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Abstract: The functional properties of the transition-metal nitride coatings can be modified by adding
noble metals such as silver. The incorporation of these elements has been demonstrated to be a
good strategy for improving the electrical, optical, and mechanical responses of transition-metal
nitride coatings. In this investigation, we report the production of Ag-ZrSiN coatings with varying
silver atomic contents, deposited using pulsed-DC reactive magnetron sputtering. The effect of the
incorporation of silver on the microstructure, the morphology, and the optical and electrical properties
was investigated. The results revealed a nanocomposite structure of Ag-ZrSiN with nc-Ag/nc-ZrN
embedded in an amorphous SiNx phase. The electrical resistivity decreased upon the incorporation
of Ag from 77.99 Ω·cm to 0.71 Ω·cm for 0.0 and 12.0 at.% of Ag, respectively. A similar decreasing
trend was observed in the transmittance spectra of the coatings as the silver content increased. For the
Ag-ZrSiN coating, the transmittance values decreased within the wavelength range of 2500–630 nm
and then remained constant down to 300 nm, at about 13.7%. Upon further increase of the silver
concentration up to 12 at.%, the transmittance values continued to decrease between 2500 and 630 nm,
reaching approximately zero at 630 nm, indicating that the coating becomes opaque within that
spectral range.

Keywords: Ag-ZrSiN; sputtering; nanostructure

1. Introduction

Nanostructured coatings of transition-metal nitride (TMN) have been utilized as
protective coatings to enhance the durability of tools and mechanical components [1–18].
Among them, zirconium nitride (ZrN) has exhibited remarkable resistance to wear and
corrosion, high hardness, excellent chemical stability, and biocompatibility [7,10,19–21].
Furthermore, ZrN coatings possess an appealing golden color, which has led to their
application as decorative coatings [2,22]. In the past decade, several research groups have
demonstrated that the physical and chemical properties of ZrN can be enhanced by the
incorporation silicon (Si) as an additional element [7,14,17,23–27]. The inclusion of Si
within the ZrN matrix can result in either a nanocomposite or a nanostructured coating,
depending on the deposition technique and the parameters employed [28]. Basically,
these coatings comprise two phases: nanocrystalline zirconium nitride and amorphous
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silicon nitride (Si3N4) [22,26,29]. Certain studies have highlighted the significance of
the chemical composition and the thickness of the amorphous Si3N4 phase concerning
the optical and electrical properties of such coatings [30,31]. For instance, Si3N4 has
exhibited optical transparency across the ultraviolet to the infrared region and has exhibited
electrically insulating properties [32]. Musil et al. [33] deposited Si-ZrN films by means of
the sputtering technique and discovered that the films with a Si atomic content of 25 at.%
or higher are amorphous, electrically insulating, and optically transparent. These coatings
have been proposed as protective coatings on glass molding dies [7] due to their typically
higher nanohardness values compared to those of common glass (3 to 7 GPa) [30,31].

In order to enhance the functional properties such as hardness of TMN-Si systems,
various groups have proposed the incorporation of metallic nanoparticles such as silver.
These works are summarized in Table 1 [5,34].

Table 1. Ceramic matrix with incorporation of silver.

