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ARTICLE INFO ABSTRACT
Keywords: Metal-oxide semiconductors with tunable optical and electrical properties are essential candidates for the next-
Niobium pentoxide generation development of optoelectronic devices. Interestingly, niobium pentoxide (Nb,Os) has a high refrac-
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tive index and wide band-gap semiconductor. The systematically observed modification with property adjust-
ment through controlled doping remains unexplored. In this study, the effect of tungsten oxide (WOs3)
incorporation on NbyOs was first investigated. The NboO5:WO3 precursors were consistently mixed at ratios of
90:10, 85:15, and 80:20 and deposited via spin coating on borosilicate glass substrates. X-ray diffraction analysis
revealed the peak positions of orthorhombic Nb,Os and monoclinic WO3 in the patterns. The structural and
thermodynamic properties of NbyOs and WO3 were studied by DFT calculations, which revealed a strong
agreement between the calculated and experimental values, with lattice parameters differing by less than 1.5 %
for both materials. Field-emission scanning electron micrographs showed that the surface exhibited a very
smooth, dense, and uniform morphology free of cracks and porous nature. In band gap calculation, it was found
that the decrease in Eg from 3.84 4 0.01 to 3.40 + 0.02 eV with increasing WO3 concentration can be explained
in terms of the occurrence of localized states created between the conduction and valence bands. Standard DFT
calculations using the GGA-PBE functional yielded calculated band gaps for Nb2Os (1.84 eV) and WO3 (1.28 eV),
which are significantly lower than the experimental values. A lower transmittance value from ~74 to 67 % as the
increasing absorption coefficient value from 0.73 x 10° to 7.00 x 10% cm™! with increasing WO3 concentration
was obtained owing to the higher photon absorption ability in the thin film since the reflectance of the thin film
was less than 10 %. The average refractive index values, in the range of 300-1000 nm, increased to 1.629, 1.630,
and 1.632 with increasing WO3 concentration, implying elevated densification or packing density of the thin
films with increasing Ey values from 172.58 to 182.28 meV. This imputed the increased localized defect states
and demonstrated a strong correlation with the variation in dislocation density. The results from Fourier-
transform infrared and micro-Raman spectroscopy revealed that the bonding of the Nb-O-Nb and W-O-W
groups and a strong broadband peak corresponded to the O—Nb—O bond. The optical, dispersion energy,
optoelectrical, and nonlinear susceptibilities were calculated and investigated for different WO3 concentrations.
The overall increase in average () and y® but decrease in average n, values of 0.1316-0.1324, 5.636 x 107 1*
t0 5.734 x 10" * esu., and 1.20 x 1072 to 1.13 x 1072 esu., respectively, as the energy values at a maximum
point of j. are decreased from 2.78 to 2.48 eV with increasing WO3 concentration rendered the expansion in the
3D network of the thin films and increase in strength of chemical bonding between the molecules of NbyO5:WO3,
which may be ascribed to a reduction in the E; value. Photoluminescence was applied to investigate the elec-
tronic structure and electron transfer mechanism in the forbidden bandgap of a semiconductor. This study
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demonstrates that the synthesized thin films are promising for use in optoelectronics and other technological

devices.

1. Introduction

Currently, metal oxide semiconductors (MOSs) have found techno-
logical applications because of their propensity to absorb light [1], and
transition metal (TM) oxides show remarkable photocatalytic, opto-
electronic, electrochemical, chemical sensing, ferroelectricity, energy
storage, solar energy conversion, and wave density charging perfor-
mance [2,3]. These characteristics allow selective oxidation and dehy-
dration of materials with unique physicochemical properties for
biomedical applications [4]. Mixed-metal and metal oxides,
double-layered metal oxide nanoparticles (NPs), and mixed-metal oxide
thin films have been explored for their optical and electrochromic (EC)
properties, chromogenic applications, and electrocoagulation of waste-
water, such as CuO/ZnO [5], mixed molybdenum-tungsten oxides
(MoyW;_y03_5) [6], WO3/NiO [3,7], SnO2/Sby03 [8], (MoO3);_x(-
V205)x [9], and SiO2/NbyOs multilayer thin films [10]. In particular, the
focus is on metal oxide materials, such as niobium pentoxide (NbyOs)
and tungsten oxide (WOgs). Niobium pentoxide (NbyOs), commonly
found in niobium oxides, is a high-index n-type semiconductor material
with a high refractive index (n = 2-3) [11,12], long-range optical ab-
sorption (0.35-7 pm), low corrosion resistance [13], and exceptional
thermal and chemical stability [11]. NbyOs has attracted much attention
from academic and engineering research fields because of its rapid
growth by the fabrication method, improving its properties for opto-
electronic applications [14]. As our background, NbyOs has various
polymorphs, including pseudohexagonal (TT-NbyOs), orthorhombic
(T-NbyOs), and monoclinic (B-, M, and H-NbyOs) [15-17]. It is
commonly activated in the ultraviolet (UV) region [18]. Previously,
Nb3Os thin films were synthesized with a wide energy gap of 2.90-4.60
eV using various methods (e.g., DC/RF magnetron sputtering [19,20],
spray pyrolysis [21], chemical vapor deposition [22], ion-assisted
electron beam evaporation [23], microwave-assisted hydrothermal
synthesis [24], pulsed laser deposition [25], and ion-beam sputtering
[26]). However, the properties of Nb,yOs films are highly dependent on
the deposition method and conditions [27]. NbyOs has also gained
attention in the photonics industry because of its nonlinear optical
properties. Thus, it has been extensively used in various technological
applications [28,29], optical glasses, and devices [12,19,30] such as
waveguides and modulators [31].

To extend NbyOs absorption to the visible (Vis) range, NbyOs can be
doped with TM cations or nonmetal elements, such as carbon, nitrogen,
fluorine, phosphorus, and sulfur, as they can influence and change its
structural, optical, electronic, magnetic, photocatalytic, and electro-
chemical properties [32-35]. Meanwhile, tungsten oxide (WO3) is an
important wide-range spectrum and wide-bandgap semiconductor in the
range of 2.84-3.05 eV, featuring wide polymorphism and compositional
ratios [36]. WOs is one of the most extensively investigated EC materials
currently used in electrochromic device (ECD) applications [37] because
of its superior transmittance modulation and electrochemical stability.
In particular, WOj3 is useful as a transparent cathode in top-emitting
organic light-emitting diodes [38], transparent window layers, and
flexible organic solar cells [39]. Depending on the growth conditions,
different stoichiometries and stable crystalline phases have been found
[40]. Thus, different WOy phases can exhibit remarkable electrical
conductance and a highly transparent front window, which is also
interesting for industrial applications because it avoids the use of toxic
gases during the growth process [41]. However, a previous study re-
ported that mixed-metal oxides perform better than pure oxides and
have advanced properties owing to the presence of more than one metal
cation in their structure, although one element is richer than another
one. These mixed-metal oxides include spinel structures based on 3d

TMs that have strong thermal stability, are effective in catalytic re-
actions, and are used in a wide range of scientific discipline [42].

Various physical and chemical synthesis methods have been used to
prepare undoped and doped mixed-TM oxides. For instance, sputtering
[3], the dry mixing method [5], solvothermal [6], solid-state reaction
processes [8], pulse laser deposition [9], chemical bath deposition [43],
physical vapor deposition [44], and hydrothermal methods [45].
Recently, tungsten oxide (WOs) mixed with nickel oxide (NiO) was
synthesized by applying WO3 concentrations of 10 % and 15 % at a fixed
deposition power for radiofrequency (RF) sputtering and temperature.
The correlation of the optical and electronic properties with the energy
bandgap through WOs3; concentration will be useful for fabricating
electrochromic and optoelectronic devices [3].

