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Abstract

The work is on metal assisted chemically etched at 60 °C porous silicon nanowires. The etching
time is varied accordingly. Important characterizations are carried out to confirm its phase and
morphology. FESEM image signifies variation of length and diameter as the etching time
increases. Field emission property is studied. It is observed that SINW 60 is optimum one for
good field emitter considering all properties. SINW 80 gives good field emission current density
at high applied field whereas turn on, enhancement factor are not improved. To enhance the
field emission property of SINW 80, rGO layer is deposited on SiNW 80. It improves the
current density as well as turn on, threshold and enhancement factor etc. as rGO increases
number of emitting edges. There are several factors can be responsible for such activity like
surface roughness, enhancement of emitting edges, porosity etc. ANSYS Maxwell simulation is
carried out which completely agrees with experimental results. Wettability properties are
measured for all the samples which correlate with the field emission characteristics. As it is
observed that CA increases in rGO-SiINW_H80 composite, there is increment of surface
roughness as explained from Cassie-Baxter model which initiates to have more emitting edges
for good field emission property. Heat treated porous nanowires’ wettability is compared with
room temperature synthesized nanowires’. There is a significant transformation from
hydrophobic (room temp) to hydrophilic (heat treated). Porosity, length, sharp tip, bundling

effect etc. are important factor for such change in properties.
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Introduction
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1.1 Introduction to Nanotechnology

The prefix ‘nano’ is derived from the Greek word for dwarf. One nanometre (nm) is equal to

one-billionth of a metre, 10°°m.[1] A human hair is approximately 80,000nm wide, and a red
blood cell approximately 7000nm wide. Atoms are below a nanometre in size, whereas many
molecules, including some proteins, range from a nanometre upwards.

Nanoscience and technology is the manipulation of the materials at the molecular or atomic level
in order to produce the novel materials and devices with new enhanced and extraordinary
properties. However, nanotechnology is not a new discipline. It is rather the merging of multiple
scientific disciplines (biology, physics, chemistry, medicine and engineering) and the
combination of knowledge to tailor materials at the nano scale approximately in the range of 1-

100 nanometers (10° m).

The conceptual underpinnings of nanotechnologies were first laid out in 1959 by the physicist
Richard Feynman, in his lecture ‘There's plenty of room at the bottom’ (Feynman 1959).
Feynman explored the possibility of manipulating material at the scale of individual atoms and
molecules, imagining the whole of the Encyclopedia Britannica written on the head of a pin and

foreseeing the increasing ability to examine and control matter at the nanoscale.[2]

The term ‘nanotechnology’ was not used until 1974, when Norio Taniguchi, a researcher at the
University of Tokyo, Japan used it to refer to the ability to engineer materials precisely at the
nanometer level.[3] The primary driving force for miniaturization at that time came from the
electronics industry, which aimed to develop tools to create smaller (and therefore faster and

more complex) electronic devices on silicon chips. Indeed, at IBM in the USA a technique called
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electron beam lithography was used to create nanostructures and devices as small as 40-70nm in

the early 1970s.[4].
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Figure 1. 1 Size comparison of materials from bulk to nanoscale

1.2 What makes ‘nano’ special?

There are various reasons why nanoscience and nanotechnologies are so promising in materials,

engineering and related sciences. The overall behavior of bulk crystalline materials changes

when the dimensions are reduced to the nanoscale.[5-6]

First, at the nanometre scale, the properties of matter change. This is a direct consequence of the

small size of nanomaterials, physically explained as quantum effects. The consequence is that a

material when in a nano-sized form can assume properties which are very different from those

when the same material is in a bulk form. Bulk materials possess continuous (macroscopic)

physical properties, the value of such properties which is obtained represents an average value

based on the behavior
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of billions and billions of molecules. The same applies to micron-sized materials (e.g. a grain of
sand). But when particles assume nanodimensions, the principles of classical physics are no
longer capable of describing their behaviour at these dimensions, the principles of quantum
mechanics are involved. The same material (e.g. gold) at the nanoscale can have properties (e.g.
optical, mechanical and electrical) which are very different from (and even opposite to) the
properties the material has at the macroscale (bulk). Properties like electrical conductivity,
optical property, and mechanical strength change when the nanoscale level is reached: the same
metal can become a semiconductor or an insulator at the nanoscale level. In other words, the
properties of materials can be size-dependent.

Finally, when a bulk material is subdivided into an

ensemble of individual nanomaterials, the total volume remains the same, but the collective
surface area is greatly increased. Nanomaterials have an increased surface-to-volume ratio
compared to corresponding bulk materials. This has important consequences for all those

processes that occur at the surface of a material, such as catalysis and detection.

1.3 History of Nanotechnology

Although nanotechnology is a relatively recent development in scientific research, the
development of its central concepts happened over a longer period of time. Researchers have
supported by the development of new instruments that allow the investigation of nanomaterial
properties with an atomic level resolution and the time line of these inventions are listed

below.[7]
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*Michael Faraday discovered colloidal “ruby” gold, demonstrating that
nanostructured gold.

v

\
*Erwin Miiller, working at Siemens Research Laboratory, invented the Field Emission
Microscope.

v

N\

*Victor La Mer and Robert Dinegar developed the theory and a process for
growing monodisperse colloidal materials.

*Erwin Miiller pioneered the field ion microscope, a means to image the
arrangement of atoms at the surface of a sharp metal tip

*Arthur von Hippel introduced the term—*“molecular engineering”.

*Jack Kilby of Texas Instruments originated the concept of, designed, and built the
first integrated circuit

*Richard Feynman gave the first lecture on technology and engineering at the atomic
scale, "There's Plenty of Room at the Bottom"

*Moore’s Law was introduced.

*Gerd Binnig and Heinrich Rohrer at IBM’s Zurich lab invented the scanning
tunneling microscope

*Discovery of Buckminster fullerene(C,;).
*Louis Brus discovered colloidal semiconductor nanocrystals (quantum dots) )

*Atomic Force Microscope was discovered.

1986

*Sumio lijima was credited with discovering the carbon nanotube (CNT).

*A method for controlled synthesis of nanocrystals was discovered.

€E€E€C€E€ECECEECECEEK
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1998 *The Interagency Working Group on Nanotechnology (IWGN) was formed.
J

*Dip-pen nanolithography was invented.

*The National Nanotechnology Initiative (NNI) was launched.

*Theories for DNA-based computation and “algorithmic self-assembly” in which
computations are embedded in the process of nanocrystal growth was developed.

* Arthur von Hippel introduced the term—‘‘molecular engineering”.

N
* The first official NNI Strategy for Nanotechnology-Related Environmental, Health,
y»Ji[11:} and Safety (EHS) Research was published.

*DNA-like robotic nanoscale assembly devices was created.

*Graphene was discovered.

*The NNI releases the updated 2014 Strategic Plan.

€E€€E€CECE€ECEK

1.4 Synthesis of Nanomaterials

There are different ways of manipulating matter at the nanoscale. The two most are top-down
and bottom-up methods. [8,9]

The top-down approach revolves around fabrication via etching away bulk material to achieve
the required smaller structural architectures and this is generally achieved by lithographic
processes . This process could be likened to sculpting a block of stone to the required image. In

contrast, the bottom-up approach involves the structures being crafted atom by atom or molecule
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by molecule through covalent or supramolecular interactions in a similar manner to how a house
is built brick by brick.

Both approaches play very important role in modern industry and most likely in nanotechnology
as well. There are advantages and disadvantages in both approaches. Attrition or Milling is a
typical top down method in making nano particles, whereas the colloidal dispersion is a good

example of bottom up approach in the synthesis of nano particles.[10]

Top-down strategy Bottom-up strategy
- Precursor containing Q / \
‘ molecules \\
Bulk { \
Transformation - :
by energy l
lonization by energy
» o AP
|;e;l‘ )
] ] 4o < il
‘.e\',. P A I~ )
Powder w o
Transformation Formation of ions, radicals and electrons
tosmaller fragments
/ |
e /
Exfoliation of multilayers s O /= Condensation
to monolayers P oo F% ¢ % and formation
y T e S \;‘{_ { of clusters
" Synthesized nanoparticles — Clusters

Figurel. 2 Top-Down and Bottom Up Approach

Self-assembly:

One bottom-up method is nature's way; “self-assembly”.[11] Self-organizing processes are
common throughout nature and involve components from the molecular (e.g. protein folding) to
the planetary scale (e.g. weather systems) and even beyond (e.g. galaxies). The key to using self-

assembly as a controlled and directed fabrication process lies in designing the components that
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are required to self-assemble into desired patterns and functions. Self-assembly reflects
information coded - as shape, surface properties, charge, polarizability, magnetic dipole, mass

etc. in individual components; these characteristics determine the interactions among them.

1.5 Types of Nanomaterials

Nanomaterials are mostly classified based on five factors: nanoparticle geometry, morphology,
composition, uniformity, and agglomeration. Based on nanoparticle geometry, nanomaterials are
classified as 0D,1D, 2D, or 3D .[12,13]

» 0D nanomaterials have all three dimensions of particulate in nanometer scale and are
generally referred to as equiaxed nanoparticles, nanogranules, or nanocrystals. Fullerenes,
dendrimers, and quantum dots are examples of 3D nanomaterials.

» 1D nanomaterials have one dimension of particulate in the nanometer scale and are
generally referred to as nanolayers, nanoclays, nanosheets, nanoflakes, or nanoplatelets.
Graphite, clay, and silicate nanoplatelets are examples of 1D nanomaterials. Figure 1.2
shows some of the different kinds of nanomaterials and platelets.

» 2D nanomaterials have two dimensions of particulate in the nanometer scale and a third
dimension could be in micro- or macroscale. These materials form an elongated structure
and are generally referred to as nanotubes, nanofibers, nanorods, or whiskers. CNTs and
carbon nanofibers (CNFs) are good examples of 2D nanomaterials.

» 3D nanomaterials are materials that are not confined to the nanoscale in any dimension.
This class can contain bulk powders, dispersions of nanoparticles, bundles of nanowires,

and nanotubes as well as multi-nanolayers.
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@
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Figure 1. 3 : Classification of Nanomaterials (a) OD spheres and clusters, (b) 1D nanofibers,

wires, and rods, (c) 2D films, plates, and networks, (d) 3D nanomaterials.

1.6 Applications of Nanotechnology

The applications of nanotechnology are widespread and have far reaching impact.
Nanotechnology will eventually provide us with the ability to design custom-made materials and
products with new enhanced properties, new nanoelectronics components, new types of “smart”
medicines and sensors, and even interfaces between electronics and biological systems.

On nanoscale, some physical and chemical material properties can differ significantly from those
of the bulk structured materials of the same composition. A considerable increase in surface-to-
volume ratio is associated with the reduction in material size to the nanoscale, often having a

prominent effect on material properties and performance.

1.6.1 Electronics and IT application

Much of the miniaturization of computer chips to date has involved nanoscience and
nanotechnologies, and this is expected to continue in the short and medium term. The storage of
data, using optical or magnetic properties to create memory, will also depend on advances in

nanoscience and nanotechnologies. [14-17]
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Displays: The huge market for large area, high brightness, flat-panel displays, as used in
television screens and computer monitors, is driving the development of some
nanomaterials. Nanocrystalline zinc selenide, zinc sulphide, cadmium sulphide and lead
telluride synthesized by sol—gel techniques are candidates for the next generation of light-
emitting phosphors. CNTs are being investigated for low voltage field-emission displays;
their strength, sharpness, conductivity and inertness make them potentially very efficient
and long-lasting emitters.

P-N junction diodes: The most important application of thin film nanostructure materials is
efficient diode formation of the p-n junction diode. The continued decrease in device
dimensions has followed the well-known Moore’s law predicted in 1965.

Memory Storage: Electronic memory plans in the past have to a great extent depended on
the arrangement of transistors. On the other hand, research into crossbar switch based
gadgets have offered an option utilizing reconfigurable interconnections in the middle of
vertical and flat wiring shows to make ultrahigh thickness memories

Optoelectronics: The other crucial element of the IT revolution, optoelectronics, relates to
devices that rely on converting electrical signals to and from light for data transmission, for
displays for optical-based sensing and, in the future, for optical-based computing.
Nanosensors: Nanotechnologies play several important roles in developing sensor
technology. The ideal sensor will be minimally invasive and therefore as small as possible.
This includes the power supply, the sensing action, whereby the detected property is
converted into an electrical signal, and the transmission of the sensing signal to a remote
detector. Combining these actions into a device that is smaller than 1mmz2 will certainly

require nanofabrication techniques, similar to those employed by the IT industry.
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» Quantum Computers: It is a new approach in the industry of computer. It has quantum bit
memory which is called qubit for several computations at the same time. It improves the
facility of the older system. Quantum computing will start to provide solutions to complex

problems that are difficult or impossible to solve by conventional computing.

1.6.2 In Medical Science:

It has several applications in biomedical nanotechnology, nano biotechnology, and
nanomedicine. The size of the nanomaterial is similar to that of most biological molecules and
structures, therefore nanomaterial can be useful in vivo and in vitro medical research and
applications. The integration of nanotechnology with biology has resulted in development of
diagnostic devices, contrast agents, analytical tools, physical therapy applications and drug
delivery vehicles.[18-22]

» Medical Imaging: Non-invasive imaging techniques have had a major impact in medicine
over the past 25 years or so. Nanotechnologies already afford the possibility of intracellular
imaging through attachment of quantum dots or synthetic chromophores to selected
molecules, for example proteins, or by the incorporation of naturally occurring fluorescent
proteins which, with optical techniques such as confocal microscopy and correlation
imaging, allow intracellular biochemical processes to be investigated directly.

» Drug delivery: There is enormous potential for nanotechnology to be applied to gene and
drug delivery. The vehicle might be a functionalised nanoparticle capable of targeting
specific diseased cells, which contains both therapeutic agents that are released into the cell
and an on-board sensor that regulates the release.

» Implants and prosthetics: Some nanomaterials such as nanocrystalline ceramics have

certain properties such as hardness, wear resistance and biocompatibility that may make them
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of use as implants in the long term. The development of nanoelectronic systems with high
detector densities and data processing capability might allow the development of an artificial
retina or cochlea. Important progress is already being made in this area, but many issues must
be resolved before they can become viable treatments. Similarly, the introduction of
nanoelectronics will allow biological neural processing to be investigated at much enhanced

spatial resolution.

1.6.3 Environment applications:

» Catalysts: In general, nanoparticles have a high surface area and hence provide higher
catalytic activity. It is possible to synthesise metal nanoparticles in solution in the presence of
a surfactant to form highly ordered monodisperse films of the catalyst nanoparticles on a
surface. This allows more uniformity in the size and chemical structure of the catalyst, which
in turn leads togreater catalytic activity and the production of fewer byproducts. This will be
particularly beneficial if it reduces the demand for platinum-group metals, whose use in
standard catalytic units is starting to emerge as a problem, given the limited availability of
these metals.

> Filtration: Nano-engineered membranes could potentially lead to more energy-efficient
water purification processes, notably in desalination by reverse osmosis. They would use
fixed nanoparticles, and are therefore distinct from applications that propose to use free

nanoparticles.
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1.6.4 Energy Applications:

The most advanced nanotechnology tasks related to power are: storage, transformation,
manufacturing developments by reducing materials and process rates, power saving (by better
heat insulating material for example), and improved alternative power.[23-24]

» Fuel Cells: Engineered surfaces are essential in fuel cells, where the external surface
properties and the pore structure affect performance. The hydrogen used as the immediate
fuel in fuel cells may be generated from hydrocarbons by catalytic reforming, usually in a
reactor module associated directly with the fuel cell. The potential use of nano-engineered
membranes to intensify catalytic processes could enable higher-efficiency, small-scale fuel
cells. These could act as distributed sources of electrical power. It may eventually be possible
to produce hydrogen locally from sources other than hydrocarbons, which are the feedstocks
of current attention.

> Batteries: With the growth in portable electronic equipment (mobile phones, navigation
devices, laptop computers, remote sensors), there is great demand for lightweight, high-
energy density batteries. Nanocrystalline materials synthesized by sol-gel techniques are
candidates for separator plates in batteries because of their foam-like (aerogel) structure,
which can hold considerably more energy than conventional ones. Nickel-metal hydride
batteries made of nanocrystalline nickel and metal hydrides are envisioned to require less
frequent recharging and to last longer because of their large grain boundary (surface) area.

» Solar cell applications: Most solar cells are now fabricated on Si wafers or glass substrates.
The biggest issue for commercialized solar cells is their high price. In addition, due to their
fabrication on the Si wafer, the cells are rigid and heavy while being fragile. While they are
recognized as one of the most crucial alternative sources of energy, such limitations have

prevented wider application of solar cells.


https://www.omicsonline.org/open-access/on-discretizations-of-the-generalized-boole-type-transformations-andtheir-ergodicity-2090-0902-1000199.php?aid=80763
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Figurel. 4 Flexible and Transparent Graphene Based Solar Cells

1.6.5 Consumer Goods:

Nanotechnology has a great impact in the field of consumer goods from easy to clean to scratch

resistant surfaces. Modern textiles are wrinkle resistant and strain repellent. Clothes have become

smart and embedded with wearable electronics. In the field of cosmetics also, nanotechnology

has a huge effect.[25-26]

>

Foods: Nanotechnology is having an impact on several aspects of food science, from how
food is grown to how it is packaged. Companies are developing nanomaterials that will make
a difference not only in the taste of food, but also in food safety, and the health benefits that
food delivers.

Textiles: The incorporation of engineered nano fiber in clothes makes the clothes water and
strain repellent and wrinkle free. Nano technological finished textiles can be washed less
frequently at lower temperatures.

Cosmetics: Mainly sunscreen cosmetics are made of nanoparticles. Traditional chemicals
used in sunscreens have poor long-term stability. Sunscreen based on mineral nanoparticles
such as titanium oxide offers more UV protection.

Sports: Nanotechnology has applications in the field of sports like soccer, football, baseball

etc. Baseball bats are made of carbon nanotubes which reinforce the resin and also improve
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its performance by making it lighter. Other items such as sport towels, yoga mats, exercise
mats use antimicrobial nanotechnology to prevent illnesses caused by bacteria such as
Methicillin-resistant Staphylococcus aureus (commonly known as MRSA).

Agriculture: Applications of nanotechnology have the potential to change the entire
agriculture sector and food industry from production to conservation, processing, packaging,

transportation, and even waste treatment.

1.6.6 Heavy Industries:

>

Aerospace: Nanotechnology may hold the key to making space-flight more practical.
Advancements in nanomaterials make lightweight spacecraft and a cable for the space
elevator possible. By significantly reducing the amount of rocket fuel required, these
advances could lower the cost of reaching orbit and traveling in space.[27-28]

Construction: Nanotechnology can possibly make development quicker, less expensive,
more secure, and more changed. Computerization of nanotechnology development can take
into account the formation of structures from cutting edge homes to enormous high rises

substantially more rapidly and at much lower expense.

Vehicle manufacturers: Much like aviation, lighter and stronger materials will be valuable
for making vehicles that are both quicker and more secure. Burning motors will likewise

profit from parts that are all the more hard-wearing and more high temperature safe.
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2.1 Silicon Nanowire (SINW)

Silicon nanowires, also referred to as SINWSs, are quasi one-dimensional (1D) structures with a
diameter of less than 100nm. Silicon nanowires have very small diameter resulting in a large

surface to volume ratio giving rise to many unique properties.[1]

Silicon nanowires are considered as one of the popular nanomaterials due to their exceptional
electrical and mechanical properties.[2] They are semiconducting nanowires and their
conductivity is controlled by the field-effect action .[3] For this reason, siliconnanowires can be

used probably for the next generation of field-effect transistors and advanced sensors.

