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The present study investigates the effects of nominal Ag content on the structural
characteristics and NO: sensing performance of ZnO/Ag/Ag-O thin films prepared by
pulsed laser deposition (PLD). Films containing 0%, 5%, and 10% of Ag were deposited
on porous silicon and characterized by X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), and field-emission scanning electron microscopy (FE-
SEM). All samples were found to contain polycrystalline wurtzite ZnO, according to
XRD, but films containing Ag exhibited extra reflections that were attributed to phases
related to Ag-O. Rather than significantly distorting the ZnO lattice, the minor variation
in the recalculated lattice parameters with Ag content suggests that Ag mainly introduced
a secondary phase. FE-SEM images showed that the porous silicon architecture remained
accessible after deposition; the 5% Ag film exhibited the most uniform surface coverage,
whereas the 10% Ag film showed greater agglomeration. FTIR spectra revealed the Zn-
O vibration together with bands associated with surface hydroxyl Ag/Ag.O and adsorbed
species. Gas-sensing measurements toward 50 ppm NO: at 200-300 °C showed that the
resistance of all films increased during gas exposure, consistent with n-type sensing
behavior. The 5% Ag film delivered the highest sensitivity, reaching 68.0% at 250 °C
with response and recovery times of 20 and 60 s, respectively, whereas undoped ZnO
reached 31.0% under the same conditions. The results show that moderate Ag addition
improves the NO: sensing performance of ZnO/Ag/Ag-O thin films, while excessive Ag
loading is less beneficial.

1. INTRODUCTION

technology, porous silicon is a useful substrate for gas sensing
[9-13]. Due to its n-type semiconducting behavior [14], wide

Hazardous gases are commonly divided into oxidizing and
reducing gases, and nitrogen dioxide (NO2) is among the most
important oxidizing gases because of its toxicity and its role in
atmospheric photochemical processes that contribute to
ground-level ozone and acid rain [1, 2]. Low-cost resistive gas
sensors are still appealing for environmental monitoring due
to their sensitivity to surface adsorption processes, ease of
fabrication, and integration with electronic circuits [3, 4]. The
target gas and adsorbed oxygen species interact in these
sensors to alter the carrier concentration and potential barrier
at the surface of the semiconductor, resulting in a detectable
change in resistance [5-7].

The temperature-dependent performance of the %Ag
sample reveals a distinct operating regime that is affected by
thermal activation of the surface. It is hypothesized that high
silver concentration may act as a physical barrier or create
deep electron traps, such as Schottky barriers, thereby
reducing the response [8]. Due to its high specific surface area,
open transport channels, and compatibility with silicon
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direct band gap (~3.37 eV) [15], chemical stability [16], and
ease of preparation by several thin-film routes including
pulsed laser deposition (PLD) [17], zinc oxide (ZnO) is also a
well-established gas-sensing material [18-20]. Combining
ZnO with a porous substrate is therefore an effective strategy
for increasing the density of active sites available for gas
adsorption [21, 22]. A further route to improving ZnO-based
sensors is the addition of a catalytically active second phase
[23]. Adding Ag is of particular interest because it can modify
the adsorption chemistry [24], promote spillover-type effects
[25], and change the electronic barrier structure at the ZnO
surface [26, 27]. Recent studies on Ag-decorated ZnO for NO-
sensing have shown that moderate Ag loading can enhance the
response substantially, but the improvement is not monotonic
with Ag content [28-32]. Despite this general trend, the role of
Ag addition in PLD-grown ZnO/Ag/Ag;0 thin films remains
insufficiently clarified, especially when Ag loading was varied
systematically on a PS [33, 34]. The aim of the present work
is therefore to examine the effect of nominal Ag content on the
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structural, morphological, and NO: gas-sensing properties of
Zn0O/Ag/Ag>0O thin films prepared by PLD. The discussion
focuses on the internal consistency of the measured data, the
relationship between structure and sensing behavior, and the
identification of the Ag content that provides the best
performance within the studied range.

