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The development of durable, effective functional coatings is a pressing challenge in biomedical and surface
engineering applications. This work investigates the morphological, topographical, and mechanical properties of
nanocomposite coatings functionalized by silver nanoparticles (Ag NPs) embedded in SiO> and ZrO- matrices,
deposited by co-sputtering. The effects of matrix material and deposition duration are investigated in terms of
their impact on composition, morphology, topography and mechanical response, which are tested, respectively,
by EDS, FESEM, conductive AFM, topographical microscopy and nanoindentation. Results show a complex
combined effect of nano structure and average structural and topographical properties and composition on the
mechanical response. Results highlight that for longer depositions, average properties are controlled by micro-
scale topography and average structure and composition. Conversely, for shorter depositions, local structural
differences strongly influence the average mechanical response and result in a greater dispersion of the me-
chanical properties. These findings demonstrate the tunability of coating properties through process control.

Future research will apply these insights to optimize the functionality of fibers and textiles.

1. Introduction

Surfaces of medical tools, food packaging, frequently touched items,
fabrics, and air filtration systems are vulnerable to microbial contami-
nation, which undermines their performance and durability on a global
scale [1]. This contamination also plays a critical role in the escalation of
antimicrobial resistance (AMR) worldwide [2]. A major driver of this
crisis is the excessive or inappropriate application of antimicrobial
agents in both human and veterinary contexts [3], emphasizing the
importance of effective strategies to curb bacterial spread [4].

Silver is widely acknowledged for its strong antimicrobial properties
in both ionic and nanoparticle form [5]. Although the exact antibacterial
mode of action of silver nanoparticles (Ag NPs) remains under investi-
gation, two primary mechanisms are suggested: the emission of silver
ions and the intrinsic chemical activity of the nanoparticles themselves.
Ag NPs can breach bacterial membranes, leading to cellular destruction,
while released silver ions interfere with essential processes such as ATP
synthesis and DNA replication. These ions also stimulate the production
of reactive oxygen species (ROS), which further contribute to bacterial
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eradication [6]. On the antiviral front, although the precise pathways
are not fully defined, Ag NPs have demonstrated significant efficacy
against a variety of viruses, including SARS-CoV-2 [7].

To enhance the advantages offered by silver nanoparticles (Ag NPs)
while simultaneously minimizing their potential toxicity, uncontrolled
release, and environmental buildup, they are frequently incorporated
into various matrices or coatings. Embedding Ag NPs within an inor-
ganic SiO2 or ZrO: matrix stabilizes the nanoparticles by reducing their
direct exposure to the environment and limiting uncontrolled particle
release, while enabling a more controlled and durable antimicrobial
functionality [8].

Physical Vapor Deposition (PVD) is a widely used technique for
applying uniform and adherent coatings to various substrates, including
heat-sensitive ones like electrospun fibers and textiles [9]. This tech-
nique involves vaporizing a solid material under vacuum conditions and
condensing it onto a substrate, enabling precise control over the film’s
thickness and composition [10]. In particular, sputtering and evapora-
tion methods are favored in large-scale applications due to their high
deposition rates and ability to coat substrates of diverse shapes and
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geometries [11].

The technique of co-sputtering is a PVD method that allows the
deposition of composite coatings embedding silver nanoparticles [12].
Ferraris et al. introduced a patented surface treatment incorporating
silver nanoclusters dispersed in a ceramic or glass-based matrix [12,13].
These coatings, obtained via co-sputtering, have consistently demon-
strated remarkable antibacterial [12] and antiviral [13,14] perfor-
mance, and have been successfully applied to thermally sensitive
substrates such as cotton textiles [15] and air filters [16].

Co-sputtering is a versatile method for producing nanocomposite
coatings with customized properties, showing strong potential for scale-
up. Its current use in industry for covering extensive surfaces, including
architectural glass, highlights its suitability for wider adoption in fields
where antimicrobial performance is essential [17].

To be practical for industrial-scale use, antimicrobial coatings
(AMCs) must retain their functional integrity over extended periods and
under varying operational conditions. The mechanical behavior, such as
their ability to resist wear and physical stress, of these coatings is a key
factor in ensuring long-term reliability. Additionally, it is important to
evaluate how the coating alters the texture of the surface, as smoother
surfaces can inhibit microbial attachment and improve overall cleanli-
ness [18].