SiNWs have very small diameter which results in a large surface to volume ratio. Due to the high
surface to volume silicon ratio and unique quasi one-dimensional electronic structure, silicon
nanowire based devices have properties that can outperform their traditional counterparts in
many ways. These properties of silicon nanowires have been exploited in many ways in
electronic devices. Nanowires are an excellent choice for the ultimate silicon metal insulator
semiconductor (MIS) devices because when a gate is wrapped around the nanowire, the optimum
control of the nanowire potential by the gate potential is ensured.[4] The junctionless transistor
and tunnel field effect transistors are two prominent examples where silicon nanowires are being
implemented. Additionally, new types of functionalities can be exploited by making the devices
reconfigurable. Also the field of energy generation and storage can benefit from the quasi 1D
structure. In the solar cells the silicon nanowires allow to more efficiently collect the incoming

solar radiation whereby in Li-ion batteries the structure allows for volume expansion. [5-6]
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2.2 SiNWs Synthesis Techniques

A large number of techniques exist to fabricate silicon nanowires. These can be classified into
bottom-up and top-down fabrication techniques. In top-down fabrication, lithography is used to
define the fabricated structure that is then transferred from the photo-resist to the substrate by
etching or a similar way of structuring the already available material. In the bottom-up approach,

the material is added to the substrate in a self-organized way.

The bottom-up approach includes processes like vapor-liquid-solid (VLS) and oxide-assisted
growth (OAG) and photolithography or e-beam lithography. The bottom-up method involves the
synthesis of the SINWs from a mass of silicon wafer with the reaction being metal catalyzed,
while top—down technique begins from a bulk silicon wafer and trims down to the preferred and

required size and shape of SiNWs through a lithographic mechanism.

2.2.1 Vapor Liquid Solid (VLS) Growth Mechanism.

The most prominent nanowire synthesis method is named the vapor liquid solid (VLS) growth
mechanism. Silicon nanowire synthesis via VLS was first reported in 1964 using silicon
substrate integrated with liquid Au droplet. In VLS, there is a deposition of metal-catalyzed (Au,
Fe, Pt, Al, etc.) on the silicon wafer and then the SINWs growth is augmented either by chemical
vapor deposition (CVD) technique.[7] Essentially, silicon wafer coated with metal catalysts are
positioned at the middle of a tube furnace and initiated with a silane (SiH4) or tetrachlorosilane

(SiCls) and passed above the metal catalyst accumulated on Si.
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Figure 2: 1 Schematic diagram for VLS technique [8]

wafer in the chamber at above eutectic temperature. The SiHs gas serving as the source of silicon
gas would be converted into silicon vapor and disperses through a metal catalyst to produce
metal-silicon alloy droplets. As silicon diffuses across the metal nanoparticle catalyst leading to a
supersaturated state of condition, the silicon will precipitate out from droplets of metal-Si

forming silicon nanowires.

2.2.2 Laser Ablation

By laser ablation large quantities of ultrathin nanowires with high aspect ratios can easily be
obtained. A high-power pulsed laser ablates material from a mixed Si—catalyst target, which is
placed in a tube furnace held at high temperatures and purged with an inert gas. The silicon
material ablated from the target cools by colliding with inert-gas molecules, and the atoms
condense to liquid nanodroplets with the same composition as the target. The advantages of
laser-ablated nanowire production are manifold. Firstly, there is no need for a substrate. Second,
the composition of the resulting nanowires can be varied by changing the composition of the

laser target.[9]
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2.2.3 Oxide assisted growth (OAG)
By OAG method,which is a bottom up approach the growth of SINWs was significantly

improved using SiO as starting material to stimulate the nucleation and the growth of SINWSs
without the use of catalyzed metal generating high purities SINWs and free of metal impurities
[10]. One of the features of the produced SINWs via OAG method is it possesses at its outer
layer, an oxide layer that is chemically inert. To efficiently improve the electrical and optical
properties of the produced SiNWs, the outer layer covered by oxide layer should be removed by
treating the oxide layer with hydrofluoric acid (HF). It should be noted that this method is more
preferable to VLS as it enables to produce SiNWs with various morphologies in chains, rods,
wires, ribbons, and coaxial structures and the use of silicon sources like silane (SiH4) or SiCl4

can be circumvented.

2.2.4 Molecular Beam Epitaxy (MBE)

In MBE, a solid high-purity silicon source is heated until Si starts to evaporate.A directional
gaseous beam of silicon atoms is aimed at the substrate, on which the atoms adsorb and
crystallize.To reduce contamination, the base pressure of an MBE system is usually kept at
ultrahigh vacuum, allowing to monitor the growth using Reflection High-Energy Electron
Diffraction (RHEED) or other surface sensitive examination methods. Similar to CVD, MBE

was initially designed for epitaxial layer-by-layer deposition only. [11]

2.2.5 Metal-Assisted Chemical Etching

This is the most low-cost and simple method of synthesizing SINWSs [12]. Silicon can be etched
in the presence of HF and an oxidative agent, catalyzed by noble metals, to form micro-/nano-
structured surfaces with various morphologies. First step of silicon nanowire synthesis using this

process is to deposit metal particle like Au, Ag or Cu on silicon substrate.
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These noble metals would attract electrons from the silicon and facilitate Si oxidation. Si etching
occurs rapidly when Si substrates covered with Ag/Au-nanoparticle films are immersed in HF as
the metal nanoparticles acts as a catalyst.
The final reaction is composed of the following cathodic and anodic reactions:
Cathodic reaction: Ag*+e (VB) =Ag(s)
Anodic reaction: Si(s) + 2H20 = SiO?+ 4H+ +4e™ (VB)
Si02(s) + 6HF = HSiFs + 2H20

The whole reaction can be summed up as follows:

Si(s) + 4Ag* + 6HF~ — 4Ag + HaSiFs + 4H*
When parameters like temperature, concentration and deposition time, and doping level are

manipulated, diverse morphologies of SINWSs arrays could be produced by this mechanism. [13]

2.3 Properties
Silicon nanowires properties are:
2.3.1 Mechanical properties: Mechanical properties of nanowires are of great
importance in device processing since changes in temperature, induced strain and
external stress can change the electrical conductivity of the nanowire due to internal

dislocations.

2.3.2 Electrical properties: It is important to understand the electrical properties of
semiconducting nanowires because they determine the suitability of silicon nanowires
to be used in electronics and sensor applications.

2.3.3 Chemical properties: An important chemical reaction, which makes silicon
nanowires very useful in sensor and transistor applications, is the natural oxidation.

2.3.4 Optical properties: Outstandingly, SINWs developed laterally and most of the
crystallographic orientations have a direct band gap; as a result, both the maximum

and minimum of the valence band and the conduction band respectively occur at a
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similar point in k-space. This unique property has made SiNWs as effective optically

active materials for photonics applications.
2.35 Thermal properties: Silicon nanowires, when used within applications or

experiments, may have a curved like shape and not be straight. The phonon transport

can be affected by their curvature and thus their thermal conductivity changes.

2.4 Applications

2.4.1 Field Emission (FE)

2.4.1.1 Introduction to Field Emission

Removal of a free electron from bound state in metal/semiconductor requires certain amount of
external energy. The energy required to eject a bound electron to free state must exceed certain
minimum energy level termed as work function, ¢. It is the energy difference between the
highest filled energy state, the Fermi level (EF) and the vacuum level. Depending upon the type

of external applied energy, to eject the electrons; the emission can be classified as follows:

o Thermionic emission (TE): external applied energy is in the form of heat
J Photoemission(PE) : external applied energy is in the form of photons
o Secondary emission: primary incident particles with sufficient energy induce secondary

particles emission.

o Field electron emission(FE)

The Field electron emission (FE) is ejection of electron by quantum mechanical tunneling from
conducting/semiconducting emitters upon application of very high electric field (10%Vv/cm).
Thus, the field emission phenomenon is an experimental realization of electron tunneling effect

explained in quantum mechanics.
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PE relies on absorption of energy from a photon by an electron, exciting it to a higher state
thereby allowing the electron to pass over the surface potential barrier with incident energy
hv>¢, where h is Planck’s constant (6.63 x 10* Js), v is the frequency of the wavelength of light
and ¢ is the work function of the material.[14] Typically, to gain sufficient energy, the incident

light must lie in the ultraviolet part of the electromagnetic spectrum. Whilst physically it is
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interesting, with fast response times down to nanoseconds, practically it is the least explored of
the emission mechanisms and is not greatly relied upon for use in applications as achieving high

currents is challenging.

TE, comparatively, is used extensively. To liberate electrons demands high temperatures
(>1000K) in order that they acquire sufficient kinetic energy greater than the restraining surface
potential barrier. The quantity of kinetic energy required is defined by work function, ¢, of the
material. Strictly speaking, ¢ is determined by the amount of energy an electron needs to
overcome the ionisation potential. Factors that influence work function magnitude are the
intrinsic partial free energy of electrons as well as surface electrostatic effects. In the presence of
an electric field, the surface potential barrier required for electrons to emit lowers, whilst the
shape of the potential barrier also changes from nominally quadrilateral to more triangular. When
the principle emission method is thermionic, with electrons passing over the newly lowered

barrier, this is termed Schottky emission.[15]

Both PE and TE entail classical physics principles of excitation to pass over a barrier, whereas
FE enters the domain of quantum mechanics. FE of electrons necessitates an applied electric
field only, without heating, and is accordingly termed cold emission. Electrons tunnel through
the vacuum barrier potential at the Fermi energy, Es, which is significantly narrowed in the
presence of an electric field. the emission current is thus produced. With increasing fields, the
barrier narrows further and emission current increases with an observed exponential
relationship.[16] In semiconductors, electrons from the conduction band are promoted to the

valence band by field induction.
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The first observation of FE dates back to 1879 when R. W. Wood was working on certain
discharge tube experiments.[17] However, the first attempt to explain the mechanism of electron
emission was made by W. Schottky in 1923. He explained the field electron emission
phenomenon as a reduction in potential barrier at the Fermi level. The phenomenon of reduction
in potential barrier is termed as Schottky Effect. Latter on it was proposed by Gossling, that the
field emission mechanism is temperature independent almost up to 1500K. The emission
mechanism was then explained by R. H. Fowler and L. Nordheim based on quantum mechanical
electron tunneling effect. They presented the mathematical formulation of the mechanism in

1928.[18-19]

2.4.1.2 Electron field emission from metals

Electrons in the conduction band of a metal can move freely. However, these electrons cannot
leave the metal because of a potential barrier at the surface to vacuum. This potential barrier
arises from the electrostatic interaction between adjacent electrons. Regarding electrostatic
attraction and repulsion the lowest potential energy of an electron is given by the equilibrium of
these two forces.

An electron that leaves the bulk causes a surplus of positive charges in the solid. As a result of
this surplus the electron is pulled back. In a classical consideration an electron that wants to
leave the solid into vacuum needs enough thermionic energy to get from the Fermi level Er to the

vacuum level Evac . That amount of work is called the work function ¢.[20]

Quantum mechanics allow a short term stay of an electron in the forbidden area below the
potential barrier. An electron, in that case, has the chance to tunnel through the potential barrier.

The chance for tunneling depends on the height and width of the potential barrier. These two
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parameters can be modified by an external electric field .An external electric field shapes the
potential barrier triangularly due to the potential energy of an electron in the electric field:

Efiela = —q -F-Xx
with the external electric field F, the charge g and the distance from the surface x.

In addition to the deformation the potential barrier is lowered due to the image charge . This
charge originates from the remaining positive charges when an electron has left the solid. With

an external electric field the total potential energy results in:

Epot() = —qgmgox — 4 Fx

The maximum of Epot(X) gives the lowering of the potential barrier:

e3.F
4‘7'[‘60

AQ =
The first satisfactory description of the generated tunneling current has been given by Fowler and
Nordheim [18]. The emitted electron current can be described by the following equation:
J« = [, N(Ex)D(Ex)dEx

where N(Ex)dEx is the electron supply function, giving the number of electrons crossing the
barrier in a direction parallel to the substrate plane (from emitter bulk); and D(Ex) gives the

transmission coefficient or tunnelling probability.
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Figure 2: 3 schematic of the potential barrier induced by an electric field including
Shottky corrections and image potential.

To calculate (Ex), the Wentzel-Kramers-Brouillon, WKB, approximation is used. Tunnelling
occurs when the barrier is significantly thinned by the electric field to less than a few
nanometers, with a relationship between increasing emitted electrons and decreasing barrier
thickness. For metals, the emission tip is modelled as a semi-infinite quantum well with work
function, ¢, and local electric field, F, approximated as a linear potential. Application of the
Fermi-Dirac distribution, which assumes electrons follow the free electron model and hence
obey the Pauli Exclusion Principle, and WKB approximation, gives the FN equation, as:

F2 Bey F
] = AFNEGXP (— W)
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where the constant Arn is derived from the supply function N(Ex)dEx = dEx fE°° n(E, E,)dE,
according to the free electron model and Bry from the transmission coefficient D(Ey) =
Ep

D pexp (E"d—_F) of the barrier using the solution to the Schrddinger equation and WKB

approximation:

3
e
Apy = — 154 x 107 5A eV V2
FN = T6n2h €
3
_ — 6.83 x 10°eV3/2 -2
Bry = T = 6.83 x 10°eV¥/2Vm

where e is the electron charge, me is the mass of an electron and h is Planck’s constant h/2x.

A reduced version of the standard FN equation, commonly used in calculations with

experimental data, is given by:

1 (AenBE Bey /2
=5 () ()

where | is the total emission current, A is the effective area of emission, defined by the effective
area from which electron liberation occurs from the cathode, which is somewhat dubious and
difficult to measure and is commonly mistaken as the area of the substrate onto which the field
emitting materials are deposited, E is the local electric field, and P is the field enhancement
factor relating to an increase in the observed local field around sharp tips. E can be approximated
using the anode-cathode voltage, V, and inter-electrode separation, d, by E=(V/d), where B is a
proxy metric for AR or tip sharpness. The quantities | and A can be directly measured under
experimental conditions, and give rise to the calculation of factors such as B and, of course, J.

According to the general WKB approximation and subsequent transmission models, low ¢ and
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high B typically manifest as high maximum current density. The reduced FN equation is
commonly used to calculate FN behaviours from a nanomaterial emitter. A linear fit to a plot of
In (J/E?) (y-axis) against 1/E (x-axis), typically called an FN plot, indicates that a material

follows Fowler-Nordheim theory well. A linear rearrangement here gives:

J Brn /%) 1 ApnB?
‘“(§)=<‘T>E+“‘< ® )

The local field enhancement factor, B, is related, in part, to the emitter geometry, with high

aspect ratio materials, such as CNTSs, proving to be excellent candidates by exhibiting very large
values. The value of B is measured by inference of known quantities including J, E and ¢. Due to
complexities arising in accurately assessing E and indeed ¢, however, calculated values of § are
wildly disparate with values from 1 to 10,000, although it should be noted that emitter

morphology can also vary wildly within a sample and is of high influence in defining .

Experimentally, the gradient, s, from a Fowler Nordheim plot (In(J/E?) against 1/E) is commonly
used to derive the local field enhancement factor, 3, when ¢ is known, given by:

_ Beng*?
S

B =
Therefore, the field enhancement factor  can be calculated as long as work function is known.

2.4.1.3 Electron field emission from semiconductors

The Fermi level in metals lies within the conduction band and metals have a huge amount of free
charge carriers due to metallic bonding. Semiconductors, on the contrary, have their Fermi level
in the forbidden area between the valence band and the conduction band. The amount of free

charge carriers is adjusted by doping the semiconductor with foreign atoms (acceptor or
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donator). This leads to a smaller amount of effectively free charge carriers in a semiconductor
compared to a metal. Due to this difference arise for the theory of field emission for
semiconductors.

Undoped silicon (Si) has a band gap of 1.12 eV and belongs to the group of the semiconductors.
When doped with phosphor, Si becomes a n-type semiconductor with a donor level 44 meV
below the conduction band [20]. P-type silicon has an acceptor level 45 meV above the valence
band and is fabricated by doping silicon with e.g. boron. For electron field emission devices

based on silicon, highly doped silicon is usually used.

The carrier concentrations of an intrinsic, an n-type, and a p-type semiconductor along with the
simplified band diagram, density of state, and Fermi-Dirac distribution function are shown in
Fig. 2.4. The figure shows that, unlike in a metal, the Fermi level is observed to shift in a
semiconductor from its intrinsic position of the middle of the bandgap to adjust itself to preserve
charge neutrality when donor (of concentration Np) or acceptor (of concentration Na) are
introduced into the semiconductor. For an n-type semiconductor, the Fermi level shifts towards
the conduction band shifting the Fermi-Dirac distribution function with it resulting in a higher
electron concentration in the conduction band than that from the intrinsic case at thermal
equilibrium at a temperature higher than 0 K. Whereas, for the analogous situation in a p-type
semiconductor, the Fermi level shifts towards the valence band and results lower, but not zero,
electron concentration in the conduction band. Free electrons for tunneling under high electric
fields are, therefore, available in the conduction band in all three types of semiconductors at non-

absolute-zero temperature.
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Figure 2: 4(From left) Schematic band diagram, density of states, Fermi-Dirac distribution
function, and the carrier concentrations for (a) intrinsic, (b) n-type, and (c) p-type

semiconductors at thermal equilibrium at T, where T #0 K. Np, Na are the donor and

acceptor impurities concentrations.

In its simplest form, therefore, a parallel can be drawn between field emission from metals and
semiconductors noting that the surface potential barrier height from the bottom of the conduction

band is the electron affinity y for emission from conduction band, and from the top of the

valence band it is y + Eg for emission from valence band. Eq is the bandgap that separates the
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conduction band from the valence band. This simple model of electron emission from a
semiconductor is illustrated in Fig. 2.5. The corresponding Fowler-Nordheim current from
semiconductor conduction and valence band will be given with xy and y + Eg respectively

replacing ¢.

Vacuum level

X Conduction
Band .
< - Electron tunnelling
E. * from conduction band
EE Field, F,
E, ¥ . % . o Electron tunnelling
d[=5 " from wvalence band
Qo
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- 5
i
Semiconductor Vacuum

Figure 2: 5 Schematic of the simplest model of field emission from an n-type
semiconductor. The model is same for p-type semiconductor too.

The simple model of field emission is not critically realistic as the external electric field
penetrates into the semiconductor and both the conduction and valence bands bend at the surface,
as shown in Fig. 2.6.[21] Two cases can arise at the conduction band:

o If the conduction band is bent by an energy Vo not sufficient to bring it below the Fermi
level as presented in Fig. 2.6(a), the electrons at the bottom of the conduction band encounters a
barrier of height y as before the field penetration being considered. However, the Fowler-
Nordheim current density would require to be multiplied by a factor e=Ve/XT representing the
increased electron concentration at them bottom of the bent conduction band. This situation can

arise in an intrinsic semiconductor where Fermi level is in the middle of the bandgap or in a
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lightly doped n-type semiconductor where it is a considerable distance away from the conduction

band edge.
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Figure 2: 6 Field emission from the conduction band of an n-type semiconductor with field
penetration. The conduction band has bent but (a) has not dipped below the Fermi level,

and (b) has dipped below the Fermi level near the semiconductor surface.

o If at high field, Vo is sufficient to bring the bottom of the conduction band below the
Fermi level, as in a moderately to highly doped n-type semiconductor where Fermi level lies
close to the conduction band, electrons collect in the dip as depicted in Fig. 2.6(b). It is evident
that the highest filled level of the collection coincides with the Fermi level, which remains
constant throughout the semiconductor. In this case, the barrier height is reduced by an amount

and the effective barrier height for the Fowler-Nordheim equation is given by

Gesr =x— (E—Vp)
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The field penetration has no effect in emission from semiconductor valence band as barrier

height x + Eg remains unchanged at the semiconductor surface even with the bent valence band.

