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Abstract

In this thesis, firstly, technical and social backgrounds of nano dot arrays are studied,
and requirements to efficient fabrication processes of nano dot arrays are discussed. Then,
a new fabrication process of a metallic nano dot array is proposed. The process consists of
three steps, i.e. sputter coating of a metal film on a substrate, thermal dewetting, and the
dot transferring to a plastic film. The process for fabrication of a random metallic nano dot
array on a plastic film by thermal dewetting on a flat substrate and dot transfer technique is
first proposed. The feasibility of the proposed process is demonstrated through the
experiments. In addition, the effects of process condition on the morphology and optical
property of nano dot arrays and on the nano dot transfer ratio will be studied. Then, the
proposed process is extended to fabrication of an ordered metallic nano dot array on a
plastic film by nano-plastic forming assisted thermal dewetting on pattened substrate and
dot transfer technique. The feasibility of the extended process is investigated. In addition,
the effect of process conditions on the morphology of nano dot array aggregated on a
patterned substrate by thermal dewetting and transferring of an ordered nano dot array to a
plastic film will be studied.

For the first proposed process, the experiment results show that the morphology of
random nano dot array strongly depends on the annealing temperature, annealing time,
substrate material, and gold film thickness: Mean diameter and corresponding standard
deviation of the nano dots increase with the increase in the gold film thickness, but
decrease with the increase in the annealing temperature; the nano dots aggregated on a
quartz glass substrate are large and sparse, while the nano dots aggregated on a silicon
substrate are small and dense; the contact angle of the nano dots both on a quartz glass
substrate and a silicon substrate increases with the increase in the annealing temperature;
the circularity of nano dots increases with the increase in the annealing time, but becomes
saturated to a certain value that depends on the annealing temperature. In addition, it is
found that the localized surface plasmon resonance (LSPR) property of a nano dot array
strongly depends on the morphology of the nano dot array, especially the circularity of the
nano dot array. It is also found that the transfer ratio is strongly influenced by the substrate
materials, the plastic materials, and the annealing temperature: The silicon substrate shows

slightly higher transfer ratio than the quartz glass substrate; Araldite rapid epoxy decreases



the transfer ratio while the SpeciFix-20 epoxy increases transfer ratio when the annealing
temperature becomes higher.

Furthermore, the nano dot transfer mechanism based on the total free energy theory is
established to explain the experimental results.

For the second proposed process, the experimental results show that under proper
conditions, patterning on a substrate by nano plastic forming improves the uniformity and
regularity of nano dot array through thermal dewetting process. It is found that the
uniformity and regularity of nano dot array strongly depends on the gold film thickness,
the annealing temperature, and the indentation load. These parameters are studied and
optimized in order to obtain an ordered nano dot array of good uniformity and regularity.
The ordered nano dot array is then transferred to a plastic film to evaluate the feasibility of
the process. The experimental results show that ordered nano dot arrays were successfully
fabricated both on Araldite rapid epoxy film and SpeciFix-20 epoxy film by the proposed
process. In addition, the re-usability of the patterned substrate is demonstrated for
obtaining high throughput.
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Chapter 1 Introduction

CHAPTER 1

Introduction

In this chapter, firstly, a brief background of nanotechnology including applications,
history, future trench, and brief introduction of nanofabrication are presented. Then, the

motivation and objectives of this study is presented, respectively.

1.1 Background

Nanotechnology is an advanced technology that has been attracting a lot of attention
and interests of the global community over past few decades. Up to now, it has been one of
the hottest fields in academy, industry and business. It is a rapidly evolving and potentially
transformative technology which has potential to improve many aspects of human life
greatly. Nanotechnology is promising to create stronger and lighter materials, novel and
safer energy sources, more nutritious, healthy and longer-lasting foods, more efficacious
pharmaceuticals, etc. It has capability to address recent environmental problems, energy
problems, medical problems and economy problems.

Nanotechnology is art and science of manipulating atoms and molecules to create new
systems, new materials, devices which provides many benefits to various aspects of entire
spectrum of industry. Tremendous advances in many fields of the human life such as
engery, medicine, nano-biotechnology, optical engineering, nanodevices, defense, etc.
which are fruits of nanotechnology have been reported. Figure 1.1 shows the applications
nanotechnology to some fields which are briefly introduced as follows:

In aerospace, the strength and lightness of carbon nanotubes makes them great
materials for the aerospace industry. Carbon composites and nano-coating are used for the
bodies of aircraft and in aerospace components instead of aluminum alloy to make the
bodies of aircraft stronger and lighter. In addition, these nano-modified composite
materials improve the mechanical property; and enhance the resistance to flammability and

solvent.

-13-
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Figure 1. 1 Applications of nanotechnology

In automobile industry, nanostructured surfaces were utilized to improve paint adhesion
and color durability. New kinds of car paints developed by nanotechnology are applied to
improve the self-cleaning, scratch resistant, dirt repellent and self-healing properties.
Nanostructure materials are being utilized to make the chassis and the body of the car
stronger and lighter. Thus, reduce the consumption of fuel and enhance the economic
efficiency.

In electronics, nanoscale transistors are grown together on a silicon wafer. This
obviously reduces the size of the circuit board and provides more functions. The carbon

nanotubes (CNT) are used in transistors as conducting channels and have clearly shown
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possibility of high speed operation of CNT transistors. Nanomaterials are employed to
improve the resolution of CRTs. Organic flexible displays based on organics light-emitting
diodes (OLEDSs) are available on the markets and provide more advantages such as higher
resolution, brighter, and wider viewable angles. The displays are thinner and of lighter
weight than traditional liquid crystal display (LCD) displays. This makes them ideally
suited to mobile electronics such as digital cameras, cellular phones, etc.

In medicine and pharmacy, some antibacterial cleansers utilize nano-emulsion
technology to kill pathogens. These cleansers have ability to kill bacterial and tuberculosis
while remaining nontoxic, noncorrosive and nonflammable. Nano-engineered gels and
other materials are used in replacement of lost tissue or providing structures for the
regeneration of natural tissue. Silver nanoparticles are used in medical bandages for
treatment for wounds and burns. They provide antimicrobial barrier protection and help
skin to heal by preventing infections during treatment.

In sport goods, special nanoparticles (NPs) and carbon nanotubes (CNTSs) are utilized to
stiffen areas of the racquet head and shaft. CNTs doped composites have been used in
many goods such as hockey stick, tennis and badminton racquets, etc. to make them more
durable, stronger and lighter. Tennis ball coated with nano-size membrane slows down the
pressure drain and increase the lifetime of ball. The list of applications of nanotechnology
is going on. Figure 1.2 shows the applications and products of nanotechnology expected to

become commercially in near future.
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Chapter 1 Introduction

Nanotechnology Applications and Products

Drug Delivery Techniques
Dendrimers are a type of

nanostructure that can be Nanofilms

precisely designed and Different nanoscale materials can be used in thin

manufactured for a wide variety films to make them water-repellent, anti-reflective,

of applicaitons, including self-cleaning, ultraviolet or infrared-resistant,

treatment of cancer and other anti-fog, anti-microbial, scratch-resistant, or

diseases. Dendrimers carrying electrically conductive. Nanofilms are used now on

different materials on their eyeglasses, computer displays, and cameras to

branches can do several things protect or treat the surfaces.

at one time, such as Nanotubes

recognizing diseased cells, Carbon nanotubes (CNTs) are used in
diagnosing disease states baseball bats, tennis racquets, and
(including cell death), drug some car parts because of their
delivery, reporting location, and greater mechanical strength at less

reporting outcomes of therapy. weight per unit volume than that of

: conventional materials. Electronic
properties of CNTs have made them a
candidate for flat panel displays in
TVs, batteries, and other electronics.
Nanotubes for various uses can be
made of materials other than carbon.