Among the above synthesis methods, spin coating is a common
method that is regarded as a simple process with low cost and low
temperature to generate uniform films. This method has become a
promising candidate for economical, friendly, energy-saving, and low-
pollution technologies for applying thinner films to substrates, accom-
panied by outstanding application performance in various industrial and
technological sectors. The advantage of spin coating over other methods
is that it is excellent for both research and quick prototyping to produce
very uniform films quickly and easily, which could contribute to
improving the quality of thin films as well as the thin and homogeneous
coating that can be obtained at varying thicknesses and expanding their
application fields. However, the characteristics of the finalized films
depend on the inherent properties of the solution, that is, the solution
concentration, type of precursor material, pH concentration, solvent
nature, and solution temperature. In addition, selected spin process
parameters were proposed such as the rotation duration and spin-
coating speed [46,47]. Thus, the metal oxide thin films prepared via
the chemical solution, which are deposited on a glass substrate using
spin coating, can result in high structural, optical, electrical, and elec-
trochemical performances, with an appreciable energy band gap [48].
An understanding of the synthesis parameters required to control the
abovementioned performances is crucial for investigation.

Based on the above discussion, there is a lack of in-depth interpre-
tation and understanding of the effect of WO3 concentration on the thin-
film fabrication process. Herein, we synthesized tungsten oxide (WO3)
mixed with niobium pentoxide (NbyOs) thin films with WO3 concen-
trations of 10 %, 15 %, and 20 % by fixed spin-coating deposition at
room temperature (~25-30 °C).

To the best of our knowledge, the physical properties of spin coated
Nb305:WOs5 films have not been reported previously. Thus, the purpose
of this research is to understand the effect of WO3 concentration in other
metal oxides, that is, Nb2Os, for the first time, through morphological,
structural, dispersion energy, optoelectrical, linear/nonlinear optical
parameters, photoluminescence, Raman analysis, and electronic band
structure via DFT calculations.

2. Experimental procedure
2.1. Sample preparation

Niobium tungsten oxide (NbyOs5:WOg3) thin films were prepared
using different indigenous chemical compositions of niobium(V) oxide
(99.99 %, Sigma-Aldrich) and tungsten(VI) oxide (99 %, Acros Or-
ganics). NbyOs:WOj5 thin films with the ratios of 90:10, 85:15, and 80:20
were prepared by adding 10 %, 15 %, and 20 % WOs into 90 %, 85 %,
and 80 % NbyOs, respectively. The amounts and concentrations of
NbyOs and WO3 powder precursors are listed in Table 1. The mixed
powder was dissolved in 0.4 g (0.1 M) of ethyl cellulose, 4 mL of
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Table 1
The contents of material preparation for Nb,Os:WOj5 ratios.
Ratio Nb,0s WOs3 (8)
Gram (g) Molar (M) Gram (g) Molar (M)
90:10 0.90 0.38 0.10 0.05
85:15 0.85 0.36 0.15 0.07
80:20 0.80 0.33 0.20 0.10

a-terpineol, and 5 mL of ethanol (The ratio of a-terpineol:ethanol is
1:1.25). The solution was then stirred vigorously for 90 min until it
became a homogeneous white solution. Borosilicate glass substrates
were cut with a dimension of 2.5 x 2.5 cm?, cleaned with acetone,
methanol, and deionized (DI) water under an ultrasonic cleaner for 10
min each, and dried on a hot plate at 100 °C. A well-cleaned glass
substrate was placed on a spin coater, and a few drops of the mixed
Nby05 and WOj3 solution were dropped. A TCH-EZ4 programmable spin
coater was operated at 2000 rpm for 15 s. A NbyO5:WOg thin film with
each compositional ratio was coated twice and then calcined at 450 °C
for 1 h. The Nb,O5:WOs5 thin films with ratios of 90:10, 85:15, and 80:20
are shown in Fig. 1.

2.2. Investigation of morphological, structural, and optical characteristics

The surface morphologies of the films were investigated using an
ultrahigh-resolution scanning electron microscope (UHR-SEM, TESCAN
CLARA) equipped with an energy dispersive X-ray spectroscope (EDS,
Oxford Ultim Max) with a detector size of 40 mm? to determine the
chemical composition of the thin films. The surface topography of the
NbyOs5:WOs3 thin films at each ratio was investigated using nGauge
atomic force microscopy (AFM, ICSPI). The structural characteristics of
the Nb,O5:WO3 thin films were characterized using an X-ray diffrac-
tometer (XRD; Rigaku, Model: SmartLab, Acy.xq = 1.544 10\, 40 kv, and
30 mA) under grazing incidence conditions with 26 of 10°-80°. Micro-
Raman spectroscopy was implemented using a triple monochromator,
and the spectra were recorded using a frequency-doubled green Nd:
YVO4-based diode-pumped solid-state laser at an excitation wavelength
of 532 nm, operating at 150 mW in the wavenumber range of 50-1500
em™! to identify the groups of elemental composition (Thermo Fisher
Scientific, DXR SmartRaman). Fourier-transform infrared (FT-IR) spec-
troscopy was also performed using PerkinElmer Scientific (Spectrum
Two FT-IR spectrometer) in the 400-2000 cm " range. The fluorescence
spectra were recorded using a spectrofluorometer (Jasco, FP-8500) with
a xenon lamp as the excitation source (hex = 255 nm). Finally, a
UV-Vis-NIR spectrometer (Varian Cary 50 Conc.) was used to observe
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the transmittance and reflectance spectra of the NbyO5:WOs thin films in
the spectral range of 300-1100 nm.

2.3. Computational details

To investigate the structural and electronic properties of semi-
conductor materials in the form of thin films or monolayers, previously,
first principle calculations with the plane wave pseudopotential method
implemented in the Quantum ESPRESSO distribution were used; for
example, Mn chalcogens in the two structural phases (H and T) of MnXj
monolayers [49]. In this study, for Nb,Os and WO3, DFT calculations
were implemented in the Vienna ab initio simulation package [50,51]
within the generalized-gradient approximation (GGA) proposed by
Perdew, Burke, and Ernzerhof (PBE) [52]. To describe the
ionic-core-valence electron interactions, we adopted
projector-augmented wave potentials with 12, 5, and 6 valence electrons
for Nb (4d*5s1), W (5d*6s%), and O (2522p), respectively. For NbyOs, we
adopted an orthorhombic crystal structure with the space group Pbam.
For WO3, we adopted a monoclinic crystal structure with a space group
2/m. The crystal structures were previously observed experimentally
and were consistent with the XRD spectroscopy results.

A primitive cell of NbyOs comprises 16 Nb and 42 O atoms, following
the atomic coordinates and disordered orthorhombic crystal structure
(TT-phase) proposed in a previous study [53]. Note that although this
TT-phase of Nb,Os was proposed to be a defective, nonstoichiometric
structure, we still use the Nb,Os notation for this material for simplicity
and to be consistent with all the results here. For the Brillouin zone
integration, 4 x 1 x 6 and 3 x 3 x 3 special Monkhorst-Pack k-point
meshes were used for Nby,Os and WOs, respectively. The energy cutoff
for plane-wave expansion was set to 520 eV. To simulate W-doped
NbyOs, we adopted the supercell approach, in whicha 2 x 1 x 2 repe-
tition of the primitive cell is used to construct the supercell. All the
atoms were relaxed until the residual forces were less than 0.02 eV/A.

3. Results and discussion
3.1. Structural study

Fig. 2 shows the XRD patterns of Nby;O5:WOj3 at ratios of 90:10,
85:15, and 80:20. The peak positions for orthorhombic NbyOs are
located at 20 = 22.6°, 28.3°, 28.8°, 36.6°, 37.1°, and 46.1°, corre-
sponding to the (001), (180), (200), (181), (211), and (002) planes,
respectively (JCPDS no. 027-1003). Meanwhile, the peak positions for
monoclinic WO3 are located at 20 = 23.6°, 24.4°, 33.2°, 34.2°, and
39.7°, corresponding to the (020), (200), (022), (202), and (131) planes,

Nb,Os:WO,
90:10 %

Fig. 1. Photographs of Nb,Os:WOs3 in each ratio concentration.

