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Abstract: In this manuscript, we have comprehensively investigated the structural, optical, photoluminescence
(PL), and Raman spectra of sol-gel-synthesized ZnO thin films using a combination of experimental and
theoretical approaches. The deposited ZnO thin film was further characterized using scanning electron
microscopy (SEM) with elemental dispersive spectroscopy (EDS), atomic force microscopy (AFM), X-ray
diffraction (XRD), UV-visible spectroscopy, photoluminescence (PL), and Raman spectroscopy. XRD and UV-
Vis. Results suggested that the as-synthesized ZnO film is a uniform thin film with an average surface
roughness of 5.5 + 0.5, and that it has a wurtzite structure, as confirmed by XRD analysis. Moreover, the optical
bandgap (E;) was determined to be 3.39 eV. In contrast, EDS analysis confirms the presence of Zn and O
atoms in the thin film. PL and Raman measurements reveal thin-film defect levels, possibly due to Zn
interstitials, oxygen vacancies, and nonradiative recombination. A first-principles DFT study has been
conducted to validate the experimental finding. The electronic band structure (3.37 eV) and absorption edge
(393 nm) obtained from the DFT calculation were well-matched with the experimental findings. Also, theoretical
Raman spectra confirm the wurtzite structure of ZnO and support our experimental Raman data. The synergy
between experimental studies and theoretical insights into the material's properties is necessary to highlight
its potential for future solar cell applications.

Keywords: ZnO (Zinc oxide); photoluminescence(PL); raman spectra; optoelectronics; DFT (density
functional theory).

1. Introduction

Recently, Zinc oxide (ZnO), with the most stable hexagonal wurtzite structure, has emerged as one of the
potential metal-oxide semiconductor materials used for a multitude of applications, including solar cells, gas
sensors, photodetectors, photo-catalysis, laser systems, optoelectronic devices, and transparent conducting
electrodes[1][2][3]. It possesses a direct bandgap semiconductor of n-type conductivity with a high exciton
binding energy (60 meV)[4], a wide energy band-gap (E;) of 3.37-3.40 eV[5][6][7], high electron mobility (up to
155 cm® V. §)[8], and excellent transparency in the visible region. It is also chemically and thermally stable in
harsh environments [9][3]. Various methods have been utilized to fabricate ZnO thin films, such as spray

pyrolysis[1], radio frequency (RF) magnetron sputtering[10], Pulsed laser deposition (PLD)[11][12], molecular
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beam epitaxy (MBE)[13], Chemical vapour deposition (CVD)[14], Chemical bath deposition[15], spin
coating[16][17], and dip coating [18]. In the thin-film fabrication process, selecting a cost-effective method,
substrate type, and thin-film composition is significant. RF sputtering, PLD, MBE, and CVD methods can
produce thin films in a controlled manner with accurate deposition rates. However, these methods are more
expensive and less readily available than sol-gel and spray pyrolysis methods. The choice of thin-film deposition
method depends on several factors, including material requirements, composition control, thickness, and cost.
This manuscript used the sol-gel method to deposit the ZnO thin film. It is one of the most cost-effective and
versatile methods for depositing ZnO thin films, offering lower cost, well-controlled thickness, and excellent
thin-film quality [18]. However, it also has demerits, i.e., limitations in thickness and deposition rate of the thin
film. Sol-gel is often used in spin or dip-coating processes due to its relatively low cost and simplicity.
Numerous studies on the deposition of ZnO thin films using the sol-gel method have been performed recently.
Selected works from the literature are reviewed in this context, such as those by Moussa et al.[19] used the
sol-gel spin-coating process to deposit a thin ZnO film for CMOS devices. They concluded a uniform ZnO thin
film with no defects using the sol-gel method. Optical analysis indicated an average optical transparency of 98%
and an energy bandgap (E,) of 3.42 eV for the thin film. These properties suggested potential for CMOS
application. Similarly, Chavez et al. [20] also used the same technique to deposit a ZnO thin film and reported
the production of a high-quality film with an average grain size of 20-60 nm, grown over the entire substrate.
And Federenko et al.[21] had fabricated a sol-gel ZnO thin film for sensor applications and concluded that it
could be used for both sensor and photoelectronic applications. Thus, the above report indicates that sol-gel is
an effective technique for producing ZnO thin films for various applications. A few studies also reported
theoretical research on ZnO material properties using DFT (density functional theory). Wang et al.[22] explored
the electronic structure and optical characteristics of Tb(terbium) doped ZnO using a GGA+U method and
found that the O 2p state causes band-to-band transitions in ZnO in the topmost valence band and the Zn 4s
state in the bottom conduction band. Also, Yakoob et al. [23] investigated an LDA+U study of ZnO and
concluded that structural properties, optical, and elastic properties obtained from the study were consistent
with experimental data. The Hubbard U parameter was reported to improve the elastic properties. And Mansy et
al.[24] explored the structural, optical, and electrical characteristics of ZnO nanoparticles using both
computational and experimental methods, and concluded that the geometrical and optical characteristics agreed
well with both. Both experiments demonstrate strong absorption in the visible and ultraviolet (UV) regions.