Reference Deposition Method Coating

Domingues et al. [4] DC reactive magnetron sputtering.
Ag-AlN
Au-AlN
Cu-AlN

Cavaleiro et al. [5,15] High-power impulse magnetron sputtering. Ag-TiSiN

Dang et al. [34] Co-sputtering in a multi-arc ion plating system. Ag-TiSiN

Popović et al. [35] DC reactive sputtering. TiN irradiated with Ag

Additionally, it has been demonstrated that metallic nanoparticles can introduce
specific functionalities to coatings, such as a low-friction coefficient, hydrophobicity,
antibacterial properties, and the surface plasmon resonance effect [4,36–38] (Table 1).
Domingues et al. [4] deposited Ag-AlN thin films via DC magnetron sputtering, and
the results showed a localized surface plasmon resonance at wavelengths around 380 nm
when the films were annealed at 300 ◦C. According to the authors, the presence of Ag
particles led to a nearly flat absorption band from visible to infrared wavelengths. Cav-
aleiro et al. [15] investigated the influence of silver on the tribological behavior of Ag-TiSiN
coatings deposited via sputtering. Their study indicated that the silver had a positive effect
on the wear resistance when the tribology test was conducted using TiAl6V4 balls. Dang
et al. [34] utilized co-sputtering in a multi-arc ion plating system to deposit a Ag-TiSiN
nanocomposite. The authors reported that at a Ag atomic content of 1.4 at.%, the hardness
reached 36.0 GPa. However, with an increase in the Ag content, the hardness decreased,
due to the increase of the soft phase (Ag), while the wear resistance improved, due to
Ag segregation to the surface of the coatings. Popović et al. [35], employing sputtering,
prepared titanium nitride (TiN) films that were irradiated with Ag ions, and the results
demonstrated the presence of surface plasmon resonance, attributed to silver particles.
Furthermore, the incorporation of Ag affected the metallic behavior of TiN films. However,
with the advancement of aerospace and solar technology, there is an increasing demand
for optical coatings with a high durability, including high hardness, wear resistance and
high corrosion resistance. Obtaining such optical coatings poses significant challenges [39].
Therefore, optical coatings with metal nanoparticles are of significant interest in various
fields, including tribology [34] and optics [4], owing to their potential to enhance physical
properties that depend on the microstructure and morphology [4,5,34]. In the present inves-
tigation, a novel nanostructured coating of Ag-ZrSiN was deposited by means of sputtering
with different Ag atomic contents, and the influence of Ag incorporation on the microstruc-
ture, morphology, and electrical and optical properties was investigated in order to gain
insight into how silver affects the physical properties of ZrSiN nanostructured coatings.
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2. Materials and Methods
2.1. Coating Deposition

Ag-ZrSiN coatings with varying Ag atomic content were deposited by means of the
pulsed-DC reactive magnetron sputtering technique in an Ar/N2 atmosphere. For the
analysis, different substrates, including glass, silicon, and stainless steel (316 L), were
utilized, and these substrates were subjected to standard cleaning procedures before the
deposition process [24].

The deposition chamber was equipped with a 50 mm diameter zirconium (Zr) target
of 99.7% purity. Pellets of Si and Ag measuring 3.0 × 3.0 mm2 were positioned on the
erosion track of the target. Throughout the sputtering process, the working pressure was
maintained at approximately 0.8 Pa, and a DC power of 140 W was applied to the Zr-Si-Ag
target. The deposition time for all coatings was set at 60 min. The Ag content in the ZrSiN
coatings was adjusted by varying the number of Ag pellets on the target surface, specifically
0, 1, or 2 pellets. Detailed experimental information is summarized in Table 2. Further
information regarding the sputtering equipment used and other parameters can be found
elsewhere [24].

Table 2. Details of experimental parameters used to deposit the Ag-ZrSiN coatings. The thickness
was determined by cross-sectional SEM images.

Samples
Number of Pellets Sputtering Parameters

Si Ag Base
Pressure (Pa)

Work
Pressure (Pa)

Power
(W)

Sputtering Time
(min)

Thickness
(nm)

ZrSiN 1 0 4 × 10−4 0.8 140 60 955 ± 8
1Ag-ZrSiN 1 1 4 × 10−4 0.8 140 60 1115 ± 4
2Ag-ZrSiN 1 2 4 × 10−4 0.8 140 60 1219 ± 9

2.2. Characterization of the Coatings

The surface and cross-sectional morphology of the coatings was examined using a
NanoSEM—FEI Nova 200 FEG/SEM microscope operating in secondary electron (SE)
mode, equipped with an energy-dispersive X-ray (EDS) system for the elemental com-
position analysis. X-ray photoelectron spectroscopy (XPS) was utilized to investigate
the chemical binding energy in the coatings, employing a Kratos AXIS Ultra HAS. X-ray
diffraction (XRD) analysis was performed in the θ–2θ geometry from 20◦ to 90◦ in order
to explore the crystalline structure. For a comprehensive investigation of the chemistry
and the morphology, aberration-corrected (scanning) transmission electron microscopy
(ac-(S)TEM) was employed, utilizing a double aberration-corrected FEI Titan Themis mi-
croscope operating at 300 keV. The frequency and particle size distribution of the coatings
was determined by ImageJ software. The surface SEM images were first transformed into
a grayscale map, and then a binary mask was applied to enable the quantification of the
particles. The nanohardness was determined through nanoindentation using a Hysitron TI
750 Ubi instrument. Reflectance and transmittance measurements were carried out using
UV-visible-NIR spectrophotometry across a wavelength range of 300 to 2500 nm. The
electrical behavior was assessed at room temperature using the Van der Pauw method.
Further details regarding the equipment used can be found in previous articles [24,31].

