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Planetary ball milling (PBM) is a well-known technique for efficient size reduction and
homogenization of materials that has been used for many decades in various engineering and
industrial processes. More recently, it has emerged as a unique top-down nanofabrication
approach for nanomaterials based on nanoscale grinding. However, its potential application in
nanostructured thin film fabrication has not been fully explored, as only a limited number of studies
have been carried out. In this work, the effects of different grinding parameters (speed, time and
solvents) were used to create previously unstudied nanoscale grinding conditions for
nanostructured thin film materials via PBM with distinct and novel properties: Nanoparticles of
silicon, titanium disilicide (TiSi2) and zinc oxide (ZnO) ground in different solvents (deionized
(DI) water/ ethylene glycol (EG)/isopropyl alcohol) resulted in colloidal suspensions (or nanoinks)
that could be used to coat various substrates (wafers, glass, flexible substrates, etc.) via drop
casting, doctor blading or dip coating. Thin film properties such as wettability, electrical
conductivity and gas sensing behavior are studied. The fabricated thin film coating properties
could be tuned depending on the combination of starting powder materials, grinding parameters

and resulting nanoparticle size/geometry: The influence of surface chemistry, solvent type, particle



geometry, surface roughness and defects was shown to alter the conductivity and surface
wettability of the resultant films. Thus, thin films formed using PBM nanoinks allow varied and
tunable properties for advanced multi-functional coatings and devices.

To demonstrate the feasibility of PBM nanoinks for thin film device applications, ZnO
nanoinks were used to create chemiresistive gas sensors that operate at room temperature. By
varying grinding parameters (speed, time and solvent) thin film sensors with differing particle sizes
and porosity were produced and tested with air/oxygen against hydrogen, argon and methane target
gas species, in addition to relative humidity. Grinding speeds of up to 1000 rpm produced particle
sizes and RMS thin film roughness below 100 nm, as measured by atomic force microscopy and
scanning electron microscopy. Raman spectroscopy, photoluminescence and x-ray analysis
confirmed the purity and structure of resulting films. The peak gas sensor response was found for
grinding parameters of 400 rpm (average particle size 275 nm) and 30 minutes (average particle
size 225 nm) in EG and DI water, respectively, which could be correlated to an increased film
porosity and an enhanced electron concentration resulting from adsorption/desorption of oxygen
ions on the surface of ZnO nanoparticles. Similarly, gas response and dynamic behavior were
found to improve as the operating temperature was increased between 100 and 150 ‘C. These
results demonstrate the use of low-cost PBM nanoinks to optimize the active materials for solution-
processed thin film gas/humidity sensors that can operate at room temperature for use in
environmental, medical, food packaging, laboratory, and industrial applications.

Overall, the nanogrinding technique can produce large amounts of nanoparticle suspension
with variable particle sizes for creating thin films with tunable properties. By adjusting grinding
parameters, the nanoparticle shape/size and properties can be varied resulting in nanoparticle inks

for inexpensive coatings on various substrates and for use in different applications.
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Chapter 1

1. Introduction and Background

1.1. Motivation

The extensive development of electronic devices and their usages after the 20th century has
drastically changed our world. These electronic technologies, such as computers,
telecommunications, cell phones, memory devices and tablets, have simplified modern life across
the globe. This section will discuss some of the remarkable breakthroughs of the electronics
evolution on device performance and miniaturization. Also, obstacles that occur during the device
miniaturization process and their effect on the device performance will be discussed. The chapter
will explain the necessity of new techniques, materials and approaches for fabricating future

devices, such as integrated circuits (ICs), transistors, memory devices and sensors.

After the invention of two-element vacuum tube, vacuum triode and first solid-state
transistors, electronic device fabrication took an astonishing pace [1,2]. However, problems with
their macroscopic size, reliability and electrical power consumption are drawbacks of those
devices. Later, a monolithic 2D (two-dimensional) integrated circuit was discovered, where all the
circuit components were electrically connected on single piece of semiconductor and yielded a
practical and reliable method of manufacturing Jack Kilby’s and Robert Noyce’s integrated

circuits [3,4].



Subsequent IC device miniaturization led to rapid innovation after the introduction of Moore’s
Law in 1965 [5]. According to this observational law [5], the transistor numbers on an integrated

circuit approximately double every two years with a corresponding reduction in cost (Figure 1. 1)
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Figure 1. 1. Silicon process technology trend showing the exponential growth in the CPU/GPU transistor
count and the decrease in feature size as a function of time. The left side Y-axis shows the feature size in

micrometers and the right Y-axis is the transistor count (Adapted from [6]).

The electronics advancement between 1970 and 2019, allowed the components size to be
reduced from approximately 10 um to 10 nm. Reduction in the device sizes is possible due to the
usage of the various small dimensional semiconductor components (such as a diode, transistor,
field-effect transistors (FET), junction gate field-effect transistors (JFET), MOSFET and ICs). The
continuous improvement in IC technology promotes the development of very-large-scale
integration (VLSI) technology. Advancements in these devices allowed a further decrease in the
cost for the mass production of personal computers for offices and homes. Since then, the advances
in silicon technology have led to complementary metal-oxide-semiconductor (CMQOS) technology.

In this technology, the gate length is minimized, ultimately reducing the overall transistor size. For
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example, strained silicon technology was used for shrinking the channel length size to 90 nm (gate
length 37/65 nm). Successively, the strained silicon technology turned out to be effective in scaling
down to 45 nm (gate length 22/37 nm); but the use of a thin SiO2 layer on 45 nm technology caused
an increase in the leakage current [7]. Therefore, alternative high-k (dielectric constant) dielectric
materials (HfO2, ZrO,, Al.Oz) replaced SiO>, beginning in 2007, which can prevent the tunneling
leakage effect while improving performance [7]. However, when the channel length further
depletes down to 32 nm, numerous other issues, such as current leakage, static power and
significant reliability challenges occurred after fabrication. Hence, to overcome these effects,
distinct competitive device structures, such as fully depleted silicon on insulator (FD-SOI) and fin
field-effect transistor (FINFET), were fabricated to replace the traditional bulk CMOS, starting in
2012. The FD-SOI represents a planar technology by distributing an ultra-thin film of an insulator
(buried oxide) on top of a silicon substrate and forming a very thin undoped silicon layer in the
transistor channel. In this way, compared with bulk CMOS, it will have an ideal electrostatic
component and can overcome leakage current [8,9]. Likewise, in FInFETS, the gate layout gets
wrapped around the channel to control the channel current. This structure with additional gates is
often called a multi-gate MOSFET, or tri-gate FET, and leads to improved coupling of the gate to

the transistor channel, resulting in faster transistors and lower power dissipation.
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Figure 1.2. Technological roadmap of scaling in recent times and into the future (Adapted from [9]).

In general, scaling down the gate length makes the same circuits smaller, cheaper, faster and
consume less power. However, scaling down can still cause many problems. For instance, a very
short gate length can affect the whole design of the device due to so-called short-channel effects
that alter device behaviour. Also, various obstacles may arise, such as overheating, static and
dynamic power consumption, increased oxide electric field and a rise in leakage gate-current [7].
To address all these challenges, modern nanoelectronics were developed, that can presumably
overcome the issues that arise from former CMOS technologies [10]. Researchers believe
nanoelectronics technology can resolve two major expectations: physical size limitations and
astounding costs incurred in manufacturing integrated circuits. In addition, modern
nanoelectronics allows the expansion of integrated circuits beyond the limits of the latest

transistors [10].



In the field of nanoelectronics, the continuous development of nanotechnology and the
continual miniaturization of ICs, will ultimately lead to quantum-mechanical effects becoming
dominant. These quantum effects on nanoelectronics devices can be divided into two sub-areas:

Solid-state nanoelectronics devices and molecular electronic devices [11].

Solid-state nanoelectronics devices can be classified as single electron transistors (SET) and
resonant tunneling diodes (RTD). The basic structure of SET comprises, the drain, source, gate
and island. Unlike MOSFET, for electronic conduction, a single electron only contributes to the
SET device. SET works on the basis of Coulomb blockade where gate insulator controls the flow
of electrons moving from source to drain [12]. Likewise, RTD are generally sandwich structure
devices, consisting of two thin barrier layers (wide band gap-AlAs) and a well (low band gap-
GaAs) in between. The execution of RTD is determined by the electron tunneling, which occurs
when the energy is equal to the resultant resonance energy of the barrier. The typical I-V
characteristics of RTD (as shown in Figure 1. 3) is determined by the negative differential

resistance (NDR) behavior.
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Figure 1. 3. Typical I-V characteristic of RTDs devices (Adapted from [13]).



On the other hand, the basic concept of creating any molecular device is to embed a few
molecules or even a single molecule between two electrodes to form an electrode-molecule-
electrode nano connection. Some examples of molecular electronic devices are molecular diodes,

molecular memories, molecular wires, molecular switches and molecular FETS.

Research and development are ongoing to find suitable nanodevices with the best
performance, reliability and stability. In the past decade, the conversion of planar structures to
non-planar structures (three-dimensional structures such as double-gate transistors and tri-gate
transistors) has dramatically improved short-channel performance and scalability [14].
Additionally, combining other novel electronic materials with silicon has improved the transistors’
speed and energy efficiency. For instance, the merged tri-gate CMOS transistor (architecture with
strained silicon channel, high-k gate dielectric, the metal gate electrode, and double epitaxially
grown with raised source and drain) shows an excellent short channel characteristic and high drive
current performance [15]. However, as downscaling continues, various non-ideal factors such as
short channel effects (SCESs), poor electrostatic integrity and large device variability have emerged.
Nevertheless, these advanced conventional bulk FIinFET and FD-SOI are still evolving; they
showed enhanced performance that overcomes non-ideal factors [16]. An example of FInFET
device is shown in Figure 1.4. Also, these devices are now extensively used for mass production
from 22 nm to 10 nm node and are progressing towards the 5 and 3 nm nodes [17,18], including
gate-all-around devices and 3D integration, wherein the channel is an elevated sheet or ribbon

surrounded by the gate on all sides.



Figure 1.4. 3-D Tri-Gate transistors from conducting channels on three sides of a vertical fin structure,

providing “fully depleted” operation (Adapted from [19]).

The different nanostructured materials, such as quantum dot (QD), nanowire/nanotubes
(NW/NT) and thin films, have shown remarkable improvement in device scaling and are now
gaining significant attention for use in integrated nanoscale electronics. Examples of such
nanostructured materials are single-layer graphene FETs [20], transition metal dichalcogenides
(TMDCs) and classes of 2D V-1V and 111-V compounds [21]. Since traditional 1C scaling is
approaching its physical limit, various other nanostructured materials are continually being
explored to integrate on future devices. Thus, the device integration of different nanostructured
materials (QD, NW and thin films) is underway, including (Figure 1.5) by using quantum

dots/nanowires or stacking channel materials.
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Figure 1.5. (a). Cross-sectional schematic of 111-V QD/nanostructured (NS) channel based MOSFET
(Adapted from [21]). (b) Schematic of advanced FET created using stacked 2D materials for all of the
components, including the semiconductor, insulator and metal layers (Adapted from [20]).

1.2. Nanomaterials

This section is mainly focused on nanomaterials and their general classification based on
dimensionality. Nanomaterial properties, applications and fabrication techniques are also

discussed in some detail.

When physicist Richard Feynman in 1959 presented his speech, “There is a Plenty of Room
at the Bottom,” it was considered the commencement of nanotechnology [22]. Later, Professor
Norio Taniguchi in 1974 created the word “nanotechnology.” The breakthrough progression
occurred only in 1985 with the discovery of new shapes for the molecule of carbon known as a
buckyball, which is round and comprises 60 carbon atoms. Furthermore, in 1990, the IBM
physicists’ team spelt out the letters “IBM” using 35 individual xenon atoms achieved significant

progress. The ongoing research in nanotechnology covers various fields with dimensions less than



one-tenth of a micrometer. Likewise, the rapid downscaling of the material to nanosize enhances

unique properties that make nanomaterials prevalent in today’s electronic devices.
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Figure 1.6. (a) Fullerence-Ceo (b) Carbon nanotube (c) 35 Xenon atoms in the shape of “IBM” positioned
on nickel crystal (Adapted from [23]).

Based on the grain size, materials occur in different forms, such as nanoparticles, ultra-
micro size particles and nanophase materials, where the grain sizes are on the order of a few
nanometers [24]. Specifically, materials with a length scale of about 1 to 100 nanometers (nm) on
any dimension are nanomaterials. They can be metals, ceramics, polymeric or composite materials.
In addition to that, nanomaterials are also available in amorphous or crystalline form. In the
following section, nanomaterial classification, properties, fabrication techniques and application

are covered.

1.2.1. Classification of Nanostructure materials

The classification of material depends on the number of dimensions outside the nanoscale
(<100 nm) range: zero-dimensional (OD), one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D). For zero-dimensional nanomaterials, all the dimensions reside within the

nanoscale (no dimensions are higher than 100 nm), examples: nanoparticles and atomic clusters.



Similarly, in the one—-dimensional nanomaterials, one of the dimensions lies outside the nanoscale
range, and its typical examples are nanotubes, nanorods and nanowires. Likewise, in two-
dimensional nanomaterials, two dimensions exceed the limit of the nanometer scale, taking
nanoplates, nanofilms, nanolayers and nanocoating as examples. Furthermore, in the bulk
materials (bulk powder, dispersion of nanoparticles, multi-nanolayers, the bundle of nanowires

and nanotubes), all three dimensions are outside the nanoscale range [25].
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Figure 1.7. Classification of nanoscale dimensions (Adapted from [25])

1.2.2. Properties of Nanomaterials

There has been an enormous interest in nanomaterials due to their unique mechanical,
electrical, magnetic, and optical properties. In contrast to large scale, or bulk, materials, at the

nanoscale, the shape and size of a nanoparticle can result in a vast difference in their structural and
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chemical properties [26-33]. For example, in the nanosized materials the percentage of atoms at
the surface of materials becomes very large, and hence, their properties chemical reactivity can
dramatically increase. Thus, various novel features of nanomaterials make them one of the
potential choices for creating nanoelectronics devices. Some of their unique properties are

discussed in the following section.

e Optical Properties

The most fascinating and useful features of nanomaterials are their optical properties. Devices
like optical detectors, lasers, sensors, imaging, displays, solar cells and photocatalysis are based
on the optical properties of nanomaterials. The optical characteristics of nanomaterials depend on
feature size, shape, surface properties, doping and interaction with the surrounding environment
or other nanostructures. Generally, the optical properties of metals and semiconductor
nanoparticles change due to their morphology [26,27]. Figure 1.8 (a) represents the difference in
the optical performance of metal and semiconductor nanoparticles, where altering the size of
cadmium selenide (CdSe) nanoparticles shows a change in the optical properties [34]. The energy
level determines the change in color for different size quantum dots. The band gap emission shows
red emission for the largest particles and blue emission for smallest particles. Smaller the particle
size the larger is the band gap, where the valance and conduction breakdown into quantized energy
levels. Similarly, a small change in metal nanoparticles’ dimension can create an enormous change
in their optical behavior (shifting of the surface plasmon band to longer wavelength with increase

in particle size), just as observed in different samples of gold nanospheres in Figure 1.8 (b). [28].
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spectra of various sizes and shapes of gold nanoparticles. (Adapted from [28])

e Electrical Properties

Fundamentally, research on electrical properties of nanomaterials often focuses on the effect
of surfaces on the conductivity of nanoparticles, nanotubes, nanorods, nanocomposites and
nanostructures. Nanostructure size is important to the electrical properties based on different
mechanisms, such as surface scattering, change in the electronic structure, quantum transport.
Similarly, nanoscale structure (such as impurities, structural defects and dislocations) will also
affect the conductivity of nanomaterials. For example, n-type ZnO, where electrons are main
carrier charges, the conductivity is often attributed to oxygen and zinc interstitials. The oxygen
vacancies in ZnO are actually +2 charged and are responsible for the unintentional n-type
conductivity as well as the non-stoichiometry of ZnO [35]. The study shows that oxygen vacancies
act as the dominant donor-like native defects in ZnO [35]. However, fundamental understanding

of oxygen vacancies (Vo) is still very sparse in case of its electrical conductivity [36]. Also, ZnO
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could have either Zn interstitial or oxygen vacancy or both, which lead to excess unpaired electrons
that enhances n-type conductivity On the other hand, the electrical properties of carbon nanotubes
depend on how the hexagons are oriented along the axis of the tube as shown in Figure 1. 9.
Carbon nanotubes with the hexagons orientated in the configuration labelled armchair have
electrical properties similar to metals and other two possible orientations (zigzag and chiral) of

hexagons in carbon nanotubes behaves like semiconductors [37].

Armchair i Chiral

Figure 1. 9. CNT electrical properties depend on the orientation of hexagons shown for different tube
types [38].

e Structural Properties

The structural properties of nanosized materials show some astonishing behavior, which is
unique from their bulk counterpart. The structural features (such as size, shape, specific surface
area, aspect ratio, morphology and structures) change at the nanoscale and show unique properties
within the nanostructured materials. Indeed, the smaller the particle, the stronger the quantum size
effect, in particular energy level quantization. The quantum effect is usually observed when the
particle size is small to be compared to the wavelength of an electron. Other effects arise from
incomplete surface bonding: bulk gold requires a high temperature of 1064 °C to melt, while 2.5
nm gold nanoparticles can melt at 300 °C. Also, when changing from bulk crystal to nanocrystals,

the structure of the material is affected. The changes mainly occur in lattice parameters at the
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nanoscale and lead to new phases of nanostructures. An example shown in Figure 1.10.

exemplifies the tuning of the morphology of ZnO possible with change in precursor concentration.
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Figure 1.10. The schematic of the growth process of formation of branch-like ZnO and cluster like ZnO

nanorods with different precursor concentration (Adapted from [31]).

e Chemical Properties

One of the main features of the chemical properties of nanomaterials is the increased surface
area, which significantly enhances the chemical activity of the material. Nanomaterials are used
as catalysts to react with harmful and toxic gases produced by industries, thereby reducing
pollution. Interestingly, metals such as bulk gold are chemically inert and have poor catalytic
performance. However, its nanoparticles have excellent catalytic properties. The main factors
affecting the catalytic activity and selectivity are the surface structure, surface chemistry, pore size,
the mobility of the active species and the migration of adsorbates on these active sites. Most

importantly, the reduction in particle size creates most of the atoms on the surface, resulting in a
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higher surface area. This phenomenon establishes more reactant molecules adsorption on its
surface, leading to higher catalytic activity [33,39]. The general mechanism of dye degradation is
shown in Figure 1.11 (c). At first, electron-hole pair gets generated after absorption of photons by
nanocatalyst. The photogenerated electrons and holes are transferred to the photocatalyst surface.
The electron (e7) at conduction band reduces adsorb oxygen (O>) to superoxide radicals (O27). At
the same time, the hole (h*) at valance band oxidizes water molecule to generate hydroxyl radicals
(OH), that works on MB degradation. The formed radicals initiate the redox reactions and

degradation of MB into COz2, H20 or inorganic ions [39].
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Figure 1.11. Photograph of MB aqueous solution (a) with dispersed Fe,O;@SiO, NPs before solar
irradiation (b) after two hours of solar irradiation and magnetic separation using an external magnet, (c)

photocatalytic mechanism. (Adapted from [39]).

e Magnetic properties

The surface of nanomaterials is composed of numerous atoms, and these atoms will have
different magnetic coupling with neighboring atoms, resulting in unique magnetism. For example,
nanoparticles of gold (Au), palladium (Pd) and platinum (Pt) show magnetism, which is different

from the non-magnetic bulk. Similarly, most non-ferromagnetic bulk materials exhibit
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ferromagnetic-like behavior in their nanopowder form. For Pt and Pd metals, ferromagnetism

originates from structural transformations related to size effects [40,41].
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Figure 1.12. Magnetic properties of nanostructured materials [41].

1.2.3. Nanomaterials Fabrication

In general, there are two ways to synthesize nanostructured materials: top-down and bottom-
up methods (shown in Figure 1.13). In short, assembling basic units into a larger structure is a
bottom-up approach, while making nanoparticles/fine particles from larger scale materials or bulk

powders is top-down. The presentation of both techniques is in the following section.
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Figure 1.13. Schematic representation of building of nanostructures.

1.2.3.1. Top-down approach

These approaches use bulk (macroscopic) as an initial structure, where pulverization or
grinding or controlled removal of material occur to form finer/nano-sized particles. Techniques
such as milling or lithographic are used to make nano-features, and both methods will be explained

in this section.

i. Lithography

Lithography is a top-down synthesis technique, which usually transfers patterns or designs
to different substrates. In general, this method creates fine patterns using the physical and/or
chemical processes, i.e., the physical top-down approach employs the use of electrons (electron
beam lithography), photons (optical lithography) and ions (ion beam lithography), and the
chemical top-down approach is the chemical reaction formed by chemical etchants or by
application of heat. The common lithography process is optical lithography (shown in Figure
1.14), also known as photolithography, where ultraviolet light (UV) shifts the desired design from

a mask to a photoresist stuck on substrates. The radiation transmitted through the mask makes the
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exposed photoresist soluble/insoluble in the developer solution. After the patterns are defined, with
the help of etching, the pattern gets transferred onto the substrates [42]. Overall, these techniques

create fine-scale patterning of ICs.

Light source

| | Mask

Lens

Photoresist

Substrate

Figure 1.14. A schematic diagram of conventional projection optics system for optical lithography
(Adapted from [43]).