After reviewing the existing literature on experimental and DFT-based outcomes for ZnO, we identified
that no exhaustive investigation of its structural, optical, photoluminescence (PL), and Raman properties has
yet been reported. While ZnO thin films prepared by the sol-gel method have been widely studied, the novelty
of this work lies in the combined experimental investigation and validation through first-principles
computational analysis. This integrated approach provides a deeper correlation between the experimentally

observed properties and the theoretically predicted electronic structure.

2. Materials and methods

2.1. Experimental details

0.35 M zinc acetate dihydrate precursor solution was produced by dissolving zinc acetate dihydrate into
methoxy ethanol and ethanolamine, as per our published reports [25]. This solution was stirred at 60 °C for 1
hr, then aged at room temperature for 48 hrs. The ZnO thin films were fabricated by spin-coating the precursor
solution onto cleaned, pre-patterned fluorine-doped tin oxide (FTO) glass substrates at 3000 rpm for 30 sec. The
ZnO films were then annealed at 200°C for 30 minutes on a hot plate 2 for onset of crystallization. This technique
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was repeated five times to ensure dense and uniform film coverage. The estimated average film thickness of the
sample was 300 nm using a surface profilometer, Veeco (Dektak 150). Figure 1 illustrates the schematic diagram
for the synthesis of ZnO thin films[26].
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Figure 1. Process flow diagram of the synthesis of ZnO thin film.

2.2. Characterization method

Scanning electron microscopy (SEM) (Tungsten-Electron Microscope (W-SEM)) equipped with EDX was
utilized for surface morphology analysis of ZnO thin films. Furthermore, an atomic force microscope (AFM)
(Asylum MFP-3D) was used for analysis of the quality of the thin film, an XRD diffractometer using CuK,, radiation
(A=0.15405 nm) for the structural analysis, and UV-Vis. Spectrophotometer (Unicam 5625) for the optical
properties, Photoluminescence (PL), and Raman analysis were characterized in steady-state at room temperature
using a PL spectrophotometer (LAbLRAM HR, Horiba) with the laser excitation at 325 nm and Raman analysis
using laser excitation of 532 nm.
2.3. Computational details

A Computional study was performed using density functional theory (DFT) to support the experimental
finding. The CASTEP (Cambridge Serial Total Energy Package) was used for the entire study[27][28], which is
based on the Schrodinger equation [29]. The generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) functional and the Broyden-Fletcher-Goldfarb-Shanno (BFGS) optimization method
were employed throughout the experiment. Parameters such as energy cut-off (380 eV), SCF tolerance (5.0 x 10”7
eV.A), and Monkhorst-Pack (K) points of (5 x 5 x 4) in the Brillouin zone path were selected for the simulation
study. The study also included the maximum displacement (5 x 10 A), maximum force (0.01 eV/A), and
maximum stress (0.02 GPa) as additional parameters. All the simulations had occurred in the Brillouin zone
path, i.e., G (000)-A (0,0,0.5)-H (-0.33,0.667,0.5)-K (-0.33,0.667,0)-G (000)-M ((0,0.5,0)-L (0,0.5,0.5). Further, the
electronic states for Zn atoms 3d"’ 4s* and O atoms 2s” 2p*, were considered the valence state for the Pseudo-
atomic calculation. A local density approximation(LDA)+U study was considered in this study to obtain the
accurate band structure of ZnO [24]. As is well known, the LDA (GGA) study is based on ground-state theory. It
underestimates the exchange-correlation potential between excited electronic states, giving a much lower energy
band gap than the experimental energy band gap [30]. Finally, for the analysis of Raman spectra from the

simulation, a Pseudopotential norm-converging method was used, and all parameters were kept the same.
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Figure 2. Optimized Unit structure of ZnO exported from Vesta software.