3. Results and Discussion
3.1. Elemental Composition of the Ag-ZrSiN Coatings

Table 3 presents the elemental composition of the deposited coatings. The results
demonstrate that the incorporation of Ag pellets on the surface of the Zr target directly
affects the Ag atomic content in the coatings, increasing twofold as the number of pellets are
doubled. Moreover, as the Ag content increases, the atomic content of Zr and N decreases.
The decrease in the Zr content is related to the reduction of the erosion zone of target, caused
by the presence of Ag pellets [40]. On the other hand, the decrease in the N content is due
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to the fact that Ag does not spontaneously form nitrides, as indicated by the high enthalpy
of formation (+314 kJ/mol) between silver and nitrogen [41]. Conversely, the formation of
ZrN and Si3N4 is favorable, given the enthalpy of the respective reactions (−365.5 kJ/mol
and −745.1 kJ/mol) [41]. However, it should be noted that Ag and a transition-metal
nitride such as ZrN and Si3N4 are immiscible [13,42]. Therefore, the presence of Si3N4, ZrN,
and metallic Ag in the coatings is to be expected.

Table 3. EDS results of the Ag-ZrSiN coatings.

Coatings Zr (at.%) N (at.%) Si (at.%) Ag (at.%) O (at.%) (Zr + Si)/Ag

ZrSiN 43.0 49.0 8.0 0.0 0.0 -
1Ag-ZrSiN 39.0 47.0 8.0 6.0 0.0 7.8
2Ag-ZrSiN 36.0 41.0 7.0 12.0 4.0 3.6

3.2. Morphological and Microstructural Analysis of the Ag-ZrSiN Coatings

To investigate the impact of the incorporation of Ag into the ZrSiN matrix on the
morphology and microstructure of the coatings, comprehensive characterizations were
conducted, employing scanning electron microscopy (SEM), scanning transmission electron
microscopy (STEM), and X-ray diffraction (XRD). Figure 1 displays a cross-section of ZrSiN
and Ag-ZrSiN coatings with varying Ag content, while Figure 2 presents the top-view
images of the coatings.
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Figure 1. Cross-sectional SEM micrographs of the (a) ZrSiN, (b) 1Ag-ZrSiN, and (c) 2Ag-ZrSiN coatings.

Figure 1a illustrates the cross-sectional morphology of the ZrSiN coating, displaying a
homogeneous and featureless morphology. Upon the introduction of Ag, the cross-sectional
morphology of the coatings undergoes noticeable changes. Figure 1b depicts the Ag-ZrSiN
coating with a silver content of 6 at.%, revealing a fine nano-columnar growth pattern.
By contrast, Figure 1c exhibits the coatings with 12 at.% Ag, characterized by a granular
morphology, with the presence of nanosized particles.

To verify the presence of Ag particles on the samples’ surface, SEM micrographs of the
top surface were captured, as presented in Figure 2. Figure 2a illustrates the surface mor-
phology of the ZrSiN coating, exhibiting a homogeneous appearance without the presence
of particles, pores, or grains. This observation is consistent with the cross-sectional analysis,
where no columns were observed in the coating. However, upon the incorporation of Ag,
as shown in Figure 2b, particles were uniformly dispersed on the surface, with an average
diameter of 12.6 ± 5.4 nm. As the silver content in the coatings increases, as depicted
in Figure 2c, an increase in surface segregation can be observed, with the Ag particle
exhibiting a diameter of 15.6 ± 6.2 nm. According to previous studies [13,34,43,44], the
presence of these particles on the surface corresponds to metallic Ag. During the deposition
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process, the Ag particles undergo segregation to the intercolumnar spaces of the ZrSiN
or become embedded within the amorphous phase of SiNx, owing to the immiscibility
between the Ag and the ceramic matrix. Furthermore, the elevated temperature employed
during the deposition process promotes the diffusion of Ag particles to the coatings’ surface,
leading to their growth and agglomeration and the formation of silver nanoparticles on the
surface [45].
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Figure 2. SEM images of the surface of the (a) ZrSiN, (b) 1Ag-ZrSiN, (c) 2Ag-ZrSiN coatings, and
silver particle size distribution in (d) 1Ag-ZrSiN and (e) 2Ag-ZrSiN coatings.