2. EXPERIMENTAL DETAILS

The films were deposited using a composite target made of
mixed ZnO and Ag,O powders, which were mixed with
selected percentages of 0%, 5% and 10% of the nominal
atomic percentages of Ag based on the starting mass ratios of
the precursor powders during target preparation. The
measured atomic percentages of Ag in the films are 4 + 0.2 for
the nominal 5% sample and 8 + 0.2 for the nominal 10%
sample. These quantified results, along with their respective
uncertainties.

Porous silicon is a unique nanomaterial produced by the
electrochemical etching of crystalline silicon. p-type (boron-
doped) orientation is typically <100> for
mesoporous/microporous layers. Resistivity could be defined
as the doping concentration, critical for the pore formation
mechanism, where p-type, for example, is low resistivity 0.01—
0.05 Q for mesoporous/microporous.

The p-type Si, as an example: High resistivity within the
range (50—80 Q-m) for macroporous. Its integration with metal
oxides, such as ZnO, is highly advantageous due to the
following properties:

High surface area-to-volume ratio: Porous silicon possesses
an immense internal surface area (often exceeding 500
m?/cm?). Significance: It serves as an ideal scaffold for ZnO
deposition, increasing the contact area at the heterojunction
interface, which significantly enhances the performance of gas
sensors and catalytic devices. In addition to Surface Chemical
Reactivity, Ag/Ag.0 is typically hydrogen-terminated,
making the surface highly reactive.

ZnO/Ag/Ag-0 thin films with nominal Ag contents of 0%,
5%, and 10% were deposited on electrochemically etched
Porous silicon substrates via PLD. The PLD system employed
a Quanta-Ray Spectra-Physics Nd: YAG laser operating at a
wavelength of 1064nm, pulse energy of 30 mJ, and repetition
rate of 10 Hz. The beam was focused by a 150 mm plano-
convex lens onto a rotating target inside a vacuum chamber
operated at around 1.5 Torr with O, background gas.

The substrate was positioned 5 cm from the target at an
angle of 45°, and the deposition time was 30 min. After
deposition, the coated substrates were annealed at 200 °C for
5 hours. Ag>O formation is fully expected under these growth
parameters. Thermodynamically, the phase stability of silver
oxides depends heavily on the temperature and oxygen partial
pressure. Film thickness, measured by optical spectroscopic
reflectometry (TF Probe, Angstrom Sun Technology Inc.),
was 250 + 10 nm. Structural properties were examined by X-
ray diffraction (XRD) using a SHIMADZU XRD-6000
diffractometer. Surface morphology was investigated by FE-
SEM (JEOL JSM-7600F). Fourier-transform infrared
spectroscopy (FTIR) spectra were used to examine surface
bonding states within the range (4000—400 cm™).

Aluminum mesh electrodes were deposited on the thin
surface using a high-vacuum thermal evaporation process with
an Edwards coating system. Using a thermocouple and a
temperature-controlled hot plate, gas-sensing measurements

were carried out in a sealed chamber. The standard
experimental parameters for creating and validating a 50 ppm
NO, environment in a controlled lab chamber with a volume
of around 0.3 L. The gas flow rate ranged from 0.1 to 2.0
L/min, and a purge time between 10 and 30 minutes.

At operating temperatures of 200, 250, and 300 °C, a
multimeter connected to a computer was used to continuously
record the sensor resistance while clean air and around 50 ppm
of NO; were introduced alternately. The prepared thin films'
sensitivity was calculated as [S% = [(Rg - Ra)/Ra] x 100],
where Rg and Ra are the resistances in NO: and clean air,
respectively, since NO: is an oxidizing gas and the films
function as n-type sensors [29].

