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Abstract

2D layered materials are promising in the field of electronics, photovoltaic and sensing
applications, and to produce thin films with 2D layered materials is important to integrate the
materials into devices. This research is focused on the optimization of thin films produced from
colloidal 2D layered material inks using the process technique of ultrasonic coating. Three major
objectives of this work are targeted: uniformity, thickness control, and adhesion of the thin film
produced. In this regard, several parameters of the ultrasonic spray coating process are varied and
their interaction mechanisms on nanomaterials comprehended with experimental approaches
coupled with computational analysis. It follows, therefore, that these findings have key
implications on the large-scale production of thin-film quality used in technologies for electronic,
photovoltaic and sensing applications.
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Chapter 1: Introduction

1.1 Introduction to Thin Film Technologies

Thin films are the backbone of modern technological advancement, with specific, tailored
properties forming the core in many electronic, optoelectronic, and energy conversion devices. In
general, thin films have much more excellent functionalities compared to their bulk forms, partially
due to increased surface area-to-volume ratio, which may enhance optical, electronic, and catalytic
properties. However, those classical deposition techniques have limited scopes for attaining
uniformity, scalability, and compatibility for a wide range of materials, especially new
bidimensional nanomaterials.!

Traditionally, thin films are deposited by methods like physical vapor deposition (PVD)—thermal
evaporation and sputtering—and chemical vapor deposition (CVD). Spin coating, dip coating, and
electrodeposition are other methods that are found in research and laboratory-scale work. Though
efficient under most conditions, these traditional methods tend to be limited in scalability, material
compatibility, and in attaining high uniformity on large surface areas. They are particularly acute
in the case of working with new two-dimensional (2D) nanomaterials and solution-based precursor
systems, where the formation of uniform films and precise control over morphology are critical.

To overcome these problems, the present study investigates ultrasonic spray coating (USC) as a
substitute for the deposition method. USC has high material utilization, easy droplet formation
control, and suitability with most nanomaterial inks, rendering it a viable method for scalable
production of advanced thin films.

The objectives of this research are to investigate the impact of USC parameters on the morphology,
structure, and composition of thin films; identify optimal USC settings to produce uniform,
reproducible thin films suitable for photovoltaic and (photo)electrocatalytic applications; and
compare the performance and properties of thin films created with USC against those made using
traditional deposition methods.

1.2 Introduction to 2D Materials

The 2D materials have brought ultra-thin and layered into the advanced materials science realm.
Some prominent examples include graphene, MoS», and WSz, showing unique properties directly
related to very high mechanical strength, exceptionally good electrical conductivity, and
remarkable thermal properties. These materials have gigantic potential in applications relating to
electronics, photonics, catalysis, and energy storage. It means that they can deliver enhanced
performance and new functionality compared with conventional bulk materials.?

Two-dimensional (2D) materials have attracted considerable attention owing to their distinct
structural and functional characteristics. A particular benefit is their large surface area, which
increases reactivity and overall performance for applications like catalysis, sensing, and energy



storage. > They are also extremely mechanically strong, rendering them durable and highly flexible
traits of value for the creation of flexible electronics and other new technologies. * 2D materials
further have superior electrical and thermal conductivity, for which they are well-suited for use in
next-generation electronics and thermal management systems. > Yet several difficulties hamper
their wider use. Scalability is also a major issue because large-scale production while ensuring
uniform quality of these materials can be challenging. ® Further, manufacturing and processing of
high purity 2D materials may prove costly, thereby causing cost implications that limit their
industrial application. ’

This research focuses on the utilization of Transition Metal Dichalcogenides (TMDCs),
specifically molybdenum disulfide (MoS:) and tungsten disulfide (WS:), due to their outstanding
electrical properties and catalytic activities. TMDCs are layered materials with a general formula
MX., where M represents a transition metal (such as molybdenum or tungsten) and X represents a
chalcogen (such as sulfur).?

In this study, two widely researched transition metal dichalcogenides (TMDs), MoS: and WS-,
were chosen for their favorable optoelectronic and catalytic properties, making them suitable
candidates for thin film development in energy-related applications. !° Their similar structural
characteristics, coupled with distinct electronic behaviors, allow for a comparative analysis that
highlights the influence of the transition metal on the performance of the resulting thin films. !

MoS: belongs to a class of TMDC with the graphite-like layer structure. In one such layer,
molybdenum atoms are sandwiched between two layers of sulfur atoms and are arranged
hexagonally. This special structure consists in weak van der Waals bonds between layers, which
makes it easy for exfoliation into monolayers. The semiconducting properties in the monolayer
form are excellent; for example, MoS: has a direct bandgap of about 1.8 eV, which makes
applications possible in transistors and sensors, or even photovoltaic devices.!?

WS: also demonstrates a similar layer structure. Like MoS2, WS: can be further exfoliated down
to monolayers and show semiconductor properties. However, WS. shows a slightly higher direct
bandgap value of about 2.1 eV in the monolayer configuration. This higher bandgap makes WS:
more appropriate for optoelectronic applications involving the higher energies of photons, like
light-emitting diodes and lasers.'®> Apart from these characteristics, WS: has a greater spin—orbit
coupling and field-effect mobility than MoS:, both of which are beneficial for spintronic and high-
speed electronics. Conversely, MoS: has a high photoluminescence efficiency in the visible range
and would thus be preferable in applications such as optical sensing and light emission.

Both MoS: and WS: were dispersed to create colloidal inks, which were then used in the Ultrasonic
Spray Coating (USC) process. Isopropanol was chosen as the solvent due to its ability to effectively
disperse TMDC nanoparticles and its compatibility with the USC process. IPA possesses various
benefits: it has a comparatively low boiling point of around 82.5 °C, making it suitable for fast
evaporation of the solvent during deposition and smooth and uniform thin-film formation. IPA is
also less harmful compared to most other organic solvents, has good wetting characteristics on
different substrates, and offers adequate volatility to avoid ink pooling or coffee-ring effects upon



drying. The prepared inks were characterized to ensure proper dispersion and stability, which are
crucial for achieving uniform and defect-free thin films.'*

By understanding the intrinsic properties of MoS: and WS, and utilizing high-quality materials,
the research aims to develop thin films with optimal performance for advanced technological
applications.!®

Impurities in the starting materials can introduce defects into the thin films, adversely affecting
their electrical and optical properties.'® To ensure the highest quality films, MoS2 and WS were
carefully handled and stored in a controlled environment to prevent contamination. Additionally,
the dispersion process involved ultrasonic treatment to achieve a homogeneous suspension of
nanoparticles in the solvent.!’