Other promising techniques for next-generation lithography (NGL) are extreme ultraviolet
lithography (EUVL), electron-beam lithography (EBL), focused ion beam lithography (FIBL) and
hybrid approaches such as directed self-assembly (DSA). In brief, EUV lithography uses soft X-
ray (A = 13.5 nm) light source that can pattern beyond 10 nm node. This technique used several
multilayer mirrors which acts as the ultra-reflective mirrors that guide the light to land on the wafer
[44]. Similarly, EBL and FIBL are direct writing technique, which uses focused beam of electrons
and ions to create patterns on the resist, respectively [44]. On the other hand, DSA techniques are
combined with lithographic template patterns with lamellae-forming self-assembling material for
creating miniaturized logic and SRAM patterns [45]. In particular, they have distinct benefits in

achieving mass production and high resolution, replacing conventional lithography techniques
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[44]. Also, these methods were used for creating new devices using nanoparticles, nanowires and

nanosheets [46,47].
ii.  Milling technique

In brief, grinding is carried out through a combination of friction, attrition, and impact.
Attrition or milling usually means reducing the material to sizes in the low micron or even nano-
size range. Moreover, the types of stress generated during the grinding are compression, shear
(attrition), impact (stroke) and effect (collision). These different types of stress are shown in

Figure 1.15.
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Figure 1.15. Main stress types in mills, R1 — compression, R2 — shear (attrition), R3 — impact (stroke),
R4 — impact (collision), circle — mass of milling media, square — mass of material charge, rectangle —

mass of mill wall (Adapted from [48]).
HEBM is commonly a top-down method used to create different types of nanomaterials
(nanograins, nanocomposite, nanoalloys and nano—quasi-crystalline materials). Using this
technique provides several advantages, such as scalability, versatility, and cost-effectiveness,

whereas plastic deformation, cold-welding and fracture are inherent demerits of this method. Cold
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welding of different powder particles occurs when particles mutually penetrate each other through
subsequent collisions with the grinding beads [49]. Particularly, cold welding leads to an increase
in the particle size and fracture to decrease the particle size [49]. In brief, the purpose of the milling
media is to reduce the particles to a more selective size and mix them to transform them into a new

phase.

Usually, in the ball milling technique, pulverizations occur due to the high-energy impact
of the grinding balls and partly due to the friction between grinding balls and the wall of the
grinding bowl. During operation, the powder trapped in the grinding balls is crushed down into a
distribution of sizes, but the nature of the powder (hard or soft) and energy transferred from the
ball to the powder determines the actual shape/size of the crushed powder. In addition, the
transferred energy is controlled by many parameters, such as mill type, powder type, grinding
speed, grinding ball size, grinding medium (dry or wet), grinding time and temperature [50]. Thus,
soft bulk particles or brittle particles can form finer nanopowder, but hard/firm materials can only
change their shape/morphology [51]. However, continuous collision between milling balls and
hard powder may enhance the fracturing process. Depending upon the ductility of milled materials,
fracturing or cold welding can dominate, where notable cold welding become prominent on ductile
powders [52]. Changing milling atmosphere or adding process control agent (PCA) can reduce
the effect of cold welding [52]. On the one hand, HEBM has many advantages, such as producing
fine nano-powder, grinding in both dry and wet mediums, grinding toxic materials, and having
lower installation costs. On the other hand, milling can lead to some complications in particles that

include imperfection of surface structure, defects (bulk) and material contamination.

Numerous coarse-grained structures are ground by this technique and can produce

crystalline nanomaterials/nanopowder [53]. In most cases, the interior volume crystallographic
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structure of the starting material remains unchanged when the grain size reduces to an average size
d of ca. 10 nm, the typical size reached by modern high-energy laboratory mills [53]. Milling
techniques are also capable of creating new metastable phases [54]. Remarkably, some milling

techniques can make nanoparticle alloys with sizes below 5 nm [54].

Figure 1.16. a) SEM images of ZnO nanowires (right-branches of nanowires, left — typical single

nanowires). The prepared nanowires range from 20-80 nm in diameter with a length up to tens of
micrometers [55]. b) ZnO pattern printed in 10 passes on silicon wafer. The ZnO ink is prepared from ball

milling technique (Adapted from [56]) .

HEBM is typically used in the microelectronic and material processing industries, such as
cement, pigments, paints, ceramics, dispersions, and pharmaceuticals. In brief, the ball milling
technique has successfully produced nanomaterials of various sizes, such as nanopowder,
nanowires and thin films, an example is shown in Figure 1.16 (a) [49,50,53,55,57-59]. Milled
powders were placed in tube furnace and annealed at high temperature (1300 °C) under argon
atmospheres to create nanowires [55]. Similarly, wet milled suspension was coated on various
substrates to create nanostructured thin films [56,60]. The resultant milled nanostructured
powder/ink could be used for large-scale utilization (example as Figure 1.16 (b)), and it is also

conceivable that milled nanoparticles could be used in next-generation devices [56,61-65].
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1.2.3.2. Bottom-up Approach

Generally, this groups of techniques utilizes the concept of (molecular) self—assembly, in
which the synthesis of nanostructured materials occurs atom-by-atom, molecule-by-molecule or
cluster-by-cluster. The merit of using this method helps to produce nanomaterials with fewer
defects and more desirable chemical composition in large numbers. A brief description of the most

common bottom-up approaches follows.

i.  Vapor phase fabrication

Normally, chemical vapor deposition (CVD) is still one of the typical vapor-phase
fabrication methods used in the bottom-up approach, which has produced high purity, high-
performance solid materials and coatings for nanoelectronics devices. In this deposition process,
the substrate gets exposed to one or more volatile precursors that react and decompose on the
substrate to form the desirable film layer, whereas the volatile-by-products are removed from the

reactor with the carrier gas flow.
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Figure 1.17. Typical chemical vapor deposition technique.
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ii.  Liquid phase fabrication

The common bottom-up approach of the liquid deposition technique is self-assembled
monolayer (SAM). The stability of monolayer is affected when exposed to air or at high
temperature. Various approaches (example: UV irradiation, or light exposure), were implemented
to improve chemical stability and thermal stability of the monolayers [66,67]. In general, SAM is
an organized layer consisting of amphiphilic molecules, in which the hydrophilic “head” group
exhibits a strong affinity with the substrate and the hydrophobic “tail” group consists of a
functional group, as shown in Figure 1.18. Furthermore, they are formed from molecules either
by dissolving in solution or condensing on the surface from the gas phase. Hence, being an
efficient, rapid and straightforward method to create functional features at various length scales,

this technique has been one of the preferred bottom-up approaches.

Functionaley g R R R R
group -

Tail
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Figure 1.18. Schematic of a self-assembled monolayer.

1.2.4. Nanomaterials Applications

In addition to the applications in nanoelectronics discussed at the beginning of this chapter,

nanostructured materials are used often in industry due to their unique magnetic, electrical, optical
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and chemical properties. Moreover, their application areas range from medical to modern
engineering sectors in which common uses are fuel cells, catalysis, sensors, flexible electronics,
energy storage devices and environmental remediation [68,69]. A brief explanation of each

application is as follows.

i. Fuel cells:

In general, the fuel cell is an electrochemical conversion material that can directly convert the
chemical energy of the fuel (anode) and oxidizer (cathode) into electrical energy. In this process,
oxygen and hydrogen are formed without carbon oxide emission. Some example of fuel cells is
proton exchange membrane fuel cell (PEMFC), molten carbonate fuel cell (MCFC), solid oxide
fuel cell (SOFC), phosphoric acid fuel cell (PAFC) etc. Commonly, platinum (Pt) is the often used
metal catalyst as an electrode material. Despite being expensive, this metal has not been replaced
yet. However, there are other optional nanocatalysts, such as transition metal oxides, iron-based
catalysts and carbon-based catalysts. Ultimately, the performance of a fuel cell mainly depends on

the type of electrode.
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Figure 1.19. (a) Schematic diagram of hydrogen fuel cell.

ii. Catalysis

Nanomaterials have great potential and can meet the needs of future catalytic process
technologies. Indeed, the smallest nanocatalysts have a higher surface area, generating more
adsorption sites and enhancing catalytic reaction. Significantly, nanocatalysts in a chemical
reaction can lower the activation energy and help to increase the rate of reaction by providing an
alternative reaction pathway [70]. There are wide range of applications where nanocatalyst are
used, such as water purification, biodiesel production, fuel cell applications, photocatalytic
activity, wastewater treatment etc., [71]. Nanocatalysts can be metal-based nanocatalysts, carbon-
based nanocatalysts and ceramic-based nanocatalysts [72]. An example of a photocatalytic
experiment (shown in Figure 1.20) was performed using N-doped ZnO nanocomposites, where
the degradation of dye in aqueous suspension was examined under sunlight radiance at ambient

temperature [73].
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Figure 1.20. Schematic diagram of the reactor for photocatalytic degradation of dye (Adapted from
[73]).

iii. Sensors

Nanosensors convert physical, chemical or biological stimuli to measurable output signals and
act as sensing elements or receptors or as transducing components (e.g., electro-or chemo-
mechanical actuators) or even electrodes in power systems [74]. The common nanosensor includes
three elements: nanomaterials, recognition parts and signal transduction components. Large
surface-to-volume ratio and facile surface functionalization, makes the surface chemistry of
nanoparticles sensitive, enabling them to reach a narrow detection limit. The high gas sensing
performance of metal oxide is mainly due to large surface-to-volume ratio because it allows a
large, exposed surface area for gas detection. Various morphological nanostructures offer the more
adsorption sites as they possess inner and outer surfaces, hence higher sensing performance is

expected [75].
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Figure 1.21. (a) Schematic view of chemiresistor sensor. The sensing material shows a change in
resistance between patterned electrodes when exposed to analytes. (Adapted from [76]). (b) Metal oxide
semiconductor gas sensor invented by Nissha FIS, Inc (Adapted from [77]).

iv. Flexible electronics

Generally, the typical structure of a flexible electronic device includes a substrate, backplane
electronics, a front plane and encapsulation. Most importantly, the ductility of this bendable device
allows all components to maintain a certain degree of bending without affecting their function
[78]. Silicon materials are the driving force for manufacturing miniaturized devices that reduce
costs and increase efficiency. However, the rigidity of silicon hinders its widespread use in flexible
and stretchable electronic applications. Therefore, to overcome the rigidity of conventional silicon
technology, research in finding alternative materials/substrates is ongoing. For example, compared
with conventional silicon, nano-carbon materials such as carbon nanotubes (CNTSs) and graphene
have excellent elasticity and have superb electronic, photoelectric and thermal properties [79]. In
addition, some other non-carbon materials, such as indium tin oxide (ITO), conductive polymers,

silver or copper nanowires, are also used to make various flexible electronic devices [80].

Overall, advances in flexible electronics technology have shown the potential to provide cost-
effective solutions for large-area applications such as foldable displays and TVs, smart sensors,
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electronic paper and transparent radio-frequency identification (RFID). In brief, manufacturing
cost, lightweight, bendable, portable and low device price make it an ideal candidate for next-

generation consumer products.

Figure 1.22. (a) Schematic diagram of flexible solar cell device (Adapted from [81]). (b) Flexible display

of smartphones.

v. Energy storage devices

Ideal energy storage devices made of nanostructured materials are batteries, fuel cells,
capacitors and supercapacitors [82]. Both the batteries and fuel cells rely on the conversion of
chemical energy into electrical energy. In contrast, capacitors depend on the physical separation
of an electrical charge across a dielectric medium (polymer film or an oxide layer).
Correspondingly, supercapacitors rely on separating chemical charged species at the charged
interface between the solid electrode and the electrolyte. Among all, supercapacitors can produce
high power density and relatively high energy density [83]. Numerous nanomaterials, such as
metal oxide, polymer-based nanoparticles and carbon-based materials, are used for creating

various energy storage devices.
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Figure 1.23. Ragone plot showing high energy and high power densities of different energy storage
devices [83].

vi. Environmental remediation

Nanostructured materials have shown a promising role in monitoring pollution and acting
as a remediation material in the environment. Different nano-photocatalyst like SiO2, TiO, and
ZnO are commonly used to remove pollutants, such as waste air/water treatment, self-cleaning
materials, industrial applications and sustainable energy production [84]. For example, the
enhanced chemical activity in nanoparticles shows their catalytic behavior that quickly reacts

with toxic gas and prevents environmental pollution [85].
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Figure 1.24. Graphene-based nanomaterials are used for removing organic and inorganic water
pollutants. [85].

vii. Nanomaterials and the Environment

Although compared to the bulk, nanomaterials have numerous advantages; however, there are
some potential shortcomings that cannot be neglected; they are particle instability, impurities,
toxicity and recycling and disposal issues. The nanoparticles stay in tiny forms with high free
energy; thus, they aggregate quickly and create agglomeration. As nanoparticles are highly
reactive, they inherently react with pollutants as well. Likewise, nanomaterials’ toxicity occurs
due to their high surface area and enhanced surface activity. The primary concern with
nanomaterials is their toxicity, and the uncertainties related to the effect of nanomaterials have not

been resolved by the formulation of disposal policies [86].

As discussed in this chapter, the research and application of nanostructured materials has
increased rapidly over the past few decades due to their novel physical and chemical properties,

which differ from their bulk counterparts. As a result, these differences often show unique
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electrical, mechanical, magnetic, and optical properties. Thin film nanostructured surfaces created
using nanoparticles have shown a wide range of applications such as solar cells, gas sensors,
photocatalysis and piezoelectric devices [39,64,76,87]. The tunable properties of nanostructured
films are made possible by controlling their morphology/particle size and interface effects.
Semiconducting materials such as silicon, and other materials such as TiSi. are preferred for the
development of CMOS technology. Silicon’s success largely owes to its abundance, leading to the
single-crystal wafers used for large production of ICs and electronic components with excellent
chemical and physical properties [88-90]. Apart from that, silicon nanostructured materials are
used for other various application such as, surface coatings, photonics devices and energy storage
devices. Likewise, TiSi> has been one of the most vital silicides for CMOS device applications
such as contacts to source/drain actives and gate regions due to their low resistivity and good
thermal stability [91-94]. Lastly, ZnO has demonstrates low resistivity, non- toxicity, large exciton
binding energy, different morphological nanostructures, and wide band gap [31,87,95-100]. These
characteristics make ZnO a potentially outstanding choice for various applications in electronics,

optoelectronics, biotechnology and sensing.

This research is focused on creating nanoparticle suspensions using the nanoscale grinding
approach via PBM for Si, TiSi2 and ZnO powders in processing regimes that have not previously
been studied, and depositing the resulting nanoinks to fabricate nanostructured thin film coatings
on various surfaces with novel tunable properties: The resultant nanostructured film properties
were found to depend on the combination of grinding material, solvent and nanoparticle
geometries/dimensions that depend upon the particular milling/grinding parameters used (speed,

time, and solvent).
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1.3. Research Objective

Overall, the primary purpose of this research is to examine the grinding parameters and
determine the appropriate grinding conditions for different starting powder materials that is
effective for the specific application. A schematic representation of the work is presented in Figure

1. 25.

Different nanostructured bulk powders (silicon, TiSi» and ZnO) were ground in an appropriate
solvent using the nanogrinding technique. The prepared colloidal suspension is later applied to
create a thin film on various substrates. The nanostructured film properties (particle size,
roughness, conductivity, porosity, crystallinity etc.) and applications (gas sensing) were then

investigated.

Thin film wettability, conductivity, and gas response properties are experimentally measured
and varied by adjusting the grinding parameters used to create the nanoparticle inks. Both
hydrophilic and hydrophobic film and low and highly resistive films were successfully produced
from colloidal suspension. Similarly, particle size, surface roughness, porosity and surface
chemistry changed depending on grinding conditions and we observed that these effect could be

used for tuning the different gas sensing properties of the thin films.
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Figure 1. 25. Schematic diagram showing the different phases followed during research work. Phase I:

Fine colloidal suspension preparation process; Phase Il: Uniform coating of nanostructured thin film

using colloidal suspension; Phase Ill: Characterization and experiment performed for freshly prepared

nanostructured film.
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1.4. Thesis Organization and Contributions

This thesis presents results on the fabrication and multifunctional behavior of thin films

prepared from the colloidal grinding or PBM technique. The outline of the thesis is as follows:

The entire thesis consists of 5 chapters — The current chapter introduces general background
on the evolution and development of various nanodevices and nanomaterials. Chapter 2 provides
an in-depth description of the nanoscale grinding procedure for thin film preparation. Additionally,
this chapter also includes different characterization and analysis techniques used for investigating
the produced thin films. Chapter 3 focuses on the fabrication and experimental results of thin film
structures, with results related to achieving tunable wettability and electrical properties. The
tunable wettability properties are explained based on contact angle measurement, and precise
electrical transport measurement of thin films demonstrate the tunable electrical resistivity
behaviour. Furthermore, this chapter includes the effect of annealing conditions (time/temperature)
on the wettability and electrical conductivity properties of different ground films coated on various
rigid substrates. Chapter 4 introduces the gas sensor fabrication process from ZnO nanoink
suspensions and investigates the gas sensing properties of the resulting nanostructured ZnO thin
film devices. The sensors were exposed to different gaseous species, humidity and temperature
and their response is measured. Also in this chapter, the influence of different grinding condition
on the gas sensing parameters is provided. Lastly, chapter 5 summarizes the thesis and details
potential extensions, including preliminary experimental work that was performed, and concludes

by providing future directions for this ongoing research.
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Chapter 2

2. Fabrication and Experimental Setup

Sahil Dawka [101], Xue Cai [102] and Jinxiang Zou assisted with some results shown in this
chapter: Sahil Dawka (MEng graduate student) and Jinxiang Zou (MITACS Globalink Program)
helped to prepare drop-casted nanostructured films. For the doctor blading coating technique,
Pengjun Duan [103] (MEng graduate student) and Tanay Kumar (MITACS Globalink Program)
helped create nanostructured thin films using the doctor blading technique. Pengjun Duan assisted
the author with the characterization (SEM, AFM, Raman, PL, EDX) of ZnO films. The author
worked on preparing thin films for wettability, conductivity and gas sensor experiments. The
author also worked on measuring contact angle, electrical measurement of different

nanostructured thin films.

This chapter introduces the characteristics of the materials, grinding machine procedures, coating
techniques and film treatment processes used in this work. We also briefly describe the equipment
and setup for the different thin film characterization experiments and various analysis techniques

for the nanostructured films.
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2.1. Fabrication of nanostructured films

2.1.1. Materials

We have used silicon (Si), titanium disilicide (TiSi2) and zinc oxide (ZnO) as the raw
materials for grinding purposes during our research. After grinding, these materials turn into finer
particles, later coated onto various substrates to examine the film properties. The description of

each material is discussed below:
i.  Silicon (Si)

Silicon, a group IVA element, is the most commonly occurring element on the earth after
oxygen. Its crystal is in a diamond structure on a face-centered cubic crystal lattice. Each silicon
atom is surrounded by four nearest-neighbor atoms forming a tetrahedron. Thus, the basis of the
diamond structure comprises two atoms with coordinates (0, 0, 0) and a./4 (1, 1, 1), as seen in
Figure 2.1. The silicon atom falls under Fd3m space group and has a lattice parameter of 0.543

nm [104]. Other solids that can crystallize in the diamond structure are C, Ge and Sn.
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Figure 2.1. Diamond crystal Structure of Si. (Adapted from [104]).

Semiconductors absorb the light frequency range with the quantum energy equal to or
larger than the width of its bandgap. In indirect band gap semiconductors such as Si, an electron
cannot be excited from the top of the valance band to the bottom of the conduction band only by
photon absorption. The electron” momentum undergoes a major change, which can only occur
when it interacts with lattice vibrations or phonons. To conserve both momentum and energy,

phonon absorption or emission must occur.

ii.  Titanium Disilicide (TiSi2)

Metallic silicide nanoparticles are the preferred silicide material for ICs since their growth
is easily compatible with silicon processing technology. Among metal silicides, TiSi2 is well
known for its excellent electrical properties (high electrical conductivity) and thermal stability
[105]. These properties of TiSi> have served in electrical interconnections in ICs for over two

decades.

TiSiz crystal structure comprises two competing crystalline structures: C54 and C49 phase.

The C54 phase is the most stable structure with low resistivity (13-20 pQ cm), making them
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suitable for IC applications. Similarly, C49 appears in the metastable phase and has high resistivity
(80-100 pQ cm) [106]. At the medium thermal annealing (450 - 650° C) process, the metastable
phase occurs, and at high temperature (> 700° C), the C54 phase becomes most stable [107]. The
C54 phase has a face-centered orthorhombic structure (space group Fddd), arranged by ABCD
stacking planes with quasihexagonal structure. Their lattice constant are a=8.27 A, b =4.80 A, ¢

=8.55 A [108]. The primitive cell consists of two titanium atoms and four silicon atoms for a total
volume equal to a_z;c_ Each Ti atom has ten Si neighbors, placed in a shell between 2.55 A and 2.78

A, where six are located on the same xy plane and form a hexagon with Ti site as the center, and
the remaining four are arranged in a nearly tetrahedral arrangement [109]. Similarly, the second
shell of the neighbor consists of four Ti atoms. Also, in the first shell of neighbor around Si atoms,
five Si and five Ti atoms are distributed, and the second neighbors with four Si atoms. Therefore,
in most silicon-rich silicides, Si atoms are first neighbors, and hence the Si self-diffusion by

hopping is more efficient than Ti hopping [109].
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Figure 2.2. Units’ cells of the two common phases of TiSi with Ti atoms shown in light and Si atoms in

dark. (a) C49 phase where the unit cell consists of four Ti atoms and eight Si atoms. (b) C54 phase where
the unit cell contains 8 Ti atoms and 16 Si atoms, arranged in four planes, each plane containing

hexagonal atomic sheet. (Adapted from [110]).
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Similarly, C49 is a base-centered orthorhombic structure with a different stacking
arrangement. The lattice parameter of this structure reported by Pearson (a = 3.62 A, b = 13.76 A,
¢ =3.6 A), shows 6% larger volume than C54 [111]. The primitive cell of the C49 crystal structure
contains two Si Sites [112]. One Si site is in the form of a two-dimensional hexagonal sheet, while
other Si site for Zigzag chain. Notably, the C49 structure is heavily faulted, i.e., planes are
frequently mis-stacked, thus causing an increase in its high resistivity [113]. Nevertheless, the C49

structure turns out to be less symmetric and more open than the C54 phase.

iii.  Zinc Oxide (ZnO)

ZnO is an 11-VI compound semiconductor with a wide band in the UV spectrum, making
this material attractive for optoelectronic applications [114]. At room temperature, the direct
bandgap is about 3.37 eV, and large exciton binding energy (60 meV) that allows it to be used in
the electronic emission processes both at room and higher temperature, so it is considered a better
material for fabricating optical devices [115]. Similarly, the hexagonal structure of ZnO consists
of low symmetry and large electromechanical coupling, which show strong piezoelectric and
pyroelectric properties. Likewise, native defects and impurities have advanced their gas sensing

and luminescence properties [114,116].

