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This study explores the development of transparent antibacterial surfaces based on Ag-doped ZnO nano-
structured thin films. The primary aim is to investigate the influence of silver (Ag) content on the optical
transparency and antimicrobial properties of the films. ZnO, which is known for its inherent antibacterial
properties and optical transparency, was doped with varying concentration of Ag (5, 10, 15, and 20 %) using the
rapid thermal evaporation technique, followed by annealing to enhance film quality. The structural, optical, and
antibacterial properties of the films were characterized using X-ray diffraction, field emission scanning electron
microscopy, ultra-violet and visible UV-Vis spectroscopy, and microbial assays against Staphylococcus aureus
(S. aureus). Results indicated that the incorporation of Ag nanoparticles improved significantly the antibacterial
efficacy of ZnO films, and the bacterial inactivation was enhanced for high Ag concentrations especially at 15 %
Ag. An increase in silver content modified the nanostructure, reduced optical transparency from 83 % to 56.5 %,
and decreased the bandgap from 3.88 eV to 3.35 eV, followed by a rise to 3.69 eV at 20 % Ag. These changes
were accompanied by the formation of silver agglomerates at higher doping levels. An optimal balance between
preserving high optical transparency and attaining robust antibacterial efficacy was identified at intermediate Ag
concentrations (10-15 %). This study highlights the potential of Ag-doped ZnO films as versatile coatings suit-
able for applications demanding both transparency and antimicrobial performance, including medical devices,
display panels, and protective surfaces.

1. Introduction

The rapid advancements in materials science have paved the way for
innovative solutions addressing critical public health challenges,
particularly in infection control and prevention [1,2]. Among these
advancements, the development of transparent antibacterial surfaces
stands out as a significant achievement, offering dual functionality of

optical transparency combined with potent antimicrobial properties.
Such surfaces are especially valuable in applications where both visi-
bility and hygiene are important, including medical devices, display
screens, and protective coatings [3-6].

ZnO, a wide-bandgap semiconductor, has attracted significant
attention as a promising material for the fabrication of transparent
biocidal thin films due to its exceptional optical transparency and
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intrinsic antibacterial activity [7,8]. The antimicrobial effectiveness of
ZnO is primarily linked to its ability to generate reactive oxygen species
(ROS), which can effectively inactivate a broad spectrum of bacteria
upon exposure to light or ambient moisture. Enhancing the antibacterial
properties of ZnO through the incorporation of Ag nanoparticles has
been shown to further amplify its efficacy [9,10]. Ag is well-known for
its broad-spectrum antimicrobial action, which disrupts bacterial cell
membranes, interferes with metabolic processes, and inhibits cellular
replication [11].

This study focuses on the synthesis, characterization, and evaluation
of transparent Ag-doped ZnO thin films, aiming to integrate high optical
transparency with strong antimicrobial activity, specifically targeting
the gram-positive bacterium Staphylococcus aureus (S. aureus). By care-
fully controlling the Ag doping concentration within ZnO matrix, the
objective is to optimize the balance between transparency and anti-
bacterial efficacy. Several methods have been previously employed to
fabricate Ag-doped ZnO thin films, including sputtering [12], pulsed
laser deposition (PLD) [13], sol-gel method [14], spray pyrolysis [15],
and thermal evaporation [16]. However, there is a lack of comprehen-
sive studies on the fabrication of Ag layers using the rapid thermal
evaporation (RTE) technique. This method offers a cost-effective and
straightforward approach, allowing for rapid deposition within seconds.
Furthermore, the RTE process is followed by annealing in ambient air,
promoting the distribution and diffusion of Ag particles, thereby
enhancing the antibacterial performance of the films.

This research explored the morphology, structural, optical, wetta-
bility, and antibacterial properties of Ag-doped ZnO thin films. Struc-
tural and morphological analyses were performed using techniques such
as X-ray diffraction (XRD) and field emission scanning electron micro-
scopy (FE-SEM) to elucidate the crystalline structure and surface
morphology of the films. The optical properties, including transparency,
bandgap, and refractive index were assessed using UV-Vis spectroscopy.
The wettability behavior was investigated using a surface tensiometer,
and the antibacterial performance against S. aureus was evaluated
through standard microbial assays, focusing on the films’ ability to
inactivate common pathogens.

Through comprehensive experimental analysis, this research aims to
advance the understanding of transparent antibacterial surfaces and
provide valuable insights into the mechanisms underlying their dual
functionality. The findings are expected to contribute to the develop-
ment of multifunctional coatings with applications in various sectors,
including healthcare, consumer electronics, and environmental protec-
tion. Ultimately, the integration of transparency and antimicrobial
properties in a single material holds significant potential for enhancing
public health and safety in diverse fields.

2. Experimental procedures
2.1. Samples’ preparation

Ag:ZnO (AZO) films were grown on ordinary glass substrates
(Stairway) having a thickness of 1 mm and a surface area of 200 mm?
using the thermal evaporation technique. The evaporated materials,
sourced from SIGMA-ALDRICH with a purity of 99 %, consisted of a
mixture of ZnO and Ag powders in varying mass ratio corresponding to
Ag content of 0, 5, 10, 15, and 20 %, respectively. Prior to deposition,
the substrates were thoroughly cleaned using acetone and ethanol. Once
cleaned, the substrates were placed in the evaporator chamber. The
deposition process, conducted at a residual pressure of approximately
10°® mbar, began with the rapid heating of the crucible containing the
crushed mixture of ZnO and Ag. The temperature was increased beyond
the sublimation point of ZnO (approximately 1600 °C at 10°® mbar),
enabling the deposition of the films. Following deposition, the samples
were annealed under atmospheric pressure at 500 °C for one hour. The
final step involved characterizing the samples to study the variation in
morphological, structural, optical, wettability properties, as well as their
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antibacterial activity against S. aureus bacteria, as a function of
increasing Ag concentration.