1.3 Evolution of Thin Film Deposition

Thin films have always been of prime interest for different technological applications where
adjusted properties are vital for the progress of several industries such as electronics,
optoelectronics, and energy conversion devices. Traditional techniques for the deposition of thin
films, like chemical vapor deposition and physical vapor deposition, remain limited in terms of
uniformity, scalability, and compatibility with a wide range of materials.'® In the last few years,
alternative deposition techniques like spray coating, spin coating, and inkjet printing have
emerged, potentially holding the promise for solving these challenges due to their advantages of
higher material utilization, scalability to large-area substrates, and exact control over the film
properties.'® The following hypotheses are the foundation of the research: it will have immense
effects on the morphology, thickness, and uniformity of the thin films produced from MoS; and
WS> colloidal inks by varying the USC parameters; optimized settings for USC will be able to
make thin films with improved properties for both photovoltaics and (photo)electrocatalytic
applications’; the difference in film quality and performance arising from the varied deposition
parameters will be permitted by UV-Vis spectroscopy, Raman spectroscopy, and advanced
characterization techniques®'. The experimental technique will involve the systematic variation of
the USC parameters to observe their effect on the properties of thin films?! produced with the MoS
and WS colloidal inks. All the prepared samples will undergo UV-Vis spectroscopy to ascertain
their optical properties and the uniformity of the films. The films will be characterized by using
advanced techniques, which include Raman spectroscopy, SEM, and photoluminescence, to
investigate their structural, morphological, and functional properties.

This work involves a comprehensive and systematic route to the optimization and evaluation of
the process of USC-produced thin films. It includes the preparation of colloidal inks of MoS: and
WS: in water and isopropanol, followed by preliminary experiments designed to establish baseline
performance for USC-produced films. Key USC parameters are varied in a systematic manner to
analyze their impact on the properties of the resulting films. The assessment of film quality and
functionality is carried out through UV-Vis spectroscopy, Raman spectroscopy, and other
advanced characterization techniques. By comparing the results with thin films produced by
traditional methods, the advantages and limitations of the USC process can be effectively
highlighted.



The expected outcomes of this research include the identification of optimum USC parameters to
obtain high-quality thin films from MoS: and WS: colloidal inks, along with a thorough
characterization of these films in terms of morphology, structural integrity, and functional
properties. Furthermore, the study aims to compare the films produced via USC with those
obtained through conventional deposition techniques, highlighting both the benefits and the
possible limitations of the USC approach. Finally, this work proposes themes for further research
and explores potential industrial applications based on the results, opening up new possibilities for
the broader use of USC in thin film production. '*

Thin film deposition techniques have shown continuous searching for scalable and inexpensive
processes that could yield highly qualitative films. Among them, great interest has been focused
on USC, which allows the deposition of uniform thin films with full control of the thickness and
morphology of the films. USC is based on the principle of atomization of liquid precursors into
fine aerosol droplets with the aid of ultrasonic energy. These droplets are then propelled toward
the substrate, where they deposit, forming a thin, uniform film layer.?*** Ultrasonic spray coating
(USC) has vast potential for use where there are complex geometries and colloidal suspension is
employed, mostly because of its fine control over properties like thickness, uniformity, and surface
topography of films.?

The development of thin film deposition methods has continuously evolved throughout history,
driven by the demand for improved film quality, performance, and functionality. Spray coating
techniques were initially developed for large coatings.?® Later on, some more precise methods of
spray coating, like ultrasonic spray coating, evolved.

Chemical vapor deposition (CVD) is a technique whereby gaseous precursor molecules react to
deposit solid materials onto a substrate. It gives very good control of the composition and thickness
of the film but may sometimes be limited by uniformity over large areas. 2*??326 On the other
hand, there are the physical vapor deposition (PVD) techniques, such as sputtering and thermal
evaporation. In these cases, deposition occurs from a source due to physical procedures, for
example, bombardment with ions or atoms. While PVD offers relatively high purity levels and
control over thin-film properties. 2® In the process of spin coating, a small volume of liquid
precursor is deposited onto a substrate that subsequently is spun at desired speeds to spread the
material in a uniform thin film. This process is very useful in producing uniform films. >’ One of
the reasons for the huge attention that has been paid to inkjet printing is because it is capable of
depositing patterns of functional materials onto substrates. This technique gives flexibility in
material choice and deposition accuracy but may require an optimization route to achieve
homogeneous thin films over large areas. *°

Such colloidal inks, comprising bi-dimensional materials and dispersed in solvents like water and
isopropanol, are promising for several thin film applications. These materials show unique
electronic, optical, and catalytic properties due to their crystal structure being made of layers and
having a large surface area that makes them suitable for applications such as photovoltaics,
electrocatalysis, sensors, and flexible electronics, where thin films could eventually improve
device performance and durability.*



In photovoltaic applications, these tunable-bandgap colloidal nanomaterial inks would be applied
in creating thin film solar cells of high photoconversion efficiencies. The unique benefits of USC
are in uniform and conformal depositions of active layers, which in turn enhance device
performance and stability. ** Likewise, thin films manufactured from colloidal inks find
applications in electrocatalysts for energy conversion and storage devices. Ultrasonic spray coating
enables rigorous control of both the composition and morphology of the films, ensuring that
catalytic activity and durability are maximized under very aggressive operating conditions. >

One of the promising techniques for the deposition of thin films is ultrasonic spray coating, which
enables the preparation of homogeneous coatings with controlled thickness and morphology. To
fully harness these advantages, it is essential to carefully optimize the process parameters to ensure
reproducibility and suitability for specific applications.

Key parameters in Ultra Spray Coating, such as spray pressure, solution concentration, substrate
temperature, and nozzle-to-substrate distance, affect thin film deposition during the process.
Having a systematic variation of these parameters is necessary to enhance film quality, adhesion,
and functional performance *°. Adjusting the spray pressure is essential for controlling droplet size
and distribution on the substrate; higher pressures generally produce finer droplets, leading to a
more uniform film, while lower pressures may result in larger droplets and potential agglomeration
3¢, The concentration of the colloidal solution affects the film's thickness and uniformity, and an
optimal concentration ensures adequate coverage while avoiding issues such as excessive film
thickness or sparse deposition *’. Maintaining the appropriate substrate temperature is critical for
controlling the solvent evaporation rate and ensuring good adhesion of the coating; higher
temperatures can enhance solvent evaporation, leading to quicker drying and better adhesion,
while lower temperatures might cause incomplete evaporation and poor film quality. Finally, the
distance between the nozzle and the substrate influences the droplet impact velocity and spreading;
an optimal distance ensures that droplets spread evenly without splashing or bouncing, resulting
in a smooth and consistent film *°. Systematic variation and optimization of these parameters are
necessary to improve film quality, adhesion, and functional performance.

