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The increasing demand for low-cost, scalable, and energy-efficient sensing technologies has driven
significant interest in nanomaterial-based thin film sensors. This thesis presents the fabrication and
characterization of zinc oxide (ZnO) nanoinks via a low processing temperature mechanochemical
planetary ball milling (PBM) approach for the fabrication of eco-friendly, flexible, and low-cost gas sensors.
The study focuses on establishing a low input energy, simple and scalable solution-based process that
enables the direct conversion of bulk ZnO powder into functional nanoinks suitable for thin film
deposition. ZnO nanoinks were prepared through wet ball milling under varying conditions, including
milling speed 200 rpm to 1000 rpm, time 10 minutes to 120 minutes, and solvent type (DI water, ethylene
glycol and Isopropyl alcohol), to investigate their influence on nanoparticle size, morphology, and
dispersion. Thin films were subsequently fabricated by deposited the nanoinks onto a wide range of low-
cost substrates including glass slide, filter, plain and lined paper, plastic polymer, foil, ceramic and flexible
materials using an adjustable blade applicator technique to form films with controlled thickness (15 um
to 50 um) and uniformity. The versatility of substrate selection highlights the potential for low-cost and
flexible sensor fabrication. Material characterization was conducted using techniques such as scanning
electron microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM),
Raman spectroscopy, ultraviolet—visible (UV-Vis) spectroscopy, and energy dispersive X-ray spectroscopy
(EDX), confirming the formation of nanoscale ZnO. Variations in milling conditions were observed to affect
particle size, dispersion, and film morphology. Initial gas sensing measurements of the fabricated ZnO thin
films on different substrates was evaluated under various conditions, including different gas species
(Hydrogen, dry air and argon), gas concentrations (low and high), and different flow systems (static and
continuous flow) at room temperature. The sensors demonstrated measurable and reproducible
responses across both low and high gas concentrations, with response magnitude increasing as gas
concentration increased. These results represent a proof-of-concept for room-temperature sensing using
solution-processed ZnO films. The data indicated that sensors milled at 200 rpm had response times of
610-750 seconds under static flow, and 750 rpm sample reaches about 2100 seconds under continuous
flow. Recovery times were generally faster with less variations, 560—-660 seconds for most samples. Glass-
based films generally exhibited quicker response and recovery kinetics than paper-based substrates. The
sensing mechanism may be attributed to surface adsorption and desorption processes involving oxygen
species, which modulate charge carrier concentration and electrical conductivity upon exposure to target
gases. This work demonstrates that PBM-fabricated ZnO nanoinks enable low-cost, scalable fabrication of
flexible thin film gas sensors. The preliminary gas sensing results provide insight into how processing
conditions influence material properties and sensing behavior, highlighting potential for environmental,
industrial, and wearable sensing applications.
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Chapter 1

1. Introduction

1.1 Background and Motivation

Nanotechnology has become a central area of research in modern materials science due to its
ability to enable the design and development of materials with enhanced or entirely new
functional properties. Materials structured at the nanoscale often exhibit significantly different
physical, chemical, optical, and electrical characteristics compared to their bulk counterparts.
These unique properties arise largely from their reduced dimensions and increased surface-to-
volume ratios, making nanostructured materials particularly attractive for applications in
electronics, energy devices, environmental monitoring, and chemical sensing [1, 2]. Although
nanotechnology has experienced rapid development over the past several decades, the
conceptual understanding of nanoscale materials can be traced back several centuries. Early
scientific observations by researchers such as Robert Boyle and Michael Faraday explored the
behavior of extremely small particles and their influence on optical properties, particularly in
metallic nanoparticles and stained glass [3, 4]. A major conceptual milestone occurred in 1959
when Richard Feynman delivered his influential lecture “There’s Plenty of Room at the Bottom,”
in which he envisioned the possibility of manipulating matter at the atomic scale and creating
structures only a few atoms wide [5]. Significant nanotechnological progress followed in the late
twentieth century with the development of advanced nanofabrication and characterization
techniques, including electron beam lithography and high-resolution microscopy, which enabled
scientists to directly observe and engineer nanoscale structures [6]. In parallel, advances in
microelectronics drove the transition toward nanoelectronics, beginning with the invention of the
transistor in 1947 and the integrated circuit in the late 1950s [7]. Between 1970 and 2025, the
electronics industry has experienced a rapid technological advancement that has led to a
substantial reduction in component dimensions, decreasing from approximately 10 um to nearly
2 nm as shown in (figure 1.1). This miniaturization was enabled by continual improvements in
semiconductor device technology, including the development and integration of increasingly
compact components such as diodes and various transistor architectures, including field-effect
transistors (FETs), junction field-effect transistors (JFETs), and metal oxide semiconductor field-
effect transistors (MOSFETs).
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Figure 1.1: Progression of nanoscale transistor structures in modern semiconductor fabrication
from 22 nm to 2 nm. Adapted from [8-10]

The evolution of integrated circuit (IC) technology further accelerated this trend by allowing
multiple electronic components to be fabricated on a single chip. As fabrication techniques
improved, IC technology progressed toward large-scale integration (LSI), enabling millions and
eventually billions of transistors to be incorporated into extremely small semiconductor devices.
This continuous scaling not only enhanced computational performance and device efficiency but
also reduced manufacturing costs, contributing to the widespread adoption of personal
computers in both professional and household environments. Recent data on the global
nanotechnology market size accounted for USD 8.78 billion in 2025 and is anticipated to grow
significantly over the next decade to reach around USD 115.41 billion by 2034 as shown in (figure
1.2), as a result, the development of functional nanomaterials has become an important focus in
advancing next-generation technologies.
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Figure.1.2: Global nanotechnology market size forecast from 2025 to 2034. Adapted from [11].



Despite these advantages, one of the key challenges in the field of nanotechnology is the
development of fabrication techniques that are scalable and cost-effective and sustainable. Many
conventional nanomaterial fabrication methods rely on complex chemical processes, high
temperatures, specialized or sophisticated equipment. Methods such as chemical vapor
deposition (CVD), molecular beam epitaxy (MBE), sputter deposition (SD) and pulsed laser
deposition (PLD) [12, 13] can produce high-quality nanostructured materials but often require
expensive instrumentation and controlled environments, which limits their suitability for large-
scale manufacturing [14]. Also, the environmental impact of nanomaterial fabrication from these
approaches have become an increasingly important consideration in materials research [15], as
conventional fabrication techniques often require toxic materials and solvents, high
temperatures, or complex chemical reactions that generate chemical waste. As a result, there is
growing interest in green fabrication methods that reduce environmental impact while
maintaining high material performance. Solution-based green fabrication emerged as a
sustainable and scalable fabrication method that can produce nanomaterials in large quantities
while maintaining control over their structural and functional properties. Such approaches are
particularly important for applications that require thin film fabrication or integration into
practical devices [16, 17]. Among the various fabrication techniques, planetary ball milling (PBM)
has emerged as a practical and efficient green approach for producing nanostructured materials
on a large scale [18]. This mechanochemical technique relies primarily on mechanical energy
rather than chemical reagents to induce reactions and structural transformations by reducing bulk
materials into nanoscale particles through repeated energetic impacts between grinding media
and powder particles. Ball milling offers several advantages, including simplicity, relatively low
cost, and compatibility with large-scale production. In addition, the wet milling as green
fabrication process can produce homogeneous nanoparticle suspensions that can be directly
used as nanoinks for solution-based thin film fabrication techniques [19]. Also, the need for
reliable sensing technologies has increased significantly in recent years and gas sensors play a
critical role in environmental monitoring, industrial process control, and safety systems, where
rapid and accurate detection of hazardous gases is essential because pollutants such as nitrogen
oxides (NOx), carbon monoxide (CO), volatile organic compounds (VOCs), and hydrogen pose
significant risks to both environmental and human health [20].

According to recent reports, over 90% of the world’s population is exposed to air pollution levels
exceeding World Health Organization (WHO) safety limits (5 pg m=3) [21] and accounted for 8.1
million deaths globally in 2021, becoming the second leading risk factor for death, including for
children under five years [22], highlighting the need for distributed sensor networks that are low-
cost, sustainable, reliable and capable of continuously monitoring gas concentrations in urban
and industrial environments to help prevent these unfortunate fatalities. There are generally two
main approaches to fabricating nanostructured materials: the "bottom-up" method and the "top-
down" method as illustrated in (figure 1.3). The bottom-up approach builds structures by
assembling small components such as nanoparticles or molecular clusters into larger, functional
arrangements under carefully controlled conditions. Conversely, the top-down approach begins



with a larger unit and systematically reduces it in size until the desired nanostructure is achieved
[23]. Interestingly, the top-down strategy relies on a limited set of fabrication techniques, many
of which have been adapted from established practices in other industries. However, the majority
of nanostructure fabrication methods fall under the bottom-up category. In these processes, the
basic building blocks are first fabricated using specific techniques and then organized into
composites, coatings, layers, or even consolidated into bulk materials. Ultimately, these two
strategies are not mutually exclusive, as many advanced fabrication processes successfully
combine both bottom-up and top-down approaches to achieve optimal results [24]. The
development of nanostructured materials for sensing applications is particularly promising
because their high surface area and tunable morphology can significantly enhance gas adsorption
and surface reactions, leading to improved sensitivity and faster response times. Consequently,
combining scalable nanomaterial fabrication techniques with thin film sensor technologies
provides a promising pathway for the development of low-cost, sustainable and efficient sensing
devices.
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Figure 1.3: Diagram depicting the top-down and bottom-up approaches used in creating
nanostructures. Adapted from [25].

1.1.1 Nanomaterials

Nanomaterials are broadly defined as materials that possess at least one structural dimension in
the range of approximately 1-100 nanometers (nm) [26]. At this extremely small scale, materials
exhibit physical and chemical properties that differ significantly from those of their bulk
counterparts. These differences arise primarily from two key nanoscale phenomena: surface
effects and quantum confinement. Owing to these unique characteristics, nanomaterials have



become essential components in many emerging technologies, including electronics, sensing
devices, catalysis, energy systems, and advanced functional materials [27, 28]. One of the most
significant features of nanomaterials is their exceptionally large surface-to-volume ratio. As
particle size decreases, the surface-to-volume ratio increases according to an inverse radius
dependence (1/r) [29], meaning a much larger fraction of atoms are exposed at the surface rather
than remaining within the bulk. In bulk materials, most atoms are located within the interior of
the structure and therefore do not actively participate in surface interactions. In contrast, the high
proportion of surface atoms in nanomaterials greatly enhances their interaction with the
surrounding environment. This characteristic is particularly advantageous in applications that rely
on surface reactions, such as catalysis and gas sensing. A larger active surface area provides more
adsorption sites for molecules, enabling stronger and more efficient interactions between the
sensing material and target analytes [30].

Another phenomenon that strongly influences nanoscale behavior is quantum confinement.
When the dimensions of a material approach the nanoscale, the motion of charge carriers such
as electrons and holes becomes spatially confined. This confinement alters the electronic band
structure, which can lead to changes in electrical conductivity, optical absorption, and emission
properties. As a result, nanomaterials can exhibit tunable optical and electronic characteristics
that are not present in bulk materials [31]. Nanomaterials can exist in several structural forms
depending on their dimensionality. Zero-dimensional (0D) nanostructures include nanoparticles
and quantum dots, in which all three spatial dimensions are confined to the nanoscale. One-
dimensional (1D) nanostructures, such as nanowires, nanotubes, and nanorods, have one
dimension significantly longer than the other two. Two-dimensional (2D) nanostructures,
including thin films and nanosheets, possess nanoscale thickness while extending laterally over
much larger dimensions. Three-dimensional (3D) is just the bulk crystal, extending into all three
spatial domains as illustrated in (figure 1.4) below. Each of these structural forms exhibits distinct
properties that can be tailored for specific technological applications [32].
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Figure 1.4: lllustration of nanostructure dimensionality, highlighting OD nanoparticles, 1D
nanowires, 2D nanosheets, and 3D nanostructured materials. Adapted from [33].



1.1.2 Nanomaterials Properties and Applications

Among the various properties influenced by nanoscale dimensions, electrical properties are one
of the most extensively studied [34]. At the nanoscale, charge transport mechanisms deviate from
classical behavior due to phenomena such as electron confinement, tunneling, and increased
scattering at surfaces and grain boundaries [35]. These effects can lead to either enhancement or
suppression of electrical conductivity depending on the material system and structural
characteristics. Defects, impurities, and crystallographic imperfections play a critical role in
determining the electrical performance of nanomaterials. In the case of zinc oxide (ZnO), intrinsic
defects such as oxygen vacancies and zinc interstitials act as donors, contributing free electrons
that result in n-type conductivity [36]. The presence and distribution of these defects can be
manipulated through fabrication methods and processing conditions, allowing for the tuning of
electrical properties to suit specific applications, including gas sensing and electronic devices.

Optical behavior of nanomaterials is similarly influenced by size reduction and surface effects. In
semiconductor nanomaterials, the confinement of charge carriers within dimensions comparable
to their de Broglie wavelength gives rise to quantum confinement effects. This results in the
discretization of energy levels and an increase in the effective band gap as particle size decreases.
Consequently, nanomaterials can exhibit size-dependent optical absorption and emission
characteristics. For instance, smaller nanoparticles tend to emit light at shorter wavelengths
(higher energy), while larger particles emit at longer wavelengths (lower energy) as shown in
(figure 1.5) [37]. This tunability of optical properties is particularly useful in applications such as
light-emitting devices, photodetectors, and biomedical imaging. In metallic nanostructures,
collective oscillations of conduction electrons, known as surface plasmon resonance, are also
highly sensitive to particle size, shape, and surrounding dielectric environment, leading to distinct
optical signatures that can be exploited in sensing and photonic applications.
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Figure 1.5: (a) Fluorescence emission of different gold nanoparticle sizes commonly applied in
biomedical applications [37]. Emission spectra of various sizes quantum dots (semiconductor
nanoparticles). Adapted from [38].

From a chemical standpoint, the high surface area of nanomaterials significantly enhances their
reactivity and catalytic activity. A larger number of active sites are available for interaction with
reactant molecules, which can lead to improved efficiency in catalytic processes [39]. Surface
atoms, having unsaturated coordination, are more chemically active and can facilitate reactions
that are less favorable in bulk materials. For example, gold, which is typically considered
chemically inert in its bulk form, exhibits remarkable catalytic activity when prepared as
nanoparticles as shown in (figure 1.6) [40]. This enhanced reactivity is influenced by factors such
as particle size, surface morphology, and the presence of defects or dopants.
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Figure 1.6: Size-dependent catalytic activity of gold nanoparticles: enhanced performance in
larger AuNPs (42 nm) Compared to Smaller Ones (10 nm). Adapted from [40]

Beyond catalytic activity, surface properties of nanomaterials also influence the interaction of
nanomaterials with biological systems. The adsorption of ions and biomolecules onto
nanoparticle surfaces can alter cellular responses, making surface chemistry a key determinant
of toxicity and biocompatibility [41]. In particular, surface charge significantly affects colloidal
behavior, governing aggregation or agglomeration processes that modify the effective size and
shape of nanoparticles in biological environments. These changes, in turn, influence how
nanoparticles interact with cells and tissues. For example, studies on mesoporous silicon
nanoparticles have demonstrated that surface functionalization and charge strongly affect
immune and cellular responses [42]. Negatively charged hydrophilic or hydrophobic nanoparticles
have been found to induce lower levels of Adenosine triphosphate (ATP) depletion and
genotoxicity compared to positively charged, amine-functionalized counterparts.

Structurally, nanomaterials exhibit behaviors that differ markedly from bulk materials due to the
influence of reduced dimensions and increased surface energy. Parameters such as particle size,



morphology, and crystallinity become critical in defining material properties [43]. As particle size
decreases, quantum size effects become more pronounced, leading to changes in electronic
structure and stability. Additionally, nanomaterials may display reduced melting points compared
to their bulk counterparts, a phenomenon attributed to the higher proportion of surface atoms
with lower coordination numbers. This reduction in melting temperature can influence processing
conditions and thermal stability. Furthermore, the nanoscale can enable the formation of
metastable or entirely new phases that are not observed in bulk materials, expanding the range
of achievable material properties and functionalities. (Figure 1.7) illustrates the formation of
branch-like and cluster-like ZnO nanorods at varying concentrations [44]. It highlights that
adjusting growth conditions enables precise control over nanostructure morphology. These
variations in size and shape significantly affect the optical properties of ZnO, making them highly
relevant for applications in solar cells and electrochemical systems.
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Figure 1.7: Schematic representation of the growth mechanism leading to the formation of
branch-like and cluster-like ZnO nanorods at varying concentrations. Adapted from [44]

Magnetic properties undergo profound transformations at the nanoscale, primarily due to altered
magnetic coupling between neighboring atoms, surface effects, and finite-size phenomena. As a
result, materials that are non-magnetic in their bulk form can exhibit magnetic behavior when
reduced to nanoscale dimensions. This shift is closely tied to changes in atomic arrangement and
the increasing influence of surface atoms, which collectively modify the overall magnetic
response [45]. For example, magnetic nanoparticles used in biomedical applications are typically
composed of single-domain crystals, with core sizes ranging from approximately 5 to 30 nm. At
this scale, the formation of multiple magnetic domains common in bulk ferromagnetic materials
becomes energetically unfavorable. Instead, each nanoparticle behaves as a single magnetic
entity, often described as a giant magnetic moment [46]. This intrinsic single-domain nature
represents a fundamental departure from bulk materials and plays a crucial role in enabling
advanced theranostic functionalities. One of the most distinctive magnetic phenomena emerging
at this scale is superparamagnetism [47]. This behavior occurs when the thermal energy becomes



comparable to the magnetic anisotropy energy barrier, allowing the magnetic moment of a
nanoparticle to spontaneously flip direction as shown in (figure 1.8). Consequently, the
magnetization of the particle can randomly reorient in the absence of an external magnetic field.
The onset of superparamagnetism is highly dependent on both particle size and temperature,
highlighting the importance of nanoscale control in tuning magnetic behavior. In the
superparamagnetic state, nanoparticles exhibit uniform magnetization and high magnetic
susceptibility under an applied magnetic field, enabling strong and rapid magnetic responses.
However, unlike bulk ferromagnets, they show no remanent magnetization or coercivity once the
external field is removed, causing their net magnetization to quickly decay to zero [48]. This
reversible magnetic behavior is particularly advantageous for applications such as magnetic
resonance imaging (MRI), targeted drug delivery, and high-density data storage, where controlled
and non-permanent magnetization is essential.

SUPERPARAMAGNETISM: a unique magnetic state in nanoparticles
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Figure 1.8: Superparamagnetic behavior and magnetic response of single-domain nanoparticles.
Adapted from [49]

These unique characteristics of nanomaterials have enabled their integration into a wide range
of technological fields and are particularly important in applications involving optoelectronic
devices, photodetectors and diodes, and nanoscale electronic components. In electronics,
nanoscale materials are used to fabricate smaller, faster, and more energy-efficient devices.
Among these diverse applications, one of the most rapidly developing areas is the use of
nanomaterials in chemical and gas sensing technologies [50]. In sensing applications, the
structure and morphology of the sensing material play a critical role in determining overall sensor
performance. Because sensing processes typically occur at the material surface, nanostructured
materials offer a significant advantage due to their high surface area and enhanced surface
reactivity. When gas molecules interact with the surface of a nanostructured semiconductor, they
can alter the concentration of charge carriers within the material, producing measurable changes
in electrical conductivity. These conductivity variations form the fundamental operating principle



of many semiconductor-based gas sensors. The particle size, morphology, and surface structure
of nanomaterials strongly influence key sensor characteristics such as sensitivity, response time,
and selectivity. Smaller particle sizes increase the number of active adsorption sites, while porous
or rough surfaces facilitate improved gas diffusion and interaction with the sensing layer.
Furthermore, nanoscale materials can promote faster charge carrier transport and enhanced
surface reactions, which contribute to improved sensing performance. Consequently, controlling
the structure, size, and morphology of nanomaterials during fabrication and processing is
essential for optimizing their functional properties. The ability to engineer nanomaterials with
tailored characteristics has made them central to the development of advanced sensing devices
and other high-performance technologies.

