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ABSTRACT

This study explores Ag/ZnO thin films on glass (Corning 0211) substrates, which were deposited using dc/rf magnetron reactive sputtering
at varying Ag-sputter powers. The impact of Ag-sputter power on physical properties, such as structural, surface, compositional, optical,
and electrical properties, is systematically explored. Grazing angle x-ray diffraction affirms a single-phase hexagonal wurtzite ZnO structure
in all films, predominantly oriented along (002) normal to the substrate. Thin films deposited at 90W Ag-sputter power exhibit superior
structural and morphological properties, including greatest crystallite and grain size, minimum stress, and roughness. Electrical studies indi-
cate that the material exhibits a semiconducting nature, with its electrical resistivity decreasing to a minimum of 0.8Ω cm at 95W. At this
level of Ag sputter power, the films demonstrate low resistivity, high mobility (0.49 cm2/V s), a charge carrier concentration of
9.6 × 1019 cm−3, and an optical transmittance of 79%, along with an optical band gap energy (Eg) of 3.06 eV. This underscores the influence
of Ag sputter power in tailoring Ag/ZnO thin films for optoelectronic applications.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003813

I. INTRODUCTION

The increasing demand for optoelectronic devices, such as
thin film transistors, intelligent (smart) windows, flat panel dis-
plays, transparent electronic devices, and photovoltaic devices,
emphasizes the significance of various process parameters in deter-
mining the ultimate performance of these devices. High transpar-
ency, cost-effectiveness, nontoxicity, and chemical stability are
inherent traits of this material under hydrogen plasma conditions.
Furthermore, ZnO films can be deposited at lower temperatures.1

The electrical characteristics of ZnO are influenced by intrinsic
defects, such as zinc interstitials and/or oxygen vacancies. The
incorporation of impurities for modifying ZnO properties is pres-
ently a significant consideration for potential practical uses.2 The
structural, microstructural, optical, and electrical properties of
Ag/ZnO thin films are influenced not only by the deposition tech-
nique, but also by the specific synthesis parameters3,4 utilized
employed during their preparation. Several physical and chemical
vapor deposition methods have been employed for the fabrication
of Ag/ZnO thin films.5 Among these techniques, dc-magnetron

ARTICLE pubs.aip.org/avs/jvb

J. Vac. Sci. Technol. B 42(5) Sep/Oct 2024; doi: 10.1116/6.0003813 42, 054002-1

Published under an exclusive license by the AVS

 26 August 2024 13:47:53

https://doi.org/10.1116/6.0003813
https://doi.org/10.1116/6.0003813
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1116/6.0003813
http://crossmark.crossref.org/dialog/?doi=10.1116/6.0003813&domain=pdf&date_stamp=2024-08-26
https://orcid.org/0000-0002-0639-603X
https://orcid.org/0000-0001-7790-7231
https://orcid.org/0009-0002-4741-2013
https://orcid.org/0000-0003-2973-9362
https://orcid.org/0000-0001-8691-3553
https://orcid.org/0000-0002-6178-5812
https://orcid.org/0000-0002-4872-3000
https://orcid.org/0000-0001-5474-7693
mailto:sampathkumar.physics@gmail.com
https://doi.org/10.1116/6.0003813
https://pubs.aip.org/avs/jvb


sputtering stands out as a highly favorable and industrially viable
method, particularly for large-area deposition. This technique facil-
itates the creation of homogeneous films with the desired thickness
and excellent adhesion, making it a preferred choice in the
industry.6,7

In general, the characteristics of films, including their struc-
ture, optical, and electrical properties, are significantly influenced
by the parameters involved in the deposition process. The electrical
behavior of Ag/ZnO thin films demonstrates a correlation with
both sputter power and deposition time. Notably, sputter power
stands out as a crucial parameter that fundamentally governs the
properties of Ag/ZnO films. Elevated sputter power contributes to
heightened surface mobility, resulting in the formation of larger
crystallite sizes.8–10 This outcome is attributed to the increased
adatom energy, leading to the production of highly crystalline Ag/
ZnO films. According to Ramadan et al.,11 dc-magnetron cosput-
tered Ag/ZnO thin films show enhanced crystallinity and optical
transmittance as the sputter power of Ag increases. Hence, sputter
power plays a pivotal role in influencing the nucleation, growth, as
well as the physical (structural, electrical, and optical) characteris-
tics of Ag/ZnO films. Employing reactive magnetron sputtering,
the deposition of Ag/ZnO thin films onto glass substrates can be
achieved under diverse growth conditions.12 Once the partial pres-
sures of the working gas (O2) and the sputter gas (Ar) have been
set, regulating the flow of the nonreactive gas enables the balancing
of sputter power supplied to the stationary Zn and Ag targets
during the reactive sputtering process. In this study, we synthesized
Ag/ZnO thin films using dc/rf magnetron sputtering and investi-
gated the effect of Ag sputter power primarily on the physical prop-
erties (structural, electrical, and optical) of ZnO.