1.4 Overview of Spray Coating Techniques for 2D Materials

Spray coating, specifically using ultrasonic techniques, has gained prominence for its ability to
uniformly deposit thin films of 2D materials. This technique allows for precise control over film
thickness, composition, and morphology, making it ideal for creating high-quality 2D material
coatings. The reviews of spray coating for 2D materials highlight that various spray coating
methods, including ultrasonic spray coating and electrostatic spraying, have been employed to
deposit 2D materials. Ultrasonic spray coating is noted for its fine mist generation and uniform
deposition capability 6. Spray-coated 2D materials have been successfully used in electronics,
such as flexible transistors; in optoelectronics, including photo detectors; and in energy
applications like batteries and supercapacitors > .



1.5 Significance of the Study

This research is significant as it pioneers the optimization of Ultrasonic Spray Coating (USC) to
produce high-quality thin films from colloidal nanomaterial inks, a technique that has not been
extensively explored before. The insights gained from this research are expected to advance USC
as a viable and efficient method for creating thin films, potentially leading to improvements in the
performance and efficiency of thin film-based devices across various technological domains. This
work not only addresses a novel application but also sets a precedent for future investigations into
the application of USC in advanced material processing.

1.6 Scope of the Study

The focus of this study is on the fabrication of USC using colloidal inks of bi-dimensional materials
dispersed in non-toxic solvents, primarily water and isopropanol; the use of advanced
characterization techniques such as Raman spectroscopy, SEM, UV-Vis spectroscopy, and
photoluminescence for detailed analysis of the structure and morphology of thin films; and the
evaluation of the potential of optimized thin films for efficient and durable photovoltaic and
photocatalytic (photo)electrocatalytic applications.
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Chapter 2: Methodology

2.1 Material and Substrate Preparation

Submerge the FTO (Fluorine-doped Tin Oxide) substrates in a Milli-Q water-free beaker that has
been cleaned of contaminants with a little soap. Place the beaker into an ultrasonic bath for 20
minutes to remove surface impurities.

After this, transfer the substrates to a new clean jar containing isopropanol (IPA) and ultrasonicate
for 20 minutes additional to remove organic residues. Dry substrates use clean air or a gentle flow
of nitrogen.

Lastly, transfer substrates to a new clean jar containing acetone and ultrasonicate as before for 20
minutes. Carefully dry with clean air or nitrogen. Handle using clean gloves or tweezers to prevent
recontamination.

The FTO substrates are now ready for further processing. Starting with the MoS: solution. Using
the micropipette, we measure an equal volume of MoS: and isopropanol. For instance, if preparing
1 mL of solution, measure out 0.5 mL of MoS: and 0.5 mL of isopropanol. Place the MoS: into a
clean container designed to handle chemical solutions, such as a vial or small bottle. Then, measure
and add the isopropanol to the container with the MoS.. Ensure that the isopropanol is added slowly
and steadily to allow for proper mixing and to avoid any potential splashing or spillage. Once both
components are in the container, gently swirl or mix the solution to ensure that the MoS: is fully
dissolved or suspended in the isopropanol. The MoS: and isopropanol solution should now be
homogeneous and ready for use in subsequent applications or experiments. Next, proceed with the
WS: solution following a similar procedure as MoS..

Both solutions—MoS. and WS>—prepared at a 1:1 ratio with isopropanol, should be handled with
care.

2.2 Spray Coating Method

The spray coating method employed in this research is an essential technique for the deposition of
thin films of TMDCs onto substrates. This process, specifically Ultrasonic Spray Coating (USC),
involves several critical parameters and steps to ensure the uniformity and quality of the deposited
films.

The USC process begins with the preparation of colloidal inks containing the TMDCs, which are
atomized using an ultrasonic nozzle. This nozzle generates high-frequency vibrations that break
the liquid ink into fine droplets, which are then sprayed onto the substrate. The primary goal is to
achieve a uniform distribution of these droplets across the substrate surface, forming a thin film of
the desired thickness and quality.
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Key parameters of the USC process include spray
pressure, nozzle-to-substrate distance, and deposition
time. At lower pressures, larger droplets are formed,
leading to uneven film thickness, while higher
pressures produce finer droplets that contribute to a
more uniform film.

The deposition process involves multiple runs with a
time gap of approximately 30/60 seconds between
each run. This allows the solvent to evaporate,
reducing the risk of film defects and ensuring that
each layer adheres properly to the substrate. During
the process, the substrate is moved or rotated to
ensure even coverage. The USC method is monitored
and controlled through specialized software that
manages the ultrasonic nozzle's operation and the
substrate's movement. This software allows for precise adjustments to the coating parameters,
ensuring reproducibility and consistency in film production.

Figure 1: Spray Coater

Reflectance Spectrum Measurement

After performing the spray coating, our next step was to measure the reflectance spectrum of the
thin films using the Jasco V-770 spectrophotometer [Fig 2]. We began by turning on the
spectrophotometer and allowing it to warm up for about 15-30 minutes to ensure stable operation.
Once the instrument was ready,

We first measured the reflectance of a reference
standard (BASELINE), set the wavelength range in the
software from 300 nm to 700 nm, and recorded the
baseline reflectance of the standard. This baseline was
crucial for comparing and accurately assessing the
reflectance of our thin film samples.

Next, we replaced the reference standard with our thin
film sample. We carefully aligned the sample to ensure
it was flat and properly positioned in the holder. After
closing the sample compartment to eliminate any external light interference, we initiated the
measurement process through the software. The spectrophotometer scanned through the selected
wavelength range, capturing the amount of light reflected at each wavelength by the thin film.

Figure 2: Jasco V-770 spectrophotometer

Finally, we reviewed the reflectance spectrum displayed by the software, which provided a detailed
view of the intensity of light reflected at different wavelengths. This data revealed important
optical properties of the thin film, such as its colour and thickness.