According to the Ellingham diagram data for the Ag.O
system, an oxygen partial pressure of 1.5 Torr combined with
a moderate deposition temperature (200 °C) and subsequent
post-annealing (200 °C for 5 hours in air) provides a sufficient
chemical potential of oxygen to cross the phase boundary from
metallic AgO to stable crystalline Ag:O [35]. Under
deposition conditions of 1.5 Torr and 200 °C, pressure
reduction changes the effective Gibbs free energy, resulting in
a shift of the equilibrium boundary. The deposition pressure,
being far below atmospheric pressure, supplies the necessary
thermodynamic driving force for the reaction to enter the
negative Gibbs free energy region, thereby making the
oxidation of silver thermodynamically favorable.

3. RESULTS AND DISCUSSION
3.1 X-ray diffraction analysis

According to the assignments, the standard reference cards
are JCPDS 36-1451 for hexagonal wurtzite ZnO and JCPDS
43-1038 for cubic Ag:O. It was carefully considered that
metallic Ag (JCPDS 04-0783) was an alternative candidate.
The XRD patterns of the ZnO/Ag/Ag-0O films are shown in
Figure 1. The prepared film exhibits the characteristic
reflections of hexagonal wurtzite ZnO at 20 =~ 31.7°, 34.6°,
36.5°, 47.7°, and 56.8°, corresponding to the (100), (002),
(101), (102), and (110) planes, respectively [28, 36]. A broad
feature centered near 28.5° is assigned to the porous silicon
substrate.
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Figure 1. X-ray diffraction (XRD) patterns of ZnO/Ag/Ag-0
thin films with nominal Ag contents of 0%, 5%, and 10%
deposited on porous silicon

In the 5% Ag and 10% Ag films, additional peaks appear
near 32.7°, 37.8°, and 54.5° [37]. These additional reflections
are confidently assigned to the cubic Ag.O phase by more



reasonably assigning these peaks to Ag.O-related reflections
than to additional ZnO planes.

The corrected peak positions and assignments are shown in
Table 1. In contrast to the Ag.O-related peaks, which provide
somewhat larger values up to 20.6 nm, ZnO peaks are
associated with crystallite sizes (D) roughly within range (5.5—
12 nm). In Table 2 and Figure 2, the recalculated lattice
parameters from the ZnO (100) and (002) reflections are
detailed [38]. The values change only slightly across the series
(a=3.2255 A and ¢ = 5.1731 A), indicating that Ag addition
does not strongly distort the ZnO lattice within the resolution
of the present XRD data.
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Figure 2. Variation of recalculated lattice parameters with
nominal Ag content

Table 1. Corrected X-ray diffraction (XRD) peak positions
and phase assignments for ZnO/Ag/Ag-0 thin films

Miller

Ag 20 FWHM D .

@) @g TN @ep  (am) I'(‘l‘,‘]‘jfs Phase
31.7 2.7934 0.7326 11.3 (100) ZnO
34.6 2.5892 0.7692 10.8 (002) ZnO

0 36.4 2.4608 0.6960 12 (101) ZnO
476 19054 15751 55  (102)  ZnO
56.8 1.6183 0.8791 10.3 (110) ZnO
31.9 2.7965 0.6594 12.5 (100) ZnO
327 27355 04762 174 (111)  AgO
34.6 2.5866 0.8059 10.3 (002) ZnO

5 36.4 2.4656 0.6228 13.4 (101) 7ZnO
47.6 1.9054 1.3919 6.2 (102) ZnO
545 16811 08059 111 (220) AgO
56.9 1.6144 0.6960 13 (110) ZnO
31.9 2.7965 0.6594 12.5 (100) ZnO
32.6 2.7385 0.4029 20.6 (111) Ag.0
34.6 2.5892 0.9890 8.4 (002) ZnO

10 36.3 2.4680 0.9524 8.8 (101) ZnO
37.7 2.3802 0.6594 12.7 (200) Ag0
47.5 1.9095 1.1355 7.6 (102) ZnO
54.5 1.6822 0.8425 10.6 (220) Ag:0
56.9 1.6154 0.8059 11.2 (110) ZnO

Note: D = crystallite size, FWHM = full width at half maximum. D is the
lattice parameter of the hexagonal wurtzite ZnO structure.