II. EXPERIMENTAL DETAILS

Zn-Ag metals with a purity of 99.999% were used as sputtering
targets in the reactive dc magnetron sputtering process to create thin
layers of Ag/ZnO on crown glass substrates. The deposition chamber
was evacuated using a diffusion pump in conjunction with a rotary
pump to reach a chamber (base) pressure of 8.5 × 10–6 mbar. High
purity Ar and O2 were introduced as sputter and reactive gases,
respectively, using different mass flow controllers. During sputtering,
a total pressure of 6 × 10–3 mbar was maintained. The distance
between the target and substrate was set at 50mm. For every sample,
the deposition process lasted 20min.13 The Zn and Ag targets were
presputtered in an argon environment for 10min before to the depo-
sition of each film in order to clean the target surface of impurities.
The process parameters for the deposition of desired Ag/ZnO thin
films by dc/rf magnetron sputtering are given in Table I.

Glancing angle x-ray diffraction (Brucker-D8) with Cu-Kα radi-
ation was used to examine the films’ crystallinity. The angle 2θ was
adjusted in a step of 0.02° between 20 and 80°. Surface morphology
and topography were assessed through the utilization of
field-emission scanning electron microscopy (FESEM) and atomic
force microscopy (AFM). The optical interference technique was
used to measure the thickness of the films. A UV-vis-NIR spectro-
photometer (Hitachi U-3400) was used to examine the optical char-
acteristics, such as transmittance, band gap, extinction coefficient,
etc., of Ag/ZnO thin films at various sputter powers of Ag (0, 90, 95,

and 100W, respectively). Since a comparable glass was used as a ref-
erence when measuring transmittance, the transmittance spectra
were exclusive to the films. The widely recognized method (the
Swanepoel method14) was used to compute the refractive index from
the optical transmittance data. The electrical properties of Ag/ZnO
thin films, encompassing parameters, such as electrical resistivity (ρ),
carrier mobility (μ), and concentration (n), were evaluated utilizing
the Ecopia HMS-3000 system in a Van der Pauw configuration
under ambient conditions and a magnetic field of 0.5 T.

III. RESULTS AND DISCUSSION

The grazing angle x-ray diffraction (GAXRD) patterns of
Ag/ZnO films coated at different Ag-sputter power [Ps(Ag)] on

FIG. 1. GAXRD patterns of Ag/ZnO thin films at different Ag-sputter powers [Ps
(Ag)]. The patterns illustrate how the crystalline structure of the films evolves
with varying Ag deposition conditions.

TABLE I. Process parameters for dc/rf magnetron sputtered Ag/ZnO thin films. This
table lists the specific conditions and settings used during the deposition process,
including sputter power, deposition time, and substrate temperature.

Parameter Specifications

Sputtering targets Zn (Purity:4 N) & Ag (Purity: 4 N)
Base (chamber) pressure 8.5 × 10−6 mbar
Base material/substrate Corning 0211 glass
Sputtered and reactive gases Ar (5N) & O2 (4N)
Target to substrate distance 50 mm
Sputter power (zinc) 100W
Sputter power (silver) 0, 90, 95, and 100W
Sputtering time 20 min
Flow rates (Ar and O2) 28 and 2 sccm
Deposition (working) pressure 0.06–0.08 mbar
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glass substrates are shown in Fig. 1. Depending on the Ag-
concentration, only the (002) peak at approximately 34.50° is
visible in the above GAXRD plot. This observation unambiguously
points to a single-phase film with a hexagonal wurtzite ZnO struc-
ture; no significant Ag-phase growing is visible. The (002) peak
shifts toward lower angles as the Ag-sputter power increases, which
is most likely caused by the relatively bigger Ag2+ ions (0.93 Å)
replacing Zn2+ (0.74 Å). The full width at half maximum (FWHM)
of the films reduces with increasing Ag-sputter power, indicating
an improvement in crystallinity of the films.15 Thus, the x-ray