The mechanical performance of antibacterial coatings plays a vital
role in their applicability across different fields, including medical im-
plants and textiles. These properties directly affect how well the coatings
endure stress, retain functionality, and adapt to the physical demands of
the target substrate [19]. For instance, in orthopedic implants, coatings
must resist mechanical loads without compromising their antimicrobial
action [20], while in textile applications, they must maintain the ma-
terial’s natural flexibility and breathability to ensure comfort and us-
ability [21].

In this context, surface roughness also plays a pivotal role [22].
When evaluating the suitability of an antibacterial coating for a specific
substrate, it is essential to consider how the deposition process alters the
surface morphology. Depending on the nature of these changes, the
coating may enhance or hinder antibacterial effectiveness by either
discouraging or promoting bacterial attachment [23].

While the antibacterial efficacy of silver nanoparticle-based com-
posite coatings has been well established in previous studies, less
attention has been given to the detailed analysis of their surface and
mechanical properties, which are critical for practical deployment. This
work, focusing on sputtered composite coatings made of a silica or a
zirconia matrix embedding silver nanoparticles, deposited via co-
sputtering, presents a comprehensive characterization of their
morphology, surface topography, and mechanical behavior. This study
aims to provide insights into co-sputtered antibacterial coatings struc-
tural uniformity, surface roughness, and mechanical robustness, key
factors in determining their suitability for industrial and biomedical
applications.

The rest of the paper is structured as follows. Section 2 presents the
investigated materials, highlighting the manufacturing conditions and
the characterization methods. Section 3 presents the results of the
characterization, and Section 4 discusses the obtained results. Finally,
Section 5 draws conclusions.

2. Materials and methods

This work aims to investigate the effect of co-sputtering process
parameters on surface morphology and mechanical properties of anti-
bacterial coatings. Accordingly, a full factorial design [24] was imple-
mented to investigate the effects of the matrix material, i.e. SiOy or ZrOs,
and deposition duration, i.e. 30 min and 60 min, on the manufactured
coating. Three batches per manufacturing condition were produced to
cater for process reproducibility.
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2.1. Coating deposition

The coatings comprise silver nanoparticles embedded in both silica
and zirconia matrices, deposited onto silicon wafer substrates using a
patented co-sputtering technique [13]. The sputtering system was
equipped with two targets for each deposition: for the silica-based
coating, a high-purity silica target (Sigma-Aldrich, 99.99 %) and a sil-
ver target (Franco Corradi S.r.l., 99.9 %); for the zirconia-based coating,
a zirconia target (Nanovision™, 99.98 % ZrO:) and the same silver
target.

The sputtering power settings were as follows:

e Silica-based coating: 200 W in radio frequency (RF) mode for the
silica target and 5 W in direct current (DC) mode for the silver target.

e Zirconia-based coating: 250 W in RF mode for the zirconia target and
4 W in DC mode for the silver target.

All depositions were conducted in a pure argon atmosphere at a
pressure of 5.5 dPa for 30 min and 60 min. The deposition parameters
were chosen based on previous studies [16,19]. The antimicrobial
functionality of analogous Ag-nanocluster composite coatings produced
by co-sputtering has been demonstrated in previous works. Both SiO2-Ag
and ZrO2-Ag coatings exhibited significant antibacterial activity against
Gram-negative and Gram-positive bacteria on rigid substrates and on
textile materials [12,14,16,26,27]. The same coating architecture
showed antiviral efficacy, including complete inactivation of
SARS-CoV-2 on coated respirators and virucidal activity against human
coronavirus on fibre-based filter media [15,16].

Compositional analysis was performed using energy-dispersive
spectroscopy (EDS; EDAX PV 9900TM) to identify the elemental
makeup of the coatings, which plays a key role in influencing their
mechanical behavior. The analysis was performed at low magnification
(500 x), with the mean concentration determined from measurements
taken in three separate areas.

2.2. Morphological characterization

Morphological characterization of the coatings was carried out using
a field emission scanning electron microscope (FESEM; QUANTA
INSPECT 200 and Zeiss SUPRA 40) at 200k x of magnification to observe
and compare surface features. Imaging was conducted using an in-lens
secondary electron detector to enhance resolution and surface detail.
The magnification was selected to obtain sufficient resolution of features
and a field of view comparable with atomic force microscopy. The
morphology of the coatings was additionally analysed in cross-section at
50k x magnification, in order to assess the vertical development of sur-
face features.

