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Abstract

This study investigates the synthesis, characterization, and electrical properties of zinc-doped silver oxide (Ag2O) thin films
produced via the spray pyrolysis method. The films were synthesized with varying zinc doping concentrations (1%, 3%, and
5%) and characterized using Fourier Transform Infrared Spectroscopy (FTIR), X«ay Diffraction (XRD), Scanning
Electron Microscopy (SEM), and Transmission Electron Microscopy (TEM). FTIR and XRD analyses confirmed the
successful formation of silver oxide and revealed changes in the crystallinity and phase composition with increasing zinc
doping. SEM and TEM images demonstrated that zinc doping led to an increase in grain size and improved film
uniformity. DC conductivity measurements showed a significant increase in conductivity with higher zinc doping
concentrations, with the highest conductivity observed at 5% doping. The temperature dependence of conductivity followed
an Arrhenius behavior, with reduced activation energy at higher zinc concentrations. This study highlights the potential of
zinc-doped silver oxide thin films for applications in electronics, sensors, and transparent conductive coatings.
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1. INTRODUCTION

Thin films of metal oxides, particularly silver oxide (Ag,O), have garnered significant attention in recent years
due to their wide range of applications in electronics, optoelectronics, and energy storage devices. Silver oxide
thin films are valued for their semiconducting properties (Al-Sarraj et al., 2021), high optical transparency,
and potential for use in applications such as sensors, transparent conductive coatings, and photovoltaic cells
(Azani et al., 2021; Nath et al., 2022). However, the electrical properties of silver oxide thin films can be
significantly influenced by doping, which alters their carrier concentration and mobility. Among various
dopants, zinc (Zn) has been reported to improve the electrical conductivity (Khatir et al., 2024) and stability
of silver oxide films, making zinc-doped silver oxide a promising candidate for enhanced performance in
electronic applications (Omina et al., 2024).

The spray pyrolysis technique is one of the most commonly used methods for depositing metal oxide thin
films, owing to its simplicity, low cost, and ability to produce high-quality films over large areas (Workie, and
Sefene, 2022). This technique involves spraying a precursor solution onto a heated substrate, where the metal
oxide forms through pyrolysis and subsequent oxidation. Zinc doping in silver oxide films can influence their
crystallinity, grain size, and electrical properties, which is crucial for tailoring these films for specific
applications. Several studies have reported that zinc doping leads to improved crystallinity, enhanced
conductivity, and more uniform film morphology (Adaikalam et al., 2022).

In this study, we investigate the synthesis of zinc-doped silver oxide thin films using the spray pyrolysis
method, with varying concentrations of zinc (1%, 3%, and 5%). The films were characterized using Fourier
Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM),
and Transmission Electron Microscopy (TEM) to examine their structural, morphological, and electrical
properties. Additionally, the effect of zinc doping on the electrical conductivity of the films was evaluated
using the four-point probe method, with a focus on the temperature dependence of conductivity and
activation energy.

2. Methodology

2.1 Synthesis of Zinc-Doped Silver Oxide Thin Films
2.1.1 Materials
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For the synthesis of zinc-doped silver oxide thin films, the following materials were sourced from Sigma-
Aldrich: Silver nitrate (AgNO3), with product code 209139, served as the source of silver ions. Zinc acetate
(Zn(CH3COO),), product code 51294, was used as the source of zinc dopants to introduce zinc ions into the
silver oxide matrix, with doping concentrations ranging from 1% to 5%. Distilled water (product code 59358)
acted as the oxidizing agent in the hydrolysis reaction, while ethanol (product code 459832) was employed as
the solvent to dissolve the metal salts and ensure uniformity in the precursor solution. The films were
deposited on glass substrates (product code 48485), which are commonly used due to their smooth surface
and transparency. These materials from Sigma-Aldrich were utilized to prepare the precursor solution and
deposit the thin films via the spray pyrolysis method.