Beyond sensing, nanomaterials exhibit remarkable optical, electrical, magnetic, and catalytic
properties that enable their widespread use across industrial and scientific domains. Their
applications extend into energy systems, catalysis, flexible electronics, environmental
remediation, and biomedical technologies [51]. In energy-related applications, nanostructured
materials significantly enhance the efficiency of devices such as fuel and solar cells, batteries, and
supercapacitors [52]. Fuel cells, for instance, convert chemical energy directly into electrical
energy through electrochemical reactions, often using catalysts like platinum, although
alternative nano catalysts including transition metal oxides, iron-based materials, and carbon-
based systems are being explored to reduce cost while maintaining performance. Similarly,
nanomaterials improve energy storage by enabling higher power and energy densities,
particularly in supercapacitors where charge separation occurs at electrode—electrolyte
interfaces. In the biomedical field, magnetic and functional nanoparticles are utilized for imaging,
drug delivery, biosensors and diagnostic applications, benefiting from their controllable size and
surface properties [53-55].

In the field of flexible electronics, nanomaterials address the limitations of conventional rigid
materials such as silicon. While silicon remains fundamental to modern electronics, its
mechanical rigidity restricts its use in bendable devices. Nanomaterials such as carbon
nanotubes, graphene, conductive polymers, and metallic nanowires offer superior flexibility,
conductivity, and mechanical resilience [56]. These materials enable the development of next-
generation devices, including foldable displays, wearable sensors, electronic paper, and
transparent electronic systems. Their lightweight and low-cost characteristics further enhance
their suitability for large-area and consumer applications.

Nanomaterials also play a transformative role in catalysis. Due to their extremely high surface
area, nanocatalysts provide abundant active sites for chemical reactions, lowering activation
energy and increasing reaction rates [57]. This makes them highly effective in applications such
as water purification, biodiesel production, photocatalysis, and wastewater treatment. For
example, nanostructured metal oxides like ZnO can facilitate the degradation of organic pollutants
under light irradiation, demonstrating their potential in sustainable environmental technologies
[58].
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Environmental pollution mitigation represents another critical area where nanomaterials
demonstrate significant impact. Nanostructured photocatalysts such as ZnO, SiO, and TiO, are
widely used to remove pollutants from air and water through catalytic degradation processes
[59]. Their high reactivity allows them to interact efficiently with toxic substances, enabling
applications in wastewater treatment, air purification, and self-cleaning materials. Additionally,
graphene-based nanomaterials have shown strong potential for removing both organic and
inorganic contaminants due to their exceptional adsorption properties.

These various applications and relevance of nanomaterials is particularly evident in
semiconductor technology, where continuous device miniaturization has played a central role in
improving performance. This trend follows Moore’s Law, which predicts the periodic doubling of
the number of components on integrated circuits [60]. As device dimensions approach the
nanoscale, semiconductor systems achieve higher computational capacity, improved efficiency,
and enhanced performance, as illustrated in (figure 1.9)
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Figure 1.9: CPU technology node progression: from micron-scale to nanometer transistors.
Adapted from [61].

Overall, nanomaterials are driving innovation in advanced technologies while also creating
opportunities for improvements in conventional industries. With continued advances in
fabrication techniques and expanding application areas, the large-scale production of
nanomaterials is expected to play an increasingly important role in shaping the future of the
chemical industry and many other technological sectors.
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1.1.3 Thin Film Sensors and Nanostructures

Thin film sensors have become an important class of sensing devices due to their versatility,
sensitivity, and compatibility with modern microfabrication technologies. These sensors typically
consist of a thin layer of functional material deposited onto a substrate, where the interaction
between the sensing material and the surrounding environment produces measurable changes
in electrical, optical, or chemical properties [62]. Additive manufacturing techniques have
emerged as promising approaches for the fabrication of functional thin film sensors. Unlike
conventional microfabrication methods, additive processes deposit materials only where needed,
minimizing material waste and reducing manufacturing complexity [63]. Techniques such as inkjet
printing, aerosol jet printing, and blade coating enable the deposition of functional inks onto
flexible substrates for the fabrication of electronic devices [64]. Among the various types of thin
film sensors, semiconductor metal oxide (SMO) sensors have attracted significant attention
because of their ability to detect a wide range of gases and their relatively simple device
structures. SMO-based thin film sensors are widely used in applications such as environmental
monitoring, industrial safety systems, gas leak detection, and photodetection. Semiconductor
metal oxides such as zinc oxide (ZnO), tin oxide (Sn0,), titanium dioxide (TiO,), and tungsten oxide
(WQOs3) are commonly used sensing materials because of their semiconducting properties and
strong interaction with gas molecules [65, 66]. When these materials are exposed to gases in the
surrounding environment, surface reactions occur that alter the electrical conductivity of the
sensing layer. In (figure 1.10), at ambient conditions, oxygen is adsorbed by the surface of the
SMO thin film from the atmosphere and the adsorbed oxygen acquires electrons from the
conduction band and forms oxygen ions (O,”) and when target gas such as ammonia gas (NHs) is
introduced onto the SMO film, the surface oxygen ions react with the ammonia gas to release
free electrons (e”) which reduce the resistance of the film and increases conductivity as
represented by the following reactions (equation 1 and 2);

02 + e~ - 02 (ads) (D)
2NH3 + 30" - N + 3Hp0 +3e~ 2)

This change in conductivity can be measured as a variation in current or resistance, allowing the
presence and concentration of target gases to be detected [67]. This is one widely accepted
model, as actual behavior may depend on temperature, surface states, and material structure.
The ability of SMO sensors to convert chemical interactions into measurable electrical signals
makes them highly suitable for monitoring toxic, combustible, and environmentally harmful
gases.
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Figure 1.10: Schematic illustration of the oxygen adsorption process and ammonia gas sensing
mechanism. Adapted from [67]

Thin film SMO sensors play a particularly important role in environmental monitoring, where
accurate detection of pollutants such as carbon monoxide, nitrogen oxides, hydrogen, and volatile
organic compounds is necessary to ensure air quality and protect public health. In industrial
environments, gas sensors are used to detect hazardous or combustible gases in order to prevent
accidents and ensure safe operation of equipment and facilities [68]. Similarly, in chemical
processing plants and laboratories, continuous gas monitoring systems help maintain safe
working conditions by providing early detection of leaks or dangerous concentrations of gases
[69]. These applications require sensors that are not only sensitive but also reliable, stable, and
capable of operating under varying environmental conditions.

Recent studies have demonstrated that nanostructured metal oxide sensors exhibit good gas
sensing performance due to their high surface area and enhanced surface reactions. For example,
Zn0 nanoink-based thin film sensors fabricated via planetary ball milling have been reported to
detect hydrogen, argon and methane at low concentrations demonstrating selective sensing
capabilities of SMO [70]. Similarly, Kanth et al., also developed a nanostructured Pd—PdQO thin film
NO, sensor capable of detecting nitrogen dioxide at sub-ppm concentrations with a detection
limit of approximately 80 ppb at room temperature. The films exhibited sensing responses of
approximately 60 % for 500 ppb NO, and nearly 100 % for 10 ppm NO,, demonstrating the
sensitivity performance of Pd—PdO nanostructured films for low-concentration toxic gas detection
[71]. In addition, Sung et al. developed metal-oxide-decorated mesoporous silica chemiresistors
capable of detecting hydrogen sulfide in the 1-100 ppm range, with response values increasing
from approximately 1.75-5.66 at 10 ppm to 5.56-12.13 at 100 ppm, demonstrating the
effectiveness of porous structures for enhanced gas sensing performance [72].

In addition to gas detection, thin film semiconductor sensors are also widely used in
photodetection applications. Photodetectors are devices that convert light signals into electrical
signals and are essential in technologies such as optical communication systems, imaging devices,
environmental sensing, and ultraviolet detection [73]. Semiconductor metal oxides such as ZnO
are particularly attractive for photodetection because of their wide band gap, high transparency
in the visible region, and strong response to ultraviolet light [74, 75]. When light with sufficient
energy is absorbed by the semiconductor material, electron—hole pairs are generated on the
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surface of the film, leading to changes in electrical conductivity that can be detected and
measured. As illustrated in (figure 1.11), in dark conditions, oxygen molecules adsorb on the SMO
surface and capture electrons from the conduction band, forming negatively charged oxygen ions
(0727) and creating a depletion region. When the SMO thin film is exposed to light of appropriate
energy (hv (ight) > Eg (smo)), electron—hole pairs are generated. These photogenerated carriers
migrate to the surface and neutralize the adsorbed oxygen ions through photo desorption,
reducing the depletion layer and increasing electrical conductivity. As light’s illumination
continues, electrons accumulate and the photocurrent rises until it reaches a saturation state.
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Figure 1.11: Conceptual schematic depicting surface adsorption of oxygen molecules in dark
conditions and their desorption under light of appropriate wavelength (UV light). Adapted from
[76]

This photoresponse forms the basis of thin film photodetectors and photo diodes. The
performance of thin film photodetection sensors is typically evaluated using sensing parameters,
including sensitivity, selectivity to different wavelengths in the light spectrum and detection at
different light source power [77, 78]. The use of nanostructured materials in thin film sensors has
significantly improved sensor performance. Nanostructured materials possess a much larger
surface-to-volume ratio compared to bulk materials, providing more active sites for light
interaction and surface reactions. As a result, photons from light source can interact more
effectively with the sensing surface, leading to stronger electrical responses and improved
sensitivity. Furthermore, the morphology, particle size, and surface characteristics of
nanostructured thin films play a crucial role in determining their sensing behavior.
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Gimenez et al [75]. developed a simple ZnO-coated paper photoconductive UV sensor that
exhibited a photoresponse under ultraviolet illumination. The device showed dark currents on
the order of ~1078 A, which increased by approximately 60 times when exposed to UV light at a
distance of 10 cm and up to ~280 times at 5 cm, while ZnO films deposited on paper generated
photocurrents roughly ten times larger than those on glass substrates. The sensor also
demonstrated spectral sensitivity beginning near ~410 nm, with peaks around 380 nm and 340
nm. Also, Rahman et al. developed a p-NiO/n-ZnO heterojunction infrared photodetector
fabricated by spray pyrolysis on glass substrates, demonstrating effective IR photodetection due
to interfacial defect states at the oxide junction. The device exhibited a low dark current of
approximately 0.02 pA, while IR illumination at 1.1-2.6 mW cm™2 produced a significant increase
in photocurrent with increasing bias. At an applied bias of £30 V, the device achieved
responsivities of approximately 9.3 mA W in forward bias and 17 mA W™ in reverse bias [79].
Overall, thin film semiconductor metal oxide sensors represent a promising platform for
developing sensitive, reliable, and cost-effective sensing devices. By combining the advantages of
nanostructured materials with scalable and sustainable thin film fabrication techniques, it is
possible to design sensors with enhanced performance suitable for a wide range of
environmental, industrial gas sensing and photodetection applications.

1.2. Overview of Thesis and Contributions

This thesis presents the fabrication, characterization, and application of mechanochemically
fabricated ZnO nanoinks for low-cost, environmentally friendly thin-film gas sensor devices. The
work focuses on understanding how planetary ball milling (PBM) parameters influence
nanostructure formation and how these structural variations translate into functional sensing
performance. The overall organization of the thesis is structured into five chapters:

Following this introductory chapter, which provides background on nanomaterials, thin-film
sensors, and the motivation for solution-based fabrication approaches, Chapter 2 presents a
detailed description of the fabrication process of ZnO nanostructures using planetary ball milling.
This chapter outlines the mechanochemical fabrication principles, the influence of key milling
parameters such as speed, time, and solvent choice, and the preparation of ZnO nanoinks.
Additionally, it includes the thin-film deposition process using an adjustable blade applicator and
discusses the various material characterization techniques employed, including SEM, TEM, AFM,
Raman spectroscopy, UV-Vis spectroscopy, and EDX analysis. Chapter 3 focuses on the fabrication
of ZnO thin-film gas sensor devices and their multifunctional applications. It introduces the device
architecture, including electrode configurations such as pencil-drawn interdigitated electrodes
and conductive paints. The chapter also describes the experimental gas sensing setup and key
performance metrics, including sensitivity, selectivity, response time, recovery time, and limit of
detection. The relationship between nanostructure properties and sensor performance is
discussed in detail. Chapter 4 presents the experimental results and discussion. It provides
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analysis of film morphology, particle size distribution, and structural properties based on various
characterization techniques. Furthermore, this chapter investigates the gas sensing behavior of
the fabricated devices under different conditions, including varying gas concentrations,
environmental factors, light, temperature and substrate types. The underlying gas sensing
mechanisms, including adsorption—desorption processes and the role of defect states, are also
discussed. Finally, Chapter 5 summarizes the key findings of the thesis and highlights the
contributions of this work. It also outlines potential future research directions, including
photodetection applications, material optimization through doping and composites, and
improvements in device fabrication and sensing systems.
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Chapter 2

2. Fabrication of ZnO Nanostructures and Experimental Methods

2.1. Introduction

Zinc oxide (ZnO) is a versatile material known for its semiconducting, piezoelectric, and
pyroelectric properties. As an |I-VI compound semiconductor, it has attracted considerable
interest because of its notable electrical, optical, structural, and chemical characteristics. ZnO
commonly exhibits n-type conductivity, primarily due to intrinsic defects such as oxygen vacancies
[82]. One of its most defining characteristics is its wide direct bandgap of approximately 3.37 eV
at room temperature (300 K), which places its optical absorption edge in the ultraviolet (UV)
region. In addition to this wide bandgap, ZnO exhibits a relatively large exciton binding energy of
about 60 meV, which is substantially higher than that of many conventional semiconductors such
as GaN (25 meV) and ZnSe (22 meV) [83]. This high exciton binding energy enables stable excitonic
emission at and above room temperature, making ZnO highly suitable for optoelectronic
applications including UV photodetectors, light-emitting diodes, and laser devices. From a
structural perspective, ZnO most commonly crystallizes in the hexagonal wurtzite structure (space
group P6smc), which is thermodynamically stable under ambient conditions. The wurtzite unit
cell is defined by two lattice parameters, a and c, with an ideal ratio of c¢/a = 1.633 (V8/3). Typical
experimental values are approximately a = 3.25 A and ¢ = 5.2 A [84]. The structure consists of
alternating planes of tetrahedrally coordinated Zn?* and O% ions stacked along the c-axis. This
arrangement results in a non-centrosymmetric and polar crystal structure, giving rise to
spontaneous polarization along the [0001] direction. The lack of inversion symmetry leads to
strong piezoelectric and pyroelectric properties, making ZnO particularly attractive for
electromechanical devices, sensors, and energy harvesting applications. In addition to the
wurtzite phase, ZnO can also exist in zinc blende (cubic) and rocksalt (cubic) crystal structures as
illustrated in (figure 2.1) [85]. The zinc blende phase is metastable and can be stabilized under
specific growth conditions, such as epitaxial deposition on cubic substrates. In contrast, the
rocksalt phase is typically formed only under high-pressure conditions (on the order of several
gigapascals). However, for most practical applications, particularly in nanostructures and thin
films, the wurtzite phase dominates due to its inherent stability.
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Rock salt Zinc blende

Figure 2.1: ZnO crystallizes in three distinct structures: rock salt, zinc blende, and wurtzite.
Adapted from [85].

ZnO is also notable for its rich defect chemistry, which plays a crucial role in determining its
electrical and sensing properties. Intrinsic defects such as oxygen vacancies (Vo), zinc interstitials
(Zn;), and oxygen interstitials (O;) can significantly influence carrier concentration and
conductivity. Typically, ZnO exhibits n-type conductivity, often attributed to these native defects
or unintentional hydrogen incorporation [86]. These defect states introduce energy levels within
the bandgap, which can act as donors and enhance electrical conductivity. At the same time, they
contribute to luminescence phenomena, including visible emissions associated with defect-
related transitions. The electronic band structure of ZnO has been extensively studied using
theoretical methods such as local density approximation (LDA) combined with self-interaction
corrected pseudopotentials (SIC-PP) [87]. These calculations confirm that both the valence band
maximum (VBM) and the conduction band minimum (CBM) occur at the I point (k = 0), verifying
the direct bandgap nature of ZnO. The valence band is primarily composed of oxygen 2p orbitals,
while the conduction band is dominated by zinc 4s (often approximated as 3s in simplified
models) states, with deeper energy levels associated with Zn 3d electrons. Theoretical
calculations typically predict a bandgap of approximately 3.7-3.8 eV, which is in reasonable
agreement with experimentally measured values of ~3.3-3.4 eV, considering known limitations
of LDA-based methods as shown in (figure 2.2b).

{a) (b) 10 | ‘_:; \ \
e \)/
24
;;ﬂz
[& [_E_ﬁ ?“:h."
; \EZ?% 4
-6 il]
-8

>

L M A H K r

18



Figure 2.2: (a) shows the wurtzite crystal structure of ZnO with the lattice parameters a and c,
and (b) shows the band structure of ZnO calculated with the HSE hybrid functional. Adapted from
[88]

Another important advantage of ZnO lies in its ability to form a diverse range of nanostructures,
including nanoparticles (1-100 nm), nanorods, nanowires, nanorings, nanoflowers, and tetrapods
as shown in (figure 2.3). These nanostructures exhibit significantly enhanced surface-to-volume
ratios, which are critical for applications such as gas sensing, where surface interactions dominate
device performance. The high surface area facilitates adsorption of gas molecules and enhances
sensitivity. Additionally, the polar surfaces of ZnO, particularly the (0001) and (000-1) planes,
contribute to anisotropic growth and unique surface reactivity [89].

Figure 2.3: FE-SEM images of as-synthesized samples of ZnO forming diverse range of
nanostructures. Adapted from [90].

ZnO0 is also highly attractive from a practical and economic standpoint as it is the second most
common metal oxide in the Earth’s crust, naturally occurs as the mineral zincite and typically
appears as a white powder with very low solubility in water [91]. It is composed of abundant,
non-toxic, and inexpensive elements (zinc and oxygen), making it one of the most cost-effective
semiconductor materials available. Its chemical stability, resistance to harsh environments, and
compatibility with low-temperature processing further enhance its suitability for large-
fabrications and has been widely used as an additive in a plethora of materials and products
including ceramics, glass, cement, rubber, lubricants, paints, ointments, adhesives, plastics,
sealants, pigments, foods, batteries, ferrites and fire retardants as illustrated in (figure 2.4) [92].
These combined properties make ZnO an ideal candidate for gas sensing applications, particularly
in resistive-type sensors. The sensing mechanism is largely governed by the adsorption of oxygen
molecules on the ZnO surface, which capture free electrons and form ionic species such as O,
0, and 0%, depending on temperature. This process creates a surface depletion layer and
increases the material’s resistance. Upon exposure to reducing gases (e.g., hydrogen), these
adsorbed oxygen species react with the gas molecules, releasing trapped electrons back into the
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conduction band and decreasing resistance [93]. The magnitude of this change depends strongly
on factors such as particle size, surface defects, and morphology. In this context, controlling the
nanostructure and defect density of ZnO is critical for optimizing sensor performance.
Mechanochemical fabrication methods, such as planetary ball milling, offer a scalable and low-
cost approach to tailoring these properties. By varying milling parameters, it is possible to
influence particle size (typically ranging from tens to hundreds of nanometers), surface
roughness, and defect concentration, thereby tuning the electrical and sensing behavior of ZnO.
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Figure 2.4: Various uses for ZnO nanomaterials and a succinct explanation of each use. Adapted
from [92].