Atomic Force Microscopy in conductive mode (C-AFM) was per-
formed. C-AFM is a contact AFM technique which allows measuring the
current flowing through the sample and the cantilever tip, provided the
application of an electric potential. Thus, C-AFM associates the topo-
graphical height signal with a current signal. Measurements were per-
formed by applying 10V and inspecting three random locations. Per
each location, a (500 x 500) nm? area with a lateral resolution of 1 nm
was measured. C-AFM was performed to investigate surface layer
properties depending on the morphology highlighted by FESEM anal-
ysis. AFM inspected areas were designed to obtain a magnification
similar to the highest of FESEM magnification.

2.3. Surface topography characterization

Surface topography was measured by means of a Phase Shifting
Interferometer (PSI) [28,29] Sensofar Sneox equipped with a 50x
magnification Mirau objective (numerical aperture 0.55, squared pixel
size of 0.28 um). The instrument was calibrated, showing a measure-
ment noise of 0.1 nm, a flatness deviation of 4.9 nm, and z-axis linearity
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of 1 nm [30]. Six random fields of view (FoV) of (280.6 x 280.6) pmz per
sample were measured. Scale-limited (SL) surface was characterized
after the application of a form-removal operator (F-operator), imple-
mented as the subtraction of the least-square evaluated plane, and of
robust gaussian S-filter and L-filter, respectively, with nesting index of
Nijs =1 pm and Nj. = 100 um [31,32]. The SL-surface was characterized
in terms of surface height parameters, namely, the arithmetic mean
height Sa, the root mean square height Sq, the skewness Ssk, the kurtosis
Sku, the maximum pit depth Sv, the maximum peak height, and the
maximum height Sz (indicating the topography range) [31]. The
application of standard operators, i.e. the processing sequence of
F-operator, S-filter and L-filter, and the evaluation of the topographical
parameters was carried out by MountainsLab v8.1 [33].

2.4. Mechanical characterization

Mechanical characterization of the coating was performed by
instrumented indentation test (IIT), also known as nanoindentation
[34]. IIT applies a force-controlled loading-holding-unloading cycle to a
sample by means of an indenter and, throughout the test, measures the
applied force F and the indenter penetration h. The analysis of the
resulting indentation curve, i.e. F(h), allows evaluating the indentation
hardness Hjr and the indentation modulus Ej;, which estimates the
Young’s modulus. To obtain the mechanical response of the coating,
separating the effect of the substrate [35], this work applied the ISO
14577-4 methodology [36]. The required indentations at increasing
depth were obtained by means of an in-depth characterization per-
formed by applying 25 subsequent indentation cycles with an increasing
maximum force in the same point [37]. Indentations were performed by
means of an Anton Paar NHT® nanoindentation machine. The machine
was calibrated and has an indentation modulus relative measurement
uncertainty of 2 % [38,39]. Each indentation cycle consisted of a loading
and unloading of 10s and a holding of 15s. The maximum force was
quadratically spaced in a range from 0.1 mN to 25 mN. Per each sample,
a 4 x 4 matrix of indentations with a 50 um spacing was performed for
evaluating reproducibility. To separate the effect of the substrate the ISO
14577-4 methodology was applied [37], and the coating thickness was
obtained by statistical deconvolution [40].

3. Results
3.1. Compositional analysis

The elemental composition of the SiO2Ag and ZrO:Ag coatings was
assessed by energy-dispersive X-ray spectroscopy (EDS), and the results
are summarized in Table 1. In all samples, silicon is the most abundant
element detected. However, since the coatings were deposited on Si
wafers and are relatively thin, the silicon signal partially originates from
the substrate. This is a common occurrence in EDS analysis of thin films,
as the information depth of EDS typically ranges from several hundred
nanometers to few micrometers, depending on the accelerating voltage
and material density [41], which may result in substrate contributions
when analyzing coatings with nanometric thicknesses.

In the SiO2-based coatings, the atomic percentage of silver increases
significantly with deposition time, from (1.67 + 0.06) at% in the 30 min
deposition sample to (3.90 + 0.20) at% after 1h. In the ZrO:-based
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coatings, silver content also increases with deposition time, from
(0.97 +0.12) at% to (1.91 + 0.02) at%, along with an increase in zir-
conium content.

3.2. Morphological characterization

The surface morphology of co-sputtered SiO2- and ZrO2-based coat-
ings was investigated by field-emission scanning electron microscopy
(FESEM), as shown in Fig. 1. FESEM morphological investigation aimed
to assess the influence of deposition time and matrix composition on the
film structure.