Nanoscale transistors
Transistors are electronic
switching devices where a small
amount of electricity is used like a
gate to control the flow of larger
amounts of electricity. In
computers, the more transistors,
the greater the power. Transistor
sizes have been decreasing, so
computers have become more
powerful. Until recently, the
industry’s best commercial
technology produced computer
chips with transistors having
65-nanometer features. Recent
announcements indicate that
45-nanometer feature technology
soon will be here.

Water-Filtration

Techniques

Researchers are experimenting
with carbon nanotube-based
membranes for water
desalination and nanoscale
sensors to identify contaminants
in water systems. Other
nanoscale materials that have
great potential to filter and purify
water include nanoscale titanium

Solar Plastics
Thin, flexible, lightweight rolls of plastics
containing nanoscale materials are being
developed that some people believe
could replace traditional solar energy

dioxide, which is used in technologies. The nanoscale materials
sunscreen and which has been absorb sunlight and, in some cases,
shown to neutralize bacteria, indoor light, which is converted into
including E. coli, in water. electrical energy. Thin-film solar cells

paired with a new kind of rechargeable
battery also are the subject of research
today. This technology will be more
widely used when researchers learn how
to capture solar energy more efficiently.

Figure 1. 2 Applications and products of nanotechnology already on market or expected to become

commercially in near future

(Figure copied from Ref. [1])

Figure 1.3 shows the timeline of history of nanotechnology. Historically, the term
“nanotechnology” has been traced to 1974. It was first introduced by Norio Taniguchi from
Tokyo University of Science in his paper entitled “On the Basic Concept of ‘Nano-
Technology” [2]. In his paper, Taniguchi described nanotechnology as a technology that
manipulates the engineering materials at nanometer level. He outlined his prediction of
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atom-by-atom or molecule-by-molecule manipulation of matter for the semiconductor
industry.

However, the history of nanotechnology was actually initiated earlier. The origins of
nanotechnology are traced back to a lecture given by Richard Feynman at an American
Physical Society meeting at Caltech on December 29, 1959 entitled “There’s Plenty of
Room at the Bottom.” [3] In this talk, Feynman questioned that: “Why cannot we write the
entire 24 volumes of the Encyclopedia Brittanica on the head of a pin?” and then he
provided the evidences to prove that it is possible to write the entire 24 volumes of the
Encyclopaedia Britannica on the head of a pin. As he spoke: “The principles of physics, as
far as | can see, do not speak against the possibility of manoeuvring things atom by atom.
It is not an attempt to violate any law; it is something, in principle, that can be done; but in
practice, it has not been done because we are too big", He explained the principles of
miniaturization and making small things at atomic-level precision and how these concepts

do not against any known law of physics.

History of the Nanotechnology

- ¢ Between ~10to 100
x nanometer(nm)

* Whatis new ?
®* Material properties
within this range are
quite differentthan
the bulk material
* Verylarge
surface-to-
volume ratio

®* Quantum effect

a non-optical microscope that scans an
electrical probe over a surface to be imaged
to detect 3 weak electric current flowing
[between the tip and the surtace. The STM
was invented in 1981 by Gerd Binnig and
[Heinrich Rohrer of IBM's Zunch Lab i Zunch
[Swizeriand

The STM allows scientists 10 visualize
regions of high electron density and hence
infer the position of indwidual atoms and
molecuies on the surdace of a lattice

[Carbon nanctubes (CNT) were discovered i 1991 by
[Sumio lima, working at NEC. They are essentially
rollod sheets of graphite, and can be sngle or multi
] walled. Depending on the way they are made, they
Patent on the process of atomic § can be conducting or semi-conducting, and

layer deposition (1974) : therefore have potential appications in electionics
1974 They are also five times less dense than steel and
ity times stronger, and 50 have applications in
composite materials, such as car bumpers. Finally.
% romitmenme coment met e/ 3T 233 there ace some applications in medicine for drug

& Story+oreNanctecnong i delivery

B. Chehroudi, PhD

(Source: http://www.advtechconsultants.com/NanotechnologyHistory.jpg)

Figure 1. 3 Timeline of history of hanotechnology
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In 1987, K. Eric Drexler published a book named “Engines of Creation:The Coming
Era of Nanotechnology” [4]. He explained new kind of technology based on “assemblers”
of molecular which enables to “place atoms in almost any reasonable arrangement” and
thereby allows people to "build almost anything that the laws of nature allow to exist.”
That is a fanciful and fantastical idea which marked a distinct jumping off point for the
development of nanotechnology.

With the discovery of novel materials on the nanoscale notably began with the
buckyball in 1985 by Robert Curl, Harold Kroto and Richard Smalley, and carbon
nanotubes in 1991 by Sumio lijima of NEC, the nanoscale materials have been focusing
intensively in both academic community and industry up to date.

In 2000, the National Nanotechnology Initiative (NNI) was founded by the US
government in order to manage funding and develop nanotechnology as the major research
in the twenty first century. According to the NNI, “Nanotechnology is the understanding
and control of matter at dimensions between approximately 1 and 100 nanometers, where
unique phenomena enable novel applications. Encompassing nanoscale science,
engineering, and technology, nanotechnology involves imaging, measuring, modeling, and
manipulating matter at this length scale.”

The advances of nanotechnology have great improvements on the various aspects of
human life and society. There have been more and more nanotechnology products are now
available on the market. According to the estimation of National Science Foundation
(NSF) of the United States, the world market for nanotechnology products will reach over
of 1 trillion US Dollars by 2015 in which $340 billion for materials, $300 billion for
electronics and communication, $180 billion for pharmaceuticals, $100 billion in chemical
manufacturing, $70 billion for aerospace, $45 billion for sustainable process, $30 for
healthcare, and $22 billion for tools and instrumentation [5]. Figure 1.4 shows the forecast
for the world market of nanotechnology from European Commission. By 2020, the annual
global economic impact of nanotechnology is estimated approximately $3 trillion US
dollars [6]. It implies that a great potential in the market for nanotechnology products. That
is the reason why nanotechnology has been investing more and more by the governments
in both developed and developing countries and industrial investors. It is now recognized

as the future of technological development.
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| NANOTECHNOLOGY: WORLD MARKET FORECASTS
IN BILLION US DOLLARS
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Figure 1. 4 World market forecast for nanotechnology

In the development of nanotechnology, nanofabrication plays a very important role
because it is the art of designing and manufacturing in nanoscale, and it is the tool box that
enables us to manipulate the materials at the nanoscale. It includes the set of techniques to
grow, pattern, form and remove material with near nanometer control, repeatability and
precision. The goal of nanofabrication is to create structures at the nanoscale which can be
utilized as components, devices, or systems, in large quantity at potentially low costs. It
provides a lot of advantages and benefits such as minimizing the consumption of material
and energy, enhancement of resolution and sensitivity, reduction the burden of waste and
environment, enabling high throughput and cost effective production which is vital for
industrializing and commercializing.