To confirm the findings about the chemical composition of the particles observed
in the SEM images, an X-ray photoelectron spectroscopy (XPS) analysis was performed.
Figure 3 shows a top-view SEM image accompanied by the XPS detailed Ag 3d spectrum
obtained from the 2Ag-ZrSiN sample. Figure 3a illustrates the surface morphology of the
ZrSiN coating with a silver content of 12 at.%. The Ag 3d spectrum displays two prominent
peaks, centered at 367.8 and 373.8 eV. These peaks correspond to Ag 3d5/2 and Ag 3d3/2,
respectively, with a reported separation of 6 eV between them. The peak centered at
367.8 eV exhibits two contributions, situated at positions 368.3 eV and 369.3 eV, respectively.
The peak at 368.3 eV is characteristic of the formation of metallic silver, while the peak
at 369.3 eV indicates the presence of small agglomerations of silver metal clusters. These
results are consistent with previous investigations reported in the literature for various
TiSiN-Ag [5,34,46] and ZrN-Ag [47] systems.
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Figure 3. (a) Top-view SEM micrographs of the 2Ag-ZrSiN coating and (b) detailed spectrum of the
Ag 3d of the surface coating.

To examine the distribution of Ag within the coating, STEM-EDS analysis was per-
formed in order to obtain elemental mapping. Figure 4a shows a cross-sectional STEM
image along with EDS line profiles of Zr, N, Si, and Ag for the Ag-ZrSiN coating with a
12 at.% Ag atomic content. The result obtained showed a homogeneous distribution of
zirconium, nitrogen, silicon, and oxygen elements within the sample. However, it was
observed that the distribution of silver was non-uniform throughout the coating. To in-
vestigate in detail the presence of Ag in the coating, energy-dispersive X-ray spectroscopy
(EDS) mapping was carried out at a magnification of 550 kX, as depicted in Figure 4b–e.
Notably, Figure 4e clearly illustrates the agglomeration of silver, resulting in the formation
of nanocolumns or needle-like features. These findings strongly suggest that silver segre-
gates to the intercolumnar space between the ZrN/SiNx columns, most likely due to the
immiscibility of the Ag, SiNx, and ZrN phases.
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Figure 4. Cross-sectional image by (a) STEM and EDX elemental concentration profiles in perpendic-
ular to the growth direction of the 2Ag-ZrSiN coating and an EDX element mapping of the coating:
(b) zirconium, (c) nitrogen, (d) silicon, and (e) silver.

To investigate the formation of nanocrystalline phases in the Ag-ZrSiN coatings, X-
ray diffraction (XRD) measurements were performed. Figure 5 shows the XRD patterns
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of ZrSiN, 1Ag-ZrSiN, and 2Ag-ZrSiN coatings on common glass substrates. The results
indicate that the ZrSiN coating exhibits wide and low-intensity diffraction peaks at ap-
proximately 32.2◦ and 39.3◦, corresponding to an fcc-ZrN structure, as reported in the PDF
(Powder Diffraction File) database (01-078-1420). No diffraction peaks associated with the
crystalline phase of Si3N4 were observed. Previous studies of ZrSiN coatings deposited
under similar conditions have reported the presence of amorphous SiNx [24]. These results
suggest that the ZrSiN coating consists of a mixture of phases: a nanocrystalline fcc-ZrN
and an amorphous SiNx phase.
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Upon incorporating Ag into the ZrSiN matrix, as observed in the 6 at.% 1Ag-ZrSiN
coating, the XRD pattern does not clearly exhibit Ag-related peaks. This can be attributed to
the low atomic content of Ag or to the small grain size of the Ag crystals, according to [16,43].
However, the addition of Ag results in a reduction in the intensity and a broadening of the
diffraction peak associated with the ZrN (111) plane, suggesting a decrease in the grain
size of ZrN crystallites and the formation of a nanocrystalline structure. As the silver
content increases (12 at.%), new wide diffraction peaks with low intensity become evident
at approximately around 38.1◦, 44.3◦, 64.4◦, and 77.4◦. These peaks are associated with
the formation of metallic silver with an fcc structure, in accordance with the PDF database
(01-087-0597). Nevertheless, the intensity of the ZrN (111) plane diffraction peak further
decreases, suggesting that the incorporation of Ag enhances the number of nucleation
sites, thereby impeding the growth of the ZrN crystals and promoting the development
of a nanostructured coating. Similar results were also reported in references [5,43,48].
For instance, Cavaleiro et al. [5] observed that the incorporation of Ag leads to structural
changes in the TiSiN coating. Specifically, they reported a change in the preferential
orientation of the coating from (200) to (111), along with a significant broadening of TiN
diffraction peaks indicative of a decrease in grain size, suggesting the formation of a
nanocrystalline structure. Furthermore, they reported the presence of the white spots on
surface morphology of the coating with silver. Similarly, Yu et al. [48] investigated VCN-Ag
coatings with different Ag content using a magnetron sputtering system. They noted that
the XRD pattern did not exhibit peaks related to the Ag phase in the range of 0 at.% to 3.69
at.% Ag. This absence of Ag peaks was attributed to the low Ag content, which did not
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reach the threshold values of XRD detection. Ju et al. [43] conducted a sputtering deposition
of TiN-Ag coatings and observed a reduction in the grain size of the TiN-Ag with increasing
Ag content. Specifically, they found that the grain size decreased from 35 nm at 0 at.% Ag
to 7 nm at 41.1 at.%.