2.2. Characterization of the samples

The XRD structural characteristics of the AZO films were determined
using a Bruker Advance D8 diffractometer (Cu-Ka, A = 1.54 A). The
bonding structure was analyzed through bond vibrations recorded by
Raman spectroscopy using a LabRam H-Resolution confocal micro-
Raman spectrometer from Horiba Jobin Yvon. The film morphology
was examined using FE-SEM microscope (JSM-7610FPlus). Optical
transmittance of the deposited layers was measured with an OPTI ZEN
3220 UV spectrophotometer across the UV-Visible-NIR range
(200-1000 nm). Wettability characteristics were assessed using an
interfacial digital tensiometer (GIBERTINI BRAND MODEL TSD DCA
300), equipped with a motorized elevator and WIN DCA 300 software
for controlling the elevator and automatically determining surface ten-
sion and contact angle. Finally, antibacterial activity against Gram-
positive S. aureus was evaluated using the inactivation kinetics method.

2.3. Methodology for optical parameter extraction

The Particle Swarm Optimization (PSO) algorithm was employed to
extract optical parameters, including the refractive index, absorption
coefficient, and optical band gap of the films using only the transmission
spectra. Additionally, this method was used to determine the thickness
of the layers. Detailed descriptions of this methodology are provided in
our previous works [17,18].

The refractive index values were calculated using the Cauchy
dispersion model, expressed as follows [19,20]:

n(i) = a +’j—; &)

where a5, B; are two fitting parameters. These equations and models
enable precise determination of the optical characteristics of the films,
facilitating a thorough analysis of their performance.

2.4. Antibacterial activity

The antibacterial activity of Ag glass samples was assessed through
the following stages:

2.4.1. Bacterial suspension preparation

Experiments utilized S. aureus LG 251, which were sourced from the
Pasteur Institute Collection (Algiers, Algeria). Bacterial cultures were
prepared by suspending colonies in Tryptone Soy Broth (TSB, Oxoid,
UK) and incubating at 37 °C for 18 h. Following incubation, the bacterial
cells were harvested by centrifugation (4,000 g for 15 min at 4 °C). Prior
to inoculation, the bacterial suspension was adjusted to a final concen-
tration of 10® CFU (Colony Forming Units)/mL, which corresponds to an
optical density of approximately 0.1, as measured by a
spectrophotometer.

2.4.2. Evaluation of bacterial inactivation effect

The antimicrobial efficacy of the Ag glass samples, with varying Ag
concentrations, was evaluated by applying a 5 uL drop (covering an area
of 4-5 mm?) of the bacterial suspension to square pieces of coated glass
(10 mm?). The coated glass samples were sterilized in an autoclave at
120 °C for 15 min before use. Three samples per condition were placed
in Petri dishes and incubated at 37 °C for contact times of 0, 3, and 15 h.
Uncoated glass samples served as negative controls. After incubation,
the glass pieces were transferred to tubes containing 10 mL of sterile
physiological water and agitated to release any adhered bacterial cells.
Aliquots of 1 mL were serially diluted in sterile physiological water,
spread-plated onto Plate Count Agar (PCA) medium, and incubated at
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37 °C for 24 h to determine the bacterial count. All experiments were
performed in triplicate.

2.4.3. Statistical methods

The statistical significance of the antibacterial effect of different Ag
coating concentrations on S. aureus survival was determined using one-
way analysis of variance (ANOVA), followed by Tukey’s post hoc test.
Additionally, the mean bacterial survival rates were statistically
compared to the negative control using ANOVA followed by Dunnett’s
post hoc test. A significance level of p < 0.05 was used throughout the
analysis.

3. Results and discussion
3.1. Morphological properties
Fig. 1(a) and 1(b) depict the morphology of pure ZnO films, while

Fig. 1(c) and 1(d) show the morphology of Ag:ZnO films with 5 % Ag
doping, at two different magnifications. The ZnO films exhibit a
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relatively homogeneous and compact surface with some irregularly
shaped particles. The presence of lighter and darker areas on the surface
might indicate variations in height and roughness; the lighter regions
represent the elevated grains, whereas the darker areas correspond to
the deeper regions [21].

Upon doping with 5 % Ag, the surface morphology shows more
pronounced contrasts. Ag particles, appearing as bright grains on the
surface, are observed surrounding the darker ZnO grains. This phe-
nomenon is attributed to the high mobility of Ag atoms even at room
temperature, which becomes more pronounced during the annealing
process at 500 °C [22]. The migration of Ag to the surface through
weaker zones, as illustrated in Fig. 2(a) and 2(b) for Ag:ZnO (10 % Ag)
layers, creates nucleation sites that enhance the crystallinity of the ZnO
matrix. This improved crystallinity is reflected in the increased forma-
tion of nanorods approximately 87 nm in width, which are likely ZnO.
Additionally, Ag nanospheres with an average diameter of approxi-
mately 40 nm are observed migrating from the bulk to the surface. At 15
% Ag doping, while maintaining the same annealing conditions, Fig. 2(c)
and 2(d) reveal that ZnO nanorods begin to merge, resulting in an

Fig. 1. FE-SEM images of (a), (b) pure ZnO thin films and (c), (d) Ag:ZnO (5% Ag) thin films.
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Fig. 2. FE-SEM images of Ag:ZnO thin films with varying silver concentrations: (a), (b) 10% Ag; (c), (d) 15% Ag; (e), (f) 20% Ag.
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increased average width of approximately 95 nm. Simultaneously, Ag
nanospheres agglomerate into larger microspheres with an average
diameter of around 230 nm, which are dispersed across the surface.