12



2.3 Characterization Techniques

The characterization techniques employed in this research are essential for a comprehensive
understanding of the properties and performance of the thin films produced through Ultrasonic
Spray Coating (USC). These methods provide crucial insights into the films' structural,
morphological, and optical characteristics, which are vital for their applications in photovoltaic
and (photo)electrocatalytic technologies.

SEM Scanning Electron Microscopy (SEM) is a surface-imaging method based on scanning with
a focused beam of electrons across the surface of a specimen. As these electrons interact with the
surface atoms, they produce signals—Ilike secondary electrons and backscattered electrons—that
are detected to create high-resolution images. SEM offers very precise information regarding the
topography and morphology of the surface of the sample. The morphology of the samples was
examined using field emission scanning electron microscopy (FESEM) with a Zeiss Merlin
equipped with a Gemini-II column.

Raman Spectroscopy provides a non-strictive method for analyzing the vibrational modes of the
materials within thin films. This technique is particularly useful for studying the crystalline
structure of the Transition Metal Dichalcogenides (TMDCs) such as MoS. and WS.. Raman
spectroscopy can differentiate between different phases of the materials and detect any structural
defects or distortions in the crystal lattice. The intensity and position of the Raman peaks are
indicative of the material's quality, phase purity, and presence of defects. For example, shifts in
the peak positions or changes in peak intensities can indicate strain, doping, or variations in crystal
quality. Raman spectroscopy also helps in understanding the electronic properties of the materials
by providing insights into their phonon modes and electronic band structure.*!

A Renishaw InVia Raman microscope was employed to collect Raman spectra of the samples in
backscattering configuration, using a 5x objective, a 514.5 nm excitation wavelength, and a 0.5
mW laser power. The RT Raman spectra were obtained averaging several spectra acquired in
different regions of each sample, each one collected with a total exposure time of 225 s.

Photoluminescence (PL) is used to probe the electronic structure and optical properties of thin
films. This technique involves exciting the film with light and measuring the emitted luminescence
to gain insights into the material's electronic states and recombination processes. PL spectra
provide information about the bandgap energy, defect states, and carrier recombination dynamics
within the film. The intensity and wavelength of the emitted light can reveal details about the film's
quality, such as the presence of non-radiative recombination centers or the efficiency of charge
carrier transport. PL is particularly useful for assessing the performance of films in optoelectronic
applications, where the efficiency of light emission and charge carrier dynamics play a critical
role.*?

These characterization techniques collectively offer a thorough evaluation of the thin films
produced by the USC process. By providing detailed information on surface morphology,
structural integrity, optical properties, and spatial uniformity, these methods ensure that the films
meet the required specifications for their intended applications. Each technique contributes
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valuable data that helps in optimizing the deposition process and improving the performance of
the films in various technological applications. In this work, PL spectra were measured using the
Jasco V-770 spectrophotometer in the wavelength range of 340-650 nm. The excitation was
performed using the instrument’s internal broadband light source, and the measurements were
carried out under steady-state conditions.

2.4 Energy Conversion Analysis

Energy conversion analysis involves evaluating how effectively thin films convert energy from
one form to another, which is essential for applications in photovoltaic and electrocatalytic
technologies. The analysis begins with understanding the efficiency of energy conversion
mechanisms within the films, focusing particularly on their bandgap properties and overall
performance in practical device applications.

The bandgap of a material is a fundamental property that dictates its ability to absorb and convert
light into electrical energy. The bandgap of the nano-colloids was calculated using the Tauc plot
equation (Equation (1)):

(ahv)l/n=A(hv—Eg) (1)

where a is the absorption coefficient, h is the Planck constant, v is the frequency, Eg is the bandgap
energy, and n is 2.* Thin films' bandgap is typically determined using UV-Vis’s spectroscopy. By
analyzing the absorption spectra, we calculate the bandgap energy of the material using methods
such as the Tauc plot.

14



Chapter 3: Results and Discussions

This chapter presents the results of the experimental work carried out on Molybdenum Disulfide
(MoS2) and Tungsten Disulfide (WS2) thin films. The focus is on understanding how various
deposition parameters influence the material properties, with an emphasis on UV-Vis
spectroscopy, Raman spectroscopy, and heatmap analysis. These results are crucial for optimizing
the performance and applications of MoS. and WS: in various technological fields.

The importance of deposition parameters cannot be overstated. Temperature plays a significant
role in enhancing the crystallinity and optical properties of the film. However, excessive
temperatures or prolonged exposure can lead to degradation and reduced quality. Adequate volume
is crucial for ensuring sufficient material deposition, resulting in a uniform film. There is an
optimal range for volume, as deviations can negatively impact film quality. Additionally,
deposition time affects particle interaction and film formation. Optimal deposition time is
essential; too short may not allow sufficient film development, while too long can cause
degradation.

Spray coating is a versatile technique employed to deposit thin films of different materials onto
substrates. The quality and uniformity of MoS. and WS: thin films are significantly influenced by
several parameters, including temperature, layer number, and spray duration.

Temperature is a critical factor in the deposition process, impacting film formation and
crystallinity. A comparison between samples processed at 150°C and 200°C shows that higher
temperatures generally enhance film formation and crystallinity. For instance, the sample
processed at 200°C (200C S0L 30S) exhibits higher absorbance compared to the sample
processed at 150°C (150C _50L 30S). This increase in absorbance suggests that elevated
temperatures contribute to improved film quality and enhanced structural properties.

The number of layers directly influences the thickness and optical properties of thin films. A
comparison between samples with 20 layers and 50 layers shows that samples with a higher
number of layers often exhibit distinct absorbance features. For example, the sample
200C _50L 30S shows increased absorbance compared to 150C 20L 30S. This indicates that
thicker films or higher concentrations of nanomaterials enhance the film’s optical properties and
overall performance. In a direct comparison between the sample 200C 50L 30S and
150C _20L 308, the thicker film (200C_50L_30S) exhibits higher absorbance, suggesting that
increasing the number of layers improves the film’s optical and structural quality.

Spray duration affects the uniformity and thickness of the deposited film. A comparison between
samples with spray durations of 30 seconds and 60 seconds shows that longer spray durations
generally lead to higher absorbance, as evidenced by the increased absorbance in the sample
200C 20L _60S compared to 150C 20L 30S. This implies that extended spray durations
contribute to thicker and more uniform films, enhancing the film’s optical and physical properties.
In a direct comparison between the sample 200C_20L_60S and 150C 20L _30S, the longer spray
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duration results in greater absorbance, indicating better film uniformity and improved material

quality.