2.4.1.4 Nanowires as field emitters

Nanowires of different materials are of immense interest due to their one-dimensional structures
showing quantum confinement effects. Nanowires also possess high surface to volume ratio.
Nanowires possess axial geometry and such nanorods like structures can be grown vertically on
flat substrate with desirable density of wires per unit area. In particular, nanowires with low
threshold and low operating voltage have become potential candidates for application in flat
panel display technology as well as in the cold cathode technology. This is because the
conventional thermionic emission devices are accompanied with high power dissipation due to
high cathode temperature. Aligned nanowires with a high packing density can significantly

enhance the field emission behavior.

2.4.2 Wettability

2.4.2.1 Wetting of a solid surface

Wettability of a solid surface is quantitatively measured in terms of contact angle. The contact
angle is the angle at which the liquid-vapor interface meets solid-surface interface. As the
tendency of a liquid drop is to spread out over a flat, solid surface increases, contact angle
decreases. Thus, the contact angle provides a direct measurement of wettability. A contact angle
less than 90° usually indicate wetting of the surface is very favorable, and the liquid will spread
over a large area of the surface. Contact angles greater than 90° generally mean that wetting of
the surface is unfavorable so the fluid will minimize contact with the surface and form compact
liquid droplet. The solid surfaces are broadly classified as hydrophobic or hydrophilic depending

upon the extent to which the wetting of the surface is facilitated. Hydrophilic surface as the name
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itself implies, means surfaces having affinity to water. Since the contact angle formed is less than
90°, the exposed area of liquid to air is less. Water spreads very well on these surfaces. Glass is
an example of this type of surfaces. On the other hand, on hydrophobic surfaces, water does not
spread well. The water drops formed on these surfaces have higher surface energy forming the

contact angle always more than 90°.

2.4.2.2 Contact angle and Young’s equation

Contact angle measurements are widely used for the evaluation of macroscopic surface
characteristics such as wettability, hydrophobicity, adhesion, and the surface tension of solids.
When an interface exists between a liquid and a solid, the angle between the surface of the liquid
and the outline of the contact surface is described as the contact angle 6. The contact angle
(wetting angle) is a measure of the wettability of a solid by a liquid. In the case of complete
wetting (spreading), the contact angle is 0°. Between 0° and 90°, the solid is wettable and above
90° it is not wettable. In the case of ultra-hydrophobic materials with the so-called lotus effect,

the contact angle approaches the theoretical limit of 180°.

The theoretical description of contact arises from the consideration of a thermodynamic
equilibrium between the three phases: the liquid, solid and the gas/vapor phases. It is convenient

to frame the discussion in terms of the interfacial energies. According to Young's equation,[22]

there is a relationship between the contact angle 0, the surface tension of the liquid ©js, the
interfacial tension o between liquid and solid and the surface free energy osq of the solid:

01, cos 0. = o5 — Ogy,
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Solid

Figure 2: 7 Schematic of Contact Angles

2.4.2.3 Types of Surfaces

> Hydrophilic Surface:

Whenever we dissolve compounds or molecules into water, we are taking advantage of the fact
that these chemicals are hydrophilic. If a compound is hydrophilic (or ‘water loving'), then this
means the compound readily dissolves in water or a watery solvent.

Water is a polar molecule. Polar molecules are molecules that have partial charges due to uneven
bonding. The oxygen atom in a water molecule is highly electronegative, which means that it
will pull the electrons in a bond closer to it. This in turn, makes oxygen partially negative, and
hydrogen partially positive.

Since water has these partial charges, it can attract other chemicals that also have partial charges.
Therefore, hydrophilic molecules must have a charged portion in order to dissolve in water.
Hydrophilicity is an important quality of many essential materials in nature and in the human
body.

Consider a liquid drop on a solid surface. If the liquid is very strongly attracted to the solid
surface (for example water on a strongly hydrophilic solid) the droplet will completely spread

out on the solid surface and the contact angle will be close to 0°. Less strongly hydrophilic solids
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will have a contact angle up to 90°. On many highly hydrophilic surfaces, water droplets will
exhibit contact angles of 0° to 30°. A membrane being hydrophilic means it has the tendency to
allow liquid to enter the pores. This condition reflects better wetting, better adhesiveness, and
higher surface energy.

Hydrophilic solids are often hygroscopic and pick up water from the air. Taking simple examples
from the kitchen, both salt (sodium chloride; electrolyte) and sugar (sucrose; nonelectrolyte)
easily dissolve in water, in large quantities, and both of these substances are therefore
hydrophilic, as per this general definition. Since surfaces of salt and sugar crystals are chemically
identical to the composition of bulk of the crystals, they must be hydrophilic as well.

e.g. glass, rusted materials

> Hydrophobic Surface:

Hydrophobic surface has the property of repelling water, i.e., they do not easily become wetted
in contact with water. The phenomenon is due to unbalanced molecular forces at the water/solids
interface causing surface tension. Water is a polar molecule, which means that it carries a partial
charge between its atoms. Oxygen, as an electronegative atom, draws the electrons of each bond
closer to its core, thus creating a more negative charge. Therefore, any materials with a charge,
whether it is negative or positive, will be able to interact with water molecules to dissolve.
(Think of how salt dissolves in water. This is due to the charges of the ions sodium and chlorine).
So essentially, hydrophobic molecules are molecules that do not have a charge, meaning they are
non-polar. If the surface is hydrophobic, contact angles will be greater than 90° (high contact
angle), generally means that wetting of the surface is unfavorable, so the fluid will minimize

contact with the surface and form a compact liquid droplet. e.g.: Teflon, Oily surface .
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> Super Hydrophobic Surface:

The contact angles of a water droplet on an ultra-hydrophobic material exceed 150°. This is also
referred to as the lotus effect, after the super hydrophobic leaves of the lotus plant. A droplet
impacting on these kinds of surfaces can fully rebound like an elastic ball. Super hydrophobic
surface is a hydrophobic surface having nano-scale roughness.

For nano scale roughness water-solid contact area is lowered and water perched on hydrophobic

posts containing trapped air.

Contact Angle > 150°

- - .

Figure 2: 8 Schematic of Contact Angles

Surface Wettability relation with Surface Energy

A high wetting surface has a surface energy that creates a strong attractive force to pull the liquid
droplet down, causing it to spread out. This is known as wettability.

This surface energy is stronger than the surface tension of the liquid's molecules that would
normally keep it in droplet form. The surface tension of the liquid doesn't change, but rather the
surface energy of the solid is stronger than the liquid's surface tension and overpowers it, causing

the liquid to spread out over the solid surface.

Low contact angle = high surface energy and high interfacial tension.
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For a low wetting surface, the surface energy is weaker than the surface tension of the liquid,
meaning that the liquid can better keep its droplet shape. The interfacial tension between the

solid and liquid is low because the interaction between the two is not as strong.

High contact angle = low surface energy and low interfacial tension.

Surface energy and surface tension result from non-symmetric bonding of the surface
atoms/molecules in contact with a vapour are measured as energy per unit area. Surface tension
is often used to define fluid surfaces while surface energy is used to define solid surfaces.
Surface energy is an important indicator of surface contamination and the composition of a
polymer surface. Surfaces with a high surface energy will try to lower their energy by adsorbing

low energy materials such as hydrocarbons.

2.4.2.4 Effect of Surface Roughness on wettability

Superhydrophobic surfaces are so hydrophobic that it becomes extremely difficult to wet. They
are usually referred to have contact angles exceeding 150° and the roll-off angles less than 5°.
Since chemically modifying the surface alone can typically lead to contact angles of up to 120°,
but not more, superhydrophobicity is known to be an enhanced effect of surface roughness - the
Lotus’ effect. The basic wetting state of droplets on a rough substrate is either in Wenzel’s[23]
or Cassie-Baxter’s[24]. Usually, only one of these states is stable while the other is metastable ,
depending on both the surface chemistry and roughness.

Surface roughness has a strong effect on the contact angle and wettability of a surface. The
effect of roughness depends on if the droplet will wet the surface grooves or if air pockets will

be left between the droplet and the surface.
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If the surface is wetted homogeneously, the droplet is in Wenzel state. In Wenzel state, adding
surface roughness will enhance the wettability caused by the chemistry of the surface.
cos0" =rcos0

If the surface is wetted heterogeneously, the droplet is in Cassie-Baxter state. The most stable
contact angle can be connected to the Young contact angle. The contact angles calculated from
the Wenzel and Cassie-Baxter equations have been found to be good approximations of the
most stable contact angle.

cos0" =rfcosB—(1-f)

b)

Figure 2: 9 Representations of (a) Wenzel and (b) Cassie-Baxter models.
Where, the parameter r is the ratio of the wet surface area to its projection on the apparent solid
plane, and f is the area fraction of the wet part of the solid. The Wenzel and Cassie-Baxter
relations have classically been used to characterize the apparent contact angles with remarkable
success. The latter reveals that 6 * comes near 180° as the area fraction f approaches to zero.
Wetting in the Cassie-Baxter’s state, rather than in the Wenzel state, is generally a requirement

for achieving superhydrophobicity.
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2.5 Objective

The following are the mains objectives undertaken in this project:
o To synthesize silicon nanowires (SINW) by metal assisted chemical etching (MaCE)
process and to investigate the change in morphology, band gap and field emission parameters for

different time duration for synthesis i.e. 40, 60 and 80 minutes of etching in 60°C.

o To further enhance the field emission properties of the silicon nanowires etched at 80
minutes thin rGO(Reduced Graphene Oxide) layer is deposited on it to synthesize rGO-SINW

composite.

o To investigate the change in wettability properties of silicon nanowires etched in both
room temperature and 60°C for time periods of 40, 60 and 80 minutes and also the wettability of

rGO-SiNW composite.

o To investigate the effect of wettability properties in the field emission characteristics of

the nanowires and its composite.
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3.1 Review of Past Work

Silicon nanowires, also referred to as SINWSs, have unique quasi one-dimensional electronic
structure and high surface to volume silicon ratio. Therefore , silicon nanowire based devices
have properties that can outperform their traditional counterparts in many ways. SiNWs are
expected to play a key role in applications such as solar cells, sensors, lithium batteries, and

catalysts with regard to their surface-dependent properties.

o The synthesis of silicon nanowires are to be discussed first. R.S.Wagner and W.C.Ellis
reported the synthesis of silicon nanowires (SINWSs) for the very first time in 1964 via vapour—
liquid-solid (VLS) growth by using gaseous silane (SiHs) as precursor and gold (Au)

nanoparticles as catalysts.[ 1 ]

o In 1997, Dimova-Malinovska et al. reported that thin porous silicon layers (1000A) were
fabricated by etching an aluminum (Al) covered Si substrate in a solution composed of HF,
HNOs, and H.O for both p-type Si and n—p Si junctions. [ 2] This is the first demonstration of

metal assisted chemical etching of silicon.

o The widely used metal-assisted chemical etching method was first investigated in detail
by Li and Bohn in 2000. [ 3] It was found that a thin layer of noble metal (e.g., Au, Pt, or Au/Pd
alloy) sputtered on the surface of a Si substrate(100) catalyzed the etching of Si in a mixed
solution containing HF, H>O> , and EtOH, resulting in straight pores or columnar structures.
Depending on the type of metal deposited and Si doping type and doping level, porous Si with
different morphologies were produced.

Metal-Assisted Chemical Etching (MACE) is particularly promising among all other methods,

because of its simplicity, cost-efficiency, and versatility. By MACE various Si nanostructures
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can be fabricated with the ability to control various parameters (e.g., cross-sectional shape,

diameter, length, orientation, doping type, and doping level).[4]

Field emission is important in several areas of industry, including lighting and displays. The
applications of field emission are in field emission displays, microwave power amplifiers,
parallel e-beam lithography tools and electron guns for electron microscopes. As Si is the most
important semiconductor for development of modern microelectronic technology attempts have

been made to develop excellent field emission properties in Si nanostructures.

o In 1999, Frederick et al. first reported the field emission properties of SINWs which were
synthesized by a laser-ablation method. For a current density of 0.01mA/cm? the turn-on field of
the SINW emitters with a nominal diameter ~10 nm(diameter distribution 7-12 nm), ~20
nm(diameter distribution 18-22 nm), and ~30 nm(diameter distribution 27-32 nm) were 4.5, 13,
and 23 V/um, respectively. The field-enhancing factor was determined to be ~500 by taking the
local work function of the emission tip as that of elemental silicon, i.e., 3.6 eV. Further
enhancement of the field emission was observed for the SINWSs of diameter ~20 nm after treated
with hydrogen (H2) plasma. Decreasing diameter and H. plasma treatment of SINWs improved

their field emission characteristics. [5]

o In 2003, Lu et al. synthesized well-aligned arrays of silicon nanowires (SINWSs) by a
chemical vapor deposition (CVD) template method without catalyst. The turn-on field for
electron emission, defined as the macroscopic fields needed to produce a current density of 0.01
mA/cm?, is ~14 V/um. They concluded that the superior field emission behavior is believed to

originate from the sharp tips and oriented growth of SINWSs.[6]
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o Chueh et al. in 2005 have synthesized taperlike SiINWs by annealing of high-density
FeSi2 nanodots on (001) Si at 1200 ° C in a N2 ambient. The tip regions of SINWs were about 5—
10 nm in diameter and the average length of the SINWs was about 6 um with aspect ratios as
high as 150-170. The taperlike Si nanowires exhibit a turn-on field of 6.3-7.3 V/um for
generating a current density of 0.01 mA/cm2 and the threshold field of 9-10 VV/mm for current
density of 10 mA/cm?. The excellent field emission characteristics are attributed to the taperlike

geometry of the crystalline Si nanowires.[7]

o Kulkarni et al. reported the electron field-emission characteristics of SINWSs grown by the
vapor-liquid-solid(VLS) technique in 2005. The average threshold field for emission current
density of 10mA/cm2 was found to be 11.58 V/um and 3 was estimated to be ~500 using the
work function of intrinsic Si (¢ =4.5 eV). Threshold field was further reduced via postgrowth
processing steps such as in situ annealing and in situ cesiation to ~9.94+0.3 V/um and

~7.7610.55 V/um respectively.[8]

o In 2006, She et al. reported a technique involving a combination of using self-assembled
nanomask and anisotropic plasma etching is developed for fabricating vertically aligned single-
crystalline SINWSs. The typical J-E curve of the as-fabricated SINWSs gave turn-on field of 0.8
MV/m and the threshold field of 5.0 MV/m(defined as the electric field required to extract a

current density of 10uA/cm? and 10 mA/cm?, respectively). An emission current density of 442

mA/cm?was obtained at an applied field of ~14 MV/m and B was found out to be 455.[9]

o McClain et al. in 2006 studied the effects of growth parameters on the morphology and
field emission performance of silicon nanowires which were synthesized by chemical vapor

deposition using indium tin oxide-coated glass as a substrate. Silicon Nanowires having growth-
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times of 5, 10, and 20 mins, the turn-on fields were determined to be 7.4, 7.9, and 11.5 V/um,
while the threshold fields were 9.9, 11.8, and 16.9 VV/um respectively. The turn-on and threshold
fields referred to were, respectively, the applied fields required to obtain current densities of 10
pA/cm2 and 10 mA/cm?. The resulting field enhancement factors were calculated to be 540, 270,
and 265 for 5, 10, and 20 min growth-times, respectively from FN plot while peak emission
currents in excess of 25 pA were observed for nanowires with 5 min growth-times. It was
concluded that field enhancement factor increased with decreasing radius of curvature of the
emitting tip which is directly related with the radius of SINWs and emitter surface density also

effected on the field emission performance of the SINW specimens.[10]

o In 2007, Zeng et al. investigated field emission of single crystal SINWs of 100 nm in
diameter by chemical vapor deposition growth procedure at 480 °C from silane using Au as
catalyst. A turn-on electric field of 5.5 V/mm was obtained at an emission current density of 0.01
mA/cm? for the as-grown Si nanowires, and the highest saturated current density obtained was
0.03 mA/cm? . the same sample was annealed in vacuum at 550 °C for 24 h which improved the
turn-on voltage to 2.0 V/mm and an emission current density of ImA/cm? was obtained at 3.4

V/um.[11]

o Zeng et al. reported an emission current density of 1 mA/cm2 was achieved at an electric
field as low as 0.7 V/um from Si nanowires grown on carbon cloth in 2007. SINWSs were grown
on carbon cloth via the vapor-liquid-solid reaction using silane gas as the silicon source and gold
as catalyst from the decomposition of hydrogen gold tetrachloride. turn-on electric field of
0.3V/mm was obtained at an emission current density of 0.01 mA/cm2 and a field enhancement

factor of 6.1x10%.[12]
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o In 2007, Fang et al. synthesized well-aligned and evenly distributed SINWs assembled in
micro-sized semisphere ensembles through simple thermal evaporation without using any
templates and me tal particle catalysts. a typical nanowire array density was of ~4 x10° cm™ The
turn-on field for field-emission of the arrays was found out to be 7.3 V/um and the field

enhancement factor b was measured as ~424.[13]

J Hsin-Luen Tsai in 2013 fabricated SiNWs by the vapor-liquid-solid (VLS) mechanism
in the low pressure chemical vapor deposition chamber with Au catalyst and silane (SiHa)
precursor at three different Au sputtering times (10, 30, and 60 sec) with the growth time at 60
min. material. The higher number density of silicon nanowires was observed with longer
sputtering time. The turn-on electric fields are found at 1.2, 4.6, and 7.6 V/um for three

sputtering time at 10, 30, and 60 sec respectively at the growth time 60 min.[14]

o In 2014, Shasha et al. employed Ag-assisted chemical etching combined with
polystyrene(PS) sphere as template to prepare size-controllable single crystal SiINWs with
uniformity, and the diameter was further reduced via dry oxidation. The polystyrene monolayer
template was first prepared on a p-type (100) oriented Si wafer. Then the diameter of the PS
sphere was reduced via Reactive ion etching (RIE) with an O> flow rate of 40 sccm, basic
pressure of 2 Pa, and applied radio frequency power of 30 W and the etching time was adjusted
to control the diameter. After that, Ag was deposited onto the Si substrate by electron-beam
evaporation forming a porous Ag film as catalyst. The Ag films used for the chemical etch were

deposited at ~ 3 A s-1. After the removal of PS sphere templates from the
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Figure3. 1 (a) Schematic depiction of the fabrication process (b) Key Parameters of

SiNWs Field Emitters (c) Relationship of turn-on field and field enhancement factor f

with proximity in the work by Shasha et.al [15]

substrate by ultrasonication in ethanol or in toluene Ag-assisted chemical etching was done to

obtain the silicon nanowires. The FE properties of SINWSs were systematically studied by using

two different polystyrene (PS) spheres template with the original diameters of 250 nm and 1000

nm. The turn-on field improved from 11.3 to 1.8 V/um was observed with the average tip space

increasing from 80 to 820 nm. The field enhancement factor improved progressively, up to 5785.