This chapter focuses on the fabrication of ZnO nanostructures using planetary ball milling and
their subsequent transformation into functional thin films. A detailed investigation of the
relationships between processing parameters, material properties, and potential device
performance is presented through characterization techniques. These insights form the
foundation for the development of efficient, low-cost ZnO-based gas sensors discussed in later
chapters.

2.2 Experimental Set-Up and Materials
2.2.1 Planetary Ball Milling Fabrication Method

Planetary ball milling (PBM) is widely recognized as a top-down approach capable of reducing
coarse particles into fine and ultra-fine nanometer-scale powders through repeated mechanical
impacts [94]. Its ability to operate under both dry and wet conditions, combined with its relatively
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short processing time, low processing temperatures, high reproducibility, and safe handling,
makes it one of the most preferred laboratory-scale nanofabrication methods. Furthermore, PBM
due to its low input energy, has been extensively adopted in industrial sectors such as chemical
processing, pharmaceuticals, and food production, where precise control over particle size is
essential for optimizing material performance [95]. At its core, planetary ball milling operates
through the application of energetic collisions between grinding media (balls) and powder
particles. These collisions induce repeated fracturing, cold welding, and re-agglomeration
processes, ultimately leading to particle size reduction. Importantly, the energy transferred during
these collisions is sufficiently high to not only break particles but also to alter their internal
chemical structure through bond breaking and reformation. As a result, PBM is categorized as a
mechanochemical fabrication technique, capable of producing a wide range of advanced
materials including nanocrystalline powders, nanocomposites, amorphous phases, and
mechanically alloyed systems. The planetary ball mill consists of a rotating disk on which typically
two to four grinding jars are mounted. Each jar rotates about its own axis while simultaneously
revolving around a central axis in the opposite direction as illustrated in (figure 2.5b) [96]. This
dual rotational motion generates significant centrifugal forces, resulting in high impact energies
of the milling balls. These forces enable efficient grinding and energy transfer to the powder
particles trapped between colliding balls. The inelastic nature of these collisions ensures that
kinetic energy is effectively dissipated into the powder, enhancing the grinding efficiency.

a) b)
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Grinding Ball 3 \s

Jar Holder

Grindingjar

Figure 2.5: (a) Fritsch Pulverisette 7 (PBM) premium line with two grinding chambers [97]. (b)
Schematic of a planetary ball mill with four grinding chambers rotating in opposite direction to
sun disc. Adapted from [96].

The motion of the grinding balls within the milling jars is complex and highly dependent on
operational parameters such as rotational speed, filling ratio, and powder load. As these
parameters vary, the motion transitions through different regimes, namely sliding, cascading,
cataracting, and rolling (centrifuging) as illustrated in (figure 2.6) [98]. During sliding motion,

21



grinding balls move along the inner surface of the milling jar with limited detachment, resulting
in low-energy frictional interactions rather than impactful collisions, and consequently
contributing minimally to effective particle size reduction. In the cascading regime, balls are
carried up the wall of the jar and fall back onto the powder bed with moderate energy. In the
cataracting regime, which is generally preferred for energetic milling, balls are projected from the
wall and impact the powder or opposite wall with high intensity, maximizing energy transfer. In
contrast, in the rolling or centrifuging regime, balls adhere to the inner wall due to excessive
centrifugal force, resulting in minimal relative motion and reduced grinding efficiency. Therefore,
optimizing the operational conditions to maintain a cataracting motion is critical for achieving
effective particle size reduction.

w

Sliding Cascading
Cataracting Centrifuging

Figure 2.6: Motion of grinding beads: Sliding, Cascading, Cataracting and Rolling. Adapted from
[98].

The effectiveness of the ball milling method is highly dependent on several critical parameters,
which determine the energy input, coating quality, and reproducibility [70, 99]. One of the most
important is the ball-to-powder ratio (BPR), which determines the frequency and intensity of
collisions. A low BPR results in insufficient impact events and reduced grinding efficiency, while
an excessively high BPR may hinder effective motion and increase wear. Similarly, the rotational
speed of the mill directly affects the kinetic energy of the balls. While increasing the speed
enhances impact energy, excessively high speeds can lead to centrifugation of the balls, halting
the milling process and potentially causing excessive heating, which may alter the material
properties or induce phase transformations. The milling time is another critical parameter that
influences particle size and material composition. Initially, particle size decreases rapidly with
increasing milling time; however, beyond a certain duration, the rate of size reduction diminishes,
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reaching a steady-state equilibrium. Prolonged milling may also lead to increased contamination
due to wear of the milling media and jars, which can affect the purity and chemical composition
of the final product. The choice of grinding media is equally important. Typically, milling balls are
made from hard and inert materials such as stainless steel or ceramics (e.g., zirconia) to ensure
effective energy transfer while minimizing unwanted chemical reactions. The density and size of
the balls influence the impact energy, with larger and denser balls generating higher collision
forces. However, the use of excessively large or irregularly sized balls can lead to uneven grinding
and increased abrasion. Therefore, selecting an appropriate combination of ball size, material,
and quantity is essential for optimizing the milling process. An important distinction in PBM is
between dry and wet grinding. In dry milling, powder particles are milled without any liquid
medium, allowing direct transfer of impact energy, which is effective for particle size reduction
and mechanical alloying. However, dry milling often leads to particle agglomeration and poor heat
dissipation. In contrast, wet milling involves the addition of a solvent or dispersant, which
provides several advantages including improved heat management, enhanced homogeneity,
reduced agglomeration, and easier recovery of milled particles. Solvents such as ethylene glycol,
isopropyl alcohol (IPA), and deionized water are commonly used, and they also facilitate the
formation of stable nanoink suspensions for subsequent thin-film fabrication. Nevertheless, wet
milling may introduce complexities such as unintended chemical reactions or surface
modifications, which can influence the functional properties of the material. Additional factors
affecting the PBM process include the use of dispersants or process control agents, milling
atmosphere (e.g., air, inert gas, or vacuum), and temperature. Dispersants help reduce particle
agglomeration by lowering surface energy, while controlled atmospheres can prevent oxidation
or contamination. Temperature influences diffusion processes and phase stability, further
affecting the final material properties.

2.2.2 Materials and Experimental Milling Conditions
Materials

Two different ZnO powder purity grades were used (99% purity, Anachemia and 99.9% purity,
Fisher), isopropanol (IPA; Laboratory grade, Fisher), and ethylene glycol (EG; 99% purity, BDH) and
deionized water (DIl water) were used as received.

PBM Experiment

PBM was used in this research as the primary nano-grinding and mechanochemical fabrication
technique due to its versatility, efficiency, and suitability for producing nanostructured materials
as discussed in (section 2.2.1) above. The milling conditions (speed; 200 rpm to 1000 rpm and
time; 10 minutes to 120 minutes) were varied while maintaining all other processing parameters
constant for a given material batch, ensuring a controlled investigation of its influence on particle
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size reduction and material properties. The grinding process was performed using a Fritsch
Pulverisette 7 planetary ball mill (premium line), as illustrated in (figure 2.5a). This system is
equipped with two grinding stations and is well-suited for the efficient and wear-resistant milling
of hard, medium, and brittle materials, achieving fine particle sizes. The milling was conducted in
silicon nitride jars with a capacity of 80 mL, selected to minimize contamination and ensure
chemical stability during processing. Zirconia beads (Zr) with a diameter of 2 mm (total mass of
about 100 g) were used as the grinding media due to their hardness and inert nature. A typical
ball-to-powder ratio of approximately 20:1 was employed. For each batch, around 7 g of zinc
oxide (ZnO) powder was milled in the presence of approximately 10 to 15 mL of liquid medium,
such as ethylene glycol (EG), Isopropyl alcohol (IPA) or deionized (DI) water. This liquid-assisted
grinding approach, often referred to as colloidal grinding, was used to enhance dispersion, reduce
agglomeration, and promote the formation of stable nanoink suspensions suitable for
subsequent thin-film deposition.

Milling Process

To ensure safe operation of the planetary ball mill, it was essential that the grinding jar and the
corresponding counterweight jar were carefully balanced using a mechanical scale. Any
imbalance in mass could lead to excessive vibrations and potentially hazardous conditions during
high-speed milling. The preparation of the milling setup followed a specific sequence. Initially, the
grinding beads were loaded into the empty jar, followed by the ZnO powder and subsequently
the selected solvent. Care was taken during handling and assembly of the milling jars to prevent
contamination or improper sealing. Once filled, the jars were securely closed by tightly locking
the lids and further sealed with parafilm to prevent leakage during operation. After assembly, the
milling parameters were programmed into the planetary ball mill's programmable interface,
including rotation speed, total grinding duration, number of grinding cycles and intermittent
pause intervals. A typical grinding batch set parameters is (Speed = 200 rpm; Grinding time =5
mins; Pause = 5 mins; Cycles = 2; Revers = off) and summarized in (table 1.1) is the sequence for
this work. The inclusion of pause (rest) periods was particularly important, as significant heat is
generated inside the grinding chamber due to friction and repeated balls. These rest intervals
allowed the system to dissipate heat, thereby preventing excessive temperature rise that could
affect material properties or damage the equipment. During each pause, the jars were inspected
for any signs of leakage, and built-up internal pressure was carefully released. This step is crucial
because interactions between the ZnO powder and solvent during milling can lead to pressure
accumulation inside the sealed jars. Controlled pressure release helps prevent potential hazards
such as jar rupture or mechanical failure. Furthermore, for conditions involving higher rotational
speeds or extended milling durations, longer rest intervals and multiple grinding cycles were
adopted to ensure both operational safety and process stability.
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Trials Speed (rpm) Duration Rest time Dispersant
(mins) (mins)

EG sequence 200 rpm to 10 mins to 120 | 5 mins to 12 Ethylene
1000 rpm mins mins glycol (EG)

IPA sequence 200 rpm to 600 | 10 minsto 30 | 5 mins to 10 Isopropyl
rpm mins mins alcohol (IPA)

DI sequence 200 rpm to 600 | 10 minsto 30 | 5 mins to 10 DI water (DI)
rpm mins mins

Table 1.1: Parameters of the grinding trials used in this study for various substrates.

Extraction Process

Upon completion of the grinding cycle, the milled suspension was carefully extracted using a
specialized emptying device provided by the manufacturer. The extraction setup consisted of
several components, including a syringe, syringe pump tip, funnel lid, O-rings, seals, adapter and
stainless-steel mesh. After removing the handle from the grinding jar, an O-ring was first
positioned at the top to ensure proper sealing. Subsequently, the adapter, a thin seal, stainless-
steel mesh (mesh has a size of 0.8 mm), and a thick seal were assembled sequentially. Once the
assembly was complete, the syringe was securely attached to the funnel lid. The jar containing
the milled suspension was then inverted and gently shaken in a vertical motion to dislodge any
material adhering to the inner surfaces. The suspension, along with entrapped air, was drawn into
the syringe and expelled through repeated pumping cycles, typically 2-5 times, to facilitate
effective extraction. Since the initial extraction does not completely recover all the material,
additional solvent is introduced into the emptied syringe and transferred back into the grinding
jar. This step helped resuspend the remaining particles, and the extraction process was repeated
multiple times, typically between five and seven cycles, to maximize recovery. Each extracted
fraction was collected in separate vials, with progressively decreasing particle concentrations, and
was labeled accordingly for further analysis and processing. As illustrated in (figure 2.7) below,
one of our PBM grinding experiments in which ZnO was milled in EG solvent for 10 minutes at
400 rpm and later extracted into 4-dram vials.
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a)'

Figure 2.7: (a) ZnO material after completion of grinding cycle (EG 400-10). (b) The suspension's
extraction showing different suspension densities (left to right shows decreased density order).

2.2.3 Preparation of ZnO Thin Films
Nanoink Concentration Control

The concentration of grounded ZnO nanoinks was controlled through a combination of re-
dispersion, centrifugation, and solvent volume adjustment processes to obtain inks with tailored
solid content suitable for thin-film deposition. Initially, all prepared samples underwent shaking
for approximately 2 minutes, followed by ultrasonication for at least 10 minutes under semi-wave
conditions (sonication parameters varied depending on homogeneity of nano ink in the vial). This
step ensured proper dispersion of ZnO nanoparticles within the solvent and minimized
agglomeration prior to further processing. Subsequently, the samples were subjected to
centrifugation under varying conditions to separate particles based on size and density (typically,
10,000 rpm for 10 minutes was used). After centrifugation, all the supernatant was carefully
removed using disposable and micro pipets, leaving behind a sediment composed of relatively
larger or more concentrated ZnO particles. The amount of retained sediment was controlled
depending on the desired final concentration of the nanoink. To prepare inks of specific
concentrations, a controlled volume of solvent (IPA, EG or DI water), ranging from 0.1 mL to 1 mL,
was added back to the sediment. Each solvent has different physicochemical properties, such as
viscosity and density, which influence dispersion stability and ink behavior during deposition.
After solvent addition, the samples were again shaken and sonicated to ensure homogeneous
redistribution of ZnO particles, resulting in stable nanoink. The concentration of each nanoink
was quantified in terms of weight percentage (wt%), calculated using the ratio of the mass of ZnO
sediment to the total mass of the solution (sediment plus solvent) as illustrated in the (equation
3 and 4) below;
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mass of solute (g)
Wt % = _ x 100 (3
mass of solution (g)

Wt 9% = mass of ZnO sediment (g) % 100 @
° ~ mmass of ZnO sediment (g) + mass of solvent (g)

Accurate measurements were ensured by accounting for the average mass of empty epi tubes
used, which was determined to be approximately 0.9851 g. This allowed precise determination
of the sediment mass after removal of the supernatant. The experimental results demonstrated
a wide range of achievable concentrations, spanning from as low as ~1.6 wt% for highly diluted
suspensions to above 80 wt% for highly concentrated suspensions. These variations highlight the
strong dependence of nanoink concentration on centrifugation parameters, solvent type, and
sediment recovery strategy. The concentration control method was then optimized to produce
functional and homogeneous nanoinks with concentrations between (55 to 80 wt%). Overall, this
concentration control methodology enabled the preparation of ZnO nanoinks with tunable solid
loadings, which is critical for optimizing film thickness, uniformity, and functional performance in
subsequent ink deposition and thin-film sensor fabrication.

Thin Film Fabrication Using Adjustable Blade Applicator

Once the desired concentration of ZnO nanoink was obtained, thin films (between 15 pm to 50
um) were fabricated using an adjustable blade applicator, which is a widely adopted technique
for producing uniform coatings over large substrate areas [100]. This method relies on the
controlled spreading of a nanoparticle-based suspension (nanoink) across a substrate surface,
enabling precise regulation of film thickness and uniformity. Typically, the coating solution
consists of dispersed ZnO nanoparticles along with suitable solvents and, where necessary,
additives to enhance stability, adhesion, and film formation. The fundamental principle of this
technique involves maintaining a fixed gap between the applicator blade and the substrate
surface. As the blade moves relative to the substrate, the nanoink is uniformly spread, forming a
wet film that subsequently dries to produce a solid thin layer. In this work, an adjustable film
applicator equipped with dual micrometers (KTQ-Il (50 mm)) was used to precisely control the
blade-to-substrate distance. This setup allows fine adjustment of the wet film thickness over a
wide range, typically from tens to several thousand micrometers, depending on the application
requirements. To ensure accurate thickness control, calibrated gauges (ranging from
approximately 20 to 1000 um) were used to set the gap between the blade and the substrate.
The micrometers were adjusted until the blade made uniform contact with the gauge along its
length, ensuring a consistent coating thickness. After calibration, the gauge was removed, and the
coating process was initiated. The applicator was then drawn across the substrate using a steady

27



and controlled motion to minimize streak formation and thickness variations. Drops around 5-10
uL of the ZnO nanoink was carefully deposited at one end of the substrate using a micropipette,
after which the applicator blade was drawn across the surface to print the ink uniformly as shown
in (figure 2.8).

Adjustable blade Motion direction
. ——
applicator
i
£8 |

Deposited Paper
ZnO film substrate

Figure 2.8: Printing of ZnO ink on flexible substrate (paper) via adjustable blade applicator.

The quality of the resulting film depended not only on the set gap but also on operational factors
such as the speed of application, applied pressure, and consistency of motion. Manual operation
may introduce slight variations; therefore, maintaining consistent technique was essential for
reproducibility. Substrate preparation played a critical role in achieving high-quality films. Glass
substrates were thoroughly cleaned and, where necessary, treated to improve surface wettability
and adhesion. The substrates were placed on a level surface or secured using holders to prevent
movement during coating. Maintaining a leveled platform was essential to avoid thickness
gradients caused by gravitational flow of the liquid film. Following deposition, the films were
subjected to controlled drying conditions (room temperature, oven and hotplate) depending on
the substrate type. The drying process significantly influences the final morphology and
uniformity of the film. For solvents such as isopropyl alcohol, rapid evaporation allowed drying at
approximately 130 °C for 5 to 10 minutes, whereas viscous solvents like ethylene glycol required
longer or higher-temperature drying to ensure complete solvent removal.

Various low-cost substrate types used

A key advantage of the solution-based ZnO nanoink approach employed in this work lies in its
compatibility with a wide range of low-cost and unconventional substrates. Unlike traditional
microfabrication techniques that rely on expensive and rigid platforms, the adjustable blade
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applicator method enables uniform thin-film deposition on both rigid and flexible materials,
thereby significantly expanding the applicability of the fabricated sensors. Some of the substrates
employed in this work are as follows;

Rigid substrates such as glass slides, ceramics and silicon wafers which provide smooth,
chemically stable, and thermally robust surfaces, making them ideal for controlled studies of film
morphology and intrinsic sensing performance. These substrates minimize surface roughness
effects and allow for better reproducibility, which is essential during material characterization.
Similarly, anodized alumina offers a highly ordered porous structure that can enhance surface
area and improve gas adsorption, potentially leading to increased sensor sensitivity. In contrast,
flexible and disposable substrates including aluminum foil, sticky notes, plain paper, lined paper,
filter paper, and cardboard highlight the low-cost and scalable nature of the fabrication process.
Paper-based substrates are particularly attractive due to their porosity, lightweight nature, and
widespread availability. For instance, filter paper provides a fibrous and highly porous network
that promotes increased surface interaction between the ZnO nanostructures and target gas
molecules. However, this same porosity can also introduce variability in film uniformity and
electrical pathways. Plain and lined papers serve as ultra-low-cost platforms, with the added
advantage of enabling direct electrode patterning using pencil-drawn interdigitated electrodes,
as explored in this work. Foil substrates offer mechanical flexibility combined with moderate
conductivity, which can be advantageous for certain sensor configurations. Cardboard, while less
uniform, demonstrates the feasibility of deploying sensors on recyclable and biodegradable
materials. Sticky notes introduce an adhesive backing, enabling easy integration onto various
surfaces for potential real-world sensing applications. Plastic polymer substrates, such as
transparencies, provide a balance between flexibility, optical transparency, and smoother
surfaces compared to paper. These substrates are particularly useful for applications requiring
lightweight and semi-flexible devices, although their thermal limitations must be considered
during processing. Overall, our use of these diverse low-cost substrates underscores the versatility
of the ZnO nanoink deposition technique. It enables the development of scalable, disposable, and
application-specific gas sensors while also allowing a better investigation of how substrate
properties such as roughness, porosity, and flexibility affect thin-film morphology and sensing
performance.