To study the effect of Ag incorporation into the ZrSiN matrix on its functional prop-
erties, measurements of the nanohardness, optical transmittance, optical reflectance, and
electrical resistivity were performed on the coatings.

3.3. Nanohardness of the Ag-ZrSiN Coatings

The nanohardness test results for the deposited coatings, varying the Ag content,
are summarized in Table 4. The ZrSiN coating exhibited a nanohardness (H) value of
approximately 18.1 GPa, which is similar to that reported for ZrN coatings [22,42,49]. When
6 at.% of Ag was incorporated, the H values remained nearly the same as those of the ZrSiN
coating. This observation can be attributed to the formation of silver nanoclusters, which
have a minimal impact on the nanohardness of the coating. However, with an increase
in Ag content to 12 at.%, the H values decreased. This decrease can be attributed to the
significant incorporation of a soft Ag phase within the coating [5,34,50], since Ag possesses
a remarkably low nanohardness of 0.5 GPa [34]. Nevertheless, it is important to note that
the range of nanohardness values observed for the Ag-ZrSiN coatings falls within the
margin of error, suggesting that there is no statistically significant difference. However,
various studies have reported that a higher concentration of soft silver within different
coatings can lead to a softening effect [13,34,51].

Table 4. Nanohardness values and electrical resistivity of the ZrSiN, 1Ag-ZrSiN1Ag, and 2Ag-ZrSiN
coatings at room temperature.

Coatings Ag (at.%) Nanohardness (GPa) Resistivity (Ω·cm)

ZrSiN 0 18.1 ± 1.6 77.99
1Ag-ZrSiN 6 17.8 ± 2.0 6.72
2Ag-ZrSiN 12 16.1 ± 2.1 0.71

3.4. Optical Response of the Ag-ZrSiN Coatings

The optical transmittance and the reflectance spectra of the coatings are depicted
in Figure 6. The results demonstrate a reduction in the transmittance values as the Ag
content increases. Additionally, an interference-like behavior can be seen in the case of
the ZrSiN coating, which is a characteristic feature of semi-transparent coatings [4,52].
However, the transmittance values differ from those reported for ZrN coatings, due to
the presence of the SiNx amorphous phase and ZrN nanocrystallites smaller than 10 nm,
as elaborated in detail in reference [24] regarding the microstructure of these coatings.
Various studies have established that SiNx coatings exhibit optical transparency in the
visible to near-infrared regions [32]. In the 1Ag-ZrSiN coating, the transmittance values
decrease gradually from 2500 to 630 nm and then stabilize at approximately 13.7%. By
contrast, the transmittance values of the 2Ag-ZrSiN coating continue to decrease, reaching
nearly zero from 630 to 300 nm, indicating an opaque behavior within that range. Different
authors have reported that the Ag nanoparticles present on the surface of the coatings
can exhibit light absorption in the visible and infrared wavelengths, depending on the
nanoparticles’ sizes and shapes [4,53]. For example, R.P. Domingues et al. [4] attributed
the spectra flattening to the excitation of surface plasmons of metal nanoparticles and
their respective absorption resonances. Similarly, S. Das et al. [53] reported that the low
transmittance values in the visible spectrum are due to light absorption through electronic
transitions. Thus, as the silver content increases, the probability of inter-band electronic
excitation increases, and hence the transmittance values decrease. On the other hand, the
reflectance spectra do not show an increase in reflectance values with increasing Ag content.
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To determine the optical bandgap (Eg) of the Ag-ZrSiN coatings, Tauc’s relation was
employed [53–56]: (αhv)n ∝ hv − Eg, where hv represents photon energy and α denotes
the absorption coefficient. The α values for the coatings deposited were calculated using