3. Results

3.1 Surface morphology and compositional analysis (EDX)

Figure 3 shows a typical SEM micrograph of ZnO thin films; topographical analysis indicates that the thin
film was homogeneous and defect-free. The granules in the thin film were evenly distributed across the substrate.
Furthermore, AFM analysis was performed to evaluate the thin film quality, as shown in Figure 4. The AFM
investigation revealed an average root-mean-square (RMS) value of 5.5 + 0.5 nm, indicating a smoother surface
finish for the thin film.

Figure 3. SEM micrograph of the grown ZnO thin film.
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Figure 4. Top view AFM (A) 2D surface profile and (B) 3D micrograph of ZnO thin film.
Furthermore, compositional analysis of the ZnO thin film was performed using EDX to determine the types
of neighbouring elements present, as shown in Figure 5. The EDX spectra show the elements contained in the
thin films as weight (%) [Zinc- 25.7, oxygen- 17.2, Tin- 46.1, gold- 3.6, sodium- 2.5, palladium- 2.1, silicon- 1.9,
Chlorine- 0.4]. The dominant presence of Zn and O confirms the successful deposition of ZnO thin film. The
remaining elements most likely originate from the substrate, the deposition environment, or the sample

preparation process.
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Figure 5. EDX spectra of the ZnO thin film.

3.2. Structural and phase properties

The structural properties and phase identification of ZnO thin film were investigated using XRD, as shown
in Figure 6(b). From the analysis, the obtained thin film was polycrystalline ZnO. Where XRD peaks (100),
(002), (101), and (102) planes corresponded to the 31.7°, 34.3°, 36.2°, and 47.5°, respectively, similar results were
also obtained in the published report [31]. The sharp, high-intensity peaks in the XRD pattern of the thin film
indicate good crystallinity all over the substrate. Furthermore, the lattice parameter was extracted as: a (A) =b
(A)=3.25, ¢(A) =5.20, and cell volume =47.62 (A’) using the JCPDS File no.00-36-1451. Additionally, the Scherrer
formula (equation 1) was used to determine the crystallite size (d) of the ZnO thin film.
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d=— )
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Where k is the Scherer constant (considered to be 0.9), y is the wavelength of the x-ray source (0.154 nm),
B is the full width half maxima (in radians), and is the peak position (in degrees). The crystallite size was

Scherrer formula,

determined to be 16.21 + 0.5 nm.
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Figure 6. XRD pattern of ZnO thin film.

3.3 Optical properties
3.3.1 UV-visible spectroscopy

The UV-Vis Spectrophotometer was used to study the optical properties, i.e., the absorbance vs wavelength
curve and the energy bandgap (E;) of the ZnO thin film, using Tauc's plot (Figure 7). Figure 7(A) shows the
absorbance vs wavelength curve of the ZnO thin film, the absorption edge observed to be at 393 nm wavelength,
which is consistent with the result as reported[32][31] For ZnO. Furthermore, the optical band gap of the thin

film was calculated using the following equations (2) and (3);

(ahv)'=C(hv-E,) @
0(:2.303% 3)

Where E; is the energy bandgap, a is the absorption coefficient, hv is the Photon energy of the ZnO thin
film, A is the absorbance, t is the measured thickness of the ZnO thin film, C is a constant, and n is the class of
the transition process (where n=2 for direct band gap and 1/2 for indirect band gap). The E; of the ZnO thin
film obtained using the Tauc’s plot was 3.39 eV, as depicted in Figure 7(B) inset, consistent with the published
report for the ZnO thin film [33][34].
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Figure 7. Variation of absorbance against the wavelength, with the Tauc plot (inset).

3.3.2 Photoluminescence (PL) properties

Figure 8 depicts the photoluminescence (PL) spectra of the ZnO film. The PL spectra show peaks at 375
nm, 502 nm, 567 nm, 592 nm, and 745 nm. The peak corresponding to 375 nm is attributed to a direct band-to-
band transition or a narrow band emission peak (NBE) [25][35]. Other peaks at 502 nm, 567 nm, 592 nm, and
745 nm were due to non-radiative recombination or deep-level emission (DLE) defects. Among various peaks
observed in DLE defects, 502 nm, 567 nm, and 592 nm are green emission bands, yellow-green emission bands,
and yellow emission bands, respectively [36]. The green emission band originates from the oxygen vacancies,
whereas the yellow-green emission emerges from the oxygen interstitials. The yellow emission band arises
from doubly ionised oxygen vacancies. The PL peak appears at 745 nm and arises from a near-infrared (NIR)
transition. [36][37]. The NIR emission observed at 745 nm can be attributed to radiative recombination between
deeply trapped holes and shallowly trapped electrons at oxygen interstitials. Alternatively, it may result from
donor-acceptor transitions between oxygen vacancies and zinc interstitial defects. The intensity of this emission
likely depends on the concentration of these defect states. Thus, PL analysis of ZnO films indicates that they
contain multiple nonradiative defect levels within the energy band gap. These defects intrinsically appear in

the ZnO films and can be tuned with doping, annealing, and/or surface passivation [38][39].
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Figure 8. Deconvoluted Photoluminescence spectra of sol-gel fabricated ZnO thin film.