2.2.4 ASTM D3359 adhesion tape test

The ASTM D3359 adhesion tape test is a standardized method used to evaluate the adhesion
strength of thin films and coatings on various substrates [101]. This test involves making a series
of cuts on the coated surface, typically in a cross-hatch or ‘X’ pattern, followed by the application
and removal of a pressure-sensitive adhesive tape. The extent of coating removal after tape
peeling is then assessed and classified according to a rating scale ranging from 0B to 5B, where
5B indicates no coating detachment (excellent adhesion) and OB represents significant coating
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removal (poor adhesion). The test can be performed using either Method A (X-cut) or Method B
(cross-hatch), depending on coating thickness and application requirements. In the context of
ZnO thin films (film thickness <125 um), this technique provides a simple and effective means of
assessing film-substrate adhesion, which is critical for ensuring mechanical stability, durability,
and consistent sensor performance. Strong adhesion is particularly important for flexible and low-
cost substrates such as paper and polymers, where poor bonding may lead to film delamination
during handling or operation. In our research, we present initial results on adhesion tape test
trials for a few samples (glass slide, cardboard and yellow sticky note) as shown in (figure 2.9 (a),
(b) and (c) respectively). Even though these are just initial tests, these samples show moderate
adhesion on the various substrate types (~1B to 3B).

Figure 2.9: Before and after ASTM D3359 tape adhesion test of ZnO thin films on (a) glass slide,
(b) cardboard substrate, and (c) sticky note.

2.2.5 Material Characterization Techniques

To analyze the structural, morphological, and compositional properties of the fabricated ZnO
nano inks and thin films in this research, a range of material characterization techniques was
employed to determine the influences on the properties of ZnO. Surface topography and
nanoscale morphology were examined using a Nanonics MultiView 1000 atomic force microscope
(AFM), integrated with an Olympus BXFM optical microscope, providing detailed insight into
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surface roughness and particle distribution. High-resolution imaging of the nanostructures was
further achieved through scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), with SEM and associated analysis carried out using a HITACHI S-2600 system,
enabling visualization of particle size, shape, and film uniformity. In addition, Raman spectroscopy
was performed using a Renishaw inVia Raman microscope, with spectra collected under ambient
conditions using a 632.8 nm He-Ne laser, to investigate vibrational modes, crystallinity, and defect
states of the ZnO nanomaterials. Ultraviolet—visible (UV-Vis) spectroscopy was utilized to evaluate
optical properties such as absorption behavior and bandgap estimation. Furthermore, energy
dispersive X-ray spectroscopy (EDX), was used to determine elemental composition and confirm
material purity. Collectively, these instruments and techniques provide a better understanding of
the physical, chemical, and optical characteristics of the ZnO thin films.

Raman Spectroscopy

In Zinc Oxide Raman spectroscopy, some phonon modes appear strongly, some are weakly
polarized, and others are forbidden because Raman scattering, polarization geometry and Raman
selection rules are governed by the conservation of energy and momentum [102]. ZnO has a
wurtzite hexagonal crystal structure belonging to the Cey symmetry group, which determines
which vibrational modes are Raman-active, infrared-active, or silent. Raman-active modes are
lattice vibrations that produce a change in the polarizability of the crystal and can therefore be
detected in Raman scattering measurements. Infrared-active modes are vibrations that induce a
change in dipole moment and are observable through infrared absorption spectroscopy, while
silent modes are neither Raman-active nor infrared-active because they do not produce
significant changes in either polarizability or dipole moment under normal selection rules [103].
Figure 1. shows energy band modulation by polarization, the bold dashed lines indicate the
energy band in the absence of polarization. In ZnO, the appearance and intensity of these phonon
modes are also strongly dependent on the polarization configuration and crystal orientation
during measurement.
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Figure 2.10: Effect of polarization on Schottky barrier formation and band bending for thin
ferroelectric films. (a) shows upward polarization facilitating charge transport in one direction,
while (b) shows downward polarization reversing the band bending and transport direction.
Adapted from [104].
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Based on group theory analysis, the vibrational spectrum consists of two A;, two E;, two E,, and

two B; modes [105]. Among these, the B modes are Raman inactive, while the remaining modes
contribute to the Raman response. The fundamental optical phonon frequencies for ZnO are
typically observed at approximately 99 cm™ for E;(low), 437 cm™ for E,(high), 380 cm™ for A(TO),
574 cm™ for A;(LO), 407 cm™ for E4(TO), and 583 cm™ for E4(LO). The low-frequency E, mode is
primarily associated with vibrations of the heavier zinc sublattice, whereas the high-frequency E,
mode arises from oxygen atom vibrations. Additionally, second-order vibrational modes appear
around 208, 334, and within the range of 1050-1200 cm™. For highly oriented ZnO thin films
under normal incidence of light, Raman selection rules permit only the A(LO) and E, modes to
be observed, while other modes remain forbidden. Experimental Raman spectra of ZnO films
deposited at varying substrate temperatures align well with these theoretical predictions,
showing peaks near 99 cm™ for E;(low), 438 cm™ for E,(high), approximately 380 cm™ for A;(TO),
and 579 cm™ for A4(LO). The presence of the prominent E,(high) peak is an indicator of the
wurtzite crystal phase. Also, an increase in ZnO powder purity enables improved control over
crystal growth, leading to finer grains, more uniform structures, and better-developed
crystallinity. This is reflected in the observed decrease in vibrational peak intensity ratios with
decreasing crystallite size, consistent with reported trends in Raman studies [106].

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a characterization technique used to investigate the
internal structure and morphology of ZnO nanomaterials at the nanoscale. By transmitting a high-
energy electron beam (typically 20—-300 kV) through an ultrathin specimen [107, 108]. TEM
enables direct imaging of nanoparticles and thin films with spatial resolutions down to 0.2 nm.
This allows for precise evaluation of particle size, morphology, and crystallinity. High-resolution
TEM (HRTEM) provides lattice-resolved imaging, where atomic planes and interplanar spacings
can be directly measured. For wurtzite ZnO, characteristic lattice fringes are typically observed
with d-spacing values of approximately 0.28 nm for the (100) plane, 0.26 nm for the (002) plane,
and 0.24 nm for the (101) plane, consistent with standard crystallographic data [109]. These
values confirm the formation of a well-defined hexagonal wurtzite structure. In addition, selected
area electron diffraction (SAED) patterns exhibit distinct diffraction rings or spots corresponding
to the (100), (002), (101), (102), and (110) planes. The presence of concentric rings indicates a
polycrystalline structure, while sharp spots suggest localized single-crystalline domains.
Quantitative particle size analysis from TEM images often shows an average particle diameter of
~10-100 nm, depending on milling conditions and processing parameters [110]. This nanoscale
size distribution is critical for gas sensing applications, as smaller particles provide a higher
surface-to-volume ratio, enhancing adsorption of gas molecules and improving sensor sensitivity.
Overall, TEM provides both qualitative and quantitative insights into the nanostructure of ZnO
thin films. The combination of particle size distribution, lattice spacing measurements, and
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diffraction analysis enables a good understanding of how nanoscale features influence the
structural and functional performance of ZnO-based sensors.

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is also a widely used characterization technique for
examining the surface morphology and microstructural features of nanomaterials. In SEM, a
focused electron beam (typically operating in the range of 0.3—-30 kV) scans across the sample
surface, generating secondary and backscattered electrons that provide high-resolution images
of surface topography [111]. SEM enables visualization of thin-film uniformity, grain structure,
surface roughness, and the distribution of nanostructures over large areas, with spatial
resolutions typically on the order of 1-10 nm [112]. For ZnO thin films, SEM images commonly
reveal granular or porous morphologies, depending on the fabrication and deposition conditions.
The films often consist of interconnected nanoparticles or nanoclusters forming a continuous
network. The degree of porosity and interparticle connectivity plays a crucial role in gas sensing
performance, as porous structures facilitate gas diffusion and increase the active surface area
available for adsorption. Cross-sectional SEM analysis can also be used to estimate film thickness,
depending on deposition method and parameters.

Ultraviolet-Visible (UV-Vis) Spectroscopy

Ultraviolet—visible (UV-Vis) spectroscopy is a widely used optical characterization technique for
analyzing the absorption and transmission properties of nanomaterials [113]. This technique
measures the interaction of electromagnetic radiation, typically in the wavelength range of 200—-
800 nm, with the material, providing valuable information about its optical behavior, band to
band transition and electronic structure. UV-Vis spectroscopy is particularly useful for
determining the optical bandgap, absorption edge, and light-harvesting capabilities of
semiconductor thin films. For ZnO films, a strong absorption edge is typically observed in the
ultraviolet region, around 360—380 nm, corresponding to the intrinsic band to band transition of
ZnO [114]. The bandgap energy can be quantitatively estimated using Tauc plots derived from
UV-Vis absorption data, where extrapolation of the linear region of (ahv)? versus photon energy
(hv) provides the bandgap value [115]. Variations in the bandgap, typically within the range of
can occur due to differences in particle size, defects, and fabrication conditions. In addition, UV—-
Vis spectra can provide insight into film quality and uniformity. A sharp and well-defined
absorption edge indicates good crystallinity and low defect concentration, whereas a broadened
edge may suggest structural disorder or the presence of defect states within the bandgap.
Furthermore, UV-Vis measurements can be used to assess the optical transparency of thin films,
particularly in the visible region (400-700 nm).
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Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a high-resolution scanning probe technique used to
characterize the surface morphology and topography of nanostructured materials [116]. The
technique operates based on the interaction forces between a sharp probe tip (typically with a
radius of curvature in the nanometer range) and the sample surface. As the tip scans across the
surface, interatomic forces including van der Waals, electrostatic, and contact forces cause
deflections of the cantilever, which are detected using a laser beam reflected onto a position-
sensitive photodetector. These deflections are then converted into a three-dimensional
topographical map of the surface with sub-nanometer vertical resolution. AFM measurements
are commonly performed in different modes, including contact mode, non-contact mode, and
tapping (intermittent contact) mode. Among these, tapping mode is most frequently employed
for thin films to minimize surface damage and reduce lateral forces, making it particularly suitable
for soft or nanostructured surfaces. The resulting AFM images provide guantitative information
on surface roughness parameters such as root mean square (RMS) roughness, average roughness
(Ra), and peak-to-valley height, which are critical for evaluating film uniformity and quality [117].
Furthermore, AFM phase imaging can provide additional insight into compositional uniformity
and mechanical properties by mapping variations in tip-sample interactions. In well-crystallized
films, uniform phase contrast typically indicates homogeneity, while irregularities may suggest
defects, porosity, or secondary phases.

Energy-Dispersive X-ray Spectroscopy (EDX)

Energy-Dispersive X-ray Spectroscopy (EDX) is an analytical technique integrated with scanning or
transmission electron microscopy (SEM/TEM) to determine the elemental composition and
chemical purity of materials [118]. The technique is based on the interaction between a high-
energy electron beam and the atoms within the sample. When the incident electrons strike the
material, they can eject inner-shell electrons from atoms, creating vacancies that are
subsequently filled by electrons from higher energy levels. This electronic transition releases X-
ray photons with characteristic energies specific to each element, enabling qualitative and
guantitative elemental identification. In the case of ZnO, the EDX spectrum typically exhibits
prominent peaks corresponding to zinc (Zn) and oxygen (O). Characteristic emissions include the
oxygen Ka peak around ~0.5-0.6 keV and zinc L and K lines near ~1.0 keV and ~8.4-9.6 keV,
respectively [119]. The oxygen Ka peak is generally detected at approximately ~0.53 keV. The
relative intensities of these peaks provide insight allowing assessment of the Zn:0 atomic ratio.
Beyond elemental identification, EDX provides quantitative information in terms of atomic
percent (at%) and weight percent (wt%), which are crucial for evaluating film stoichiometry. In
ideal ZnO, a Zn:0 atomic ratio of approximately 1:1 is expected. However, deviations from this
ratio can reveal important defect-related phenomena. For instance, oxygen-rich compositions
(e.g., Zn:0 = 40:60) indicate a deficiency of zinc and an excess of oxygen, which is often attributed
to the presence of interstitial oxygen (O;) defects within the lattice [120]. Such oxygen-rich
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stoichiometry contrasts with the more commonly reported n-type ZnO, where oxygen vacancies
(Vo) and zinc interstitials dominate. EDX analysis also enables the detection of impurities or
residual elements originating from precursors, substrates, or processing conditions.

Chapter Summary

This chapter presents the fundamental background, fabrication methodology, and experimental
framework for the development of ZnO nanostructures and thin films for gas sensing applications.
A mechanochemical top-down approach using planetary ball milling was employed to fabricate
ZnO nanoinks, with variation of milling parameters such as speed, time, and solvent environment
to tailor particle size, morphology, and defect concentration. These nanoinks were subsequently
used to print thin films using an adjustable blade applicator, enabling controlled deposition on a
wide range of low-cost rigid and flexible substrates. Additional procedures, including nanoink
concentration tuning, and adhesion testing (ASTM D3359), were carried out to optimize film
quality and mechanical stability. To evaluate the resulting materials, multiple characterization
techniques were used; Raman spectroscopy, TEM, SEM, UV-Vis spectroscopy, AFM, and EDX—
were employed to analyze crystallinity, nanostructure, surface morphology and elemental
composition. Together, these techniques provide an understanding of how fabrication conditions
influence material properties. The detailed experimental results and analysis corresponding to
each characterization technique are presented and discussed in Chapter 4 of this thesis.
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Chapter 3

3. ZnO Thin Film Gas Sensors

3.1 Multifunctional Applications of ZnO Thin Films

One of the most prominent applications of ZnO thin films lies in the field of electronics and
optoelectronics, where their excellent transparency in the visible region and good electrical
conductivity make them suitable candidates for transparent conductive oxides (TCOs) [121].
Traditionally, indium tin oxide (ITO) has been the dominant TCO material used in devices such as
flat-panel displays, solar cells, light-emitting diodes (LEDs), and organic light-emitting diodes
(OLEDs) [122]. However, the high cost and limited availability of indium have motivated the search
for alternative materials. In this context, ZnO thin films, particularly when doped with elements
such as aluminum (Al), gallium (Ga), or indium (In), have demonstrated comparable electrical and
optical performance. Aluminum-doped ZnO (AZO), for instance, has been reported to exhibit low
resistivity on the order of 10 Q-cm while maintaining optical transparency exceeding 90%,
making it a viable substitute for ITO in many applications [123].

The suitability of ZnO for optoelectronic devices is further enhanced by its direct wide band gap,
which allows efficient emission and absorption of ultraviolet (UV) and blue light and is particularly
well-suited for devices operating in the UV/blue spectral region. This includes UV photodetectors,
laser diodes, and light-emitting devices. The high exciton binding energy of ZnO ensures stable
excitonic emission even at room temperature, which is advantageous for achieving high-efficiency
light emission. ZnO-based optoelectronics is sometimes combined with heterojunction
architectures, where n-type ZnO is combined with p-type materials such as gallium nitride (GaN),
silicon (Si), or copper oxide (Cu,0) to achieving stable and reproducible p-type doping [84]. These
heterostructures have demonstrated promising performance, particularly in UV light emission,
thereby reinforcing the importance of ZnO thin films in next-generation optoelectronic systems.

In addition to their role in electronics, ZnO thin films have gained significant attention in gas
sensing applications due to their high sensitivity, fast response, and compatibility with low-cost
fabrication methods [124]. ZnO is an intrinsic n-type semiconductor, and its gas sensing
mechanism is primarily based on surface adsorption and reactions. When exposed to air, oxygen
molecules adsorb onto the ZnO surface and capture free electrons from the conduction band,
forming ionized oxygen species. This process creates a depletion layer near the surface, resulting
in increased electrical resistance. Upon exposure to reducing gases such as hydrogen, carbon
monoxide, or methane, these gases react with the adsorbed oxygen species, releasing electrons
back into the conduction band and thereby decreasing the resistance of the material. The
magnitude of this resistance change is directly correlated with the gas concentration, enabling
ZnO thin films to function as effective gas sensors. However, conventional ZnO-based gas sensors
often require elevated operating temperatures to achieve sufficient sensitivity, as higher
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temperatures enhance the kinetics of surface reactions [125]. This requirement introduces
several limitations, including increased power consumption, reduced device lifetime, and
potential safety risks, especially when detecting flammable gases. To address these challenges,
significant research efforts have been directed toward enabling room-temperature sensing. One
effective strategy involves nano-structuring ZnO to increase its surface-to-volume ratio, thereby
providing a greater number of active sites for gas adsorption. Solution-based fabrication methods,
such as those involving nanoinks and thin film deposition, allow precise control over film
morphology, porosity, and particle size, which are critical factors influencing sensing performance.
Furthermore, the incorporation of dopants and composite materials has been shown to enhance
gas sensing properties [126]. For example, doping ZnO with noble metals such as gold (Au),
palladium (Pd), and platinum (Pt) introduces catalytic sites that facilitate gas adsorption and
improve charge transfer processes. Similarly, forming heterojunctions with other semiconductors,
such as SnO; or graphene, can enhance sensitivity and selectivity by modifying the electronic
structure and charge distribution at the interface. Optical activation using UV or visible light has
also emerged as a promising approach to improve sensor performance at low temperatures by
increasing carrier generation and promoting surface reactions.

Beyond sensing applications, ZnO thin films play a crucial role in photocatalysis and
environmental remediation [127]. Due to their wide band gap and strong oxidizing power, ZnO
materials can generate electron—hole pairs when exposed to UV light. These charge carriers
participate in redox reactions that lead to the formation of reactive oxygen species (ROS), such as
hydroxyl radicals and superoxide ions. These species are highly reactive and can effectively
degrade organic pollutants, dyes, and harmful chemicals in water and air. As a result, ZnO thin
films are widely used in photocatalytic applications, including wastewater treatment, air
purification, and self-cleaning surfaces. The photocatalytic efficiency of ZnO is strongly influenced
by its nanostructure and surface properties. Nanostructured ZnO thin films offer a higher surface
area and increased density of active sites, which enhance adsorption and reaction rates.
Additionally, controlling defects and doping can improve charge separation and reduce electron—
hole recombination, thereby increasing photocatalytic performance. ZnO-based photocatalysts
have been successfully used to degrade organic dyes such as rhodamine B under UV and solar
irradiation, demonstrating their potential for environmental cleanup.

In the field of cosmetics and personal care, ZnO thin films are widely used for their UV-blocking
and antibacterial properties. ZnO is an effective inorganic sunscreen agent capable of absorbing
and scattering both UV-A and UV-B radiation [128]. Unlike organic UV filters, which may degrade
under prolonged exposure to sunlight, ZnO exhibits excellent photostability and does not
decompose easily. Furthermore, it is non-toxic, non-irritating, and safe for human skin, making it
suitable for use in a wide range of cosmetic products, including sunscreens, lotions, and creams.
The UV-blocking capability of ZnO is particularly important given the harmful effects of ultraviolet
radiation, which can cause skin damage, premature aging, and increase the risk of skin cancer. In
addition to UV protection, ZnO exhibits antimicrobial properties due to its ability to generate
reactive oxygen species under light exposure. These properties make ZnO useful not only in
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cosmetics but also it suitable for applications in healthcare, coatings, antimicrobial surfaces,
textiles, and packaging materials.