The crystal structures of ZnO are wurtzite, zinc blende and rocksalt, as schematically
shown in Figure 2.3 [117]. Under ambient conditions, the thermodynamically stable phase is
wurtzite symmetry. The zinc blende can only be stabilized when grown on cubic substrates

whereas, high pressure is used to obtain a rocksalt structure [117].
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Figure 2.3. Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt (b) Zinc blende and
(c) Hexagonal wurtzite. Shaded grey and black spheres represents Zn and O atoms, respectively.
(Adapted from [117]).

The wurtzite structure has a hexagonal unit cell (space group P6smc) with two lattice
parameters a and c in the ratio of c/a = \/8/_3 = 1.633 (in an ideal wurtzite structure) [117].
Generally, the wurtzite structure represents several alternating planes composed of tetrahedrally
coordinated Zn?* and O% ions and stacked alternatively along the c-axis. The tetrahedral
coordination in ZnO forms a non-central symmetric structure with polar symmetry along the
hexagonal axis [118]. Such structure formation on ZnO induces piezoelectricity properties and
spontaneous polarization and plays a key role in crystal growth, etching and defect generation. The
wurtzite structure of ZnO is present in the bulk crystal [119] and can also be fabricated easily in
various nanostructured morphologies such as nanorods, nanowires, nanorings, tetrapods and
nanoparticles. Most importantly, ZnO comprised abundant materials such as zinc and oxygen.

Hence, it is considered the cheapest semiconductor material.

To date, several theoretical approaches have been used to calculate the band structure of
Waurtzite ZnO. An example of one the approach is shown in the Figure 2. 4, where the local density
approximation (LDA) method is used by incorporating atomic self-interaction corrected

pseudopotentials (SIC-PP), in which the Zn 3d electrons are considered to calculate the electronic
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structure of ZnO [120]. The results show that the valance band maxima and the lowest conduction
band minima occur at the I' point k=0, indicating that ZnO is a direct bandgap semiconductor.
Also, the calculation results from the SIC-PP method show the bottom 10 bands that correspond
to Zn 3d levels. The following 6 bands from -5 eV to 0 eV is related to O 2p bonding states. The
first two conduction band states are firmly Zn localized and correspond to empty Zn 3s levels. The
bandgap determined using this calculation is around 3.77 eV and is in good correlation with the

experimental value of 3.4 eV, which was calculated using the standard LDA method.
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Figure 2. 4. The LDA band structure of bulk wurtzite ZnO calculated using an atomic self-interaction-
corrected pseudopotentials (SIC-PP) method [120].

2.1.2. Planetary Ball Milling

For this research work, planetary ball mill (PBM) [57] was chosen as a preferred
nanogrinding technique. PBM was selected because they are suitable for both wet and dry, fine

and ultra-fine grinding of coarse particles down to the nanometer size. Furthermore, they were also
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among the most chosen nanogrinding methods in the laboratory for good reproducibility,
comparatively short processing time and safe handling [121]. PBM has thus been a useful method

for preparing materials for various applications in industry [121].

Planetary ball milling techniques are beneficial for chemical, pharmaceutical and food
industries, where obtaining finer particle sizes is very important for shaping final products. Apart
from finer particle size, high-energy ball milling can also alter the chemical structure inside the
material through bond breaking and/or reforming. Hence, these techniques can produce

nanostructures such as alloys, nanocrystalline powders, nanocomposite, amorphous materials [57].

Generally, the PBM chamber consists of two or four pots/jars (shown in Figure 2. 5 b).
The grinding pots are attached to the planetary disk, which rotates around a common central axis,
and at the same time, pots also rotate around on their axis. The high revolution and rotational speed
produced by the disk and jar generates large impact energies of milling balls; thus, making grinding
more effective. Also, the chosen milling balls for grinding are commonly rigid and comparatively

inert materials.

Grinding
C ) J‘"',‘ Direction of rotation
|
e /,/
Direction of revolution ’ Direction of revolution
(reverse) \ (normal)
Main disk * Central axis

Figure 2. 5. (a) Fritsch Pulverisette 7 Micro Mill premium line. (b) Grinding jar (c) Overall layout of

planetary disk of Fritsch Pulverisette 7.

The speed of grinding balls’ is influenced by both revolution and rotational speed and the
charge on the powder. Similarly, the action of grinding beads also affects the number of collisions,
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the ball velocity, and final energy dissipation [122]. Furthermore, the motion of balls inside the
grinding jars is complex and is directly related to operation parameters. As seen in Figure 2.6, as
the filling rate and/or the revolution speed increases, the motion pattern of the ball changes from
cascading to cataracting to rolling [123]. In the cascading regime, the milling balls move along the
wall of the grinding container to the top of bulk material, from where they fall to the bottom of
each other. Similarly, in the rolling or centrifuging ball regime, the balls adhere to the wall of the
grinding jar with almost no relative velocity. Likewise, in cataracting regime, the balls travel up
on the walls and then detach with high intensity to impact the rest of the bulk or the opposite wall
[121]. In general, cataracting regime is preferred over a rolling regime to get the highest efficiency

from the operating energy of the PBM [121].

Figure 2.6. Motion of grinding beads: (a) Cascading (b) Cataracting (c) Rolling. (Adapted from [123]).

It is also claimed that, the counter direction of rotation to revolution results in higher impact
energies in the ball compared to the normal direction [123]. Also, selecting suitable milling balls
reduce unnecessary side reactions or high abrasion [124]. To achieve higher impact energy from
beads, one should choose balls with high density or large diameter [121], which ultimately creates
finer particles with large surface areas. However, ball material are also beneficial at lower impact

energy for efficient mixing and/or longer grinding conditions [121]. Also, larger/fewer number of

44



balls and/or mixtures of random sizes balls are not recommended by mill manufacturer because
those can affect the reaction and cause abrasion [124-126]. Yet, if the mass of milling beads is
constant, and thus, the filling ratio remains constant, then the yield product stays unchanged

independent from ball diameter [121].

Other important factors affecting the grinding process are the presence or absence of a
solvent, termed as wet or dry grinding, respectively. On the one hand, in dry grinding, powder of
one or more materials is placed in the grinding container together with grinding balls. The use of
more than one material in the dry grinding process will lead to the formation of alloy [127]. Also,
particle breakdown into finer sizes is possible in dry grinding due to the impact energy of beads
transferred directly onto the powder. On the other hand, in the wet grinding process, milling is
done in the presence of a solvent, which has several benefits such as superior heat dissipation,
improved homogeneity, easier withdrawal of the ground material, and surpassing of ground
particles to mitigate agglomeration [128]. However, one disadvantage of wet milling is
unpredictable reaction occurs during the grinding process, which leads to poor functionalization
on particle’s surface [128]. The surface chemistry of such a coating can be characterized using X-

ray photoelectron spectroscopy (XPS) and Raman spectroscopy.

The major drawbacks of both types of milling are contamination and wear during the
grinding process [121]. The collision of the ball against each other and the grinding jar’s wall
during the grinding process will result from wearing the jar and the beads. The displaced materials
get combined into the powder, where it contaminates or alters the powder chemistry. Some authors
have experimentally studied the wear rate constant of the dislodged material. Their result shows

that the increase in wear rate is linearly dependent on the revolution speed of the grinding mill and
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is mainly independent of milling time [129]. Similarly, contamination can be minimized by using
the same material as the milling jars and milling beads as feed material to avoid cross-

contamination. Yet, the changing chemistry of the resultant powder remains a concern [121].

2.1.2.1. Milling process

The grinding process is carried out on the milling chamber, which consists of milling jars.
Principally, all jars inside the chamber could also be used for milling purpose if their weight
remains the same. However, some milling container/s could also be used as a counterweight if all
milling jars are not filled with ground materials. Both the grinding jar and counterweight jar should
match their weight on the mechanical dial scale, as an imbalance in weight could cause an accident

during the grinding process.

Inside the empty grinding jar, beads were filled first, followed by the powder to be ground
and then the solvent. Precaution should be taken while handling the milling jar. While closing,
the pots were tightly interlocked on their handle and afterwards sealed using parafilm. Next, the
grinding condition in PBM was programmed, and milling was performed. Pause time was also set
during grinding duration. Rest time was essential because heat was rapidly generated due to the
friction caused inside the grinding chamber. After each pause time, leakage was checked, and
pressure was released from the pot. During the grinding process, the powder and solvent react with
each other, and pressure gets build-up, so evacuating pressure from the jar during rest time prevents
explosion or damage to the machine. Also, increasing the rest time and grinding cycle is

recommended if the grinding condition is set at higher grinding speeds and/or longer grinding time.
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2.1.2.2. Extraction process

Once the grinding cycle completes, using the special empty device, we extract the ground
suspension. Before extraction, one should check the jar temperature and pressure. Particularly for
this kind of PBM machine, the manufacturer provides a special emptying device. The device
consists of a syringe pump tip, funnel lid, two seals, two stainless steel strainers, adapter and O-
rings. After removing the handle of the grinding bowl, O-ring was placed on top of the grinding
jar and later fitted with the adapter, thin seal, two stainless steel strainers and thick seal,
respectively. The two strainers consist of a mesh of 0.08 mm and 0.8 mm in width. The smaller
mesh was placed towards the funnel lid side so particles less than 80 um gets extracted. After the
syringe got screwed on the funnel lid, the jar containing suspension was made upside down and
shook vertically so that all materials got dislodged from the bottom of the jar. The syringe filled
with suspension and air was pumped 2-5 times and was extracted. The first extraction could not
remove all the materials, so additional solvent was injected into an emptied syringe and transferred
to a grinding jar. The process was repeated 5 to 7 times. Each extraction from the syringe was
stored in different vials. Each vial contained decreasing solid particle concentration and was

labelled accordingly.

Figure 2.7. Steps for extraction (a) shaking bowl containing suspension vertically for 3-5 times (b) Pull-

push suspension containing syringe for 2-5 times (c) extract suspension slowly from grinding bowl.
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Figure 2.8 shows the grinding experiment of one of our trials. The material was ZnO

ground in DI solvent at 200 rpm for 60 minutes (consists of 12 cycles where each cycle has 5-

minute grinding time and 5 minutes rest time).
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Figure 2.8. (a) ZnO material after completion of grinding cycle (b) Extraction equipment attached on
grinding bowl (c) The suspension's extraction steps followed, as shown in Figure 2.7, and different
suspension densities (right to the left shows decreased density order) are extracted.

Special attention should be given while cleaning the O-ring, mesh and grinding bowl

container. Sometimes ground materials were stuck on the grinding jar components, and in such a

case, light sonication in water or IPA solution would be helpful.

2.1.3. Film Coating/Casting Techniques

After creation of the nanoparticle suspensions, the next step is to create thin films from the
slurry. We have chosen the solution coating/casting technique because the solution is directly

transferred to the substrate. The three different deposition techniques used for this research are

explained in brief in the following sections.
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i. Drop Casting

This technique involves placing liquid drops of desired material onto the surface of the
substrate and subsequently allowing the solvent to evaporate [130]. This method is
straightforward, low cost and waste less material. The film thickness and properties depend on the
volume of dispersion and concentration. Generally, the substrate is heated to speed up the
evaporation process and/or improve film morphology. Difficulties in film formation are some

disadvantages of this method.

Drop Casting

a) o
Evaporation . . .

Film Formation

= -

Figure 2.9. (a) Suspension deposited using drop casting. (b) Ground suspension (TiSi, powder ground at

400 rpm in EG solvent for 10 minutes.) coated on SiO,/Si substrate.
In our research, we have prepared most of our silicon and titanium disilicide films using
the drop-casting technique on both flexible and rigid substrates. We have used both micropipette
and disposal pipette for the extraction of suspension. The films prepared using EG/DI solvent is

dried in an oven/hot plate, whereas films ground using IPA are dried at room temperature.

ii. Doctor Blading

Doctor blade or tape casting is another frequently used technique to fabricate the thin film
on large-area surfaces. In this process, a slurry containing nanomaterials are placed on a substrate

beyond the blade. When a constant relative movement between the blade and substrate is achieved,
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the slurry spreads on the substrate forming a thin sheet of layer [131]. This technique has been
used for creating film thicknesses from twenty to several hundred microns. Some advantages of
this method are a fast and efficient process for making uniform film layer, less solution wastage,
producing films from solutions with a wide range of viscosities, coating rigid or flexible substrates,

and delivering high throughput.

Thin film AT
Blade  (\_/
l — -

Coating l ) /’/
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Figure 2.10. (a) The mechanism of doctor blade method [132] (b) Doctor blading of ground TiSi, films
(suspension prepared in EG solvent at 400 rpm for 60 minutes) on glass substrates.

In our research, we have prepared most of the ZnO film using a doctor blading technique.
Before, creating the uniform nanostructured film, we first used scotch tape to make casting surfaces
on the thick glass substrate. The tape is masked on the substrate in such a way that it adheres well
to the substrate without bubbles. The thickness of the nanostructured film is controlled based on
the scotch tape thickness (approx. 60 pum). Then, we drop around 5 pL of colloidal suspension of
ZnO nanoparticles (suspension is first centrifuged and supernatant is removed to control the
particle concentration) on one end of the substrate. Using the razor blade, the suspension is dragged
towards the other end of the substrate and leave the sample for drying on the hot plate (100 °C) for

5 minutes. Later, scotch tape was carefully removed, and electrical contact regions were created.
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iii. Dip Coating

Dip coating refers, dipping a substrate into a liquid coating, removing the substrate from
the liquid, and draining the excess liquid. In this method, the film is formed on the surface of the
substrate after the suspension is evaporated. The film thickness varies by altering various
parameters (the rate at which the substrate is immersed and removed from the liquid, the immersion
time, the liquid and substrate intrinsic properties and the number of immersion processes). Some

ground suspension of TiSi: trials were tested using this method.

Figure 2.11. (a) Dip coating of paper substrate on TiSi, suspension (powder ground at 400 rpm for 10
minutes in EG solvent) (b) Optical image of dip coated cotton thread using TiSi, suspension (powder
ground at 400 rpm for 60 minutes in EG solvent).

2.1.4. Film Treatment

After deposition or casting, the thin film undergoes a thermal treatment process, i.e., drying
or annealing process. The film treatment for most of our nanostructured thin film was done by
drying them in a mechanical convection oven or hot plate. The film treatment time depends upon
the suspension’s volume, solvent type and temperature used for drying. For annealing process, a

chemical vapor deposition tube furnace (first nano Easy Tube 2000 3-Zone system) was used. The
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tube furnace consists of a quartz tube (3 x 40-in.), quartz loader holding samples, heating elements

and a metallic shield.

2.2. EXxperimental Set-up

This thesis mainly focuses on three different application areas of a prepared film, and their
experimental setup was designed accordingly. The first part of the experiment involves the drop-
casting technique for preparing a thin film. The prepared film’s wettability behavior on a glass was
investigated. Later, more tests were done in other flexible and rigid substrates. Besides this, the
conductivity test of those samples was also done. In the second part, we continue preparing the
films with both drop-casting and doctor blading processes. The often-used trials in the second part
are ZnO materials; however, some adhesion test using doctor blading technique was done for
silicon and TiSi> samples as well. In the following section, brief literature about different

application and experiment set up arranged in the lab will be explained.

2.2.1. Wettability and Contact Angle

The wettability of a surface or material is determined by the contact angle of liquid formed
onto the substrate surface. The ability of the liquid to spread on deposited solid (or liquid) substrate
refers to wetting. Therefore, when a liquid is dropped on the substrate surface, the two-surface
form an angle (contact angle), which is an angle tangent to the liquid surface made with the

substrate. This angle determines the wetting tendency of the nanostructured surface. Hence, a
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wetting liquid forms a contact angle less than 90° with the substrate surface, whereas a non-wetting

liquid forms an angle between 90° and 180°.

Liquid-liquid

a) interface
Three phase
contact line

b)

Solid-vapor
interface

SOLID

Solid-liquid Contact point
interface

Figure 2.12. (a) Drop showing the three-phase contact point at the solid/liquid/gas interface. (b) Contact
angle (114.1° + 0.3°%) of DI water on ground silicon coated on thin glass substrate using the drop-casting
method.

On plane surfaces, the dropped liquid experiences two forces: adhesive and cohesive. The
adhesive force between the solid and liquid favors spreading, whereas cohesive forces within the
liquid counteract the spreading. The balance between both forces determines the contact angle of
the liquid on the surface [133]. Generally, the interaction and repulsion forces between solid and
liquid and the three-phase interface properties (gas, liquid and solid) indicate the actual degree of
contact angle. The lower the contact angle, it means that cohesion forces are weaker than the
adhesive forces. For this phenomenon, the molecules of the liquids tend to interact with solid
molecules than liquid molecules. Similarly, a higher contact angle is formed when cohesive forces

get stronger than adhesive forces, and fluids interact with each other rather than with solid surfaces.

There are only a few entirely flat surfaces. Surface roughness is considered as one of the
vital parameters to determine the contact angle between the rough surfaces. There are two widely
followed models: the Wenzel and the Cassie-Baxter models, which explicitly indicate the influence

of roughness on the wettability characteristic. Wenzel’s model suggests that if a liquid interacts
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with the rough surfaces, then the effect of roughness wets the entire surface. On the other hand,
the Cassie-Baxter model assumes the liquid droplet partially wets the surface due to air pockets
between roughness structures. The apparent contact angle of a liquid droplet in the Wenzel state

[134] is given by

cosO = r cosBy @

Where ‘r’ is the roughness factor, defined as the ratio between the actual surface area and
the geometric projected area of the rough surfaces and 6y is Young’s contact angle (the equilibrium
contact angle on smooth surfaces). Since ‘r’ is always greater than unity, this model explains that
surface roughness improves the hydrophobicity of inherently hydrophobic surfaces (6v > 90°). In

contrast, hydrophilic surfaces become more hydrophilic with increasing surface roughness.

Likewise, the Cassie and Baxter model [135] mainly emphasizes porous structure and
identifies the contact angle formed on those surfaces. This model explains that the liquid drop on
top of the absorbent structure creates a liquid surface interface as a composite interface due to air
pockets between the roughness. And so, the apparent contact angle is determined by the energetics
of the contact area underneath liquid, where the fraction of solid and air area are present [136].

Hence, contact angle, in which one of the components is air (i.e., cos (180°) = -1) becomes,

cosl = f.cosOy + (f — 1) 2

Where ‘0’ is the contact angle and ‘f’ is the solid-area fraction, and ‘v’ is the contact angle of

the smooth surface.
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Cassie Baxter

Figure 2.13. Wenzel’s model- wetted contact between the liquid and the rough substrate. Cassie’s model-
non-wetted contact between the liquid and the rough surface.

We built a contact angle set up to measure a different ground film coated on various
substrates for our wettability experiment. The ground suspension stored in the vial was sonicated,
shook and re-sonicated, and finally drop cast with the appropriate volume on a substrate. The
colloidal suspension was then dried at a reasonable temperature, and the contact angle was

measured.

For the contact angle set up, the apparatus used were the plano-convex lens, stage, light
source, and camera. The camera, lens and stage were aligned together, so that clear image of the
drop was captured. At first, nanostructured thin film was placed onto the stage from the opening
present just above the stage. After the light source is switched on, we then place the 3 uL of DI
water drop onto the film surface using a micropipette. The lid of the enclosed chamber is closed,
and the water drop image is captured within 10-15 seconds. At least 5-7 images of the drop were
taken from each film. If the film is large (some films spread more on the substrate e.g., IPA ground
nanoparticles) then we try to drop DI water on other sides of the film as well and retake the images.
However, for smaller size films, we repeat the measurement on multiple new films that were

prepared at the same time from respective suspensions. For CA measurement, we prepared at least
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3 — 5 samples and 6 — 8 samples for spreading and non-spreading films, respectively. So, each
measurement of respective trials consists of at least eight to twelve CA data. Later, we average the

contact angle measured on the multiple films of same grinding condition trials.

9 O Co

Camera Plano-convex Lens  Stage LED light
Figure 2.14. Schematic illustration of setup for contact angle measurement. Camera (Canon Power Shot

SX4101S) and backlight are mounted outside the metal enclosure, whereas lens (Thorlabs LA1131C) and

stage (Thorlabs MS1) are mounted inside the metal enclosure.

2.2.2. Conductivity

The electrical transport on the nanostructured materials varies from their bulk counterpart
due to the increase of interface atoms and shrinkage of defects at/or near the grain boundary. The
electrical conductivity of nanostructured materials is influenced by the action of charge carriers,
where movement depends on grain size, type of materials (metals, insulator or composite), defects
and doped impurities [137]. Semiconductors such as Si can enhance electrical conductivity through
a doping mechanism [138]. TiSiz, on the other hand, has low resistivity, good thermal stability and
self-alignment with silicon. These properties make TiSi> the most attractive silicide in the

semiconductor industry [105,139-141].
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For our conductivity measurement, we fabricate the two-terminal thin films device, similar
as shown in Figure 2.15. The ground suspension was drop cast/doctor bladed on a different
substrate and dried at the appropriate temperature. The suspension was sonicated and
approximately 2 pL of suspension is drop casted onto the substrate. They are then dried at the
appropriate temperature in a mechanical convection oven. After drying, silver paint on either side
of the film was painted for creating contact regions and are further dried to remove the solvent
from the silver paint. For electrical measurement, at least 3-5 different samples were prepared, and
electrical resistivity of each trial was averaged. The experiments were carried out in ambient
conditions and under room light. The electrical properties of samples are examined using a
semiconductor characterization device in conjunction with the probe station. Tungsten probe tips
of 1 um nominal diameter were brought into contact with the silver electrode. For, 1-V
measurement one of the probe was set as electrical ground (source electrode) and the other is as
input (drain electrode). The probe station and the microscope are connected to a digital display
that helps position the electrodes at the exact location in the contact regions. The electrical
characterization system used in this research can measure the current in the range of pico-amperes,
with the resolution of a femto-ampere and accuracy of 0.1% or less. For all samples prepared for
the conductivity measurement, voltage is passed across the two-terminal device and observed

corresponding output. A specific sweep voltage range is selected.
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Figure 2.15. (a) Schematic illustration of electrical measurement set up in the lab. The two electrical
probes from the Keithley 4200 SCS is applied in the silver contact region where constant voltage sweep is
used, and the current response is recorded. (b) Ground ZnO film with a silver contact region that is

prepared for electrical measurement.