3.4. Raman analysis

Figure 9 shows the Raman spectra of ZnO thin film. The Raman spectra of ZnO films display Raman
signals corresponding to 187 cm™, 419 cm™, 573 em™, 777 cm™, 971 cm™, and 1091 cm™. The band appears at 187
cm™, 971 cm™, and 1091 em™ due to the second-order features involving LO combinations and overtones [40][41]
[42]. Whereas the bands appearing at 419 cm™ and 573 cm™ are identified as E2 (high) and A1 (LO) modes of
ZnO wurtzite structure [41]. The Raman band at 187 cm™ is identified as the 2E2 (low) mode, which arises from
zinc interstitial defects. [43]. The asymmetric peak at 419 cm™ and 573 cm™ is due to the overlap of two modes,
Al (LO) and E1(LO) [44]. These modes correspond to the main Raman signal from oxygen vacancies in ZnO.
Further, grain size and crystallite size play a crucial role in determining the optical and vibrational properties
of semiconductors. Larger grains typically exhibit stronger and sharper PL due to fewer grain boundaries,
which act as non-radiative recombination centres, while smaller grains often show reduced PL intensity and
broader emission due to increased defect sites [45]. In Raman spectroscopy, larger grains lead to sharper, more
intense peaks with minimal phonon confinement, whereas smaller grains cause peak broadening, shifts, and
enhanced defect-related modes due to increased structural disorder and localized strain [46].

Thus, it may be inferred from the Raman and PL analysis of ZnO films that the observed defects in ZnO
films are primarily due to Zn interstitials and oxygen vacancies. To validate this, we have utilized DFT

investigations.
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Figure 9. Deconvoluted Raman spectra of ZnO thin film.
3.5 Validation of experiment: A first-principles based on DFT study
We conducted a first-principles DFT study of the ZnO structure to validate the experimental finding. Details
regarding the computational methodology are provided in the Materials and Methods section. The geometrical

structure of ZnO was optimized to refine its structure and to study its electronic band structure and optical
properties.

3.5.1 Structural properties
Before and after the geometry optimization, the lattice parameter of ZnO was extracted from the simulation
studies, as indicated in Table 1. The result obtained is in agreement with the results of Ma et al.[47] Results

and the experimental study (JCPDS file = 00-036-1451); however, a slight deviation in the lattice parameter was
observed, which might be due to the structure refinement.

Table 1. Structural properties of ZnO obtained before and after the geometrical optimization.

Lattice GGA-PBE JCPDS
Structures
parameters calculated results #00-36-1451
a(A)=b (A) 3.22 3.25
c(A) 5.20 5.20
Before geometry
Cell volume
optimization o5 46.69 47.62
(A
ZnO
a=90°, =90°, a=90°, 3=90°,
Cell angle (°)
v=120° v=120°
a(A)=b (A) 3.35 -
c(A) 5.24 -
L Cell -
Optimized ZnO structure . 51.112
volume(A®)

a=90°, B=90°, -

Cell angle (°
gle () .
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3.5.2 Total Density of State (DOS)

Figure 10 depicts ZnO's total density of states (TDOS) at energy levels ranging from -30 eV valence band
to 30 eV conduction band, with a Fermi level set at zero. The data analysis results indicate that the PDOS of Zn
was mainly contributed by Zn 3d and Zn 4s orbital states. In comparison, O atoms were contributed by the O
2p and O 2s orbital states. The graph shows that the valence band is mainly composed of Zn 3d and O 2s
orbitals at the topmost level, while O 2p orbitals are at a lower level near the Fermi level. Meanwhile, the
conduction band is mainly composed of Zn 4s and O 2p orbitals at the bottom. Therefore, O 2p at the topmost of
the valence band and Zn 4s orbital state at the bottom of the conduction band are mainly responsible for getting a
realistic band structure of ZnO. A similar analysis was reported using DFT in published articles [24]43].
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Figure 10. Density of states (DOS) of ZnO.