Another emerging application of ZnO thin films is in radar absorbing materials and stealth
technology [129]. Radar absorbing materials (RAMs) are designed to minimize the reflection of
electromagnetic waves, thereby reducing the detectability of objects by radar systems. ZnO
nanomaterials exhibit unique dielectric properties and can effectively absorb microwave radiation
due to polarization losses and multiple scattering effects. The nanoscale morphology of ZnO
enhances electromagnetic wave attenuation by increasing the interaction between the incident
waves and the material. ZnO-based thin film absorbers also offer advantages such as low density,
and environmental stability. These characteristics make them promising candidates for
applications in military and aerospace technologies, where lightweight and efficient radar
absorption is critical.

3.2 Gas Sensing Parameters
Main parameters affecting gas sensor performance

The performance of ZnO-based thin film gas sensors is evaluated through a set of well-defined
parameters that collectively describe their responsiveness, reliability, and applicability in real-
world environments. As illustrated in (figure 3.1) [130], these parameters include gas response
(or sensitivity), selectivity, response time, recovery time, limit of detection (LOD), stability, and
the influence of external factors such as analyte gas concentration, operating temperature,
humidity, light and gas flow conditions. Understanding and optimizing these parameters is
essential for the development of high-performance gas sensors, particularly for applications in
environmental monitoring, industrial safety, and healthcare.
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Figure 3.1: Graphical representation of several important performance parameters in a sensor
exposed to increasing concentrations of analyte gas. Adapted from [130].
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Sensitivity

A fundamental metric in gas sensing is the gas response, which quantifies the change in the
electrical signal of the sensor upon exposure to a target gas, and the term sensitivity, often used
interchangeably with response. In chemiresistive ZnO sensors, this is typically expressed as the
ratio between the resistance or conductivity in air and the resistance or conductivity in the
presence of the target gas. For n-type semiconductors such as ZnO, the response is commonly
defined as, the ratio of Ra to Rg or, (Ra / Rg) for the reducing gases and the reciprocal for the
oxidizing gases [131]. This parameter provides a direct measure of the detectability of a gas at a
given concentration. Closely related to response is responsivity, which describes the rate of
change of the sensor output with respect to gas concentration, typically expressed in units such
as % ppm™ or Q ppm™ [132]. While response indicates the magnitude of signal change,
responsivity reflects how sensitively the device reacts to incremental concentration variations,
making it particularly useful for calibration, linearity assessment, and comparison across different
sensors or concentration ranges. The magnitude of the gas response is strongly influenced by the
microstructural properties of the sensing layer. Factors such as grain size, porosity, and surface
morphology play a critical role in determining how effectively gas molecules interact with the film
surface and external factors such as temperature, humidity, and light also influence sensitivity.
Increased porosity enhances gas diffusion into the sensing layer, allowing more active sites to
participate in adsorption and reaction processes. High sensitivity is particularly desirable for
detecting low concentrations of gases, especially near threshold limit values (TLV) or lower
explosive limits (LEL).

Response time and recovery time

Another key performance metric is the response time, which represents the speed at which the
sensor reacts to the introduction of a target gas. It is typically defined as the time required for the
sensor signal to reach 90% of its final steady-state value after exposure (denoted as Tgo) [133]. A
shorter response time indicates a faster detection capability, which is critical in applications
requiring real-time monitoring. Response time is influenced by several factors, including gas
concentration, flow rate, temperature, and the intrinsic properties of the sensing material.
Generally, higher gas concentrations lead to faster responses due to the increased availability of
reactive species. Similarly, elevated temperatures can accelerate surface reaction kinetics,
reducing response time. Complementary to response time is the recovery time, which measures
how quickly the sensor returns to its baseline state after the removal of the target gas. It is
typically defined as the time required for the sensor signal to recover to 10% (T 10, or 90% return
to baseline) of its original value. Fast recovery is essential for sensor reusability and continuous
monitoring applications.
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Analyte concentration

The analyte (gas) concentration itself plays a crucial role in determining sensor behavior [134]. In
general, the sensor response increases with increasing gas concentration due to a higher
probability of interaction between gas molecules and active sites on the ZnO surface. At low
concentrations, a large number of active sites are available, leading to rapid and significant
response. However, as concentration increases, these sites become progressively occupied, and
the response begins to saturate. At very high concentrations, multilayer adsorption may occur,
which can further the effective interaction between gas molecules and the sensing surface and
may cause saturation. This saturation behavior highlights the importance of defining an optimal
operating range for each sensor.

Temperature

Operating temperature is another critical parameter that significantly affects gas sensing
performance [135]. Each metal oxide gas sensor typically exhibits an optimal working
temperature at which the response is maximized. As temperature increases, the kinetic energy of
gas molecules also increases, enhancing adsorption-desorption rates and facilitating faster
surface reactions. This leads to improved sensor response up to a certain point. However, at
excessively high temperatures, adsorbed gas molecules may desorb too quickly before reacting,
resulting in a decline in sensor response. Therefore, identifying and maintaining the optimal
operating temperature is essential for achieving maximum sensitivity and stability. In recent
years, there has been a strong emphasis on developing room-temperature sensors to reduce
energy consumption and improve safety.

Humidity

Humidity is another factor that can significantly influence sensor performance [136]. Water
molecules adsorbed on the ZnO surface can interfere with gas sensing mechanisms in multiple
ways. Firstly, they can occupy active sites, reducing the availability of sites for oxygen adsorption
and subsequent gas reactions. Secondly, interactions between water molecules and adsorbed
oxygen species can release trapped electrons back into the conduction band, thereby decreasing
the baseline resistance. As a result, increased humidity often leads to reduced sensitivity and
altered sensor response. Understanding and mitigating humidity effects is therefore crucial for
reliable sensor operation, especially in real-world environments where humidity levels can vary
widely.
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Selectivity

Selectivity refers to the ability of a gas sensor to preferentially respond to a specific target gas in
the presence of other interfering gases [137]. This is a critical parameter for practical applications,
as real-world environments often contain multiple gas species. Selectivity is typically quantified
using a selectivity coefficient, defined as the ratio of the sensor response to the target gas relative
to that of an interfering gas under identical conditions. Achieving high selectivity with strategies
such as doping, surface functionalization, and the formation of heterojunctions have been
employed to enhance selectivity by tailoring surface chemistry and electronic properties. The
selectivity is measured in terms of selectivity coefficient/factor as a ratio of target gas to another
gas [138]. The general expression of the sensor’s selectivity is expressed as;
Selectivity of the sensor toward interface gas (SA)

Selectivi fficient (K) = 5
electivity coefficient (K) Selectivity of the sensor toward interface gas(SB) )

Where, Sa and Sg are the responses of the sensor to a target gas A and an interference gas B,
respectively.

Limit of detection

The limit of detection (LOD) defines the lowest concentration of a target gas that can be reliably
detected by the sensor [139]. Alternatively, LOD can be defined as the concentration
corresponding to a signal three times greater than the baseline noise. A low LOD is essential for
applications requiring the detection of trace amounts of gases, such as environmental monitoring
and medical diagnostics. The LODs for any target gas in sensors for environmental safety are
driven by regulation (e.g. OHSE, WORKSAFEBC, etc) and must be abided by in commercialized
systems to promote safety and rapid response to any hazardous environment.

Gas flow system and flow rates

Finally, the gas flow system and flow rates used during testing also influence sensor performance.
Two primary configurations are commonly employed: static and continuous flow systems as
elaborated in (equation 6 and 7). In a static system, a fixed volume of gas is introduced into a
closed chamber containing the sensor, and the concentration of test gas is determined by
volumetric dilution [140]. In contrast, a continuous flow system involves a constant flow of gas
through the chamber, with the concentration controlled by adjusting the relative flow rates of the
target gas and carrier gas using mass flow controllers [141]. Continuous systems provide control
over gas concentration and are more representative of real-world conditions. The choice of flow
system affects parameters such as response time, recovery time, and overall sensor stability.

Static system (trapped test gas in chamber);
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Where;

Cﬁnal = concentration of test gas in the chamber at equilibrium

Cstock = stock concentration in ppm introduced into the chamber through inlet
Vinj = volume of test gas (in mL) initially injected into the chamber

Vchamber = total volume of test chamber (in mL)

Continuous flow system (constant flow of gas);
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Where;

Csteady = concentration of test gas in the chamber at steady state
Cstock = stock concentration of test gas flowing through the chamber
V 3 =is the test gas volumetric flow rate

VvV total = is the total gas volumetric flow rate (test gas + any other gasses).

Stability and reversibility

In addition to these primary parameters, stability and reversibility are crucial for long-term sensor
performance [142]. Stability refers to the ability of the sensor to maintain consistent performance
over repeated measurements and extended periods. This includes maintaining consistent
sensitivity, response time, and baseline characteristics. Poor stability can lead to signal drift,
inaccurate readings, and frequent recalibration requirements. Nanostructured materials, while
offering high sensitivity, can sometimes suffer from reduced stability due to their high surface
reactivity. Techniques such as annealing, doping, and composite formation are often employed to
improve stability. Reversibility, on the other hand, refers to the ability of the sensor to return to
its original state after exposure to the target gas, ensuring repeatable operation.

3.3. Sensor Device Fabrication

The fabricated ZnO films on a variety of substrates, with thicknesses ranging from approximately
15 um to 50 um, were subsequently utilized to develop functional gas sensors by establishing
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reliable electrical contacts. The fabrication process primarily focused on integrating the ZnO
sensing layer with suitable electrode configurations (as shown in figure 3.2) capable of accurately
capturing current/resistance variations upon exposure to target gases.

A range of electrode materials and configurations were explored in this research to assess their
effectiveness, cost-efficiency, ease of fabrication, and sustainability for scalable sensor
development. ZnO films were either directly used as-deposited or carefully cut into smaller
sections from larger coated substrates. These sections were then mounted onto glass slides using
adhesive materials such as scotch tape or sticky adhesives. Initially, electrical contacts were
established using combinations of copper (Cu) tape and conductive silver paint. Typically, Cu tapes
were positioned either directly on the ZnO film or adjacent to it, and silver paint was applied at
the interface to ensure good electrical contact between the electrode and the sensing layer. In
addition to Cu tape and silver paint combinations, some devices were fabricated using only silver
pens (~1.5 Q) to draw interdigitated electrodes directly across the ZnO film surface. This method
simplified the fabrication process. The silver-based conductive materials remain highly attractive
due to their excellent electrical conductivity and chemical stability, making them suitable for
laboratory-scale sensor development. To further explore low-cost, disposable and flexible
alternatives, pencil-drawn interdigitated electrodes (IDEs) were introduced. In this method,
graphite pencils of different grades (~7 kQ for 2.5 cm line), specifically 6B, 4B and HB, were used
to manually draw interdigitated patterns on paper substrates such as plain and lined papers,
Oxford paper, and filter paper. ZnO thin films were then deposited directly over these patterned
electrodes using a thin film applicator, followed by drying either at room temperature or in an
oven at moderate temperatures (typically around 75 °C). To establish external electrical
connections, carbon paint was applied at the terminal ends of the pencil-drawn electrodes and
thermally cured to improve adhesion and conductivity. For more controlled device fabrication,
gold (Au) patterned electrodes were employed. Using the thin film applicator, ZnO thin films were
subsequently deposited straight onto the gold patterned electrodes. This was followed by drying,
inside an oven set to a moderate temperature (typically near 75 °C). The precise patterning of Au
interdigitated electrodes ensures uniform fields and reproducible sensor responses. However, the
high cost makes this approach less suitable for low-cost or disposable sensor applications.
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Figure 3.2: The various electrode configurations. a) Schematic diagram of ZnO thin film gas sensor
device. b) gold (Au) patterned electrodes on ceramic substrate. c) silver pen drawn interdigitated
electrodes on lined paper. d) Pencil (4B) drawn interdigitated electrodes on filter paper.

The choice of electrode material and configuration significantly influences the resistance, signal
stability, and sensitivity of the sensor. Interdigitated electrode structures are particularly
advantageous due to their ability to maximize the area between the sensing and the electrodes,
thereby enhancing the measurable signal changes.

Thin film gas sensor samples

The fabricated thin film gas sensor samples are illustrated in (figure 3.3 (a) and (b)), highlighting
the various electrode configuration. In (figure 3.3a), the sensing substrate consists of a filter paper
with interdigitated electrodes. The thin film sensing material is deposited across the electrode
region which provide a large active area for charge transport and enhance sensitivity to surface
reactions. (Figure 3.3b) shows another configuration, where the films are deposited onto small
substrates with conductive contacts formed using copper tape and silver paint. This configuration
allows for easy electrical connection and controlled exposure to test gases. Overall, these
techniques demonstrate a straightforward and reproducible fabrication approach for thin film gas
sensors, combining interdigitated electrode design with practical mounting techniques to
facilitate electrical measurements and gas exposure studies.
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Figure 3.3: Fabricated ZnO thin film sensor devices on various substrates. (a) plain paper (b) glass
slide substrate.

3.4 Experimental Gas Testing System

The gas sensing performance of the fabricated ZnO thin film sensors was evaluated using a
customized quartz tube furnace—based testing system, to enable both static and continuous gas
flow measurements under controlled conditions. The quartz tube served as the sensing chamber
and was modified by capping one end (exhaust side) for static system, allowing injected test gases
to be retained in the chamber without causing excessive pressure buildup. The sensing setup was
integrated with mass flow controllers (MFCs) for precise gas delivery and a source-measure
system (Keithley 4200-SCS system) for electrical characterization. All experiments were
conducted under ambient room light at ambient temperature (~22 °C) and pressure. The ZnO
sensor devices were mounted on a loader and inserted into the furnace. Electrical connections
were established in a two-terminal configuration, ensuring stable current—voltage measurements
as illustrated in (figure 3.4) below.
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Figure 3.4: Schematic of the gas sensing experimental setup used in this research.
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In the static gas testing mode, the chamber was used to trap test gas during exposure while in the
continuous flow configuration the chamber containing the gas sensor served as a channel for the
flow of test gas. A gas flow recipe (flow rates and time) was programmed on the PC. After each
exposure, recovery steps were performed. This sequence enabled evaluation of sensor response
and recovery behavior across varied gas concentrations. Electrical measurements were
performed using a voltage sweep (from -2.5 V to +2.5 V) with a step size of 0.05 V to measure I-
V characteristics of the fabricated sensors. Upon exposure to analyte gas, a constant bias of +5V
was then applied, and the current measured at 30 seconds sampling interval. All the electrical
responses were recorded using the Keithley system and depending on gas concentration, flow
rates and flow mode, across both configurations, response and recovery signals were consistently
observed.

3.5 Chapter Summary

This chapter presented the development and evaluation of solution-based ZnO thin film gas
sensors, highlighting their multifunctional properties and practical relevance. Key performance
parameters, including sensitivity, response and recovery times, selectivity, and limit of detection,
were discussed in detail. The influence of external factors such as gas concentration, operating
temperature, humidity, and light was emphasized, as these significantly affect sensor
performance. The chapter also outlined various gas sensor fabrication techniques, including
conventional metal contacts and low-cost alternatives such as pencil-drawn interdigitated
electrodes on flexible substrates. Finally, a description of a customized gas testing system which
enabled controlled evaluation and electrical characterization of sensor behavior under static and
continuous gas flow conditions.
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Chapter 4

4. Results and Discussion

4.1 Film Morphology and Material Characterization

As described in (chapter 2), a series of characterization techniques were employed in our research
to perform phase analysis, compositional characterization, structural and surface
characterization, to determine the influences of preparation parameters (milling, different
solvents, milling time, ZnO powder purity) on the properties of the thin films for gas sensing. UV—
Vis measurements were conducted in collaboration with Dr. Anusha Venkataraman at Thompson
Rivers University (TRU), and the data presented here were obtained using their instrumentation.
SEM, TEM, and EDX data were acquired using instruments at the (UBC) Bioimaging Facility,
University of British Columbia. Raman spectroscopy data were obtained using the Centre for
Advanced Materials and Related Technology (CAMTEC) facility at the University of Victoria. Below
are the results and discussion on the techniques used during this research.

Optical Microscopy

The Olympus optical microscope was used to evaluate the surface morphology, uniformity, and
substrate interaction of ZnO thin films prepared under different milling conditions and solvents,
as shown in (figure 4.1). The film deposited from ink milled at 400 rpm for 10 minutes in (EG) on
a wafer slide (figure 4.1a) exhibits a relatively smooth and continuous surface with a boundary
between coated and uncoated regions, indicating good particle dispersion at moderate milling
conditions. In contrast, the sample prepared at 750 rpm for 90 minutes in EG on a foil substrate
(Figure 4.1b) shows a rougher and more textured morphology, suggesting that higher milling
energy and prolonged time lead to finer particles but also increased surface irregularities. The
film produced at 200 rpm for 10 minutes in (IPA) on cardboard (Figure 4.1c) displays non-uniform
coverage with visible paper fibers and clustered regions, indicating a thin and inconsistent coating
that could be due to either low milling energy and the porous nature of the substrate. Meanwhile,
the sample milled at 600 rpm for 10 minutes in (DI) water on a glass slide (figure 4.1d)
demonstrates a comparatively uniform and smooth surface, though minor edge discontinuities
are present. Overall, increasing milling speed improves particle dispersion but may also introduce
roughness if excessive, while solvent and substrate selection strongly influence film formation.
These morphological differences are significant for gas sensing performance, as surface
roughness and uniformity directly affect active sites for gas adsorption and sensor response.
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Figure 4.1: Olympus optical microscope images of ZnO thin films on various substrates. a) Films
with ink milled at 400 rpm for 10 mins in EG on wafer slide at 10x magnification. b) Films with ink
milled at 750 rpm for 90 mins in EG on foil substrate at 50x magnification. c) Films with ink milled
at 200 rpm for 10 mins in IPA on cardboard at 10x magnification. d) Films with ink milled at 600
rpm for 10 mins in DI water on glass slide at 50x magnification.

Raman spectroscopy

Raman spectroscopy was employed to investigate the crystal structure, vibrational modes, and
defect states of ZnO thin films prepared from bulk powder (green), and PBM-milled suspensions
at 200 rpm (red) and 750 rpm (black) in EG as shown in (figure 4.2). The spectra exhibit several
characteristic ZnO phonon modes, with differences in peak intensity and broadening as a function
of milling speed. All samples show a dominant and sharp peaks at ~437.06 cm™ (E> high) and
~99.04 cm™ (E2 low) which corresponds to the vibration of oxygen atoms and Zn atoms
respectively in their lattice positions which is a signature of the wurtzite hexagonal crystal
structure of ZnO, confirming that the crystal phase is preserved even after mechanical milling.
The bulk sample (green) exhibits the highest peak intensity, indicating strong long-range
crystalline order. Additional Raman modes are observed at ~196.13 cm™, ~332.23 cm™, ~384.49
cm™, and ~583.6 cm™. The modes around 332 cm™ and 384 cm™ are associated with multi-
phonon processes (A1(TO)/E1(TO) modes) while the higher-frequency peak at ~583.6 cm™ is
commonly linked to defect-related vibrations, particularly oxygen vacancies and zinc interstitials.
A trend is observed with increasing milling speed. The 200-rpm sample (red) retains relatively
sharp and well-defined peaks, similar to the bulk material, indicating minimal structural disorder.
In contrast, the 750-rpm sample (black) shows broader peaks and elevated background intensity,
particularly in the regions around 300-400 cm™ and ~580 cm™. In the 750-rpm sample, the
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relative intensity of defect-related peaks (e.g., ~583.6 cm™) is higher compared to the bulk and
200 rpm samples. The intensity ratio of defect-related peak (~583 cm™) to the ~437.06 cm™ (E2
high) peak increases from approximately ~0.15 (bulk) to ~0.25 (200 rpm) and up to ~0.35-0.40
(750 rpm), indicating a significant rise in defect density with higher milling energy. This is
consistent with the introduction of bulk and surface defects due to mechanical impact during
PBM. The Raman analysis confirms that while the wurtzite ZnO crystal structure is maintained,
increased milling speed (750 rpm) induces greater structural disorder and defect formation, as
evidenced by peak broadening and enhanced defect-related modes. These defects can play a
crucial role in gas sensing applications by increasing active sites for gas adsorption and enhancing
surface reactivity, thereby providing a pathway to tune sensor performance through controlled
milling conditions.
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Figure 4.2: Raman spectra of ZnO thin films prepared from suspensions; bulk powder (green),
milled at 200 rpm (red) and 750 rpm (black). All the spectra exhibit the first order high and low
characteristic peak at 437 cm™ and 99 cm™ respectively, confirming the wurtzite hexagonal crystal
structure of ZnO. The higher and broader satellite peaks of the 750-rpm sample indicate defect
formation (bulk and surface) compared to the bulk material and 200 rpm samples, which can be
used to tune sensor performance.