diffraction patterns show that Ag-sputter power enhances crystal-
linity, consistent with the findings of Ning et al.16 The improve-
ment is attributed to the increased mobility of adatoms deposited
on the surface, a critical factor in forming highly crystalline films.
However, Ag/ZnO thin films deposited with 100W Ag-sputter
power show a slight reduction in the grain development and an
increase in FWHM due to the significant presence of Ag, which
causes distortion. This finding enhances our understanding of the
structural changes in the Ag/ZnO system when a substantial
amount of Ag is present.

TABLE II. Effects of Ag-sputter power [Ps(Ag)] on the full width at half maximum (FWHM), d-spacing, c-constant, crystallite size, stress, and dislocation density in Ag/ZnO thin
films. This table summarizes the influence of varying sputter powers on the structural properties of the thin films.

Sputter power
[Ps(Ag)] (W)

2θ
(deg)

FWHM
(deg)

d-spacing
(nm)

c-constant
(nm)

Crystallite size (D)
(nm)

Residual stress
(GPa)

Density (disloc.)
(cm−2)

0 34.55 0.240 0.250 0.5183 41.65 0.544 6.24 × 1014

90 34.45 0.195 0.258 0.5194 48.63 0.416 4.06 × 1014

95 34.40 0.168 0.267 0.5202 53.52 0.024 3.46 × 1014

100 34.48 0.198 0.259 0.5192 43.53 0.343 5.72 × 1014

FIG. 2. FESEM images of Ag/ZnO thin films deposited at different Ag-sputter powers: (a) Ps(Ag) = 0 W, (b) Ps(Ag) = 90 W, (c) Ps(Ag) = 95 W, and (d) Ps(Ag) = 100 W. The
images show the surface morphology changes with increasing sputter power.
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The determination of the crystallite size (D) in Ag/ZnO thin
films was conducted by evaluating the FWHM of the x-ray diffrac-
tion peak associated with (002) using Debye–Scherrer’s formula,17

as expressed in Eq. (1),

D ¼ 0:94λ
β cos θ

: (1)

Table II shows how the FWHM, d-spacing, c-constant, D,
residual stress, and dislocation density change as Ag-sputter power
varies. The crystallite size grew from 41.65 to 53.52 nm when the
Ag-sputter power increased from Ps(Ag) = 0–95W. This increase
in D with Ps(Ag) suggests that greater surface mobility, caused by
increased adatom energy, improves the crystallinity of Ag/ZnO
films up to 95W of Ag-sputter power. Beyond this threshold, a
slight reduction in D was found, possibly due to the negative
impact of an excessive amount of Ag on film crystallinity, implying
lattice distortion.18

The c-constant, as indicated in Table II, exhibits minimal vari-
ation at low Ag-sputter powers up to 95W. This is due to the near
ionic radii of Ag2+ (0.93 A°) and Zn2+ (0.74 A°).19 The residual
stress, also detailed in Table II, displays variability with Ag-sputter
power, with all films characterized by residual stresses. Notably, the
Ag/ZnO film at 95W Ag-sputter power demonstrated the
minimum residual stress at 0.024 GPa. The dislocation density (δ)
provides insights into the number of defects in Ag/ZnO thin films,
calculated as δ = 1/D2.20 Films grown at Ps(Ag) = 95W exhibited a
relatively low dislocation density (δ = 3.46 × 1014 cm–2), indicating
fewer defects compared to other conditions.