Nb,Os:WO,
85 :15 %

Nb,0s:WO,
80:20 %
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Fig. 2. XRD patterns of NbyOs:WO3 thin films with ratios of 90:10, 85:15,
and 80:20.

respectively (JCPDS no. 043-1035). The overlapped peak positions for
NbyOs5 and WOs3 are observed at 20 = 49.8°, 50.9°, and 55.3° with the
(0160)/(—232), (380)/(322), and (202)/(—402) planes for NbyO5/WOs3,
respectively. Furthermore, slightly decreasing intensities of the main
diffraction peaks of NbyOs at 22.6°, 28.3°, 28.8°, and 36.6° are observed
with increasing WOs concentration. This occurrence is due to the
addition of WOg into the NbyOs lattice, which may weaken the long-
range ordered Nb-O bonds and hinders the crystalline to amorphous
modification of the thin film, similar to J. Vivekanandan et al. [3].
Increasing the WO3 concentration in the NbyOs lattice achieves struc-
tural modification from crystalline to amorphous, which has an advan-
tage in the ion diffusion pathway in the thin film for practical
electro-optical devices [3,54].

Fig. 3 illustrates the crystal structures of Nb,Os and WOj3 obtained
via DFT calculations within the GGA-PBE functional. Panel (a) shows the
structure of NboOs, characterized by distorted NbOg octahedra forming
a layered arrangement along the b-axis with lattice dimensions of a =
6.202 Z\, b=30.071 Z\, and c = 3.860 A. The elongated b-axis reflects the
complex stacking of the NbOg units. Panel (b) depicts the WOg structure,
comprising nearly regular WOg octahedra in a 3D network with lattice
parameters of a = 7.729 A, b = 7.841 A, and ¢ = 7.535 A. This

7.8414

A We WO. .
?_________f _______ *°”:\6§3

Fig. 3. Simulated crystal structures of (a) NbyOs and (b) WO3 via DFT. The
structures are visualized with polyhedra representing NbOg and WOg octa-
hedra, where Nb atoms are in gray, W atoms in green, and O atoms in red. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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arrangement highlights the structural differences between the two ma-
terials, emphasizing the anisotropic nature of Nb,Os and the relatively
symmetric framework of WOs3. The red spheres represent oxygen atoms,
whereas the gray and green spheres correspond to Nb and W atoms,
respectively.

Tables 2 and 3 compare the structural and thermodynamic properties
of NbyOs and WO3 obtained from DFT calculations using the GGA-PBE
functional and the experimental data. The results show a strong agree-
ment between the calculated and experimental values, with the lattice
parameters differing by less than 1.5 % for both materials. This dem-
onstrates the accuracy of the computational approach for capturing the
structural features of these oxides. For thermodynamic stability, the
calculated formation enthalpies (AHy) deviated from the experimental
values by only 1.85 % for Nb,Os and 0.34 % for WO3. These results
validate the reliability of the GGA-PBE functional for accurately
modeling the structural and thermodynamic properties of metal oxides
in this work.

3.2. Morphological characteristics and compositional analysis

FESEM micrographs of Nb,Os5:WO3 at ratios of 90:10, 85:15, and
80:20 are shown in Fig. 4(a—c), respectively. The surface has a very
smooth, dense, and uniform morphology, free of cracks and a porous
nature. This is evidenced by the fact that increasing the WO3 concen-
tration does not change the overall thin-film morphology, and the films
are still homogeneous and tightly packed on the glass substrate. How-
ever, notably, some crystal grains or residuals increase and the thickness
of the film, as shown in Fig. 4(d-f), is reduced from 2.40 m to 0.40 pm
with increasing WO3 concentration. This can be explained by the fact
that as the WO3 concentration increased, more distribution effect and
roughness of the thin film are observed, leading to more crystal grains,
residuals, and lower thickness of the films.

Fig. 5(a—c) shows 3D AFM images of the NbsO5:WO3 thin films at
ratios of 90:10, 85:15, and 80:20 in a scanning area of 10.2 x 10.2 pm>.
According to the AFM results, the root mean square roughness values are
calculated to be 7.94, 54.46, and 92.70 nm with increasing WO3 con-
centration. Thus, with increasing WO3 concentration, the topology of
the surface roughness of the thin film changed and becames higher,
which is consistent with the FESEM micrographs.

The compositional analysis of NbyOs:WO3 with different ratios was
conducted using EDS. The spectra with altered weight percentages of
Nb, O, and W elements are shown in Fig. 6(al-c1). As detailed in the
EDS results, niobium, oxygen, and tungsten were found in the synthe-
sized NbyOs5:WOs5 thin films and no additional elements were found in
the spectra, confirming the purity of the thin films. According to the pie
chart of atomic percentages of elements in Fig. 6(a2-c2), when tungsten
oxide was added from 10 % to 20 % in niobium pentoxide, the tungsten
(W) content increased as the niobium (Nb) content decreased, which is
the same as the weight percentage. Consequently, the oxygen content
increased with increasing WO3 concentration because oxygen is incor-
porated by niobium and tungsten [3].

3.3. Optical properties

The optical transmittance (T) spectra of the Nb,O5:WO3 thin films
with ratios of 90:10, 85:15, and 80:20 are displayed in Fig. 7(a). The

Table 2

Comparison of lattice parameters, angles (a, B, y), and formation enthalpies
(AHp) for NbyOs obtained from DFT calculations using the GGA-PBE functional
and experimental data.

Properties GGA-PBE Experiment

a, A), b A), ¢ A)
a(), B,y
AHy (eV/fu.)

6.202, 30.071, 3.860
90.00, 90.00, 90.00
—19.63

6.168, 29.312, 3.936
90.00, 90.00, 90.00
—20.00 [61]
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Table 3

Comparison of lattice parameters, angles («, B, and y), and formation enthalpies
(AHp) for WOj3 obtained from DFT calculations using the GGA-PBE functional
and experimental data.

Properties GGA-PBE Experiment

a, &), b A), cA) 7.535, 7.729, 7.841
a (), B,y 90.00, 90.15, 90.00
AHy (eV/fu.) —8.72

7.297, 7.539, 7.688
90.00, 90.00, 90.00
—8.75 [61]

transmittance spectra for each ratio of NboO5:WOs thin films showed the
high average transmittance percentage values in the wavelength range
of 400-1100 nm. The highest average transmittance of ~74 % was ob-
tained for the Nby,Os5:WO3 (90:10) thin film. Decreased transmittance
values of ~69 and 67 % are observed for Nb,O5:WO3 85:15 and 80:20,
respectively. Notably, the higher the WO3 concentration, the lower the
optical transparency and the lower the thickness of the thin film. This is
explained by the fact that a lower thickness leads to more residuals,
high-density natural defects, and surface roughness, which is attributed
to a greater light scattering effect, indicating a lower crystalline quality
in the synthesized thin film. A low transmittance of 42 % was also
observed in the graphene doped NbyOs layer [55]. However, high
transmittance in the visible to near-infrared (NIR) region is important
for applications in smart windows, solar cells, and monitors [56]. A
dramatically reduced transmittance was observed in the wavelength
range of 300-400 nm owing to fundamental absorption, which was
attributed to the transfer of electrons from 0%~ to Nb [57,58].
Meanwhile, the optical reflectance (R) spectra are displayed in Fig. 7
(b). The spectrum of each thin film showed a similar characteristic of
increasing as a function of the wavelength. A fluctuation or wave-like
pattern in the reflectance spectra is caused by the interference of light
reflected from the air—film and film-glass interfaces [59]. The average R
values for each thin film are less than 10 %, indicating that the ab-
sorption and transmission characteristics of the thin films are the main
effects, and these low reflectance values make our synthesized thin films
important for anti-reflection applications [60]. Moreover, the

Nb,0,:WO, =90 : 10 %

Nb,0,:WO, = 90 : 10 %

Nb,0.:WO, = 85 : 15 %

Nb,0.:WO, = 85 : 15 %
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reflectance characteristics of the thin films had a minor effect, and the R
values are not much difference.