UV-Vis Spectroscopy

Ultraviolet—visible (UV-Vis) spectroscopy was used to characterize the optical properties of the
ZnO nanoparticles (EG 200-10) and to estimate their optical bandgap. The absorption spectrum
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(figure 4.3) shows a pronounced absorption edge in the near-UV region, with a distinct peak
centered at approximately 380 nm, which is characteristic of ZnO and corresponds to its intrinsic
band-to-band electronic transition. The absorbance gradually increases from ~0.45 at 300 nm to
a maximum of ~0.68 at 380 nm, followed by a monotonic decrease toward longer wavelengths,
reaching ~0.15 at 800 nm. This sharp absorption edge indicates strong excitonic absorption and
confirms the high crystallinity of the ZnO nanoparticles. The absence of significant secondary
peaks in the visible region suggests minimal defect-related states or impurities, which is
consistent with well-processed ZnO via PBM. The optical bandgap (Eg) of the ZnO nanoparticles
was estimated to be (3.26 eV) from the peak absorption wavelength using the relation:

1240

Eg(eV) ~ wavelength Ar) (8)

This value is in close agreement with the reported bandgap of bulk ZnO (~3.3 eV), indicating that
the nanoparticles retain their intrinsic semiconductor properties with only minimal quantum
confinement effects. The slight deviation may be due to size distribution, surface states, or minor
lattice strain induced during PBM processing.
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Figure 4.3: UV-Vis absorption spectrum of PBM processed ZnO nanoink (EG 200-10).

The UV—Vis results confirm that the mechanochemically fabricated ZnO nanoparticles exhibit a
well-defined optical absorption edge with a bandgap of ~3.26 eV, validating their suitability for
optoelectronic and gas sensing applications. The strong UV absorption and low visible-light
absorption are particularly advantageous for UV-activated gas sensing mechanisms.
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SEM

Scanning electron microscopy (SEM) was used to examine the surface morphology and
microstructural features of ZnO thin films fabricated from nanoinks milled under different
conditions and deposited on various substrates. This analysis is critical for understanding how
milling parameters (speed and time) and substrate type influence the resulting film structure and,
consequently, gas sensing performance. As shown in (figure 4.4), SEM images reveal distinct
morphological differences between ZnO films prepared under different milling conditions. (Figure
4.4a) corresponds to films milled at 750 rpm and deposited on a paper substrate. The image
shows a relatively rough and porous morphology, characterized by irregularly shaped
agglomerates and packed nanoparticle clusters. The porous structure is likely enhanced by the
intrinsic fibrous nature of the paper substrate, which promotes ink deposition and increased
surface roughness. Such a morphology is beneficial for gas sensing applications, as it facilitates
enhanced gas diffusion and provides a larger active surface area for adsorption. In contrast,
(figure 4.4b) shows ZnO films milled at 200 rpm and deposited on a foil substrate. The morphology
in this case appears more compact and structured, with well-defined particle shapes and
relatively uniform grain distribution. The particles exhibit a more faceted and crystalline
appearance, indicating reduced mechanical fragmentation due to the lower milling speed. This
denser morphology may enhance electrical continuity but could limit gas diffusion compared to
the more porous structure observed in the high-speed milled sample. Both images indicate that
the observed features are within the sub-micron to micron range, with particle sizes generally
consistent with nanoscale aggregates. The differences in morphology between the two samples
highlight the strong influence of milling parameters and substrate properties on film formation.
Higher milling speeds tend to produce smaller, more fragmented particles that aggregate into
porous networks, while lower milling speeds preserve larger particle structures, resulting in
denser films.

Figure 4.4: SEM images of the morphological structure and surface features of ZnO thin films
milled at different speeds and time on various substrate; (a) ZnO-EG 750 rpm for 90 mins on paper
substrate (b) ZnO-EG 200 rpm for 10 mins on foil substrate.
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TEM

Transmission electron microscopy (TEM) was employed to further investigate the morphology,
size distribution, and dispersion quality of ZnO nanoparticles after PBM in different solvent (IPA
and DI water). As shown in (figure 4.5), distinct morphological differences are observed between
the ZnO PBM-milled inks prepared in IPA (a) and DI water (b), though both also show platelet-like
structures. For the ZnO nanoink dispersed in IPA (figure 4.5a), the TEM image reveals relatively
well-dispersed nanoparticles with elongated and faceted morphologies. The particles appear less
agglomerated, with sharper boundaries between individual grains, suggesting that IPA effectively
reduces interparticle attraction during milling and stabilizes the dispersion. The observed particle
sizes are generally within the sub-200 nm range and the reduced aggregation in IPA-based inks
can be attributed to its lower polarity and viscosity compared to water, which minimizes particle
clustering during both milling and subsequent drying. In contrast, the ZnO nanoink prepared in
DI water (figure 4.5b) exhibits a higher agglomeration, with particles forming dense, irregular
clusters. The individual particle boundaries are less distinct, indicating stronger interparticle
interactions and possible re-agglomeration after milling. The clusters appear larger and more
compact, which suggests that DI water promotes particle-particle adhesion due to its higher
surface tension and hydrogen bonding effects. This aggregation behavior can lead to less uniform
films upon deposition and potentially introducing increased porosity.

a) b)

200 nm

Figure 4.5: TEM of the morphology and size distribution of PBM processed ZnO nanoparticles in
different ink suspensions. (a) ZnO in IPA (b) ZnO in DI water.

The TEM analysis confirms that solvent choice during PBM plays a critical role in determining
nanoparticle dispersion and morphology. While IPA facilitates better particle separation and size
control, DI water leads to increased agglomeration and cluster formation. These differences are
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expected to directly influence thin film microstructure and, consequently, gas sensing
performance, where a balance between surface area and film continuity is essential.

EDX

Energy dispersive X-ray spectroscopy (EDX) was employed to analyze the elemental composition
and chemical purity of the fabricated ZnO thin films on paper substrate. The EDX spectrum
obtained for the ZnO thin films milled at 200 rpm, as shown in (figure 4.6) and (table 4.1), exhibits
prominent peaks corresponding to zinc (Zn) and oxygen (O), which confirms the formation of ZnO.
The most intense peak is observed for Zn, indicating its dominant presence in the film, while a
significant O peak further validates the oxide composition. Minor peaks corresponding to carbon
(C) are also detected, which can be attributed to the underlying substrate of the film which is
paper. Trace or negligible signals from other elements such as nitrogen (N) and selenium (Se) are
observed but remain insignificant, suggesting high material purity. Quantitative analysis from the
EDX results shows that Zn constitutes approximately 82.19 wt% (52.12 atomic %), while oxygen
accounts for about 15.80 wt% (40.94 atomic %). Carbon contributes a minor fraction of
approximately 2.01 wt%, while nitrogen and selenium are effectively negligible. The total
composition sums to 100 wt%, confirming the reliability of the measurement. The slightly higher
Zn content relative to oxygen may indicate the presence of oxygen vacancies, which are
commonly observed in ZnO nanostructures and are known to play a significant role in enhancing
gas sensing performance by acting as active sites for gas adsorption. Furthermore, the relatively
uniform distribution of Zn and O elements across the analyzed region suggests good homogeneity
of the thin films. The absence of significant impurity peaks indicates that the PBM fabrication and
subsequent deposition processes did not introduce unwanted contaminants. These results
validate the effectiveness of the fabrication process in producing high-purity ZnO nanoink films.
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Figure 4.6: EDX measurement of elemental composition and chemical purity of the fabricated
ZnO thin films (DI 200-10) on paper substrate.

Spectrum
details
Element Signal Line Apparent Intensity k Ratio Wt% Wt% Atomic % | Standard
Type Concentration Correction Sigma Name
C EDS K series 0.15 0.64 0.00148 2.01 0.09 6.95 Pure
Element
N EDS K series 0.00 1.26 0.00000 0.00 0.10 0.00 BN
0 EDS K series 2.16 1.19 0.01890 15.80 0.13 40.94 Si02
Zn EDS L series 8.55 0.91 0.08546 82.19 0.15 52.12 Pure
Element
Se EDS L series 0.00 0.69 0.00000 0.00 0.18 0.00 Pure
Element
Total 100.00 100.00

Table 4.1: Spectrum details from the EDX analysis of the ZnO thin film, showing the weight
percent (wt%) and atomic ratios of the relevant elements (Zn, O and C).

AFM

Tapping-mode atomic force microscopy (AFM) was used to analyze and determine the particle
size distribution in bulk ZnO powder, as well as in thin films fabricated from nanoinks centrifuged
under varying conditions (speed and time). This technique was essential in validating the
theoretical predictions of ZnO nanoparticle sedimentation during centrifugation, which is critical
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for the fabrication of thin films with controlled nanoparticle sizes to enhance gas sensing
performance. The centrifuging time needed and the speed for a given size (e.g., 100 nm) ZnO
particle sedimentation is given by Stoke’s law;

w?r(p — L)d?

vE 18n ©)

where w is radius speed of particles at radius 7, p is particle density, L is density of solvent, d is
diameter of particle, n is viscosity of solvent.

ZnO dispersed in ethylene glycol (EG) nanoink was used for this study. Sedimentation times for
different particle sizes (100 nm, 500 nm, and 1000 nm) were calculated and experimentally
verified. As illustrated in (table 4.2) below, images of extracted supernatant in vials and sediment
of ZnO in epi tubes after completion of centrifugation process for the respective ZnO calculated
particle sizes.

Zn0
supernatant

(<1 um) (<500 nm) (<250 nm) (<100 nm)
Zn0 sediment
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(>=1pm) (>=500 nm) (>= 250 nm) (>= 100 nm)
Table 4.2: Labelled ZnO supernatant and sediment particle sizes after completion of
centrifugation process.

Thin films were subsequently fabricated using the supernatants containing particles smaller than
100 nm, 500 nm, and 1000 nm, respectively. AFM analysis was then employed to confirm the
resulting particle size distributions. As shown in (figure 4.7), AFM imaging revealed the formation
of aggregated ZnO nanoparticles that assemble into continuous films bridging adjacent regions.
The observed morphology suggests that nanoparticles self-organize during solvent evaporation,
forming dense films interspersed with localized defect regions. Figures 4.7; (a), (b), and (c) present
the AFM scanned images (left) and corresponding processed images (right), analyzed using WSxM
software, for ZnO thin films with particle size distributions of <100 nm, <500 nm, and <1000 nm,
respectively.
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Figure 4.7: AFM analysis to determine the particle size distribution in bulk ZnO powder, as well as
thin films fabricated from nanoinks centrifuged under varying conditions (speed and time). (a)
Zn0 bulk powder thin film (b) thin film particle size distribution for <500 nm (centrifuging: 5,000
rpm for 6.95 mins), and (c) thin film particle size distribution for <100 nm (centrifuging: 10,000
rpom for 43.5 mins).

Quantitative height analysis from the AFM measurements (green lines represent the area
selected for height analysis) shows that the nanostructured features exhibit thicknesses
consistent with theoretical predictions, with the largest particle sizes (corresponding to peak
heights) measured to be approximately ~97 nm, ~480 nm, and ~990 nm for the <100 nm, <500
nm, and <1000 nm samples, respectively. Furthermore, AFM cross-sectional analysis highlights
the presence of non-uniformities and defect regions within the films, where the height decreases
significantly, in some cases to below ~5-10 nm. These gaps or discontinuities may arise from
incomplete surface coverage during deposition or variations in solvent evaporation dynamics.
While such defects can negatively affect film uniformity and electrical continuity, they may also
enhance gas sensing performance by providing additional pathways for gas diffusion.
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4.2. Gas Sensing Measurements

4.2.1 Sensing mechanism

The gas sensing mechanism in ZnO is a complex interplay between surface chemistry and
electronic transport. The modulation of the electron depletion layer and potential barriers
through adsorption—desorption dynamics and defect-mediated interactions form the
fundamental basis for its sensing behavior. However, an excessive concentration of defects may
also introduce instability or noise in the sensor response. Therefore, controlling the type and
density of defects through mechanochemical fabrication and post-treatment processes is crucial
for optimizing sensor performance. Surface states can also trap charge carriers, influencing both
the baseline conductivity and the magnitude of response to gas exposure.

4.2.2 Initial gas sensing data

Preliminary sensing performance of the fabricated gas sensors were evaluated by monitoring the
variation in electrical current under exposure to different gaseous environments (both continuous
and static flow systems). The sensors exhibited distinct responses depending on the nature of the
target gas and concentration, reflecting its sensitivity and selectivity characteristics. In dry air
atmosphere, minimal increase in current was observed and a baseline established. This stable
baseline confirms that any significant electrical variation in other environments arises from
chemical interactions rather than external disturbances. In contrast, exposure to reducing gases
such as hydrogen resulted in a pronounced increase in sensor current. This behavior is consistent
with the reduction of adsorbed oxygen species on the sensor surface, leading to the release of
electrons back into the conduction band and a consequent decrease in resistance. Other gases
exhibited varying degrees of response depending on their reactivity and interaction strength with
the sensing surface.

Prior to the gas sensing measurement, initial I-V measurement was performed on the sensors in
a sweeping mode by sweeping voltage (-2.5 Vto +2.5 V at 0.05 V step) and measuring current. As
illustrated in (figure 4.8), |-V curve of our fabricated sensor (milled at 200 rpm for 10 mins in EG
with film thickness of 20 microns on glass slide) in ambient light.
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Figure 4.8: I-V curve of the ZnO thin film sensor by sweeping voltage (-2.5 Vto +2.5 V at 0.05 V
step) and measuring current.

After, a gas sensing recipe was programmed and the gas sensing experiment carried out. As
illustrated in (figure 4.9), a continuous gas flow system was utilized and a flow recipe (air (45
mins)-pure hydrogen (45 mins)-air (45 mins)) at 500 sccm flow rate (with Ar purge in the
beginning of recipe, 10,000 sccm) for the fabricated sensor (milled at 200 rpm for 10 mins in EG
with film thickness of 20 microns on paper substrate)
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Figure 4.9: Electrical measurements of gas sensing in the ZnO thin film under a continuous gas
flow system, following the sequence: air (45 min) — pure hydrogen (45 min) — air (45 min), at a
flow rate of 500 sccm, with an initial Ar purge at 10,000 sccm. (a) EG 200-10 at 50 um film
thickness, on glass slide (b) EG 200-10 at 20 um film thickness, on glass slide.

The transient response of the sensor provides important insights into its dynamic performance.
Upon introduction of the target gas (H2), the sensor current increased rapidly in time and this
response time is governed by the rate of gas diffusion, adsorption kinetics, and surface reaction
processes. Similarly, when the gas supply was removed and the sensor was re-exposed to air, the
current returned toward its baseline value. The recovery time reflects the desorption of reaction
products and re-adsorption of oxygen species. In general, faster response and recovery times are
desirable for real-time sensing applications, and these parameters were found to vary depending
on the sensor type, gas type and concentration, flow rates and operating conditions.

Different concentrations of the test gas (H2) were also tested to determine the sensor’s ability to
detect low concentrations of analyte gas. As illustrated in (figure 4.10), a static gas flow system
was utilized by flowing (for 120 seconds) and trapping a given volume of test gas into the tube
furnace (of volume 5.56 litres) and a flow recipe (hydrogen (50 sccm, 100 sccm and 200 sccm
respectively with Ar purge in the beginning of recipe, 10,000 sccm) for the fabricated sensor
(milled at 200 rpm for 10 mins in EG with film thickness of 20 microns on paper substrate).
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Figure 4.10: Electrical measurements of gas sensing in the ZnO thin film under a static gas flow
system, following the sequence: (hydrogen (50 sccm, 100 sccm and 200 sccm respectively with
Ar purge in the beginning of recipe, 10,000 sccm)).

At different flow rates of the target gas, a corresponding sensor response was observed. This
relationship was generally nonlinear, particularly at higher concentrations (200 sccm). At low
concentration (50 sccm), the sensor demonstrated measurable responses, enabling the
estimation of detection limits. The minimum detectable concentration is determined by the
signal-to-noise ratio and the stability of the baseline current, both of which are crucial for reliable
sensing. Overall, the gas sensor data demonstrate an observable dependence of electrical
response on gas type, concentration, and material properties. The observed trends highlight the
importance of optimizing both the sensing material and operating conditions to achieve high
sensitivity, fast response, and recovery time.

Effects of Light on Sensor Electrical Characteristics

Under dark conditions, the sensor exhibits very low current across the entire voltage range,
indicating high resistance. This behavior is typical of semiconducting metal oxides such as ZnO,
where charge carriers are limited due to the presence of surface-adsorbed oxygen species that
trap free electrons. As a result, the conduction is suppressed, and the |-V curve remains nearly
flat with minimal slope. When the sensor is illuminated with light of appropriate wavelength, a
dramaticincrease in current is observed, along with a much steeper and more linear |-V response.
The electrical characteristics of the ZnO-based gas sensor are strongly influenced by optical
excitation which further increases conductivity. In this study, ambient fluorescence broadband
illumination light irradiation with an intensity of approximately (~ 3.0x 102 W/m?) was used while
taking gas sensing measurements. The broadband source, characterized by discrete emission
peaks across the visible and near-UV regions, provides sufficient photon energy to interact with
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the ZnO band structure. When the incident photon energy approaches or exceeds the bandgap
(~3.26 eV), electron—hole pairs are generated within the material. The photogenerated holes
migrate toward the surface and neutralize adsorbed oxygen species, while the electrons
contribute to increased carrier concentration in the conduction band as illustrated in equation
(10 and 11)[143] below;

O2 + e~ - 02~ (ads) under dark conditiion (10)
ht + 02_—> 02(gas) under illumination (11)

This process effectively reduces the width of the surface depletion layer and lowers the
intergranular potential barrier, leading to an increase in conductivity. As a result, the baseline
current of the sensor under illumination is elevated compared to dark conditions, reflecting
enhanced charge transport across the nanostructured film. In addition to modifying the baseline
electrical properties, light irradiation also impacts the dynamic gas sensing behavior. The
presence of photogenerated carriers accelerates the adsorption—desorption kinetics by
facilitating faster surface reactions between adsorbed oxygen ions and target gas molecules. This
leads to improved response and recovery characteristics, as charge transfer processes occur more
rapidly under illumination. Furthermore, the combination of nanoscale morphology, high defect
density (e.g., oxygen vacancies), and porous film structure enhance light absorption and carrier
generation efficiency, amplifying this effect. However, the relatively low illumination intensity
suggests that the observed enhancement is moderate, primarily assisting in reducing response
times rather than drastically altering sensitivity. Overall, optical activation introduces an
additional degree of control over sensor performance, enabling improved electrical conductivity
and faster dynamic response without the need for elevated operating temperatures.