The Ag/ZnO thin film surface characteristics are highly
dependent on one of the important deposition parameter called
sputter power.21 FE-SEM pictures of Ag/ZnO thin films at different
Ag-sputter powers (0, 90, 95, and 100W) are shown in Fig. 2.
Interestingly, the grain size increases as Ag-sputter power is raised
to 95W, which is consistent with a pattern shown in the GAXRD
results (Fig. 1). Numerous studies have emphasized the nanostruc-
tural characteristics associated with such crystallite sizes.22,23 As
depicted in Fig. 2, the aggregate size shows consistent augmentation
with Ag sputter power up to 95W. The reason for this phenome-
non is that Ag2+ (0.93 Å) has a greater ionic radius than Zn2+

(0.74 Å). The figures highlight that all films exhibit a smooth,
homogeneous surface morphology characterized by spherical nano-
crystalline grains. Additionally, the films demonstrate density and
strong adhesion to the substrate, devoid of any cracks.24 The
FE-SEM image at 100W Ps(Ag) is noteworthy because it shows
smaller grains than at Ps(Ag) = 95W. This observation suggests
that increased Ag-sputter power has a detrimental effect on the
film’s crystallinity, which degrades the structural integrity of the
film.

AFM pictures of Ag/ZnO thin films formed at various
Ag-sputter powers are shown in Fig. 3. These pictures, which
encompassed a 3 × 3 μm region, provide insight into the grain
development and surface textures of Ag/ZnO thin films that were
deposited at 0, 90, 95, and 100W. Notably, the AFM micrographs
reveal that crystallite dimensions are confined to the nanoscale,
approximately ranging from 30 to 50 nm. The trend in the crystal-
lite size as found by GAXRD analysis is comparable with the AFM

image analysis, which shows a modest rise in grain size with the
increasing Ag-sputter power (up to 95W). This implies that the
increased Ag-atom incorporation tends to inhibit grain growth,
leading the grain size reduction at 100W.19 AFM investigations
reveal that, up to 95W of Ag-sputter power, the root mean square
(RMS) roughness diminishes. The average surface roughness
(RMS) of samples with Ag-sputter power ≤95W is found to be
approximately 13 nm. However, the surface roughness increases
noticeably at higher Ag-sputter powers.

The investigation of the elemental composition was done via
Energy Dispersive x-ray Spectroscopy (EDX). The Ag/ZnO thin
film EDX patterns at different Ag-sputter powers are shown in
Fig. 4. Zn, O, and Ag-elements were confirmed to be present in the
deposited films by EDX analysis. The substrate (glass) is probably
the cause of the silicon found in the EDX pattern (Fig. 4). The
results displayed in Fig. 4(a) indicated that the sample contained
Zn and O elements; with an Ag-sputter power of 0W (i.e., pristine
ZnO), no additional elemental peaks (i.e., Ag) were seen in
Ag/ZnO thin films. On the other hand, Figs. 4(b)–4(d), which rep-
resent Ag/ZnO thin films with Ag-sputter powers of 90, 95, and
100W, show that the peaks at 1.185, 0.864, and 3.546 keV, respec-
tively, are linked to Zn, O, and Ag. Interestingly, a rise in
Ag-sputter power is correlated with an increase in Ag content in
the solid films.25

The performance of our synthesized Ag/ZnO thin films can
be evaluated by comparing the results of this study with those from
previously published works, as shown in Table III.

The optical transmittance, absorption coefficient, energy
bandgap, and the location of defect states resulting from contami-
nation of transparent material are all determined using UV-Vis
spectroscopy. Figure 5 shows the optical transmittance, which
spans the wavelength range of 200–800 nm. Ag/ZnO thin films
were observed to have great transparency in the visible spectrum
and low transmission in the UV spectrum. Specifically, an increase

FIG. 3. AFM images of Ag/ZnO thin films as a function of Ag-sputter power: (a)
0, (b) 90, (c) 95, and (d) 100 W. The images depict the surface topography
changes with varying Ag-sputter powers.
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in Ag-sputter power led to an increased transmittance of Ag/ZnO
thin films up to 95W. Each of the films had an easily identifiable
and well-defined UV absorption edge, and all showed transmit-
tance levels of about 75% in the visible range. Moreover, it was

shown that a significant red shift in Ag/ZnO thin films occurs as
the Ag-sputter increases.

To quantify the shift of the absorption edge, the thin films’
bandgap energies were computed. Doped ZnO is known to be a

FIG. 4. EDX patterns of Ag/ZnO thin films at different Ag-sputter powers: (a) Ps(Ag) = 0 W, (b) Ps(Ag) = 90 W, (c) Ps(Ag) = 95 W, and (d) Ps(Ag) = 100 W. The patterns
show the elemental composition of the films as influenced by varying sputter powers.