The absorption coefficient (o) was calculated from the transmittance
and reflectance spectra using the thin film thickness in accordance with
the subsequent relation, as expressed in Eq. (1) [61]:

1. [Q-R)?
aftln{T} (l)

where t is the thickness of the NbyO5:WO3 thin film and T and R are the
transmittance and reflectance, respectively. Fig. 7(c) shows the trend of
the absorption coefficients of the different NboO5:WOs thin films. The
spectra are almost identical and increased over the entire wavelength
range (300-1100 nm). The average a values are 0.73 x 10, 1.82 x 10%,
and 7.00 x 10% em™! for the NbyO5:WO5 (90:10), NbyOs:WO3 (85:15),
and NbyOs5:WO3 (80:20) thin films, respectively. Owing to the lower
transmittance with increasing WO3 concentration, an increasing o value
was obtained by the higher photon absorption ability in the thin film as
the reflectance of the thin film is less than 10 %.

Then, the « values were added in the conventional Tauc relation, as
shown in Eq. (2) for energy bandgap or direct bandgap evaluation [48,
62]:

ahv=A(hv — E,) 12 2)

where hv is the photon energy, E, is the energy band gap or direct band
gap, and A is a constant. The slope of the fitting gives the degree of
disorder value and is called the Tauc parameter (A2) [63]. In Fig. 7(d),
the intercept of the extrapolating tangent line on the x-axis at (ahv)? = 0
can be evaluated. The calculated E, values for the Nb,O5:WO3 (90:10),
Nby05:WO3 (85:15), and NbyO5:WO3 (80:20) thin films are 3.84 4+ 0.01,
3.75 + 0.01, and 3.40 + 0.02 eV, while A? values are equal (123 + 6) x
1012, (107 £5) x 1012, and (64 + 3) x 10" eV/cm?, respectively. The
decrease in A2 values indicated higher structural disorder in thin films
due to more homopolar bond formation at the Nb,Os and WOg in-
terfaces, which agrees with the literature of Ref. [63]. Meanwhile, the

Nb,0,:WO, = 80 : 20 %

Nb,0,:WO, = 80 : 20 %

Fig. 4. Surface characteristics and cross-sectional images of Nb,Os:WO3 thin films (a, d) 90:10, (b, e) 85:15, and (c, f) 80:20.
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Fig. 6. (al-cl) EDS spectra and (a2-c2) atomic percentages of NbyOs:WO3 thin films with ratios of 90:10, 85:15, and 80:20.
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Fig. 7. (a) Optical transmittance, (b) reflectance, (c) absorption coefficient, and (d) Tauc plot analysis for E; determining Nb,Os5:WOj thin films with ratios of 90:10,

85:15, and 80:20.

decrease in Eg can be explained in terms of the occurrence of localized
states created between the conduction band (CB) and valence band (VB)
[62,64]. This is similar to J. Vivekanandan et al., who explained that the
major transition arises at the near band edge (NBE) between the CB and
VB for p-type MOSs, and other transitions with the decrease in Eg values
but higher compared to the theoretical direct band gap value of WO3 (Eg
=2.56 eV) [65] and Nb,Os (Eg = 3.49 eV) [66] also occur as the increase
in dopant amount owing to the generated intraband defect, crystalline
imperfections, and carrier impurities, including metal deficiency or
oxygen access, resulting in a shift in the absorption edge towards the
higher wavelength of the incident photons [3,67]. Furthermore, the
alteration of E; values may depend on many factors, such as the coating
speed (rpm), granular structure, grain boundary, and the nature and
concentration of precursors [48].

A schematic illustrating the mechanism of decreasing Eg values with
increasing WOs3 concentration is illustrated in Fig. 8. More generated
localized states were formed in the forbidden band gap and were located
near the CB owing to the donor dopant WOs3. This causes the Fermi level
to move closer to the CB, which is attributed to the decreasing energy
band gap or direct band gap. Thus, the low energetic bound conduction
electrons can be effortlessly transferred from these localized states to the
CB, leading to higher electron mobility. Notably, WO3 concentration can
modify the optical properties, making thin films promising for opto-
electronics and electrochromic applications [3].

Fig. 9 presents the electronic band structures of Nb,Os and WOg3
calculated using DFT. For NbyOs (Fig. 9(a)), the computed indirect band
gap is (Eg = 1.84 eV), whereas WO3 (Fig. 9(b)) exhibits a direct band gap
of (Eg = 1.28 eV) at the I'-point. The wider band gap of NbyOs makes it
suitable for applications such as dielectric layers and wide bandgap
semiconductors. In contrast, the direct band gap of WOs3 enables effi-
cient absorption of visible light, making it well suited for photocatalytic

AVS / eV

-1.01

-2.0 1+

-3.01+

-4.0+

-5.0

Nb,05:WO,
(80:20)

-6.0 - VB

Nb,05:WO,
(85:15)

Fig. 8. Illustration of the energy band diagram of Nb,Os:WOj thin films with
ratios of 90:10, 85:15, and 80:20.

and electrochromic applications. It is well known that standard DFT
calculations using the GGA-PBE functional often underestimate the
electronic band gaps of materials due to inadequate treatment of the
exchange-correlation energy. Consequently, our calculated band gaps
for NbyOs (1.84 eV) and WO3 (1.28 eV) are significantly lower than the
experimental values (3.84-3.40 eV). While more advanced methods,
such as hybrid functionals or GW calculations [68-70], could provide
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Fig. 9. Electronic band structures of (a) Nb,Os and (b) WO; calculated using the GGA-PBE functional in DFT. The band gaps (E;) of NbyOs and WO are also shown.

improved accuracy, they are computationally expensive and beyond the
scope of this study. Nonetheless, the trends observed in our calculations
provide valuable insight into the electronic properties of these materials
and their potential applications. The band structures illustrate the dif-
ferences in the CB and VB dispersions, reflecting the impact of the local
atomic environment and bonding on the electronic properties. Next, we
investigated the effects of incorporating W into an NbyOs crystal.
Because W has a smaller ionic radius than Nb, we considered only the
case of W substituting for the Nb site. Two inequivalent Nb sites existed
in the TT-Nb,Os considered in the simulations. Our DFT calculations
show that the substitutional W on the Nb site (Wyp) shown in Fig. 10 is
0.22 eV lower in energy than another Nb site. Therefore, we consider
this site to be energetically favorable for Wyp,.

The observed shrinkage of the W-O bond lengths when W substitutes
for Nb in Nb,Os5 can be attributed to the smaller ionic radius of W and its
distinct bonding characteristics. The ionic radius of W (~0.62-0.70 A
in octahedral coordination) is smaller than that of Nb°* (~0.78 [o\),
contributing to the reduction in bond lengths. However, the contraction

Fig. 10. (a) Relaxed local atomic structure of W substituted for Nb in Nb,Os
(Wnp), showing the surrounding oxygen coordination in the Nb,Os lattice. (b)
Detailed atomic structure view of the Wy, site illustrates the percentage change
in W-0 bond lengths relative to the equilibrium Nb-O bond lengths.

is further amplified by the stronger and more localized W-O bonds,
driven by the higher electronegativity of W (2.36 for W compared with
1.6 for Nb on the Pauling scale). This increased electronegativity results
in a greater Coulombic attraction between W°* and the surrounding 0%~
ions, pulling the oxygen atoms closer. The preference of W for forming
stronger covalent bonds also induces local lattice relaxation, further
shortening the W-O bonds relative to the equilibrium Nb-O bond
lengths. These structural distortions reflect a balance between the
smaller size of W and its chemical bonding tendencies, which together
stabilize the substitutional sites.

In addition, our calculated band structure of the supercell with one
Wn, in Fig. 11, corresponding to 6.3 % of W doping on the Nb lattice
site, shows a bandgap reduction of approximately 0.16 eV. This

Energy (eV)
Energy (eV)

Fig. 11. Calculated band structure of (a) defect-free supercell and (b) the
supercell with Wyy,. The band gaps of the supercells before and after W doping
are also shown. Note that the band gap of the defect-free supercell slightly
deviates from that of the primitive cell likely because of band folding in the
supercell and computational parameters.
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indicates that doping W into NbyOs results in a redshift in the light
absorption, which is consistent with the experimental observations. Our
results are consistent with previous reports on reduced absorption edges
in chemically doped metal oxides such as TiO2 [68] and SrTiO3 [69].