Fig. 2(e) and 2(f) illustrate the morphology of Ag:ZnO films with 20
% Ag content. A notable observation is the disappearance of ZnO
nanorods, likely due to the extensive migration of Ag through the film,
which contributes to the formation of Ag agglomerates. The continuous
coalescence of ZnO nanorods observed for 15 % Ag doping progresses to
form a compact and continuous film. The Ag microspheres exhibit
further growth with the increase in Ag content, resulting in an average
diameter of approximately 554 nm. This behavior of Ag migration and
agglomeration in ZnO films has been similarly reported in previous
studies [22,23].

Key metrics derived from the height distribution of the surface
microtxture offer important quantitative data that enable a deeper un-
derstanding of surface morphology and roughness. These parameters,
including arithmetical mean height (Sa), root mean square height (Sq),
and skewness (Ssk), help to characterize the microstructural variations
on a surface at the nanoscale. Analyzing these distributions allows for
the identification of surface features such as peaks, valleys, and their
spatial arrangements, which are directly related to material properties
like wettability, adhesion, and friction [24-26]. Additionally, the sta-
tistical moments of height distributions, such as kurtosis (Sku), provide
insight into the sharpness or flatness of surface features, influencing how
a material interacts with its environment, particularly in applications
like coatings, catalysis, and biomedical implants [27-29]. The ampli-
tude parameters of the analyzed samples, which were computed ac-
cording to ISO 25178-2:2012 [30], are given in Table 1. The surface
texture directions and texture isotropy of the different samples are given
in Table 2.

Sa (Arithmetic Mean Height) increases from 0.20 pm for pure ZnO to
0.40 pm for films with 20 % silver reflecting increased surface roughness
and particle formation with higher Ag content. This trend is evident in
Figs. 1 and 2, which show increasing surface roughness with higher Ag
concentrations. Sq (Root Mean Square Height) increases from 0.30 pm in
pure ZnO to 0.56 pm in films with 20 % silver, indicating greater surface
roughness. This is consistent with the FE-SEM images that show more
pronounced surface features as Ag content increases. Ssk (Skewness)
increases from 0.5 for pure ZnO to 1.0 for 20 % Ag:ZnO, reflecting a shift
towards more pronounced peaks and surface irregularities. Figs. 1 and 2
show this increased asymmetry with higher Ag doping. Sku (Kurtosis)
increases from 3.0 in pure ZnO to 4.0 in 20 % Ag:ZnO, indicating sharper

Table 1

The amplitude parameters of samples according to ISO 25178-2:2012: pure
Zn0, Ag:Zn0O (5% Ag), Ag:Zn0O (10% Ag), Ag:ZnO (15% Ag), Ag:ZnO (20% Ag)
thin films.

The Symbol  Pure Ag:ZnO Ag:ZnO Ag:ZnO Ag:ZnO
statistical ZnO 5% (10 % 15 % (20 %
parameters Ag) Ag) Ag) Ag)
Values Values Values Values Values
Height
Parameters
Arithmetic Sa 0.20 0.24 0.28 0.36 0.40
mean [pm]
height
Root mean Sq 0.30 0.36 0.40 0.50 0.56
square [pm]
height
Skewness Ssk [-] 0.5 0.7 0.8 0.9 1.0
Kurtosis Sku [-] 3.0 3.2 3.5 3.8 4.0
Maximum Sp 0.50 0.60 0.70 0.90 1.00
peak [pm]
height
Maximum pit ~ Sv 0.40 0.50 0.60 0.80 0.90
height [pm]
Maximum Sz 0.90 1.10 1.30 1.70 1.90
height [pm]
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Table 2
Surface texture directions, texture isotropy, and fractal dimension of analyzed
samples.

Samples Texture direction [°] Fractal
Isotropy First Second Third ([h]m ension
[%] direction direction direction i
[°] [°] [°]
Pure ZnO 75.10 90.18 119.31 149.52 2.12
Ag:ZnO 65.72 85.25 130.82 154.23 2.16
5%
Ag)
Ag:ZnO 50.80 80.76 124.0 157.59 2.21
(10 %
Ag)
Ag:ZnO 45.19 75.53 130.75 155.52 2.29
(15 %
Ag)
Ag:ZnO 35.29 70.01 141.35 159.54 2.32
(20 %
Ag)

peaks and a more concentrated height distribution. This is supported by
the FE-SEM images, which show increased peak sharpness and particle
concentration. Sp (Maximum Peak Height) increases from 0.5 pm for
pure ZnO to 1.0 pm for 20 % Ag:ZnO, evidencing taller surface peaks.
This is visible in Figs. 1 and 2, where higher Ag concentrations result in
more pronounced peaks. Sv (Maximum Pit Height) increases from 0.40
pm in pure ZnO to 0.90 pm in 20 % Ag:Zn0O, showing deeper surface
depressions. The FE-SEM images confirm these deeper pits with
increased Ag doping. Sz (Maximum Height) increases from 0.9 pm for
pure ZnO to 1.9 pm for 20 % Ag:ZnO, indicating greater overall height
variation and surface irregularities. Figs. 1 and 2 illustrate this with
more extensive particle formation and surface modifications at higher
Ag concentrations.

For pure ZnO, high isotropy of 75.10 % indicates a uniform surface
texture. The texture directions (90.18°, 119.31°, 149.52°) reflect a
relatively smooth surface, consistent with the homogeneous and
compact surface observed in the morphology. For Ag:ZnO (5 % Ag),
isotropy decreases to 65.72 %, showing slight reduction in surface
uniformity. Texture directions (85.25°, 130.82°, 154.23°) suggest
increased surface contrast due to the presence of Ag particles. For Ag:
ZnO (10 % Ag), a further reduction in isotropy to 50.80 % indicates more
pronounced directional texture. The texture directions (80.76°, 124.00°,
157.59°) align with the formation of nanorods and Ag nanospheres.