The SiNWs with a tip diameter of 180 nm and height of 3.2 um showed the lowest emission
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fields and exhibited favorable FE stability, that is, the emission current fluctuation ~ 10.4 % was

observed at a fixed electric field of 2.3 V/um for 6 h.[15]

Reduced Graphene Oxide thin films with thicknesses ranging from a single
monolayer to several layers over large areas resulting in tuning of their opto-electronic
properties over several orders of magnitude, making them potentially useful for
flexible and transparent semiconductors or semi-metals. [16] The thinnest films exhibit
graphene-like ambipolar transistor characteristics, whereas  thicker  films  behave as
graphite-like  semi-metals. Collectively, rGO could be used for translating the interesting
fundamental properties of graphene into technologically viable devices. Recent progress on
the large-scale synthesis of single-layer graphene by chemical exfoliation opens up the
possibility to investigating their field-emission properties, although assembly of graphene into
continuous or patterned films is required for the given utilization of graphene in practical flat-

panel displays.

o First the synthesis of Graphene oxide is to be discussed as Reduced Graphene Oxide
(rGO) is obtained from graphene oxide (GO) . Graphite oxide was first prepared by Brodie in
1859 by repeated treatment of Ceylon graphite with an oxidation mixture consisting of potassium
chlorate and fuming nitric acid. Since then, many other procedures had been followed for
forming graphitic oxide, nearly all dependent upon strong oxidizing mixtures containing one or
more concentrated acids. The methods most commonly used at the present time are the original

Brodie synthesis and one described by Staudenmaier in 1898. [17]

o In the Hummer’s method, in 1958 the oxidation of graphite to graphitic oxide was

accomplished by treating graphite with essentially a water-free mixture of concentrated sulfuric
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acid, sodium nitrate and potassium permanganate. The entire process requires less than two
hours for completion at temperatures below 45° C and can be carried out safely providing

reasonable care is maintained in observing the temperature limitations.[18]

o The graphite oxide was prepared by oxidizing purified natural flake graphite via modified
Hummers method. UV-vis spectrum of GO exhibited maximum absorption peak at ~237 nm
attributed to m-* transitions of the C-C bonds. The results of FTIR and Raman spectroscopy
showed that the graphite was oxidized by strong oxidants and the oxygen atoms are introduced
into the graphite layers forming C=0, C-H, COOH and C-O-C bonds with graphene. The XRD
results show 20 of 12.2° with inter layer spacing equal to 7.26 nm. SEM images demonstrated
ultrathin and homogeneous graphene films. Electrochemical behavior of GO modified glassy
carbon electrode investigated with reference to KsFeCNs redox system reflect that the

electrochemical behavior is controlled by the electron transfer.[19]

o Reduced Graphene Oxide (rGO) is obtained by reducing graphene oxide (GO) .So
some of the various methods of reducing Graphene oxide have been researched over the years
are discussed. S.Stankovich et al. in 2007[20] had successfully reduced graphite oxide using
hydrazine hydrate as reducing agent. Shin et al. in 2009 [21] had proven the sheet resistance of
graphite oxide film reduced using sodium borohydride (NaBHa4) is much lower than that of films
reduced using hydrazine (N2Hs). In 2011 Kim et al. [22] reported a simple, cost-effective, and
environmentally benign process for reducing graphite oxide by treating solely with Sulfuric
Acid. In 2015 Ghorbani et al. [23] sucessfully reduced GO to rGO hydrothermally is

advantageous compared to conventional chemical reduction processes as hydrazine is toxic.
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. Yamaguchi et al. in 2011 had studied on Point sources exhibit low threshold electron
emission due to local field enhancement at the tip. The development and implementation of tip
emitters have been hampered by the need to position them sufficiently apart to achieve field
enhancement, limiting the number of emission sites and therefore the overall current. low

threshold field (< 0.1 V/um) emission of multiple electron beams from atomically thin edges of

b Transmitted image %
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Figure 3. 2 Experimental setup of the field emission measurements. (a) Typical SEM image
of rGO sheet mounted on a copper support bar. (b) Schematic of the FEM measurement
setup. Voltages up to 4 KV were applied between the imaging anode and the cathode for
FEM. For FIM, opposite bias is applied and helium ions (instead of electrons) produce the
image on the screen. (c) 1V field emission characteristics and corresponding (d) FN plot for
rGO (red)and the multilayered (black) samples.[24]

reduced graphene oxide (RGO)is reported. Field emission microscopy measurements show

evidence for interference from emission sites that are separated by a few nano-meters, suggesting
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that the emitted electron beams are coherent. Field emission from the RGO edge is attributed to a
stable and unique aggregation of oxygen groups in the form of cyclic edge ethers. Such closely
spaced electron beams from RGO offer prospects for novel applications and understanding the
physics of linear electron sources to get enhanced Field Emission properties. The tunnelling of
electrons from material surface to vacuum under the influence of external electric field through

their sharp tips or in the case of thin films from edges or defects did occur.[24]

o The application of RGO towards the direction of Field Emission had been investigated by
many research workers. Most of the cases the researchers prefer to make Graphene based
nanocomposite material and several models. Roy et al. in 2013 they reported, top assembly of
very thin layer of reduced graphene oxide (RGO) by Langmuir Blodgett method over a multi-
walled carbon nanotubes (MWCNTS) thin film/ITO substrate to investigate the dual field
emission property of the hybrid structure. The non-functionalized type of attachment in between
the hybrid carbon nanostructures mainly due to van dar Waals force of attraction ensured easy
fabrication procedure. Evidence of uniform distribution of web like networks of very thin
transparent RGO sheets top assembled over densely packed MWCNTSs thin film was found from
the field emission scanning electron microscopy analysis. The base layer conductivity was
enhanced due to the incorporation of MWCNTSs bottom layer over ITO and the former also
additionally facilitated as emitter site pockets in between RGO planes. This hybrid system a
much feasible candidate for future field emission (FE) based device applications. = 50 pA/cm?,
The turn-on field at current density of 50 nA/cm2.and B overall improved significantly in case of
the MWCNT-RGO thin film (Ew~4.5 V um™! and B ~3103)when compared with the pristine
MWCNT thin film (Ex~5.2 V um! and B ~763), assuming the work function to be same as

graphite ~5 eV for both materials for the calculation of 3.[25]
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o In 2013, Devarapalli et al. observed highly efficient and stable field emission with low
turn-on field for SINW-GO heterostructures. The sharp protrusions created by stretching of the
GO nanosheets on SiNWSs locally enhanced the electric field and thus enhanced the field
emission characteristics. The GO coated SiNWs showed a low turn-on value of 4.0 V/um and a
maximum current density of ~1.8 mA cm at an applied electric field of 7.2 V/um. The observed
low turn-on field was associated with the enhancement in the 3 value of 2024 due to the
atomically thick GO sheet which was higher than GO coated on Silicon substrate($=823) and

pristine silicon nanowires(B=1074) presented in the study.[26]

o Tang et al. in 2019 observed Graphene nanosheet (GNS) thin film was grown flat lying
on Si nanoporous pillar array (Si-NPA) substrate using Ni nanocrystallites as catalyst by a
chemical vapor deposition method, and its field electron emission characteristics were studied.
For few-layer GNS/Si-NPA a turn-on field of ~2.85 V/um, an emission current density of ~53.9
nA/cm? was obtained at an electric field of 4.2 V/um and the enhancement factor was calculated
to be ~2700 according to the Fowler—Nordheim theory. GNS/Si-NPA with multi-layer GNSs was
prepared and its turn-on field was obtained at 8.5 V/um. therefore it was observed that few-layer
GNSs had lower turn-on field and higher emission current density than the multi-layer

GNSs.[27]

Currently, a lot of research emphasis is going on to improve the field emission property through
graphene and RGO due to its protruding edge effect of the sheet boundary peripheral region.[28]
The presence of rich edges influences the electronic transport enabling easier tunnelling of
electrons producing a lower barrier potential to eject electrons into vacuum. Graphene with its

large lateral surface dimension, atomic thickness, high conductivity and good flexibility is
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expected to randomly align itself to the electric field direction under an applied field resulting in
enhanced local field emission. In between RGO inter planes it can be assumed that they can act
as additional pockets of secondary residual field emitting sites together making the whole system
an even better field emitter under the influence of electric field. Hence, in the current context the
main impetus has been given to study the behaviour of carbon nanostructure based crumpled
network field emission. In a current work it has been demonstrated low threshold field emission
from individual atomically thin reduced graphene oxide (RGO) sheets and show that it arises
from a decrease in work function of the edge due to the creation of cyclic C-O-C[24] ether
groups in combination with geometric field enhancement. Furthermore the emission sites from

RGO are densely packed, located only a few nanometers apart.

Wettability of solid surfaces attracts many attentions both in research and practical applications
and studies conducted on the superhydrophobic surfaces have grown dramatically. Surfaces with
controllable wettability and adhesion behavior toward water droplets are widely studied because
of their promising applications in self-cleaning, controllable oil/water separation, cell culture
devices, deicing and microdroplet transportation.[29]

X Zhu et al. in 2006 described a method to control the wettability of a solid surface through
fabricating a regular rough surface with a square pillar array by silicon micromachining and
coating a hydrophobic layer. The measured results were compared with Wenzel’s and Cassie’s
theories. The experimental results were closer to Cassie’s theoretical predictions on the
superhydrophobic surfaces than that by Wenzel’s. In our experiment, the largest CA of 162° was
observed. This method tuning surface wettability by controllable changing surface roughness can
be also used to transport microdroplets. The spontaneous movement of a droplet has been

observed qualitatively on a surface with a certain roughness spatial gradient.[30]



Chapter3 |62

X In 2009, Zhang et al. fabricated ordered silicon cone arrays (SCAs) of different
morphologies using colloidal lithography by reactive ion etching, and their wettabilities have
been investigated in detail. The surface roughness of the obtained silicon cone arrays can be
adjusted by controlling the etching duration, which is proved to be of importance in tailoring the
behavior of water droplets when being used as antireflection coatings with superhydrophobicity.
On controlling the arrangement of colloidal spheres, silicon cone arrays with tunable
periodicities, different lattice structures, and various patterns was prepared. The experiment
results described above imply that the transformation of water droplets from isotropic dewetting
to anisotropic dewetting is controllable by adjusting the strip width with and without silicon
cones, which is helpful in the basic understanding of the influence of complex micro- and

nanoscale roughness.[31]

X Ranella et al. in 2010, fabricated laser structured Si micro and nano rough spike scaffolds
with controllability of roughness ratio and surface chemistry which can serve as a novel means to
elucidate the 3D cell-biomaterials interactions in vivo. It was demonstrated that the wettability
of such artificial substrates can be preferentially tuned from super-hydrophobic to super-
hydrophilic through independently controlling roughness ratio and surface chemistry. The
dependency of fibroblast cell response on the artificial structures was systematically investigated
and clarified that a fundamental parameter that determines cell adhesion on 3D substrates is not
solely the degree of roughness or surface chemistry but the combination of both, which
determines the wettability or surface energy of the substrate. Indeed, a proper change in the
surface energy for the same degree of roughness can switch the behaviour from cell-phobic to
cell-philic and vice versa and transition is always accompanied by a similar sharp transition in

surface wettability. Although it appeared to be a general tendency that adhesion is favoured on
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hydrophilic substrates, it is observed that cells’ spreading becomes optimum on low-rough
substrates, independently of their wettability. This indicates that cell attachment is further

enhanced and facilitated by a proper form and size of surface topography.[32]

X A new technique to directly grow Cu nanowire (CuNW) on Si substrate with electro-
chemical deposition to produce height-controlled hydrophilic nanowired surfaces for enhancing
poolboiling performance was developed by Yao et al. in 2011. For broader heat transfer
applications, CUNW and Si nanowires (SINWSs) with various nanowire heights were fabricated
and examined under pool boiling with water. Both Cu and Si nanostructured surfaces
demonstrated hydrophilic properties. Their contact angles are 28° and 0° respectively. As the
contact angle of water on the plain Si and Cu surfaces are hydrophilic, the surfaces with
nanowire structures become more hydrophilic. The hydrophilic surface is preferred in pool
boiling as it can promote bubble nucleation and increase the critical heat flux by preventing dry
out. At the same time, the availability of larger cavities with taller micro/nanostructures allow the

onset of nucleate boiling at lower wall superheats.[33]

X In 2011, Kim et al. synthesized micro-nano hybrid structures (MNHS) of silicon with
hierarchical geometries that lead to maximizing of surface area, roughness, and wettability are
developed for the boiling applications. MNHS is fabricated by a two-step silicon etching process,
which are dry etching for micropattern and electroless silicon wet etching for nanowire synthesis
having high aspect ratio. The fabrication process is readily capable of producing MNHS covering
a wafer-scale area. By controlling the removal of polymeric passivation layers deposited during
silicon dry etching (Bosch process), the geometries for the hierarchical structure can be
controlled with or without the thin hydrophobic barriers that affect surface wettability. MNHS

without sidewalls exhibited superhydrophilic behavior with a contact angle under 10°, whereas
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those with sidewalls preserved by the passivation layer display more hydrophobic characteristics

with a contact angle near 60°.[34]

X Dawood et al. in 2011, fabricated large-area, highly scalable ,hybrid superhydrophobic
surfaces on silicon (Si) substrates with tunable, spatially selective adhesion behavior by
controlling the morphologies of Si nanowire arrays. Au nanoparticles were deposited on Si by
glancing angle deposition, followed by metal-assisted chemical etching of Si to form Si nanowire
arrays and then chemically modified and rendered hydrophobic by fluorosilane deposition. The
difference in nanowire morphology is attributed to capillary force-induced nanocohesion, which
is due to the difference in nanowire porosity. The clumped nanowire surface demonstrated the
lotus effect, and the straighter nanowires demonstrated the ability to pin water droplets while
maintaining large contact angles (i.e., the petal effect). The high contact angles in both cases are
explained by invoking the Cassie-Baxter wetting state. The high adhesion behavior of the
straight nanowire surface may be explained by a combination of attractive van der Waals forces

and capillary adhesion.[35]

*,

X8 In 2013, Coffinier et al. studied the wetting properties of silicon-based materials as a
function of their roughness and chemical composition. The investigated surfaces consist of
hydrogen terminated and chemically modified atomically flat crystalline silicon, porous silicon
and silicon nanowires. The combination of high surface roughness with chemical
functionalization  with  water  repellent coating (1-octadecene) enables reaching
superhydrophobicity (water contact angle greater than 150°) for silicon nanowires. Control of
surface wettability of silicon-based substrates was achieved through the combination of surface

roughness and chemical functionalization. The increase of surface roughness combined with
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coating with low surface energy induced by surface modification which ensured air trapping

between the substrate and the liquid droplets, necessary to achieve superhydrophobicity. [36]

X Meng et al.in 2016, employed a facile and controllable approach to fabricate a
superwetting tilted silicon nanowires (TSNWSs) surface through metal-assisted chemical etching
and modified it with low-surface-energy material. The contact angle (CA) measurements of the
nanostructured surface show a large range from the superhydrophilicity (the CA approximate to
0°) to superhydrophobicity (the CA up to 160°). The surface becomes antiadhesive to water upon
nanostructuring with a measured sliding angle close to 0°. Moreover, the fluorinated TSNWs
surface exhibits excellent stability and durability because strong chemical bonding has been

formed on the surface.[37]
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In this chapter, major apparatus and instruments , which were used while characterization of the
samples have been discussed . A brief description about the working principle of the instruments has

also been given.

4.1 Morphological Analysis:

4.1.1 Field Emission Scanning Electron Microscopy (FESEM):

The scanning electron microscope (SEM) is one of the most versatile instruments available for the
examination and analysis of the microstructure morphology. SEM utilizes a focused electron beam to
scan across the surface of the specimen systematically, producing large numbers of signals. These
electron signals are eventually converted to a visual signal displayed on a cathode ray tube (CRT).
The electron beam can be generated by two ways:

a) Thermionic emission; b) Field emission.

The thermionic emission is by controlling the electron emission from the source using thermal
energy. For modern electron microscopes, field emission electron guns (FEG) are a good alternative
for thermionic electron guns. A FESEM is used to visualize very small topographic details (~ 5(1m)
on the surface or entire or fractioned objects. Researchers in biology, chemistry and physics apply
this technique to observe structures that may be a small as 1 nanometre (= billion of a millimetre).
The FESEM may be employed for example to study organelles and DNA material in cells,
synthetically polymers, and coatings on microchips.

» Sample Preparation

Since the SEM is operated under high vacuum the specimens that can be studied must be compatible
with high vacuum (~ 10° mbar). This means that liquids and materials containing water and other
volatile components cannot be studied directly. Also fine powder samples need to be fixed firmly to

a specimen holder substrate so that they will not contaminate the SEM specimen chamber. Non-
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conductive materials need to be attached to a conductive specimen holder and coated with a thin
conductive film by sputtering or evaporation. Typical coating materials are Au, Pt, Pd, their alloys,
as well as carbon.

» Components of FESEM

e Electron Guns

Modern SEM systems require that the electron gun produces a stable electron beam with high
current, small spot size, adjustable energy, and small energy dispersion. Several types of electron
guns are used in SEM system and the qualities of electrons beam they produced vary considerably.
The first SEM systems generally used tungsten “hairpin” or lanthanum hexaboride (LaBs ) cathodes,
but for the modern SEMs, the trend is to use field emission sources, which provide enhanced current
and lower energy dispersion. Emitter lifetime is another important consideration for selection of

electron sources.
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Figure 4. 1 Schematic Diagram of FESEM
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e Electron Lenses
Electron beams can be focused by electrostatic or magnetic field. But electron beam controlled by
magnetic field has smaller aberration, so only magnetic field is employed in SEM system. The
trajectories of the electrons can be adjusted by the electromagnets.

o Condenser lens:
The electron beam will diverge after passing through the anode plate from the emission source. By
using the condenser lens, the electron beam is converged and collimated into a relatively parallel
stream. A magnetic lens generally consists of two rotationally symmetric iron pole pieces in which
there is a copper winding providing magnetic field. There is a hole in the center of pole pieces that
allows the electron beam to pass through. A lens-gap separates the two pole pieces, at which the
magnetic field affects (focuses) the electron beam. The position of the focal point can be controlled
by adjusting the condenser lens current.

o Scan Coils
The scan coils deflect the electron beam over the object according to a zigzag pattern. The formation
of the image on the monitor occurs in synchrony with this scan movement. The scan velocity
determines the refreshing rate on the screen and the amount of noise in the image. Scan coils often
consist of upper and lower coils, which prevent the formation of a circular shadow at low
magnification.

o The Objective Lens
The electron beam will diverge below the condenser aperture. Objective lenses are used to focus the
electron beam into a probe point at the specimen surface and to supply further demagnification. An
appropriate choice of lens demagnification 1. Fundamentals of Scanning Electron Microscopy 15
and aperture size results in a reduction of the diameter of electron beam on the specimen surface

(spot size), and enhances the image resolution.
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e The Stigmator Coil
The stigmator coils are utilized to correct irregularities in the x and y deflection of the beam and thus
to obtain a perfectly round-shaped beam. When the beam is not circular, but ellipsoidal, the image
looks blurred and stretched.
e Object Chamber
After the object has been covered by a conductive layer it is mounted on a special holder. The object
is inserted through an exchange chamber into the high vacuum part of the microscope and anchored
on a moveable stage. The secondary electron emission detector (scintillator) is located at the rear of

the object holder in the chamber.

Figure 4. 2 FESEM (Hitachi S-4800) set up
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» Image Formation
Complex interactions occur when the electron beam in an SEM impinges on the specimen surface
and excites various signals for SEM observation. The secondary electrons, BSEs(back scattered
electrons), transmitted electrons, or the specimen current might all be collected and displayed. For
gathering the information about the composition of the specimen, the excited x-ray or Auger
electrons are analyzed. In this section, we will give a brief introduction about the interactions of the

electron beam with the specimen surface and the principle of image formation by different signals.

4.1.2 Energy Dispersive X-Ray Spectroscopy (EDS/EDX)

Energy Dispersive X-Ray Analysis (EDX), referred to as EDS or EDAX, is an x-ray technique used
to identify the elemental composition of materials. EDX systems are attachments to Electron
Microscopy instruments (Scanning Electron Microscopy (SEM)) where the imaging capability of the
microscope identifies the specimen of interest. The data generated by EDX analysis consist of
spectra showing peaks corresponding to the elements making up the true composition of the
sample being analysed. Elemental mapping of a sample and image analysis are also possible.
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Figure 4. 3 Schematic Diagram of EDS
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4.1.3 High Resolution Transmission Electron Microscopy (HRTEM):

Transmission electron microscope (TEM) is is an analytical tool allowing visualisation and analysis
of specimens in the realms of microspace (1 micron/10Jm =10%m) to nanospace (1 nanometer/nm
=10°m). A beam of electrons is transmitted through an ultrathin specimen, interacting with the
specimen as it passes through. An image is formed from the interaction of the electrons transmitted
through the specimen; the image is magnified and focused onto an imaging device, such as a
fluorescent screen, on a layer of photographic film, or to be detected by a sensor such as a CCD
camera. TEMs are capable of imaging at a significantly higher resolution than light microscopes,

owing to the small de Broglie wavelength of electrons.