The extinction coefficient or absorption index (k) was calculated
from the absorption coefficient (a) and the wavelength of the incident
light (1) using Eq. (3) [71]:

al
k= i 3

Fig. 12(a) shows the trend of k spectra, which increased with longer
wavelength and increased with increasing WO3 concentration. Average
k values in the range of 350-1100 nm are 0.40 x 1072,1.02 x 1072, and
3.89 x 1072 for the NbyOs5:WO3 (90:10), NbyOs:WO3 (85:15), and
Nb305:WO3 (80:20) thin films, respectively. The k values are very low
and almost zero, indicating minimal optical losses owing to absorption
and demonstrating the great optical quality of the thin films [72].
However, the increase in k values with increasing WO3 content is due to
the increase in the free carrier concentration [73] and greater extinction
of atoms and electrons in the thin films, whereas more electrons can be
excited from the VB to the CB [74,75]. In addition, the enhancement of
the k value may be related to the increase in surface roughness, leading
to enhanced scattering losses and corresponding to a decrease in optical
transmittance [3]. The sudden increase in all thin film conditions in the
UV region (300-350 nm) is ascribed to the absorption of photons by the
thin films.

The absorption coefficient and photon energy are related to the
properties of the thin films, and the absorption coefficient shows an
exponential increase with photon energy near the high-energy side
(energy gap). Such behavior is known as the Urbach edge in accordance
with the following relation [36]:

a(hv) =ay exp (%) , @

where qq is a constant and Ey is the Urbach energy, which is interpreted
as the width of the CB tails at localized states associated with the
structural disorder of the thin film, which can be determined from the
slope of the plot of In(a)vs. hv in Fig. 12(b) as the relation Ey = 1/ slope.
Table 4 shows the Ey values from 172.58 to 182.28 meV for the Nb,Os:
WOj3 (90:10) to NbyO5:WO3 (80:20) thin films. This increasing Ey value
is due to increased localized defect states, as shown in the schematic in
Fig. 8, demonstrating a strong correlation between the variation in the
dislocation density. J. Vivekanandan et al. [3] also suggested that the
amorphization trend of thin films with increasing WO3 content con-
tributes to the increase in Urbach energy, which is further supported by
the XRD results in Fig. 2. This correlation is consistent with the findings
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reported for other thin film materials such as cobalt (Co) and aluminum
(Al) co-doping in ZnO nanostructure [75], Cu-precoated MnS with
different annealing temperatures [76], and fluorine-doped Sb,O3 [77].

3.4. Comparison of refractive indexes with different methods and packing
densities

The static refractive index (ng) of NbyOs:WO3 with different ratios is
correlated to the energy band gap based on the Dimitrov-Sakka
expression [78]:

S 1/2
no = {6\/; - 2} , (5)

and the optical dielectric constant calculates from the refractive index
(eo=nd) [78].

As shown in Table 4, the ny values increased as the WO3 concen-
tration increased and varied from 2.201 to 2.297, while the g9 values
varied from 4.847 to 5.276 for the highest WO3 ratio. This suggests
hyperpolarization and d-orbital transition of Nb and W in the thin film,
consistent with the transition of Ni-O for the glass material [78,79].
Furthermore, a comparison of the refractive indices with different
calculation models was performed and elaborated to further examine
the optical properties of the Nby;O5:WOj3 thin films:

The Moss relation was used using the empirical relation as follows
[80]:

1/4
n— (928‘/) . ®)
g

Similarly, Reddy and Ahammed altered Moss relationship as follows
[81]:

1/4
Lo [ 154ev \U* e
E, — 0.365

Ravindra et al. proposed an alternative linear empirical relation of n
with E; as follows [82]:

Tl:Kl *KQE ) (8)

where Kj and Ky, determined through empirical fitting, are 4.084 and
0.62 (eV) 1, respectively. Meanwhile, Herve and Vandamme presented
the corresponding n vs. Eg relationship based on the classical oscillatory
theory as follows [83]:
2
n= 1+ Aiz, )
(Eg +B)

17
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Fig. 12. (a) Extinction coefficient spectra and (b) plot of In(«a) vs. energy for Urbach energy determination of the Nb,Os:WO3 thin films with ratios of 90:10, 85:15,

and 80:20.
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Table 4

Optical, dielectric constant parameters, and refractive index calculation proposed by different relationship models for Nb,Os:WO3 thin films.
Nb,Os: Eg Ey noy £ n n (Reddy and n n (Herve and n (Kumar n (Ahmad n n
WOj3 ratio (eV) (meV) (Moss) Ahammed) (Ravindra) Vandamme) and Singh) and Haq) (Tripathy) (Gomaa)
90:10 3.84 172.58 2.201 4.847 2.230 2.580 1.703 2.112 2.182 2.254 2.145 2.046
85:15 3.75 182.26 2.220 4.928 2.243 2.597 1.759 2.133 2.199 2.272 2.166 2.063
80:20 3.40 182.28 2.297 5.276 2.299 2.669 1.976 2.218 2.269 2.348 2.256 2.136

where A and B are constants. A was found to be 13.6 eV by fitting, which
corresponds to the hydrogen ionization energy, whereas B corresponds
to the constant difference between the UV resonance energy and the
energy gap, which is 3.47 eV. The Kumar and Singh equation for the
calculation of n from Eg was obtained through the simulation process, as
follows [84]:

n=KE, 10)

where K and C have values of 3.3668 and —0.32234, respectively. The
Ahmad and Haq model is presented as follows [85]:

a4\
n=(—] .
(&)
Furthermore, Tripathy expressed n vs. E; dependence for various
binary and ternary semiconductors with the relationship [86]:

(1D

n=ny(1+aexp(—pE)), 12)

whereng=1.73,a =1.9017, and $ = 0.539 (e L Finally, Gomaa et al.
suggested the prediction of the refractive index from the band gap using

2.8

the relationship [87]:

n= KA/E> -B

when A = 3.44% and B = 3.44"2. In Table 4, the calculated n values
according to the different relationship models are observed to increase
with increasing WO3 concentration and decreasing energy band gap. In
more detail, Fig. 13(a) shows the trend of the refractive index vs. WO3
concentration using different relationship models. From these calcula-
tion models, it can be noted that there is an inverse correlation between
the refractive index and energy band gap, that is, a decreased Eg leads to
an increased n, suggesting a slight increase in densification or packing
density. Thus, the effect of the packing density (p) of the thin films was
investigated and can be assessed to confirm the increase in refractive
index with WO3 concentration using the following relationship [88]:

1/2
) 13)

o[ —ppnt+ (1 +pjnr?]

Trpm+ (0 -p2 a9

where n, represents the refractive index of the voids (n, = 1 for air), and
n; represents the refractive index of the borosilicate glass substrate (n, =
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Fig. 13. (a) Plot of refractive index variation calculated using different empirical models of Nb,Os with WO3 concentration, (b) packing density, and (c) variation of

refractive index spectra as a function of wavelength.
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1.47) [89]. Fig. 13(b) displays the packing density vs. WO3 concentra-
tion of the thin films. The average packing density values, in the
wavelength range of 300-1000 nm, increased to 1.228, 1.230, and 1.232
as the WOj3 concentration increased, which is ascribed to the increase in
the refractive index and surface roughness of the thin films.

The refractive index for each ratio of NboOs5:WOs3 thin films in the
UV, visible, and NIR regions was calculated using the relation with
reflectance, as follows [90]:

n71+\/§
"1-VR

. (15)

Similarly, the refractive index for each ratio of Nb;O5:WOj thin films, in
Fig. 13(c), shows the same results as the packing density. The spectra are
increased in the UV, visible, and NIR regions, which is also related to the
packing density of the thin films [72]. The average refractive index
values, in the range of 300-1000 nm, are increased to 1.629, 1.630, and
1.632 with increasing WOs3 concentration and increasing packing den-
sity. To confirm the consistency of the results, our refractive index
values are close to the sample of a Nb,O5:TiO2 nanocomposite thin film
coated on an FTO glass substrate deposited by a thermionic vacuum arc
(n = 1.73) [91]. It can be noted that increasing WO3 concentration
resulted in an amorphous-crystalline phase transition with a
free-cracked nature and there is no porosity or inter-atomic spacing,
resulting in the increasing densification of the films and refractive index
[92]. H. Hu et al. also reported that increasing packing density would
lead to a higher refractive index and decrease the band gap for the HfO,
films [93].