For Ag:ZnO (15 % Ag), isotropy decreases to 45.19 %, confirming a
more directional surface. The texture directions (75.53°, 130.75°,
155.52°) correspond with the merging of ZnO nanorods and Ag micro-
sphere agglomeration. For Ag:ZnO (20 % Ag), lowest isotropy of 35.29
% indicates a highly directional surface. Texture directions (70.01°,
141.35°, 159.54°) match the disappearance of ZnO nanorods and
dominance of large Ag microspheres.

With higher Ag doping, the surface texture becomes more directional
and less isotropic, as observed in both the isotropy percentages and the
texture directions. This trend corresponds to the morphological changes
reported in Table 1, where Ag doping leads to increased surface
roughness and the formation of distinct Ag features. The observed trends
in surface texture are consistent with the changes in morphological
parameters such as arithmetic mean height, root mean square height,
and maximum height, which increase with higher Ag content. This re-
sults in more pronounced surface features and reduced isotropy.

As Ag content increases, the fractal dimension consistently rises,
reflecting increased surface complexity and roughness. For pure ZnO,
the fractal dimension of 2.12 indicates a relatively smooth surface with
moderate complexity, corresponding to moderate texture direction
variability and high isotropy (75.10 %). With 5 % Ag, the fractal
dimension increases to 2.16, indicating more surface complexity and
corresponding to reduced isotropy (65.72 %) and increased texture
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direction variability. At 10 % Ag, the fractal dimension rises to 2.21,
showing further surface roughness. This correlates with decreased
isotropy (50.80 %) and greater texture direction variability. For 15 %
Ag, the fractal dimension of 2.29 reflects significant surface roughness
and complexity, aligned with a lower isotropy (45.19 %) and increased
texture direction variability. With 20 % Ag, the fractal dimension rea-
ches 2.32, indicating the highest surface complexity. This is consistent
with the lowest isotropy (35.29 %) and most pronounced texture di-
rection variability. Overall, higher Ag doping results in increased fractal
dimensions, greater surface roughness, reduced isotropy, and more
variability in texture directions.

Fig. 3(a, b) presents the surface EDS analysis of Ag:ZnO thin films
containing 15 % and 20 % Ag, respectively. The analysis prominently
revealed the presence of silver (Ag), zinc (Zn), and oxygen (O) as the
primary elements in the films, confirming their expected composition.
These elements are indicative of the successful incorporation of Ag into
the ZnO matrix, forming the Ag:ZnO structure. Silicon (Si) peaks were
also detected, which are attributed to the glass substrates and do not
interfere with the primary elemental composition of the films.

3.2. XRD analysis

Fig. 4 illustrates the X-ray diffraction spectra for ZnO films with and
without annealing, as well as Ag-doped ZnO thin films with varying
silver concentrations. Initially, unannealed pure ZnO films do not
exhibit ZnO phases but instead reveal Zn phases, characterized by peaks
at 20 = 36.78°, 39.14°, 43.46°, 54.64°, and 70.63°, corresponding to the
(002), (100), (101), (102), and (110) planes, respectively (ICCD 00-001-
1238). This phenomenon is attributed to the high evaporation temper-
ature of ZnO (approximately 1600 °C), which results in the dissociation
of ZnO into Zn and O atoms. Zn condenses on the substrate, while a
limited amount of oxygen is adsorbed, insufficient for complete oxida-
tion to ZnO. Consequently, the ZnO phase is present in a concentration
too low to be detected by XRD, necessitating an annealing process to
ensure full oxidation [31-33].

Post-annealing, the ZnO phases become evident. Pure ZnO films
display peaks at 20 = 31.47°, 34.62°, and 36.42°, corresponding to the
(100), (002), and (101) planes, indicative of the hexagonal wurtzite
structure of ZnO (ICDD 00-036-1451). Additional diffraction peaks at
20 = 47.61°, 56.75°, 63.03°, 67.94°, 73.01°, and 76.48° correspond to
the (102), (110), (103), (112), (004), and (202) planes, respectively,
further confirming the polycrystalline nature of the material [34].

Ag doping does not alter the fundamental hexagonal wurtzite
structure of ZnO. However, the introduction of Ag results in the
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emergence of secondary phases, evidenced by peaks at (111), (200),
(220), and (311), which are attributed to the face-centered cubic (FCC)
phase of metallic silver (ICDD 00-004-0783). The intensity of these
peaks increases with higher Ag concentrations. Films doped with 15 %
and 20 % Ag also exhibit peaks corresponding to the (331), (511), (620),
(202), and (820) planes, associated with the Ag>03 phase (ICDD 00-040-
0909). This suggests partial oxidation of Ag nanoparticles and micro-
spheres, as observed in the scanning electron microscopy (SEM)
analysis.

Ag incorporation into the ZnO lattice can occur either as a substit-
uent for Zn?* or as an interstitial atom, leading to subsequent agglom-
eration [35]. Due to the larger ionic radius of Ag+ 1.22 [D\) compared to
Zn?* (0.72 A), the substitution of Zn?" by Ag" induces lattice defor-
mation, which can explain the observed shifts in the ZnO phase peaks
[36]. At higher Ag concentrations, the ionic radius difference diminishes
the substitution effect, promoting the agglomeration of Ag particles and
resulting in pronounced peaks for metallic Ag.

The effect of Ag incorporation on the structural properties can be
effectively analyzed by calculating the lattice parameters ’a’ and ’c,” as
well as the average crystallite size ’D,’ using the (1 00) and (002) peaks.
This analysis is based on ZnO’s hexagonal wurtzite structure [37,38]:

1 4(h®>+k*+hk) B
#."3 <a2 ) ta @
€= sin(/lehkl) 3

The crystallite size (DDD) was calculated using the full width at half
maximum (FWHM), the Bragg diffraction angle (6), and the wavelength
of the X-ray source (). Additionally, the strain along the c-axis (e.) and
the a-axis (e,) was estimated using these parameters [39].

e =100 (6)
Co

a—ap
Eq =

x100 @

where ag = 0.3249 nm and ¢y = 0.5205 nm.