Working Principle

e The "Virtual Source"” at the top represents the electron gun, producing a stream of
monochromatic electrons.

e This stream is focused to a small, thin, coherent beam by the use of condenser lenses 1 and 2.
The first lens (usually controlled by the "spot size knob™) largely determines the "spot size"; the
general size range of the final spot that strikes the sample. The second lens (usually controlled by
the "intensity or brightness knob" actually changes the size of the spot on the sample; changing it
from a wide dispersed spot to a pinpoint beam.

e The beam is restricted by the condenser aperture (usually user selectable), knocking out high
angle electrons (those far from the optic axis, the dotted line down the centre).

e The beam strikes the specimen and parts of it are transmitted.
e This transmitted portion is focused by the objective lens into an image.

e Optional Objective and Selected Area metal apertures can restrict the beam; the Objective
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aperture enhancing contrast by blocking out high-angle diffracted electrons, the Selected Area
aperture enabling the user to examine the periodic diffraction of electrons by ordered
arrangements of atoms in the sample.

e The image is passed down the column through the intermediate and projector lenses, being
enlarged all the way.
e The image strikes the phosphor image screen and light is generated, allowing the user to see the

image.

Condensor aperture

Specimen port — Objective aperture
— —
-- ¥ ] > )
B I F Otjective fens

Diffraction lens
Intermediate lens

,,._4
u

P‘ﬂ
PA

Intermediate aperture

Binoculars Projector lenses

Figure 4. 4 Schematic diagram of TEM

» Restriction on samples
Sample preparation for TEM generally requires more time and experience than for most other
characterization techniques. A TEM specimen must be approximately 1000 A° or less in thickness in
the area of interest. The entire specimen must fit into a 3 mm diameter up and be less than about 100

microns in thickness. A thin, disc shaped sample with a hole in the middle, the edges of the hole
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being thin enough for TEM viewing, is typical. The initial disk is usually formed by cutting and
grinding from bulk or thin film/substrate material, and the final thinning done by ion milling. Other
specimen preparation possibilities include direct deposition onto a TEM-thin substrate (SisNs,
carbon); direct dispersion of powders on such a substrate; grinding and polishing using special
devices like tripod; chemical etching and electro-polishing; and lithographic patterning of walls and

pillars for cross-section viewing.

Figure 4. 5 HRTEM (JEOL-200 kV)
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4.2 Crystal Structure Analysis:

4.2.1 X-Ray Diffractometer (XRD):

X-rays were discovered by Wilhelm Conrad Réntgen in 1895, just as the studies of crystal symmetry
were being concluded. Physicists were initially uncertain of the nature of X-rays, although it was
soon suspected (correctly) that they were waves of electromagnetic radiation, in other words, another
form of light. The atomic planes of a crystal cause an incident beam of X-rays to interfere with one
another as they leave the crystal. The phenomenon is called X- ray diffraction. X-ray diffraction has
been in use in two main areas, for the fingerprint characterization of crystalline materials and the
determination of their structure. Each crystalline solid has its unique characteristic X-ray powder
pattern which may be used as a "fingerprint™ for its identification. Once the material has been
identified, X-ray crystallography may be used to determine its structure, i.e. how the atoms pack
together in the crystalline state and what the interatomic distance and angle are etc. X-ray diffraction
is one of the most important characterization tools used in solid state chemistry and materials science.
We can determine the size and the shape of the unit cell for any compound most easily using X-ray
diffraction.
» X-Ray Generation:

X-rays are produced by bombarding a metal target (Cu, Mo usually) with high-energy electrons from
a hot filament (often tungsten). The high energy electron must penetrate through the outer electron
shells and interact with the inner-shell electrons. If more than a critical amount of energy is
transferred to an inner-shell electron, that electron is ejected; i.e. it escapes the attractive field of the
nucleus, leaving a hole in the inner shell and generates ionized one from the outer shells. It is this
transition which is accompanied either by the emission of an X-ray or an Auger atoms. The ionized

atom returns almost to its lowest energy by filling in the missing electron with electron.
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Figure 4. 6 X ray generation principle

» Basic Principle:
X-rays are electromagnetic radiation with wavelength of the order of 0.01 to 10 nm. . Crystals are
regular arrays of atoms, and X-rays can be considered waves of electromagnetic radiation. Atoms
scatter X-ray waves, primarily through the atoms' electrons. Just as an ocean wave striking a
lighthouse produces secondary circular waves emanating from the lighthouse, so an X-ray striking an
electron produces secondary spherical waves emanating from the electron. This phenomenon is
known as elastic scattering, and the electron (or lighthouse) is known as the scatterer. A regular array
of scatterers produces a regular array of spherical waves.

» Measurement of Interplanar Spacing:
The basic law involved in the diffraction method of structural analysis is the Bragg’s law. The
diffraction traces were recorded in 6-260 mode. When monochromatic X-rays impinge upon the atoms
in a crystal lattice, each atom acts as a source of scattering. The crystal lattice acts as series of parallel
reflecting planes. The intensity of the reflected beam at certain angles will be maximum when the
path difference between two reflected waves from two different planes is an integral multiple of A.
This condition is called Bragg’s law and is given by the relation,

2d sin@ = nA

Where n is the order of diffraction, A is the wavelength of the x-rays, d is the spacing between

consecutive parallel planes and 0 is the incident angle.
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Figure 4. 7 X-ray diffraction from crystal planes satisfying Bragg’s Law.
» Crystallite size determination:
The mean crystallite sizes of the powders are calculated using Scherrer formula:

09
~ PBcosh

Where D is the average crystallite size, A =1.541 A° (X-ray wavelength), B is the full width of the
diffraction peak at half maximum (FWHM) for the diffraction angle 26.
» Phase identification:

After above determination the generated XRD pattern is matched with the JCPDS card no. stored in
JCPDS file. There are various JCPDS card for every organic inorganic element. Among those
suitable cards is compared with the obtained pattern. Phase identification of the synthesized samples
were carried out by x-ray diffraction (XRD) using a D8 Advanced Bruker instrument. XRD pattern
was recorded in intensity vs 20 mode. Germanium monochromator was used for Cu Ka (1.5406 A)

radiation from a highly stabilized Bruker X- ray generator (K 780).

Wave Length (1) Incident Angle (0)
Laue Method Variable Fixed
Rotating Crystal Method Fixed Variable ( In part)

Power Method Fixed Variable
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4.3 Bond Structure Analysis

4.3.1 Fourier Transform Infrared Spectroscopy (FTIR):

Fourier Transform Infrared Spectroscopy (FTIR) is a technique which is used to analyze the chemical
composition of many organic compounds, polymers, paints, coatings, adhesives, lubricants,
semiconductor materials, coolants, gases, biological samples, inorganics and minerals. FTIR can be
used to analyze a wide range of materials in bulk or thin films, liquids, solids, pastes, powders, fibers,
and other forms. FTIR analysis can give not only qualitative (identification) analysis of materials, but
with relevant standards, can be used for quantitative (amount) analysis. An FTIR (Fourier Transform
Infra-Red) is a method of obtaining infrared spectra by first collecting an interferogram of a sample
signal using an interferometer, and then performing a Fourier Transform (FT) on the interferogram to
obtain the spectrum. An FTIR Spectrometer collects and digitizes the interferogram, performs the FT
function, and displays the spectrum.

An FTIR is typically based on a Michelson Interferometer the interferometer consists of a beam
splitter, a fixed mirror, and a mirror that translates back and forth, very precisely. The beam splitter is
made of a special material that transmits half of the radiation striking it and reflects the other half.
Radiation from the source strikes the beam splitter and separates into two beams. One beam is
transmitted through the beam splitter to the fixed mirror and the second is reflected off the beam
splitter to the moving mirror. The fixed and moving mirrors reflect the radiation back to the beam
splitter. Again, half of this reflected radiation is transmitted and half is reflected at the beam splitter,
resulting in one beam passing to the detector and the second back to the source.

Components of Interferometer:

Different FTIR spectrometers use different interferometers, such as the Michelson interferometer,
lamellar grating interferometer, and Fabry-Perot interferometer. The Michelson interferometer is

often favored over the other two interferometers because of its easy construction and operation. Most
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of the commercially available FTIR spectrometers use the Michelson interferometer. These have a
number of advantages over the other techniques, such as high energy throughput, multiplexing, and
high precision in frequency measurement.

The basic Michelson Interferometer consists of following components:

(a) a broad-band light source which emits light covering the mid-IR range,

(b) a beam splitter made of KBr or Csl,

(c) Two front surface coated mirrors: one moving and one fixed, and

(d) a detector.
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Figure 4. 8 schematic diagram of an FTIR

» Working principle of interferometer:
e Light from the light source is directed to the beam splitter. Half of the light is reflected and half
IS transmitted.
e The reflected light goes to the stationary mirror where it is reflected back to the beamsplitter. The
transmitted light is sent to the moving mirror and is also reflected back towards the beam splitter.
At the beam splitter, each of the two beams from the stationary and moving mirrors are splitted into

two: one goes back to the source (and “lost” since it does not reach the detector) and the other goes
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towards the detector. Hence the detector sees two beams: one from the moving mirror and the other
from the stationary mirror.

The two beams reaching the detector come from the same source and have an optical path difference
determined by the positions of the two mirrors, i.e. they have a fixed phase difference. Therefore the
two beams interfere.

The two beams may be made to interfere constructively or destructively for a particular frequency by
positioning the moving mirror. If the moving mirror is scanned over a range, interferogram is
generated with its maximum intensity corresponding to constructive interference and the minimum

intensity corresponding to destructive interference.

Figure 4. 9 FTIR spectrometer experimental set up

4.3.2 Raman Spectroscopy:

Raman scattering was first observed by Dr. C. V. Raman in 1928 and was used to investigate the
vibrational states of many molecules. In Raman Spectroscopy technique is based on the principle of

inelastic scattering of monochromatic light on the sample. A laser beam is used as the monochromatic
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light to irradiate a spot on the sample under investigation. Inelastic scattering deals with the
phenomenon in which frequency of photons in monochromatic light changes upon interaction with a
sample. Frequency of the reemitted photons is shifted up or down in comparison with original
monochromatic frequency, which is called the Raman Effect. The scattered radiation produced by the
Raman Effect contains information about the energies of molecular vibrations and rotations, and
these depend on the particular atoms or ions that comprise the molecule, the chemical bonds connect
them, the symmetry of their molecule structure, and the physico-chemical environment where they
reside. Raman spectroscopy can be used to study solid, liquid and gaseous samples.

» Working principle :

When a sample is irradiated with an intense monochromatic light source (usually a laser), most of the
radiation is scattered by the sample and the same wavelength as that of the incoming laser radiation in
a process known as Rayleigh scattering. However, a small proportion of the incoming light
approximately one photon out of a million is scattered at a wavelength that is shifted from the
original laser wavelength.

The Raman effect is based on molecular deformations in electric field E determined by molecular
polarizability a. The laser beam can be considered as an oscillating electromagnetic wave with
electrical vector E. Upon interaction with the sample it induces electric dipole moment P = o E
which deforms molecules. Because of periodical deformation, molecules start vibrating with
characteristic frequency vm amplitude of vibration is called a nuclear displacement. In other words,
monochromatic laser light with frequency v, excites molecules and transforms them into oscillating
dipoles.

Depending upon the change of frequency of the scattered light Raman Scattering phenomenon can

be classified as:



Chapter4 |88

Rayleigh scattering - A molecule with no Raman-active modes absorbs a photon with the
frequency vo. The excited molecule returns back to the same basic vibrational state and emits
light with the same frequency vo as an excitation source. This type of interaction is called an
elastic Rayleigh scattering.

Stokes - A photon with frequency vo is absorbed by Raman-active molecule which at the time of
interaction is in the basic vibrational state. Part of the photon’s energy is transferred to the
Raman-active mode with frequency vm and the resulting frequency of scattered light is reduced
to vo - vm. This Raman frequency is called Stokes frequency, or just “Stokes”.

Anti-Stokes - A photon with frequency v0 is absorbed by a Raman-active molecule, which, at the
time of interaction, is already in the excited vibrational state. Excessive energy of excited Raman
active mode is released, molecule returns to the basic vibrational state and the resulting frequency
of scattered light goes up to vo + vm. This Raman frequency is called Anti-Stokes frequency, or

just “Anti-Stokes”.
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Y qy
- - 4
Vibrational 3
energy z
k4 states 1
IR absorbance A\ W E, 0
Rayleigh  Stokes / Anti-Stokes AE=E,,
Scattering Raman Scattering

Figure 4. 10 Different scatterings of RAMAN Spectra

» Components of Raman spectroscope :

Raman Spectrometer consists of the following components,
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1. Monochromatic source
A sample is normally illuminated with a laser beam in the ultraviolet (UV), visible (Vis) or near
infrared (NIR) range. Scattered light is collected with a lens and is sent through interference filter or
spectrophotometer to obtain Raman spectrum of a sample. Sample illumination and light collection
(probe). The probe is a collection device that collects the scattered photons, filters out the Rayleigh
scatter and any background signal from the fiber optic cables, and sends the scattered light to the
spectrograph. Many probes also focus and deliver the incident laser beam.
2. Wavelength selector (Filter or Spectrophotometer)
When Raman-scattered photons enter the spectrograph, they are passed through a transmission
grating to separate them by wavelength and are passed to a detector. The same transitions between
molecular vibrational states (M) and (M*) in the infrared absorption can also result in Raman
scattering. A key difference between the Raman and infrared processes is that, in the former process,
the photons involved are not absorbed or emitted but rather shifted in frequency by an amount
corresponding to the energy of the particular vibrational transition.
3. Detector (Photodiode array, CCD or PMT)
Optical multichannel analyzer, PMT, intensified photo array, a charged coupled device(CCD)
records the intensity of the Raman signal at each wavelength. This data is represented as a Raman
spectrum. The monochromatic light from a laser passes through focusing optics and a beam splitter
to the sample. The scattered light passes through the beam splitter to a detector. The laser light
illuminates the sample through a microscope objective (magnification from 100x to 1000x,
typically), which is used both for the illumination (laser beam coming from the laser through mirrors
and/or optical fibre) and collection of the scattered light. The scattered light goes to the CCD
detector via two steps, the first one to suppress the Rayleigh scattering and the second one to split the

selected spectral window on the CCD array in order to be able to see all the spectral components. A
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computer is used to scan, collect, and process the data creating a graph showing the intensity of light
at each wavelength. The change in energy is observed as a change in frequency of the incident beam

upon scattering.

4.4 Optical Property Analysis:

4.4.1 UV-VIS near Infrared Spectroscopy:

UV-Vis near Infrared (UV-Vis-NIR) Spectrophotometer measures Optical transmittance, absorbance
and reflectance in the ultraviolet-visible spectral region. UV-Vis near Infrared (UV-Vis-NIR)
Spectrophotometer measures Optical transmittance, absorbance and reflectance in the ultraviolet-
visible spectral region. UV-Vis absorption spectroscopy measures the percentage of radiation that is
absorbed or transmitted or reflected at each wavelength. Typically, this is done by scanning the
wavelength range and recording the absorbance. It is widely used in organic chemistry to investigate
the extent of multiple bond or aromatic conjugation within molecules. The technique can be
expanded to gases and solids, and also beyond absorption, to include measured reflected rather than
transmitted light.
Light absorption can be described by two fundamental laws as
o Lambert's Law -The proportion of incident light absorbed by a transparent medium is
independent of the intensity of the light (provided that there is no other physical or chemical change to
the medium). Therefore, successive layers of equal thickness will transmit an equal proportion of the
incident energy.
Lambert's law can be expressed by

I/lo=T,
where 1 is the intensity of the transmitted light, lo is the intensity of the incident light, and T is the

Transmittance.
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o Beer's Law-The absorption of light is directly proportional to both the concentration of the

absorbing medium and the thickness of the medium in the light path.

A combination of the two laws (known jointly as the Beer-Lambert Law) defines the relationship
between absorbance (A) and transmittance (T).

A=loglo/I=10g 100/T=¢cch
Where, A is absorbance (no unit of measurement), € is molar absorptivity (dm3 molt cm™), ¢ is

molar concentration (mol dm), and b is path length (cm).
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Figure 4. 11 Basic Principles of UV-VIS Spectroscopy
» Light reflection and reflectance spectra

Diffuse reflectance relies upon the focused projection of the spectrometer beam into the sample
where it is reflected, scattered and transmitted through the sample material (shown on the right).
The back reflected, diffusely scattered light (some of which is absorbed by the sample) is then
collected by the accessory and directed to the detector optics. Only the part of the beam that is

scattered within a sample and returned to the surface is considered to be diffuse reflection.
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Figure 4. 12 Diffuse and Specular Reflectance

Other factors related to high spectral quality for diffuse reflectance sampling are particle size,
refractive index, homogeneity,packing. Even with all these sample preparation practices, the raw
diffuse reflectance spectra will appear different from its transmission equivalent (stronger than
expected absorption from weak IR bands). A Kubelka-Munk conversion can be applied to a diffuse
reflectance spectrum to compensate for these differences.
Kubelka-Munk Function

- R ~s
R is the absolute reflectance of the sampled layer, k is the molar absorption coefficient and s is the scattering

coefficient.
The spectra shown above demonstrate this spectral conversion for ibuprofen collected by diffuse

reflectance. The Kubelka-Munk converted spectrum for ibuprofen shows excellent comparison with
the transmission spectrum and is easily identified using library search of a transmission spectral data
base.

» Components UV-Vis Spectrophotometer

Spectrophotometer consists of the following components

e asource of radiation of appropriate wavelengths

e Monochromator and optical geometry,

o filter Sample compartment

e Detector, Photomultiplier, Measuring system, computer
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The UV VIS spectra carried out by Shimadzu UV 3600 spectrophotometer.

Figure 4. 13 UV-VIS-NIS (SHIMADZU UV-3600) Spectrophotometer

4.5 Wettability Analysis:

45.1 Contact Angle Measurement and Drop Contour Analysis:

The optical analysis of drops that hang from a dosing needle or are placed on a solid surface
facilitates the determination of different surface and interfacial parameters. The contact angle that a
liquid drop establishes on a solid surface characterizes the solid’s wetting behavior with said
liquid.

Having measured the contact angles of multiple test liquids the surface energy of the solid can be
determined and the latter can be used to calculate the work of adhesion for different liquids. In
short: the measurement of contact angle helps in all situations where solids and liquids meet and

advantage is to be gained by the control of wetting and adhesion properties.
» Working Principle:
e Young’s Equation

An equilibrium of vectorial forces dictates the contact angle 6Oc at the three phases contact line of a
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deposited drop. The surface energy of the solid Y's acts along the solid surface. The solid-liquid

interfacial energy YsL acts in the opposite direction and the surface tension YL of the liquid acts
tangential to the drop surface. This can be described by a simple scalar equation:
Yi.cosOc=Ys— Vs.

The drop is viewed in profile during the contact angle measurement. The image processing software
recognizes and records the drop contour, as well as the base line at the solid-liquid interface and fits a

mathematical function to the drop shape.

Figure4. 14 Young’s Equation

e Young-Laplace Evaluation:

When no other factor is in play a drop of liquid tends to form a sphere, due to its surface tension.
The typical drop shape materializes because the drop is elongated due to gravity. The Young-
Laplace evaluation of pendant drops recognizes this fact: The characteristic shape of the drop profile
yields the surface tension YL of a liquid. In the case where a pendant drop is surrounded by a second
liquid, rather than air, the interfacial tension between the two liquids can be deduced from the drop
shape. For optical analysis the outer liquid has to be transparent. Depending on the relative densities,
the inner liquid can be dosed either as a pendant drop or upwards, via a bent needle.