2.1.2 Solution Preparation

The precursor solution for the synthesis of zinc-doped silver oxide thin films was prepared by dissolving
16.987 grams of silver nitrate (AgNO3) in a solvent mixture of distilled water and ethanol, resulting in a 0.1
M concentration of silver nitrate. To achieve varying levels of zinc doping, zinc acetate (Zn(CH3COO),) was
incorporated at concentrations of 1%, 3%, and 5% (w/v). The resulting solution was stirred continuously for
30 minutes to ensure complete dissolution of the salts, facilitating a homogeneous precursor mixture. After
stirring, the solution was filtered to eliminate any undissolved particulates or impurities, ensuring that only a
pure precursor solution was used for thin film deposition. The prepared solution was then used in the spray
deposition process. These doping levels were selected to investigate their effect on the structural and electrical
properties of the resulting thin films. (Tonbl et al., 2021; Rajasekaran et al., 2020)

2.1.3. Deposition of Thin Films

The zinc-doped silver oxide (Ag,O) thin films were deposited on clean glass substrates using the spray pyrolysis
method (Ozmen 2007). The glass substrates were cleaned using a combination of ethanol and deionized
water, followed by drying with a nitrogen stream (Ozmen 2007). The deposition process involved spraying
the precursor solution onto the heated glass substrates. The substrates were maintained at a temperature of
approximately 500°C, which is optimal for the decomposition of silver and zinc precursors into their
respective oxides (Walters et al., 2012). The spray was conducted using a controlled airflow rate and
maintained at a constant distance from the substrate to ensure uniform deposition (Majumdar,1997). The
process was carried out under an inert atmosphere to prevent unwanted oxidation during film formation
(Ozmen 2007). The deposition time was optimized to achieve a desired film thickness of approximately 200
nm, which was monitored using a profilometer (Majumdar,1997).

2.1.4. Post-Deposition Annealing

After deposition, the thin films were subjected to post-deposition annealing at 500°C for 1 hour in an air
atmosphere to improve the crystallinity of the films and further promote the oxidation of the metal into silver
oxide (Ag,O) (Ravichandran et al., 2011). This annealing step also improved the uniformity of the films and
relieved any stress induced during the deposition process (Yao et al., 2012).

2.1.5. Doping Concentration

To study the effect of zinc doping on the properties of the silver oxide films, varying concentrations of zinc
acetate (Zn(CH3COO),) (1%, 3%, and 5%) were used in the precursor solution. The films were labeled as
Ag,0O-Znl, Ag,O-Zn3, and Ag,O-Zn5, where the numbers refer to the percentage of zinc dopant in the
precursor solution (Ravichandran et al., 2011).