Nanofabrication represents a wide range of techniques and methods which can be
classified into either top-down approaches or bottom-up approaches for fabricating
nanostructures and nanomaterials. The top-down approaches refer to methods which start
with a macroscopically dimensioned material, then reduce the size of structures generally
by employing physical techniques such as machining, lithography, etc. On the other hand,
the bottom-up approaches refer to methods which use atomic or molecular precursors to
build up nanostructures. Figure 1.5 shows the two nanofabrication approaches and the

methods or techniques belonged to each approach.
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Figure 1. 5 Nanofabrication category

Plenty nanofabrication methods and techniques have been developed to fabricate
nanostructures and nanomaterials with the enhancement of resolution or reduction of
smallest attainable feature size by the time as shown in figure 1.5. Besides the advantages,
each method or technique has its own weakness such as either limitation of smallest
attainable feature size, or expensive equipment cost and running equipment cost, or
stringent in control, etc. For instance, photolithography, or optical lithography, has been
the workhorse for microfabrication and now nanofabrication in the semiconductor industry
since its invention nearly half century ago. It is the most common used to fabricate
patterned relief structures with submicron feature size on the surface of a planar substrate
[7-9]. This process has advantage of high throughput which is suitable for mass production.
However, its resolution is limited by exposure wavelength of light source (diffraction of
light), the equipment (numerical aperture of projected lens) which is governed by the well-
known Rayleigh’s equation [10, 11]. In addition, the performance of photoresist also
influences the resolution of photolithography. In order to improve the resolution of
photolithography system, various resolution enhancement strategies such as using short
wavelength light sources (deep UV excimer laser), high numerical aperture optics and

immersion lenses, phase shifting mask, optical proximity correction and double pattering,
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were implemented [10-12]. As a result, conventional photolithography has moved well into
the nanoscale and new generations of photolithography with more advances have been
established such as deep ultraviolet lithography, extreme ultraviolet lithography, and X-ray
lithography.

Deep ultraviolet lithography (DUVL) utilized the light source from excimer laser which
has higher photon energy and shorter wavelength than light source (from mercury lamp)
used in conventional photolithography. The excimer laser with the wavelength of 193 nm
(Argon fluoride excimer laser) was used as the illumination sources for DUVL which can
achieve smallest feature size down to 45 nm ~ 32 nm [10, 14]. However, the resolution of
DUVL is also limited. This is because the decrease of wavelength of illumination source in
DUV lithography causes extremely difficult technical issues such as materials for making
optical lenses, transparent and radiation durable of protected film for mask, and material
for the resist.

Extreme ultraviolet lithography (EUVL) utilized the laser source wavelength of 13 nm
as the illumination source. EUVL can achieve smallest feature size down to 32 nm ~ 22 nm
or below [10, 13] because of its much shorter wavelength of illumination source. However,
it is difficult to create EUV source with high output power to provide high throughput. The
projection optics in EUVL is very complicated. Moreover, the EUVL system is very
expensive and can cost up to $50 M.

X-ray lithography (XRL) utilized the ultimate short wavelength photon radiation from
1 nm (soft X-ray) to 0.1nm (hard X-ray). The basic difference between X-ray wave and
optical wave is that X-ray can penetrate the most of materials except high atomic number
materials. X-ray cannot be focused because all the materials have same refractive index to
X-ray. Therefore, XRL can only exposure mask image to the resist with a ratio of 1:1 with
a proximity gap between them. XRL can fabricate smallest feature size of 30 nm or even
smaller [14, 15]. However, XRL requires extremely stringent in control proximity gap
between the mask and the resist. Since the resolution of X-ray depends on the resolution of
the exposure mask, it is very difficult to fabricate the mask with high resolution. In
addition, the cost for XRL system is extremely expensive (more than $1 billion [10]).

Electron beam lithography (EBL) and focus ion beam (FIB) lithography are similar to
photolithography except that the charged beams are used as exposure sources in EBL and
FIB other than the light source. EBL and FIB utilize electron beam and focus ion beam to

directly machine the resist coated on substrate in a writing manner to make the patterns.
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The beam size plays a key role in the resolution of EBL and FIB. It has been demonstrated
that fabrication of nanostructures with feature size smaller than 10 nm by EBL [16-18] and
smaller than 50 nm by FIB [19, 20]. However, the throughput of EBL and FIB is very low
because they are serial operation process. Also, EBL system and FIB system are also costly.

Nanoimprint lithography (NIL) is a replicated process which was first proposed by
Stephen Chou in 1995 for fabrication of micro/nanostructures. It was proposed to replace
the costly photolithography or EBL for fabrication of high resolution at high throughput
but at a fraction of cost [21-27]. Though NIL is simple and high resolution and is regarded
as one of the next generation lithography candidates (NGL). It has some limitations and
technological issues. Firstly, the mold used in NIL contains predefined structures which are
generally fabricated by photolithography or EBL or FIB [21, 23, 27-29]. Therefore, the
smallest attainable feature size is limited by the resolution of those processes. In addition,
the processing time and cost will be added up by utilizing those processes for making the
mold. Secondly, in conventional NIL (thermal NIL) requires relatively high temperature to
soften the polymer and relatively high pressure to press the stamp into the polymer. It takes
time to heat up and cool down the polymer so that undesirable for high throughput
manufacturing. High pressure during pressing the stamp into the polymer may increase the
wear of stamp which results in defects in the replicated patterns. Finally, UV-cured
nanoimprinting (UV-NIL) utilizes liquid polymers instead of solid polymers. The polymer
is molded into shapes and solidified by photopolymerization (UV curing). Hence, UV-NIL
can be operated at low temperature without the need of high pressure as in thermal NIL.
However, the mold used in UV-NIL is generally coated with a thin anti-stick layer to
prevent or reduce the pattern defects generated due to sticking of polymer material to the
mold [30-32]. It requires stringent control of uniformity of the anti-stick layer thickness
over the whole patterned area of the mold. The non-uniform thickness of anti-stick layer
affects the feature size and results in defects of replicated patterns. Moreover, the anti-stick
layer degrades after several uses [33] which results in infidelity and defects in replicated
patterns.

On the other hand, the bottom up methods such as nanosphere lithography (NSL), and
epitaxial growth offer high throughout fabrication of nanostructures at lower cost [34].
How it is very difficult to control the uniformity and regularity or the order-ness of the
nanostructures fabricated by these methods. Scanning probe lithography (SPL) has

capability of manipulate materials to create nanostructures at high resolution at low cost by
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employing simple facilities, thus a scanning tunnel microscope (STM) or an atomic force
microscope (AFM) [35]. However, the throughput of SPL is very low and the patterned
area is very small which is not suitable for large scale nanofabrication.

Recently, together with the rapid development of material science, abundant of
advanced materials with outstanding property have been created. One of them is plastic
semiconductor or polymer semiconductor [36, 37]. They possess important advantages
when compared to conventional semiconductor materials because they are lightweight,
flexible and very cheap to produce. The plastic semiconductors are more and more used in
the electronic devices which are called organic electronics [38-42]. Figure 1.6 illustrates a
photograph of a foldable OLED made of organic semiconductor on plastic film. In order to
integrate nanostructures/nanomaterials into organic electronic devices to improve their
performances, fabrication techniques to create nanostructures/nanomaterials on plastic
films play a key role. However, there is a critical issue that lacking of a cost effective, high
throughput, less stringent in operation and environment friendly manufacturing process to

fabricate nanostructures/nanomaterials on plastic films.