306 a) Si Element Weight% Atomic%
3%

ZnK 3141 27.89
35

OK 53.59 56.54
308K

Agk 15 1557
26K

Totak 100 100
20K

In In

b) Element Weight% Atomic%
225 Ag

ZnK 27.41 24.89
" 0K 52.59 5354
175K Si AgkK 20 21.57
150K Totak 100 100

125K

000 100 200 300 40 500 600 10 800 900

Fig. 3. Surface EDS analysis results of (a) Ag:ZnO(15 %Ag) and (b) Ag:ZnO(20 %Ag) thin films.
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Fig. 4. XRD spectra of ZnO and Ag doped ZnO thin films with different Ag contents.

The impact of Ag doping on the crystallite size and lattice parameters
is detailed in Fig. 5 and Table 3. The ’c¢’ lattice parameter values for
doped ZnO films are observed to be lower than that of pure ZnO (cy =
0.5205 nm), suggesting a negative micro-strain along the c-axis. This
indicates the presence of tensile stress within the ZnO layers along the c-
axis [40]. For films with Ag doping concentrations exceeding 10 %, an
increase in the ’c’ axis values is noted, likely due to the larger ionic

—H-— Crystallites size D (nm)
- A- | attice parameter a (nm)
- @— Lattice parameter ¢ (nm)

radius of Ag atoms compared to Zn atoms, which introduces additional
strain along both the ’c’ and ’a’ axes. Notably, with Ag doping levels
beyond 10 %, the lattice strain in the films decreases, reflecting an
enhancement in the crystalline quality. The crystallite sizes for ZnO
films range from 7.98 nm for undoped ZnO to 16.17 nm for films doped
with 20 % Ag. This increase in crystallite size can be ascribed to an in-
crease in oxygen vacancies in Ag-doped films and the substitution of
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Fig. 5. Variation of cristallites size D, lattices parameters ‘a’ and ‘c’ as a function of Ag content.
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Table 3
Lattice constants ‘a’ and ‘c’, crystallites size D, micro strains €, and ¢, of different
films.

Parameters c a D & £q

Films (nm) (nm) (nm)

ZnO 0.5175 0.3228 7.98 —0.0057 —0.0065
Ag:ZnO (5 %Ag) 0.5144 0.3170 13.58 —0.0117 —0.024
Ag:Zn0 (10 %Ag) 0.5200 0.3164 16.01 —0.0009 —0.026
Ag:Zn0O (15 %Ag) 0.5198 0.3170 16.10 —0.0013 —0.024
Ag:ZnO (20 %Ag) 0.5197 0.3200 16.17 —0.0015 —0.015

Zn?“ions by Ag* ions, which results in a larger
(dhkl) in ZnO [41].

interplanar distance

3.3. Raman analysis

Fig. 6 shows the Raman spectra of ZnO layers with Gaussian
deconvolution. The spectrum for pure ZnO exhibits peaks at 101 em!
and 429 cm’l, corresponding to the E5 (low) and E; (high) vibrational
modes, respectively. The E; (low) mode is associated with the vibrations
of zinc atoms, while the E; (high) mode is characteristic of the hexagonal
wurtzite structure of ZnO [42]. This observation is consistent with XRD
findings. However, the E; (high) peak shifts to 429 cm_l, deviating from
the theoretical value of 437 cm™! [43]. This shift is indicative of internal
defects and strains within the ZnO lattice. The broader peak width and
reduced intensity further suggest lower crystallinity of the wurtzite
phase in the material [44]. After doping with Ag, the disapearence of Ep
(high) was noted. As reported by [45,42], as the concentration of Ag
dopants increased, the Ey(high) phonon mode became broadened and
was nearly absent in the Raman spectrum of the Ag-ZnO film at an
atomic ratio up to 5 %. The reduced intensity of the Ex(high) signal with
the introduction of Ag atoms into the ZnO system is attributed to the
disruption of the crystalline structure, as evidenced by the degradation
of the c-axis growth orientation observed in the XRD patterns. Addi-
tionally, at an atomic ratio up to 5 % Ag, the ZnO film grew without a c-
axis orientation, leading to the near absence of the Eo(high) mode in the
Raman spectrum. In contrast to the behavior of the E(high) phonon
mode, the intensity of the A;(LO) mode increased significantly with
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higher levels of Ag doping. A prominent and broad peak corresponding
to the A1(LO) mode was observed in the Raman spectrum of the ZnO film
doped with 5 % Ag. The A;(LO) mode, characteristic of the wurtzite
structure, is detected at 568 cm ™! and shifts to lower frequencies in the
doped layers. This shift is attributed to the incorporation of Ag atoms
into the ZnO lattice. In pure ZnO films, incomplete oxidation results in
Zn atoms incorporation as self-doping [46].

In addition, the A;(TO: transverse optical phonon mode) mode is
observed in the doped ZnO samples, with peak shifts to 377 em ™, 379
em ™Y, 365 cm ™!, and 370 em ™! for Ag concentrations of 5 %, 10 %, 15
%, and 20 %, respectively. The E;(TO) mode appears only in the 20 %
Ag-doped samples, while the E; (LO: longitudinal optical phonon mode)
mode is present in samples doped with 5 % and 10 % Ag. Additionally, a
local vibrational mode (LVM) between 480 and 490 cm~ ! is observed in
Ag-doped ZnO layers, confirming Ag incorporation into the ZnO lattice
[47].