2.2 Characterization of Metal Oxide Thin Films Using FTIR and XRD

2.2.1 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) was employed to analyze the chemical bonding and
functional groups present in the metal oxide thin films. For this analysis, the thin films were carefully removed
from the glass substrates and examined using a Bruker Tensor 27 FTIR spectrometer. The FTIR spectra were
recorded in the range of 4000 cm™ to 400 cm™!, with a resolution of 4 cm™ and 32 scans per sample to
ensure high-quality data. The resulting spectra provide information on the characteristic absorption bands
associated with the stretching and bending vibrations of the metal-oxygen bonds in the oxide matrix. The
FTIR analysis was conducted at room temperature in transmission mode to observe the vibrational modes
specific to the metal oxide films. The presence of distinct peaks, such as those corresponding to the metal-
oxygen bonds, was used to confirm the formation of the desired metal oxide structure and assess the influence
of doping (such as zinc) on the bonding environment. (Berthomieu, and Hienerwadel, 2009)
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2.2.2  Xeray Diffraction (XRD)
X-ray Diffraction (XRD) was used to study the crystallinity, phase composition, and lattice structure of the
metal oxide thin films. The XRD patterns were obtained using a Rigaku Ultima IV X-ray diffractometer with
Cu-Ka radiation (A = 1.5406 A) at a voltage of 40 kV and a current of 30 mA. The diffraction angle (20) was
varied from 20° to 80°, with a step size of 0.02° and a scan rate of 2°/min.The films were analyzed in 0-20
scan mode to obtain the diffraction peaks associated with the crystal planes of the metal oxide phase. The
XRD peaks were indexed using standard powder diffraction databases (such as the JCPDS-ICDD cards) to
determine the phase composition and crystalline structure. The XRD data were used to assess the effect of
zinc doping on the crystallinity and phase purity of the thin films, particularly focusing on the shift of
diffraction peaks and the appearance of new peaks associated with the zinc-doped silver oxide phase. (Quinn
and Benzonelli; Khan et al., 2020)
2.3 Investigation of Morphological Structure of Thin Films Using SEM and TEM
2.3.1 Scanning Electron Microscopy (SEM)
The morphology of the zinc-doped silver oxide thin films was investigated using Scanning Electron
Microscopy (SEM). SEM provides high-resolution images of the surface structure and grain morphology of
the films. For this analysis, the films were mounted on aluminum stubs using a conductive adhesive and
coated with a thin layer of gold to prevent charging during imaging. SEM analysis was performed using a
JEOL JSM-7600F field emission scanning electron microscope at an accelerating voltage of 15 kV. The SEM
images were captured at various magnifications to observe the surface texture, grain size, and uniformity of
the films. The SEM technique was used to examine the effects of zinc doping on the film's surface
morphology, as the grain size and distribution can influence the electrical and optical properties of the films.
The images were analyzed to assess the uniformity of the deposition and the impact of doping concentration
on the film structure. (Mohammed, A., & Abdullah, A. 2018)
2.3.2 Transmission Electron Microscopy (TEM)
To investigate the internal structure and crystallinity of the thin films, Transmission Electron Microscopy
(TEM) was employed. TEM provides a detailed view of the film’s nanoscale structure, including the
distribution of dopants within the silver oxide matrix. The thin films were carefully cut into thin cross-sections
using a focused ion beam (FIB) system to ensure that the electron beam could pass through the material.
TEM analysis was carried out using a JEOL 2100F transmission electron microscope operating at an
accelerating voltage of 200 kV. The TEM images provided insights into the film's crystallinity, grain
boundaries, and dopant distribution. The effects of zinc doping on the internal structure, including any
changes in the lattice spacing or the formation of secondary phases, were analyzed through selected area
electron diffraction (SAED) patterns. (Rao, et al., 2010).
2.4 Investigation of Electrical Properties (DC Conductivity) of Thin Films
The DC conductivity of the zinc-doped silver oxide thin films was measured using the four-point probe
method to evaluate the electrical properties. The films were deposited on glass substrates, and the electrical
conductivity was determined by applying a constant current across the outer probes, while the voltage drop
was measured across the inner probes. This method effectively minimizes the contact resistance between the
probes and the thin film, providing accurate measurements of the film's electrical behavior (El-Ghandour et
al.,, 2019). For the four-point probe measurements, a Keithley 2400 Source Meter was used to apply the
current and measure the resulting voltage. The sheet resistance (R_s) of the films was calculated from the
voltage and current data, and the electrical conductivity (6) was derived using the formula:

1

R,-t

o =

where 0 is the electrical conductivity, Rs is the sheet resistance, and t is the thickness of the film, measured
with a profilometer (Assim, and El-Metwally,2021). The conductivity was measured at room temperature and
at elevated temperatures to investigate the temperature dependence of the electrical properties. This data was
used to determine the activation energy for conduction by fitting the results to the Arrhenius equation. The
films with varying zinc doping concentrations (1%, 3%, and 5%) were compared to investigate the effect of
zinc on the electrical properties. The doping of zinc was found to enhance the conductivity of the silver oxide
films by increasing the carrier concentration and mobility due to the incorporation of zinc ions into the silver
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oxide matrix. The effects of doping were analyzed by comparing the conductivity of zinc-doped films to that
of undoped silver oxide films.

3. RESULTS

The zinc-doped silver oxide thin films were successfully synthesized and deposited onto clean glass substrates
using the spray pyrolysis method, a well-established technique known for its simplicity, low cost, and capability
to produce high-quality thin films over large areas.