The SiO2-based coating deposited for 30 min, see Fig. 1a), exhibited a
compact nanoparticulate morphology, consisting of closely packed
nanoscale clusters. A few isolated, larger clusters were observed across
the surface, suggesting localized accumulation during growth. With a
deposition time of 1h, see Fig. 1b), the number and size of larger
clusters increased significantly, with enhanced particle growth or coa-
lescence over time, indicating a morphological evolution toward more
heterogeneous surfaces. In addition, the coating in Fig. 1b) appears
significantly more porous than that in Fig. 1a), likely due to the accu-
mulation of loosely packed nanoparticles during the extended deposi-
tion time.

In contrast, the ZrO2-based coating deposited for 30 min, see Fig. 1c),
exhibited a distinctly different morphology, characterized by the pres-
ence of elongated surface structures distributed across the coating.
These features indicate the early development of crystalline domains, a
behavior also observed by Luceri et al. upon co-sputtering ZrO:-based
systems [25]. After 1 h of deposition, see Fig. 1d), larger surface for-
mations emerged. This led to a hierarchical morphology, combining
both well-defined crystalline features and irregularly shaped clusters.

Figs. 2 and 3 report, respectively, the results of conductive AFM on
SiO4 and ZrO, based coatings. Comparison of the topography and cur-
rent signal highlights that the highest conductivity is in correspondence
with topographical hills, thus suggesting that the protruding features,
well highlighted in FESEM analysis, are due to clusters containing Ag
NPs. As far as conductivity is concerned, the current ranges are highly
informative. It can be noticed that the current range increases of a half
order of magnitude only for SiO,+Ag NPs with deposition duration, i.e.
from 0.2 nA to 0.6 nA, whilst it remains almost constant for ZrOs+Ag
NPs (0.03 nA). Also, the current range of SiOp+Ag NPs is at least one
order of magnitude larger than range of ZrO,+Ag NPs, indicating a
greater conductivity of the silica-based coating.

3.3. Surface topography characterization

Fig. 4 shows the measured surface topographies of the coatings in the
four considered processing conditions. Qualitatively, it can be appreci-
ated the larger surface height range for SiO,-based coatings, and the
presence of topographical hills. Surface topography areal field height
parameters of the SL-surface were computed as described in Section 2.3,
and interval plots are reported in Fig. 5. Interval plots show an average
decrease of the roughness for longer deposition duration for SiO,-based
coatings. Also, dispersion of main topographical parameters, i.e. Sa, Sq,
is smaller for ZrO,-based coatings, indicating a more homogeneous
topography over the five investigated areas. Mean and standard devia-
tion of the evaluated topographical parameters (shown in Fig. 5) are also

Table 1

EDS results. Weight (%wt) and atomic (%at) relative composition of the four considered composite coatings. The reported dispersion is expanded uncertainty (k = 2).
Element Si Zr (o} Ag
Sample % wt % at % wt Yoat % wt Y%at %owt Yat
Si0,+Ag NPs 30 min 87.64 +£0.26 87.85+0.28 - - 5.96 £0.16 10.48 +£0.28 6.40 £ 0.24 1.67 £ 0.06
SiO2+Ag NPs 60 min 76.85 +0.42 80.05+1.16 - - 8.78+0.84 16.01 £1.32 14.37 £0.62 3.90+0.20
ZrO,+Ag NPs 30 min 87.28 £ 0.46 91.05+0.32 5.82+0.38 1.87 £0.12 3.34+£0.20 6.12+0.34 3.56 +0.40 0.97 £0.12
ZrOo+Ag NPs 60 min 80.26 + 0.30 86.23 £ 0.40 8.04 +0.12 2.66 £0.04 4.88+0.20 9.21+0.36 6.81 +0.04 1.91 £0.02
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Fig. 1. FESEM morphological analysis of the considered coating: a) SiO,+Ag NPs with deposition duration of 30 min, b) SiO,+Ag NPs with deposition duration of
60 min, c) ZrO,+Ag NPs with deposition duration of 30 min, d) ZrO,+Ag NPs with deposition duration of 60 min. Magnification of 200kx .

SiO,+AgNP - 30 min SiO,+ AgNP - 60 min

0 100 200 E 200 300 400

Topography Current Topography Current

Fig. 2. Conductive AFM on SiO,+Ag NPs for deposition of 30 min (left) and 60 min (right). Topography and current signal are reported. Notice the higher con-
ductivity at hills and hills’ edges.