Table 2. Recalculated lattice parameters of ZnO/Ag/Ag-0
thin films from the ZnO (100) and (002) reflections

Ag (%) a(A) c(A)
0 3.2255 5.1784
5 3.2291 5.1731
10 3.2291 5.1784
Note: a and c are the lattice parameters of the hexagonal wurtzite ZnO
structure.
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The principal structural effect of Ag addition is therefore the
appearance of a secondary Ag-containing phase rather than a
large shift of the ZnO host lattice [39].

The sensing mechanism of the chemical state was selected
by the optimal sample that was found to be 5% Ag before and
after thermal treatment at the working temperature (250 °C)
with the target gas ambient and NO.. According to reference
[40], the core-level Ag 3ds/> spectra reveal that at RT.
Predominantly, silver exists as Ag" in the Ag.O state with a
binding energy of 367.8 eV, aligning with the XRD findings.

At 250 °C, a highly dynamic induced redox equilibrium was
enhanced by the sensing mechanism, whereas the co-existence
of Ag.0 and metallic Ag clusters drives two complementary
processes, Electronic Sensitization and Chemical Sensitization
[41].

The crystallite sizes were estimated using the standard
Scherrer equation; we have updated the text to confirm that the
observed FWHM was corrected for instrumental broadening
using a crystalline standard. Furthermore, a clarifying
statement was added to the text emphasizing that, because the
Scherrer equation does not decouple size from macrostrain
effects, these values are considered order-of-magnitude
estimates rather than absolute physical sizes and were added
to the crystallite size values in Table 1.

As detailed in Table 2 and Figure 2, the calculated lattice
parameters from the ZnO (100) and (002) reflections exhibit a
distinct composition-dependent behavior. For the 5% Ag film,
the lattice parameters show only minor variations (a = 3.2291
A and ¢ = 5.1731 A) compared to the undoped ZnO. This
suggests that at moderate concentrations, Ag predominantly
segregates to form a secondary Ag.O phase without severely
distorting the host ZnO lattice. However, increasing the
nominal Ag content to 10% induces a significant anisotropic
structural distortion, characterized by a drastic expansion of
the c-axis (c =5.1784 A) and a noticeable contraction of the a-
axis. This pronounced shift indicates that excessive Ag loading
generates substantial interfacial stress and macrostrain
between the ZnO matrix and the heavily agglomerated Ag.O
secondary phase. Furthermore, it may also reflect the forced
interstitial incorporation or substitution of the larger Ag* ions
(compared to Zn*') into the ZnO crystal lattice at higher
concentrations.

3.2 Field-emission electron
morphology

scanning microscopy

Figure 3 presents top-view FE-SEM images at low and high
magnification. A cross-sectional and top-view FE-SEM image
of the bare porous silicon substrate before thin-film deposition
has been investigated. The bare substrate exhibits an average
pore diameter around 45 nm and a cross-sectional layer
thickness up to 3.2 pum. All samples retain the porous
architecture of the Ag/Ag-O substrate, with pore openings on
the order of micrometers and thin separating walls. The
undoped ZnO/Ag/Ag-0O film shows an open porous network
with comparatively fine surface coverage.

The 5% Ag film exhibits more uniform decoration of the
pore walls by faceted grains, while the porous structure
remains clearly accessible. In contrast, the 10% Ag film
appears denser, with larger aggregates and more local pore
coverage. From a gas-sensing perspective, the 5% Ag
morphology is the most favorable because it combines
accessible pores with an increased density of surface-active
grains. The FE-SEM observations, therefore, agree with the



electrical measurements, where the 5% Ag film gives the
highest NO: response.