(Source: http://www.egi.eu/case-studies/eng_tech/semiconductor.html)

Figure 1. 6 A foldable organic light emitting diode (OLED)

It is very difficult to fabricate nanostructures/nano dot array on plastic films by the
aforementioned methods because the high processing temperature or the organic solutions
or the etching process may damage the plastic films. Moreover, the plastic film is very soft
so that difficult to be handled and fixed on the stage for exposing in photolithography or
EBL. In addition, the plastic film easily bends and form curve surface which results in
defects of exposure pattern when utilizing photolithography or EBL. So far, ink-jet printing
and nanoimprinting lithography (also called micro contact printing) are widely utilized to

fabricate metallic micro/nanostructures such as nano dot array, line pattern, etc. on plastic
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films. Ink-jet printing [43, 44] injects metal ink through a nozzle to a plastic film in the
writing manner such that various micro/nano metal patterns formed on a plastic film.
However, the resolution of this method is limited due to the size of the nozzle. It is very
difficult to fabricate feature size smaller than 1 um by ink-jet printing [45]. Moreover, the
throughput of this method is very low because it is a serial process. On the other hand, NIL
uses an elastomer stamp or a hard stamp with nano/micro features to transfer metal pattern
to a plastic film in the printing manner [45-50]. This method enables us to fabricate
micro/nano patterns on plastic films at very high throughput. However, this technique has a
serious problem that is the edge roughness or the residual at the edge of the pattern feature.
In addition, the master mold for replicating the elastomer stamp or the hard stamp is
usually fabricated by EBL or FIB or other lithography techniques. Therefore, the overall
throughput is limited and facility cost is high. Therefore, alternative methods with low
facility cost, high throughput, less stringent in operation to fabricate nanostructures/nano
dot arrays on plastics film are highly desired.

This research work aims to develop an efficient nanofabrication process to fabricate a
sub-100 nm nano dot array on a plastic film at high throughput and low facility cost [51-
54]. This process utilizes the formation of nano dot array on a both flat substrates and
patterned substrates by thermal dewetting and transferring of the nano dot array from a
substrate to a plastic film. Since, the nano dot array formed on the substrate by thermal
dewetting which is a simple process with low facility cost. In addition, the patterns on the
substrate are conducted by using NPF technique which is a precise nanoscale plastic-
forming by merely mechanical indentation. This process is expected to achieve high
throughput, high accuracy, low facility cost. Also, it is environment friendly because no

toxic gas or chemical is used.

1.2 Motivation

The motivations for developing process to fabricate a nano dot array on a plastic film
are: (1) to fabricate random and ordered metal nano dot arrays with sub-100 nm in
diameter on plastic films using a simple technique, (2) to study the effects of the process
conditions on the morphology of nano dot array aggregated on both flat substrate and

patterned substrate, (3) to study the effects of the process conditions on the transfer ratio of
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nano dot from a substrate to a plastic film and on the optical property of nano dot array, (4)
to establish the nano dot transfer mechanism, (5) to verify the feasibility of fabrication of a

nano dot array in large area on a plastic film, and (6) to lower the fabrication cost.

1.3 Objectives

The objectives of this research work are summarized as below:

1. Establishing the concept of fabrication process to fabricate a random nano dot array
on a plastic film.

2. Demonstrating the feasibility of proposed process

3. Study nano dot aggregation process and effects of the process conditions on the
transfer ratio of nano dot array to a plastic film and on the optical property of nano
dot array

4. Demonstrating the feasibility of fabrication of large area nano dot array on a plastic
film

5. Studying nano dot transfer mechanism

6. Establishing the concept of fabrication process to fabricate an ordered nano dot
array on a plastic film

7. Optimizing the process condition to achieve high uniformity and regularity of nano
dot arrays

8. Verifying the feasibility of using the patterned substrate to transfer an ordered nano

dot array to a plastic film.

1.4 Outline of the thesis

The thesis is presented in five chapters as follows:

Chapter 1: INTRODUCTION
Firstly, this chapter covers the research background which relates to nanotechnology and
nanofabrication. The applications of nanotechnology and its improvements to human life

are briefly presented; and the history of nanotechnology is introduced as well. In addition,
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this chapter overviews the nanofabrication with the focuses on the advantages,
disadvantages of each technique. Finally, the motivation and the objective of this research

work are presented.

Chapter 2: LITERATURE REVIEW

This chapter overviews the state of the art of applications, fabrications of nanostructures
and nano dot array. The future trends in fabrications and applications of nanostructures and
nano dot array are also introduced. The scope of this research work is presented. Finally,

some remarks of this chapter are summarized.

Chapter 3: FABRICATION OF A RANDOM NANO DOT ARRAY ON A PLASTIC
FILM

In this chapter, firstly, the concept of the method to fabricate a random nano dot array on a
plastic film is introduced. Then, the experimental methods, apparatus, procedures and
experimental conditions are presented. The effects of process conditions such as substrate
materials, coating thickness, and annealing conditions on the morphology and optical
property of nano dot array are presented and discussed. Then, the effects of process
conditions on the transfer ratio of nano dot are presented and discussed. Finally, the nano
dot transfer mechanism is presented and compared with the experimental results.

Chapter 4: FABRICATION OF AN ORDERED NANO DOT ARRAY ON A PLASTIC
FILM

In this chapter, firstly, the concept of the method to fabricate an ordered nano dot array on
a plastic film is presented. Then, the equipment and working principle of nano-plastic
forming are presented. The effects of nano-plastic forming conditions, coating thickness
and annealing condition on the morphology of nano dot array aggregated on a patterned
substrate are presented and discussed. Finally, the transfer of an ordered nano dot array

from a patterned substrate to a plastic film is presented.
Chapter 5: CONCLUSION

This chapter presents the summary and conclusion of this research work. Also, some

suggestions for future work are described.
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CHAPTER 2

Literature Review

In this chapter, firstly, the state of the art of applications of nanoparticles/nano dot array
to various fields such as bio-sensing, bio-imaging, and electrical/electronic devices will be
described. The future trend of applications of nanoparticles/nano dot array will also be
presented. Then, various nanofabrication techniques for fabricating of nanoparticles/nano
dot array will be described. For each nanofabrication techniques, the discussions focus on
the overview of the technique, the advantages and limitations, and some examples of
nanoparticles/nano dot array fabricated by that technique reported in literature. Then the

scope of this research will be presented. Finally, summary of this chapter is presented.

2.1 State of the art and future trends of applications of nanoparticle/nano

dot array

Recently, metallic nanoparticle/nano dot arrays have been attracting interest because of
their unique optical properties such as localize surface plasmon resonance (LSPR), LSPR
is a collective oscillation of the conduction electrons on the surface of nanoparticles/nano
dots when they are excited by incident light of specific wavelengths [55, 56]. Plasmon
resonance on the surface of the nanoparticles/nano dots takes place in the form of either
radiated light (scattering) or conversion into heat (absorption). Large electromagnetic field
enhancement at the LSPR frequency [55, 56] on the surface of metallic nanoparticles/nano
dots induces very strong absorption and scattering of the light. This makes metallic
nanoparticles/nano dots very auspicious to be applied to several fields such as plasmonic
bio-sensing [57-59], bio-imaging [60-62], photo-thermal therapy [62-64], plasmonic solar
cells [56, 65-68] and some electrical/electronic devices [69-71]. In this section, the

applications of metallic nanoparticles/nano dots to several fields will be presented.
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2.1.1 Applications of metallic nanoparticle/nano dot array in bio-sensing, bio-

imaging and photo-thermal therapy

In the field of bio-sensing, noble metals such as gold (Au) and silver (Ag) are studied
intensively due to their strong surface plasmon resonances (SPRs) in the visible
wavelength range [55, 56, 72]. It is known that the LSPR property depends on the shape,
size, arrangement of the nanoparticles/nano dots, and the dielectric constant of medium
surrounding the nanoparticles/nano dots [62, 63, 73-76]. The later property is exploited
intensively in plasmonic bio-sensing devices [57-59, 77]. This is because adding molecules
or bio species such as proteins, anti-bodies, etc. on the surface of nanoparticles/nano dots
array causes the shift of LSPR peak. The change of molecules or bio species on
nanoparticles/nano dots array can be detected by measuring the shift of the LSPR peak.
Furthermore, the plasmonic sensitivity can be enhanced greatly by tuning the shape, size
and arrangement of nanoparticles/nano dots array. Figure 2.1 illustrates the experimental
setup of nanostructure plamonic bio-sensing device for detection of bio molecules binding

on the nanostructure through the measurement of LSPR peak shift.