2.2.3. Gas sensitivity

A chemical sensor is a device that converts the chemical information, ranging from
concentration of particular sample components to total composition analysis, into an analytically
valuable signal [142]. Generally, basic metal oxide gas sensors comprise a sensitive layer, a
substrate, an electrode and a heater. The most attractive and frequently used device structure in
gas sensing applications is the planar device structure (shown in Figure 2.16). Similar device was
fabricated for our experiment purpose. The main components of the planar sensor device are the
sensitive layer (nanostructured film) and the contact electrodes that lie on the same plane. Mainly
electrodes (e.g., gold (Au), platinum (Pt), Titanium (Ti) or aluminum (Al)) are normally inter-
digitated and are embedded on top or at the bottom of the sensing layer. These electrodes can be
active or passive. For measurement, voltage is applied between the electrodes and a current flowing
through the device is calibrated in turns of change in resistance between the electrodes [143].

However, the reverse phenomenon, i.e., to feed current and measure voltage, is also possible.
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Figure 2.16. Schematic diagram of the planar/resistive gas sensor device structure.

Several works in the literature [76,144-164] have explained various gas sensing parameters
such as response (R), response time (Tres), recovery time (Trec), target gas concentration, operating
temperature, humidity, sensitivity and detection limit, that has affected the sensor performance.

All these gas sensing characteristics are described briefly in the section below

a) Gas response

The gas response is the ratio of resistance changes on the surface of the gas sensor before
and after being exposed to the target gas. Different researchers have mathematically expressed
responses in several forms [163,165]. Various approaches have been implemented to increase the
sensor’s response. Some methodologies, such as changing microstructure (grain-size) and porosity
of metal oxide semiconductors, helps in improving the sensor’s response [166]. The porosity in
sensing film plays an important role in the sensor performance because it decides the rate of gas
diffusion [166]. Likewise, smaller particles stay in compact form during the coating process, and
they also get easily congregate and grow up together during heat treatment. These behaviors of
small nanoparticles can ultimately block the gas diffusion path and reduce sensing response [167].

However, the addition of dopants or impurities can enhance the sensor’s response [168].
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b) Response time and Recovery time

Response time is when the sensor takes upon exposure to a target gas from the first reaction
to the saturate value when the sensor reaches a particular percentage level (many reports represent
90% as response time, denoted as Too) [169]. Further, lower the response time better is the sensing
properties of the sensor. Also, higher concentrations of target gas give a shorter response time.
Other parameters that affect sensor response time are gas flow rate and temperature. Similarly,
recovery time is needed for the sensor to return to 10% of the original baseline when the test gas
is removed, and the sensor is later cleaned with dry air [169]. To reuse the sensor short recovery

time is required. An example, shown in Figure 2. 17, is the one way of calculating response time

and recovery time.

Current (A)

-«

)
Response time Recovery time

Time (seconds)

Figure 2. 17. Response and recovery time calculation at constant voltage bias mode. (Adapted from
[165]).
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c) Analyte concentration

The amount of target gas concentration used for gas sensing also affects the sensor’s
response. In most cases, gas sensor response increases with increased concentration amount.
However, at some point, the response of the gas gets saturated and slower. Basically, at low target
gas concentration, many reaction sites are available for chemical reaction, leading to fast response.
But, at higher concentrations, the available reaction sites decrease, and response gets slower.
Lastly, when a very large concentration of the analyte gas molecules is used, it can form multiple

layers on the metal oxide surface, and thereby response gets saturated [161].

d) Working temperature

Temperature is another vital factor that alters the gas response. Therefore, a specific
working temperature is assigned for a particular sensor type. Usually, the temperature that
corresponds to the maximum gas response is known as working temperature. Most metal oxide
gas sensors affected by temperature influence show similar gas response behavior as shown in
Figure 4.9. Generally, responses increase and reach their maximums at a precise temperature and
then decrease gradually with increasing the temperature. With the temperature rise, it increases the
average kinetic energy of the molecules, but to first order does not change the height of the barrier.
So the reactants cross over the barrier more frequently and creates faster adsorption and desorption
mechanism [170]. However, at very high temperatures, the adsorbed gas molecules may escape
before the reaction resulting in a lower response [159]. Thus, finding an optimal working

temperature is vital in achieving the maximum response of the metal oxide sensor.
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e) Humidity

The performance of metal oxide sensors is also influenced by environmental humidity.
Water adsorbing on the metal oxide surface will not donate the electron to the sensing layers;
however, a reaction between the surface oxygen and water molecules conduces to a decrease in
baseline resistance of the gas [171]. Secondly, the adsorption of water molecules leads to less
chemisorption of oxygen species on metal oxide surfaces due to the decrease of surface area.
Adsorption of water molecules displace oxygen molecules from the surface of nanoparticles, and
electrons withdrawn from the ZnO conduction band is released back. This causes a reduction in

the sensor resistance at higher humidity [171].

f) Sensitivity

Sensitivity is defined as the change of measured signal per analyte concentration unit.
Usually, high sensitivity is preferred for thin-film sensors because it can measure the low
concentration of the target gas. Calibration curves are used to recognize the instrumental response
to an analyte and predict the concentration in an unknown sample. The calibration also determines
the limit of detection and the limit of quantitation. The sensitivity is calculated from the calibration
plots of relative response as a function of concentration and is determined as the derivate of the
calibration plot in the working temperature. The unit of sensitivity is /ppm. The data fitting follows

the power law as shown below

R=Ax[C]? (3) [172]

Where, A and B are the coefficients for the fit, and C is the gas concentration.
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g) Selectivity

Preferential chemiresistive sensing performance for a specific type of gas by a sensor in
the presence of another gas at the same operating conditions is called sensor’s selectivity. The
selectivity is measured in terms of selectivity coefficient/factor as a ratio of target gas to another

gas. The general expression of the sensor’s selectivity is expressed as [173],

Selectivity of the sensor toward interface gas (Sa) (4)
Selectivity of the sensor toward interface gas(Sg)

Selectivity cof ficient (K) =

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

respectively.

h) Limit of detection (LOD)

There are several terms that have used for defining the limit of detection [174]. In general,
the limit of detection, or called detection limit, is the lowest concentration of the analyte that can

be detected by the sensor under the stated condition of the test.
LOD = 3xS.D/b (5)[172]

Where, ¢S.D’ is the standard deviation of the blank or is the standard deviation of the ordinate
intercept of residual standard deviation of the linear regression, and ‘b’ is the slope of the

calibrated line.

Some literature determine LOD, as the concentration that corresponds to the signal at three
times the baseline noise [172]. The baseline signal is the one we get at zero analyte concentration.

It basically quantifies the noise that is produced within the sensor environment.
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i) Stability and Recyclability

The stability of a gas sensor refers to its ability to maintain its sensing performance
repeatedly and even for long durations. This includes retaining the sensitivity, selectivity, and
response and recovery time. The issue of low stability on metal oxide sensors will lead to uncertain
results, false negative alarms and the need to frequently recalibrate or replace sensors. Generally,
nanostructured materials with small grains suffer from degradation due to their high reactivity.
There is no unified approach to increase the sensor stability; however, calcination, post-annealing
treatment or reducing working temperature can increase stability up to a certain extend. However,
doping metal oxides with metal nanoparticles or the synthesis of mixed oxides has also increased

the sensor stability [144].

Flow rate conversion:

To calculate the concentration of the target gases, one should convert the unit of mass flow
controller (MFCs) i.e., standard cubic centimeters per minute (SCCM) to parts per million (ppm).

For this, first we convert the SCCM to atom/s for an ideal gas with the following equation:

atoms.

6.02214 X 1023 [——
1 scem = 220010 Tooie)  _ 44477962 x 107[%95] ()
22413 [ 1x10° [z xeo0l ’

Where, 6.02214 x 10%® atoms/mole is the Avogadro’s number, and 22.413996 is the molar

volume of ideal gas at standard pressure and temperature.

Then, convert 100 sccm testing gas by equation below, since our testing chamber has the volume

atoms

of 1 mole, the result 4.4477962 X 1017[7] is converted as
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atoms

4.4477962x 1017[ e

]x 100 sccm X 60 s 6
atoms] x 10° = 5000 ppm  (7)

mole

6.02214 ><1023[

Where, the transit time inside the chamber is approximately 60 seconds.

For pure gas flow (mag/L)

For the pure gas flow incorporated in the chamber from flow controller, one can determine the

concentration as,

Test gas flow (mg)x t

= 8)

Volume of chamber

Where ‘t’ is the transit time inside the chamber. Test gas flow is calculated in a similar way in

[175].

2.3. Characterization technigues

The characterization of materials performed in our research involves phase analysis,
compositional characterization, structural and surface characterization, which shows strong
influences on the properties of the thin films. Below is a brief discussion on some of the techniques

used during the research tenure.
2.3.1. Scanning Electron Microscopy (SEM)

The scanning electron microscope is the equipment used to observe the particle morphology at

higher magnification, higher resolution and depth of focus compared to an optical microscope.
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When an electron hits the atom, several interaction products are produced, and each product
provides specific information about the sample. Scattering of an electron from the electrons of the

atoms results in producing backscattered electrons and secondary electrons.

A beam of electrons is generally transferred from the electron source towards the specimen
using positive electrical potential. The electron beam is confined and focused using metal apertures
and magnetic lenses into a thin, focused, and monochromatic beam. Electrons in the beam interact
with the specimen atoms, eliminating signal that consists of various information such as surface
topography, composition and other electrical properties. These interactions and effects are detected

and transformed into an image.

In this research, we have collected SEM images of the different ground thin films. The SEM
images showed single distinguishable particles, and they seem to appear in quite irregular shapes.
It was evident that the higher the grinding condition (time/speed), the more uniform was the
particle size. Furthermore, solvent also played an essential role in creating uniform particles and
reducing agglomeration. Also, other important information like porosity was extracted from SEM

images.

2.3.2. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a kind of scanning probe microscopy (SPM), where the
probe is used to measure local properties (e.g., surface topography) of a thin film. The technique
is used for investigating the various film properties of grains, phases, and surface layers in many

materials such as ceramics, metals and polymers. Several imaging modes (contact, tapping and
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noncontact modes) are present, providing information about sample surfaces and detailed three-
dimensional topographies. In this research, AFM tapping mode was used for capturing various
ground film images. The images were captured using a Nanonics Multiview-1000 scanning probe
microscope. Nanotec Electronica WSxM software was used for observing and analyzing AFM

images.

Figure 2.18 (a) and (b) shows an example of AFM scanned images (left) and analyzed images
(right) on WSxM software. The AFM images are imported into WSxM software, and profile
locations are created (green line shown in images at the right) on 2D images. The measurement is
done along horizontal, which is the length along with the profile ( X [um] ) and towards vertical
is the measured height (Z [um]). It is observed that line profile heights range from approximately
Z = 60 nm to 200 nm for 800a samples and Z = 100 nm to 300 nm for 200a samples. The results
signify that particles in 200a samples are considerably larger than 800a samples. Another vital
piece of information extracted from AFM images is the surface roughness of the thin film. We

have analyzed the film roughness (shown in chapter 3 and 4) of TiSi2 and ZnO samples.
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Figure 2.18. AFM scanned images of ZnO sample ground using EG solvent at constant grinding time for
10 minutes (a) ground at 200 rpm (200a sample) (b) ground at 800 rpm (800a sample) (c) 3D AFM image
of 800a sample (d) cross-sectional line profile of 800a sample.

2.3.3. Raman Spectroscopy

Raman spectroscopy is a very useful technique in providing both chemical and structural
information of the sample. This spectroscopy is an analytical technique where scattered light is
used to measure a sample's vibrational energy modes. The interaction of light on a sample can
cause elastic or inelastic scattering of light. Generally, elastic scattering occurs when the incident
photon energy (Rayleigh) and scattered light have the same frequency, and therefore no energy is
lost during this phenomenon. However, in inelastic scattering, the scattered light has lower or
higher energy than the incident light. The scattered light with loss energy is called Stokes, and

when the scattered light gains energy, they are called anti-Stokes. The types of interaction are most
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commonly represented by frequency or energy level and are shown in Figure 2.19. The frequency

of scattered light is represented as

p=—-L )

Where Ao represents the wavelength of incident light and Ay is the wavelength of the scattered

light. The frequency of the scattered light is denoted in wavenumber units (cm™), by conversion.

Rayleigh Raman scattering Raman scattering
Scattering Stokes lines anti-Stokes lines
' Excited Electronic state
Y Y

Ground Electronic state

Figure 2.19. Energy level diagram showing three different types of interaction of light on material’s

surface.

In this research, the composition of the thin films was analyzed via Raman spectroscopy.
To measure the Raman Scattering, a laser (632.8 nm He-Ne) that acts as an excitation source was
focused on the sample through an optical microscope. The back-scattered light from the sample is
collected using the optical microscope and sent into a spectrometer. The CCD camera was coupled
with a PC interface that allows storing and controlling Raman data. The laser was spotted in
multiple point on the film and the average intensity values were plotted. The measurement was
carried out using Dr. Brolo’s equipment in the Chemistry Dept. at the University of Victoria. The

Raman peaks of ZnO and TiSi> milled samples were studied and are analyzed based on their
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spectral positions. Raman peaks at 196 cm™ (Bsg symmetry vibration), 210 cm™ (Big symmetry
vibration) and 245 cm™ (Ag symmetry) indicate the C54 phase for TiSi. nanoparticles [94].
Similarly, Raman spectrum of bulk ZnO presents 6 first-order peaks [176-180]. The two most
intense peaks are associated to the E2 modes at 99 cm™ (named as E,'°%), dominated by the
vibrations of the heavy Zn sub-lattice, and the second at 437 cm™ (named as E2'°"), which involves
mostly the oxygen atom [176-178,180]. These are non-polar modes and Raman active only. Others
Az and E1 phonons are due to oxygen dominated. They are polar modes and exposure two different
frequencies of the transverse optical (TO) and longitudinal optical (LO) phonon modes [180]. The
203 cm? peak is due to A; symmetry and attributed to a transverse acoustic (TA)
overtone[176,177]. This mode also can occur due to 2E2'°" with possible contributions of 2TA
[176,177]. Due to the influence of the phonons outside the center of the Brillouin zone, the second-
order Raman spectrum become dominant and low-wavenumber region around 333 cm™ is ascribed
to difference between E;"9" — ' [176]. Additional peak that emerges around 410 cm™ in the
spectrum (E1 symmetry), which is due to E1 (TO) mode [177]. Similarly, peak around 541 cm™ is
due to A; symmetry and is attributed to 2B1'°" and LA (longitudinal acoustic) overtones [176,177].
The E1 (LO) mode around 586 cm arise from the background, which originate from second order
Raman scattering [176]. The presence of impurities and/or defects can also influence this mode

[176].

2.3.4, Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a form of light emission spectroscopy where light
emission comes from a process called photo-excitation. As the light is directed onto a sample, the

electrons from the material travel into excited states (excitation). When the electrons move back
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to their equilibrium states from the excited states, the energy is released in light (relaxation) form.
This technique helps in identifying point defects, including extrinsic and intrinsic defects in
materials. It is also a useful tool in evaluating the quality and physical parameters in thin films and

nanomaterials. In this research, PL properties of different ZnO sensors were investigated.

2.3.5. Energy Dispersive Spectroscopy (EDS):

Energy-dispersive X-ray spectroscopy (EDS) is a non-destructive analytic tool capable of
providing chemical information about the elemental composition inside the material that is being
mapped. The EDS uses high-energy electromagnetic radiation (X-rays) to eject the ‘core’ electrons
from an atom. Removing these electrons from materials leaves a hole that a higher energy electron
can fill in, and it will release energy as it relaxes. The energy released during this relaxation process
is unique to each element present on the periodic table. Such a bombarding process on a sample
using X-rays helps identify the element type and their proportion. In this research, EDS properties

of TiSiz and ZnO thin film were investigated.
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Chapter 3

3. Multifunctional thin films

Colloidal suspension used for the results in this chapter were prepared by R. Sapkota and Julia
E. Bobak. Jinxiang Zou (MITACS Globalink program) and Sahil Dawka (MEng Graduate student)
assisted in preparing nanostructured films. Jinxiang Zou assisted in analyzing contact angle data
and electrical measurement of the samples. The author worked on preparing colloidal suspension
of silicon, TiSi> and ZnO used in this chapter. The author also worked on measuring contact angle
and electrical properties of different nanostructured films coated on various rigid and flexible

substrates. Parts of the results in this chapter were published in [J2].

This chapter will be focused on results of multifunctional nanostructured thin films fabrication
and characterization. The promising multifunctional characteristics are explained based on
wettability and conductivity measured on different prepared thin film via PBM. Furthermore,
various factors such as, annealing condition, and the nature of powder/materials coating behavior

on different substrates are also studied using wettability and conductivity tests.

3.1. Introduction

In the past few decades, the physical and chemical properties of nanomaterials, which are

significantly different from traditional bulk solids, have interested many researchers in developing
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nanomaterials for various applications [68,69,181]. Consequently, to take the advantage of these
desired properties, thin films of nanoparticles have been extensively used to produce
nanostructured surfaces for numerous applications, including solar cells [182], photocatalysis
[183], self-cleaning surfaces [184], and transparent conductive films [185]. Two main approaches:
“top-down” or “bottom-up” nanofabrication methods have been implemented for controlling the
morphology of nanoparticles during the fabrication process, which in turn alters the nanostructured

film properties [42,186].

PBM is a prominent tool for nanofabrication, which offers a unique top-down approach to
nanoparticle thin-film synthesis. This technique can produce immense amounts of nanoscale
particles in an appropriate solvent without the use of complex chemical or physical processing.
The grinding process commences from crushing bulk powder into a nanoscale colloidal suspension
suitable for thin-film coating of various functional materials from solution. Generally, efficient
energy impact during milling motion of beads crushes the material into fine particles through
collisional and frictional forces that leads in producing nanostructured films [122]. PBM also has
numerous advantages in comparison to other ball mill types, including simple setup/cleaning and
moderate cost. Several parameters that influence the milling process are speed of revolution, jar
rotation speed, milling time, the total weight of milling balls, the ratio of beads and grinding
materials volume, and the relative direction of motion of disk revolution and jar rotation [121].
Additionally, solvent used during wet grinding can also change the resultant slurry properties.
Consequently, adjusting the PBM grinding parameters, the size and dispersion of the
nanomaterials can be controlled. Hence, such optimized method during grinding are used by
different industries [59,187-194] for creating morphological nanostructures. Lately, PBM has

been utilized for studying magnetic properties of Co/SiO2 nanoparticles [195], preparing ultra-fine
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Si nanoparticles [196], hydrogen storage [197], creating bio-nanocomposites [58], graphene
powder [198], molecular crystal powder [199], preparing catalysts and electrodes [200-202],
producing interlayer materials for solar cells [203], preparing nanobiochars [204] and nanoparticle
ink [56], producing nanoparticles for lubrication [205] and carbon nanotube nanocomposites [206],

and investigating nano Ti-polymer [207].

The PBM and its performance of silicon-based materials are particularly relevant to the
application and provide a wide area for further exploration. In this work, we study the thin films
prepared using nanoparticles of TiSi2 or Si formed via PBM in different solvent and showed the
nanoscale grinding approach could be used for creating multifunctional nanostructured film
coating on various substrates. This work is mainly focused on varying grinding parameter to
examine the effect on structure, surface wettability and electrical properties of the nanostructured
film. The main goal of our work is to produce the resultant coating with tunable behavior about
both electrical conductance and wettability and thereby yield the film with a wide range of
variation in resistivity and contact angle through the grinding condition. These approaches of
preparing nanofilms from the colloidal suspension can provide benefits for surface coatings and

devices.

3.2. Methods and Materials

Silicon powder (-100+325 mesh, 99.999% purity, Alfa Aesar), TiSi> powder (-200 mesh,

99.5% purity, Alfa Aesar), isopropanol (IPA; Laboratory grade, Fisher), and ethylene glycol (EG;
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99% purity, BDH) were used as received. A 100 nm layer of SiO2 on silicon wafers (SiO2/Si), and

glass were used as flat substrates for thin film coatings.

Powder

Jar

Axis of rotation

Planetary Disk

Figure 3.1. Planetary ball mill grinding motion. The planetary disk rotates opposite to the direction of the

jar rotation. The disk revolves around the axis of rotation, which defines the speed of revolution.

Wet grinding is performed using a Retsch PM-200 PBM machine (see schematic, Figure
3.1) (jars made of zirconia, 50 mL capacity) or Fritsch Pulverisette 7 planetary micro mill (see
schematic, Figure 2. 5 a) (jars made of silicon nitride, 80 mL capacity). Zirconia beads (2 mm in
diameter) are used for grinding. In a typical experiment, TiSi> powder (20.8 g) is ground in approx.
10 mL EG solvent with approximately 100 g of beads; Si powder (4.48 g) is ground with approx.
10 mL of IPA with approximately 90 g of beads. The grinding speed and time are varied between
200-1000 rpm (revolutions per minute) and 10 - 480 minutes (in cycles of 5 minutes grinding; 10
minutes resting), respectively. After each grinding trial is completed, a syringe and stainless-steel
mesh are used to extract and separate the resulting suspension from the grinding beads. Additional
solvent (10 mL) is also added to the jar and the extraction process repeated as required to remove
all the ground particles. Several films from the ground materials via drop-casting are prepared on

substrates for the characterization. The ground materials tend to settle at the bottom of the vial. To
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ensure uniformity of the resulting films, suspensions are shaken and dispersed using an ultrasonic
bath (VWR ultrasonicator cleaner with digital timer) prior to coating substrates. If the suspension
is frequently used, then light sonication is enough for the dispersion. However, the material gets
stuck solidly at the bottom of the vial if not used for a longer period. In such a case, continuous
sonication and manual side-wise shaking at regular intervals will make a homogenous suspension.
The volume of solution used for making films varied from a few pL to tens of pL. TiSi, films are
usually dried at 75° C in a mechanical oven (Lindberg/Blue MO1440A-1), whereas Si films are

dried at room temperature for 15-20 minutes.