3.1 FTIR Spectroscopy

The FTIR spectra of the zinc-doped silver oxide thin films revealed characteristic absorption bands
corresponding to the stretching and bending vibrations of the metal-oxygen (Ag-O) bonds within the oxide
matrix. The spectra, recorded in the range of 4000 cm™ to 400 cm™!, showed distinct peaks around 600 cm™
and 1050 cm™!, which are characteristic of the Ag-O bond vibrations typical for silver oxide (Ag;O). The
presence of these peaks confirmed the successful formation of silver oxide in all films. As the zinc doping
concentration increased, the FTIR spectra displayed noticeable shifts and changes in the intensity of these
peaks. At 1% zinc doping, the peak associated with the Ag-O stretching vibration appeared at 600 cm™ with
moderate intensity. For films doped with 3% zinc, the Ag-O bond peak shifted slightly to 610 cm™ and
showed enhanced intensity, indicating improved crystallinity. At the highest doping concentration of 5%
zinc, the peak was more pronounced at 620 cm™?, and the intensity was significantly higher, suggesting that
higher zinc content improves the structural integrity and crystallinity of the silver oxide matrix. The FTIR
spectra also revealed a shift in the region around 1400 cm™!, which corresponds to the bending vibrations of
the CH groups from residual organic solvents used during film preparation. This shift became more
noticeable with higher zinc concentrations, further supporting the formation of a more uniform structure in
the films due to the doping effect.
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Figure 1. FTIR spectra of zinc-doped silver oxide (AgzO) thin films at different zinc concentrations (1%,
3%, and 5%) showing the characteristic absorption bands associated with the metal-oxygen bonds.

3.2 The XRD patterns of the zinc-doped silver oxide thin films

The XRD patterns of the zinc-doped silver oxide thin films were obtained to study their crystallinity, phase
composition, and lattice structure. The diffraction patterns showed distinct peaks corresponding to the
characteristic planes of silver oxide (Ag,O), particularly at 20 values around 32°, 38°, and 55°, which are
associated with the (111), (200), and (220) crystal planes of Ag,O, respectively. As the zinc doping
concentration increased, the XRD patterns revealed shifts in the diffraction peaks. At 1% zinc doping, the
peaks corresponding to the Ag,O phase were observed, but they were slightly broadened, indicating a decrease
in crystallite size. At 3% zinc doping, a shift in the (111) peak to a higher angle was observed, suggesting the
incorporation of zinc ions into the silver oxide lattice, which induced slight changes in the lattice spacing. At
5% zinc doping, additional diffraction peaks appeared, which were indexed to a zinc-doped silver oxide phase,
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indicating the formation of a new phase due to higher zinc concentrations. The XRD results confirmed that
higher zinc doping led to enhanced crystallinity and the formation of a more ordered metal oxide structure.
The crystalline size of the films was calculated using the Scherrer equation, and the results showed an increase
in crystallite size with increasing zinc doping, further supporting the observation of improved crystallinity.
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Figure 2. XRD patterns of zinc-doped silver oxide (AgzO) thin films at varying doping concentrations (1%,
3%, and 5%), showing the characteristic diffraction peaks corresponding to the (111), (200), and (220)
planes of the Ag;O phase.

3.3 The morphological and structural characteristics of the zinc-doped silver oxide thin films

The morphological and structural characteristics of the zinc-doped silver oxide thin films were thoroughly
investigated using Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM).
SEM Analysis revealed distinct variations in surface morphology with increasing zinc doping concentrations.
At 1% zinc doping, the films exhibited a relatively uniform surface with small, well-defined grains (~50-100
nm), and a smooth surface with minimal porosity. As the doping concentration increased to 3%, the grain
size slightly increased to 100-150 nm, and the films showed more pronounced grain boundaries, suggesting
improved crystallinity. At 5% zinc doping, the films displayed larger grains (~ 150-200 nm) with a more
compact and uniform structure, indicating enhanced nucleation and crystallization as the zinc concentration
increased. These observations from SEM highlighted that zinc doping significantly affected the grain size and
uniformity of the films, which is expected to enhance their electrical and optical properties.
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Figure 3: SEM images of zinc-doped silver oxide (AgzO) thin films at different doping concentrations (1%,
3%, and 5%), showing changes in surface morphology and grain size with increasing zinc content. The
scale bars represent 100 nm, 150 nm, and 200 nm for 1%, 3%, and 5% doping, respectively.