equation [56]: α = 1
d ln (1−R)2

T , where d stands for the thickness of the coating, T represents
the transmittance, and R corresponds to the reflectance. Figure 7 illustrates the Tauc’s plot,
where extrapolating the linear region (α = 0) provides the value of Eg. The obtained values
are 1.97 eV for the ZrSiN coating and 1.20 eV and 0.87 eV for the 1Ag-ZrSiN and 2Ag-ZrSiN
coatings, respectively. As can be seen, the optical bandgap decreases with an increase in the
Ag content. This decrease could be attributed to the increase in carrier concentration [57], or
it may be associated with the size of the silver crystallites, as evidenced by the XRD results.
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3.5. Electrical Response of the Ag-ZrSiN Coatings

The electrical resistivity of the Ag-ZrSiN coatings was determined, and the results
are presented in Table 4. The addition of silicon (Si) to the ZrSiN coating resulted in a
resistivity of 77.99 Ω·cm, which is higher than that reported for the ZrN coating. This effect
on the electric behavior of the ZrN coatings with Si addition has been previously reported
by other authors [26,58], and was attributed to the presence of the SiNx amorphous phase.
With the incorporation of silver (Ag) into the ZrSiN coatings, the electrical resistivity values
decreased as the Ag content increased. The 1Ag-ZrSiN coating exhibited a resistivity value
of 6.72 Ω·cm, while the 2Ag-ZrSiN coating had a resistivity of 0.71 Ω·cm. It has been
reported in the literature that the incorporation of Ag into transition-metal nitride coatings
leads to a phenomenon of direct percolation between the silver nanoparticles, which are
segregated into the grain boundaries of the ZrN or Zr(Si)N or into the amorphous matrix
of Si3N4. Consequently, Ag incorporation into the ZrSiN matrix results in a decrease
in the grain boundary effect for the SiNx matrix, leading to a decrease in the electrical
resistivity values. These results are consistent with those reported by other authors [57,59].
For instance, P. Pedrosa et al. [59] deposited TiN-Ag coatings and observed changes in
the electrical resistivity with varying silver content. At low silver contents, the resistivity
increased, due to the presence of Ag as an impurity. However, at intermediate silver
values, the resistivity decreased from 2.25 × 10−5 to 5.2 × 10−7 Ω·m, and at very high
silver content, the electrical resistivity of the coatings became similar to that of bulk silver
(4 × 10−7 Ω·m).

4. Conclusions

A novel nanostructured ZrSiN-Ag coating with different silver contents was deposited
by means of pulsed-DC reactive magnetron sputtering. The results showed that the
addition of Ag into the ZrSiN matrix induced significant changes in its morphology through
the out-diffusion process of the Ag nanoparticles on surface of the coatings. Analysis
of the cross-sectional STEM-EDS images confirmed the agglomeration of silver in the
intercolumnar space between the ZrN/SiNx columns. Furthermore, the microstructure
characterization demonstrated the formation of a nanocomposite structure, specifically
nc-Ag/nc-ZrN/a-SiNx.

The electrical and optical measurements conducted exhibited the notable influence of
Ag incorporation on electrical and optical behavior of the coatings. With an increase in Ag
content, both the electrical resistivity and optical transmittance, along with the optical band-
gap values, exhibited a decreasing trend. This behavior can be primarily attributed to the
atomic content of Ag within the coatings. These findings highlight the potential to alter the
electrical and optical properties of Ag-ZrSiN coatings through the incorporation of silver
into the ZrSiN matrix. Such tunability presents a significant advantage, allowing for the
adjustment of semi-transparency and the optical band gap by independently controlling the
Ag concentration, irrespective of other parameters This capability positions these coatings
as promising candidates for optoelectronic applications.
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