For structural characterization, scanning electron microscopy (SEM) is performed with a
Hitachi S-4700 and surface imaging employed a Nanonics MultiView 1000 atomic force
microscope (AFM) with Olympus BXFM optical microscope. Film composition was analyzed via
Raman spectroscopy using a Renishaw inVia system with 632.8 nm laser line and energy
dispersive x-ray analysis (EDX) using a Hitachi S-2600N SEM. A custom-made set up is used for
contact angle (CA) measurements similar to previous work [133] (see Figure 2.14). To obtain the
CA data, 3 uL of deionized (DI) water is typically dropped on the prepared thin films. The analysis
of CA data is performed using ImageJ (version 1.46r and drop snake analysis plugin) [208].
Electrical studies are performed using a Janis probe station in conjunction with a Keithley 4200
semiconductor characterization system. For electrical measurements, two-terminal contacts are
made on the films using silver paint and subsequently dried in the oven at 75° C for approximately

45 minutes.
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3.3. Results

Examples of thin film coatings formed using ground titanium disilicide and silicon are
shown in Figure 3.2. Optical microscopy of film cross-sections showed measured thickness varied
from approximately 10 um to 30 um. Flat, non-planar and flexible thin coatings could all be
formed from solution using the nanoparticle dispersions resulting from nanoscale grinding and
displayed good stability and adhesion under ambient conditions and up to several hundred degrees

Celsius.

a)

Figure 3.2. Optical images of thin film coatings. (a) TiSi> ground in EG at 400 rpm for 30 minutes
coating a flat glass substrate. (b) Porous aluminum dip coated with TiSi, nanoparticles. (c) Silicon ground
with IPA at 500 rpm for 100 minutes coating a flexible (fabric) substrate.

SEM images in Figure 3.3 a and b show particles before and after grinding, highlighting
the effectiveness of PBM at reducing sizes to nanoscale dimensions from the starting micron-scale
powder within minutes. For Silicon materials ground at higher grinding conditions (400 rpm for
100 min) in IPA solvent, shows some particle sizes as small as 50 nm. However, a range of
particles between 300 nm to 100 nm were primarily present. The nanoparticle coatings were also

characterized by AFM (Figure 3.3 ¢ and d). As the particles are ground into finer sizes over longer
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periods of time, we observe a reduction in root mean square (RMS) roughness as measured with

AFM to well-below 100 nm (Figure 3.3 €)
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Figure 3.3. a) SEM image of unground Si powder (particle sizes between approximately 10 pum to 50
pm). (b) SEM image of ground Si in IPA at 400 rpm for 100 min (particle sizes approximately 50 nm).
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AFM images of TiSi> ground in EG at 400 rpm for (c) 30 min and (d) 180 min. (e) Plot of RMS surface
roughness of TiSi, film ground in EG at 400 rpm versus grinding time.

Raman spectra generally showed the crystallinity of ground material remains intact after
milling (Figure 3.4 a). However, EDX data (Figure 3.4 b and c) showed that carbon and oxygen
peaks appeared in films formed via the grinding process, which is likely due to surface

modification of the nanoparticle surfaces (see discussion section below).
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Figure 3.4. (a) Raman Spectra showing orthorhombic face-centered C54 phase [91] peaks of TiSi»
ground in EG at 400 rpm for 60 min. (b) EDX of bulk unground TiSi, powder taken with 10 kV (left) and
3 kV beam voltage (right). (c) EDX of TiSi, ground in IPA at 400 rpm for 10 min taken with 10 kV (left)

and 3 kV beam voltage (right). (Cu peaks are from sample holder)
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Figure 3.5. Images of water drops on Si films ground in IPA at 500 rpm for (a) 60 min (CA = 17.7+3°)

and (b) 8 hours (CA = 117.7+2°. (c) Image of water drop on Si film ground in IPA at 400 rpm for 15

hours (CA = 115.1+2°). (d) Image of water drop on TiSi; film ground in EG at 400 rpm for 30 minutes
(CA = 38.6+4%).

Figure 3.5 shows photographs that illustrate the effect of different grinding conditions on
the thin film contact angles we observed. In this case of Si, the contact angle increases with
grinding time resulting in a change from a hydrophilic to a hydrophobic film surface. In Figure
3.6 we plot contact angle vs. grinding time for Si films. In general, it is observed that films of
silicon nanoparticles become increasingly hydrophobic (larger CA) as grinding time is increased
to obtain smaller particle sizes. Films of titanium disilicide on the other hand, show a trend of
increasing hydrophilicity or decreasing CA with grinding time (Figure 3.7 a), as well as grinding
speed (Figure 3.7 b). This behavior is likely due to a combination of geometric/size effects and
surface modifications caused by the PBM process (see Discussion section). Overall, the CA data
illustrate the ability of nanogrinding to tune the wettability of surfaces over a broad range from
hydrophilic to hydrophobic.
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Figure 3.6. Variation in contact angle of Si films with grinding time (constant grinding speed of 500 rpm
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Figure 3.7. Variation in contact angle of TiSi; films with grinding time (constant grinding speed of 400
rpm in EG). (b) Variation of contact angle for TiSi; films with grinding speed (constant grinding time of
10 minutes in EG).

82



Contact Angle variation with respect to solvent

The variation in contact angle is observed on different nanostructured film prepared at
varied grinding condition (speed/time/solvent). Nanostructured film created from colloidal
suspension of nanoparticles (silicon, titanium disilicide and zinc oxide) shows alternation of
contact angle with respect to grinding parameters. Along with the various geometric sizes of
nanoparticles formed during grinding, the effect of solvent on nanoparticles surfaces is also clearly

noticeable (Figure 3. 8) as experimented from contact angle analysis.
—

b)

c)

a)
——

d)

q)

Figure 3. 8. DI water drops on TiSi; films ground in IPA at 400 rpm for (a) 100 min (CA = 23.9 + 0.79)
and (b) 300 minutes (CA = 105.1 + 3°). (c) DI water drops on Si film ground in EG for 60 minutes (c)
300 rpm (CA = 43.70 + 19). (d) 500 rpm (CA = 24.3 + 1°). DI water drops on ZnO film ground in EG for
10 minutes (e) 200 rpm (CA =7.71 + 19). (f) 600 rpm (CA = 18.23 + 1°). DI water drops on ZnO film

ground in DI solvent at 200 rpm for (g) 10 minutes (CA = 21.2 + 1°). (h) 30 minutes (CA = 19.97 + 1) (i)

ZnO ground in IPA solvent for 10 minutes (CA = 25.4 + 2°). All films were prepared on glass substrates.

We also examined the electrical properties of the thin films: TiSiy, in particular, is known

to be metallic in the bulk crystalline phase. Two-terminal current-voltage (I-V) characteristics of
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the thin films showed linear behavior (e.g., Figure 3.9 a), indicating low-resistance ohmic contacts
were made to the TiSi films cast from solution. Thin film resistivity versus grinding time is plotted
in Figure 3.9 b, which initially shows a decrease in resistivity followed by an increase as the
grinding time approaches 1 hour. The decreased current flow for longer grinding times may be
caused by chemical groups created on the surfaces of the particles from the grinding process
(Figure 3.4) and/or an increased inter-particle contact resistance as surface area vs. volume
increases for smaller particles in the thin films (see discussion below). However, once again, the
tunability of film properties formed via nanogrinding is evident and, when combined with the

results of Figure 3.6 - 3.9, their multi-functional nature as well.
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Figure 3.9. (a) Typical I-V plot for TiSi. thin film formed on SiO,/Si substrate (ground in EG at 500 rpm
for 10 min.). (b) Resistivity versus grinding time for TiSi. films ground in EG at 400 rpm.
Similarly, electrical measurement of ZnO shows linear behavior when measured at ambient

conditions as shown in Figure 3. 10. The drop casted film of ZnO is prepared using 2 pL

suspension. We observed the effect of solvent on the nanoparticles surface, which have altered the

electrical behavior on the nanostructured films. The sample were tested under room light.
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Figure 3. 10. Typical 1-V plot for ZnO thin film formed on glass substrate ground for 10 minutes (a) in
EG solvent at 200 rpm (b) in IPA solvent at 200 rpm.

3.4. Discussion

Since ball milling is a potentially reactive high-energy mechanochemical technique,
grinding in the presence of organic solvent as in the present study may result in surface
modification of Si and TiSi> by alkyl, alkene, hydroxyl or related functional groups [209]. Thus,
surface properties may depend upon the molecular groups that get attached to the surface during
milling (as evidenced by the EDX data). However, the chemical reaction process can be quite
complex and it is difficult to predict the precise reaction route and final products from the starting
materials — The energy from high-speed impact of beads during milling likely creates dangling
bonds on the bulk powder feed and generates reactive silicon radicals, which can lead to the

chemical bonds of organic compounds dissociating to form groups which continue to react with
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surface atoms of Si or TiSi> forming new chemical bonds like Si-C bond, similar to previous work

[210] but in our case with shorter ligands due to the solvents used for grinding.

For silicon, an increasing surface area due to the reduction of particle sizes would lead to
an increase in the concentration of functional groups (such as alkyls, alkenes or alkynes) over time
during grinding, which likely contributes to the increase in hydrophobicity observed in Figure 3.6.
In contrast, for titanium disilicide, the EG solvent used for grinding is more stable and, in addition,
attachment of functional groups may be partially inhibited due to titanium, which does not easily
form covalent bonds with organic groups [211]. In this case, the modification of the surface of
TiSi> may not have as much influence on the wettability properties of the resultant thin films
[212,213]. Another factor in the changing contact angle versus grinding conditions is due to the
surface roughness of the nanostructured films. For example, the contact angle of DI water on
silicon films ground at 400 rpm for 480 minutes was approximately 115°. The increase in contact
angle may be caused by the droplets staying in the Cassie-Baxter state [214], whereas for lower
grinding times the liquid can enter gaps in the silicon film and thus obeys the rule of surface

topography present in the Wenzel state [134].

IPA solvents can be responsible for creating various functional group on the surfaces of
the nanostructured films. Different functional groups can be formed at various treatment times

[215], such as hydrocarbon (C-C/C-H), single carbon-oxygen bond i.e hydroxyl or ether (C-OH/C-
OR), two carbon-oxygen bonds e.g., carbonyl (C=0O) or diether (O-C-O) and &- T shake-up

satellites [215]. Increase in oxygen concentration on the surface of nanostructures results in
increasing the hydrophilicity of the surface whereas hydrocarbons appear to result in hydrophobic

behaviour [215]. Therefore, it is assumed that the increased grinding with IPA solvent resulting in
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hydrophobic surfaces might have occurred due to additional hydrocarbon functional groups being

formed.

The electrical resistivity of a nanoparticle thin film depends on packing, grain size, type of
solid, etc., all of which affect the transport of charge carriers. The effect of solvent type used for
grinding in our studies was also important, with IPA leading to films that were generally poor
electrical conductors compared to films produced with particles ground in EG. The efficient
creation of nearly insulating alkyl functional groups on the particle surfaces during grinding in
IPA is likely the source of this behavior. The resistivity of the TiSi> film formed via the PBM
process could be varied over a large range depending on grinding conditions: In general, when
grinding times were either very short (few minutes) or very long (hundreds of minutes) the
electrical resistivity increased such that the films became almost insulating. Similar behavior was
observed when adjusting grinding speed from 200 rpm to 1000 rpm. The increase in resistivity at
the two extremes of grinding likely arises from two very different effects: For small amounts of
grinding (time and/or speed) the resultant films appear discontinuous under AFM with what are
likely many high resistance gaps and poor contacts due to irregular particles and spacing; For large
amounts of grinding, interparticle contacts become more numerous as the surface-to-volume ratio
increases, which, along with the introduction of additional chemical moieties on the particle
surfaces, likely leads to an overall increase in film resistivity. In the intermediate region (see
Figure 3.9 b), the electrical resistivity displays a gradual decrease as grinding speed or time
becomes larger, approaching what is likely the optimal grinding condition for electrical
conductance based on the parameters of the present study, thus allowing electrical resistivity
through the titanium disilicide nanostructured films to be varied in a controllable manner by over

one order of magnitude.
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3.4.1. Investigation of the annealed films

Generally, the contact angle between 90 to 150° are hydrophobic surfaces, 65 to 90° are
hydrophilic, 20-65° are weakly hydrophilic and below 20° are superhydrophilic surfaces. The
tuning of hydrophobicity to hydrophilicity are usually possible by heat treatment or irradiation of
UV light [216]. This possibility of tuning wettability is caused by either change in surface
chemistry or surface roughness or the combination of both [216]. The effect of thermal annealing
on the nanostructured films at higher temperatures perhaps remove the functional surface groups

completely and may alter film wettability.

In order to further examine the effect of functional groups on the nanostructured surfaces,
we subjected the experiment of the thin film coatings to elevated temperatures in a quartz tube
furnace under an argon environment. The annealing condition was performed by varying
temperatures (200 °C, 400 °C, 600 °C and 800 °C) at different time intervals (30, 60, 180 and 360
minutes) on a variety of substrates (SiO./Si, silicon and glass). We studied the wettability and
electrical properties of the TiSi2, and Si thin film based on the effect of thermal annealing. Figure
3.11 shows the variation in contact angle for TiSi2 films (coated on glass substrate) as the duration
of thermal treatment is increased, indicating a gradual reduction in contact angle. Likewise, Figure
3. 12 shows the variation of contact angle for silicon films on a glass substrate with the increase in
the annealing temperature. The results indicate a gradual reduction in contact angle, changing from
a hydrophobic to a super-hydrophilic film surface. We have extended our studies further to find
the effect of thermal annealing on the different thin films prepared from various solvents. Here,
we investigate the multifunctional properties of the nanostructured thin film with respect to

different annealing conditions.
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Figure 3.11. (a) Sequence of water drop images on TiSi; films (coated on glass substrates) vs. heating
time at 400° C under argon atmosphere (grinding in EG at 400 rpm for 180 minutes). From left to right:
No heating (CA = 37.7 £ 1%); 30 min (CA = 23.8 + 1.5%); 60 min (CA = 17.3 + 1° and 180 min (CA =
105+ 19).

Figure 3. 12. Sequence of water drop images on Si films vs. heating temperature for 30 minutes under

argon atmosphere (grinding in IPA at 500 rpm for 100 minutes). From left to right: No heating (CA =
128.09 + 0.5%); 200 °C (CA =99.19 + 1.5%); 400 °C (CA =69.27 + 0.7°) and 600 °C (CA=9.75+ 1.59).

The films are coated on glass substrates.

As we know, modifying the roughness and chemical composition of the surface can alter
hydrophilicity and hydrophobicity. Particularly, most nano-microtextured were used for producing
hydrophobicity/hydrophilicity on various substrates. Some physical treatments like plasma surface
modification and chemical corrosion alter the surface roughness, which shows wettability behavior
changes [217]. Corresponding to our previous result (shown in Figure 3.7) for non-annealed
samples, we observed that increasing grinding time/speed results in reduced contact angle. A
similar trend was seen on Si and TiSi. film annealed at different temperatures/times, despite the
type of substrate used. However, the CA were lower than that of non-annealed films. Our solution-
casted films were fairly thick (> 20 um), and we assume the change of contact angle was due to

grain size distribution near the film surface, which causes changes in surface roughness. In such
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films, it is suspected that the surface morphology is very sensitive with increment in annealing
temperature, which ultimately changes the grains distributions on the surface of thin films [218].
Therefore, the increasing temperature might have caused aggregated nanostructures on the film
surface, reducing the CA. However, AFM and SEM analysis should be investigated to validate the
annealed film’s surface roughness and morphology (shape, size and particle distribution — see

future work, chapter 5).

The contact angle at different annealing conditions is illustrated in Figure 3. 13. In Figure
3. 13 (a) and (b), it is observed that different TiSi> film (prepared at various grinding times at a
constant speed of 400 rpm using EG solvents) coated on SiO,/Si substrate shows a decrease in CA
with an increase annealing temperature/time. A similar trend of reduced CA is observed on other
TiSi films (prepared at various grinding conditions (speed/time)) coated on Si substrates (shown
in Figure 3. 13 (c) and (d)). Also, TiSi. films prepared from varied grinding conditions (shown in
Figure 3. 13 (e) and (f)) are also coated on a glass substrate. We observe decreasing CA when
annealed at a temperature more than 400 °C for up to 180 minutes. However, CA tends to increase
when film coated on glass is annealed at 400 °C for longer time (> 180 minutes). It is suspected
that the contact angle alternation at longer annealing time and/or higher annealing temperature

might occur due to a change in surface roughness and/or morphology of grain size.
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Figure 3. 13. Change in contact angle of different TiSi. film (coated on SiO,/Si substrate) prepared from

varied grinding time at constant speed of 400 rpm. The film is annealed (a) for 60 minutes at different

temperature (b) at 400 °C for different time. Change in contact angle of different TiSi, film (coated on Si

substrate); (c) prepared at varied grinding speed at constant time of 10 minutes, where films are annealed

for 30 minutes at different temperature, (d) film prepared at varied grinding time at constant speed of 400

rpm, where films are annealed for 60 minutes at different temperature. TiSi. film coated on glass

substrates are annealed for different time (e) annealed at 400 °C (f) annealed at 600 °C.
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On the one hand, most of the TiSi, films coated on various substrates prepared at lower
grinding speed/time show the tuning of weakly hydrophilic to superhydrophilic behavior with
increasing annealing time/temperature. On the other hand, the film prepared at higher grinding
conditions (speed/time) shows slightly lower CA at varied annealing conditions. Indeed, it is
observed that several TiSi, films prepared at different grinding conditions tested at higher
annealing temperature/time show superhydrophilic behavior. This may imply that the polarity of
surface ligands increases with heat treatment due to breaking of hydroxyl bonds, resulting in
behavior like what occurs as grinding time/speed are increased (Figure 3.7). Additionally, the
surface morphology, composition and crystallinity are the main parameters that influence surface
wettability. The effects of annealing can alter the grain size morphology, chemical
functionalization group, or the air/water interface of solid and air composite rough structures [210].
So, if the degree of surface roughness changes (increase/decrease), the hydrophilicity of a

hydrophilic film gets enhanced, as suggested by Wenzel theory [134].

For silicon film prepared at varied grinding conditions shows a gradual reduction in contact
angle with increased annealing time/temperature on all three substrates, as shown in Figure 3. 14.
The increased annealing time/temperature for silicon films (prepared at the lower grinding time
(<180 minutes)) coated on three substrates shows a slight reduction in contact angle. In contrast,
a higher grinding time (480 minutes) trials revealed significantly reduced contact angles on SiO>/Si
and Si substrates. In Figure 3. 14 (d) and (e), we compare the contact angle vs annealing
temperature and contact angle vs annealing time of the specific type of Si film (ground at 500 rpm
for 8 hours), coated on three different rigid substrates. For this type of trial, we observed that
silicon nanoparticles film on Si and SiO> substrates become increasingly hydrophilic (smaller CA)

as annealing time (> 1 hour)/temperature (> 400 °C) is increased. However, gradual reduction on
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contact angle is observed on glass substrate at lower annealing time (< 3 hours)/temperature (<

400 °C), whereas at higher annealing temperature/time, CA shows a sharp decline.

Effects of annealing on silicon crystallinity, surface roughness and surface chemistry are
responsible for altering silicon film contact angle. It is possible that lower contact angles on most
of the annealed film are due to a reduction in air pockets. Generally, the thin film’s grain boundary
gets improved after thermal treatment, and hence more grains get close to each other by reducing
air pockets. Consequently, the film tends to increase hydrophilicity at increased annealing
temperature/time. A smaller reduction of contact angle on Si films after thermal treatment is also

consistent with the assumption of alkyl or related groups being removed from their surface.
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Figure 3. 14. Different silicon film annealed at 400 °C at different annealing time (a) SiO2/Si (b) glass
substrate, (c) silicon film coated on Si substrate and annealed at different temperature for 60 minutes.
Change in contact angles of Si film (Ground for 8 hours at 500 rpm in IPA solvent) (d) Annealed for 60
minutes at different temperatures on various substrates () Annealed at constant temperature (400 °C) for

different time on various rigid substrates.

Results from Figure 3. 13 and Figure 3. 14 indicate that contact angle is directly affected by
solvent type, ground material type and/or surface roughness of the resultant film. A similar study
of Raman and EDX analysis (as shown in Figure 3.4) is required to provide evidence to show the
presence/absence of functional surface groups on annealed films. Such study showing the surface
functional group of nanostructured film at different annealing temperatures/times can provide
deeper information about the cause of reduced CA. On the other hand, investigation of surface
roughness and morphology on annealed film could also support relation between CA, annealed

thin film texture and grain size.
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We also have investigated the effect of annealing conditions on the electrical behavior of
TiSi2 and Si film coated on SiO./Si substrate. It is well known that a number of carrier
concentration is a primary concern for altering the resistivity on any type of film. From our result,
we observe that increase in annealing time (up to 360 minutes) shows an increase in resistivity for
a film prepared at varied grinding conditions. Figure 3. 15 (a) and (b) show different TiSi> films
prepared at various grinding condition that are thermally treated under argon atmosphere at
different annealing conditions. Films prepared at a various grinding time (at a constant speed of
400 rpm) and annealed at 400 °C for 60 minutes, we observe an increase in resistivity for higher
grinding time (up to 180 minutes) trials. Similarly, for the film prepared at varied grinding speed
(at a constant grinding time for 10 minutes) and annealed at 400 °C for 360 minutes, we again
observe an increase in resistivity for higher grinding speed (up to 800 rpm) trials. We assume some
possibilities for an increase in resistivity of TiSi> ground samples are due to grain boundaries and
an increase in defects after milling [92]. There will be more dangling bonds and defects in the
powder due to the impact energies from the milling technique. Compared with the non-annealed
films (as shown in Figure 3.9), we observe low resistivity for an annealed ground film, as shown
in Figure 3. 15 (a). After annealing, chemical composition on the film surface might get changed,
and grain boundaries could be reduced, which then improves the inter-particle distance; also,
defects will be possibly minimized [92,93]. All these factors help in enhancing carrier
concentration flow. For longer grinding speed trials (> 600 rpm), we assume that a large number
of defects and/or dangling bonds cause the passivation on top of the TiSi» layer and thereby shows
higher resistance [219]. However, tunability of resistivity at different grinding conditions, such as
constant grinding speed (approx. one order of magnitude) and constant grinding time (approx. 4

order of magnitude), was possible after annealing.