Several additional peaks are detected in the spectra. Peaks in the
645-700 cm ™! range are associated with disorder due to Zn™ and oxygen
vacancies [48]. Bands between 700 and 770 ¢cm™! are attributed to
molecules containing Ag+ ions [49], while bands in the 770-930 cm !
range represent multi-phonon modes of ZnO [45]. Lastly, bands between
86 cm™! and 331 cm™! in the 20 % Ag-doped layer are attributed to
sublattice vibrations of Ag and the presence of silver oxide, respectively
[50]. The significant vibrational modes are summarized in Table 4.

Table 4

The identified Raman peaks of Ag:ZnO thin films.
Vibration mode E(Low) A1(TO) E,(TO) E(high) A1(LO) E1(LO)
Films
Pure ZnO 101 - — 429 568 -
5 %Ag:ZnO 113 377 - - 555 585
10 %Ag:ZnO 101 379 — — 564 598
15 %Ag:ZnO 96 365 - - 556 -
20 %Ag:Zn0O 114 370 398 - 567 -

926

567
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Intensity (arb.u.)
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Fig. 6. Deconvolved Raman Shift spectra of undoped (a) and (5, 10, 15, 20) %Ag doped ZnO (b), (c), (d), (e) thin films.
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3.4. Optical properties

Fig. 7 shows the optical transmittance spectra of pure ZnO and Ag-
doped ZnO films across the 200-1000 nm wavelength range. Pure
ZnO films exhibit the highest optical transmission, reaching 83 % within
the transparency region up to 550 nm. As the Ag concentration in-
creases, a notable decrease in transmission is observed, with values
dropping to 78 % and 56.5 % for 5 % Ag and 20 % Ag, respectively.
These variations are attributed to microstructural and morphological
alterations induced by differing Ag concentrations. Specifically, the
incorporation of Ag nanoparticles affects the optical properties due to
surface plasmon resonance (SPR), a phenomenon where metallic parti-
cles alter optical behavior based on their size, shape, and orientation, as
well as the refractive index of the surrounding medium [51]. The impact
of Ag particle size and morphology, influenced by surface diffusion and
agglomeration, aligns with findings by Johnson and Christy [52].

The optical transmission spectra of Ag:ZnO films reveal an SPR ab-
sorption band in the 400-500 nm range, which is especially pronounced
in the 20 % Ag-doped layer, as described in reference [53]. This
enhancement in SPR absorption indicates that the Ag nanoparticles (Ag-
NPs) are sufficiently large to exhibit plasmonic resonance within visible
light. In films with 10 % and 15 % Ag, reduced SPR absorption is
observed, likely due to the coalescence of smaller Ag-NPs into larger
aggregates, which alters their surface and internal distribution. The
broad Ag-NPs distribution within the film, reflected in the reduced ab-
sorption in the visible region, suggests a combined effect of SPR ab-
sorption and metallic reflection [54].

Fig. 8 illustrates the refractive index dispersion as a function of
wavelength, determined using the Cauchy dispersion model (equations
(1)). The refractive index generally decreases from the UV region to-
wards the infrared, stabilizing as the wavelength approaches infinity,
indicative of the static refractive index (ng). Notably, the refractive
index increases with higher Ag content across UV, visible, and near-
infrared (NIR) regions. This increase in static refractive index (ng)
with Ag concentration (Fig. 9(a)) suggests that the material becomes
more compact with increasing Ag content [55]. The increase in Ag
content also distorts the ZnO lattice and induces nanoparticle disorder,
with agglomeration leading to microspherical particles at 20 % Ag
concentration. This phenomenon reduces porosity and increases the
static refractive index [56].

Fig. 9(b) shows that the refractive index increases with increasing
crystallite size. This is attributed to enhanced atomic ordering within the
films. Variations in the refractive index significantly influence various
optical properties, guiding potential applications for the material [57].
The thickness of the deposited layers was controlled consistently using
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Fig. 7. Transmittance spectra of pure ZnO and Ag doped ZnO thin films with
different Ag contents.
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Fig. 8. Refractive index (n) dispersion as a function of wavelength for Ag:ZnO
thin films.

the evaporated mass, with a calculated thickness of approximately 145
nm for all films based on the PSO algorithm and transmission equations.

ZnO films are known to exhibit the properties of a direct bandgap
semiconductor. The bandgap energy (Eg) of these films is conventionally
determined using the Tauc equation [58]:

ahv = A\/hv — E, (8)

where A is a constant, ho represents the photon energy, and a denotes
the absorption coefficient. This technique involves extrapolating the
linear portion of the (ohv)? versus ho plot to the point where hv equals
zero, as demonstrated in Fig. 10(a) for Ag-doped ZnO films. Fig. 10(b)
illustrates the variation in bandgap energy across all samples. The data
show that the bandgap decreases with increasing Ag doping up to 15 %
Ag and then increases with 20 %Ag doping, varying from 3.88 eV in pure
ZnO films to 3.35 eV in films doped with 15 %Ag. This trend aligns with
the findings of Narmada et al. [59], who attributed the reduction in
bandgap to the introduction of additional defects, such as shallow ac-
ceptors near the valence band and interstitials or vacancies close to the
conduction band.

The increase in bandgap observed with higher Ag doping levels,
particularly at 20 % Ag, can be attributed to a reduction in oxygen va-
cancies and changes in film density, as demonstrated by SEM analysis
[60,61]. SEM imaging reveals that at 20 % Ag doping, Ag particles
migrate to the surface of the ZnO matrix, forming microspherical ag-
glomerates. The expansion of the optical bandgap with increasing
nanoparticle size aligns with quantum mechanical effects observed in
low-dimensional systems. At the nanoscale, the energy levels become
more discrete, leading to an increase in bandgap energy as the doping
level rises from 15 % to 20 % Ag [62].