ZrO,+AgNP - 30 min ZrO,+ AgNP - 60 min

o om o on 2

88388388

s

300

Topography Current Topography Current

Fig. 3. Conductive AFM on ZrO,+Ag NPs for deposition of 30 min (left) and 60 min (right). Topography and current signal are reported. Notice the higher con-
ductivity at hills and hills’ edges.
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SiO,+AgNP - 60 min

nm

300 pm

200 250

300 pm

Fig. 4. Measured SL-surface topographies of considered antibacterial coatings. Pseudo colours maps. Notice the rougher topography of SiO, based coatings.

reported in Table 2.

Investigation of main and interaction plots, respectively shown in
Figs. 6 and 7, allows qualitatively appreciating the effects of matrix
material and deposition duration on the average of evaluated surface
topography parameters. In particular, ZrO,-based coatings are smoother
(Sa, Sq), with a more limited height range (Sp, Sv, Sz). Main effects plots
in Fig. 6 highlight that longer depositions yield a smoother surface, even
though the effect is more limited than the one due to the matrix material.
Formal quantitative investigation was provided by ANOVA [24]. Syn-
thetic results are summarized in Table 3 and highlight that for Sa, Sq, Sp
and Sz both the matrix material and the deposition process duration and
their interaction produce systematic variations on the topographical
parameters, i.e, they are significant. For Sv, the interaction between the
matrix material and the deposition process duration does not signifi-
cantly affect the topography, while for Ssk and Sku, only the matrix
material significantly affects the topography.

Interaction plots in Fig. 7 allow insights into the results obtained. In
particular, they show that SiO»-based coating is more sensitive to the co-
sputtering duration, highlighting the significant interaction between the
matrix material and the process duration. Also, the interaction plot for
Sv shows that a longer deposition tends to produce shallower dales,
regardless of the material, motivating why the interaction effect cannot
be considered significant for Sv. Conversely, for Sp the interaction be-
tween the matrix material and the deposition duration is significant,
and, as can be seen from the relevant interaction plot, shorter hills are
generated on SiOp-based coating, taller hills for ZrO,, for longer dura-
tions. Last, interaction plots for Ssk and Sku show that a longer

deposition duration produces a surface topography approaching a
normal distribution (Ssk ~ 0 and Sku ~ 3). Further insights from pair-
wise hypothesis test on the mean (t-test), graphically shown in Fig. 5,
highlight that no significant improvement is obtained for ZrOs-based
coatings at longer deposition. Also, despite the overall improvement, the
SiOs-based coating is still rich of dales (Ssk statistically larger than 0).

3.4. Mechanical characterization

Mechanical characterization was performed by nanoindentation test
as per the methodology described in Section 2.4 [36]. Thickness of the
coating was measured by statistical deconvolution of the mechanical
response [40] resulting in an average thickness of (97.8 & 22.7) nm,
(169.0 £ 20.8) nm respectively for SiO,+Ag NPs with a sputtering
duration of 30 min and 60 min, and of (53.7 + 8.8) nm, and (117.8
+ 15.1) nm, respectively for ZrO,+Ag NPs with a sputtering duration of
30 min and 60 min. The indentation produced at the lowest maximum
force, i.e. 0.1 mN, showed an average side length in the order of 100 nm.
Thus, considering the dimensions of morphological and functional fea-
tures, presented in Section 3.2, the mechanical characterization pro-
vides an average of the matrix and the functionalizing NPs. Fig. 8 shows
the mechanical characterization results for the coating. Uncertainty of
the measurement combines the coating morphological and structural
dispersion due to manufacturing and the uncertainty of the standard
method for the substrate effect deconvolution. Pairwise comparisons are
performed based on hypothesis test on the t-Student distribution with a
risk of error of 5 %. Indentation modulus (Et) results, shown in Fig. 8a),
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Fig. 5. Interval plots of SL-surface height parameters of the considered coating. Sz is not shown as it is the sum of Sp and Sv. Error bars show 95 % confidence

intervals for the sample average.

Table 2

Mean (m) and standard deviation (s) of the considered surface topography parameters for the four different processing conditions.