95



2
-
-

b) 1400 'ﬁ*

/% £
£ 1000,

=
]
h

=

(=]

1

Q
-
=
1=}
=}

Resistivity (2.m)
&
Resistivity (

0.6
400+
041 200 | L]
0.2 ol
0 20 40 60 80 100 120 140 160 180 200 400 500 600 700 800
Grinding time (minutes) Grinding speed (rpm)

Figure 3. 15. Change in resistivity on TiSi, film annealed at 400 °C (a) The films are prepared at
constant speed of 400 rpm for different grinding time and later annealed for 60 minutes (b) The film
prepared at constant grinding time for 10 minutes with varied grinding speed and later annealed for 360

minutes.

Similarly, we also investigate the annealing effect on a specific type of silicon ground at
500 rpm for 3 hours in IPA solvent. From the result shown in Figure 3. 16, we observed that
increase in annealing condition (temperature/time), the current get increases. The milling could
introduce defects and vacancies on silicon powder [220]. After annealing, a defect might improve,
a grain boundary could be minimized, and chemical groups on ground particles may get removed
from the film surface. Likewise, particle crystallinity may perhaps get enhanced at higher
annealing conditions. All these factors help in improving current. Thus, annealing effects show

tunable electrical properties on silicon ground thin films.
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Figure 3. 16. Silicon film annealed at different annealing condition. The film is prepared by grinding at

500 rpm for 3 hours in IPA solvent and later coated on SiO2/Si substrates.

3.4.2. Wettability and Conductivity on flexible substrates

We have also compared the wettability and conductivity properties of both ground silicon
and TiSi2 thin films on various flexible substrates, such as paper towel (~ 7 3/5 x 15”), zap paper
(~ 0.15 mm thickness), fiber paper (~ 0.35 mm thickness) and anodic aluminum oxide (AAQO)
substrates (Whatman Anodisc25 membrane with supportive ring). In our experiment, we ground
high purity silicon powder at 500 rpm using IPA solvent at a different grinding time on Pulverisette
Fritsch 7 grinding machine and resultant colloidal suspension were coated on different flexible
substrates. The prepared films were dried at room temperature, and a wettability experiment was
performed. As shown in Figure 3. 17. we observe that increase in grinding time shows higher
contact angles for silicon films coated on AAO, paper towel and fiber paper. However, the contact
angle decreases for Zap paper substrates coated with higher grinding time (150 minutes) trial. We
believe that a decrease in the contact angle might have occurred by the texture formed from smaller

particle size on zap paper surface, which favors the water to lower its contact angle against the
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substrate surface. At last, we found that tuning of contact angle with respect to the grinding

condition was also possible in most of the flexible substrates.
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Figure 3. 17. Change in contact angles of silicon film ground at different grinding time with a constant

grinding speed of 500 rpm using IPA solvent.

In the case of TiSi. trials (shown in Figure 3. 18), we show dissimilar observations
compared with silicon trials. For most of the TiSi> suspension coated on a paper towel, the contact
angle was not measured because of quick absorption of water drop on the substrate, as the film
starts behaving superhydrophilic. Similarly, for fiber paper substrate, a similar case (quick
absorption phenomena) was seen for higher grinding speed trials (> 600 rpm). However, on the
collected data it is seen that, contact angle decreases with increasing grinding speed/time on all
substrates. As we know, the texture formation from grain particles and the air pockets formation

might get differ among substrates and hence, causes different contact angles between substrates.
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Most importantly, from the previous experiment (film coated on rigid substrates), it is
observed that the higher grinding condition trials show a lower contact angle, and it is valid for
those samples being superhydrophilic on paper towels and fiber substrates. The observation of
lower contact on flexible substrates is possibly due to substrate porosity, which is observed from
the spreading of colloidal suspension on the substrate surfaces. Hence, substrates with high

porosity tend to show lower contact angles and vice versa.
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Figure 3. 18. Variation of contact angle on flexible substrates (a) TiSi, films with grinding speed
(constant grinding time of 10 minutes in EG). (b) TiSi> films with grinding time (constant grinding speed
of 400 rpm in EG).

Concurrently, we also did some electrical measurements of TiSi; trials on those flexible
substrates. We observed that the thin films’ two-terminal current-voltage (I-V) characteristics
showed linear behavior (Figure 3. 19) on zap and paper towel substrates. However, we examined
the slight non-linear behavior on AAO substrate (shown in Figure 3. 20 a), which might have
occurred due to an unstable contact region during measurement. \We observe varied currents on
different flexible substrates, and we assume it’s due to surface structures created by different grain

size particles on top of substrates. The particle dispersion can cause unique geometric patterns on
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various substrates that can affect inter-particle spacing. On the other hand, chemical groups created

on the material’s surface during grinding also alter the current. In addition, flexible substrate’s

porosity is another factor that changes the film property. Comparatively, a paper towel has higher

porous structures than AAO and Zap paper, which might have revealed the lower current.

Nevertheless, increasing the volume of coating suspension on porous substrates reduces the

interparticle distance, improving the current flow. Figure 3. 20 b shows a change in the electrical

current with increased volume of the ground suspension.

0,20

a) 0.15-

10 4

Current (nA)

10~

0,15 -

0,20 -

105

A0S

-1.0

0.5

0.0
Voltage (V)

0.5

=
—

Current (nA)

0.02

0,01

0,00

0.01

0.02 4

-1.0 0.5 0o 0.5 L0
Voltage (V)

Figure 3. 19. Typical 1-V plot for TiSi, thin film (ground in EG at 800 rpm for 10 min) (a) formed on Zap

paper substrate (b) paper towel substrate. 2 uL suspension was used for preparing film.
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Figure 3. 20. (a) I-V plot for TiSi, thin film (ground in EG at 800 rpm for 10 min) on AAO substrate. 2
KL suspension was used for preparing film. (b) I-V plot of TiSiz thin film (ground in EG at 400 rpm for 10

min) on AAO substrate prepared using different volume of colloidal suspension.

Furthermore, we have coated the TiSi, suspension on a flexible substrate and have twisted
(approx. 120°) it before examining the electrical properties. This experiment was performed to find
the change in the electrical current after twisting. Comparing the result between Figure 3. 19-a
and Figure 3. 21, it is seen that electrical current doesn’t seem to be affected much. Therefore, it
gives us a clear route that PBM colloidal suspension could also be coated on bendable substrates,
which might be used for flexible devices such as transistors, solar cells memory devices, and

SENSOrs.
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Figure 3. 21. Typical I-V plot for TiSi, thin film (ground in EG at 800 rpm for 10 min) measured on
bendable Zap paper substrate. 2 L suspension was used for preparing film.

3.4.3. Wettability compared between different grade

nanostructured films

In this experiment, we have compared wettability behavior on two different types of silicon
(low ((2N) 99.0%) and high purity ((5N) 99.999%)). For this, two different grade silicon powders
were ground in IPA solvent using Fritsch PBM and drop casted on a glass substrate to create
nanostructured films. Then, the wettability experiment was examined on these coated films
with/without heat treatment. All prepared samples were initially dried at room temperature;
however, annealed samples were further dried under an argon atmosphere. The analyzed data
shows that annealed and non-annealed film of definite grade silicon, prepared at different grinding
conditions (time/speed), follow a similar wettability trend. Figure 3. 22 (a) shows that contact

angle in low purity silicon film increases with increasing grinding time for non-annealed samples.
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We noticed the same behavior for annealed samples; however, contact angles were much lower
than non-annealed samples. Similar case observed in Figure 3. 22 (b) for high purity silicon film.
Most importantly, an increase in annealing time (at constant annealing temperature) or temperature
(at constant annealing time) shows the decreased contact angle for both types of powders (Figure
3. 22 (c), (d)). After annealing, factors such as solvent, surface chemistry and particle morphology

might affect the material characteristic and result in lower contact angles.
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Figure 3. 22. Change in contact angle of the film annealed at 400 °C for different time. Film prepared

from powder ground at 500 rpm for different time (a) Low purity silicon powder (b) High purity powder.

Change in contact angle of low and high purity silicon film (powder ground at 500 rpm for 150 minutes)
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(c) annealed for 30 minutes at different annealing temperature and (d) annealed at 600° C for different
time (d). All samples were prepared on glass substrates.

Overall, we find that broad tuning of film wettability from hydrophilic to hydrophobic or vice-
versa is possible by altering the combination of materials and solvents used during PBM, along
with changing film surface roughness using different grinding speed and/or time. In addition, the
increased film surface energy as particle size is reduced and changes in crystallinity may affect
contact angle via nanoscale size effects and by altering the interactions with functional surface
groups. Solvent type, functional groups and rheology on the nanoparticle surfaces will be
important factors to determining the applications of the thin films produced by PBM [221,222].
Lastly, one may also introduce different organic compounds during the milling process [223] to

specifically functionalize and/or passivate the nanoparticle surfaces for different uses [224-226].
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3.5. Conclusion

In summary, we prepared and studied thin-film coatings consisting of silicon and titanium
disilicide nanoparticles prepared via a colloidal nanogrinding technique. The prepared suspensions
were covered on various substrates using different coating techniques. The fabricated
nanostructured films show tunable properties on contact angle and electrical conductivity
measurements. The effect of wettability and conductivity were examined on various types of rigid
and flexible substrates with nanoparticle coating. The results show decreased contact angle with
increased grinding condition (speed/time) for EG ground TiSi2 film. In contrast, the contact angle
increases in Si powder ground at different grinding times using IPA solvent. The impact of surface
chemistry was also studied based on annealed TiSi> and Si films coated on rigid substrates. For
this, we examined the wettability effect on both non-annealed and annealed films prepared from
the silicon of different grades. The annealed films show a decrease in contact angle at different
annealing conditions, implying the effect of surface reaction. Also, an improvement in
conductivity was observed in the annealed film. Overall, nanogrinding allows the tunability of film
properties that can lead to novel multi-functional coatings depending on the particular combination

of material, solvent and nanoparticles geometries/dimensions used.
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Chapter 4

4. Thin film gas sensor

Sahil Dawka [101] (MEng graduate student) and Tanay Kumar (MITACS Globalink program)
helped with some of the nanogrinding trials for the results in this chapter. The author worked on
preparing most of nanogrinding trials used in this chapter. The author also worked on
methodology and Pengjun Duan [103] (MEng graduate student) and Tanay Kumar (MITACS
Globalink program) helped prepare nanostructured films using the doctor blading technique. Film
characterization, investigation and analysis were performed by the author and Pengjun Duan.
Anusha Venkataraman (PhD student) helped image the ZnO thin films via AFM. Parts of the

results in this chapter were published in [J1].

In this chapter, a thin film chemiresistive sensor that functions at room temperature was
fabricated using ZnO colloidal suspension. All sensors fabricated for the gas sensing experiment
were prepared from the doctor blading technique. Various factors (grinding parameters, humidity
and temperature) that affect the gas sensing performance of different PBM nanoink sensors are

presented in the subsequent sections.
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4.1. Introduction

Nanostructured thin films and coatings find broad areas of application due to their unique
properties, which is a result of both size and interface effects [160,227-233]. In particular, thin
film gas sensing devices based on nanostructures are relevant for monitoring environmental gas
concentration, controlling chemical processes, agricultural and medical applications
[148,155,234,235]. The most common factors, such as grain size, microstructure, free charge
concentration, sensitive layer morphology, geometry, specific materials reactivity, show the
physical changes in surface conductivity. For efficient gas sensing, the film properties and
structure play a vital role in sensor operation depending on particle size, porosity and the diffusion
time of the gas species [166]. Nanoparticles have a larger relative surface area, thereby accelerating
exchange with the surrounding atmosphere and leading to a larger detection signal to larger or bulk
particles. High porosity of a nanoparticle sensing film also facilitates the rapid diffusion of the gas
species and improves sensing performance. Similarly, gas homogenization time for nanoparticles
can be several orders of magnitude smaller than for micron sized particles. Semiconducting metal
oxide nanostructures have shown exceptional chemical, optical, mechanical and electrical
properties for sensing [146,147,236]. Metal oxides show a large change in their electrical
conductivity in the presence of various gas environments [236,237], and thus by monitoring the
variation of current (or resistance) through these films, they can function as sensitive gas detectors.
Lowering the operating temperature needed for metal oxide gas sensors is an important goal, and
room temperature operation, in particular, has attracted wide interest due to low-power
consumption, portability, and cost-effectiveness [238]. Some approaches such as noble metal

functionalization or creation of oxygen vacancy have addressed to a sensor to operate it at room
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temperature [168,239-241]. Several types of metal oxide films have been used for gas sensing
applications [147-149] including TiO2 [242], SnO> [150], and ZnO [151,243,244]. Among these,
Zn0O, a wide band gap (~ 3.34-3.37 eV) [153] semiconductor, is widely used for applications such
as varistors [245], memristors [246], solar cells [99], piezoelectric devices [247], and light emitting
diodes (LED) [114]. Low resistivity, non-toxicity, large exciton binding energy, different
nanostructured geometries, along with high surface-to-volume ratios make ZnO nanoparticles an
excellent choice for optoelectronic and gas/vapor sensing applications [100,116]. ZnO is
considered a “chemoresistive” sensing material wherein the presence/absence of adsorbed oxygen
species on its surface alters the amount of free carriers available to participate in charge transport
[148,151], which can be used to sense, e.g., oxygen [243], hydrogen [240], ethanol [248], NOx

[249], acetone [250], NH3 [251] and CO [252].

The gas sensing performance of ZnO-based gas sensors mainly relies on its working
temperature that alters the reaction Kinetics, conductivity, and electron mobility. Traditional
sensors use the elevated temperatures, which enhance the adsorption-desorption mechanism by
lowering the activation energy. The use of high temperature limits ZnO sensors broad applications
because high temperatures operation not only signifies energy waste but also can cause gas
explosion due to flammable and explosive gases which have low ignition point at ambient
temperature [153]. Additionally, high temperature can also cause sensor instability, thereby
leading to incorrect test results. Therefore, a ZnO sensor that operates at room temperature is a

must.

Mainly, ZnO films can be prepared via various fabrication techniques including chemical

vapor deposition [253,254], atomic layer deposition [168,255], sputtering [249], spray pyrolysis
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[256], pulsed laser deposition [257], sol-gel [171] and ball milling [95,258-260]. In addition,
various low-cost solution-based deposition techniques: drop casting [171]; spin coating [252];
doctor blading [248]; screen printing [261] and ink jet printing [262], have been adopted to produce
ZnO thin films on various substrates. For example, doctor blading is often used due to its
simplicity, cost-effectiveness, uniform and quick deposition, low energy and minimal
requirements for the suspension/ink [263]. Planetary ball milling (PBM) is known for its ability to
reliably mass produce nanoscale particles in appropriate solvents by grinding high-purity bulk
powders [60,95,122,264-267] without any complicated physical or chemical procedure. These
techniques are very energy efficient by utilizing the high-impact forces during rotary motion of a
grinding jar containing the sample, grinding beads and a liquid medium, arranged eccentrically on
a so-called sun wheel, which facilitates the rapid production of nanostructured thin films in an
inexpensive manner. They have also been used to produce nanoscale suspensions, or nanoinks, of
ZnO for various applications including antibacterial materials [95], varistors [259], catalysts [268],
antifouling [269] and anode materials [270], luminescence [271], composites and alloys
[152,272,273], gas sensors [274-277], UV sensor and photodetector [278-280]. The PBM process
depends on various configurable parameters such as speed of revolution, milling time, and the ratio
of beads to feed material. The grinding parameters and solvent used influence the properties and
size distribution of the resulting nanoparticle inks and thin films [60], which can be optimized for

different applications, including gas sensing.

In this chapter, we will apply the PBM and doctor blading technique to produce ZnO
nanoparticle thin film gas sensors that operate at room temperature via changes in resistance upon
exposure to different gas species. By varying grinding parameters and examining the effect on

nanoparticle structure and electrical characteristics of the resultant films we are able to tune the

109



response signal magnitude and response/recovery times of ZnO gas sensor devices. Tests
conducted in dry/humid air and different target gas environments allow us to study the ZnO film
fabrication conditions required for optimal gas sensing and validate the feasibility of using PBM

nanoinks as the active material for thin film gas sensors.

4.2. Materials and Methods

4.2.1. Materials

Zinc oxide powder (ZnO; Anachemia), ethylene glycol (EG; 99% purity, BDH), deionized
water (DI water), and high-purity gases and extra dry air (Praxair) were used as received. Glass
slides were used as flat substrates for thin film coatings. Stainless steel single edge razor blades
(GEM) were used for doctor blading. Conductive silver paint (Ted Pella) and copper tape (3M)

was used to make electrical contacts to ZnO films.

4.2.2. Nanostructured thin film preparation and sensor

fabrication

PBM was performed using a Fritsch Pulverisette 7 planetary micro mill (premium line)
(silicon nitride grinding jars, 80 mL capacity: zirconia grinding beads, 2 mm in diameter). In a
typical experiment, ZnO powder (~7 g) was ground in approximately 10 mL of either EG or DI
water solvent (a.k.a. colloidal grinding) with approximately 100 g of beads. The grinding speed

and time were varied between 200 and 1000 rpm and 10 min. and 60 min. (in cycles of 5 min.
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grinding; 5 min. resting), respectively. After the completion of each grinding trial, a syringe and
stainless-steel mesh were used to extract and separate the resulting PBM nanoink suspension from
the grinding beads. Several films of each of the ground ZnO trials were prepared for
characterization via doctor blading on substrates: A few uL of ZnO nanoink was used to coat the
surface by sweeping the blade across the substrate (masked with a single layer of Scotch tape)
along with the suspension (blade angle 20-30°). The film thickness for all prepared sensors were
approximately 60 um (based on scotch tape thickness). The coatings were dried at ~ 100 °C on a
hotplate for approximately 5 minutes. For thin film surface imaging, a Nanonics Multiview 1000
atomic force microscope (AFM) with Olympus BXFM optical microscope was employed.
Additionally, Raman scattering measurements of thin film samples were performed using a
Renishaw inVia Raman microscope. Raman spectra were collected using 632.8 nm HeNe laser
line under ambient conditions. Photoluminescence (PL) spectra were acquired using an Olympus
FV1000 confocal laser scanning microscope with solid state laser line of wavelength 405 nm.
Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) were performed
using a Hitachi S-2600. The thin film porosity analysis is performed using ImageJ (version 1.46r)
[208]. To analyze the porosity and particle size, the SEM/AFM greyscale image are first open on
ImageJ software. We then adjust the threshold and analyze the particle. The output results will
give information about porous area (in %) of the resultant film. Porosity is averaged out from the
multiple images of respective sample’s SEM and AFM data. Similarly, for particle size analysis
(image does not have to be in greyscale), we first set the scale in the ImageJ software and manually
draw a diagonal line on particle size and measure the length of that respective particles. We
measure as many as particles that is possible for measurement from the SEM/AFM images. Final

particle size is averaged for the respective sample from the collective data of SEM and AFM
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images. In order to create the gas sensor devices, two electrical contacts to the resulting films were
made using silver paint and copper tape (see Figure 4. 1 (a)) followed by drying in a mechanical

oven for 10-15 minutes at 75 °C.

Silver paint
Copper tape{_
4 Glass substrate
Film
Quartzchamber
Exhaust Inlet/ Mixing chamber
Sensor
L > = U
MFCs
b)
Source-measure system Gas cylinders

Figure 4. 1. (a) Schematic diagram of thin film gas sensor devices: Copper tape on glass substrates
containing doctor bladed ZnO film served as the electrode contacts and silver paint were used for connecting
sensor film to electrodes. (b) Illustration of the gas sensing apparatus used. The sensor was placed inside a
quartz chamber connected to gas cylinders (carrier and/or target gas) through MFCs. Cu wires are connected
to the sample via a hermetic feedthrough for electrical measurements. The electrical response of the sensor

was monitored using a precision source-measure system.
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4.2.3. Sensor characterization

The gas sensing studies were conducted using the setup shown in Figure 4. 1 (b) under
ambient pressure and temperature (approx. 22 °C), which consisted of quartz tube chamber
connected to a precision electrical source-measure system (Keithley 4200-SCS) and compressed
gas source(s) (target/carrier species) through mass flow controllers (MFCs). Two-terminal current-
voltage (I-V) characteristics, and current response versus time of the ZnO film sensors were measured
in different gas environments. Before injecting target gases inside the chamber, a baseline sensor
behavior in dry air carrier gas was determined. Relative humidity (RH) inside the test chamber
was measured using a Digi-Sense 20250-11 pre-calibrated thermo-hygrometer. All experiments

were performed under ambient room light.

4.3. Results and Discussion

4.3.1. Film Morphology and material characterization

An optical microscope image of a typical ZnO thin film coating formed using PBM
nanoink and doctor blading is shown in the inset of Figure 4.2 (a). The coatings displayed good
uniformity, stability and adhesion under ambient conditions and up to 200 °C. The SEM image in
Figure 4.2 (a) shows the milled ZnO films consist of fine nanostructured particles with distributed
pores. The ZnO film surface topography was further characterized using AFM (Figure 4.2 (b)):
As expected, particles were ground into finer sizes as grinding speed was increased and we

observed a reduction in root mean square (RMS) film roughness, as measured with AFM (Figure
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4.2 (c)), which drops below 80 nm for grinding at 2000 rpm for 10 minutes. Higher grinding speed
also concurrently reduces particle size below 100 nm (Figure 4.2 (d)). For ZnO powder ground
using EG at lower grinding conditions (200 rpm for 10 min) had produced the smaller particle size
up to 150 nm with average particle size at approximately around 300 nm range; and when ground
at the higher grinding condition (1000 rpm for 10 min) produced the particle size below 50 nm,
where the average particle size lies approximately close to 100 nm. A similar decreasing trend in
particle size/film roughness was observed as grinding time was increased (at constant rpm) (Figure
4.2 (e))[60]. Some authors claim that increase in surface roughness enhances the gas sensing
performance of ZnO films [281,282]. The experimental research shows that AFM analyzed film
only give information about particle size, while XRD provide sample’s grain size [283]. Therefore,
we believe that ZnO ground at higher grinding condition (speed/time) have much finer grain size

compared to lower grinding condition.