Figure 3. Field-emission scanning electron microscopy (FE-
SEM) images of ZnO/Ag/Ag-0 thin films with nominal Ag
contents of (A) 0%, (B) 5%, and (C) 10% at two
magnifications

3.3 Fourier-transform infrared spectroscopy analysis

Table 3 summarizes the bands observed, and Figure 4
displays the FTIR spectra, where a = 0%, b = 5%, and ¢ = 10%
of the added Ag ratio. The wide band observed at 3367-3392
cm™ is attributed to the O-H stretching of surface hydroxyl
groups and/or adsorbed water [42].

Table 3. Tentative Fourier-transform infrared spectroscopy
(FTIR) band assignments for ZnO/%Ag/Ag;0 thin films

Band 0% 5% 10% Interpretation
Assignment  Ag Ag Ag P
O-H Surface hydroxyls and/or
stretching 33853392 3367 adsorbed water

C-H 2886 2882 2882 Residual carbonaceous

stretching species
HOH 605 1688 1695 Adsorbed water
bending
1513-{559 1559 1531 1513 Surfgce adsorbq@s; not
cm™! assigned definitively
1328 cm™ 1328 1328 1328 Residual C-H
1175 cm™ - 1175 1175 C—O stretching
10509;,084 1059 1066 1084 C-Hand C-O
Zn0 455 476 476 Zn-O vibration
stretching

The band near 1688—1695 cm™ is attributed to the bending

vibrations of molecular water [43]. The bands in the 2882—
2886 and 1059-1084 cm™ regions are tentatively attributed to
surface vibrations related to C—H and C-O [44], as well as
residual carbonaceous species. The low wavenumber band at
455476 cm™ is consistent with a Zn—O vibration [45].

In addition, Ag shows an extra band near 1175 cm™. This
feature is regarded as a potential band related to the surface
rather than conclusive evidence of a particular metal-oxygen
bond. Therefore, the FTIR results corroborate the existence of
ZnO and common surface adsorbates; however, they should
not be overinterpreted beyond that threshold.
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H,0 scissors

CH,
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Figure 4. Fourier-transform infrared spectroscopy (FTIR)
spectra of ZnO/Ag/Ag>0O thin films with nominal Ag
contents of 0%, 5%, and 10%

3.4 NO: sensing performance

Dynamic resistance transients for 50 ppm NO: at 200, 250,
and 300 °C are shown in Figure 5. For all compositions, the
resistance increases during NO: exposure and decreases when
clean air is reintroduced, which is the expected behavior of an
n-type oxide exposed to an oxidizing gas. The response is
reversible over the recorded cycles, although the recovery
behavior depends strongly on temperature and Ag content.

Figure 6 and Table 4 summarize sensitivity, response time,
and recovery time. The undoped film shows its maximum
sensitivity at 250 °C (31.0%). The 5% Ag film also reaches its
optimum at 250 °C, but with a much larger sensitivity of
68.0%. This value is about 2.19 times that of the undoped film
at the same temperature and about 2.64 times that of the 10%
Ag film at 250 °C. The 10% Ag film exhibits distinct behavior,
with its sensitivity increasing gradually from 13.3% at 200 °C
to 28.2% at 300 °C. This suggests that the optimal response
moves toward a higher operating temperature as the Ag
loading increases.

Response and recovery times should be interpreted together
with sensitivity rather than separately. For the undoped film,
the shortest recovery time (30 s) occurs at 300 °C rather than
at the maximum sensitivity. For the 5% Ag film, the response
time remains 20 s at all three temperatures, while the recovery
time decreases from 60 s at 250 °C to 40 s at 300 °C. The 10%
Ag film shows the slowest overall activity behavior at 300 °C
with time (30 s response and 70 s recovery). Within the tested
range, 5% Ag therefore provides the best overall trade-off
between response magnitude and dynamic behavior.