3.5.3 Electronic band structure

The electronic band structure of ZnO was calculated using a GGA-based study and found to be 3.37 eV,
similar to that reported by Jafarova et al. [49] and Harun et al. [50] shown in Figure 12A, which was observed
to be much lower than the experimentally realized result of the experimental energy band gap (E;), because
DFT is based on ground-state theory and severely underestimates the exchange-correlation potential between
excited electronic states [30]. Therefore, an LDA+U-based study evolved to correct the electronic band structure.
The Hubbard U parameter Uq.z+(8.7) and U,.o (7.2)[51], resulting in an energy bandgap(~3.37 eV), as experimental
findings with little variation. This small gap between the experimental and theoretical value indicates close to
ideal behaviour. The small deviation likely arises due to the microstructural effects of grain size and
crystallinity.The theoretical energy bandgap corrected was consistent with the published report [24][22][47] as
shown in Figure 11B. The results indicate ZnO as a direct bandgap semiconductor, i.e., the valence band's

topmost energy level and the conduction band's bottom energy level meeting at the same point (G-G point)[24].
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Figure 11. Electronic band structure of ZnO obtained after (A) GGA study & (B) LDA+U study.
3.5.4 Optical properties
3.5.4.1 Dielectric constant
Optical properties of any material are attributed to the complex dielectric function formula, which may be

represented as follows in equation (4) [52].

) @)

e(co)zel(co)ﬂsz(co

Where €, and ¢, are the dielectric function's real and imaginary components. The optical characteristics
(absorption coefficient, reflectance, and loss of function) are described by the imaginary part (&,), while the real
part (&) indicates the amount of energy stored in the material [53][54][55]. Here, we will discuss the imaginary
part (£2) of the optical properties. &, can be generated by incorporating the transition between the occupied
and unoccupied electronic states, as succinctly discussed in our prior report [55]. Figures 12(A) and (B) show
the plot of both the real part (¢;) and imaginary (e,) part of ZnO obtained after DFT calculations, which are
plotted in a wide range of 0-50 eV energy levels. Figure 12(B) depicts the dielectric function's imaginary (e2)
part, revealing three prominent peaks at 2.14 eV, 6.46 eV, and 10.1 eV, respectively. The primary intense peak
(10.1 eV) might be attributed to band-to-band transitions of electrons from the upper O-2p valence band to the
lower Zn-4s conduction band states, as stated in the density of states section. Further, other optical properties
such as absorption coefficient, reflectivity, and dielectric loss, which are related to the imaginary part of the

dielectric function, are briefly explained.
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Figure 12. Dielectric constant vs Energy(eV) graph of ZnO.

Figure 13A depicts ZnO's absorption vs. wavelength (nm) graph derived from the DFT investigation. After
analysing the graph, the absorption edge was observed at ~393 nm, consistent with our experimental findings
(393 nm). Furthermore, we investigated other optical properties, i.c., ZnO's reflectivity and loss of function.
Figure 13B depicts the reflectivity vs energy(eV) graph in the 0-50 eV energy level range, where reflectivity is
attributed to the material's capability to reflect the incident light from its surface. The graph's analysis shows
that the maximum reflectivity is 0.33 at an energy level of 14.67. When achieving the highest reflectivity (0.33),
a decrease in reflectance might be due to an electron excitation into higher-energy states or to increased photon
penetration depth into the material. This type of behaviour attributes suitable potential for optoelectronic
devices and solar cells. Moreover, loss-of-function was also studied. Figure 13C depicts the loss of function vs
energy (eV) graph, which describes where and how much energy a fast electron loses because of interactions
with the material's electronic structure while passing through it. Peaks (19.31 eV and 32.8 eV) in the loss function

vs energy (eV) graph indicate energies where the fast electron loses energy effectively.
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Figure 13. (A) plot of absorption coefficient vs. wavelength, (B) Reflectivity vs. Energy(eV), and (C) loss of function
vs. Energy(eV) of ZnO.