TABLE III. Comparison of various parameters of Ag/ZnO thin films at different Ag-sputter powers [Ps(Ag)]. This table provides a comprehensive overview of how parameters,
such as optical, structural, and electrical properties, vary with changes in sputter power.

Sample Method
Sputter

power (W) Transmittance (%) Bandgap (eV) Resistivity (Ω cm) Reference

Ag-doped ZnO thin films rf-magnetron sputtering 175 ∼50 3.20 59.7 × 10−3Ω cm 26
Ag-doped ZnO thin films dc-magnetron sputtering 120 ∼75 — 6 × 10−3Ω cm 5
Ag/ZnS thin films rf-magnetron sputtering 150 ∼70 3.53 — 27
ZnO:Ag thin films dc-magnetron cosputtering 100 — — 60 × 10−3Ω cm 11
Ag/ZnO thin films dc-magnetron sputtering 95 82 3.24 0.8Ω cm Present work
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wurtzite structure semiconductor with a direct band gap.28

Therefore, the correlation between the absorption coefficient (α)
and the photon energy (hν) for a direct transition could be
expressed as29

(αhν)2 ¼ (hν � Eg): (2)

Both ZnO and Ag/ZnO are recognized as direct bandgap
energy materials,30 suggesting that Ag/ZnO can undergo direct
allowed transitions. To determine the optical bandgap energy (Eg)
of Ag/ZnO thin films at various Ag-sputter powers, extrapolate the
linear section of the (αhν)2 versus (hν) plot to α = 0 on the x axis,
as illustrated in Fig. 6. This graphic provides the bandgap energies
for all samples. When the 0W Ag-sputter power yields an optical
bandgap of about 3.3 eV, it means that the thin film contains only
pristine ZnO and no Ag content. For Ag-sputter powers of 90, 95,
and 100W, the corresponding optical bandgap energy values are
3.24, 3.06, and 3.12 eV, respectively.

Figure 7 shows how the optical bandgap varies with
Ag-sputter power. It is recognized that the noble metals, such as
Ag, act as donors. Multiple research31–33 on Ag/ZnO has consis-
tently indicated that the insertion of Ag as a donor produces a red
shift rather than a blue shift, indicating a decrease in the optical
bandgap. It is noteworthy that isovalent doping of Ag in ZnO does
not result in a new donor level. This implies that Ag/ZnO alloy’s
native flaws and complexes are the sole source of n-type carriers.
The optical bandgap of Ag/ZnO thin films is minimal at 90W.
This is due to the substitution of zinc atoms by more silver atoms.
Silver atoms integrate into crystal lattice sites and consequently
decrease the bandgap as Ag-sputter power increases.34 At higher
Ag-sputter power (100W), some Zn2+ and Ag2+ ions do not react

with oxygen (O2–) ions enough and do not penetrate into crystal
lattice sites. Therefore, the optical bandgap decreases.

The variation of the refractive index (n) and the extinction
coefficient (k) for the Ag/ZnO thin films as a function of wave-
length in relation to Ag-sputter power is shown in Fig. 8. The

FIG. 5. Transmittance spectra of Ag/ZnO thin films at various Ag-sputter
powers [Ps(Ag)]. The spectra illustrate the optical transparency of the films as a
function of the sputter power.

FIG. 7. Variation of optical band gap energy as a function of Ag-sputter power
[Ps(Ag)]. This figure shows how the bandgap energy of Ag/ZnO thin films
changes with different sputtering powers.