The photoluminescence spectrum of a typical film is shown in Figure 4.2 (f). The milled ZnO
thin films showed five different peaks of various intensity levels at different wavelength ranges,
which can be correlated with the electronic and structural properties of the milled particles:
Consistent with previous studies, the 465 nm peak (blue emission band) is attributed to deep level
emission originating from oxygen vacancies or interstitial zinc ions of ZnO [284]. The green
emission (525 nm) is due to singly ionized oxygen vacancy or oxygen antisite defect Oz, [264].
Similarly, the peak at 577 nm is most likely due to disorder at the surface of nanoparticles after
milling [264]. Lastly, the other peaks 590 nm and 650 nm emission are usually attributed to oxygen
vacancies [285,286]. Likewise, a typical Raman spectrum for both milled and bulk powder are
shown in Figure 4.2 (g) and (h). ZnO powder (bulk) often has a wurtzite structure and there are

two Az, two E1, two E> and two B1 modes in Raman spectra of its crystal structure [178]. The most
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common Raman intensive E (low) mode at ~99 cm™ is just beyond the range of our detection,
however, the other Raman mode E: (high) at ~437 cm™ is visible, which is assigned to oxygen
vibrational modes [177]. E2 (high) mode is most prominent in the starting material; after milling
the intensity of peak reduces and gets broadened. Lowered intensity and peak broadening of 437
cm™ peak indicate a change in band structure and crystallinity of nanostructures after milling. The
Raman spectra of both ground and bulk powder display three different peaks at about 206, 329,
379 and 412 cm %, where these peaks are attributed to 2TA;2E,, E2(high)-E2(low), A1(TO) and E;
(TO) symmetry, respectively [177]. However, broader Raman peaks and lower intensity are
attributed to size effects, lattice strain and lower crystallinity [264,287]. The decrease in
crystallinity is attributed to defects produced during ball milling. For the milled nanoparticles, we
observed a broad peak around 580 cm that became more prominent for longer grinding time or
higher speeds. It is predicated that peaks with high intensity from 560 to 580 cm™ indicate the
presence of defects related to oxygen vacancy (Vo) and/or zinc interstitial (Zn;) [176,177], which
could be advantageous for gas sensing [168]. The milling media (grinding beads, solvents) can
also affect the particles but this is likely only significant for longer grinding times and/or higher
speeds (see red curve Figure 4.2 (h) — the peak at 189 cm™ is assumed to be related to the zirconia
grinding beads [288]. The intermediate region in the spectrum of ground ZnO powder, the second-
order Raman modes with Al symmetry (between 756 -850 cm™), are mostly weak and hardly

detected.

The EDX results for our ZnO gas sensor films (Figure 4.2 (i)) confirmed the presence Zn
and O elements with an average atomic percentage of 48.05 and 51.95 respectively. The oxygen
content percentage in the milled powder is likely affected by milling time and medium (e.g.,

solvents) [264,289,290]. In general, ball milling can also cause contamination from the grinding
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jar and beads [264,290], however our EDX results did not indicate the presence of appreciable

elemental impurities for the PBM nanoinks studied.
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Figure 4.2. (a) SEM image of milled ZnO nanoparticles ground with DI water at 200 rpm for 30 min.
The inset is an optical microscope image of doctor bladed ZnO thin film on glass substrate. (b) AFM images
of ZnO film prepared using PBM nanoink with DI water ground at 200 rpm for 10 min. (c) Plot of RMS
roughness from AFM of ZnO thin films using PBM nanoink ground in EG for 10 min. at different speeds.
Average particle size of ZnO particle obtained from AFM and SEM data of thin film using PBM nanoink
ground (d) EG for 10 min. at different speeds and (e) DI water at 200 rpm for different grinding time, (data
at 0 rpm/min denote nominal starting bulk powder particle size). (f) Photoluminescence spectra for
approximately 450-700 nm of ZnO thin film ground at 200 rpm for 60 minutes using DI water solvent (inset
(left) optical map image of total PL intensity obtained for 415-715 nm and (right) overall range averaged
full spectrum). (g) Raman spectra of ZnO ground film prepared using DI water ground at 200 rpm for 60
minutes. (h) Raman spectra of different ZnO films ground (EG solvent) and unground: black, bulk sample;
blue, ground at 200 rpm for 10 minutes; red, ground at 750 rpm for 90 minutes. (i) EDX spectrum of ZnO
film using PBM nanoink ground at 600 rpm for 10 minutes in EG solvent.
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4.3.2. Gas sensing results

Figure 4. 3 shows current (at +2 V applied bias) vs. time and 1-V curves for ZnO thin film
sensors formed using the PBM nanoinks. In Figure 4. 3 (a) the current levels vs. time for a flow
sequence of dry air/pure argon/dry air are shown (similar behavior was observed for nitrogen target
gas environments). The time-dependent sensor response was observed upon exposure to a target
gas atmosphere after reaching a minimum in pure dry air flow whereby output current rises upon
injection target gas source(s) and falls upon release of the gas (and re-exposure to dry air/oxygen).
Accordingly, the resistance of the sensor undergoes a decrease as it exposed to a target and an
increase as dry air was reintroduced. Initially, the sensor sample current (in ambient atmosphere)
was observed to increase and started to decrease as soon as dry air was introduced, indicating that
the response of the ZnO gas thin film sensors are also strongly dependent on operating atmospheric
humidity or RH. The humidity or moisture sensing ability of our ZnO films was confirmed by the
resistance data shown in Figure 4. 3 (b), which shows a large sensor response vs. RH. The
resistance is approximately one order of magnitude changed from dry condition (~2 % RH) to 50

% RH.
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Figure 4. 3. (a) Time dependence of sensor current upon exposure to dry air (~ 2000 s mark) followed by
pure argon gas (~ 5500 s mark) and then dry air again (~ 8000 s mark) (all flows 500 sccm) for ZnO thin
film sensors formed using PBM nanoinks ground for 10 minutes in EG (400 rpm). Inset shows I-V plots as
current increases near start of argon flow. (b) Resistance vs. RH for a ZnO thin film sensor formed using
PBM nanoinks ground at 200 rpm for 30 minutes in DI water. Inset shows individual 1-V plots for different

humidity values. (c) Gas sensor (prepared using nanoinks ground at 400 rpm for 10 min in EG solvent)
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showing approach to stable baseline vs. time during repeated exposure to 250 sccm of Hy pulses. Inset
shows sensor current vs. time for a similar sequence of on/off dry air/argon gas pulses for ZnO thin film
sensor formed using PBM nanoinks ground for 10 minutes in EG (600 rpm). (d) Sensor current vs. time for
500 sccm dry air followed by 400 sccm dry air/100 sccm hydrogen (sensor formed using PBM nanoinks
ground for 10 minutes in EG (600 rpm)). Inset shows current vs. time for ZnO sensor (prepared using
nanoinks ground at 400 rpm for 10 min in EG solvent) exposed to 450 sccm dry air/50 sccm hydrogen (red
curve) and 475 sccm dry air/25 sccm hydrogen (black curve). (e) Current vs. time for ZnO thin film sensor
(prepared using PBM nanoinks ground at 400 rpm for 10 minutes in EG solvent) at different H, gas
concentrations indicated. Inset shows response as a function of gas concentration. (f) Current vs. time for
ZnO thin film sensor (sample as in (e)) when exposed to different gases (hydrogen, argon and methane).

Inset shows relative response or selectivity to different target gas species.

The target gas response of our sensors was repeatable over multiple flow sequences;
however, due to the size of the test quartz chamber and maximum flow rate used (in addition to
the film thickness), it took some time to reach a stable baseline as displayed in Figure 4. 3 (¢),
which shows the sensor stabilizing after approximately 2.5 h. Also, size of testing chamber will
affect the stability and response time of the sensor [6]. In addition, sensing with dry air as the
carrier gas to balance the target species was also possible using our PBM nanoink sensors, as
evidenced by the detection of hydrogen in Figure 4. 3 (d), which shows sensor current is
proportional to target gas concentration. Further study of sensor response was performed for a
sequence of hydrogen gas concentrations ranging from 5000 to 20,000 ppm (Figure 4. 3 (e)),
which showed a linear response region (Figure 4. 3 (e), inset), with a sensitivity of approximately
2.4 x 102 ppmL. Furthermore, sensor selectivity was tested by exposure to the same concentration
for different gas species (Figure 4. 3 (f)), indicating a strong response to methane, followed by
hydrogen and argon, which shows potential for selective gas sensing (Figure 4. 3 (f), inset).
Preferential adsorption of different gas molecules [290] likely leads to the sensor selectivity we

observed at room temperature. Most importantly selectivity is related with the different activation
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energy of target gases for adsorption, desorption and reaction on sensor surface [291]. Upon
cycling back to the first gas pulse (H2), the original sensor signal returned. In general, the gas
sensor devices studied gave stable and reproducible responses that stayed within 25% of the
original signal after several months. Since our prepared sensor was able to operate at room
temperature, it was likely able withstand and perform effectively for multiple months. Apart from
that, prepared nanostructured film was crack/break free even after several measurements, proving
colloidal suspension with stable adhesion for several months. At present, there is not a recognized
method to improve stability of ZnO-based gas sensors. However, stability can be enhanced to some
extent by calcination/annealing as the post annealing treatments [164,292]. The gas sensing
response is usually defined as the ratio of resistances in two different gas atmospheres. In order to
compare the performance of gas sensors prepared using PBM nanoinks with different grinding
conditions, the sensor response [156,169] was calculated as

g— RaRg (10)

Rq

where R, and Ry are the sensor resistance in dry air and in the presence of target gas,

respectively.

Figure 4. 4 compares the effects of different grinding parameters (speed/time/solvent) on
gas sensor response in the presence of argon target gas. It can be seen in Figure 4. 4 (a) that sensor
response decreases with grinding speed beyond 400 rpm, possibly due to particle agglomeration
and porosity variations (see section 4.3.3). Response can also be seen to increase with grinding
time, peaking near 30 minutes for a constant grinding speed of 200 rpm (Figure 4. 4 (b)). Grinding
of materials using high energy ball milling can produce both surface and bulk defects. Itis possible

that surface defects would enhance gas sensing performance by exposing adsorption sites, whereas
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bulk defects could limit the adsorption surface area [264]. The presence of surface defects such as
Zni and Vo related defects is indicated in the Raman data (560 - 590 cm™) of Figure 4.2 (g) and
(h), as grinding was increased. This could lead to a significant increase in gas sensor response
because more oxygen molecules can be easily absorbed and ionized on the surface of ZnO [293].
However, grinding at higher speed or for a longer time can also give rise to bulk defects; therefore,
it is anticipated that there will be a point at which bulk defects arise during grinding, resulting in

lower response, which is discussed further below.
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Figure 4. 4. Response of different gas sensors made from ground PBM ZnO nanoinks towards argon gas.
(a) Films prepared using EG solvent at different grinding speed for constant grinding time of 10 minutes.
(b) Film prepared using DI water solvent at different grinding times for a constant grinding speed of 200

rpm.

4.3.3. Gas sensing mechanism and data analysis

A key characteristic of sensing performance is the response/recovery time of the sensor.
Response time is usually defined as the time required for a sensor to reach 90% of the total response
of the signal such as resistance upon exposure to the target gas [156]. Likewise, recovery time is

typically defined as the time required for a sensor to return to within 10% of the original signal
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upon removal the target gas [156]. The response and recovery times depend upon diffusion path
(distance travelled by gas molecules the nanoparticle sensing surface), film porosity and particle
agglomeration [157,166,294,295]. Based on our results (Figure 4. 5 (a)), sensors prepared from
PBM nanoinks with lower grinding speeds have faster response times compared to sensors
prepared from higher grinding speeds, with response time reaching a maximum near 600 rpm
before decreasing again at higher speeds. Similarly, increased grinding time also appears to
increase response time with a leveling off near 30 minutes observed (Figure 4. 5 (c)). Gas sensor
recovery time generally increased with grinding speed up to 600 rpm before dipping at 800 rpm
(Figure 4.5 (b)), while a grinding time of approximately 30 minutes also displayed a dip (Figure
4. 5 (d)) indicating a faster sensor recovery. In general, to have an effective sensor that
responds/recovers quickly one should choose the optimal combination of nanoink grinding
conditions and based on Figure 4. 5 this appears to occur for low to moderate grinding speeds
(200-400 rpm) and moderate grinding times (~ 30 min.) for the devices studied, or potentially

higher grinding speed (~ 800 rpm) with short grinding times (~ 10 min.)
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Figure 4. 5. Test gas (argon) response time (a) and recovery time (b) of sensors prepared from ZnO
nanoinks ground at different speed for constant grinding time of 10 minutes using EG solvent. Response
time (c) and recovery time (d) of sensors prepared from ZnO nanoinks ground at constant speed of 200

rpm for different grinding times using DI water solvent.

As mentioned earlier, the response of nanostructured thin film gas sensors is related to
particle size and porosity. Figure 4.2 (c)-(e) shows that grinding at higher speed or for a longer
time tend to result in smaller particle sizes. The smaller particle size is accompanied by an increase
in the total sensing surface area; thus, sensor performance is proportional to the decrease in grain
size [166]. This explains the increase in sensor response (Figure 4. 4) as grinding speed approaches
400 rpm and grinding time reaches 30 minutes. As particle size decreases further (< 200 nm), it is
possible that the nanoparticles suffer from increased agglomeration, which reduces the effective
surface area and thus the free surface energy [296-298] (in addition, a large particle size dispersion
as in the 600 rpm sample of Figure 4.2 (d) may exacerbate this effect). The influence of
agglomeration is consistent with the decreased porosity observed for the sample made with
nanoink milled at a higher rpm (see (Figure 4.6 (a)) [154]. Lower porosity could also explain the
faster response/recovery times observed for some samples in Figure 4. 5. Further to the material
characterization data in Section 4.3.1, grinding of the ZnO material eventually leads to an increase

in surface and bulk defects. In general, the defect density on the surface is considered higher than
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in the bulk [299]. Surface defects function as (i) charge carrier traps and (ii) adsorption sites
improving the electron-hole separation [300]. Bulk defects, on the other hand, serve as
recombination sites [301]. Thus, the influence of grinding on the gas sensing behavior is dependent
on the ratio of bulk-to-surface defects. Initially, as the grinding time/speed increases, the ratio of
bulk-to-surface defects decreases, which can be attributed to increase in the total surface area
leading to comparatively higher surface defects. However, based on our results at higher grinding
speeds and for a longer time, this ratio seems to increase due to the formation of excess bulk

defects, which may be attributed to bulk crystal distortion caused by excess mechanical attrition.
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Figure 4.6. Porosity of sensors prepared using ZnO nanoinks obtained from AFM and SEM data. (a)
Sensor prepared using EG solvent for different grinding speeds at constant grinding time of 10 minutes.
(b) Sensor prepared from DI water solvent at different grinding times for constant grinding speed of 200

rpm.

Factors affecting the thin film sensor

The particle size/shape, surface area and the porosity on ZnO film have a major effect on
the sensor performance via increasing the proportion of electron depletion layer in the entire film.
ZnO materials can form the electron depletion regions with the thickness of one Debye length on
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their surface after reacting with oxygen in air [302]. When the grain size ( or diameter) of ZnO
materials is less than twice of the Debye length, the entire nanomaterials will become an electron
depletion region, in other words, the entire material can take part in exchanging electron, and not
just surface [147]. In such case, the sensor response usually increases significantly as particle size
reduces. However, randomly decreasing the particle size can enhance particle agglomeration and
reduce the size of exposed surface area. Therefore, adjusting the optimal particle size is very
important in avoiding particle agglomeration, promoting gas diffusion and their synergy effects
are vital for creating a sensor that works at low/room temperature [302]. For the milled
nanoparticles prepared from higher grinding condition (speed/time), the decrease in particles sizes,
tends to suffer from higher agglomeration that ultimately likely reduces the active surface area for

gas diffusion, thus lowering the sensor response.

On the other hand, different morphologies of ZnO are also responsible for altering the
various sensor performances. Ball milling can produces the nanoparticles with various
morphologies (as observed under SEM and AFM images). The different morphological particle of
ZnO leads to different gas diffusion capacities during the adsorption-desorption process of gas
molecules. For instance, one-dimensional (1D) structures like nanowires, nanorods, nanotubes
etc., have high surface to volume ratio leading to greater electron depletion [75]. Such behavior of
these nanostructures will enhance the surface reaction, reduces the operating temperature and
finally achieves gas sensing at low-working temperatures. Likewise, nanosheets/nanofilms (2D
structures) with large porosity shows better response and gas sensitivity as well as better response-
recovery characteristics. Nanostructured films owing to their larger specific surface area, will have
more active sites on them, which can effectivity improves sensor response [303]. Apart from that,

a porous structure/higher porosity are favorable conditions that can create more diffusion channels.
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The macro/mesoporous ZnO films prepared via PBM alter the gas response and operating
temperature. Based on our results, we observed that increased porosity on ZnO film shows larger
sensor response, which is due to increase in gas diffusion on sensing layer and once again will

assist in lowering gas sensor working temperatures.

Liang et al. group [304] (Figure 4. 7) investigated the effect of gas sensing performance
based on grain size and surface roughness. They studied SnO. doped film with various
concentrations of Ce metallic in an Ar/O2 mixed atmosphere. Their results show an increase in
surface roughness with an increase in doping concentration. Also, an increase in surface roughness
showed increase in grain size of nanoparticles. Similarly, their surface analysis shows the closely
packed smaller grain sizes without voids or cracks without any visible pores. However, for an
increased doped SnO: film, the surface grain of thin films gets coarser along with visible and broad
grain boundaries. The rough surface is beneficial to increase the interaction degree between the
material and target gas molecules and improves the gas sensing performance [281]. Also, narrowly
distributed agglomerates of different-sized particles exhibit better sensing performance, where the
smaller the agglomerate size, the better the response [305]. This might explain why the 800 rpm
PBM ground nanoink sensor shows a better response than the 1000 rpm sensor, even though the

sensor prepared from 1000 rpm has better porosity than the 800 rpm.
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Figure 4. 7. SEM images showing Ce-doped SnO2 thin films (a) 0 W (b) 40 W.(c) Gas sensing response

values vs. ethanol vapor concentrations for various Ce-doped SnO; films. (Adapted from [304]).

Although particles tend to agglomerate to form larger entities, voids might still be present.
In order words, porosity in the sensing layer may be bimodal: each agglomerate may have small
pores (micropores), while adjacent agglomerate gets separated by larger pores [306]. The gas
diffusion gets slower in smaller pores based on Knudsen diffusion (shown in equation 11). The
diffusivity coefficient (Dx) is proportional to pore radius ‘r’ molecular weight ‘M’ and absolute

temperature ‘T’. R in the equation represents the universal gas constant.

4r |2RT
R (11)
We assume that the particle starts to agglomerate after 400 rpm and 30 min grinding time
based on mesopores and micropores. The smaller pores begin to dominate at 600 rpm, and the gas
response sensor decreases, which will also cause an increase in response time since target gas

might take longer to diffuse inside all tiny pores. Similarly, after removing the target gas, it will

take longer for test gas to vacate from the pores, thus increasing recovery time. For higher trials
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(> 600 rpm), we believe that mesopores get dominant and will cause quicker gas response. Also,
the response time gets faster because of mesopores due to less diffusion path and diffusion areas.
Due to grain cluster formation, micropores of higher grinding trials might get covered by

agglomeration, where gas diffusion only occurs from larger mesopores.

Mesopores

Micropores

Figure 4. 8. The schematic draw of primary grains united into larger entities. The different pores show
the route for diffusivity of gas molecules.

Sensing mechanism

Since ZnO is a chemoresistive sensing material [153], the sensor response mechanism is
influenced by the gas-surface adsorption-desorption process, surface diffusion-reaction and redox
reactions between active species on the sensor surfaces [145]. In addition, defects of
nanostructured ZnO such as oxygen vacancies (See Raman data, Figure 4.2) can act as electron
donors, which enhances conductivity and promotes gas sensing performance [168,294]. Grinding
in the presence of solvents during PBM can also result in surface modification [307], since ball

milling is an energy intensive process. The energy from the high speed impact of the beads can
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results in the formation of reactive radicals [307]. The grinding media, therefore, can influence the

baseline resistivity of the ZnO nanostructured films [153,308,309].

The sensing mechanisms in our fabricated sensors likely depend on surface interaction and
charge transfer between adsorbed gas species, which results in variation of sensor resistance (or
conductance) [310]; it is reported that O> species will be present at ZnO film surfaces at room
temperature [311,312], which results in an electron-depletion layer (barrier layer) on the outer
surface of the ZnO in air. Between grains the merging of the two depletion regions creates a
Schottky barrier, the magnitude of which determines the conductivity of the materials [154]. The
reaction between the adsorbed oxygen species with adsorbed gas molecules can modify the height
of the Schottky barrier resulting in the variation of sensor resistivity; in the dark, when the ZnO
surface is exposed to an air environment, electrons from the ZnO conduction band ionize
atmospheric oxygen to produce negative oxygen ions at the surface of nanostructured film

(equation.(12)), thereby creating a low conductivity depletion layer near the surface [313].

0,(gas) + e~ = 0, (ads), (12)

On the other hand, when light with higher energy than the bandgap of ZnO is incident,
electron-hole pairs will be generated. Holes produced by the light absorption migrate to the surface
along the potential slope created by band bending and neutralize the negatively charged adsorbed
oxygen ions (equation.(13)), which are then desorbed, while the photogenerated electrons reduce

the width of the depletion layer, thereby increasing conductivity [313].