The real (¢;) and imaginary (e3) parts of the dielectric constants can
be calculated using the following equations [77]:

e =n?— k% 16)

&y = 2nk. 17)

HYPERLINK \l "Fig. 14" \o "Fig. 14" Fig. 14(a) shows that the real
parts of dielectric constants and the spectra of NboO5:WOs thin films in
each ratio are almost identical and increase as a function of wavelength,
which indicates the higher optical response of the thin film in the UV,
visible, and NIR regions and the average ¢; values in the wavelength
range of 300-1000 nm are 2.658, 2.662, and 2.664 with increasing WO3
concentration. Meanwhile, the imaginary part of the dielectric constant,
shown in Fig. 14(b), exhibits a sudden increase in the UV region, which
demonstrates that the thin films have a very high optical response in the
UV region owing to the high absorption of photons [3]. The average ¢,
values in the wavelength range of 350-1100 nm are 1.355, 3.428, and
13.072 with increasing WO3 concentration. The increase in the average
e, and &, values with increasing WO3 concentration indicates that the
synthesized thin films have greater electrical energy induced by the
addition of WO3 in the Nb,Os structure, thereby enhancing the optical
response of the synthesized thin films in accordance with a decrease in
the dissipation rate of the incident light [3].

To assess the nature of chemical bonding with the ability of the
doping atom to occupy the interstitial positions in the host lattice and
atomic transformation from covalent to ionic in nature in the semi-
conductor thin films, we used the optical electronegativity (174p) calcu-
lated using the following equation [94]:

A 1/4
Nopt = |:;:| 3
where n is the refractive index and A is a dimensionless constant with a
value of 25.54 for all materials. Fig. 15(a) shows the changes in the 74p;
spectra and the increase in decreasing wavelength of the incident light,
which are inversely related to the refractive index in Fig. 13(c). The
increasing average 7oy values of 1.7094, 1.7099, and 1.7103 are ob-
tained with increasing WOs3 concentration. This result confirms that

(18)
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Fig. 14. Variation of (a) real and (b) imaginary parts of dielectric constant as a
function of wavelength of the Nb,Os:WOj3 thin films with ratios of 90:10, 85:15,
and 80:20.

more W atoms substitute in the interstitial sites of the Nb,Og lattice,
which is consistent with a previous report on Mg-doped ZnO thin films
[95].

Based on the calculation of the optical electronegativity (1o, the
electronic polarizability (ae) of carriers in thin films and the optical
basicity (A) are given by Egs. (19) and (20), respectively [96],

@e= — 0.9%),, + 3.5. (19)

A= —1.5%,, +1.7. (20)

The plots of a, are portrayed in Fig. 15(b) and the enhancement of @,
with increasing wavelength for the NbyO5:WO3 thin film at each ratio
indicates electron volumes increase owing to more absorbed photons of
the incident light in the UV, visible, and NIR regions. Furthermore, the
average a, values show an increasing trend of 1.7085, 1.7090, and
1.7093 as the WO3 concentration increases because of the larger volume
of electrons, that is, larger atoms have lightly bound electrons, whereas
smaller atoms have tightly bound electrons in thin films [3]. Similarly,
increasing optical basicity, as shown in Fig. 15(c), is obtained, with
values of 0.7047, 0.7050, and 0.7052, as the WO3 concentration in-
creases because of the lower energy band gap, which indicates the lower
energy used for electron donation in the bonded elements. Therefore,
electrons are free to transfer between the VB to the CB in the thin film
semiconductor [97].

We investigate the effect of the WO3 concentration on the electrical
conductivity. When the electrons absorb photon energy from the
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Fig. 15. (a) Optical electronegativity, (b) electronic polarizability, and (c)
optical basicity of NbyOs:WO3 thin films with ratios of 90:10, 85:15, and 80:20.

incident light, the electrons will be excited to the CB and the thin film
semiconductor becomes conductive. Thus, this mechanism can be
observed by the photonic effect or the optical conductivity (o) and
electrical conductivity (o), which are estimated from Egs. (21) and
(22), respectively [98]:

anc

Oopt =4 -

n
Oelec = E Oopt-

As shown in Fig. 16(a), the optical conductivity enhances with the
WOj3 concentration throughout the UV, visible, and NIR regions, which

2D

(22)
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is attributed to the increase in the absorption of light photons. This is
because the electrical conductivity of the NbyOs5:WOs thin films is
strongly influenced by the band gap, as shown in Fig. 16(b). The increase
in WOs3 concentration attributes to the contraction in the energy band
gap, leading to an increase in electrical conductivity along the energy
range from 1.0 to 4.5 eV region.

The volume (VELF) and surface (SELF) energy loss functions can be
plotted using Egs. (23) and (24), respectively [3]:

€2
(el +€3)
€2
(1 +1)%+ e '

VELF = 23)

SELF = 24)

Fig. 17(a and b) shows the VELF and SELF spectra of the synthesized
thin films with WO3 concentration. VELF and SELF showed the same
trend of increasing energy loss with increasing WO3 concentration. The
increase in energy loss originating from diffusion via the film surface or
three-dimensional structure is due to the increase in photon absorption
from the incident light [3,99].

3.5. Dispersion energy parameters

For a more comprehensive understanding of the optical properties of
the thin films, the dispersion energy parameters oscillator energy (E,)
and dispersion energy (Eq) were calculated using the Wemple and
DiDomenico model [59,77,94]:

EoE4

E2 —

n(hu):1+w.

(25)

The E, and Eq4 values for the NbyO5:WO3 thin films were extracted
from the slopes (E,Eq)' and intercepts (E, /E4) according to the deri-
vation of the plot between (n2 —1) ' against (hv)? in Fig. 18(a). As
shown in Table 5, the E4 and E, values increased for the ratio of Nb,Os:
WO3 (90:10) and NbyOs5:WOs3 (85:15), and then decreased for the ratio
of NbyO5:WO3 (80:20). Moreover, a WO3 concentration higher than the
optimum condition will decrease the atomic coordination number,
which consequently decreases the change in the structural order of the
thin films and the oscillator population of the Nb-O and W-O oscillators
[100]. The correlation between E, and Eg can also be functionally
expressed by the average ratio of E,/E, ~ 1.5 [3], and the ratios ob-
tained increased from 1.076 to 1.254. Meanwhile, the values of the
oscillation strength (f) were reduced by exceeding the optimum WOs3
concentration owing to the decrease in the strength of the bonds, as
shown in Table 5.

From the dispersion energy parameters, the first-order (M_;) and
third-order (M_3) moments of the optical spectra were evaluated using
the following relation [87]:

M.
E= M—l . (26)
-3
M3
E2= nf . 27)
-3

As shown in Table 4, M_; is reduced to 2.1286 and 2.0807 (eV)? for
NbyO5:WO3 (90:10) and NbyO5:WO3 (85:15), respectively, and
increased slightly to 2.1084 (eV)2 for Nb,O5:WO3 (80:20). Meanwhile,
M_3is 0.1246 and 0.1082 (eV)~2 for NbyO0s5:WO3 (90:10) and Nb,Os:
WO3 (85:15), respectively, and increased to 0.1160 (eV) 2 for Nb,Os:
WO3 (80:20).

3.6. Optoelectrical parameters

The ratio of the optical free carrier concentration to effective mass
(Nope /m") and high-frequency lattice dielectric constant (¢,) of the
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Fig. 16. (a) Optical conductivity and (b) electrical conductivity of NbyOs:WOj3 thin films with ratios of 90:10, 85:15, and 80:20.
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Fig. 17. Variation of (a) VELF and (b) SELF as a function of energy of Nb,Os:
WOs thin films with ratios of 90:10, 85:15, and 80:20.