3.5.5 Raman analysis

Furthermore, to validate our experimental Raman results with a theoretical study, we performed a
computational analysis of the Raman spectra of the wurtzite ZnO structure. The simulated Raman data, shown
in Figure 14, reveal two prominent peaks at approximately 334 cm™ and 433 cm™, which closely agree with our
experimental findings. The peak at 334 cm™ is attributed to a second-order Raman process, precisely a
combination of the E2(high) and E2 (low) phonon modes, consistent with wurtzite ZnO [41]. The peak at 433
cm’® corresponds to the E2(high) mode, a characteristic first-order Raman-active vibration associated with the
oxygen atoms in the ZnO lattice. The defect level obtained from the theoretical Raman spectra differs slightly
from that in the experimental Raman spectra, indicating that defects in ZnO films arise during film formation,
nucleation, and growth, or from impurities. Thus, the obtained results confirm the presence of the wurtzite

phase ZnO and support our experimental Raman data.
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Figure 14. Computational study-based Raman spectra of ZnO thin film.
4. Discussion

ZnO thin film using the sol-gel method was successfully deposited on pre-patterned fluorine-doped tin
oxide-coated glass (FTO) substrates. Further, various characterization methods, such as SEM, EDX, XRD, AFM,
UV-Visible spectroscopy, PL spectroscopy, and Raman analysis, have evolved to study the morphological,
structural, and optical properties of the grown thin films. Upon analysis of the SEM micrograph, it was observed
that the thin film was uniformly distributed over the substrate, with no defects. Furthermore, XRD results
indicate that the thin films exhibit a polycrystalline structure with an average crystallite size of 16.21 + 0.5 nm.
The optical absorption edge of the thin film was observed at 393 nm, with an energy bandgap of 3.39 eV. In the
PL analysis, PL spectra of ZnO films with peaks at 375 nm (NBE) and at 502, 567, 592, and 745 nm (DLE) were
observed. These DLE emissions are linked to oxygen vacancies, interstitials, and zinc interstitials. The 745 nm
NIR peak is due to deep-level transitions. Defect emissions can be tuned by doping, annealing, or surface
passivation. In the Raman analysis, the ZnO thin film shows peaks at 187 cm™, 419 cm™, 573 cm™, 777 cm™, 971
cm”, and 1091 cm™. The bands at 417 cm™ and 573 cm™ correspond to E2 (high) and A1 (LO) modes of the ZnO
wurtzite structure, while those at 187 cm™, 971 cm™, and 1091 cm™ are attributed to second-order LO combinations
and overtones. The 187 cm™ peak also indicates Zn interstitial defects, and the asymmetric peaks at 419 cm™ and
573 cm™ are linked to oxygen vacancies. These observations suggest that Zn interstitials and oxygen vacancies
dominate the defect structure. Further, to support the experimental finding, a first-principles DFT study was
conducted to validate it. The structural properties obtained in the DFT study were consistent with experimental
data for ZnO. Also, the electronic band structure (3.37 eV) and absorption edge (393 nm) obtained from the DFT
calculation agreed with the experimental findings. Raman analysis indicates the same for wurtzite ZnO. The
above results suggest that ZnO thin films deposited by the spin-coating-based sol-gel method may be suitable
for optoelectronic and solar cell applications.
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5. Conclusions

In the present study, we comprehensively investigated the structural, optical, and Raman properties of
sol-gel-synthesized ZnO thin films using a combination of experimental and theoretical approaches. SEM,
AFM, XRD, and UV-Vis. Analysis revealed that the ZnO films exhibit a uniform surface morphology with an
average surface roughness of 5.5 + 0.5 nm and a wurtzite crystal structure with an optical bandgap of 3.39 eV.
Furthermore, PL and Raman analyses were performed to investigate defects within the ZnO thin film. The PL
analysis reveals that the thin film consists of various non-radiative deep-level emission defects at 502 nm, 567
nm, and 592 nm, corresponding to green, yellow-green, and yellow emission bands, respectively. Raman analysis
also suggests the presence of defect levels arising from oxygen interstitials and oxygen vacancies. These
experimental findings were further validated using DFT investigations. The structural and optical properties
obtained in the DFT study were consistent with the experimental findings for the sol-gel-synthesized ZnO thin
film. Also, the electronic band structure (3.37 eV) and absorption edge (393 nm) obtained from the DFT
calculation agreed with the experimental findings. DOS analysis of ZnO indicates that O 2p at the topmost of
the valence band and Zn 4s orbital state at the bottom of the conduction band are mainly responsible for getting a
realistic band structure. Moreover, the defect level obtained from the theoretical Raman spectra differs slightly
from that in the experimental Raman spectra, indicating that the defects in ZnO films arise during formation,
nucleation, and growth, or from impurities. Thus, the present work synergistically explains and validates the
structural and optical properties of ZnO films. Such results are necessary to correlate with the experimental and
theoretical results of wide-bandgap materials, which are crucial for solar cell applications.
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