To determine the surface energy of a solid one measures the contact angles of test liquids whose

surface tensions including their dispersive and polar parts are known. These dispersive and polar

parts are used to calculate the interfacial tension Ys. between the solid and a liquid based on a
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suitable model.
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Figure 4. 15 Pendant Drop in Young-Laplace Equation
An applied model is the one of Owens, Wendt, Rabel and Kaelble (OWRK model) which considers

the geometric mean of the dispersive and polar parts of the liquid’s surface tension YL and of the

solid’s surface energy Y's

Os5.=0Os+0CL —2 ,O'QO'E — 2 /GEGE

Substituting this expression in the Young equation, the polar and the dispersive part of the solid’s
surface energy can be determined from the regression line in a suitable plot. The linear regression
requires contact angle measurements with at least two different test liquids. However, as a
regression line based on just two points contains no information on the accuracy of the result,
contact angle measurements with at least three test liquids are recommended for the determination

of the surface energy of solids.

» OCA 15C (Instrument for Contact Angle Measurement):

The OCA 15EC is the entry level measuring device for professional contact angle measurements and

drop shape analysis.
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Figure 4. 16: Schematic Diagram for Contact Angle Measurement

e Sample table: The sample table of the OCA 15EC can slide freely in X- and Y-direction and is
locked into position with its switchable magnetic base. In Z-direction the sample table is

adjustable using precision mechanics with a hand wheel.

e Lens and Camera: The fast 6-fold zoom lens with manual focus and adjustable observation
angle in combination with the USB camera ensures pin-sharp drop images and facilitates the

effortless analysis with the SCA software.

e Dosing System: With a single direct dosing system SD-DM can be positioned and dosed with
one or two electronic syringe modules ESr-N, respectively. Direct tubeless dosing of the syringe
content and the ability to use cost-saving disposable syringes and needles allow for short

preparation times and minimal cleaning efforts.

e External light: This comes with a feature of a LED lighting with manually and software-
controlled intensity. Due to an automatic temperature drift compensation a stable and

homogeneous illumination of the sample is guaranteed at all times.

Even though the OCA 15EC is a high precision measuring device designed for laboratory use, it is
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highly mobile and can effortlessly be taken apart with two star grip screws and be stored securely in

a transport case.
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Figure 4. 17: Instrument for Contact Angle Measurement

> Software: SCA

The SCA software, designed for Microsoft Windows, is the modular program for all OCA

instruments. The SCA software features recording and storing of movie sequences which allows for

a controlled evaluation of even the fastest processes. The SCA software is divided into the following

separately available modules:

the needle-in-drop method and the tilting method.

SCA 20-contact angle - It measures and presents the static contact angle on plane, convex and
concave surfaces according to the sessile drop and the captive drop method. It also measures

dynamic contact angles (advancing and receding angle, contact angle hysteresis) according to

SCA 21- surface energy - It determines the surface energy of solids as well as of its
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components (e.g. dispersive, polar and hydrogen bond parts, acid and base portions) according
to nine different theories. It can calculate and represent of wetting envelopes and work of
adhesion/contact angle diagrams.

e SCA 22 - surface/interfacial tension - It determines the surface and interfacial tension, as well

as of their polar and dispersive parts, based on the Young-Laplace evaluation of pendant drops.

4.6 Field Emission Setup

Electrons may be emitted from a solid surface into a vacuum by many mechanisms, including
thermionic emission, photoemission and field emission. In field emission, electrons tunnel though
the surface potential energy barrier, which has been thinned and shaped by a strong electric field. A
sharp emitter structure usually offers a strong electric field even when the applied voltage is low.

> Working Principle:

The field emission is an application example of the quantum-mechanical tunneling effect. The field
emission allows generation of free electrons with a very low energy spread, the effect is used for
field emission microscopy and scanning tunneling microscopy. The conduction electrons are almost
freely movable in the interior of a metal. The emission of electrons into the outer space is prevented
by a potential rise at the surface of the metal. This is how to characterize a free electron gas that is
trapped in a potential well. At temperature T = 0 K, all states are occupied by two electrons (Pauli
principle) up to the Fermi energy Er within the model of potential box. The energy difference
between the Fermi energy Er and the vacuum level is referred to as the work function ¢. At
temperatures above absolute zero point, the free electrons occupy energy levels above the Fermi
energy by thermal excitation. They can even be excited in the energy continuum above the vacuum
level for strong heating, and thus can be emitted. This is referred to as thermionic emission. The

potential step at the surface of a metal is transformed into a wedge-shaped potential barrier in case of
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a strong electric field. For high field strengths, the width Ax of potential barrier at the Fermi level is
reduced such that some of the electrons can pass through due to quantum mechanical tunneling
effect. The electrons are not raised over the potential step as in the case of the thermionic emission;
but they tunnel through the potential barrier without changing their energy.
» Instrumental description: Field emission measurements were carried out by using a diode
configuration consisting of a cathode where the sample is being kept and a stainless steel tip anode
of conical shape with a 1 mm tip diameter mounted in a liquid nitrogen trapped rotary-diffusion
vacuum chamber with appropriate chamber baking arrangement. The measurements were performed
at a base pressure of ~ 107 mbar and the temperature was measured with the help of a PID control
system. The tip to sample distance was continuously adjustable to a few hundred um by
spherometric arrangement with screw-pitch of 10 um. The position of just touching the anode with
the sample having high resistance was determined by an optical microscope and then various
spacing was obtained by rotating the micrometer screw as its screw-pitch is known. Field emission
current-voltage measurements were done with the help of an Agilent multimeter (model 3440-1A).

The schematic of the field-emission apparatus has been shown in fig 4.18.
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Figure 4. 18 Schematic Diagram of Field Emission Setup



Chapter S

Synthesis,
characterizations and

field emission property
of porous SiNWs



Chapter5 [101
Abstract:
In this study, silicon nanowires are synthesized by metal assisted chemical etching (MaCE) at 60 °C
temperature with different etching time. SINW 40, SINW 60, SiNW 80 are obtained at 40, 60, 80 min
of etching time respectively. XRD, FESEM, TEM, UV-VIS, FTIR are studied to characterize all
nanowires. The sharp needle like structure of nanowires influences them to be good field emitters. Field
emission study is performed for all the samples experimentally and it is observed that as the etching
time increases field current density enhances though after 60 min of etching, there is a degradation of
field emission property like turn on, enhancement factor. It is primarily due to high aspect ratio for
which tip agglomeration can cause of screening effect at low electric field. Thus 60 min of etching of
silicon nanowire can be optimum one for field emission application. ANSYS simulation is performed
which agrees the fact of enhancement of field current at high etching time by varying the diameter and

length of the nanowires.

5.1 Introduction

Silicon is the most important semiconductor for development of modern microelectronic technology
leading to one of the greatest industrial success stories of the 20th century.[1]Therefore, many research
works are being carried out toward the development Si nanowires, nanoribbons and nanotubes, and
utilization of such nanostructures in miniaturized electronic devices by enhancing photothermal
effect,[2] excellent field emission,[1,6,7] and photovoltaic applications[3]. One-dimensional
semiconductor nanowires are of a great interest for their physical properties due to its high aspect ratio,
optical, electrical, electronic and mechanical property which can be tuned by simply varying the aspect

ratio by changing the conditions during synthesis or by doping with suitable foreign material. [4]
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Silicon nanowires have been synthesized by various methods which have been reported before like
laser ablation, vapour-liquid-solid (VLS) process, chemical vapour deposition, oxide-assisted growth,
plasma etching, physical evaporation or metal-assisted chemical etching. [5-9]. Out of these techniques
metal-assisted chemical etching is most cost effective and easy process as the other methods require
high temperature, high vacuum and ignitable silicon precursors which incurs a high cost of synthesis
[5-9].So here we use the metal-assisted chemical etching technique for the synthesis of the silicon
nanowires and the parameters during synthesis are varied to obtain changes in the morphological

structure.

Field-emission (FE) is one of the main features of nanomaterials and nanostructures and it has a great
commercial interest in displays and other electronic devices. In comparison with conventional bulky
technologies, nanostructures have the advantage of faster device turn-on time, compactness and
sustainability [10]. Recently a lot of research work has been carried out for one dimensional
nanostructures as these are the potential candidates of field emission which can be used as practical
field emitters and are also cost efficient. Silicon nanowires as field emitters were already reported but

the synthesis procedure was costly.

Generally silicon nanowires considered to be long cylinder without any pores. Actually having pores
may be come advantageous to several applications due to its increment of surface area and quantum
confinement effect from the shrinkage in Si residual skeletons. Here, MaCE is the most cost effective
and full proved mechanism to discuss. Porosification of silicon nanowires has enhanced its acceptance

in the field of batteries, energy storage, drug delivery, photocatalysis, gas sensors etc.

In this study, porous silicon nanowires (SINW) are synthesized through MaCE (Metal assisted
Chemical Etching) varying the etching time under a constant temperature. Different characterizations

are performed to confirm its formation and properties. After that, The field emission characteristics of
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these nanowires are characterized in an ultra-high vacuum chamber with a cathode-anode probe
arrangement and turn-on fields and enhancement factors of the samples are found using Fowler

Nordheim equations.

5.2 Experimental

5.2.1 Synthesis

Silicon nanowires are prepared by the method of Metal-Assisted Chemical Etching (MaCE) in a two-
step etching approach.[11] Commercially available (boron doped) p-type silicon wafers of (100)
orientation are cut into suitable sizes and cleaned in acetone followed by ethanol for 10 minutes each
in an ultrasonic bath. Organic residues are removed from the surface of wafers with a freshly prepared
Piranha-solution, a mixture of 3:1 H2SO4 (97%) an H>O> (35%) for 30 min followed by proper rinsing

by DI water. The generated thin oxide layer are then dissolved in HF (5%) solution.

Now, in the first step of MaCE process, the treated wafers were transferred for Ag nanoparticles
(AgNPs) deposition into a solution containing 4.8 M HF and 0.014 M AgNO3z for 1 min at room
temperature. In the second step, the Ag-coated samples are etched by 4.8 M HF and 1.0 M H20: in
oven at 60° C temperature for three time periods 40, 60 and 80 minutes respectively. After etching the
Ag particles are removed by HNO3z solution and the sample is rinsed with deionized water. During
rinsing oxide layer is generated by HNOs which is removed by dipping the substrate in HF (5%)
solution for 5 minutes again. The wafer is washed in deionized water for several times and then dried in

vacuum oven at 60°C temperatures for 3-4 hours.
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Figure 5. 1: Schematic diagram of the synthesis process of Silicon Nanowires

At first, oxidation of silicon takes place

Si+2H0+4h* —SiOx+4H* .. (1)

Si+2H0— SiO +4H*+4e° . ©)

At second, etching of silicon dioxide produces

SiO; + 6HF — H.SiFe+2H0 (3)

Etching of SiO2 occurs with a higher rate than etching of pure Si in HF. Therefore, it is the dominating

etching process. Additionally, the Si oxidation is promoted by Ag and so a higher etching rate of Si

mediated through the catalytic activity of the noble metal is achieved.
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Through the charge transfer on the interface of Ag and Si, the silver nanoparticles are sinking deeper
and the silicon nanowires arise as the remaining of unetched silicon. The driving force is the oxidizing
power of the oxidizing agent H20». The driving force is given by H20. oxidizes the Ag particles, which
in turn reduced at the silicon interface by an electron transfer from the silicon and thereby oxidize the
silicon. This can be described as charge transfer process in which the silver injects holes into the
silicon, eq. (2). Thus the porous SiNW 40 (40 min of etching), SINW 60 (60 min of etching), SINW 80
(80 min of etching) are synthesized. H2.O> plays an important role in increasing porosification and an

optimum temperature is also a worthy factor.

e Preparation of Piranha solution

Piranha solution is a typical mixture is 3 parts of concentrated sulfuric acid and 1 part of 30% hydrogen
peroxide solution. It is used to clean organic residues off substrates. Because the mixture is a strong
oxidizing agent, it will remove most organic matter, and it will also hydroxylate most surfaces (add OH
groups), making them highly hydrophilic (water-compatible). Piranha solution should always be
prepared by adding hydrogen peroxide (3ml) to sulfuric acid (9ml) slowly, never in reverse. Mixing the
solution is extremely exothermic. If the solution is made rapidly, it will instantly boil, releasing large

amounts of corrosive fumes and increasing temperature of the mixture highly.

e Hydrofluoric acid safety

Some of the procedures presented here use hydrofluoric acid (HF) but it is an extremely corrosive acid.
Exposure to HF and its fumes can be fatal even if the amount is very small. It must be handled only by
trained one and must be used very cautiously. Only plastic materials are used during using of HF as it is

highly reactive to metal.
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e Some basic concepts about solutions

— Molarity is the number of moles of solute present in 1 litre of solution.

— Mass percentage of a component in the solution is 100 times the mass of the component in the
solution divided by total mass of the solution.

— Number of moles= mass in grams/Molar mass.

— Normality equation : V1S1=V>S,

— Molarity equation : M1V1=M>V>

— Molarity formula M=((% x density)/molecular weight)x1000

e To prepare 4.8M HF (Hydrofluoric acid) solution

Density of 40% HF acid (d) = 1.13 gm/ml

Molecular weight of HF = 20.01 gm/mol

Molarity of 40% HF acid = (40% x 1130)/20.01= 452/20.01=22.6M
Now using M1Vi= M2V>

22.6x V1=4.8x10

V1=2.125 mi

So, add 2.125 ml HF to 2.5 ml DI and make final volume 10 ml.

e To prepare 0.014M AgNO:s (Silver nitrate) solution

Density of AgNO;3 (d)= 4.35 gm/cm?®
Molecular weight of AgNO3z = 169.87 gm/mol

So, 1000ml of solution contains 169.87 gm/mol of AgNOs
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This implies, 10ml solution contains 1.6987 gm/mol of AgNOs
So to prepare 10ml of 0.014M of AgNOs solution, (1.6987x 0.014) = 0.0234gm of AgNOs is added to

10ml of DI.

e To prepare 1M H>O. (Hydrogen Peroxide) solution

Density of 30% H202 (d) =1.11 gm/mi

Molecular weight of H202= 34.01 gm/mol

Molarity of 30% H20. = (30% x 1110)/34.01= 333/34.01= 9.8M
Now using M1V1=M,V;

9.8 xV1=1.0 x10

V1=1.020 ml

So, add 1.020 ml of 30% H-0> to DI and make final volume 10 ml.

5.2.2 Characterizations
The as-prepared samples are characterized by a X-ray diffraction (XRD, BRUKER D8 Advance)

analysis using a Cu-Ka radiation (0.154056 nm) over a scanning angle (260) ranges from 20° to 80°.
Morphological study of the as prepared samples is carried out by Field emission scanning electron
microscope (FESEM, Hitachi, S-4800) and transmission electron microscope (JEOL-JEM 2100,
operated at 200 kV). The chemical structure of the nanowires is analyzed by using the Fourier
transform infrared (FTIR) spectrometer (Shimadzu). Detail optical study is done with the help of a
UV-Vis spectrophotometer (Shimadzu UV-3600).Field emission studies are measured in high vacuum
field emission set up. The field emission measurement setup was in a high vacuum (2x10° mbar)

chamber.
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5.3 Results and Discussion

5.3.1 Morphological analysis

5.3.1.1 FESEM analysis
In fig 5.2, the FESEM images of SiNWSs synthesized at different etching times are shown as top view.

Fig 5.2(a), (b) represent silicon nanowires at 40 minutes of etching time at different scales (SINW 40);
(c), (d) denotes 60 minutes of etched silicon nanowires (SINW 60) and (f), (g) are image of 80 minutes
etched silicon nanowires (SINW 80). It can be clearly seen that porous SiINWs are developed uniformly
over the entire field of view, thus the yield is very high. The nanowires are vertical as (100) oriented
silicon wafer is used for the experiment. The diameter obtained from the images of SINWs varies from
40 nm to 200 nm with variation of etching time approximately. SINWs becomes ultrathin with increase
of etching and heating time. The diameter of the nanowires of 40 min etching time ranges from 150-
200nm, nanowires of 60 min etching time is 100-150 nm and nanowires of 80 min etching time is 40-
100 nm obtained from fig 5.2 (a), fig (c) and fig (f) respectively. The length of SINWSs as observed
from fig 5.2 are 20, 25, 30 um respectively. So it can be summarized from FESEM analysis that as

etching time increases the length of the nanowires increases and it becomes ultrathin. [12]

It is seen in fig 5.2 (f) and (g) that the tips of the nanowires get agglomerated for SINW 80 due to
excessive increment of its length. The possible reason behind this conglomeration has been discussed
by Zhang et al. [13] and it describes about strong forces among the tip of the long nanowire which is
due to dangling bonds and electrostatic charges resulting in mutual interaction between them. Again,
Bai et al. [14] emphasizes on van der wall force for this bundling of the nanowires at high etching time
as seen in for 80 minutes. As density of nanowires increases the wires become closer to one another
resulting in the increased effect of van der walls force therefore joining of the tips of the wires. It can

play an important role in many applications.
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Figure 5. 2: Top view of MaCE synthesized (a), (b) SINW 40 (c), (d) SINW 60, (f),

(g) SINW 80

5.3.1.2 HRTEM analysis

Detailed analysis of the microstructure is represented by the HRTEM image of SiNWs synthesizes at
80 min etching time in fig 5.3. The sample grid is prepared by scraping the SINWSs from the silicon
substrate and sonicating it in a small amount of ethanol and then it is dropcasted on the grid. Though
the TEM image displays the size of the nanowires can be clearly seen to be around 100nm. From the
fig 5.3(c) and (d) it is evident that the SINWs formed are porous in nature. Balasundaram et al. [15]
previously reported that with increase of etching time and heating, the porosity increases. The

formation of the pores result in the decrease in mechanical strength of silicon nanowire as suggested by
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liu et al. [16] which may also be a reason for the agglomeration of the wires. The concentration of

oxidizing agent i.e. H.O2 may also play an important role in increment of porosity.

Figure 5. 3: (a), () TEM image of SINW 80 at different scales with (c) porosity and

(d) lattice image
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5.3.2 XRD analysis

Changes in crystallinity during synthesis of the nanowires are analyzed using x-ray diffraction (XRD).
XRD results show the most intense sharp peak at every sample around 69° (20) which correspond to
(400) plane as observed in fig 5.4. This means both the Si wafer and produced SiNWs retained the
crystalline property of silicon as we know that amorphous materials do not produce sharp peaks.
Hence, the peaks in the XRD pattern indicate good crystallinity of the prepared samples. This means
property of silicon is intact and no contamination or transformation occurred although several

chemicals are used during synthesis.

The interplanar spacing (dnki) was obtained for each sample using Bragg’s law of diffraction dhkl =

A

TR The dnw for Si wafer is 1.355 A. The dna of 40 min, 60 min and 80 min obtained for the

respective 0 values from the XRD plots are 1.357 A, 1.360A and 1.359A.