Nb,05:WOj5 thin films were calculated using the following equation [18,
61,88,100]:

2
2 € Nopt ) 12
e=n"=¢ — (——— — |47,
! L (47[26280) (m” ) ’

where e is the electronic charge, c is the velocity of light, and ¢ is the
free-space dielectric constant (8.854 x 1072 F/m or C%/N-m?). The
plots of n? vs. 42 of the thin films at different ratios are displayed in
Fig. 18(b), and the plasma resonance frequency () can be determined

(28)
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from the slope of the plot of ¢; and 1/w? in Fig. 18(c). The intercept of
the plot indicates the high-frequency dielectric constant (e,) [61]:
e

€1 =Eo — 5, (29)
where o denotes the angular frequency. Moreover, the dielectric optical
relaxation time is a property of solids that is related to the conductivity
of the thin film, which is a measurement of how long the thin film takes
to become neutralized by the conduction process. This parameter can be
determined using the following relation [88]:

wpx7=1. (30)

Furthermore, the optical mobility (uop) and optical resistivity (popt)
of the Nby,O5:WOs3 thin films were calculated using the following equa-
tions [101]:

e er
Hopt :m —. (€3]
1

. (32)
€ X flop X Nopt

popt =

The effective mass of the electron-hole pair or exciton (m") for Nb2Os
is 0.532m, = 4.846 x 103! kg, where my is the rest mass of the electron,
which is 9.11 x 107! kg [102]. The calculated optoelectrical parame-
ters are summarized in Table 6. The variations in the optoelectrical
parameters with the WOs3 concentration in NbyOs may indicate the
presence of some interactions that occur between these photons from the
incident light and free electrons of the thin films. Thus, the optimum
WOj3 concentration may induce a slight increase in the rate of energy
dispersion and decrease in the propagation velocity of the electromag-
netic waves that fall on the thin films [101].

3.7. FT-IR analysis

Fig. 19 displays the FT-IR spectra of NbyO5:WOs3 in different ratios.
The results do not show remarkable differences due to the same struc-
ture, corroborated by the presence of a weak and broad peak around
755-756 cm’l, which is assigned to the Nb-O-Nb bond [103]. However,
this peak may also be assigned to the stretching vibration of the OH
molecule and W-O-W groups [104]. In addition, a strong broad band
peak around 891-899 cm ! appears, corresponding to the O—=Nb—0
bond [103]. Finally, the weak and broad peak around 1073-1087 cm!
is attributed to the absorption of CO, from the air or stretching vibra-
tions of the C-O bond [105].
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Fig. 18. Variation of %1t against (hv)? of Nb,O5:WO5 thin films with ratios of 90:10, 85:15, and 80:20.
Table 5
Dispersion energy parameters of Nb;Os5:WO3 thin films.
Nb,05:WO5 ratio Slope (EoEq) ! Intercept (Eo/Eq) Eg (eV) E, (eV) Eo/Eq f(ev)? M_; (eV)? M_3(eV) 2
90:10 0.0275 0.4698 8.7979 41332 1.076 36.364 2.1286 0.1246
85:15 0.0250 0.4806 9.1230 4.3845 1.169 40.000 2.0807 0.1082
80:20 0.0261 0.4743 8.9878 4.2629 1.254 38.314 2.1084 0.1160
Table 6
Optoelectrical parameters of Nb,O5:WO3 thin films.
Nb,05:WO; er Nope/m" ( x 10%°kg™! Nope ( x 102 oo wp (x10"Hz)  7(x107'%s)  pope ( x 107* C-sec/ Popt ( x 107° kg m?/
ratio m3) m~3) kg) C2%.sec)
90:10 2.306  9.429 4.570 2.305  1.652 6.053 1.998 6.844
85:15 2.350  8.303 4.024 2.345 1550 6.452 2.130 7.292
80:20 2.344  8.596 4.166 2.339  1.580 6.329 2.090 7.180

3.8. Micro-Raman investigation

Micro-Raman spectroscopy was performed on NbyO5:WO3 (90:10),
(85:15), and (80:20), and the results are shown in Fig. 20. The Raman
spectra confirmed the existence of NbyOs and WOs in the thin films. The
peak intensities centered at 560 and around 802-822 cm ™! are increased
with increasing WO3 concentration. The peak band in the 500-700 cm ™!
centered at 560 cm ™! and the peak around 802-822 cm™! are assigned
to the symmetric stretching vibration mode of the bridging W-O-W
bonds [106]. Meanwhile, the peak bands at 224 and 252 cm ! are
assigned to the bending modes of the Nb-O-Nb linkages. The major
Raman band at ~306 cm ™! is assigned to the long and weak Nb—OH,
bond. The band at ~629 cm™! corresponds to a slightly different Nb-O
bond distance and is assigned to the symmetric stretching mode of the
NbOg octahedra, whereas the peak at ~685 cm ™! is related to the poorly
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distorted NbOg octahedral and pentagonal bipyramid structure coordi-
nation. Furthermore, the weak Raman band at ~990-993 cm™' is
associated with the symmetric and antisymmetric stretching modes of
the Nb=O0 terminal bond [107]. These observed Raman bands confirm
the presence of NbyOs in the NbyO5:WO3 (90:10) thin film. However,
peaks at 224, 252, 306, 629, and 685 cm ! are absent, which might be
due to the higher WO3 ratio incorporated in the Nb,Os thin films. In
general, the Raman spectrum of tungstate reflects tungsten sublattices,
and the niobium element displays weak Raman activity as well as the
nickel element [3]. Thus, the Raman band at 560 cm ! for WO3 becomes
more dominant with increasing WO3 concentration, whereas the peaks
for NbyOs become weaker for Nb,Os:WO3 (85:15) and (80:20). Conse-
quently, more defects in the Nb,Os crystal lattice indicate the incorpo-
ration of WO3, which coincides with the optical absorption and Urbach
energy performances [3].
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3.9. Room temperature photoluminescence investigation

We investigated the electronic structure and electron transfer
mechanism in the forbidden band gap of the semiconductor in terms of
the location of defect levels, material imperfections, and impurities with
respect to the top level of the VB and bottom level of the CB, which
controls their luminescence properties [108]. Photoluminescence (PL)
spectroscopy was performed to identify these issues. Fig. 21 displays the
PL spectra of the NbyO5:WO3 thin films with ratios of 90:10, 85:15, and
80:20. The results show that a UV emission peak at ~254.46-254.58 nm
is clearly observed for the NbyO5:WO3 thin film excited by a photoex-
citation source at 255 nm. Then, an electron from the VB of NbyOs with
an empty 4d-orbital of Nb®" instead of the Nb** ions will be excited to a
CM of Nb,Os and enters a state that is bonded to the hole of W as W6
is a TM cation with an empty 3d-orbital. The FWHM of the peak is
around 0.11-0.12 eV, with an excitation band at ~254.46-254.58 nm.
The energy of the excitation band is approximately 4.87 eV, which is
caused by the transfer of Wo* according to the following mechanism: VB
+ hu —> W®7, and the main W®* ions in the valence state of W change to
W>". The ground-state configuration of W°" is characterized by a single
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Fig. 21. Photoluminescence spectra of NbyOs:WOj3 thin films with ratios of
90:10, 85:15, and 80:20.

5d electron outside a closed shell; that is, the ground term of W5 also
comprises a ground level and a metastable level with the creation of a
hole on the neighboring oxygen [108,109]. J. Vivekanandan et al. also
explained this mechanism; however, in our research, when WOj3 is
incorporated into the Nb,Os lattice, this may generate a defect-induced
recombination process by a singly occupied oxygen vacancy, which
leads to a reduction in the NBE peak. As the WO3 concentration in-
creases from 10 % to 15 %, the emission intensity may also decrease
owing to nonradiative recombination. Higher intensity of the peak is
observed when the WO3 concentration increased to 20 %, which could
be attributed to excess oxygen atoms, and the slight shift of the peak in
each ratio condition could be consequently related to the change in the
energy band gap of the thin films [3]. Notably, these shifts in the PL
bands and energy band gap alterations can have future industrial ap-
plications in optoelectrical devices.