LSPR shift

After

Figure 2. 1 lllustration of nanostructure plasmonic bio-sensing device to detect molecules through

measurement of LSPR shift
(Figure copied from Ref. [77])
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In order to evaluate the sensing performance of plasmonic sensing devices based on
LSPR band shift, three important parameters were introduced. The first parameter is
sensitivity (refractive index sensitivity-RIS), which is defined as the ratio of the resonance

wavelength shift (Adwesonant) t0 the variation of the refractive index of the surrounding

medium (ANsurrounding) 8s i equation (2.1).

RIS — Alresonant — Mafter_ﬂbeforel (nm/RIU) (21)

Angyrrounding [nafter —Mbeforel

Where, RIU refers to the refractive index unit.

The second parameter is figure of merit (FOM) - a dimensionless parameter, which is
defined as the ratio of refractive index sensitivity (RIS) to the full width at haft maxima
(FWHM) of the LSPR band as in equation (2.2).

RIS
FWHM

FOM =

2.2)

The final parameter is the resolution which means that the minimum detection limit of
the device. Each LSPR-based sensor has its own resolution for detecting of the signal which
can be improved by the shape, size and arrangement of the nanoparticles/nano dots

Tremendous efforts of scientists and researchers have been put into developing of
particle synthesis processes and fabrication techniques to attempt high sensitivity
plasmonic bio-sensing devices by changing the shape, size and the arrangement of the
nanoparticles/nano dots array. Various shapes and sizes of nanoparticles/nano dots were
studied to enhance the sensitivity of plasmonic bio-sensing devices such as nanosphere,
nanocube, nanobranch, nanopyramid, nanorod, nanodisk, nanotriangle, nanoring and
nanopillar [75, 76, 78-82] as shown in the figure 2.2. Plenty of researches have reported
the sensitivity of different shapes and sizes of nanoparticles utilized in plasmonic
biosensors. The subsequence paragraphs give the summary some achieved sensitivity in
the literature.

Nanospheres exhibit one surface plasmon peak. Gold nanospheres with the diameter of
30 nm show modest sensitivity of 70 nm/RIU [83]. In the meantime, gold nanospheres
with the diameters increase from 60 nm to 100 nm, they offer higher sensitivity from 99

nm/RIU to 181 nm/RIU [83]. The explanation for the increase of sensitivity with the
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increase of diameter of nanosphere is attributed to the radiative damping and retardation
[83]. Other researches have reported the sensitivity of 70.9 nm/RIU, 60 nm/RIU and 44
nm/RIU for gold nanospheres with diameter of 30 nm, 50 nm and 15 nm, respectively [75,
84]. A FOM of 0.6 was reported for gold nanospheres of 15 nm in diameter [75].
Nanocubes also exhibit one surface plasmon peak. It was reported that gold nanocubes
with the size of 40nm have the sensitivity of 83 nm/RIU and FOM of 1.5 [75]. Silver
nanocubes with the size of 200nm show the sensitivity of 165 nm/RIU [85]. Another study
reported that the silver nanocubes with the size of 40nm aggregated within a cylindrical

pores offer sensitivity up to 770 nm/RIU [86].

Figure 2. 2 Typical shapes of nanoparticle utilized for plasmonic bio-sensing: (a) nanosphere, (b)
nanocube, (c) nanobranch, (d) nanopyramid, (e) nanorod, (f) nanodisk, (g) nanotriangle, (h) nanoring
and (i) nanopillar

(Figure copied from Ref. [75, 79-82])
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Nanorods exhibit two surface plasmon peaks. One is associated to the oscillation of
electrons along the transversal direction (short axis) and the other is associated to the
oscillation of electrons along the longitudinal direction (long axis) [75]. The aspect ratio of
nanorod which defined as the ratio of the length of long axis to the length of the short axis
influences the wavelength of the surface plasmon peaks. Generally, the short axis surface
plasmon peaks are almost constant for different aspect ratio while the long axis surface
plasmon peaks shift to red side (longer wavelengths side) with the increase in aspect ratio
of nanorods [75, 76]. In plasmonic bio-sensing, the shift of the long axis surface plasmon
peak is frequently used because it is much more prevail than the shift of short axis surface
plasmon peak. It was reported that gold nanorods have sensitivity of 195 nm/RIU, 224
nm/RIU and 288 nm/RIU for the nanorods with the aspect ratio of 2.4 (rod diameter ~ 17
nm), 3.4 (rod diameter ~ 16 nm) and 4.6 (rod diameter ~ 17 nm), respectively [75]. In
addition, the FOM of the nanorods were 2.6, 2.1 and 1.7 for those aspect ratios,
respectively [75]. Other research reported that the gold nanorods have sensitivity of 491.4
nm/RIU for the nanorods with the aspect ratio of 3.4 (rod diameter ~ 40 nm) [87]. Silver
nanorods offer sensitivity of 235 nm/RIU for the nanorods with the aspect ratio of 3.4 (rod
diameter ~ 35 nm).

Nanopyramids, similar to nanorods, also have two surface plasmon peaks, (i.e. short
axis surface plasmon peak and long axis surface plasmon peak) [75]. The shift of long axis
surface plasmon peak is also frequently used in plasmonic sensing. It was reported that the
gold nanopyramids have sensitivity of 150 nm/RIU, 212 nm/RIU, 392 nm/RIU and 540
nm/RIU for the nanopyramids with the aspect ratio of 1.5 (pyramid diameter ~ 19 nm), 2.7
(pyramid diameter ~ 18 nm), 3.9 (pyramid diameter ~ 26 nm) and 4.7 (pyramid diameter ~
40 nm), respectively [75]. Moreover, the FOM of the nanopyramids were 1.7, 2.8, 4.2 and
4.5 for those aspect ratios, respectively [75]. Another research reported that the sensitivity
of the nanopyramid array fabricated by template of 320 nm silica spheres is 239 nm/RIU
[88].

Nanobranches (also call nanostars), nanocrescents, nanorices offer very high sensitivity
due to their sharp tips. Generally, the index sensitivity increase when the apexes or tips
become sharper [75]. It was reported that the nanobranches with the core size of about 80
nm have a sensitivity of 703 nm/RIU [75]. Another research reported that the
nanobranches with the core size of 30-50 nm and the conical tip size of 10-60 nm have a

sensitivity of 218 nm/RIU [89]. Some other shapes of nanoparticles used in plasmonic
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sensing also studied and reported. For instance, the nanorings with the diameter of 75 —
150 nm offer sensitivity up to 880 nm/RIU [81]. Gold nanocrescents was reported a
sensitivity up to 879 nm/RIU [90]. Nanorices was reported a sensitivity up to 802 nm/RIU
[91].