The position of second less intense peaks are 32.93° ,61.64° for sample with etching time 40 minutes,
32.87°, 61.62° for etching time 60 minutes and 33.25°, 61.88° for pure Si respectively as seen fig 5.4.
Less intense peak for sample etched for 80 minutes almost disappeared. So intensity peak at 20 = 33° of
Si wafer is becoming broader in the etched SiNWs. Now if we compare the broadening of the peak
among the etched samples with different etching time, we see that with the increase of etching time, the

peak becomes more broader and for SINW 80, this peak is about to disappear.
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Figure 5. 4: XRD analysis of (a) Pure p-type Si wafer; (b) SINWs etched and

heated for 40mins; (c) SINWs etched and heated for 60 mins; (d) SINWs

As the peak become broader, the full width at half of maximum intensity increases. According to

Scherrer formula,T = where T is thickness and {8 is full width at half maximum for a given

BcosH

wavelength. So from Scherrer formula decreasing of 8 implies the formation of nanowires. [17]

5.3.3 FTIR analysis

In fig 5.5, the absorption spectra of the samples are presented. It shows the well-known transversal

optical (TO) resonance, the Si—-O-Si bond rocking vibrational mode (468cm™), the O-Si—O bond
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bending mode (808 cm™) and Si-O asymmetric stretching mode (1082cm™) [18]. Furthermore, the
strongest absorption peak is found at the higher-frequency side around 1082 cm™.The absorption bands
of silicon lattice are also observed, such as 611 cm™, 738 cm™!, and891 cm™!, which are almost same

for all the samples. [19]
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Figure 5.5: FTIR spectra of SINW 40, SINW 60, SiINW 80

The intensity and the shape of the main Si-O vibrational band at 1082 cm™ increases with decreasing of
the diameter of nanowires. These peaks appear when disorder of the structure is introduced. This can be
explained from the analysis of oxide layer on SiNWs grown under different conditions. [20] The
intensity of the absorption band of amorphous SiO: at the high frequency side of the main stretching
mode can be enhanced in samples with a large degree of structure disorder [21].As the peak intensity at

1082 cm* difference between the sample of 40 min and 60 min etching time is not very high but it
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increases significantly for 80min so we can say that the structural disorder begins after 60 min of the

etching time.

5.3.4 UV-VIS-NIR Spectroscopy

Diffuse reflectance spectra of the pure and SiINW samples etched for different times are shown in fig
5.6(a). The marked differences between the reflectance spectra between pure and etched samples can be
seen from the fig 5.6(a) .In all 4 cases, reflectance shows an overall decrease with the decrease in
wavelength and the reflectance falls sharply in wavelength range of 1000-1200 nm range. Moreover
reflectance is around 11% in case of Si wafer and it varies from 40- 60% in SiNWs etched for different
times which means that reflectance increases due to the formation of SINWSs. Here we measure diffuse
reflectance which increases with increase in surface area. The rough surface obtained from long
nanowire is responsible for such a visible increment of diffuse reflectance spectra. It also confirms
about the large surface area formed from the wire formation. It is seen that the reflectance doesn’t

change much with the varying etching times. So increasing reflectance confirms the formation of

nanowires.
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Table I: Bandgap of SINW

Sample Si Wafer (100) SINW 40 SINW 60

Bandgap (eV) 1.02 1.96 2.09 2.31

Band gap calculation: Bandgap calculation is done for SINW 40, SiNW 60, SiNW 80 respectively
from Kubelka-Munk formula. [22] The K—-M method is based on the following equation.

(1-R)?

FR) =—5x

Where, R is the absolute reflectance of the sampled and F(R) is the so-called Kubelka—Munk function.
After that, (F(R)*hv)®® as silicon has indirect band gap is calculated and (F(R)*hv)%® vs hv is plotted.
The linear portion of this graph is extrapolated to get band gap for the three cases. Band gap increases
as the etching time increases as we can notice the band gaps are 1.96eV, 2.09eV, 2.31eV for SINW 40,
SINW 60, SINW 80 respectively in fig 5.6 (b). The band gap energy increases as diameter size of the
semiconductor nanomaterials decreases and it is also higher than bulk silicon having a band gap of

1.13+ 0.057 eV as silicon has indirect bandgap. [23]

5.3.5 Field Emission

Cold cathode emission characteristics were performed in our laboratory designed high vacuum system
at pressure of ~ 10 mbar. In this experiment, a SINW sample is glued to a stainless steel base acted as
cathode and a conical shaped stainless steel tip (1.0 mm tip diameter) works as anode. The

corresponding current (1) vs electric field (E) curves are obtained for pristine SINW samples. The cold
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cathode emission current voltage characteristics are analyzed by the classical Fowler Nordheim (F-N)
equation [24]:

B BZEZ _B(I)3/2
J=A— exp ( BE)

where A=1.54 x 10°A eV V2 and B =6.83 x 10°eV3/2Vm2,]J is the current density, E is the
applied field, ¢ is the work function of the emitting materials and B is the enhancement factor

relating to the following equation:
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Figure5. 7: (a) Current density (J) versus applied field (E) plot, (b) F-N plot of

SiNWs at 120 pm inter-electrode distances

The experimental J-E curve and corresponding F-N plot are shown in fig 5.7. The experimental turn
on fields of the synthesized SINW 40, SINW 60 and SiNW 80 for 120 um inter-electrode distances
are 8.39 V/um, 6.89 V/um and 1.75 V/um (defined as the field required obtaining current density of

1 pA/em?) (fig 5.7(a)). The enhancement factors of SiNWs have been calculated from the slope
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obtained in FN plot by taking the work function 4.64 eV [25]. The enhancement factors and the turn

on fields have been given in the following table.

Table I1: Field Emission properties of SINW

Emission Current

Turn-on Field at Enhancement

Samples 1 (7 i) factor (B) Densi'ELeZ ztng)wum
SiNW 40 7.8 399 1.56
SiNW 60 2.5 3103 22.6
SiNW 80 6.84 2098 34.6

Electron field emission behaviors are significantly dependent on the various parameters such as
nanostructure morphology, nanostructure-anode distance, work function and screening factor etc. [26]
The turn on field decreases as the etching time increases for SINW40 and SINW60. It is due to the fact
that length of the nanowire and density of nanowire increases or as the tips becomes sharper [27]. The

enhancement factor also increase as a result giving better emission characteristics.

It is to be noted that the enhancement factor does not vary linearly with aspect ratio (i.e. synthesis time)
because in case of SINWS8O0 the turn on voltage decreases as observed in fig 5.7(b). [28] This may be
due to various reasons like screening effect or local nanostructure i.e. the agglomeration of the tips of
the nanowires. The screening also reduces the local electric field at the apex of SiINWSs, thus offering
less field enhancement factor. Again, in case of maximum emission current density drawn it increases

linearly from SiNW40 to SINW8O0. So the optimum synthesis time of nanowires is 60 min.
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The local electric field profile of the silicon nanowires are further computationally investigated a finite
displacement method as implemented in ANSYS Maxwell simulation package for theoretical
understanding of the cold cathode emission at the nanoscale level of silicon nanowires. Simulated
electric field distributions are carried out for silicon nanowires as cathode and stainless steel electrode
as anode. Simulated parameters are chosen carefully to replicate the actual dimension of experimental
configuration to keep up the direct correlation of the experimental counterpart taking only a few
nanowires into consideration. A rainbow colour coordinate (red is maximum and blue is minimum) is
used to plot the magnitude of the electric field of 2D plane in fig 5.8. Here the field increase constantly
from SINWA40 to SiINWB80 as obtained in 2.6kV voltage difference which relates with the experimental

results.
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Figure 5. 8: Two dimensional representations of the enhancing field of (a)

SINW 40, (b) SINW 60 and (c) SiNW 80 in ansys

From the FESEM image length of nanowires at different etching time can be obtained whereas from

top view, diameter of the nanowire can be derived. These experimental results give the information
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how the diameter and length of the nanowires varies with etching time. Thus, these trends with
different etching time are applied to ANSYS to get the trend of the field enhancement with etching
time. It completely agrees with the experimental results. As etching time increases, enhancement of
field emission is observed in simulation. In experiment also same trends are seen but there is a
screening effect due to tip agglomeration at high etching time (80 min), therefore high turn on voltage
is seen at low electric field though enhancement of current density is observed at high electric field. If
there were no such agglomeration but only impressive aspect ratio was observed, it might completely

agree with simulated results.

5.4 Conclusions:

In this study, SINWSs of different lengths are successfully synthesized using the metal assisted chemical
etching technique at 60 °C temperature with different etching time. Important characterizations confirm
about its successful formation. Due to its sharp structural properties, these nanowires are applied as
good field emitters. Among all etching times, 60 minutes of etching of SINW can be addressed as
optimum due its low turn on field and high enhancement factor. SINW8O0 is also a good field emitter
but there is a drawback of tip agglomeration of nanowires for which screening effect is observed. Thus,
turn on at low electric field increases and enhancement factor decreases though a high current is
observed at high electric field. To support these results, simulation is done in ANSYS which also
agrees that as the etching time increases, field current density increases. As the work function for all the
nanowires are same, here structure i.e. diameter, length of nanowires become the key factors for field
emission application. Again from the TEM, porosity of nanowires are observed. As etching time
increases, porosity of nanowires increases, thus the surface roughness enhances with high surface areas.
Thus, number of emitting site increases. It can also be an important factor for such a good field

emission property.
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Abstract:

Here, in this chapter, the motivation is to enhance the field emission properties of porous SINW 80. As
it is already established that graphene has several advantages of using 2D nanomaterials in field
emission devices due to its different properties like a thickness of only a few atomic layers, high aspect
ratio, excellent electrical properties, extraordinary mechanical strength and low cost synthesis. Above
all, edges present in graphene enhance the tunneling probability of electrons same as observed in
nanotube. Thus, rGO layer is spin casted over porous SiNW 80 to form rGO-SiNW 80 composites.
Important basic characterizations like FESEM, RAMAN, FTIR are performed. Experimentally field
emission study is carried out which gives enhancement of current density at low applied field in
composite compared to bare nanowires. Low turn on and threshold voltage, high current and
enhancement factor are observed in rGO-SINW 80 composite. Theoretical simulation data of ANSYS

Maxwell software completely agrees with the experimental result.

6.1 Introduction

Graphene is a 0 eV bandgap semiconductor in which the filled valence band touches the empty
conduction band, thus giving rise to peculiar properties [1] that have interesting applications in
electronic devices. Graphene and its oxygenated derivatives, including graphene oxide (GO) and
reduced graphene oxide (rGO), are becoming an important class of nanomaterials in the field of
electronic devices. [2] In addition to individual sheet devices, efforts to obtain graphene-based
composites through the reduction of graphene oxide (GO) in solution and incorporation into the
nanomaterials has also yielded promising results. [3] There are some advantages of using 2D materials
in the field emission display devices i.e. the few atomic layered thickness, high aspect ratio, impressive
electrical properties, excellent mechanical strength and low cost synthesis. Apart from this, the existing

edges can act as emitting sites for the tunneling probability of electrons.
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Incorporation of one dimensional nanostructure with sharp tips on the emitting surface enhances local
electric field. [4, 5] By enveloping nanometer scale sharp emitter tips by suitable 2D materials such as
graphene, reduced graphene oxide the field emission properties can be further enhanced. [6] These high
density protrusions further localize and enhance the electric field, thereby permitting electrons to tunnel
through the tips at very low electric fields and to produce stable emission in a large area. In the
previous chapter, it is observed that SINW 80 has some experimental drawbacks for which there is a
degradation of field emission properties though high current density is observed at high applied electric
field. Thus, in this chapter, the aim is to enhance the field emission properties of that particular

nanowire.

To implement the above mentioned criteria, rGO layer is superimposed on sharp tipped nanowires
through simple spin casting method. Raman study is performed to ensure the reduction of grapheme
oxide. FESEM and FTIR have given constant support to the synthesized materials. As per our desire,
field emission property is enhanced impressively. The turn-on fields and enhancement factors of the
samples are found using Fowler Nordheim equations. The experiments results are correlated to the

theoretical ANSYS MAXWELL simulation data.

6.2 Experimental

6.2.1 Synthesis:

6.2.1.1 Synthesis of Silicon nanowires:

Silicon nanowires are prepared by the method of Metal-Assisted Chemical Etching (MaCE) in a two-
step etching process as described in chapter 5 in details. Here the etching is done in oven at 60° C

temperature for time period of 80 minutes. After etching the Ag particles are removed by HNO3z and
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the sample is rinsed with deionised water. During rinsing oxide layer is generated by HNO3 which is

removed by dipping the substrate in HF(5% ) solution for 5 minutes again.

6.2.1.2 Preparation of stable dispersion of graphene:

Graphite oxide (GO) suspension in water is synthesized by a modified version of Hummers and

Offemans method from graphite powder. [7] [8]

6.2.1.3 Deposition of rGO sheets on SiINW by Spin Coating Method:

At first GO is reduced in hydrothermal at 180°C for 24 hours. Obtained precipitates are collected and
rinsed with DI and ethanol for 3 to 4 times. After drying at 60 °C temperature, obtained rGO is spin
coated on the silicon nanowires (80 min) by rGO-ethanol diluted solution. The silicon nanowire
samples are referred as SINW80 and Reduced graphene oxide--Silicon Nanowire composite sample

synthesized by spin coating as rGO-SiNW80.

6.2.2 Characterizations:

Morphological study of the as prepared sample was carried out by Field emission scanning electron
microscope (FESEM, Hitachi, S-4800). Raman spectra was obtained with the excitation of a 532 nm
laser source (WITECH).The chemical structure of the synthesized nanochips were analysed by using
the Fourier transform infrared (FTIR) spectrometer (Shimadzu).

Field emission studies

The field emission measurement setup is in a high vacuum (2x10® mbar) chamber. At the time of
measurement, a stainless steel electrode with tip diameter (2R) of ~1.5 mm and the sample are treated
as cathode and anode respectively keeping 120um separation between them. Cathode has been

connected with 1.3 MQ resistor.
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6.3 Results and Discussion

6.3.1 Morphological analysis by FESEM

Figure6. 1: (a) Cross-sectional view of SINW80 (b) Hydrothermally synthesized rGO

sheets (c), (d) top view of rGO-SiNW80 composites at different magnification

The FESEM images of the silicon nanowires, hydrothermally synthesized Reduced Graphene Oxide
and their spin casted composite is shown in fig 6.1. The cross-sectional view of SINW8O0 in fig 6.1(a)
shows that silicon nanowires are synthesized uniformly with a length of around 30 um .In fig 6.1 (b)
the image of hydrothermally synthesized rGO is displayed. From the highly magnified image of rGO,
the fine sheet like structure of reduced graphene oxide can be seen. In fig 6.1(c) and (d) are the image

of the rGO coated SiNWs. It can be clearly seen that the thin sheet like rGO is adhered on the top of the
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SINW 80. The rGO sheets are very thin and highly transparent so the underlying silicon nanowires can
be viewed through them. It determines the perfect attachment of rGO with the nanowires which can be

effective one for various applications

6.3.2 RAMAN spectroscopy

Raman analysis is carried out for better confirmation of rGO. A Raman peak at 528 cm™ can be seen in
the Raman spectrum fig 6.2(a) of which is due to the silicon nanowires. [9] The main features of the
GO Raman spectra are the D, G, 2D and D + D" peak. Raman spectrum shows vibration mode of D-
band at 1354 cm™ and G band at 1600 cm™. The D peak originates from the breathing modes of six-
membered rings that are activated by defects and the G peak at 1580-1600 cm™ that is due to the Ezg
phonon at the Brillouin zone center. The 2D peak at 2700 cm™ is the second order of the D peak and
the D + D" peak at 2940 cm™ is due to the defect activated combination of phonons. [10, 11] The

intensity ratio(Ip/Ig) is greater than one signifying the formation of rGO.
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Figure6. 2: (a) Raman Spectra of rGO-SiINW80 composite (b) comparison of FTIR spectra

of SINW 80 with rGO-SINW 80



Chapter6 [130
6.3.3 FTIR analysis

FTIR spectra of rGO-SINW 80 are almost consistent with SINW 80 that signifies the presence of
silicon nanowires as observed in fig 6.2(b). Again, there is a presence of characteristic peak at 1735
cm™* which may be attributed to reduction of graphene oxide. This peak is not so prominent for silicon
nanowires itself. Apart from this, there is a decrement of absorbance after composite formation. rGO
sheet may help to reduce the structural disorder of SINW 80. Thus, FTIR can be an important property

of rGO-SINW 80 composite.

6.3.4 Field Emission

As discussed in previous chapter, SINW 80 has given excellent current density at high applied electric
field though the turn on and enhancement factor are not improved compared to other nanowires. So, to
enhance all the competitive properties of SINW 80, rGO-SiNW 80 composite is produced by a simple
cost-effective method. Now, again, cold cathode emission characteristics are carried out in same
laboratory designed high vacuum system at pressure of ~ 10 mbar. In our experiment a SINW samples
glued to a stainless steel base acts as cathode and a conical shaped stainless steel tip (1.0 mm tip
diameter) works as anode. The corresponding current (I) Vs electric field (E) curves are obtained for
SINWB80 and rGO-SiNW80 samples. The cold cathode emission current voltage characteristics are
analyzed by the classical Fowler Nordheim (F-N) equation [12]:

BZ EZ B¢3/2
s P BE

J=A )

where A =1.54 x 10° A eV V2 and B =6.83 x 10’ eV>? V m™ J is the current density, E is the applied
field, ¢ is the work function of the emitting materials and f is the enhancement factor relating to the

following equation:



Chapter6 |[131

3
_ Bepn 2
s

B=

The experimental J-E curve and corresponding F-N plot are shown in fig 6.3. Here, turn on field is
defined at current density of 1 pA/cm? which is generated at field of 6.84V/um for SINW 80 and 0.12
V/um for rGO-SINW 80 as shown in fig 6.3(a). The experimental threshold field of the synthesized
SINW80 and the rGO-SiNW80 composites for 120 um inter-electrode distances is 10.92 V/um and 1.2
V/um (defined as the field required obtaining current density of 10 nA/cm?). The enhancement factor
of SINW and its rGO composite have been calculated from the slope obtained in F-N plot at fig 6.3(b).
The work function for SINW80 sample is taken as 4.64 eV [13] and for rGO-SiNW80 composite the

work function of rGO is considered to be the same as of graphite of 5 eV [14].
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Figure6.3: (a) Current density (J) versus applied field (E) plot of SINW80 and rGO-SiNW80 at

120 pm inter-electrode distances (b) F-N plot of SINW80 and rGO-SiNW80

The turn on, threshold fields, enhancement factors and emission current densities (at 5 V/um) have

been given in the following table.
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Table I: Comparison of field emission properties

. Threshold Field Emission Current
Turn-on Field at Enhancement -
at 10pA/cm? Densities at 5 V/pm

1pA/cm? (V/pm factor
2 (Vi) (V/um) ®) (RA/cm2)

SINW80 6.84 10.92 2098 0.45
rGoO-
0.12 1.2 3102 43.46
SINW80

The threshold voltage, turn on field and the enhancement factor are improved for rGO-SiNW80
significantly in comparison with SINW80. The comparatively low threshold voltage and turn on field,
high enhancement factor and current density can be explained mainly due to two reasons. Firstly, the
increase in density of the effective emission tips from the rGO edge sites, resulting in better field
emission which have been reported previously [15, 14] The second reason is that the sharp peaks of
silicon nanowires in bottom layer also contributed partially in providing additional pocket emitter sites
in rGO layers by creating unevenness in the thin sheets. Therefore the rGO layers spread over the
silicon nanowires helps in minimizing the effect of screening which have been observed for SINW80 as

mentioned in chapter 5.

Field emission simulation and explanation

For 2D simulation of the electric field gradient distribution in SINWs and rGO-SiNW composite, finite
element modelling is employed and the local electric field dispersion is found using ANSYS Maxwell
software package as shown in fig 6.4. The simulations have been carried out by considering the

following geometrical and material parameterization. For silicon nanowires we have chosen the base
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diameter of the nanowires as 40nm ending in sharp pointed peaks. We have considered a symmetrical
system and the silicon nanowires are equispaced having a separation of ~30nm in between them for
convenience. The height of the each SINW was taken to be ~30um. For simulation of the composite
structure with top rGO sheet assembly a curved sheet of graphite having a thickness of ~2nm is taken.
The samples were taken as cathode and a stainless steel anode was considered. A rainbow colour
coordinate (red is maximum and blue is minimum) is used to plot the magnitude of the electric field of
2D plane. Here an overall increase in the field can be observed for the rGO-SiNW80 composite which

coincides with the experimental results.