FIG. 6. (αhν)² vs the hν plot of Ag/ZnO thin films at various Ag-sputter powers
[Ps(Ag)]. The plot demonstrates the relationship between the photon energy and
the absorption coefficient squared, indicating the optical bandgap of the films
under different sputtering conditions.
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above n and k of the films were calculated by using the following
relations (3) and (4):35

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(N2 þ n20n

2
1)

qr
, (3)

where N ¼ (n20 þ n21)/2þ 2n0n1(Tmax � Tmin)/TmaxTmin,

k ¼ αλ

4π
: (4)

Relative flatness in the long wavelength region and a sharp
increase in the shorter wavelength region are seen in the RI disper-
sion curves, which are indicative of normal dispersion in the films.
When Ag-sputter power is increased to 95W, the n shows an
increase. This is followed by a minor fall that can be attributed to
the reduction in the grain size. The n in the visible region varies
from 2.0 to 1.82, which is in line with values published in the litera-
ture.35 The reason for this uniformity could be the single-phase
wurtzite structure found in thin films made of ZnO and Ag/ZnO.
The optical losses due to absorption and scattering are included in
the k, which progressively drops with decreasing wavelength. Ag/
ZnO thin films have excellent surface smoothness, as indicated by
the average k value in the visible range of 2 × 10–1.36 An indicative
of the films’ outstanding surface qualities is their low k, which is on
the order of 10–1 in the visible region. Up to 95W, the k falls as
Ag-sputter power increases; after that, a loss in transmittance
causes a little increase in k.

The electrical properties of the doped ZnO thin films are
mainly dominated by the electrons generated by Zn interstitial

FIG. 8. Variation of the refractive index (n) (a) and the extinction coefficient (k) (b) of Ag/ZnO thin films as a function of Ag-sputter power [Ps(Ag)]. The figures illustrate
how the optical constants of the films change with varying sputtering conditions.

FIG. 9. Variation of electrical parameters: resistivity (ρ), carrier concentration
(n), and Hall mobility (μ) in response to Ag-sputter power [Ps(Ag)]. This figure
illustrates the impact of sputter power on the electrical properties of Ag/ZnO thin
films.
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atoms and oxygen vacancies.37 Hall effect measurements were con-
ducted using the van der Pauw method with the magnetic field of
0.5 T. The Hall measurements (ρ, n, and μ) of Ag/ZnO thin films
at various Ag-sputter powers are depicted in Fig. 9. The resistivity
(ρ) of the Ag/ZnO thin films is 3.45 × 102Ω cm at an Ag-sputter
power of 0W. However, it dramatically decreases to a minimum of
0.8Ω cm at 95W and then slightly increases to 10Ω cm at 100W
with the increasing Ag-sputter power. Hall electrical measurements
indicate that all films exhibit n-type conductivity. Additionally, as
the Ag-sputter power increased, the mobility (μ) roses from 0.05 to
0.48 cm2/V s. This corresponded to an increase in n from 9 × 1018

to 9.6 × 1019 cm–3, followed by a drop in both n and μ. As in many
other MOSs, the mobility and carrier concentration of doped ZnO
increases with increasing sputter power/pressure.38 At lower
Ag-sputter powers, the ρ of Ag/ZnO thin films exhibits
quasi-intrinsic characteristics. The ρ is the lowest at 95W
Ag-sputter power, which is due to the bigger grain size. The rise in
n and μ with sputter power, which is mostly due to an increase in
the crystallite size, is demonstrated by GAXRD.

IV. CONCLUSIONS

In conclusion, this study demonstrates the successful fabri-
cation of Ag/ZnO thin films through reactive dc/rf magnetron
sputtering, with the sputter power being a key variable. A thor-
ough exploration of the structural, surface, compositional,
optical, and electrical properties of these films was conducted,
revealing insights into the impact of Ag sputter power. The
structural analysis, particularly via GAXRD studies, confirmed
the presence of a single-phase hexagonal wurtzite ZnO structure
in all films, predominantly oriented along the (002) direction.
Notably, films deposited at 95W Ag sputter power exhibited
superior structural and morphological characteristics, featuring
larger crystallites, minimal stress, and reduced roughness. The
electrical properties revealed the n-type semiconducting nature
of Ag/ZnO thin films, with a significant decrease in electrical
resistivity, reaching a minimum of 0.8Ω cm at 95W Ag sputter
power. At this optimal power level, films displayed exceptional
attributes, including low electrical resistivity, high mobility
(0.49 cm2/V s), a carrier concentration of 9.6 × 1019 cm−3, and
high optical transmittance of 79%, accompanied by an optical
bandgap energy of 3.06 eV. These findings underscore the
crucial role of Ag sputter power in tailoring the properties of
Ag/ZnO thin films for potential optoelectronic applications,
offering insights for optimizing their performance in various
device applications.
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