With an increase in Ag doping from 15 % to 20 %, the E2 (low)
vibrational mode shifts from 96 cm™! to 114 cm™!, and the optical
bandgap expands from 3.35 eV to 3.69 eV. This shift to higher wave-
numbers is associated with compressive strain and enhanced crystal-
linity. Higher Ag concentrations lead to Ag atoms migrating to the ZnO
surface, promoting film densification and reducing oxygen vacancies.
This improvement in crystallinity and the decrease in defect density
increase lattice rigidity, resulting in the observed E2 (low) mode shift to
higher frequencies. Moreover, the reduction in oxygen vacancy-related
defect states diminishes the number of states within the bandgap,
contributing to the bandgap widening. Additionally, the Burstein-Moss
effect may play a role, as increased carrier concentrations at higher Ag
doping levels can elevate the Fermi level into the conduction band,
effectively broadening the optical bandgap [37]. Table 5 summarizes
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Table 5
The principal optical parameters values.
Optical Transmittance (%) at Static refractive BandgapEg
parameters 550 nm index (ng) (eV)
Films
Pure ZnO 83 1.88 3.88
5 %Ag:ZnO 78 1.93 3.82
10 %Ag:ZnO 71.5 2.05 3.75
15 %Ag:ZnO 63 2.18 3.35
20 %Ag:ZnO 56.5 2.25 3.69

the principal optical parameters for the films.

3.5. Wettability characteristics

Fig. 11 depicts the contact angle (CA) measurements for (a) uncoated

10

glass and (b, c, d, e, f) Ag:ZnO films with Ag concentrations of 0 %, 5 %,
10 %, 15 %, and 20 %, respectively. The contact angle images reveal that
all fabricated thin films exhibit hydrophilic properties, characterized by
CA values less than 90°. For the pure ZnO layer, the contact angle is
measured at 22.4° (Fig. 11b). With 5 % Ag doping, the contact angle
decreases to 18.1°, and further reduces to 16.6° at a 10 % Ag concen-
tration. A significant decrease to 4.2° is observed at 15 % Ag doping,
resulting in a super-hydrophilic surface with potential self-cleaning
properties. At 20 % Ag doping, the contact angle slightly increases to
16.9°. This slight increase is attributed to the dispersion and accumu-
lation of Ag particles on the ZnO surface [63-65]. Overall, these films
exhibit significant surface interactions with liquids, indicating their
pronounced hydrophilic nature.

The increase in silver concentration during doping results in a
notable reduction in CA. This phenomenon is attributed to the
enhancement of surface energy due to elevated silver content, which
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e)

Fig. 11. Contact angle images of (a) uncoated glass and (b, c, d, e, f) Ag:ZnO coated glass with (0, 5, 10, 15, 20)%, respectively.

leads to a deterioration in crystallinity, as noted by Riaz et al. [66]. The
reduction in CA is further linked to the segregation of silver at grain
boundaries [19,67]. After doping with 20 % silver, a portion of the silver
migrates to the surface, thereby reducing its concentration at the grain
boundaries and causing a slight increase in CA.

Table 6 provides a summary of the physicochemical parameters of
the coated samples, including contact angle (CA), surface tension (y),

Table 6
Contact Angle (CA), surface tension (y), adhesion energy (W,), and spreading
coefficient (S) of Ag:ZnO films coated glasses.

Parameters CA v (mJ/mz) Wa = y(cosb + 1) S = y(cos6-1)
Films (mJ/m?) (mJ/m?)
Pure ZnO 22.4° 38.49 74.1 —2.9

5 %Ag:ZnO 18.1° 38.47 75.09 —-1.91

10 %Ag:ZnO 16.6° 38.47 75.41 -1.59

15 %Ag:ZnO 4.2° 38.5 76.9 0.1

20 %Ag:ZnO 16.9° 38.49 75.35 —1.65

f)

adhesion energy (WA), and spreading coefficient (S). Fig. 12 depicts the
variation of spreading coefficient (S) and adhesion energy (WA) as a
function of silver concentration. It is observed that the spreading coef-
ficient is negative (S < 0) for undoped ZnO as well as ZnO films doped
with 5%, 10 %, and 20 % Ag, indicating partial wetting. Conversely, the
ZnO layer doped with 15 % Ag exhibits a positive spreading coefficient
(S > 0), indicative of total wetting. Moreover, the adhesion energy
achieves its peak value in the ZnO film doped with 15 % Ag.

3.6. Antibacterial activity

Table 7 presents the results of the impact of Ag:ZnO glass on the
inactivation of Staphylococcus aureus. At an initial contact time of 0 h,
the cell loads of surviving S. aureus cells show minimal, statistically
insignificant changes across different Ag concentrations. This observa-
tion suggests that the mere deposition of the suspension onto the slides
has a negligible effect on bacterial survival. However, after a contact
time of 3 h, there is a notable reduction in cell loads, with an average
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Table 7
Effect of Ag proportion in Ag:ZnO coated glass on the inactivation of S.aureus.

Proportion of Ag (%) Survival cells (UFC/mm?)
Oh 3h 15h

Negative control 4.39 + 0.01? - -
0 (1++) 4.34 £+ 0.03" 3.90 £ 0.02* 0
5(2++) 4.22 £+ 0.02° 3.88 £+ 0.03" 0
10(3++) 4.23 £ 0.02° 3.94 £ 0.02% 0
15(4++) 4.25 + 0.02° 3.80 + 0.03" 0
20(5++) 4.20 £ 0.02* 3.85 + 0.00" 0

* Values are the means of three determinations + standard deviation. Means
followed by different letters in the same column are significantly different (p <
0.05).

decrease of 0.49 log for pure ZnO films compared to the negative con-
trol. An increase in Ag concentration results in a statistically significant
enhancement in bacterial inactivation, particularly starting from 15 %
Ag, which yields a reduction of 0.45 log over 3 h. Prolonged exposure
(15 h) further diminishes the initial bacterial load on the coated glasses.
The data indicate that all tested films exhibit effective bactericidal
properties against S. aureus. Fig. 13(a, b) depicts the S. aureus bacterial
colonies in the absence of Ag:ZnO samples and their complete inacti-
vation after 15 h in the presence of Ag:ZnO samples, respectively.