4.2.3 Discussion and Analysis
Film Morphology and characterization analysis

The results presented in this work demonstrate a relationship between mechanochemical
processing parameters, nanostructure formation, and gas sensing performance of ZnO thin films.
This analysis quantitatively correlates particle size, defect density, and film morphology with
sensor response characteristics. Atomic force microscopy (AFM) provided direct quantitative
validation of particle size control through centrifugation. The extracted nanoparticle height
distributions show maximum feature sizes of approximately ~97 nm, ~480 nm, and ~990 nm for
the <100 nm, <500 nm, and <1000 nm heights, respectively. These values closely match
theoretical sedimentation predictions based on Stokes’ law, confirming that the centrifugation
process effectively separates particles by size. Importantly, AFM cross-sectional analysis also
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revealed localized regions with thicknesses as low as ~5-10 nm, indicating incomplete film
coverage and nanoscale porosity. While such non-uniformities may degrade electrical continuity,
they significantly enhance gas diffusion pathways and increase the density of active adsorption
sites. Transmission electron microscopy (TEM) further supports these findings, showing the
platelet-like structures of the ZnO nanoinks with particle sizes predominantly within the ~10-100
nm range, depending on solvent and milling conditions. Additionally, solvent-dependent
dispersion was observed: IPA-based inks produced sub-200 nm, well-dispersed particles, whereas
DI water also produced sub-200 nm particles in larger agglomerates. This directly explains
differences in film morphology observed in SEM, where higher milling speeds (750 rpm in EG)
yielded porous, interconnected networks on paper, while lower speeds (200 rpm in EG) on foil
produced denser, more compact films. Raman spectroscopy provided further quantitative insight
into defect formation. Raman spectra of ZnO thin films printed from EG-based nanoinks under
varying milling sequences were taken as shown in (figure 4.11). For samples milled at a constant
speed of 200 rpm with different milling times (10 — 120 min), all spectra consistently exhibit the
characteristic Ej(low) (¥99 cm™) and E,(high) (~437-440 cm™) modes, confirming the
preservation of the wurtzite hexagonal structure. Minor variations in peak intensity and slight
broadening with increasing milling time (figure 4.11a), suggest gradual changes in crystallite size
and defect concentration. Similarly, for samples milled at a constant time of 10 minutes and 30
minutes with varying speeds (200 — 800 rpm and 200 — 750 rpm, respectively), the same
characteristic peaks are observed, indicating structural stability across conditions. However,
higher milling speeds result in reduced peak intensity and increased peak broadening (figure
4.11b and 4.11c), implying increased lattice disorder and defect formation due to more energetic
milling. The intensity and broadening shoulder of the defect-related peaks indicated a substantial
rise in oxygen vacancies and zinc interstitials with increasing milling energy. These defects act as
electron donors and adsorption sites, playing a critical role in gas sensing and can be strategically
exploited to enhance and tune gas sensing performance.
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Figure 4.11: Raman spectra of printed films (EG) from different milling speed and time sequence
(a) Constant milling speed 200 rpm at different milling times (b) Constant milling time 10 mins at
different milling speeds (c) Constant milling time 30 mins at different milling speeds.

The Raman spectroscopy also allowed the analysis of ZnO bulk powder and ZnO thin films of
different purities (99% and 99.9% powder purity). The quantitative analysis shows that peak
positions remain essentially unchanged between 99% and 99.9% purity ZnO for both bulk
powders and thin films. The fundamental E;(high) and E; (low) modes were consistently observed
at ~437- 438.85 cm™ and ~99.02— 99.26 cm™, while second-order phonon modes appear at
~330-334 cm™ and ~380-384 cm™, respectively, with negligible variation. Correspondingly the
Raman intensity ratios from peaks coordinates were determined as shown in (figure 4.11). The
intensity ratios show modest but noticeable differences, particularly in thin films. For bulk
powders, the intensity ratios remain very similar between purities with YA/YB =7.10 -7.12
indicating minimal sensitivity to purity and defects. However, in thin films, the lower purity
samples consistently exhibit reduced intensity ratios with YA/YB = ~ 4,96 vs 6.55 (for 99% and
99.9% purities respectively), suggesting slightly higher defect density or reduced crystallinity.
Overall, increasing purity from 99% to 99.9% leads to subtle improvements in crystallinity and
grain refinement, reflected primarily in intensity variations rather than peak position shifts,
indicating that Raman intensity ratios are more sensitive indicators of material quality.
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Figure 4.12: ZnO Raman spectra (A = fundamental first order optical mode, B = second order
phonon mode and C = second order phonon mode)

This is supported by EDX results, which show a Zn-rich composition (~82.19 wt% Zn vs ~15.80
wt% 0), further suggesting the presence of oxygen vacancies. UV-Vis spectroscopy revealed an
absorption edge at ~380 nm corresponding to a bandgap of 3.26 eV, close to bulk ZnO (~3.3 eV)
for nanoink milled in EG at 200 rpm for 10 mins. This indicates that while the material is
nanostructured, quantum confinement effects are minimal, and the electronic properties remain
suitable for stable semiconductor operation. Optical characterization allowed the estimation of
ZnO0 particle sizes as a function of milling parameters (speed and time) as illustrated in (figure

4.12)
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Figure 4.13: ZnO particle sizes as a function of milling speed and time (a) Average particle size of
Zn0O PBM nanoinks ground in EG at different speeds. (b) Average particle size of ZnO PBM
nanoinks ground in EG at different grinding time.
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Preliminary gas sensing data analysis
Response

The dynamic sensing performance of the ZnO-based chemiresistive sensor was evaluated from
the transient current response curve. The response and recovery time, and gas response were
determined. To calculate the gas response from the gas sensing plots, we use the response
definition for n-type ZnO with a reducing gas (Hz); (Ra / Rg) and for normalized response (Ra -
Rg/Ra=1-(la/ lg), at constant applied voltage). Using (figure 4.9) as worked example;

Baseline current in air (Ia); stable region before (H,) gas exposure ~2500-3500s: 0.12 x 10° A

Peak current during gas exposure (Ig); maximum at ~6000s: 1.8 x 10° A

0.12

R =1-— —— =10933
esponse 13

Response time

During response (rising edge): Iso% = 1.632 x 107° A
Gas exposure begins: ~ 3900 s

Current reaches 1.632 x 107® A: ~ 5800 s

Too =5800s—3900 s = 1900 s

Recovery time

During recovery (falling edge): I10%= 0.288 x 10 A
Gas removed (peak): ~ 6000 s

Current drops to 0.288 x 107® A: 6500 s

T10=6500s—6000 s =500 s

From the baseline region prior to gas exposure, the current in air was estimated to be
approximately 0.12 x 107® A, while the maximum current under (H;) gas exposure reached about
1.8 x 107 A, corresponding to a total current change of 1.68 x 107° A. Using the relation (Response
=1 - (la / Ig)) the sensor exhibited a response of approximately 0.933 (93.3%), indicating a
significant change of resistance upon exposure to the reducing gas. For the transient analysis, the
sensor reached the 90% response level at approximately 5800 s, relative to the beginning of gas
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flow at around 3900 s, yielding a response time of about 1900 s. Upon gas removal at
approximately 6000 s, the current decayed to the 10% level near 6500 s, corresponding to a
recovery time of roughly 500 s. These results indicate a gradual response process, likely governed
by adsorption kinetics and gas diffusion within the sensing layer, while the comparatively faster
recovery suggests efficient desorption and good reversibility of the sensor.

Sample (milling Gas flow rates (sccm) Response time Recovery time
condition and (seconds) (seconds)
substrate)

EG 200-10, 50 pm, 500 (dry air); 50, 100, ~610s ~560 s

film on glass slide 200 (H,) (static flow)

EG 200-10, 20 pm, 500 (dry air); 50, 100, ~670 s ~585s
film on glass slide 200 (H,) (static flow)

EG 200-10, 20 pm, 500 and 690 in some ~750 s ~660 s
film on paper tests (dry air); 50, 100,

substrate 200 (H,) (static flow)

EG 750-90, 20 pm, 500 (dry air); 500 (H,) ~2100 s ~760 s
film on paper (continuous flow)

EG 400-10, 50 pm, 500 (dry air); 50, 100, ~655 5 ~570s
film on glass slide 200 (H,) (static flow)

Table 4.3: Summary of H, sensing response time, and recovery behavior across different film
fabrication conditions.

The response and recovery characteristics for the various fabricated ZnO sensors on different
substrates of different film thicknesses were also calculated and analyzed as summarized in (table
4.3). The ZnO thin film sensors fabricated under different milling conditions, thicknesses,
substrates, and gas flow systems exhibited measurable responses to hydrogen, with response
values ranging approximately from 0.03 to 0.95. Under continuous air—hydrogen—air flow
conditions, higher responses were generally observed, particularly for films on glass substrates
(up to ~0.93) and paper substrates (up to ~0.81). In co-flow hydrogen—air conditions, the response
increased with gas flow rate (50 — 200 sccm), reaching up to ~0.95 for paper-based sensors,
indicating improved sensing performance at higher hydrogen concentrations. Response times
(Too) varied between ~520 s and 2600 s, while recovery times (T10) ranged from ~280 s to 760 s,
depending on substrate type, film thickness, and operating conditions. Sensors on glass
substrates generally showed faster recovery times, while paper-based sensors demonstrated
good response magnitudes but slower recovery behavior. In static flow systems, both response
magnitude and sensitivity decreased compared to continuous flow conditions, confirming the
importance of gas delivery dynamics in sensor performance. More information on the individual
sensor measurement is summarized in table A.1 in appendix-A.
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Target gas concentration
Static system (trapped test gas in chamber)

For pure stock gas (H2; concentration (C) of 10° ppm) injected into the furnace at 50 sccm (0.05
L/min), 100 sccm (0.1 L/min) and 200 sccm (0.2 L/min) respectively, given that Vchamber is 5.56 L,
hence, for 2 minutes, gas concentration at equilibrium is calculated as such;

6 005x2
C(H,) 50 scem = 10~ ppm X “Ttg - 17,986 ppm
C(H = 10° 01x2 _ 35971
(H3) 100 scem = ppm X ——-— = 35971 ppm
C(H = 10° 005%2 1 949
(H2) 500 scem = 10 PPM X ——o— = 71,942 ppm

Continuous flow system

For pure stock gas (Hz; concentration (C) of 10® ppm) flowing constantly through the chamber, at
equilibrium, the stock gas concentration is equal to the concentration of test gas flowing through
chamber (). And for a co-flow continuous gas flow system of constant dry air flow at 500 sccm and
H; at 50 sccm, 100 sccm and 200 sccm respectively, test gas concentration at equilibrium is
calculated as such;

N 50
C(H,) 50 scem = 10 ppm X Teg 90,909 ppm
C(H = 10° 190 _ 66667
(Hy) 100 sccm — ppm X =00 = 06/ ppm
C(H = 10° 200 o5 714
(Hy) 200 sccm ppm X 700 ’ ppm

Based on the experimental results obtained in this work, the sensors demonstrate a dependence
of response dynamics on processing conditions (film thickness, milling conditions, substrate, gas
concentration and flow system). Films derived from moderate milling conditions exhibit improved
response behavior due to an optimal balance between particle size reduction and surface
accessibility. At lower milling intensities, larger particles result in reduced surface area, while
excessive milling can lead to nanoparticle agglomeration, limiting effective porosity and slowing
gas interaction. Consequently, an intermediate range of milling parameters provides the most
favorable response and recovery characteristics by maximizing active surface sites while
maintaining sufficient pore channels for gas transport. Further gas sensing measurements at even
lower concentrations and with other test gases, could be used to determine the LOD, selectivity
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of the sensors and also ascertain the effect of milling parameters on the performance of the
fabricated sensors.

Sensing Mechanism and Material Behavior

The gas sensing behavior of ZnO thin films is primarily governed by surface adsorption and charge
transfer processes typical of n-type metal oxide semiconductors. In ambient air, oxygen molecules
are adsorbed onto the ZnO surface, capturing electrons from the conduction band and forming
negatively charged oxygen species. This process creates an electron depletion layer near the
surface, increasing the potential barrier at grain boundaries and reducing the overall conductivity
of the material. Upon exposure to a reducing gas such as hydrogen, the adsorbed oxygen species
react with the gas molecules, releasing trapped electrons back into the conduction band as shown
in equations (12 and 13) [144]. This reduces the depletion region and lowers the barrier height,
resulting in a measurable increase in conductivity (or decrease in resistance).

02(g) + e — 027 (ads) at ambient conditions (12)
2Hp(g) + 02 7 (ads) » 2Hy0(g) + e~  atambient conditions (13)

The sensing performance is closely linked to the structural properties of the ZnO thin films,
particularly particle size, defect density, and porosity. Reduction in particle size through milling
increases the surface-to-volume ratio, thereby enhancing the number of active adsorption sites
and improving sensitivity. However, excessive milling can introduce a high density of bulk defects
and promote particle agglomeration, which reduces effective surface area and limits gas diffusion.
Additionally, surface defects act as active sites for gas adsorption and charge trapping, while bulk
defects may facilitate recombination processes that diminish sensor performance. Therefore, the
observed sensing behavior reflects a balance between increased surface activity and the effects
of excessive structural disorder.
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4.3 Chapter Summary

This chapter presents an investigation of the structural, morphological, optical, and gas sensing
properties of ZnO thin films fabricated from mechanochemically fabricated nanoinks. The results
demonstrate that PBM is an effective and scalable approach for tuning nanoparticle
characteristics and, consequently, sensor performance. Material characterization confirmed the
successful formation of ZnO nanostructures with preserved wurtzite crystal structure and high
purity. Techniques such as SEM, TEM, and AFM revealed that milling parameters and solvent
choice strongly influence particle size, dispersion, and film morphology. Higher milling speeds
produced smaller particles and more porous, interconnected networks, while lower speeds
resulted in denser and more compact films. These morphological differences play a critical role in
gas sensing by affecting surface area, gas diffusion pathways, and electrical continuity. Raman
spectroscopy and EDX analysis further confirmed structural integrity and compositional purity,
while also indicating increased defect density (e.g., oxygen vacancies) with higher milling energy.
These defects act as active sites for gas adsorption and contribute significantly to sensing
performance. Optical characterization showed a bandgap of approximately 3.26 eV, validating the
suitability of the nanoinks for optoelectronic and sensing applications. Preliminary gas sensing
measurements demonstrated that the fabricated ZnO thin film sensors exhibit reproducible
responses to varying gas concentrations under both static and continuous flow conditions as a
proof of concept. Sensor response increased with gas concentration, with measurable signals
even at low concentrations, indicating promising detection capabilities. The sensing mechanism
was governed by surface adsorption—desorption processes involving oxygen species, which
modulate charge carrier concentration and electrical conductivity. Additionally, the influence of
external factors such as light illumination was examined. Optical activation enhanced electrical
conductivity and improved response and recovery times by promoting charge carrier generation
and accelerating surface reactions, enabling effective sensing at or near room temperature. This
chapter establishes a correlation between processing parameters, nanostructure properties, and
gas sensing performance. The findings highlight that an optimal balance between particle size,
defect density, and film morphology is essential for achieving high sensitivity, fast response, and
reliable operation. These results validate the potential of PBM-derived ZnO nanoinks as a low-
cost, scalable platform for flexible and environmentally friendly gas sensing applications.
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Chapter 5

5. Conclusions and Future Work

5.1 Summary and Conclusion

This work has demonstrated the successful development and application of planetary ball milling
(PBM)-derived ZnO nanoinks for the fabrication of low-cost, solution-processed thin-film gas
sensors. The study establishes a low input energy, scalable and environmentally friendly approach
to producing functional nanomaterials and depositing them onto a wide range of substrates using
a simple adjustable blade-coating technique. By integrating material fabrication, thin-film
deposition, and sensor characterization, this research provides a good understanding of how
processing parameters influence structural, morphological, and sensing properties. A key
outcome of this work is the validation of PBM as an effective and versatile method for producing
ZnO nanostructures suitable for room temperature sensing applications. Through controlled
variation of milling parameters including milling speed, duration, solvent medium, and ball-to-
powder ratio it was shown that the physical characteristics of ZnO nanoparticles can be tuned.
These parameters directly influence particle size, degree of agglomeration, and defect density, all
of which play a critical role in determining the performance of the resulting gas sensors. For
instance, increased milling duration and higher rotational speeds were generally associated with
reduced particle size and improved dispersion, leading to enhanced surface area.

The fabricated ZnO nanoinks exhibited good compatibility with solution-based deposition
technique, enabling the formation of uniform thin films with thicknesses in the range of
approximately 20-50 um. The adjustable blade applicator method proved to be a simple yet
effective approach for controlling film thickness and achieving reproducible coatings across
various substrates. Importantly, the ability to deposit ZnO films on both rigid and flexible
substrates highlights the adaptability of this fabrication method and its potential for low-cost,
large-area sensor production. A wide variety of substrates including glass slides, silicon wafers,
anodized alumina, foil, filter paper, plain paper, lined paper, cardboard, sticky notes, ceramic and
polymer transparencies were explored in this study. Rigid substrates such as glass and wafers
provided smooth, stable platforms for fundamental material characterization and reproducible
sensing behavior. In contrast, porous and flexible substrates like paper and cardboard
demonstrated the feasibility of disposable, low-cost sensing platforms. This diversity of substrates
underscores the versatility of ZnO nanoinks and opens new opportunities for application-specific
sensor design.

Material characterization techniques including SEM, TEM, AFM, Raman spectroscopy, UV-Vis
spectroscopy, and EDX provided detailed insights into the structural, morphological, optical, and
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compositional properties of the fabricated films. TEM analysis confirmed polyhedral nanoscale
particle (sizes typically ~100 nm) and revealed well-defined crystalline structures with lattice
spacings consistent with the wurtzite phase of ZnO. SEM imaging showed the morphology of films
(sub-micron sizes), interconnected nanoparticle networks and porous morphologies, which are
advantageous for gas sensing due to increased surface area. Raman spectroscopy further verified
the crystalline quality and phase purity of ZnO, with characteristic vibrational modes confirming
the presence of the wurtzite structure. UV—Vis analysis demonstrated strong UV absorption and
bandgap values of ~3.26 eV, consistent with ZnO’s semiconducting properties. EDX results
confirmed the elemental composition and purity of the films.

Preliminary gas sensing performance of the fabricated ZnO thin films was evaluated under
controlled conditions as proof of concept. The sensors exhibited measurable and reproducible
responses to various test gases, including hydrogen and other relevant (Ar) gas, under different
concentrations and environmental conditions. The data showed that the ZnO thin-film sensors
exhibit response times on the order of several minutes, with values ranging from approximately
610 s to 750 s for samples milled at lower speeds (200 rpm) under static flow conditions, and up
to ~2100 s for the higher-energy milled sample (750 rpm, 90 min) under continuous flow.
Recovery times were generally faster with less variations, falling within ~560 s to ~660 s for most
samples, with a slightly longer recovery (~760 s) observed for the high-speed milled sample.
Glass-based films (e.g., 50 um and 20 um at 200 rpm) demonstrate relatively faster response and
recovery compared to paper-based substrates, which show slower kinetics. The sensing
mechanism can primarily be attributed to the adsorption and desorption of oxygen species on
the ZnO surface, leading to the formation of electron depletion layers. Upon exposure to reducing
gases, reactions with adsorbed oxygen species release electrons back into the conduction band,
resulting in a measurable change in electrical resistance. The results demonstrate that sensor
performance is dependent on nanostructure properties and fabrication conditions. Film thickness
likely played a critical role, as excessively thick films can hinder gas diffusion, while very thin films
may lack sufficient conductive pathways. Additionally, substrate choice influenced both electrical
behavior and mechanical stability, further emphasizing the importance of optimizing the entire
fabrication system. A significant achievement of this work is the demonstration of room-
temperature gas sensing, which represents a major advantage over conventional metal oxide
sensors that typically require elevated operating temperatures. This not only reduces power
consumption but also enhances safety and enables integration into flexible and wearable
platforms making them disposable. The use of simple electrode configurations, including pencil-
drawn, silver-pen drawn interdigitated electrodes and conductive paints, further contributes to
the low-cost and accessible nature of the sensor design.