3.10. Linear and nonlinear optical susceptibility

The first-order optical linear susceptibility (V) and the third-order
optical nonlinear susceptibility (;((3>) are important parameters for
investigating the optical properties of promising materials including
third harmonic generation (THG), four-wave mixing (FWM), two-
photon absorption (TPA), self-phase modulation (SPM), stimulated
Raman scattering, as well as cross-phase modulation (XPM) [110] for
ultrafast optical switching, optical circuits, photonic devices, upcon-
version laser amplification, and high-capacity communication elec-
tronics. We used Miller’s relationships as follows [3,61,99,100]:

-1 EkR

= -

T aE - (wy] ©3)
G _ AU _a EoEq

o ") {47:[133 - (w)*]] @39

where A is a constant factor equal to 1.7 x 10710 esu. Fig. 22(a and b)
displays the deviation of ) and y® of the NbyO5:WOj thin films with
ratios of (90:10), (85:15), and (80:20) as a function of photon energy
(hv).

The trend of () and y® spectra increase with a reduction in photon
energy, which

could generally be correlated to the enlargement of the refractive
indices with photon energy (reduction with the lower wavelength of the
incident light [Fig. 13(c)]). Average y(1) values of 0.1316, 0.1320, and
0.1324 are obtained and slightly increased with WOs concentration,
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Fig. 22. Alteration of (a) the first-order, (b) third-order susceptibilities, (c) nonlinear refractive index, and (d) two-photon absorption coefficient as a function of

energy of Nb,Os:WO3 thin films with ratios of 90:10, 85:15, and 80:20.

whereas the average y® values are calculated to be 5.650 x 10714,
5.636 x 1071% and 5.734 x 10~ '* esu. A slight decrease is observed in
average y® values for the NbyO5:WO3 (85:15) thin films due to the
decrease in E4/E, ratio. However, the overall increase in y() and y©®
values with increasing WO3 concentration renders expansion in the 3D
network of the thin films [61] and an increase in the strength of
chemical bonding between the molecules of Nb,O5:WO3, which is the
same as the previous literatures for NiO:WOs thin films [3,88]. There-
fore, the nonlinear trend corresponds to bound electrons that influence
the electric field from the incident light in the thin film [61]. These
results summarize that the variation in the ) and y® parameters are
beneficial for UV nonlinear optical materials, window layers, solid-state
lasers, and nonlinear optical device applications [61,111].

3.11. Nonlinear refractive index and two-photon absorption coefficient

Nonlinear refractive index (ny) is also the useful parameter for
evaluating the material in a

Wide range of optical limiting applications, including optical fre-
quency conversion, optical signal processing, and laser devices, which
can be obtained using the following relationship [47,112]:

_12my®
-

ny (35)

where nj denotes the static refractive index. The spectra of ny are shown
in Fig. 22(c) and exhibit the same trend as y(® for the NiO:WOs3 thin
films. The average n, values were determined to be 1.20 x 10712 1.14
x 10712, and 1.13 x 107'2 esu. with an increase in the WO5 concen-
tration. Then, the empirical relation developed by Sheik-Bahae et al. for
the two-photon absorption coefficient (f,) indicates that these two
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photons are absorbed at the same time to excite an atom, molecule, or
ion to a higher energy state. Based on the linear optical parameters, i.e.,
linear refractive index (n) and energy band gap (Ey), the spectra of 3, are
displayed in Fig. 22(d), according to the following equation [47,112]:

K [(2hu/Ey) ~1)"

wE (2hv/E)°

be , (36)

where K is the scaling factor (3100 cm/GW), E, indicates the Kane
momentum energy and is nearly material independent for a wide range
of various semiconductors (~21 eV). The applicable photon energy
range is E—zg < hv < Eg, which satisfies the two-photon absorption coef-
ficient conditions. It can be seen that the variation of . with the energy
of the incident photon and the values of . increased as energy increased
until reaching a maximum point, after which the spectra subsequently
decreased and the maximum value of f. exists ~0.7 times of the Eg
value. The energy values at a maximum point of . are decreased from
2.78 to 2.48 eV with increasing WOg3 concentration, which may be
ascribed to a reduction in the E; value. The same behavior was also
observed in other studies, such as octaethylporphyrin (PtOEP) thin film
[47]1, Ag/GeyoSes0S3p bilayer film [112], and lead bromide
(CH3NH3PbBr3) perovskite film [113].

Among optoelectronic devices, the Nb,Os and WO3 material can be
synthesized as a stacking Nb,Os passivation of WO3 thin film to prevent
electrochromic performance degradation in heated water and moist
conditions [114]. WO3s-doped Nb,Os thin films have been deposited via
reactive co-sputtering of niobium and tungsten metal targets at room
temperature for electrochromic devices, sensors, and solar cells [115].
In addition, composite WO3-NbyOs thin films were successfully pre-
pared using a simple and inexpensive spray pyrolysis technique as a
working electrode to investigate their electrochemical performances and
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further employed as promising electrochemical devices [116]. Finally,
Nb-doped hexagonal WO3 nanowire-modified graphite was used as a
positive electrode in vanadium redox flow batteries [117].

4. Conclusions

The effects of WO3 concentration on Nb,Os in terms of structural,
morphological, compositional, dispersion energy, and linear/nonlinear
optical properties were investigated. The findings of our novel research
can be summarized as follows.

(I) Some crystal grains or residuals increased, and the thickness of
the film was reduced from 2.40 pm to 0.40 pm with increasing
WO3 concentration.

(II) The increasing WO3 concentration in the Nb,Os lattice modified
the structure from crystalline to amorphous, which is advanta-
geous for the ion diffusion pathway in thin films.

(III) The lower thickness led to more residuals, high-density natural
defects, and surface roughness, which were attributed to a greater
light scattering effect, demonstrating lower crystalline quality in
the synthesized thin films. A lower transmittance value from ~74
to 67 % as the increasing absorption coefficient value from 0.73
x 10%t0 7.00 x 10% cm™! with increasing WOs3 concentration was
obtained owing to the higher photon absorption ability in the thin
film since the reflectance of the thin film is less than 10 %.
Increasing WO3 concentration led to the decrease in Eg values
from 3.84 + 0.01 to 3.40 + 0.02 eV owing to the occurrence of
localized states created between the CB and VB. The correlation
of n and Eg using different empirical models showed that the n
values increased with WO3 concentration owing to increased
packing density.

The standard DFT calculations using the GGA-PBE functional
yielded calculated band gaps for NbyOs of 1.84 eV and WO3 of

1.28 eV, which are significantly lower than the experimental

values (3.84 &+ 0.01 — 3.40 4+ 0.02 eV). However, the trends
observed in our calculations provide valuable insight into the
electronic properties of these materials and their potential
applications.

The WO3 concentration induces variations in the optoelectrical
parameters due to the presence of some interactions between
photons from the incident light and free electrons of the thin
films. Thus, the optimum WO3 concentration may induce a slight
increase in the rate of energy dispersion and a decrease in the
propagation velocity of the electromagnetic waves that fall on the
thin films.

FT-IR and micro-Raman results revealed the bonding of the pre-

cursors in the synthesized thin films. Meanwhile, in the PL

spectra, an electron from the VB of NbyOs with an empty 4d-
orbital of Nb" instead of the Nb*' ions is excited to a CM of

Nb,Os and enters into a state that is bonded to the hole of W®™ as

W6* is a TM cation with an empty 3d-orbital.

The overall increase in average y) and y® but decrease in

average nj values of 0.1316-0.1324, 5.636 x 10~ '* to 5.734 x

107 esu., and 1.20 x 1072 t0 1.13 x 1072 esu,, respectively,

as the energy values at a maximum point of j. are decreased from

2.78 to 2.48 eV with increasing WO3 concentration rendered the

expansion in the 3D network of the thin films and increase in

strength of chemical bonding between the molecules of NbyOs:
WO3, which may be ascribed to a reduction in the Eg value.

The results of this study demonstrates that the synthesized thin

films are beneficial for UV nonlinear optical material, window

layer, solid-state laser and can produce affordable promising
nonlinear optical device applications.
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