We conducted a series of experiments on six thin film samples by spraying MoS: (Molybdenum
disulfide) onto substrates. For each sample we varied critical parameters such as deposition
temperature, duration of spraying, and the number of layers applied. The aim was to systematically
investigate how these variables influence the optical and structural properties of thin films.

3.1 Effect of Parameters on MoS: Thin Film Quality

Figure 3a: MoS film after uItrasnic sray coating (150 °C,
20L, 30S)

Figure 3b: MoS; film after ultrasonic spray coating (200 °C,
20L, 60S)

The sample 150C_20L_30S (1.64 e¢V) [Fig 3a]
was processed under the conditions of a
temperature of 150°C, a volume of 20L, and a time
of 30S. This sample demonstrates a moderate Tauc
plot value. The moderate temperature combined
with low volume and short deposition time results
in a film with decent optical properties. The film
quality is reasonable, but further optimization may
be required to improve optical performance.

The sample 200C_20L_60S (1.65 eV) [Fig 3b]
was processed under the conditions of a
temperature of 200°C, a volume of 20L, and a time
of 60S. This sample shows a slightly higher Tauc
plot value. The higher temperature and extended
deposition time likely improve the film's
crystallinity and uniformity, enhancing the optical
properties. This suggests that increasing
temperature and deposition time can lead to better
film quality.
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Figure 3c: MoS; film after ultrasonic spray coating (150 °C,
20L, 60S)

Figure 3d: MoS; film after ultrasonic spray coating (150 °C,
50L, 308)

Figure 3e: MoS; film after ultrasonic spray coating (200 °C,
50L, 30S)

The sample 150C_20L_60S (1.63 eV) [Fig 3c]
was processed under the conditions of a
temperature of 150°C, a volume of 20L, and a time
of 60S. The Tauc plot value is lower compared to
the 200°C samples. The extended deposition time
at a moderate temperature might have caused some
degradation or non-uniformity in the film, slightly
reducing its optical quality. This indicates that
longer deposition times at lower temperatures
may not be as effective.

The sample 150C_50L_30S (1.63 eV) [Fig 3d]
was processed under the conditions of a
temperature of 150°C, a volume of 50L, and a time
of 30S. Increasing the volume while maintaining
the same temperature and deposition time did not
significantly change the Tauc plot value. This
suggests that volume alone may not have a
substantial impact on the optical properties unless
combined with other optimized parameters.

The sample 200C_50L_30S (1.69 eV) [Fig 3e]
was processed under the conditions of a
temperature of 200°C, a volume of 50L, and a time
of 30S. This sample has the highest Tauc plot
value, indicating the best optical properties. The
high temperature combined with a larger volume
and short deposition time creates a film with
optimal crystalline and uniformity, leading to
enhanced optical quality. This suggests that higher
temperatures and volumes are beneficial for
achieving high-quality films.
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The sample 200C_25L_30S (1.58 eV) [Fig 3f] was
processed under the conditions of a temperature of
200°C, a volume of 25L, and a time of 30S. This
sample shows the lowest Tauc plot value, despite
the high temperature. The moderate volume
appears insufficient to achieve optimal film
quality, indicating that there is an optimal volume
threshold needed to maximize the optical
properties of the film.

Figure 3f: MoS; film after ultrasonic spray coating (200 °C,

25L, 308)

3.2 Band Gap and Optical Transitions in MoS: Thin Films

Tauc plots were utilized to determine the optical band gaps of the MoS: thin films. The optical

150C 20L 30S 1.64

150C_20L 60S 1.63

150C_S0L_30S 1.63

200C _25L 30S 1.58

200C_50L_30S 1.69

200C_20L 60S 1.65

Table 1: Tauc plot values (optical band gaps)

band gaps varied depending on the temperature, layer
thickness, and spray duration. For instance, a sample
subjected to low temperature (150°C), with a thin
layer (20L) and short duration (30S), exhibited a Tauc
plot value of 1.64 eV, suggesting moderate
crystallinity and potential defects. In contrast, another
sample under the same low temperature but with a
longer duration (60S) showed a slightly lower band
gap of 1.63 eV, indicating improved crystal quality
due to the extended spray duration. A thicker layer
(50L) with a short duration at the same temperature
resulted in a similar band gap of 1.63 eV, pointing to
enhanced crystallinity with the increased thickness.
On the other hand, a higher temperature (200°C) with
a medium layer thickness (25L) and short duration
yielded a band gap of 1.58 eV, reflecting better
crystallization due to the elevated temperature. The

highest band gap of 1.69 eV was observed in a sample with a higher temperature, thicker layer
(50L), and short duration, which implies improved film quality but also the introduction of stress
due to the thicker layers. Another sample subjected to a higher temperature, with a thin layer and
longer duration, had a band gap of 1.65 eV, indicating good crystallinity.
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Figure 4a: UV-Vis absorption spectra of exfoliated MoS2 Figure 4b: UV-Vis Tauc plots of exfoliated MoS2
The UV-Vis spectroscopy of the MoS: thin films revealed distinct absorbance peaks [Fig 4b]
corresponding to the material's optical transitions. These absorbance levels varied according to the
film quality and thickness, which were influenced by different deposition conditions [Fig 4a]. The
results indicated that higher temperatures, increased layers, and longer spray durations generally
enhanced absorbance, suggesting improved film quality and better electronic properties.

3.3 Evaluation of Surface Uniformity in MoS:

MoS:: 200°C_S0L-30S

Figure 5: Optical micrograph of MoS; thin film (200 °C, 50L, 30S)
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POSITION DIFFERENCE

1 2491
2 2486
29 24.87
124 24.87

Table 2: Measurements showing minimal variation across positions

Due to the larger surface area under examination, we perform four distinct measurements to ensure
that any variations are captured accurately. These measurements are taken from different sections
of the area to check for potential discrepancies. After thorough analysis, we observe that all four
measurements in Table 2 exhibit a high degree of similarity, with minimal variation between them.
This consistency suggests that the surface area is uniform and that the conditions affecting the
measurements are stable across the entire area.