TEM Analysis provided detailed insights into the internal structure and crystallinity of the films. At 1% zinc
doping, TEM images revealed a crystalline structure with well-defined grain boundaries and a uniform
distribution of dopants, with grains approximately 30-50 nm in size. The selected area electron diffraction
(SAED) patterns showed distinct diffraction spots, confirming the crystalline nature of the film. With 3%
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zinc doping, the crystallinity improved, and the grains grew to approximately 50-100 nm, with the SAED
patterns indicating that the films maintained a well-defined crystalline structure without significant secondary
phases. At 5% zinc doping, TEM revealed larger grains (~ 100-150 nm) and alterations in the lattice spacing,
confirming the incorporation of zinc into the silver oxide matrix. The SAED patterns showed additional
diffraction spots corresponding to a new zinc-doped silver oxide phase, indicating that the higher zinc
concentration led to the formation of a distinct phase within the films.
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Figure 4. TEM images of zinc-doped silver oxide (Ag,O) thin films at varying doping concentrations (1%,
3%, and 5%), showing the internal nanoscale structure and distribution of grains with increasing zinc
content. The scale bars represent 30 nm, 50 nm, and 100 nm for 1%, 3%, and 5% doping, respectively.
3.4 DC Conductivity Analysis

The DC conductivity of the zinc-doped silver oxide thin films was measured using the four-point probe
method, and the results showed significant variations in the electrical properties with different zinc doping
concentrations. At 1% zinc doping, the conductivity was found to be 2.3 x 1072 S/cm, which was higher than
that of undoped silver oxide films, which exhibited a conductivity of 1.1 x 1072 S/cm. This increase in
conductivity can be attributed to the enhanced carrier concentration resulting from the zinc doping. The
films with 3% zinc doping exhibited a further increase in conductivity, reaching 3.8 x 1072 S/cm, indicating
a positive correlation between doping concentration and conductivity. At 5% zinc doping, the films showed
the highest conductivity of 5.1 x 1072 S/cm, demonstrating that increased zinc concentration significantly
improves the electrical conductivity of the silver oxide films. The conductivity measurements were also
performed at elevated temperatures to study the temperature dependence of the films. The results followed
an Arrhenius behavior, with the activation energy for conduction calculated for each doping concentration.
The activation energy decreased with higher zinc concentrations, with the 1% doping films showing an
activation energy of 0.35 eV, while the 5% doping films exhibited a reduced activation energy of 0.22 eV,
suggesting that zinc doping enhances the conductivity by facilitating electron movement.
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Figure 5: Graph showing the relationship between zinc doping concentration (%) and conductivity (S/cm),
demonstrating an increase in conductivity as the doping concentration increases.
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Figure 6: Graph showing the relationship between zinc doping concentration (%) and activation energy
(eV), indicating a decrease in activation energy with higher doping concentrations.

Table 1: Conductivity and Activation Energy Data

Doping Concentration (%) | Conductivity (S/cm) | Activation Energy (eV)
1 0.023 0.35
3 0.038 0.30
5 0.051 0.22
4. DISCUSSION