Overall, this research validates PBM ZnO nanoink-based thin films as a room temperature process
and a promising platform for next-generation gas sensors. The combination of low-cost materials,
scalable fabrication techniques, low input energy and tunable performance characteristics
positions this approach as a viable solution for applications in environmental monitoring,
industrial safety, and loT-based sensing systems.
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5.2 Future Work

While this study has demonstrated the feasibility and effectiveness of PBM-derived ZnO nanoinks
for gas sensing applications, several avenues remain for further research and development to
enhance performance, expand functionality, and enable practical deployment.

Improving and enhancing the current sensor results

Future work will focus on conducting more detailed and extended gas sensing studies to fully
evaluate sensor performance under practical conditions. This will include testing against specific
workplace-relevant gases such as ammonia (NHs), hydrogen sulfide (H,S), nitrogen dioxide (NO,),
carbon monoxide (CO), and volatile organic compounds (e.g. benzene, xylene, formaldehyde),
with controlled variation of gas concentrations to establish calibration curves and determine key
performance metrics such as the limit of detection (LOD) and sensitivity. Although pure ZnO gas
sensors exhibit promising characteristics, they are often constrained by limitations such as low
sensitivity, limited selectivity, and relatively high operating temperatures. To overcome these
drawbacks, the introduction of dopants and the development of composite materials have proven
to be effective approaches for improving sensing performance. Doping introduces additional
active sites on the ZnO surface, enabling stronger and more selective adsorption of target gas
molecules. This enhances surface reactions that directly influence the electrical conductivity of
the material. In particular, noble metals such as Pd, Pt, Au, and Ag serve as catalytic agents that
promote gas dissociation and accelerate charge transfer, thereby improving sensitivity, selectivity,
and response speed. Additionally, rare-earth oxides (e.g., CeO,, Y,0s) and transition metal oxides
(e.g., TiOz, Sn0O;,, In,03) have been widely investigated for their ability to modify the electronic
structure and provide stable, cost-effective doping alternatives [145]. In addition to elemental
doping, combining ZnO with other materials to form composites offers further enhancements
through synergistic effects. Incorporating materials such as graphene, carbon nanotubes,
conductive polymers, or other semiconducting oxides can improve electrical conductivity,
increase surface area, and facilitate more efficient gas adsorption and desorption processes [146].
The formation of heterojunctions, homojunctions, or Schottky junctions within these composite
systems reduces potential barriers at grain boundaries and enhances electron transport across
the sensing layer. As a result, these hybrid structures can achieve improved sensing performance,
including higher sensitivity, faster dynamics, and the potential for lower-temperature operation.
While this work focuses on pure ZnO thin films, these findings highlight the importance of
exploring doped and composite systems in future studies to further advance gas sensor
capabilities.

An important aspect that remains also to be investigated is the selectivity of the ZnO-based gas
sensors toward specific target gases. While the current study demonstrates good sensitivity and
reproducible response characteristics, the ability of the sensor to distinguish between different
gases (e.g., hydrogen, carbon monoxide, nitrogen dioxide, and volatile organic compounds) is
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critical for practical applications. Future work should focus on performing controlled exposure
experiments using multiple gases at varying concentrations under identical operating conditions.
Quantitative comparison of sensor response, response/recovery times, and baseline stability for
each gas will enable the identification of selective sensing behavior. Additionally, evaluating cross-
sensitivity effects in mixed-gas environments will provide insight into real-world performance,
where multiple interfering species are often present. To further enhance selectivity, future studies
should explore material modification strategies such as doping and composite formation.
Incorporating catalytic noble metals (e.g., Pd, Pt, Au) or forming heterostructures with other
metal oxides and carbon-based materials can tailor the surface chemistry and preferential
adsorption of specific gas molecules. These modifications can introduce selective reaction
pathways, alter activation energies, and improve discrimination between gases. Moreover,
integrating light activation or temperature modulation techniques may provide an additional
degree of selectivity by selectively enhancing reactions for certain gases. Overall, a combination
of gas testing and material engineering will be essential to optimize selectivity and advance the
ZnO sensor toward practical deployment.

ZnO-cellulose paper nanocomposite thin film sensor

A promising direction for future work involves the development of ZnO—cellulose paper
nanocomposites for low-cost and flexible sensing platforms. Cellulose paper, being abundant,
biodegradable, lightweight, and highly porous, provides an excellent scaffold for incorporating
ZnO nanostructures through green fabrication like PBM. As illustrated in (figure 5.1), initial and
preliminary ZnO-cellulose paper nanocomposite thin deposition trials were carried out after
nano-grinding PBM fabrication. The intrinsic porosity and fibrous network of cellulose facilitate
uniform dispersion of ZnO nanoparticles while significantly increasing the effective surface area
available for gas adsorption or photoactive interactions. This composite structure is expected to
enhance sensor sensitivity and response dynamics by improving gas diffusion pathways and
promoting stronger interaction between analyte molecules and the ZnO surface. Additionally, the
mechanical flexibility of paper substrates enables the fabrication of bendable and wearable
sensing devices, aligning well with emerging applications in portable and loT-based systems.
Future studies should focus on optimizing the loading concentration of ZnO within the cellulose
matrix, improving adhesion and film stability, and evaluating the electrical and sensing
performance under varying environmental conditions such as humidity and temperature.
Furthermore, surface functionalization or chemical modification of cellulose fibres may be
explored to enhance compatibility with ZnO and tailor the composite properties for specific gas
sensing or photodetection applications.
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Figure 5.1: Schematic diagram showing the different phases followed during the ZnO-cellulose
paper nanocomposite thin fabrication research work. Phase 1: Starting materials used (Bulk ZnO
powder, solvent (e.g. DI water) and cellulose filter paper cut to 3 mm size); Phase 2: Fine colloidal
suspension milling process; Phase 3: Thin film fabrication on glass slides by uniform coating of
Zn0O-cellulose paper nanocomposite thin film using suspension.

Computational simulation

Computational simulation is an essential tool for understanding and predicting the properties of
nanomaterials, complementing experimental studies and enabling more efficient material design.
In the context of ZnO-based thin films and gas sensors, computational modelling provides
valuable insight into structural, electronic, and surface phenomena that are often challenging to
probe directly. The work presented in this work can be further expanded through first-principles
calculations based on density functional theory (DFT), which is widely recognized for its ability to
accurately predict ground-state properties of materials. DFT is particularly advantageous due to
its relatively low computational cost and its capability to model electronic structure, bandgap
behavior, and defect states of ZnO with high reliability. In this study, preliminary simulations were
carried out using the Materials Studio environment, employing on-the-fly generated ultrasoft
pseudopotentials to describe electron—ion interactions. The optimized bulk ZnO structure
obtained gave lattice parameters of a = 3.249 A and ¢ = 5.205 A, with a c/a ratio of 1.602 and an
internal parameter (u) of 0.3798. These values are in strong agreement with experimentally
reported data, confirming the validity and accuracy of the computational approach. Beyond bulk
properties, surface-level simulations can be performed to investigate the adsorption behavior of
oxygen atoms on different sites of the Zn-terminated (001) surface of the wurtzite ZnO structure.
Such studies are particularly important for gas sensing applications, as surface interactions govern
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the adsorption and reaction of gas molecules, which in turn influence changes in electrical
conductivity. By analyzing adsorption energies, charge transfer, and preferred binding
configurations, these simulations provide a deeper understanding of the sensing mechanism at
the atomic level. Further computational work can significantly expand on these findings by
exploring a broader range of gas molecules, such as hydrogen sulfide, carbon monoxide, and
volatile organic compounds, to evaluate their interaction with ZnO surfaces. Additionally, the
effects of defects, doping with noble metals (e.g., Pd, Pt, Au), and the formation of composite
materials can be studied to predict enhancements in sensitivity and selectivity. Coupling
computational results with experimental data will enable a better understanding of structure—
property relationships and accelerate the development of optimized ZnO-based sensing devices.
Overall, computational simulation serves as a powerful predictive and interpretive tool, bridging
the gap between theory and experiment in the advancement of nanomaterial-based
technologies.

Device Fabrication Improvements

Further optimization of device fabrication is essential for improving sensor performance and
reliability. Future work should focus on refining thin-film deposition techniques to achieve better
uniformity, controlled thickness, and improved adhesion. Advanced methods such as spin
coating, inkjet printing, or spray coating [147] could be explored as alternatives or complements
to blade coating. Integration with microfabricated electrodes represents another important step
toward practical device implementation. The use of lithographically defined interdigitated
electrodes can provide improved electrical contact, reduced noise, and enhanced reproducibility.
Additionally, encapsulation strategies and packaging solutions should be developed to protect the
sensors from environmental degradation and ensure long-term stability. Future studies on ASTM
D3359 adhesion tape test should investigate other substrates, different PBM processed nanoinks,
nanocomposites, substrate surface treatments to improve adhesion of film and different film
curing and annealing conditions.

Effects of temperature and humidity on sensor electrical characteristics

In addition to structural factors, the sensing response of ZnO thin films is influenced by external
conditions such as temperature and humidity. Although this study primarily focuses on room-
temperature operation, it is well understood that temperature and humidity affect both surface
reaction kinetics and gas diffusion processes. At lower temperatures, adsorption dominates but
proceeds slowly, while at elevated temperatures, enhanced reaction rates and ionized oxygen
species improve sensor response [148]. Furthermore, environmental factors such as humidity can
significantly alter sensor behavior. Water molecules adsorbed on the ZnO surface can either
donate electrons or displace oxygen species, thereby modifying the charge carrier concentration
and affecting the overall conductivity. These interactions highlight the importance of considering
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real operating conditions when evaluating sensor performance. Humidity, in particular, plays a
critical role in modulating the sensing mechanism and can introduce both beneficial and
detrimental effects depending on its level [149]. At moderate relative humidity, adsorbed water
molecules can enhance conductivity by releasing electrons into the conduction band or by
forming hydroxyl groups that facilitate surface reactions with target gases. However, at higher
humidity levels, excessive water adsorption can lead to the formation of a physisorbed water
layer, which blocks active sensing sites and hinders gas diffusion to the ZnO surface. This results
in reduced sensitivity, slower response times, and potential signal instability. Additionally,
competitive adsorption between water molecules and target gas species can further suppress
sensor response. Therefore, controlling or compensating for humidity effects is essential for
achieving reliable and reproducible sensor performance, particularly for practical applications in
ambient environments.

Additional Improvements

Future work should also explore advanced techniques for improving gas sensing set-up for better
sensor performance and optimized functionality. Optical activation methods, such as UV
illumination, enhance gas sensing at room temperature by generating additional charge carriers
and promoting surface reactions and our current measuring set-up utilizes a quartz chamber
which although is somewhat transparent, seems to attenuate some amount of the incident light
on the sensor. By seeking others set-up designs and gas sensing strategies compactible with light-
induced photon activation of the sensor which further decrease response times and improve
sensitivity. Improvements in the gas testing system to includes better control of environmental
parameters such as humidity, temperature, and gas flow rates are also necessary to achieve more
accurate and reproducible measurements. The development of automated and integrated testing
platforms would facilitate large-scale sensor evaluation and data collection.

5.3 Potential Applications

ZnO nanoink-based sensors have strong potential for real-world deployment across
environmental monitoring, industrial safety, and public health sectors. In practical settings, these
sensors can be used for continuous air quality monitoring in urban areas, detecting pollutants
such as NO,, CO, and volatile organic compounds (VOCs) in real time. In industrial environments,
they can be integrated into safety systems to detect hazardous gas leaks, helping to prevent
accidents in factories, chemical plants, and mining operations. Their low-cost and scalable
fabrication also make them suitable for distributed sensing networks, where multiple sensors can
be deployed over large areas to provide better environmental data. In healthcare and consumer
applications, these ZnO nanoink sensors can be incorporated into wearable devices for breath
analysis, enabling non-invasive monitoring of biomarkers related to respiratory conditions or
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metabolic disorders. They also have promising applications in smart packaging, where they can
detect spoilage gases and indicate food freshness, improving food safety and reducing waste.
Additionally, their compatibility with flexible substrates allows integration into portable
electronics and loT-enabled systems for real-time data collection and wireless transmission. These
real-world applications highlight the versatility of the ZnO nanoink-based sensors and their
potential to transition from laboratory research to commercially viable technologies.

Photodetection

Another promising direction for potential application is the exploration of mechanochemically
fabricated ZnO thin films for photodetection applications. Due to its wide bandgap and strong UV
absorption, ZnO is inherently suitable for ultraviolet photodetectors. In this research, preliminary
measurement of photodetection was carried out on ZnO thin film sensor (EG 200-10 on glass
slide). As shown in (figure 5.2 (a) and (b)), Current-voltage curves for ZnO thin film sensor printed
on paper upon exposure to different wavelengths light and photocurrent versus time response of
ZnO thin film under ON/OFF pulse. As shown in (figure 5b), a sharp increase in photocurrent is
observed upon illumination (ON), followed by a decay when the light is switched off (OFF),
demonstrating the photoresponse and recovery behavior of the ZnO film. The current—voltage (I-
V) characteristics shown in (a) demonstrate the significant influence of optical illumination on the
electrical behavior of the sensor. Three conditions are compared: dark (no illumination), exposure
to 400 nm light, and exposure to 650 nm light. The results highlight how light of different
wavelengths modulates the conductivity of the sensing material.

Under dark conditions, the sensor exhibits very low current across the entire voltage range,
indicating high resistance. This behavior is typical of semiconducting metal oxides such as ZnO,
where charge carriers are limited due to the presence of surface-adsorbed oxygen species that
trap free electrons. As a result, the conduction is suppressed, and the |-V curve remains nearly
flat with minimal slope. When the sensor is illuminated with 400 nm light, a dramatic increase in
current is observed, along with a much steeper and more linear I-V response. This wavelength
lies in the near-ultraviolet region and has sufficient photon energy to excite electrons from the
valence band to the conduction band of ZnO. The generation of electron—hole pairs significantly
increase the carrier concentration, thereby enhancing electrical conductivity. Additionally,
photogenerated holes migrate to the surface and facilitate the desorption of adsorbed oxygen
species by neutralizing the negatively charged oxygen ions. This process releases trapped
electrons back into the conduction band, further amplifying the current. The combined effect of
photogeneration and oxygen desorption leads to a pronounced photoresponse, as evidenced by
the large current values reaching over 20 nA at about 2.5 volts. In contrast, illumination with 650
nm light produces only a slight increase in current compared to the dark condition. This
wavelength falls within the visible red region and has lower photon energy, which is insufficient
to efficiently excite electrons across the wide bandgap of ZnO. As a result, the generation of
electron—hole pairs are limited, and the impact on conductivity is minimal. The small increase in
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current observed may be attributed to sub-bandgap absorption mechanisms, such as defect
states or surface-related energy levels, which can weakly interact with lower-energy photons. This
is further supported by the inset graph, where the response under 650 nm illumination shows
only a modest deviation from the dark condition. The linearity of the |-V curves under
illumination also provides insight into the contact behavior of the device. The symmetric and
linear characteristics, particularly under 400 nm light, suggest ohmic contacts between the
electrodes and the ZnO sensing material. This ensures that the observed changes in current are
primarily due to intrinsic material properties rather than contact resistance effects. These results
demonstrate that the ZnO sensor exhibits strong wavelength-dependent photoresponse, with
significantly higher sensitivity under shorter wavelength (higher energy). The enhanced
conductivity under UV illumination can be leveraged to improve gas sensing performance, as
increased carrier density and surface activity facilitate faster and more pronounced reactions with
target gas molecules. Conversely, the weak response under longer wavelengths highlights the
importance of matching the light source to the material’s bandgap for optimal performance.
Future studies should investigate the photoresponse of ZnO thin films under other illumination
conditions, including different wavelengths, light intensities, and modulation frequencies. Key
performance metrics such as photocurrent generation, response time, recovery time, and
sensitivity should be analyzed. The influence of material properties including particle size, defect
density, and film morphology on photodetection performance should also be examined.
Additionally, the role of substrates in light interaction and charge transport presents an interesting
area of study, particularly for flexible and transparent devices.
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Figure 5.2: (a) Current-voltage curves for ZnO thin film sensor printed on paper upon exposure to
different wavelength light. (b) Transient photocurrent response of the ZnO thin film under
ON/OFF illumination.
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Appendix-A

(trapped test gas)

Sample Gas flow system Response | Response Recovery
(ZnO thin film) time (T9o) Time (T1o)
EG (200 - 10) at 50 Continuous flow: air- 0.77 730s 310s
pum, film on glass slide | hydrogen-air (10 mins)

Continuous flow 0.93 1900 s 500s

air-hydrogen-air (45 mins)
EG (750 -90) at 20 Continuous flow 0.81 2100 760s
pum, film on paper air-hydrogen-air (45 mins)
substrate
EG (200 - 10) at 20 Continuous flow 0.86 2050 s 280 s
pum, film on glass slide | air-hydrogen-air (45 mins)
EG (200 - 10) at 20 Continuous flow 0.72 2600 s 580 s
um, film on paper air-hydrogen-air (45 mins)
substrate
EG (200 - 10) at 20 H2 (50 sccm) 0.110 640 s 560 s
pum, film on glass slide

H2 (100 sccm) 0.121 590 s 410s
Continuous flow (co- | H2 (200 sccm) 0.128 520s 355s
flow; hydrogen-air)
EG (200 - 10) at 20 H2 (50 sccm) 0.07 725s 620s
pum, film on paper

H, (100 sccm) 0.82 700 s 590 s
Continuous flow (co- H2 (200 sccm) 0.95 595 s 480 s
flow; hydrogen-air)
EG (200 — 10) at 20 H, (50 sccm) 0.066 680 s 590 s
pum, film on glass slide

H> (100 sccm) 0.063 670 s 585 s
Static flow system H> (200 sccm) 0.051 610s 560 s
(trapped test gas)
EG (200 - 10) at 20 H> (50 sccm) 0.045 750s 660 s
pum, film on paper

H, (100 sccm) 0.036 670s 620 s
Static flow system H, (200 sccm) 0.032 655 s 570s

Table A.1: Sensitivity, response time and recovery time of the fabricated different ZnO sensor

samples.
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Sample labels definition

Sample labels are defined as follows: “EG 750-90” corresponds to ethylene glycol (EG) as the
solvent, a milling speed of 750 rpm, and a milling duration of 90 minutes.

Sample labels are defined as follows: “EG 400-10” corresponds to ethylene glycol (EG) as the
solvent, a milling speed of 400 rpm, and a milling duration of 10 minutes.

Sample labels are defined as follows: “IPA 200-10” corresponds to isopropyl alcohol (IPA) as the
solvent, a milling speed of 200 rpm, and a milling duration of 10 minutes.

Sample labels are defined as follows: “DI 200-10” corresponds to DI water (DI) as the solvent, a
milling speed of 200 rpm, and a milling duration of 10 minutes.

Sample labels are defined as follows: “DI 600-10” corresponds to DI water (DI) as the solvent, a
milling speed of 600 rpm, and a milling duration of 10 minutes.
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