometry and theoretically using DFT with the WIEN2K
software.

The absorption coefficient measures the ability of a ma-
terial to absorb light at different wavelengths. It can be com-
puted mathematically using the real and imaginary dielectric
constants as0]

a(w)= ﬁ[ e (0)+&(w)—&(o)

Figure 7(a) illustrates o of the simulated data concerning en-
ergy variation, which increased with the introduction of Cu in
the system. Additionally, the experimentally recorded absorp-
tion coefficient graphs show that the value increases with en-
ergy, peaking in the high-energy region. Figure 8(a) presents
the experimental data, showing that the absorption coefficient
increases with increasing Cu concentration.
showed 0% absorption on the composite surface when no inci-
dent photons were present. The simulation data revealed that
with the addition of Cu, absorption edges can be observed near
the IR to the visible region because of the enhancement in
DOS near the band edge. The experimental data show that the
absorption edge of 12.5% Cu-TayOs5 occurred at 2.7 eV, indi-
cating a blue shift in the absorption spectrum and suggesting

]1/2'

All materials

its potential for high-frequency applications. This blue shift
may be attributed to quantum confinement effects, which can
improve the electrical properties of Ta;Os materials. The mi-
nor peaks appearing at lower energy values can be attributed to
the formation of electronic states, as shown in the DOS plots
(Fig. 4). Moreover, the differences between the theoretical and
experimental absorption calculations could be attributed to dif-
ferences in methodology.

Optical conductivity can be calculated from the ¢ and n
relation given as[3’!

OU'EG—nc
=7

Optical conductivity defines the suitability of a material for
optoelectronic devices. Figures 7(b) and 8(b) show the optical
conductivity plots versus energy for the theoretical and exper-
imental data. It increases in both cases as the photon energy
increases. The experimental results show an increase in ¢ with
increasing Cu concentration. Simulated curves show the con-
ducting humps at energies 0.15 eV, 0.76 eV, and 1.31 eV until
maximum conductivity is obtained in Cu-doped Ta,Os mate-
rials. A significant increase in conductivity can be observed
at higher energy levels or in the UV region, which might be
due to the carrier mobility and interband transitions, whereas
the absorption of electromagnetic radiation is related to an in-
crease in the conductivity of the material. A similar pattern
was observed in the experimental data, indicating a correla-
tion between the simulated and experimental results.
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The refractive index is a dimensionless number that in-
dicates how much light bends or refracts when entering a

medium from a vacuum or another medium, such as[>%
> 5 1/2
& (o) & (0) +& ()
n(w) = St 5

The refractive indices of pure and Cu-based Ta,Os com-
positions were calculated using theoretical and experimental
methodologies, as illustrated in Figs. 7(c) and 8(c). The sim-
ulated curves exhibit the maximum refractive index values in
the initial region and then decline with an increase in energy,
whereas the static refractive index of a material determines
the velocity of the electromagnetic wave. The simulated data

show a static refractive index of 1.93 for pure Ta;Os, whereas
Cu-doped samples with concentrations of 4.16%, 6.25%, and
12.5% exhibit values of 3.05, 5.07, and 2.11, respectively.
The experimental curves revealed that the refractive index in-
creased with photon energy but decreased with increasing Cu
content in the host material, showing similar behavior for all
compositions.

The extinction coefficient measures the amount of light
lost due to absorption and scattering per unit distance in

a medium. Mathematically, it can be derived from the
relation3*] Iy
o
k=—.
4

Figures 7(d) and 8(d) show the simulated and experimental
curves of the extinction coefficient with respect to photon en-
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ergy. In the simulated curves, a sudden increase was observed
in the lower energy region, followed by a decline as energy
increased, whereas the experimental curves show that as the
concentration of Cu increased in the material, its extinction
coefficient also increased. According to Mae’s theory, the im-
provement in the full-width half-maxima of excitonic peaks
explains the excitonic peak of the material, which is dependent
on the grain or particle size. The extinction curves suggest the
feasibility of these materials for photovoltaic applications be-
cause they reach their highest values in a higher energy range,
as shown in Fig. 8(d).

The simulated and experimental curves of the real epsilon
are shown in Figs. 7(e) and 8(e). Using Kramer—Koring trans-

formations, they can be calculated using!3°!
2 = o'g(0)
=1+= ——=do
&=1+_po /0 o — o2

The real part of the dielectric constant represents a material’s
ability to store energy from an electric field, which influences
how light propagates through the material. A static dielectric
is referred to as the value of & at zero energy. The recorded
values were 8.91, 23.34, and 4.57 for the 4.16%, 6.25%, and
12.5% Cu-doped Ta;Os5 compositions, respectively, whereas
that of pure Ta;Os was 3.75. As Cu was added into the sys-
tem, its static dielectric constant increased, which might be
related to the bandgap reduction; therefore, electronic transi-
tions need less energy to enhance the value of the static di-
electric constant. The experimental curves exhibit a decrease
as Cu was introduced into the system, which might be associ-
ated with the fact that an electromagnetic field does not change
the dipole orientation.