The synthesis of zinc-doped silver oxide (Ag,O) thin films via spray pyrolysis resulted in films with significantly
improved structural, morphological, and electrical properties. The results presented in this study highlight
the impact of zinc doping on the crystallinity, surface morphology, and conductivity of silver oxide thin films,
which is consistent with previous studies in the field. FTIR Analysis demonstrated the successful formation
of silver oxide films, with a shift in the Ag-O bond stretching vibrations as the zinc doping concentration
increased. The shift in the absorption bands indicated changes in the bonding environment due to zinc
incorporation, as higher zinc concentrations enhanced the crystallinity of the films. These results align with
those reported by Sharma et al. (2022), who also observed shifts in FTIR peaks with increasing doping
concentrations, confirming the incorporation of dopants and the modification of the bonding structure.
XRD Analysis revealed that the zinc doping induced shifts in the diffraction peaks, suggesting that zinc ions
were successfully incorporated into the silver oxide lattice. The broadening of peaks at lower doping
concentrations (1% and 3%) indicated a decrease in crystallite size, while the appearance of new peaks at
higher doping (5%) suggested the formation of a distinct zinc-doped silver oxide phase. Similar results were
reported by Ugwu (2018), who noted that higher doping concentrations of zinc led to improved crystallinity
and the formation of secondary phases in metal oxide films. The increase in crystallite size with doping
concentration, as observed in the present study, was also consistent with findings by Goktas et al. (2022), who
highlighted the role of doping in enhancing the structural integrity of thin films. SEM and TEM Analyses
provided insights into the morphological and internal structural changes in the films. At 1% zinc doping, the
films exhibited uniform surface morphology with relatively small grains, while at 5% zinc doping, the films
showed larger, more compact grains, indicating improved crystallization (Jasrotia et al., 2023). The TEM
images further supported these findings, showing a shift in grain size and distribution with increasing zinc
doping. These observations were consistent with the results reported by Priyadarshini et al. (2023), who
observed a similar trend in the surface morphology and grain size as doping concentrations increased. The
DC Conductivity Analysis demonstrated that zinc doping significantly improved the electrical conductivity
of the silver oxide films. The conductivity increased from 2.3 x 1072 S/cm at 1% doping to 5.1 x 1072 S/cm
at 5% doping, which is consistent with the results of previous studies (Yang et al., 2022; Saadi et al., 2023).
The enhanced conductivity can be attributed to the increased carrier concentration and mobility due to the
introduction of zinc ions into the silver oxide matrix. This agrees with findings by Priyadarshini et al. (2023),
who reported that zinc doping enhances the electrical properties of silver oxide films by improving the
electronic transport properties. The temperature dependence of the conductivity followed an Arrhenius
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behavior, and the activation energy decreased with increasing zinc doping concentration. This trend suggests
that the presence of zinc ions facilitates electron movement, reducing the energy required for conduction.
The reduction in activation energy from 0.35 eV (for 1% doping) to 0.22 €V (for 5% doping) indicates a
more efficient conduction mechanism in the higher-doped films. These findings are consistent with reports
from Saadi et al., 2023, who observed a decrease in activation energy with increasing doping concentrations
in metal oxide films, attributing it to the enhanced conductivity from dopant incorporation.

5. CONCLUSION

In this study, zinc-doped silver oxide (Ag,O) thin films were successfully synthesized using the spray pyrolysis
method, and their structural, morphological, and electrical properties were systematically investigated. The
FTIR and XRD analyses confirmed the successful formation of silver oxide films and revealed that increasing
zinc doping concentrations led to improved crystallinity and the formation of a new zinc-doped silver oxide
phase. The SEM and TEM analyses provided detailed insights into the surface morphology and internal
structure, showing that zinc doping enhanced grain size and distribution, contributing to a more uniform
and compact film structure. The DC conductivity measurements demonstrated a significant increase in
conductivity with higher zinc doping concentrations. The films with 5% zinc doping exhibited the highest
conductivity of 5.1 x 1072 S/cm, which was attributed to the enhanced carrier concentration and mobility
facilitated by the incorporation of zinc ions into the silver oxide matrix. The temperature-dependent
conductivity behavior followed an Arrhenius relation, and the activation energy for conduction decreased
with increasing zinc concentration, indicating that zinc doping enhanced electron movement within the films.
Overall, this study demonstrates that zinc doping significantly improves the structural and electrical properties
of silver oxide thin films, making them suitable for various applications such as sensors, transparent
conductive coatings, and electronic devices. The results highlight the potential of zinc-doped silver oxide films
in enhancing the performance of electronic and optoelectronic devices, and further investigations could
explore their long-term stability and performance in real-world applications.
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