The antibacterial efficacy of ZnO is primarily attributed to the release
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of Zn%" jons and the generation of reactive oxygen species (ROS),
including superoxide anions (Oz), hydroxyl radicals (OH), and
hydrogen peroxide (H205) [68,69]. These reactive species are produced
through specific chemical reactions, as detailed below:

ZnO +hy—h" +e” 9
h* +H,0-O0H +H";e” +0,—-0, (10)
0; +H"->HOy;H" + HO, + ¢ »H,0;, an
H,0,+0,—-0H +0,+O0H" (12)

The generation of reactive oxygen species (ROS) is a pivotal mech-
anism underlying the antibacterial efficacy of pure ZnO films. Incorpo-
ration of Ag into the ZnO matrix markedly enhances ROS production,
thereby augmenting the inactivation of S. aureus. This enhancement is
attributed to the incorporation of Ag within the ZnO lattice, which re-
sults in a reduction of the bandgap and an increase in charge carrier
generation, subsequently elevating ROS production [70]. Optical ana-
lyses corroborate this phenomenon, demonstrating a decrease in the
bandgap with increasing Ag concentrations up to 15 %, beyond which
the bandgap begins to widen at 20 % Ag. Consequently, ZnO films doped
with 15 % Ag exhibit superior antibacterial efficacy against S. aureus.
Structural, optical, Raman, and SEM analyses consistently affirm that Ag
incorporation into the ZnO lattice is crucial, as it significantly influences
both bandgap reduction and ROS generation. These factors are central to
the enhanced antibacterial activity of Ag-doped ZnO films. Notably,
pure ZnO films also exhibit effective antibacterial action against the
Gram-positive S. aureus, characterized by a relatively less negatively
charged cell wall, which allows a higher density of negatively charged
radicals, such as superoxide anions and hydroxyl radicals, to disrupt
both the outer and inner cell membranes [71].

The incorporation of Ag in antimicrobial systems amplifies their ef-
ficacy through multiple mechanisms, including disruption of cell
membranes and walls, inactivation of proteins, impairment of energy
metabolism, induction of ROS production, and DNA damage [7,72].
Elevated Ag concentrations may also affect biofilm formation by inter-
fering with quorum sensing pathways or modifying amyloid fibril for-
mation [73-75]. Furthermore, the hydrophilic nature of Ag:ZnO
surfaces reveals that the contact angle decreases with increasing Ag
concentration up to 15 % Ag, resulting in a super-hydrophilic surface
that facilitates greater bacterial interaction and enhances biocidal effi-
ciency [76,77]. However, at 20 % Ag, silver tends to agglomerate,
leading to reduced incorporation into the ZnO matrix and subsequently
diminishing antibacterial effectiveness against S. aureus [78].

Ag-doped ZnO nanoparticles are renowned for their antimicrobial

Fig. 13. (a) S. aureus bacterial colony without Ag:ZnO samples and (b) the inactivation of S. aureus colony with the presence of Ag:ZnO samples after 15 h.

12



F. Lekoui et al.

properties and are considered safe for use. Nevertheless, their nanoscale
dimensions and potential for unpredictable behavior pose certain risks.
Thin films composed of Ag:ZnO show a viable alternative to traditional
antibiotics, offering sterile coatings for applications in medicine and
pharmaceuticals. Additionally, their distinctive optical properties
enable integration into various consumer products, such as sunglasses,
medical eyewear, watches, and smartphones, providing protective bar-
riers against bacterial and viral contamination.

4. Conclusions

This study systematically examined the impact of Ag doping on the
structural, optical, and antibacterial properties of ZnO thin films. XRD
analysis revealed that pure ZnO films exhibit a hexagonal wurtzite
structure with clear peaks for the (100), (002), and (101) planes. Ag
doping maintains this wurtzite structure but introduces secondary
phases such as metallic silver and silver oxide, with notable peak shifts
due to Ag’s larger ionic radius. This doping leads to an increase in
crystallite size, particularly at 20 % Ag, likely due to enhanced oxygen
vacancies. Raman spectroscopy showed that Ag incorporation alters
vibrational modes, affecting both peak positions and intensities. Optical
transmittance analysis revealed that undoped ZnO films exhibit high
transparency, which diminishes progressively with increasing Ag
doping, decreasing from 83 % to 56.5 %. These variations are attributed
to alterations in the film’s morphological structure. The bandgap energy
decreases from 3.88 eV to 3.35 eV with Ag concentration up to 15 %,
enhancing charge carrier generation and reactive oxygen species (ROS)
production, thus improving antibacterial properties. At 20 % Ag, the
bandgap slightly increases to 3.69 eV, likely due to Ag particles
agglomeration. Contact angle measurements revealed hydrophilic
properties in all films, with a super-hydrophilic state achieved at 15 %
Ag with contact angle of 4.2°, indicating improved wettability and
bacterial inactivation potential. Antibacterial assays confirmed that Ag-
doped ZnO films, particularly at 15 % Ag, exhibit significant bactericidal
activity against Staphylococcus aureus, correlating with increased ROS
production and structural changes. Pure ZnO also showed antibacterial
properties but less effectively than Ag-doped films.

SEM analysis showed that Ag nanoparticles integrate into the ZnO
matrix, affecting both optical and antibacterial properties. The findings
suggest that while higher Ag concentrations can cause agglomeration
and reduced efficacy, optimal doping levels enhance antimicrobial
performance. This study provided insights into the influence of Ag
doping on ZnO films and suggests that optimizing Ag concentration
could advance their applications in medical, protective, and consumer
products. Future research should focus on refining Ag doping levels and
assessing long-term stability and environmental impacts.
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