SiO, Ag NPs 30’ SiO, Ag NPs 60’ ZrO, Ag NPs 30’ ZrO, Ag NPs 30’

m s m s m s m s
Sa / ym 0.971 0.086 0.790 0.088 0.489 0.038 0.486 0.029
Sq / pm 1.221 0.104 0.988 0.109 0.638 0.073 0.632 0.045
Sp / um 11.692 2.260 5.558 1.003 2.937 0.804 4.789 1.609
Sv / pym 4.690 0.440 3.930 0.519 2.973 0.829 2.783 0.383
Ssk / - 0.203 0.080 0.140 0.044 -0.343 0.049 -0.044 0.0344
Sku / - 3.497 0.432 2.995 0.072 4.343 1.616 4.177 0.410

allow appreciating that the process duration does not affect the stiffness
of the SiOy-based coating. Conversely, a significant increase of the
stiffness of the ZrOy-based coating is obtained for longer deposition,
producing a coating significantly stiffer than the SiO2+Ag NPs. Average
indentation hardness (Hyr) response, shown in Fig. 8b), highlights that
ZrO5 matrix allows obtaining harder coatings. The process duration ef-
fect is peculiar. In fact, longer depositions do not induce any significant
effect on the ZrOz-based coatings’ hardness, whilst a softening is shown
for SiO, matrix. It is also interesting to point out that longer depositions
reduce the measurement uncertainty; also, ZrOs-based coatings show
more dispersed mechanical properties.

4, Discussion

The results underscore the critical influence of matrix composition
and deposition time on the morphological, topographical, and me-
chanical properties of SiO2- and ZrOz-based coatings functionalized by
Ag NPs-containing. EDS analysis confirms that prolonged deposition
increases ZrO: content in the composite, reflecting progressive matrix
growth over time. Similarly, the functional particle content increases
almost linearly, regardless of the matrix material, with deposition
duration (see Table 1). Likewise, the coating thickness tends to progress

linearly with process duration; particularly, ZrOs-based coatings are
thinner for the same deposition duration.

FESEM images reveal distinct morphological evolutions: SiO2 coat-
ings become markedly more porous for longer deposition, likely due to
the aggregation of loosely packed nanoparticles, while ZrOz coatings
exhibit semicrystalline domains, with larger and more defined clusters
forming at extended durations. Conductive AFM measurements showed
the electrical behaviour of the coatings, complementing the morpho-
logical characterization obtained by FESEM. In particular, SiOz-based
coatings consistently exhibit higher conductivity than ZrO--based coat-
ings, with an order of magnitude difference in the measured current
range, which is reasonably attributed to SiO intrinsically lower re-
sistivity. Notably, only SiOz-based coatings show a significant increase
in current with deposition time, due to the increase of Ag content.
Conversely, the lack of current range variation with deposition duration
for ZrO»-based coatings can be explained by the concurrent increase in
ZrO:z fraction, which strongly limits any enhancement from the growing
Ag NPs clusters. Additionally, the locally higher current measured in
correspondence with topographical hills strongly suggests that such
hills, which at FESEM inspection appear as clusters, are richer in Ag NPs
than the rest of the surface.

Surface topography analysis indicates that prolonged deposition
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Fig. 6. Main effects plot of SL-surface topography parameters. For each parameter, it represents the average of all measurements having the characteristic indicated

by the label. Sz is not shown as it is the sum of Sp and Sv.

leads to smoother and more homogeneous surfaces across both matrices.
For SiO2-based coatings, a reduction in both the average and dispersion
of parameters (e.g., Sa, Sq) is observed, while for ZrO.-based coatings,
surface uniformity improves across inspected areas, albeit maintaining
isolated clusters. The increase in cluster size, coupled with infill of
surface dales, results in reduced peak (Sp) and valley (Sv) depths,
indicating a general homogenization of the surface. This is confirmed by
higher-order topographical surface height field parameters (Ssk, Sku),
which reveal a trend toward symmetry with longer deposition durations.
For SiO2 matrix, Ssk decreases toward zero, suggesting a reduction in
surface dales, a trend corroborated by decreases in Sv and supported by
FESEM and AFM observations of larger but more evenly distributed
clusters. For ZrO2 matrix, dominated by isolated high peaks (Sku > 3) for
the shorter deposition, the surface also shifts toward a more balanced
topography, though high Sp values persist due to vertically extensive
cluster growth.