POSITION 1
The difference of peak 1 and peak 2 is 24.91

——200C_50L_30S

300 350 400 450 500

Figure 5a: Difference between peak 1 and peak 2 at Position 1, with a value of 24.91.
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POSITION 2
The difference of peak 1 and peak 2 is 24.86

200C_50L_30S

300 350 400 450 500

Figure 5b: Difference between peak 1 and peak 2 at Position 2, with a value of 24.86

POSITION 3
The difference of peak 1 and peak 2 is 24.87

200C_50L_30S

300 350 400 450 500

Figure 5c: Difference between peak 1 and peak 2 at Position 3, with a value of 24.87
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POSITION 4
The difference of peak 1 and peak 2 is 24.87

200C_50L_30S

300 350 400 450 500

Figure 5d: Difference between peak 1 and peak 2 at Position 4, with a value of 24.87

MoS:: 150C_S0L_30S

Figure 6: Optical micrograph of MoS; thin film (150 °C, 50L, 30S)
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POSITION DIFFERENCE

1 2599
2 24.98
29 23.89
124 24.80

Table 3: Measurements showing minimal variation across positions

For the MoS2 sample at 150°C with 50L and 30S conditions, we conducted four distinct
measurements present in Table 3 across different sections of the surface to capture any potential
variations. The results consistently showed minimal discrepancies, indicating a high degree of
uniformity across the surface. This consistency suggests that the measurement conditions are stable
and that the surface area does not introduce significant variability. As a result, we can confidently
rely on the findings, knowing that the extensive area does not impact the accuracy of our data.

POSITION 1
The difference of peak 1 and peak 2 is 25.99

150C_50L_30S

1 1 1
300 350 400 450 500

Figure 6a: Difference between peak 1 and peak 2 at Position 1, with a value of 25.99
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POSITION 2
The difference of peak 1 and peak 2 is 24.98

[—— 150C_50L_30S

300 350 400 450 500

Figure 6b: Difference between peak 1 and peak 2 at Position 2, with a value of 24.98

POSITION 3
The difference of peak 1 and peak 2 is 24.89

150C_50L_30S

300 350 400 450 500

Figure 6c: Difference between peak 1 and peak 2 at Position 3, with a value of 24.89
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POSITION 4
The difference of peak 1 and peak 2 is 25.80

150C_50L_30S

300 350 400 450 500

Figure 6d: Difference between peak 1 and peak 2 at Position 4, with a value of 25.80

3.4 Raman and SEM Analysis of MoS: Thin Films

Raman spectroscopy was employed to analyze the vibrational modes of the MoS: thin films. The
Raman spectra displayed characteristic peaks corresponding to the Eog and Aig modes, with the
intensity and position of these peaks providing insights into the film's structural and electronic
properties. Variations in temperature, layer number, and spray duration were found to affect the
Raman peaks, reflecting changes in film quality and structural characteristics.

Color Scale Title
- 25.99

- 25.73
25.48

@ 2522
]
g

3 24.97
2

8 24.71

- 24.45

- 24.20

23.94

0 2 4 6 8
Wavelength (um)
Figure 7a: Optical microscopy image of Figure 7b: Raman spectroscopy data showing absorbance versus

MoS; thin film surface morphology. wavelength for MoS, thin film.
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[Fig 7b]: The x-axis represents the Wavelength (in nm), likely corresponding to the range of light
or wavelengths used to probe the thin film sample. The y-axis shows Absorbance, measuring how
much light the sample absorbs at each wavelength. The color scale on the right depicts the
intensity, with red indicating the highest absorbance and blue representing the lowest. This 2D
mapping helps visualize how different regions of the thin film respond to light. High absorbance
could signify denser material accumulation, while lower absorbance may suggest thinner or less
material deposition. The color variations across the plot reflect differences in film thickness or
composition, allowing for the identification of non-uniformities. Regions with higher absorbance
could be thicker or have more concentrated nanomaterials, providing valuable insight for film
optimization.

SEM images of MoS, showing a flaky structure (8a) at 2 um and a smooth surface with particles (8b) at 100 um.

SEM measurements were performed on selected MoS: samples to characterize the morphology of
the exfoliated nanosheets in detail.

This [Figure 8a] was captured at a scale of 2 um, whereas the field of value equaled 10.5 um,
giving a highly magnified view of the surface morphology of the sample. The structure observed
appears complicated, flaky, and layered. Such an intricate texture may be interpreted to mean that
there are thin, sheet-like materials, possibly indicative of substances.

[Figure 8b] was captured at a lower magnification of 100 pm, representing a wider spread of the
sample. This image, however, shows a rather smooth and flat surface texture with smaller, well-
dispersed particles or granules on the surface. These particles could represent surface impurities,
particulate inclusions, or heterogeneities within the material.

Now after this we conducted a series of experiments on six thin film samples by spraying WS:
(Tungsten disulfide) onto substrates. For each sample, we varied critical parameters which we have
also used in MoS: such as deposition temperature, duration of spraying, and the number of layers
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applied. The aim was to systematically investigate how these variables influence the optical and
structural properties of thin films.

3.5 Effect of Parameters on WS: Thin Film Quality

The analysis of the various samples indicates a clear relationship between the Tauc plot values and
the conditions under which the films were produced.

Sample 150C_20L_30S [Fig 9a], exhibits a lower Tauc plot
value of 1.70 eV, which reflects the effects of moderate
temperature and low volume on film quality. These conditions
suggest reasonable but not optimal optical properties, indicating
that further optimization is necessary.

Figure 9a: WS, film after ultrasonic
spray coating (150°C, 20L, 30S)

Sample 150C_20L_60S [Fig 9b], This sample has the highest
Tauc plot value of 1.76¢eV, indicating the best optical properties.
The moderate temperature combined with a lower volume and
higher deposition time creates a film with optimal crystallinity
and uniformity, leading to enhanced optical quality.

Figure 9b: WS, film after ultrasonic
spray coating (150°C, 20L, 60S)

Sample 150C_50L_30S [Fig 9c], the Tauc plot value rises to
1.75 eV. This outcome suggests that a larger volume
contributes positively to film quality and optical properties,
potentially compensating for the moderate temperature.

Figure 9c: WS; film after ultrasonic
spray coating (150°C, 50L, 30S)
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Figure 9d: WS, film after ultrasonic
spray coating (200°C, 25L, 30S)

Figure 9e: WS, film after ultrasonic
spray coating (200°C, 50L, 30S)

Figure 9f: WS, film after ultrasonic
spray coating 200°C, 20L, 60S)

In Sample 200C_25L _30S [Fig 9d], Tauc plot value is 1.74,
despite the high temperature. The moderate volume appears
insufficient to achieve optimal film quality, indicating that there
is an optimal volume threshold needed to maximize the optical
properties of the film.