The arrangement of the nanoparticles/nano dots also plays an important role in the
enhancement of the sensitivity of the plasmonic bio-sensing. This is because the array
form or the ordered arrangement of nanoparticles/nano dots and the intrinsic LSPR
properties of the individual nanoparticle/nano dot both influence on the optical properties
of the nanopatterns [92-96]. It has been theoretically studied and experimentally verified
that the small gaps between sharp corners or sharp tips of noble metals nanoparticles/nano
dots are essential to exciting the localized surface plasmons. [95-99]. Many patterns or
arrays of nanoparticles/nano dots with different shapes and sizes used in plasmonic sensors
have been reported. For instances, ordered elliptical Au nanodisk array fabricated by
thermal NIL was used as LSPR sensing substrate to detect clinical immunoassay [80]. The
result showed that a strong enhancement in the sensitivity for the detection of the prostate-
specific antigen (PSA). The sensitivity reaches femtomolar detection limit which is far
under the diagnostic level of 4-10 ng mL™ [80]. Highly ordered periodic silver nano dot
arrays with diameter of 100 nm fabricated by platinum assisted nanoimprint lithography
were used to detect Cy3-labeled target DNA; and an enhancement of 15.8 times higher in
fluorescence signal was observed for 200 nm period silver nano dot array [92]. An ordered
gold nano dot array with the dot diameter of ~ 60 nm fabricated on ITO glass substrates by
using porous alumina masks was used to detect HelLa cells. The results showed that gold
nano dot array improves the sensitivity and enhances the contrast of the confocal imaging
of the cell [93].

Besides applications in LSPR shifted-based plasmonic bio-sensing, another application
of nanoparticles/nano dots in bio-sensing which also attracted tremendous interests from
scientists and researchers is surface enhanced Raman scattering (also called as surface
enhanced Raman spectroscopy — SERS) [100]. SERS consists of utilizing the large local
field enhancements which may exist at metallic surfaces under specific conditions to boost
the signal of Raman scattering of molecules at the metal surface or very close to the metal
surface. It is a well-established technique which has capability to detect organic molecules
adsorbed onto the metal substrates at ultralow molecule concentration. SERS is a technique

which enhances the Raman scattering signal intensity up to several orders of magnitude. It
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Is developed to surmount the traditional drawback of Raman scattering, that is weakness of
scattering signal. Enhancement of SERS has been demonstrated as high as 10 to 10™
[101-104] which enables the detection of even single molecule using Raman [103-107].

The large enhancement of SERS scattering intensity has been explained by means of
two mechanisms: one is an electromagnetic (EM) field enhancement associated with large
local field caused by surface plasmon resonance on the metal surface, and the other is
chemical enhancement associated to short distance effects due to the charge transfer
between the adsorbed molecule and the metal surface [108-110]. The enhancement of
SERS is mainly resulted from the combination of these two effects. In most cases, the EM
field enhancement contributes dominantly to the Raman enhancement. Especially, the EM
field enhancement effect is particularly pronounced in noble metal coupled structures with
nano-gap, nano-tips and sharp corners. These features result in extraordinary enhancement
of EM field so called “hot spot”.

One of the most important aspects of SERS is to evaluate how much the signal can be
enhanced. That is the enhancement factor (EF) which characterizes the enhancement
obtained under SERS conditions with respect to the one obtained under non-SERS
conditions for the same molecule. There have been several definitions of the enhancement
factor [108]. However, the most widely used definition of the enhancement factor is
presented as in the equation (2.3) [108, 111, 112], which is considered to provide the best

estimation of average SERS EF for a given SERS substrate.

EF = % (2.3)
In the above equation, Isgrs is the intensity of the special band of the spectra of probe
molecules which absorb on the SERS substrate. Irs is the intensity of the same band of the
spectra of probe molecules in the Raman measurement (non-SERS condition). Ny, is the
average number of molecules in the scattering volume of Raman measurement (non-SERS
condition). Nsuf is the average number of adsorbed molecules in the same volume for
SERS measurement.
Gold and silver are the two metals most used for SERS and plasmonic sensing because
they provide large EM enhancement [113, 114]. In addition, their plasmon resonance occur
in the visible/near-infrared region [55, 56, 72, 114] (wavelength of ~ 400 - 1000 nm) which

is the typical wavelength range for molecular Raman scattering measurement. A wide
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variety of substrates has been used as SERS substrates which can be classified into two
major categories. One is from metallic particles in solution (or colloidal solution of noble
metal nanoparticles) and the other is planar metallic structure (nanostructure supported by
a “planar” substrate).

The metallic particles with various shapes such as nanospheres, nanotriangles,
nanocubes, nanorods, nanowires, etc. in solution (colloids) have been widely used for
SERS substrates [115, 116]. Because they offer large Raman enhancement; and the
synthesis of the colloids is quite straightforward and well established. However, the utility
of colloids as SERS substrate is limited. This is because the nanoparticles are randomly
distributed in solution which often produces unpredictable signal enhancements. In
addition, the reproducibility in the SERS enhancement of these kinds of substrates is very
poor. The aggregated colloids on a planar substrate and roughened metallic surface have
also been intensively used in SERS [103, 117, 118]. However, they have the same
drawbacks as the particles in solution due to the randomness of the aggregated particles or
the roughened surface.

In order to overcome the limitations of the nanoparticle colloids and roughened surface,
various noble metal nanostructures have been developed for SERS substrates, including
ordered nanoparticle/nano dot arrays, metal islands array, metal coated nanosphere, metal
coated nanopillars, metal dot on nanopillar structures [119-123]. It has been theoretically
studied and experimentally demonstrated that the magnitude of Raman signal enhancement
is strongly dependent on the morphology of nanostructured metal surface, i.e. nanoparticle
shape, size and distance (gap) between the nanoparticles. Especially, for the nanostructured
metal surfaces comprise of coupled structures with nano-gap, nano-tips and sharp corners
[102, 122, 123].

Recently, with the advances of the nanofabrication techniques, many metal
nanostructures have been fabricated and used in SERS studies. For instant, highly ordered
array of particle-in-bowl structures fabricated by the combination of self-assembly of
polystyrene spheres and atomic layer deposition (ALD) was used as SERS substrate to
probe Rhodmaine 6G molecules [124]. The result showed that the spatially averaged SERS
enhancement factor was 3.8 X 10’ [124]. Silver nanostructures arrays with sub 5 nm gaps
fabricated by anodic aluminum oxide (AAO) templates and e-beam evaporation were used
as SERS substrate to probe Rhodmaine 6G molecules [125]. The result showed that an

enhancement factor up to 4.14 X 10" was achieved [125]. Ordered gold coated silicon
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dioxide nanopillars array fabricated by holographic interference lithography (HIL) and
ALD was used as SERS substrate to probe 1,2 bis-(4-pyridyl)-ethylene (BPE) molecules
[126]. It was reported that an enhancement factor of over 0.5 x 10° was achieved [126].
Ordered multi-segment of Ag/SiO,/Au nanopillars array fabricated on silicon wafer by soft
NIL was used as SERS substrate to probe Rhodamine 6G (R6G) molecules [127]. The
result showed that an enhancement factor of 1.2 x 10° was achieved [127]. Figure 2.3

shows some nanostructures used for SERS substrates reported in literature.

\\\

500 nm

] CCCCCCE

Figure 2. 3 Some nanostructures used for SERS substrates: (a) Particle-in-Bowl structures, (b) Silver
nanostructures arrays, (c) Gold coated silicon dioxide nanopillars array, (d) Silver coated silicon
dioxide nanopillars array, (e) Multi-segment of Ag/SiO,/Au nanopillars array, (f) Gold nanotriangle
array, (g) Gold rhombus nanoholes structure, (h Gold split-ring resonators array and (i) Silver

nanotriangle on top nanopillar array
(Figure copied from Ref. [124-129])
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Besides applications in the bio-sensing, noble metal nanoparticles/nano dot also have
potential application in bio-imaging and cancer cell diagnostic. This is because the strongly
enhanced LSPR at the surface of nanoparticle/nano dot results in very strong scattering of light
at the LSPR frequency. It was reported that a gold nanoparticle with the diameter of 80 nm
offers scattering 5 orders of magnitude higher than the light emission from a fluorescing dye
[130]. Plasmonic nanoparticles can have optical cross sections up to 10 times larger than their
physical cross sections [131, 132], allowing individual nanoparticles to be imaged using dark
field microscopy [60-62, 133]. Figure 2.4 show the dark field imaging photograph of
nanospheres and nanorods. It is obvious that the optical cross section is much larger than its
physical size and seen in the dark field imaging photograph and the TEM micrograph. This
property is very useful bio-imaging since the highly enhanced cross sections provide more

sensitive and highly contrasted imaging.