3.5 Sensing mechanism

Resistance characteristics and formal time criteria are
critical for an objective comparison of gas-sensing dynamics.
The formal definitions of response and recovery times clarify
the baseline metrics, and standard deviations from multiple

repeated cycles are shown in Table 4. The sensing behavior
can be interpreted in terms of adsorption-induced modulation
of the electron depletion layer in ZnO [31, 32]. In the ambient
air, oxygen adsorbs on the surface and captures electrons from
the conduction band.
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Figure 5. Dynamic resistance transients of ZnO/Ag/Ag-0 sensors toward 50 ppm NO: at 200, 250, and 300 °C
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Figure 6. Sensitivity of ZnO/Ag/Ag-O sensors toward 50
ppm NO: as a function of operating temperature

Table 4. Sensitivity, response time, and recovery time of
Zn0O/Ag/Ag-0 sensors toward 50 ppm NO2

Ag Temperature Sensitivity Response Recovery
(%) (°O) (%) Time (s) Time (s)
0% 200 16.7 20.0 60.0
Ag 250 31.0 25.0 40.0
300 24.9 20.0 30.0
50, 200 31.4 20.0 50.0
Ag 250 68.0 20.0 60.0
300 354 20.0 40.0
5 200 133 15.0 60.0
112; 250 25.8 22.0 80.0
300 28.2 30.0 70.0

In the 200-300 °C range, O-species become increasingly
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important. When NO: is introduced, the oxidizing gas further
withdraws electrons either directly or through reactions
involving preabsorbed oxygen, which widens the depletion
layer and increases the sensor resistance. The higher NO:
response (68%) were observed, which allows electrons to be
captured directly from the ZnO matrix conduction band. The
introduction of the Ag/Ag.O phase boosts this pathway by
forming local p-n heterojunctions.

These heterojunctions undergo a massive depletion width
modulation exclusively in the presence of strongly oxidizing
gases, rather than non-specifically shifting general adsorption
behavior [46]. Ag addition can enhance this process in two
complementary ways. First, Ag/Ag.O-related surface sites
may promote catalytic adsorption and activate surface oxygen.

Second, the interface between ZnO and the Ag-containing
phase can increase electronic sensitization and strengthen the
modulation of the interfacial barrier [47]. The superior
performance of the 5% Ag film suggests that moderate Ag
loading increases the density of active sites without destroying
the open porous network. The weaker response is in line with
the larger Aggregates seen by FE-SEM at 10% Ag, which
probably lessens the benefit of porosity and introduces less
favorable conduction pathways. The sensing mechanism is
driven by the formation of local ZnO/Ag-0 heterojunctions.

In clean air, the band alignment causes electrons to flow
from ZnO/Ag-0O, generating a wide depletion region and a
high baseline resistance. When exposed to the strongly
oxidizing NO: molecules extract additional electrons from
both phases, further widening the space-charge layer and
triggering a sharp increase in resistance. This directly justifies
why the silver-modified films display markedly higher
baseline changes compared to pristine ZnO [48].



4. CONCLUSIONS

In the present study, ZnO/Ag/Ag-O thin films with nominal
Ag contents of 0%, 5%, and 10% were fabricated on porous
silicon by PLD and evaluated for NO: sensing. XRD
confirmed the formation of polycrystalline wurtzite ZnO in all
films, while Ag-containing samples exhibited additional
Ag:O-related reflections. Recalculated lattice parameter
changes, although small, point to Ag’s primary contribution
via a secondary phase, rather than strong ZnO lattice
distortion. Although the 10% Ag film showed more noticeable
agglomeration, FE-SEM demonstrated that the porous silicon
framework stayed open after deposition. Zn—O bonding, along
with surface species related to hydroxyls and adsorbates, was
confirmed by FTIR. Every sample showed n-type behavior in
gas-sensing measurements toward 50 ppm NO2, but the 5% Ag
film performed the best overall. The maximum sensitivity of
this composition was 68.0% at 250 °C, and its response and
recovery times were 20 and 60 seconds, respectively. The
optimal composition for NO: sensing within the range studied
is 5% Ag, as the results show that moderate Ag addition
creates the best balance between surface activation and
preservation of the porous morphology.
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