The lowest Tauc plot value of 1.70 eV is observed in Sample
200C_SO0L_30S [Fig 9e], despite the high temperature. The high
volume appears insufficient to achieve optimal film quality,
indicating that there is an optimal volume threshold needed to
maximize the optical properties of the film.

In contrast, sample 200C_20L_60S [Fig 9f], with a higher
temperature of 200°C and a longer deposition time of 60 seconds,
shows a moderate Tauc plot value of 1.73 eV. This improvement
can be attributed to better film crystal clearness under these
conditions, resulting in enhanced optical performance.
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3.6 Band Gap and Optical Transitions in WS. Thin Films

The analysis of the samples reveals distinct relationships between the processing conditions and
the resulting Tauc plot values, which correlate with the films' crystalline and potential defects.

Sample 1 (150C 20L 30S) shows a Tauc plot value of 1.70 eV under conditions of low
temperature (150°C), thin layer (20L), and short duration (30S). This band gap suggests lower
crystalline with some potential defects, possibly due to the combination of low temperature and
short deposition time.

Sample 2 (150C 20L_60S), where the deposition duration is extended to 60 seconds at the same
low temperature and thin layer conditions, the Tauc plot value increases to 1.76 eV. This higher
band gap indicates an improvement in crystal quality, likely due to the longer deposition time
allowing for better film formation.

Sample 3 (150C 50L 30S) maintains a low temperature but increases the layer thickness to 5S0L
while keeping the duration short at 30 seconds. The
resulting Tauc plot value of 1.75 eV suggests better
crystallinity due to the thicker layer, which may have
contributed to a more uniform film structure.

150C_20L_30S | 1.70 Sample 4 (200C_25L 30S), the temperature is raised

] . 10 200°C, with a medium layer thickness of 25L and a
150C_20L_60S 1.76 short duration of 30 seconds. This combination results
in a Tauc plot value of 1.74 eV, reflecting improved

' 150C 50L 30S | 1.75 ' crystallization at the higher temperature, which

enhances the optical properties of the film.

200C 25L 30S | 1.74 Sample 5 (200C_50L_30S) uses the same high

- temperature but with a thicker layer (50L) and short

' 200C 50L 30S | 1.70 ' flur.atio.n (30S). The Tauc Plot value here is ‘1.70 eV,

- = indicating that while the higher temperature improves

. 1 film quality, the thicker layer may introduce stress,
200C_20L_60S | 1.73 leading to a slightly lower band gap.

Table 4: Tauc plot values (optical band gaps) Finally, Sample 6 (200C_20L_60S) combines high

temperature (200°C) with a thin layer (20L) and longer deposition time (60S), resulting in a Tauc
plot value of 1.73 eV. This band gap suggests good crystalline, with the higher temperature and
extended duration working together to produce a film with enhanced optical properties. Overall,
the Tauc plot values present in Table 4 reflect the impact of temperature, layer thickness, and
deposition time on film quality. Higher temperatures generally improve crystallinity, while the
balance between layer thickness and deposition time is crucial for achieving optimal optical
performance.
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Figure 10a: UV-Vis Tauc plots and Figure 10b corresponding absorption spectra [10b] of exfoliated WS2

The UV-Vis analysis of WS: thin films reveals key absorbance characteristics that are indicative
of the material’s optical transitions [Fig 10b]. The UV-Vis spectra for these films shows
absorbance peaks, which offer valuable insights into how the films interact with light. These
variations in absorbance are directly influenced by the deposition parameters used during film
preparation, such as temperature, layer number, and spray duration.

The correlation between deposition parameters and absorbance highlights the importance of
optimizing these conditions to achieve the desired film characteristics. By carefully controlling the
temperature, layer number, and spray duration, it is possible to tailor the optical properties of WS.
thin films to specific applications.
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3.7 Evaluation of Surface Uniformity in WS:

WS:2: 150C_20L_60S

Figure 11: Optical micrograph of WS, thin film (150 °C, 20L, 60S)

SAMPLE RATIO

SPECTRUM O 2.668
SPECTRUM1 2.660
SPECTRUM?2 2,592

Table 5: Measurements showing minimal variation across positions

We conduct three separate measurements present in Table 5 across different sections of the larger
surface area. This approach ensures that discrepancies are detected if present. Upon careful
analysis, we find that all three measurements are remarkably consistent, with only minimal ratio
observed. This consistency indicates that the surface area is uniform and that the conditions
influencing the measurements remain stable throughout. The uniformity across the area
strengthens our confidence in the reliability of our findings, confirming that the larger surface area
does not introduce significant variability.



Spectrum 0
The ratio of peak 1 and peak 2 is 2.668

—— 150C_20L_60S

200 400 600

Figure 11a: Ratio of peak 1 and peak 2 at spectrum 0, with a value of 2.668

Spectrum 1

The ratio of peak 1 and peak 2 1s 2.660

—— 150C_20L_60S

1 - L A

200 400 600

Figure 11b: Ratio of peak 1 and peak 2 at spectrum 1, with a value of 2.660
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Spectrum 2

The ratio of peak 1 and peak 2 is 2.592

|— 150C_20L_60S

200 400 600 800

Figure 11c: Ratio of peak 1 and peak 2 at spectrum 2, with a value of 2.592

W$S2200C_25L_30S

Figure 12: Optical micrograph of WS, thin film (150 °C, 20L, 60S)
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SAMPLE RATIO

SPECTRUMO 2.433
SPECTRUM1 2.497
SPECTRUM2 2.743

Table 6: Measurements showing minimal variation across positions

To ensure the detection of any potential variations, we take three distinct measurements present in
Table 6 from various sections of the larger surface area. This method is designed to identify any
discrepancies. After thorough analysis, we observe that all three measurements show a high level
of consistency, with only minimal ratios detected. This consistency suggests that the surface area
is uniform, and the conditions affecting the measurements are stable across the entire area. The
uniformity and the reliability of our results, affirming that the larger surface area does not introduce
significant variability.