—l .
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Figure 2. 4 Dark field imaging photograph of gold nanorods (red) and 60 nm nanospheres (green). The
inset is the TEM images of a dense ensemble of nanorods and a single nanosphere

(Figure copied from Ref. [133])

Strong scattering of the light makes noble metal nanoparticles/nano dots also very useful to
be applied in cancer cell diagnostic. It was reported that gold nanoparticles conjugated with
anti-EGFR antibody were very effective to distinguish the cancer cells from the healthy cells
[62]. Figure 2.5 shows the dark field micrographs of HaCaT healthy cell and the HSC cancer
cell integrated with EGFR antibody conjugated with the with gold nanospheres (figure 2.5 (a)
& (b)), and nanorods (figure 2.5 (¢) & (d)). In the case of healthy cells the nanospheres and
nanorods randomly distributed due to non-specific binding as seen in the figure 2.5 (a) and (c).

On the other hand, strong LSPR scattering occurs on the surface of cancer cell due to the gold
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nanoparticles bound specifically to the EGFR antibody on the cancer cells. As a result, the
cancer cell is easily distinguished from the healthy cell as seen in the figure 2.5 (b) and (d).
This technique finds great potential applications in the oral cancer diagnostic [62]. Recently, it
has been reported that ordered gold nano dot array fabricated on indium-tin-oxide (ITO) by
thermal evaporation through nanoporous alumina mask considerably enhanced the contrast of

the confocal image of the HeLa cells [93].

HaCaT nonmalignant cells HSC malignant cells

Figure 2. 5 Dark field imaging photographs of (a) Healthy HaCaT cell integrated with gold
nanospheres and EGFR antibody (b) HSC cancer cell integrated with gold nanospheres and EGFR
antibody (c) Healthy HaCaT cell integrated with gold nanorods and EGFR antibody (d) HSC cancer
cell integrated with gold nanorods and EGFR antibody

(Figure copied from Ref. [62])

2.1.2 Applications of noble metal nanoparticle/nano dot array in

electrical/electronic devices

One of the most attracting interest applications of surface plasmon resonance (SPR) on
the surface of nanoparticle/nano dot in the electrical/electronic applications is in
photovoltaic field. Photovoltaic or solar cells are devices which produce electrical energy
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(direct current electric - DC electric) by converting the sunlight into electrical power. In
photovoltaic industry, crystalline silicon wafer has been used the most for the active
absorbing layer. Conventionally, solar cells consist of a thick absorbing layer (made of
crystalline silicon, thickness of hundreds of nanometers) to have sufficient optical
thickness for effectively converting sunlight to electric power. The cost of a solar cell is
mainly attributed to the cost of silicon material and the processing cost. In order to reduce
the cost of solar cell, reducing the material cost by using thinner the absorbing layer is
necessary. However, merely decrease of the thickness of absorbing layer results in a
decrease in the optical length thus decreases the solar cell efficiency. Light trapping
technique by utilizing pyramid texture on the surface of the solar cell was introduced to
increase the scattering of light into the solar cell thus increase effective optical path length.
However, it is desirable to further reduce the thickness of the absorbing layer to few
micrometers which is called as thin film solar cell, and the pyramid texture structure
surface is not appropriate because the height of the pyramid exceeds the film thickness.
Fortunately, utilizing of the surface plasmon of nanoparticle/nano dot properly doped in
thin film solar cell will increase the absorption of sunlight in to the solar cell thus results in
an increase of efficiency. Figure 2.6 illustrates a typical plasmonic solar cell doped with
the nanoparticles on its top surface to increase the absorption of the sunlight.

hv
Metal (Ag, Au)
nanoparticle v

n Si
Al

Figure 2. 6 Schematic illustration of plasmonic solar cell
(Figure copied from Ref. [134-135])

Several strategies have been introduced to utilize the surface plasmon of the

nanoparticle/nano dot and nanostructures to increase the efficiency of thin film solar cells
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[136-138]. Figure 2.7 illustrates two typical light trapping methods utilizing the plasmonic
on the surface of nanoparticles/nano dots. In figure 2.7 (a), the metal nanoparticles/nano
dots are decorated at the surface of the solar cell. The incident light is scattered by the
metal nanoparticles at the surface of the solar cell and then the light is trapped into the
semiconductor absorbing layer by multiple and high angle scattering [136]. It results in an
increase of the effective optical path length in the cell thus increase the absorption
efficiency. In figure 2.7 (b), the metal nanoparticles/nano dots are embedded in the
semiconductor. The incident light is excited by the nanoparticles/nano dots causing LSPR
on the surface of the nanoparticles/nano dots. The LSPR on the nanoparticles increases the
creation of electron—hole pairs in the semiconductor thus increases photocurrent of the
colar cell [136].

| a : | b ;

Figure 2. 7 Light trapping by plasmonic nanoparticle/nano dots: (a) nanoparticles/nano dot at the

surface of solar cell and (b) nanoparticles/nano dots embedded in solar cell [136]
(Figure copied from Ref. [136])

The aforementioned light trapping techniques from the plasmonic nanoparticles/nano
dots have been widely utilized in thin film solar cells to increase its efficiency. For instant,
silver nanospheres of 40 nm in diameter were emerged into the photoactive layer of an organic
solar cell to increase the light absorption [139]. Adding silver nanospheres into photoactive
layer results in a 50% enhancement of light absorption for bulk hetero-junction layer of the
organic solar cell [139]. The enhancement of light absorption is attributed to strong scattering
of light by the particles inside the hetero-junction. Another study reported that adding gold
nanospheres with average diameter of around 20 nm into photoactive layer of a polymer—

fullerene bulk hetero junction photovoltaic devices results in a 140% increase in its efficiency
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[140]. The enhancement of the efficiency is attributed to the improvement of short circuit
current due to an enhanced absorption of the photoactive layer caused by LSPR on the gold
nanoparticles [140]. It was reported that ordered silver nanoparticles deposited on GaAs solar
cells by porous aluminum mask effectively increase the light scattering and the optical path
of the light in the absorbing layer [66]. The deposition of dense and high aspect ratio silver
particle results in an 8% increase in short circuit current density and around 9% increase in the
efficiency of the cell [66].

Another application of nanoparticle/nano dot arrays in electrical/electronic devices is
patterned media and ultrahigh density data storage devices [141-144]. These applications are
very promising to address the demands of increasing of storage capacity of the devices to store
more and more data and high quality, high resolution entertainment media. Application of
ultrahigh density magnetic nano dot arrays in the storage devices is realized and available on
the market now. For instant, Hitachi Corporation recently has reported a new patterned media
utilized ordered magnetic nano dot array to increase the storage capacity as shown in the figure
2. 8.