()

€ (v/n) ;

2. 0000¢+005 250nm
. 1. 80008 «00%

1. S500E 005

1, S600C 005
1. 900L 008
1. 5200005

1. 20008005
1. 0000C 005
9. OO 0%

. 8. WOOOE 00N
7. 2000€ 00
6. 0000L «00%

00001 00
3. SO00L 00N
2. 9000E 00
1. 20000 «00%
0. 0000E «000

€ (v/m)

Figure 6.4: Two dimensional representations of the enhancing field vector of (a)
SiNW 80 (b) rGO-SiNW 80
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Figure 6.5: Two dimensional representations of the enhancing field of (a) SINW 80
(b) rGO-SIiNW 80

The enhancement of the field after rGO deposition can be nicely demonstrated from the vector images
as shown in fig 6.5. It can be clearly noticed that a large amount of increase in the field is due to the

emissions of the edge sites from rGO sheets.
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6.4 Conclusions:
Thus it can be concluded that rGO —SiNW 80 is synthesized by spin casting method successfully as per
the basic characterized obtained data. This composite has acted as best field emitter among all the
samples. It is primarily due to the intrinsic properties of the rGO which triggers the emission of
electron from long length silicon nanowires. The advantage of both porous nanowire (1D material),
sheet (2D material) is extracted here in the field emission application. Both contain extreme aspect ratio
which becomes useful here. Apart from porous silicon nanowire sites, rGO also produces emitting
edges which enhances the field emission properties like current density, enhancement factors. A
significant decrement of turn on and threshold voltage is observed in this composite. Even the

theoretically obtained ANSYS Maxwell data completely correlates with experimental results.
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Abstract:
In this chapter silicon nanowires are synthesized by metal assisted chemical etching in room
temperature (RT) as well as oven temperature of 60°C. There is a feasible change of wettability is
observed like RT synthesized nanowires are hydrophobic in nature but heat synthesized nanowires are
hydrophilic initially with some contact angle nearly 90° but within few minutes it spreads out. Both
type of CA are explained by two models: Wenzel model and Cassie-Baxter model. They correlate the
surface roughness property. In previous chapter already mentioned rGO composite with SINW_H80’s
wettability is also measured here and it shows significant improvement of CA to 142°. It again
determines how lengthy nanowires with sharp tip affect the DI CA. A thin layer of rGO on the sharp

tipped nanowires makes the surface hydrophobic in nature.

7.1 Introduction

Wettability of solid surfaces has attracted many attentions both in research and practical applications in
the recent years. Superhydrophobic coatings have found many applications in industry including anti-
fog coating, anti-freeze surfaces, oil and water separation, anti-bacterial surfaces, increasing corrosive
resistance and medical applications. [1-3] The superwetting properties of solid surface has crucial
applications in our daily life as well as engineering fields, such as self-cleaning, digital microfluidic

devices, biomedical engineering ,pool boiling and silicon hybrid solar cells.[4-7]

It have been found from previous studies that the wettability and adhesive force of surfaces are
determined by their chemical composition[8] and physical structure of the materials.[9,10] As a result,
many surfaces materials with adjustable wettability have been fabricated by multiple methods, by
introduction of changes in the micro-nanoscale hierarchical structure and chemical modification on the
surface of the nanoparticles.[11-13] The control of liquid adhesion by changing the surface energy or

surface tension, mainly referring to the superhydrophobic surface in the research, is also realized by
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similar methods, such as to change the microstructure, and changing the chemical properties by UV

irradiation[14] or coating[15] .

In wettability studies, usually the contact angle is one of the most important data showing the amount
of the wetting value in a liquid and solid interface. Contact angle greater than 90° represents
hydrophilic substances having higher surface energy and greater than 90° represents lower surface
energy. Because the wettability of a solid surface is determined by both the chemical component and
micro or nanoscale geometrical structure, it could be changed through roughening of the surface or

adjustment of the surface energy on a flat surface. [16]

In the present work wettability properties of silicon nanowires synthesized by metal assisted chemical
etching is studied. Various parameters during the synthesis process are varied to determine their effect
on the contact angle and therefore the wettability properties of the nanowires. Also wettability property

of rGO-SINW is also studied.

7.2 Experimental

7.2.1 Synthesis
The silicon nanowires etched at room temperature are referred to as SINW 40 ,SiNW 60 and SiNW 80

for etching time of 40 , 60 and 80 minutes respectively. The silicon nanowires etched in 60° C are
referred as SINW_H40, SiINW_H60 and SiNW_H80 respectively for the different time of etching.

rGO-SiINW_H80 is denoted as composite material.

7.2.2 Characterizations

Contact angle measurements of the sample are done to detect the wettability nature of the samples in

the contact angle measurement device (OCA 15EC).
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7.3 Results and Discussion

7.3.1 Morphological Analysis by FESEM

In fig 7.1 the FESEM images of SINWSs synthesized with different etching times are shown for heat
untreated samples. It can be clearly seen that SINWSs are developed uniformly over the entire field of
view, thus the yield is very high. Cross-sectional images show that the average diameters of samples

ranges between 140 -220 nm whereas the length of the SINWs etched for 60 minutes is 2.674pum.

Al 1..

Figure7.1: FESEM images of room temperature synthesized (a), (b), (c) and 60 °C

temperature synthesized (d), (e), (f) silicon nanowires

The fesem images of the heat treated samples are shown in fig 7.1. The diameter of the images of
SiNWs varies from 40 nm to 200 nm with variation of etching time. SINWs becomes ultrathin with
increase of etching and heating time. The length of SINW_HG60 as observed from fig 7.1 (e) is around
30um respectively. So it is observed that as etching time increases the length of the nanowires increases

and diameter decreases in both room temperature conditions and in in 60° C.[18] It can be noticed that
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the silicon nanowires grows faster and thinner in 60° C compared to their counterparts grown at room

temperature with same etching time.

As the etching is performed at 60°C constant environments, there is a faster formation of SiO: at the
surface of formed nanowire during etching around the Ag nanoparticles and that oxide layer is
accordingly etched in different time. As a result there is tendency of formation of ultrathin nanowire
with distinct tips. The length of the wire also has been increased significantly due to heat etching which
IS not seen in room temperature atmosphere. It is also a very important to note that as per previous
reports [21] there is a tendency to form bundle at the tip of nanowire as the etching time increases. It is
primarily due to dangling bonds and electrostatic charges resulting in mutual interaction between them.

In case of heat etching bundling effect is much less which is important to note.

7.3.2 Contact Angle
The water Contact Angle (CA) of room temperature etched SINW and heat etched SiNW are evaluated

to identify whether the surface is hydrophobic, hydrophilic or super-hydrophilic.

The contact angle of the bulk silicon wafer is observed to 76.1° having hydrophilic nature as 0 is less

than 90°.

First, the samples etched at room temperature are considered. Fig 7.2 shows that the angle made by
droplets of water on the surface of SINW 40 is 116.85° initially and decreases to 115.63° after stability.
This means that contact angle remains quite stable and almost no with time as can be seen from the
time vs. CA graph in fig 7.2 where we get almost a straight line. Since contact angle measured is
greater than 90°, we can say that the water repellence of the surface increases significantly when

SiNWs are formed i.e. the surface becomes hydrophobic in nature.
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In case of SINW 60 contact angle measured is 130.49° initially which decreases to 123.34° after
stability in fig 7.2. So in this case also contact angle shows no significant variation with time as can be
seen from fig 7.2. Since contact angle measured is greater than 90°, here also we can say that the water
repellence of the surface increases significantly and the surface becomes hydrophobic in nature.

Moreover contact angle increases remarkably as etching time changes to 60 minutes from 40 minutes.
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Figure7.2: Contact angles of room temperature synthesized silicon nanowires

From SiINW 80 contact angle measured is 116.21° initially which decreases to 111.29° after few
seconds and finally after stability it becomes 100°. Again in this case contact angle varies slightly with
time as can be seen from fig 7.2 but the variation is faster than the previous two cases. Since contact
angle measured is greater than 90°, here it can be said that the water repellence of the surface is present

and is hydrophobic in nature. Contact angle is smaller in case of SINW 80 than that of SINW60 and the



Chapter7 |144
stability also decreases. This shows that 60 minutes etching time in room temperature is the optimum

case for the heat untreated samples and has a stable hydrophobic nature.

Now, the contact angle with droplets of deionized water (DI) of the samples etched at 60°C
temperature is considered. SINW_H40 minutes is 84.2° initially, decreases to 32.27° after a very few
seconds. After a few minutes, when it is stabilized contact angle decreases around to 0°. So in this case
contact angle varies rapidly with time as can be seen from fig 7.3 (a). Since contact angle measured is
lesser than 90°, here we can say that the surface is still remains hydrophilic in nature after being etched
from bulk silicon. Though initially it is greater than bulk silicon but the stable contact angle is 0° which

clearly increases the hydrophilic nature after nanowire formation.
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Figure 7.3: Contact angle of 60 °C synthesized silicon naowires
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SINW_H60 minutes is 92.17° initially, then decreases to 43.4° after a very few seconds. After a few
minutes, when it is stabilized contact angle decreases around to 5°. So in this case contact angle varies

rapidly with time as can be seen from fig 7.3 (b). Although initial CA measured is very slightly greater

than 90°, but it stabilized to 5°, the surface still remaining hydrophilic in nature.

From the fig 7.3 (c), contact angle for SINW_H80 117.78° initially decreasing to 68.10° in a few
minutes, finally stabilising at 17.25°. So in this case CA varies comparatively slower with time as can
be seen from fig 7.3 (c). Contact angle measured is greater than 90°, but it stabilized to 17.25° and then
dies out within 15 minutes completely. It is observed that as the etching time increases for the heat
treated samples, CA increases at the instant when the droplet touches the substrate but eventually it

spreads out on the sample substrate resulting in a transition from hydrophobic to hydrophilic nature.

The contact angle of all the cases is summarized in the following table.

Table I: Comparison of contact angle of room temperature and heat synthesized

silicon naowires

SINW 40 | SiINW 60 | SINW 80 | SiINW_H40 | SINW_H60 | SINW_H80
Initial 116.85° 130.49° 116.21° 84.2° 92.17° 117.78°
After few
115.5° 126.55° 111.29° 32.27° 43.4° 68.10°
seconds
After
o 115.63° 123.34° 100° 0° 5° 17.25°
stabilisation

Young’s static and dynamic contact angle equations [22] are the most common and relevant parameters

describing the wetting property of a surface with respect to liquid water which is valid for
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homogeneous, molecularly smooth, flat rigid solid surface. Contact angle will strictly be a function of
the liquid’s surface tension, and the surface’s chemistry (surface energy) of the solid. The earliest
theoretical model to investigate the behavior of liquid drops on rough surfaces is proposed by Wenzel
and Cassie-Baxter.[23,24] While both regimes describe an increase in contact angle with increasing
surface roughness, the Cassie—Baxter regime comes into effect when there is a trapped air layer within

the roughened or textured surface which causes a substantial increase in contact angle.

According to Wenzel model, When a liquid drop penetrates the asperities of a rough solid substrate and

completely wets its area, an expression for apparent equilibrium CA, 6*, as follows:

cosO" =rcos0

Where, r is the roughness factor, defined as the ratio of the actual solid-liquid contact area to the flat
projected area of the rough solid substrate, and 0 is the intrinsic equilibrium CA on a smooth flat
surface of the same material. Values of r are always > 1. In Wenzel’s model, increasing r makes a

hydrophobic surface more hydrophobic and a hydrophilic surface more hydrophilic. In particular, if the
roughness of a hydrophilic surface is larger than a critical value given by r, = ﬁ then the surface

becomes superhydrophilic.
The Cassie-Baxter equation provides an expression for the apparent CA, 6, as follws:
cos 0" =r¢fcosB — (1 —1)

Where, r¢ (> 1) is the roughness factor for the solid-liquid contact area at the top of the rough surface
and is analogous the term r discussed in the context of Wenzel state of wetting, f is the ratio of flat
projection of solid-liquid contact area, to the total flat geometrical area of the composite substrate under
the drop. Thus (1- f) is the ratio of liquid-air interface area, to the total flat geometrical area of the

composite substrate under the drop.
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Surface roughness is a fact which makes hydrophilic substrate more hydrophilic and hydrophobic
surface more hydrophobic according to Wenzel model. As bulk silicon wafer is hydrophilic having
CA 76.1° the hydrophobic nature of the surface cannot be explained with the Wenzel state for the
room temperature etched samples (SINW 40 , SINW 60 and SiNW 80). Cassie Baxter model is
valid when the water CA on a smooth surface of the same material is higher than 90°. Here, Cassie
Baxter model can be applied as the formation of NW has increased the CA from 76.1° to above 100°
which clearly indicates transformation of hydrophilic Si substrate to hydrophobic SINW. So, it can be
assumed that the surface roughness increases in such an extent that decrement of wetting property is
observed. Apart from this, there is a visible change of CA with etching time i.e. when the etching time
increases from 40 min to 60 min, CA increases from 116.85° to 130.49°. As length increases with
etching time, surface area as well as surface roughness increases and surface energy decreases which
helps to produce lesser contact between the liquid drop and solid through the base line and air trapped
between the wires. It results in increment of CA but for SINW80 has given lower contact angle for DI
drop than SINW60. This is primarily due to the bundling effect of nanowire. As it has already
explained that repeatedly increase of length of porous nanowire for SINW8O0 results in congregation of
tip due to electrostatic interaction which reduces the surface area, as a whole surface energy increases
from SINWG60 and CA decreases. So, it can be concluded that 60 minutes etching is optimum in this
process for clearly visible distinct nanowire array. Apart from this, stability of DI droplet on substrate
is also observed for 7.5 minutes and it is seen that SINW40 and SiNW60 are almost stable to its initial
angle, the droplet has not spread out. There is slight decrement of angle due to vaporization from
droplet surface whereas SINW80 has a visible change of CA. This is not only vaporization but also

there is a slight increment of water adhesion property for SINW substrate.

Now we consider the case of silicon nanowires etched in 60° C (SiINW_H40, SiNW_H60 and

SiINW_H80). It is observed that as the etching time increases, CA increases at the instant when the
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droplet touches the substrate then spreads out on the sample substrate showing a gradual transition from
hydrophobic towards hydrophilic nature. This type of activity can also be termed as water adhesive
hydrophobic nanowire which is not observed before. SINW_H40 shows a greater CA than bulk silicon
wafer (CA is 76.1°) but it still persists its hydrophilicity and spreads out within 7.5 minutes due to its
water adhesion property though there is no such oxide layer. As the etching time increase to 60
minutes, initial CA increases to 92.17° which can be termed as hydrophobic but again it shows very
high water adhesive property for which within 1-2 minutes droplet dies out completely. At the etching
time of 80 minute the substrate acts as hydrophobic one with CA of 117.78° and it takes almost 15
minutes to completely die out i.e. CA~ 0°. As it has already been explained the NWs are significantly
longer than room temperature synthesis process and CA are also lower than room temperature synthesis
procedure. Above all a significant water adhesion is observed in this oven etched SiINWs which can be

explained by surface roughness property as well as length property of SINWSs.

For SINW 40, substrate’s roughness can be explained by Wenzel model but as the etching time
increases and there is a tendency of increase in length of the wire, the roughness is transformed from
Wenzel to Cassie Baxter model which clearly shows hydrophobic property. Secondary roughness and
spiky morphologies can favour transition of water droplets from the Wenzel to the Cassie-Baxter state
as they grow in size[25]. Finally, Wenzel and Cassie-Baxter models are valid only if the drop size is
large relative to the size of the roughness features and are easier to define on surfaces with a simple,
geometric roughness; however on surfaces with complex, statistical roughness, a mixture of the two

models may apply [26].

Now there is a water adhesion property which is very important to mention. There are again several
factors but most importantly length of the nanowire which is significantly high and may be larger than

critical length. For nanowires grown on either the Si surface, the CA of the nanowire surface initially



Chapter7 |[149
increases with the nanowire length and decreases after a critical length of the nanowire. This can be
explained as the length of NW increases due to heat etching than room temperature etching CA
decreases due to longer nanowire. After a critical length, the pining of nanowire becomes effective
[27], which draws the water flow downstream and decreases the CA. This is one of the important
factors which is responsible to spread out the water on the surface and transforms the surface from
hydrophobic to hydrophilic by its water adhesion nature. Surface defects may also play an important
role which has to be studied. Even the porosity may play an important role as the no of pores increase

as the temperature increase, it may initiates to spread out the water droplet too.

(@) o)

(C) rGO-SiNW_HS80

Figure 7.4: Contact angles of room temperature synthesized silicon nanowires

As already mentioned in the previous chapter, rGO layer is spin casted on SINW_H80. Wettability of
that composite is also measured. It is observed that rGO- SINW_H80 gives contact angle of 142° as

displayed in fig 7.4. So, it can be said that there is an increment of contact angle from 117.78° to 142°
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and it is more stable than bare SINW_H80. As the hydrophobicity enhances due to the presence of
rGO layer, it can be explained by Cassie-Baxter model. Thus, surface roughness can be one important
factor in this case to enhance the hydrophobicity. Apart from this, there is a tendency of water droplet
to pinch inside the long nanowire which may initiate to decrease the water contact angle but after
deposition of a thin layer of rGO, this tendency diminishes and water droplet tries to round off on the
surface of the film. Surface energy of this composite degrades accordingly which may be responsible

for such good hydrophobic charateristics.

7.4 Conclusion

It can be concluded that room temperature synthesized silicon nanowires are hydrophobic in nature. It
is almost stable for few minutes. When the silicon nanowires are synthesized at 60°C temperature,
porosity is observed and there is a decrement of contact angle indicating hydrophilicity. Even the water
droplet spreads out within few minutes. It is primarily due to high surface energy, long length of
nanowires, presence of pores, tip agglomeration etc. After forming the composite with rGO, the same
SiINW_H80 has shown hydrophobicity with contact angle of 142°. Several important factors like

surface roughness, thin layer of rGO, low surface energy etc. are responsible.
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8.1 Conclusions:

The whole work indicates toward good field emission property of porous silicon nanowires and its
composite with rGO. Here, SINW is synthesized at 60° C temperature. Important basic
characterizations are carried out. As the etching time increases, the length of the nanowire increases
and diameter decreases. Thus, SINW 80 gives highest current density at high applied potential though
the other properties like turn on field, threshold voltage or enhancement factors are not improved. In
that case, SINW 60 is the optimum one for good field emitter property. To enhance all field emission
properties of SINW 80, rGO layer is put on the SINW 80 to make the rGO-SiNW 80 composite. As per
expectation, there is a high enhancement of current density with low turn on and threshold voltage with
high enhancement factor. There are many factors which may be responsible like surface roughness,
enhancement of emitting edges, porosity etc. for such enhancement. Theoretical ANSYS Maxwell
simulation is performed which completely agrees with experimental results. Wettability properties are
measured for all the samples which correlate with the field emission characteristics. As it is observed
that CA increases in rGO-SiINW_H80 composite, there is increment of surface roughness which
initiates to have more emitting edges for good field emission property. Heat treated porous nanowires’
wettability is compared with room temperature synthesized nanowires. There is a significant
transformation from hydrophobic (room temp) to hydrophilic (heat treated). Porosity, length, sharp tip,

bundling effect etc. are important factor for such changes in properties.
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8.2 Future Scope:

In future hydrophobicity of silicon nanowires can be enhanced by several surface coatings. Some works
are going on right now to enhance the properties of silicon nanowire. On p type silicon nanowires, n
type CdS is deposited by chemical bath deposition. Several characteristics are performed. In future,

these materials can be used as p-n junction. More study is needed to conclude anything.
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