Reflectivity is the proportion of incident light reflected off
a surface, indicating how much light is not absorbed or trans-
mitted by a material. Theoretically, the following relation can

be used to calculate this: 3%

g (w)+ig(w)—1 ?

Ve (o)+ig(w)+1

For pure and Cu-doped Ta;Os, the variations in reflectivity

R(w) =

curves with respect to energy are shown in Figs. 7(f) and 8(f)
for the simulated and experimental data, respectively. The re-
flectivity curves of the simulated data exhibited a sudden in-
crease at 0 eV energy and decreased exponentially with in-
creasing photon energy. The experimental results showed an
increase in reflectivity with increasing energy, and the maxi-
mum value was observed in the energy range of 3.1-3.4 eV.
Cu incorporation decreased the reflectivity, contradicting the
simulated data. These possible differences can be attributed
to the difference between the theoretical and experimental pa-
rameters.

The optical properties of Cu-doped Ta;O5 were studied
using both DFT calculations and spectroscopic ellipsometry,

and almost consistent results were obtained. The DFT analy-
sis showed a reduction in the bandgap and an increase in the
optical absorption owing to the presence of Cu d states near the
Fermi level. These states enhance the interaction of the mate-
rial with the incident light, as indicated by the ellipsometry
data, which showed increased values of the extinction coeffi-
cient with Cu doping. The close agreement between the cal-
culated dielectric function and experimental optical data con-
firms the accuracy of the theoretical method and shows that
Cu doping has a significant impact on the optical behavior of
TazO5.

The absorption edge can be used to experimentally deter-
mine the optical bandgap value. When there is uncertainty in
the excitonic peaks, it becomes difficult to determine the band
energy. In these situations, the Tauc relations aid in estimat-
ing the bandgap energy. The following relation can be used to

determine the bandgap:[3!!

(0hv)'/" = A(hv — Ey),

where « is the absorption coefficient, & is Planck’s constant,
v is the photon frequency, A is the proportionality constant,
and n is the indirect or direct transition with value of 1/2 or 2,
respectively. The bandgap values and other optical parameters
of TayOs are listed in Table 2. Figure 9 presents a Tauc plot
for the bandgap, where it can be observed that the bandgap de-
creased as the Cu concentration increased in Ta;Os, making it
a potential material for optoelectronic applications.

Table 2. Optical parameters of pure Ta,Os5 compared with those re-
ported in the literature.

Optical parameters This study Previous studies
Refractive index 1.93 192032
Real epsilon 3.75 5.92133
Extinction coefficient 0.25 0.12834
Bandgap (eV) 2.61 38131
600
— Tay05, E;,=2.61 eV
— 4.16% Cu, E;=1.57 eV
7 5007 6.25% Cu, E,=1.47 eV
g — 12.5% Cu, E;=1.38 ¢
" 400+
£
-
\t_ﬁ/
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N
B
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Fig. 9. Tauc plot of pure and Cu-doped Ta;Os thin films.

This study combines DFT calculations with experimen-
tal results to clearly show how Cu doping affects the prop-
erties of TayOs. The results demonstrate that DFT is a use-
ful tool for predicting material behavior and helping to design
better experiments. This combined approach improves the un-
derstanding of how defects change materials and supports the
development of doped metal oxides for advanced uses. The
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optical properties clearly demonstrated the effect of Cu dop-
ing on the structure of the material. The absorption coefficient
increased as new energy states formed near the band edge ow-
ing to the inclusion of Cu. A significant blue shift in the ab-
sorption edge indicated the presence of quantum confinement
effects. Furthermore, variations in the refractive index, extinc-
tion coefficient, and dielectric constant with doping confirmed
the changes in the electronic structure. The consistency be-
tween the experimental results and theoretical findings further
validated the modifications in the optical properties caused by
Cu doping.

4. Conclusion

This study aimed to investigate the structural, electronic,
thermoelectric, and optical properties of Cu-doped Ta;Os
thin films using both theoretical and experimental approaches.
DFT calculations predicted the response of the material un-
der the modified Becke—Johnson approximation, whereas DC
magnetron sputtering was used to synthesize phase-pure thin
films. The PDOS spectra indicate that the Ta-d and O-p or-
bitals dominated the conduction and valence bands, leading to
p-d hybridization. The TDOS spectra revealed that Cu dop-
ing caused a shift in the Ta states toward the conduction band,
significantly reducing the bandgap. The thermoelectric pa-
rameters varied considerably. The XRD analysis confirmed
an orthorhombic structure with (110) and (019) orientations.
In terms of the optical properties, the absorption coefficient
increased, making Cu-doped Ta,Os suitable for photovoltaic
applications. These findings demonstrate that the incorpora-
tion of Cu effectively modified the structural and electronic
properties, enhancing the potential of Ta;Os for thermoelec-
tric and optoelectronic applications.
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