Mechanical characterization confirms that, given the indentation
scale (in excess of 100 nm in the lateral direction) with respect to the
coating microstructure, the measured values represent an averaged
mechanical response between the matrix and the NPs. The overall

reduction in measurement uncertainty with deposition time reflects the
effect of smoother topographies for longer depositions. In particular, a
large variability is observed in ZrO2+Ag NPs for 30 min deposition. In
the ZrO:-based coating, the Ag content is very low, as indicated by EDS
analysis in Table 1, and distributed in very sparse and isolated clusters,
which are richer in Ag, as highlighted by conductive AFM analysis. Ag
exhibits elastic modulus and hardness values smaller by an order of
magnitude than those of ZrOs. The randomly located indentation mea-
surements result of a mixture of regions containing Ag NPs and regions
poorer with Ag content, resulting in a significant increase of data
dispersion. The increase of the Ag fraction (as measured by EDS) should
worsen the situation. However, it is evident that the increased coating
thickness plays a dominant role, leading to a more uniform film me-
chanical response. In any case, the mechanical response dispersion for
ZrOz-based coating (even for 60 min deposition) remains significantly
higher than that observed for SiO- matrix. Since surface roughness does
not account for this phenomenon, composition appears to be the only
plausible explanation. Conversely, in terms of average mechanical
response, the substantially different microstructure and morphology,
highlighted in previous analyses, lead to diverse mechanical response
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Fig. 7. Interaction plot of SL-surface topography parameters. For each parameter, it represents the average of measurements on coatings deposited with same process
duration, parametrized by the matrix material (blue SiO,, and red ZrOs). Sz is not show as it is the sum of Sp and Sv.

Table 3

p-values of factors and their interaction effect on topographical height param-
eters evaluated by ANOVA. P-values smaller than 0.05 indicates a significant
systematic effect of the factor or the interaction on the parameter at a confidence
level of 95 %.

Parameter  Matrix Deposition Matrix Material *
Material Duration Deposition Duration

Sa < 0.001 0.003 0.003

Sq < 0.001 0.003 0.004

Sp < 0.001 0.003 < 0.001

Sv < 0.001 0.016 0.086

Sz < 0.001 < 0.001 < 0.001

Ssk 0.008 0.352 0.157

Sku 0.009 0.354 0.638

changes due to process duration (formally confirmed by ANOVA). Spe-
cifically, for ZrO>-based coatings, a significant increase in indentation
modulus (Ejr) is observed with longer deposition, attributable to greater
coating thickness. For SiO: matrix, a reduction in hardness (Hjy) for
60 min deposition aligns with the observed increase in porosity and

greater Ag content, as evidenced by FESEM and EDS, both of which are
liable of a decrease in hardness.

5. Conclusions

This work studies the morphological and mechanical properties of
ceramic matrix composite coating incorporating Ag NPs deposited by co-
sputtering. This work showed the significant impact of matrix material
and deposition duration on the morphological, topographical, and me-
chanical properties of SiO2+Ag NPs and ZrO2+Ag NPs coatings. Pro-
longed deposition enhances ZrO= content and promotes semicrystalline
growth, while in SiO. matrix it leads to increased porosity. For both
matrix materials, the formation of larger clusters, richer in Ag NPs, is
promoted by longer deposition. At a larger observation scale, longer
deposition results in thicker coatings and smoother and more homoge-
neous surface topography. Mechanical characterization reveals that
ZrO:2 coatings become stiffer with time, whereas SiO:z coatings soften due
to increased porosity. A general reduction in measurement uncertainty
for longer deposition times suggests improved surface uniformity,
although ZrO. coatings maintain greater variability due to
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Fig. 8. Nanoindentation mechanical characterization results for the coatings. a) indentation modulus E;t, b) indentation hardness Hyr as a function of the matrix

material and the deposition duration. Error bars are 95 % confidence intervals.

heterogeneous Ag distribution.

Smoother and more homogeneous surfaces may be advantageous in
applications where controlled silver release and surface stability are
required. Likewise, the matrix-dependent mechanical response provides
guidelines for selecting the most suitable material depending on the
target substrate: ZrO: is more appropriate for applications requiring
higher stiffness, while SiO: offers greater compliance for flexible sub-
strates such as textiles and filters.

Overall, the study highlights the tunability of co-sputtered Ag-based
composite coatings through process control and provides structur-
e—property relationships that are directly useful for the design of dura-
ble, high-performance functional surfaces. Future work will leverage the
mechanical results to optimize the design of fibers and textile for anti-
bacterial and antiviral applications.
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