Spectrum 0
The ratio of peak 1 and peak 2 is 2.433

|——200C_25L_30S

200 400 600

Figure 12a: Ratio of peak 1 and peak 2 at spectrum 0, with a value of 2.433
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Spectrum1

The ratio of peak 1 and peak 2 is 2.497

|——200C_25L_30S

200 400 600

Figure 12b: Ratio of peak 1 and peak 2 at spectrum 1, with a value of 2.497

Spectrum 2
The ratio of peak 1 and peak 2 is 2.743

|—— 200C_25L_30s

L 1 L 1
200 400 600

Figure 12c: Ratio of peak 1 and peak 2 at spectrum 2, with a value of 2.743
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3.8 Raman and SEM Analysis of WS: Thin Films

The Raman analysis of WS: thin films focuses on identifying key peaks associated with the Aig
and E-g modes, which are characteristic of the material's vibrational properties. These peaks in the
Raman spectra provide crucial information about the film's structural and electronic properties.
Variations in the intensity and position of these peaks serve as indicators of changes in the film's
structure, such as crystallinity and layer thickness.

The effect of deposition parameters, including temperature, layer number, and spray duration,
plays a significant role in influencing these Raman peaks. As observed with MoS:, adjustments in
these parameters lead to shifts in peak position and changes in intensity, reflecting the film's quality
and any structural modifications that occur during deposition. The correlation between deposition
conditions and Raman spectral features allows for a deeper understanding of the film's properties,
enabling the optimization of WS: thin films for various applications.

Color Scale
2.810

2.723
2.635
2.547
2.460

Absorbance

2.373
2285
2197

2110

Wavelength (um)

FIGURE 13a: Optical microscopy image of MoS; thin film surface morphology and Figure 13b Raman spectroscopy
showing absorbance versus wavelength.

The analysis of the 2D mapping heatmap for WS- [Fig 13b] provided insights into the variation of
a key material property. The heatmap illustrates how this specific property changed with factors
such as temperature and substrate type. Contour lines on the heatmap depicted constant values of
the property, while the color scale, ranging from blue (lower values) to red (higher values),
indicated the range of these values. Unlike the smooth gradient observed for MoS:, the WS-
heatmap displayed more distinct and isolated regions with sharp transitions. This pattern suggested
that the property underwent significant changes under certain conditions, revealing well-defined
phases or states.
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Figure 14a: SEM images of WS, showing a flaky structure at 5um and Figure 14b shows smooth surface with particles at 2um.

The first image [Figure 14a] exhibits a rough, porous surface with the presence of flake-like
features, which are characteristic of the exfoliated layers of WS.. On the other hand, the second
image [Figure 14b] shows a smooth surface with uniform roughness, which points more toward a
change in phase or process. The lack of distinct flakes in this region of the image might suggest a
more compact or amorphous structure, therefore affecting the electrical or catalytic behavior of
the material.

3.9 Photoluminescence Spectra of MoS: and WS: Thin Films

—FT0
M08,

PL Intensity (a.u.)

1 !

600 700
Wavelength (nm)

Figure 15: Photoluminescence spectra of FTO, MoS,, and WS; thin films showing PL intensity versus wavelength.

The image displays a photoluminescence (PL) [Fig 15] spectrum that characterizes thin films made
from colloidal 2D materials, specifically MoS. and WS.. The graph plots PL intensity (in arbitrary

37



units, a.u.) against the wavelength (in nanometers, nm). The three curves represent the PL response
of different materials: FTO (black curve), likely referring to a fluorine-doped tin oxide substrate
used as a reference or baseline in the PL measurement; MoS: (green curve), showing the PL
spectrum for a MoS: thin film, which exhibits a relatively low PL intensity across the measured
wavelength range; and WS. (magenta curve), where the PL spectrum shows a significantly higher
PL intensity, with a prominent peak around the 650—700 nm range. The differences in PL intensity
and spectral features between the MoS. and WS: films indicate variations in their optical
properties, likely due to differences in their bandgap energies and electronic structures. The PL
spectra provide insights into the excitonic properties and quality of the thin films prepared from
these 2D materials.
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Chapter 4: Conclusion

This thesis provides a detailed examination of the optimization of thin film production using
ultrasonic spray coating with colloidal nanomaterial inks, specifically focusing on MoS: and WS..
The research aimed to optimize deposition parameters to produce high-quality thin films with
potential applications in photovoltaic and photo electrocatalytic devices.

The volume of the spray and the number of layers applied were critical in determining the film's
thickness and uniformity. An optimal spray volume, when applied in controlled layers, resulted in
films that were uniform in thickness and consistent in their structural and electronic properties.
The use of multiple layers was particularly effective in improving the homogeneity and stability
of the films.

The duration of the spray also played a key role in the deposition process. While longer spray
durations generally led to thicker films with better coverage, the study observed diminishing
returns beyond a certain point. Excessive spray time could lead to non-uniformity and potential
cracking, highlighting the need for careful balancing of spray duration with other parameters.

A comparative analysis of MoS. and WS: films revealed that while general optimization strategies
could be applied to both materials, material-specific adjustments were necessary to achieve the
best results. Comparing the two heatmaps provides valuable insights into the behavior of MoS:
and WS: under similar experimental conditions. The MoS: heatmap exhibits a more complex and
denser contour pattern, suggesting a continuous variation of the property with the experimental
parameters. In contrast, the WS. heatmap shows distinct regions, indicating sharper transitions.
Additionally, the property range for MoS: is narrower (23.94 to 2.5.99) compared to WS> (2.118
to 22.81), which might reflect differences in the sensitivity of the measured property to the
experimental conditions. These differences highlight the unique characteristics of MoS. and WS.,
informing their selection and optimization for specific technological applications. The findings of
this research make significant contributions to the field of thin film technology, offering valuable
insights into the production of high-performance thin films using ultrasonic spray coating. The
study’s outcomes could influence the development of more efficient and cost-effective
manufacturing processes for various applications, including solar cells, sensors, and catalytic
devices.

While this thesis has advanced the understanding of optimizing thin film production, it also opens
avenues for future research. Exploring other two-dimensional materials beyond MoS. and WS-
could determine the broader applicability of the optimization strategies developed. Additionally,
assessing the long-term stability and environmental impact of these films under operational
conditions would provide crucial insights for practical applications.

The integration of these optimized films into actual devices, such as photovoltaic cells, represents
another promising direction for future research. This step would validate the laboratory findings
and identify any additional factors that need consideration during the transition from lab-scale
production to commercial-scale manufacturing.
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In conclusion, this thesis has successfully demonstrated the importance of optimizing deposition
parameters in the production of high-quality thin films using ultrasonic spray coating. The
systematic approach taken in this research has provided a robust framework for understanding and
controlling the factors that influence film properties, paving the way for future advancements in
thin film technology. The insights gained here not only enhance our understanding of this field but
also hold the potential to drive innovation in various applications where these films are utilized.
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