R + 05 > 0, (gas), (13)
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Thus, conduction in dark and photoconduction of the ZnO films are strongly dependent on
the ambient gas conditions and oxidizing atmosphere. In addition, RH, defined as the amount of
water vapor in air, expressed as a percentage of the maximum amount that the air could hold at a
given temperature, can also strongly impact a metal oxide surface [314] and thus alter the sensor
response [315-317]. Water molecules adsorbed on the surface tend to dope ZnO with electrons
and/or displace previously adsorbed ionized oxygen, releasing electrons back to the conduction
band (i.e., the reverse of equation. (12)) [316].In both cases, sensor conductivity increases as

consistent with Figure 4. 3 (b).

For the ZnO thin film gas sensors based on PBM nanoink reported here the ultimate
performance likely depends on a combination of grain size, porosity and surface-to-bulk defect
ratio within the films. The results from porosity (Figure 4.6), indicate that there is high surface
area in sensors based on PBM nanoinks, peaking around a grinding speed of 400 rpm and grinding
time of 30 minutes, which ultimately creates more active sites and gas diffusion channels and
hence improves sensing signal magnitude. To probe the gas sensor performance further, we
examined the effect of operating temperature on sensor response; thermally activated processes
can impact reaction Kinetics, carrier concentration and mobility on/near the sensing surface, all of
which affect gas sensor detection response and dynamic behavior [318]. Figure 4.9(a) shows
temperature-dependent sensor response data indicating optimal operation near 100 °C, followed
by a decline at higher temperatures, consistent with prior work using metal oxides [159]. Similarly,
a shortening of response and recovery times (Figure 4.9 (b)) at elevated temperatures is due to
large number of gas molecules can overcome the activation energy required for surface reactions,
i.e., faster adsorption and desorption occurs on the surface of the ZnO leading to shorter

response/recovery time [170]. The increase in temperature increases the kinetic energy of gas
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molecules, which helps in faster gas diffusion and ejected from diffusive channels, this in turn
shows faster response and recovery time. Table 1 summarizes data for ZnO gas sensors fabricated
using various synthesis techniques, including ball milling, and their response to different gas

species.
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Figure 4.9. Effect of temperature on sensor response. (a) Response for sensors prepared from ZnO
nanoinks ground at 600 rpm for 10 minutes using EG solvent. (b) Response and recovery time. The inset
shows the time dependence of sensor current upon exposure to dry air followed by argon test gas at 100

oC.

The gas sensors vary their response depending upon the testing gas and operation
temperature due to the adsorption-desorption Kkinetics. Also, metal oxide gas sensor response
depends on stoichiometry, carrier concentration, mobility, and partial oxygen pressure at a specific
measuring temperature. Some authors claim that the sensor is coated by the residual compounds

from the combustion of the testing gas, resulting in saturation or decreased sensitivity [319]
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Table 1. Brief summary of gas sensor response for ZnO-based devices operating at different

temperatures.
Material Target gas LOD | Response Response time/ Ref
/Temperature Recovery time
Present work H> (5000 ppm) | 500 ppm 21%° RT - -
CuO coated ZnO using ball milling H2 (200 ppm) - ~15%/ 300 °C - [320]
method
Zn0O nanotube using chemical H> (500 ppm) 5 ppm ~29.6%" RT ~540 s/- [321]
etching process
SnO; doped ZnO using ball milling | CO (200 ppm) - ~52/ 450 °C - [152]
method
ZnO- CuO composite via ball CO (200 ppm) - ~12.23/ 180 °C - [322]
milling process
Pt-doped ZnO using RF sputtering | Hz (1000 ppm) | 250 ppm | ~5.5% 200 °C 36s/112's [323]
Zn0O nanowires by thermal H> (100 ppm) 50 ppm | ~5.5%200°C 30 s/- [324]
evaporation

35S = Ra/Rg = lg/la ; S = (Ra-Rg)/Ra*100%

Limitations of current set up

There are few parameters, such as chamber size, high flow rate and film thickness that need
to be taken into consideration for the current set up. The target gas response of our sensors was
repeatable over multiple flow sequences, however due to the size of the test quartz chamber and
maximum flow rates used (in addition to the film thickness) it took some time to reach a stable
baseline. Response/recovery time evaluation and LOD is also constrained by gas flow rates
(maximum 500-700 sccm), test chamber volume, and gas sensor film thickness used in the present
study. In a larger chamber, drift in a baseline resistance and lower response to gas concentration
can also be observed [325,326]. Additionally, the film thickness will also affect the sensor response
and response/recovery time. The influence of film thickness on the sensor characteristic is mainly

explained on the basis of transport phenomena i.e., modeling of the diffusion/penetration of the

target gas molecules into the pores of the sensing film, while reacting with adsorbed oxygen on
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the way (diffusion theory). Thus, thicker films as used in our studies will take much longer to

reach their saturation point of sensor response.

4.4. Conclusion

In summary, we showed resistive ZnO thin film gas sensors fabricated using PBM nanoinks
and doctor blading operate efficiently under ambient conditions at room temperature. The sensors
are effective towards detection of various gas species (oxygen/dry, argon, nitrogen, hydrogen and
methane) and atmospheric humidity. Different nanostructured films (with varied sizes and
porosity) prepared at various grinding parameters could also be optimized for efficient gas sensing.
The results show that sensor’s response at different milling speed (400 rpm) and time (30 min)
delivered the best combination of sensor signal magnitude and dynamic behavior (time response).

Also, the performance was further enhanced when operating temperatures was set up to 100 °C.
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Chapter 5

5. Conclusion and Future work

The preliminary water splitting preliminary experiment were conducted by R. Sapkota and
Jinxiang Zou (MITACS Globalink program). For dye degradation experiment, R. Sapkota and Xue
Cai [102] (MEng graduate student) worked together. For photoconductive sensor, most drop
casted film were prepared and analyzed by Sahil Dawka [101] (MEng graduate student) and later
more nanostructured films (both doctor blading and drop casted films) were prepared and
investigated by the author. Pengjun Duan [103] (MEng graduate student) and Tanay Kumar
(MITACS Globalink program) worked together in preparing ZnO nanostructured films using
doctor blading technique for UV sensing. The author worked on preparing colloidal suspension
of TiSiz, Silicon and ZnO that were used in this section. Parts of the results in this chapter were

published in [C1].

5.1. Summary

This work presents the systematic investigation of the planetary ball milling technique for
creating various multifunctional nanostructured films. Several parameters (speed, grinding time
and solvent) related to the planetary ball mill have created the resultant particles' tunable

properties.
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The first chapter summarizes the background information about the evolution of
nano/microdevices. Further, this chapter presents the motivation behind doing the research.
Similarly, the following chapter presents the nanogrinding technique for preparing colloidal
suspension. Additionally, different fabrication steps for creating nanostructures/ nanoparticles/film
were also presented. For the wettability applications, we had fabricated multifunctional thin film
using silicon and TiSi>. Solution coated from resultant suspensions were able to produce stable
and uniform thin films on various surfaces (planer and non-planar), including rigid (glass, SiO2/Si,
Si) and flexible (paper, AAO and fabric) substrates. Microscopy, contact angle and electrical
conduction measurements showed that produced nanoparticle coatings from solution had tunable
properties. For silicon thin film, CA tends to increase with increased grinding time. However, TiSi>
thin film showed a smaller contact angle at higher grinding time/speed. Furthermore, the variation
in conductivity of ground film also exhibits a few orders of magnitude variation. As we know,
surface chemistry and solvent had altered the thin film properties; we had further explored our
research through an annealing experiment to remove the functional groups from nanostructured
films coated on rigid substrates. The results showed the reduction of contact angle on both silicon
and TiSiz film at different annealing conditions. Also, the films' conductivity improved at higher
annealing time, which might have happened due to improved surface chemistry and/or grain
boundaries. We had further investigated the wettability properties of nanostructured thin films
prepared from various purity grades of silicon. We observed that the wettability results on non-
annealed thin film from both types of powder showed an increasing contact angle trend on glass
substrate at increasing grinding time. Results also show that the contact angle on both types of the

film was reduced after annealing.
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Similarly, TiSi> and Silicon colloidal suspension coated on flexible substrates were
analyzed based on their wettability and conductivity properties. Similar wettability trend was
observed on both flexible and rigid substrates. However, the I-V characterization of EG ground
TiSi2 film (800 rpm for 10 minutes) on flexible film showed a lower current than the rigid
substrates. However, increasing volume of suspension revealed increased current on
porous/flexible film. Interestingly, we observed that the electrical current didn’t change much

when the substrate was bent/folded.

Planetary ball milling is considered a low-cost top-down approach, and knowing this fact,
we further use this technique for fabricating a colloidal suspension of ZnO. The fabricated ZnO
was prepared in a thin film structure and were examined the gas sensing behavior (explained in
Chapter 4) at room temperature. The chemiresistive sensor fabricated using PBM nanoinks and
doctor blading shows effective detection of various gas species such as nitrogen, dry air/oxygen,
argon, hydrogen, methane, in addition to atmospheric humidity. By varying grinding parameters,
nanoparticle structure and electrical characteristics of the resultant films could be optimized for
efficient gas sensing. The response of different fabricated gas sensors versus milling speed and
time revealed that nanostructured films made using ZnO nanoinks milled at 400 rpm and 30
minutes produced the best combination of sensor signal magnitude and dynamic behavior (time
response), and further performance enhancement was observed up to temperatures of 100 °C. Also,

spectroscopy analysis (Raman, PL and X-ray) indicates the purity of ground materials.

Along with wettability, electrical conductivity and gas sensitivity examined here, the
nanogrinding technique can produce coatings with optical, mechanical, photovoltaic, flexibility,

etc., functionality—the large parameter space afforded by this approach can thus allow multi-
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functional thin films with desired properties to be created for various applications including surface

coatings, electronics, photonics, photocatalysis and energy production/storage.

5.2. Future work

5.2.1. Preliminary experimental work

In our research, we did some preliminary experiments on dye degradation, water splitting,
and photoconductivity test, and these experiments could be carried out for future work. The brief
computational analysis was also performed. We mainly use TiSi> and Si trials for water splitting
experiment, and for photoconductive sensor and photocatalytic activity, we use ZnO samples.

Brief explanation and result of our preliminary work are as follows:

Water splitting

Photocatalytic water splitting using suspended nanoparticles has been possible, and many
new materials were tested. In case of photocatalytic water splitting, a catalyst (nanopowder)
absorbs photon energy, and consequently, an electron is transferred from its valance to the
conduction band. To occur splitting, the bandgap of nanopowder must be greater than 1.23 eV
(minimum energy required by an electron) and its band edges meet the thermodynamic
requirement for the charge transfer to occur, then in principle, excited electrons can reduce

hydrogen ions, and holes can oxidize oxygen anions [327,328].
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We performed our photocatalytic water splitting experiment using the nanofilms of TiSi.
and Si. The apparatus used in our test consists of a halogen lamp, flask, DI water, hot plate and
nanofilms. The nanofilms were created by coating TiSi2 or Si ground suspension on glass and/or
AAO substrates. During the experiment, nanofilms were suspended on DI water, and the halogen
lamp was irradiated, and the temperature was maintained at 70° C. The degassing process was
carried out using nitrogen gas for 1-2 minutes. A handheld flammable gas detector was used for
detecting the gas generated inside the flask. The bubble formation on the surface of nanofilms
(shown in Figure 5. 1.(b)) after light exposure indicates the evolution of gas. The analysis for
detecting the type of gas needs further investigation because photocatalyst not only highly
dependent on the type of photocatalysts but also dependent on test conditions (reaction temperature

and light intensity) [327,328].

~—=—Stopper b)
Flask

a)

DI water
AAO coated film

Hot plate

Figure 5. 1. (a) Experiment set up for photocatalysis (b) TiSi, coating upon exposure to halogen lamp.

Dye degradation [102]

Another groundwork performed in this research was related to dye degradation. The basic
dye degradation mechanism undergoes three different processes: electron-hole pair generation,
oxidization of hydroxyl group and water molecules, and diffusion of pollutants. When the light

gets irradiated on a nanopowder surface, it will absorb photons with energy of same or higher than
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its bandgap. The absorbed photon helps the electrons in the valance band to become excited and
jump from the forbidden zone to the conduction band. At this period, the strong oxidizing hole
(h*) on the valance band oxidizes the hydroxyl group and water molecules on the surface of
nanomaterials into OH* radicals [284]. This free radical acts as a strong oxidant that diffuses the
pollutants and oxidizes the organic contaminants into water, carbon dioxide or other harmless
substances. It is assumed that the dye degradation mechanism depends on various parameters
(surface area, particle size, morphology and defects)[73,284,329]. From the milled powder results
(based on Chapter 4), we have seen that milling cause alteration on nanoparticles’ particle size and

defects, and these factors would likely affect the nanopowder’s photocatalytic ability.

We have used the different ground powders of nanoparticles for our dye degradation
experiments [102]. Initially, 3 ml of suspension (before extraction, the slurry was sonicated to
make homogenous colloidal suspension) were extracted from the sonicated vials, poured into
epitubes and centrifuged. The clear separation between solvent and nanomaterials was visible after
appropriate centrifuged condition (10000/20000 rpm for 10/20 minutes). Later, supernatant was
removed, and DI water was added into epitubes and re-sonicated for another 20 minutes (the
process is repeated three times). The nanoparticles present inside the epitubes were then dried for
more than 6 hours in the mechanical oven at 80 °C. The dried powders from epitubes were
removed, poured on a watch glass, and further dried for 2 hours. The prepared powders were then
stored inside a glass vial and were used during the Methylene blue (MB) dye degradation
experiment. The main apparatus for this experiment was halogen lamp, a plano-convex lens, 8-
dram vial, catalyst, stirrer bar and hot plate. The distance between the dye solutions to the halogen

lamp was fixed at 10 cm. The dyes degradation result is shown in Figure 5. 2 (b).
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Figure 5. 2. (a) Set up for dye degradation experiment (b) MB Dye degradation behavior of ground ZnO

powder (bulk powder ground at 200 rpm for 10 minutes in EG solvent).

For all dye degradation experiments, 7 ppm of dye solution, 10 mg of catalyst powder and
a stirring speed of 300 rpm (for homogeneous mixing of catalyst in dye solution) were kept
constant, and the experiment was performed in an ambient environment. To achieve the adsorption
equilibrium, the suspension was first sonicated at power level 5 for 5 minutes and then placed in a
magnetic stirrer plate at a speed of 300 rpm in a dark environment for 1 hour. The dram was also
wrapped with aluminum foil to prevent the light from entering inside the vial. After an hour of
dark reaction, the sample (1.5 ml) was extracted and centrifuged at 10000 rpm for 10-15 minutes
to separate the catalyst and dye solution. The clear supernatant was removed from the epitubes and
collected in 0.5-dram vials. A similar process was repeated for light reaction, and the supernatant
was extracted. The experiment was run for 4 hours in total. We have extracted following results

from preliminary dye degradation experiment.

Photoconductive sensor [101]

The other preliminary test we did was fabricating ZnO photoconductive sensor. The
process of photoconduction occurs when semiconductor materials absorb a photon (from

electromagnetic radiation) with energy higher than its bandgap then electron-hole pairs are
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generated. As the light with the appropriate wavelength gets incident on the material’s surface, it
increases conductance. In the absence of light, generated charge carrier recombines rapidly, which
results in sharp decay in conductance. The presence of atmospheric oxygen has explained the
prolonged decay process in an n-type semiconductor such as TiO2 and ZnO. The photoconductivity

mechanism is described in chapter 4 [313].

In our experiment, we prepared a thin film sensor by doctor blading/drop casting of the
ZnO ground suspension as shown in Figure 5.3.a. The thin film was quickly dried on the hot plate
under ambient atmosphere. After drying, a colloidal suspension of Ag was painted on either side
of the film to create contact regions. The sample was further dried in an oven for an extra hour to
remove solvent from Ag suspension. The photoconduction properties of drop casted/doctor bladed
ZnO sensor were investigated using the sweep voltage of + 5 V with a step size of 0.1 V, whereas
doctor bladed samples of ZnO (both annealed and non-annealed) were prepared, and only a few
are examined. The photoconductive sensor measurement setup is shown in Figure 5.3 b and the
photoconductive response is shown in Figure 5.3 ¢ . Exposure of light on samples is controlled by

using a chopper.
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Figure 5.3. Fabricated nanostructure ZnO photoconductive sensor (b) Schematic diagram of

photoconductive sensor set up in the lab (c) Photoresponse of drop casted ZnO ground film (prepared at

200 rpm for 10 minutes using EG solvent) on the glass substrate.

Computational simulations

The computational modelling of various material structures and their properties is very

useful and valuable in building materials and their application. The research work performed in
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Chapter 4 could be further extended by studying the different properties of ZnO using the first-
principle calculation based on density-functional theory (DFT). DFT is considered a preferred
computational method due to software simplicity and its ability to calculate the ground state

properties with predictive accuracy.

For our preliminary work, we did computational studies on the adsorption of oxygen atoms
on the two different sites of Zn-terminated (001) surface wurtzite ZnO structure. All calculations
were performed by the Cambridge Serial Total Energy Package (CASTEP) module of the
Materials Studio software based on the first principle DFT code using on-the-fly generated

ultrasoft pseudopotentials (OTFG).

Our optimized bulk ZnO under the above setting shows a lattice constant of a =3.249 A
and ¢ =5.205 A, c/a ratio of 1.602 and internal parameter (u) as 0.3798. The data has good
agreement with the experimental values [330]. Examples of species adsorption on ZnO surfaces is

shown in Figure 5. 4.
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Figure 5. 4. (a) Bulk ZnO crystal structure. Adsorption of species on (001) surface of ZnO supercell (b)
oxygen atom. (b) ethanol molecules (c) water molecules. The red, white, light gray and dark gray atoms
represent oxygen, hydrogen, zinc and oxygen atoms respectively.

5.2.2. Future applications

The application of the nanogrinding technique continues to gain research interest in
preparing multiple nanostructured materials due to its low cost, applicability to various scale
industries and capability to grind a variety of nanomaterials. However, different grinding
parameters must be optimized for specific type of applications. Integrating grinding parameters
and solvents can produce novel nanomaterials that can effectively be utilized in various
applications such as gas sensors, solar energy, fuel cells, water splitting, energy storage devices,
catalysts, and many more, as some of our preliminary experiments have already shown. Other

applications that can be extended from the current research are as follows:
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i. Anode materials for Lithium batteries

Silicon-based anodes materials for lithium-ion batteries (LIBs) are among the most
promising candidates over conventional anodes used in commercial LIBs. The practical
application of silicon is limited due to its volume expansion upon cycling. On the other hand,
porous silicon electrodes exhibit excellent electrochemical performances in high electron density
LIBs. The mesoporous Si and Si-composite prepared from mechanical milling have shown high
reversibility capacity, excellent electrochemical and rate performances and long-term stability.
The mesostructured prepared from Si/C composite can effectively control the volume change of

Si and prevent unwanted mechanical stress and pulverization during cycling process [331].

From our research, the PBM technique shows that it can produce a porous
nanostructure/nanocomposite that could be useful for battery/fuel cell (shown in Figure 5.5). One
can move research forward to create anode/cathode material and could study the various grinding

parameters that could give efficient performances (high specific capacity).

Electrolyte Porous Electrolyte
separator
e oce]

Cathode (+)

Li- Si composite
Lithium ion

Figure 5.5. Schematic diagram of Lithium-ion battery.
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ii.  Other applications (anticorrosion, self-cleaning and wear resistance)

In this thesis, some preliminarily work regarding wettability (as explained in chapter 3)
can be further investigated and analyzed from the prepared ground thin film on other various
substrates. Coating the ground suspensions onto different rigid substrates such as metals, woods,
polymers, tiles etc., prevents materials from corrosions, fire, fouling and wear resistance. Several
nanomaterials/nanocomposites suspension can be coated directly onto these substrates. The
adhesion/stability of the ground film on those substrates can be studied. Simultaneously, other
applications such as antifouling, water resistance and self-cleaning properties can also be
investigated. For example, Zinc oxide nanostructured coating acts as an effective shielding to
fouling [269]. Its nanocomposite coatings have anti-corrosion and superhydrophobic properties
[332], which can be implemented over a larger scale. Large scale industries (example:
transportation, chemical plants, oil refineries, public utility works, pulp and paper mills and
marine) uses metals and alloys, and these sectors are often at the risk of corrosion, which can cause
economic loss. Therefore, nanocoating revives partially or completely repair/replacement cost and

increases the durability of metal surfaces.

The ball milling technology has been studied in process engineering, organic synthesis and
nanocomposites formation. However, its potential research in nanostructured thin film fabrication
has not been fully explored, as only a limited number of studies have been carried out. Further
studies on grinding mixtures of nanoparticles at different grinding parameters, along with
surfactants, provide a new route for preparing suspension with no or reduced agglomeration.
Similarly, the effect of solvent, bead size, ball to powder ratio and material type can be varied and

studied sequentially for various applications. Fourier Transform infrared spectroscopy (FTIR
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spectroscopy) is an analytical technique which could be used for analyzing the surface composition
on the nanoparticle’s surface. This technique has been very effective in identifying the functional
group that are attached on the surface of the nanoparticles. Likewise, XPS (X-ray photoelectron
spectroscopy) can provide information about elemental composition. The surface chemistry of the
nanostructured thin film can study using this technique. Both these techniques will help in
determining the functional groups present on colloidal nanoparticle’s surface. The characterization
of those obtained nanomaterials provides researchers with new directions for studying their

properties and applications.

Different morphological nanostructures show diverse gas diffusion capabilities and
responses. For example, one dimensional structures (nanorods, nanotubes) with higher surface to
volume ratio are able to operate at lower temperature and shows improved gas sensitivity. On the
other hand, 2D nanomaterials (nanoplates, nanofilms) owing to their large specific surface area,
create more active sites on the surface and thus improve sensor performance [75,302]. Finding a
suitable way for controlling the grain sizes using PBM can result in various shapes of
nanostructures which could increase effective ratio surface area, defect density and porosity, which

ultimately provides more active sites for gas reactions and detection.

In conclusion, nanoscale grinding technology based on planetary ball milling is a
promising synthesis process for preparing nanoinks and nanoparticle films. Many applications of
the resulting thin films and nanoparticles can be further researched and implemented in small

and/or large-scale industries.
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