Conventional — — Patterned Magnetic Media

Multigrain Media i TN
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Figure 2. 8 New patterned media versus the conventional multigrain media
(Figure copied from Ref. [141])

The left-hand side of figure 2.8 is the conventional media whose the magnetic recording

layer is a thin film of a magnetic alloy. Naturally, this magnetic alloy film forms random
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pattern of grains of nanometers in size, and each grain behaves as independent magnetic
elements. Many of these random grains are used to store one recorded bit. As a result, the area
of the magnetic film requires to store a bit is large. Therefore, the storage capacity of
conventional storage device is low. On the other hand, the right-hand side of figure 2.8 shows
the new patterned media whose the magnetic layer is created as an ordered, high uniform
magnetic nano dot array. Each magnetic dot is capable of storing an individual bit. Since the
advances and development of nanofabrication techniques provide the capability to fabricate
more and more densed, ordered and uniform magnetic nano dot array. As a result, the storage
capacity of the storage devices is increase considerably. In addition, the cost for storing one
unit of data is cheaper and cheaper. At this moment, Hitachi Corporation and many PC
component manufacturers offer 3.5 inch hard disk drive (HDD) with the storage capacity up to
4 TB to the market.

Other applications of nanoparticles/nano dot array for other electrical/electronic devices
such as in photonics devices [145] are studied in the laboratories or in research and

development center. These devices will be realized in the near future.

2.1.3 Future trend of application of nanoparticle/nano dot array

In the previous sections, a broad range of applications of nanoparticles/nano dots such
as in bio-sensing, bio imaging, cancer diagnostics, electrical and electronic devices etc.
were presented. The applications of nanoparticles/nano dots also showed a broad range of
the shapes, sizes and materials of the nanoparticles/nano dots. The nanoparticles/nano dots
found in the applications can be in the form of colloids, randomly distributed on substrates
and orderly arranged in the substrates. Generally, in most applications, it is believed that
the order or pattern form of uniformed shape and size of the nanoparticles/nano dots
provides better properties and better performances. Therefore, the future trend of
applications of nanoparticles/nano dots show great demands for fabrication of arrays or
patterns of nanoparticles/nano dots with good uniformity in shape, size and well aligned in
desired arrangements. In addition, fabrication of these nanoparticles/nano dots arrays in
large area is also very important to realize their application to commercial devices. It is
also desirable to extend the fabrication of nanoparticle/nano dot arrays with good
controllability of shape, size and arrangement from two dimensions to three dimensions.

Furthermore, with the great demands for the portable devices which may require light-
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weight, flexible and low production cost. Therefore, fabrication of nanoparticle/nano dot
arrays on polymer or plastic substrates is also highly desired.

2.2 Development of nanoparticle/nano dot array fabrication

Nanofabrication methods can be classified into two categories, namely the top-down
methods and the bottom-up methods. The top-down methods start with a bulk or thin film
material and removes selective regions in order to fabricate nanostructures. This approach
is mainly derived from standard lithography and micromachining techniques. On the other
hand, the bottom up methods exploit the molecular recognition and self-assembly to build
nanostructures from smaller blocks such as molecules, colloids, and atom, etc. This
approach strongly depends on chemical engineering and material science and based on
fundamentally different principles.

Nano dot arays can be fabricated by the several methods which belong to the either top-
down approaches or bottom-up approaches or hybrid of these two approaches. In top-down
approaches, the most popular and widely used methods for fabrication of nano dot array
consist of photolithography, X-ray lithography, E-beam lithography, focus ion beam, and
nanoimprinting lithography. In the bottom-up approaches, on the other hand, the most
popular and widely used methods for fabrication of nano dot array consist of nanosphere
lithography, porous alumina mask deposition, scanning probe microscopy (SPM), ink-jet
printing, epitaxial growth, and thermal annealing. In addition, the hybrid methods for
fabrication of nano dot arrays consist of template thermal dewetting, patterning assisted
thermal dewetting.

In this section, the major nanofabrication methods for fabrication of nano dot arrays
will be presented. For each method, the overview of the method will be introduced first.
The advantages and disadvantages of the method are then discussed. Finally, some
achievements in fabrication of nano dot array by that method are presented. The sequence

in this section starts first from top-down methods, then the bottom-up methods.
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2.2.1 Photolithography

Photolithography (also called as optical lithography) is a process utilizing light to
transfer pre-defined patterns on a mask to a light sensitive polymer (also called as
photoresist) coated on a substrate. The light is focused onto the photoresist causing the
cross-linking or scission of the polymer chain which changes the solubility of the exposed
area of photoresist. The patterns on the photoresist are then developed to form 3D relief
images on a substrate. Depends on the application, the substrate is then etched to remove
substrate material to create micro/nanostructures or the substrate is coated with some
material (usually coated with metal) to create protrusion micro/nanostructures on the
substrate. In semiconductor industry, it also very often used the pattern on photoresist
coated on substrate for selectively doping material into the silicon substrate to create p-n

junction or
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Figure 2. 9 Illustration of photolithography processing steps: (a) for positive photoresist, (b) for

negative photoresist
(Figure copied from Ref. [146])
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other electrical component. Finally, the photoresist is removed from the substrate, and
leave the micro/nanostructures on the substrate. This method is widely used to fabricate
micro/nanostructures with the features size in the range from micron to submicron meters.
It has been the workhorse for the semiconductor industry during since it was invented
nearly half of century ago. Figure 2.9 shows a typical photolithography process for the (a)
positive photoresist and (b) negative photoresist. Generally, fabrication of
micro/nanostructures by photolithography consists of following processing steps: substrate
preparation, photoresist spin coating, pre-bake, exposure, post-exposure bake, development,
post bake, etching/implanting, and finally removing the photoresist.

Two kinds of photoresist materials are utilized in photolithography: positive photoresist
and negative photoresist as shown in the figure 2.10. Upon exposing the light source, the
cross-linking or scission of the polymer chain occurs in the exposed areas, and changes
solubility of those exposed areas. In positive photoresist, the areas exposed to the light are
soluble and washed away in the developer solution, while the unexposed areas are
remained. Oppositely, in negative photoresist, the areas exposed to the light are insoluble

and remained in the developer solution, while the unexposed areas are washed away.
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a) Negative photoresist b) Positive photoresist

Figure 2. 10 Behaviour of positive photoresist and negative photoresist

(Figure copied from Ref. [147])

In early days, the contact mode of exposure system was used in photolithography in
which an optical mask is directly contacted with the photoresist-coated substrate. The
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disadvantage of this exposure system is that the photomask is easily damaged due to
directly contacting with the photoresist. This system was then replaced by the proximity
gap exposure system in which the photomask is at a very narrow gap from the photoresist-
coated substrate. This narrow gap improves the lifetime of the photomask due to non-
contact with the photoresist. In both the contact and proximity exposure systems, the
features on the photomask are imaged onto the photoresist in only ratio of 1:1 without any
reduction. Therefore, their resolution is limited, and depends on the resolution of the
photomask. Later, the projection exposure system was used in photolithography. This
system is much more advanced than the contact and proximity ones because it can project
the feature on photomask onto photoresist with demagnification ratio of 5:1 or 10:1. This
allows fabrication of much smaller feature size. Figure 2.11 illustrates the three exposure

systems used photolithography.
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Figure 2. 11 Exposure systems in photolithography
(Figure copied from Ref. [148])

The projection photolithography has been widely used in the semiconductor industry
since the mid of 1970s. A typical projection photolithorapgy system is shown in figure
2.12. In projection photolithography, the features on the photomask are projected onto the
photoresist through the optical systems (lens system) as seen in Figure 2.11. The light
source passes through the features on the photomask (transparent windows or uncovered
windows) and then goes into the lens system. A transparent feature (transparent window)
on the photomask can act as a narrow slit. When the light passes through a narrow slit, the

light diffraction phenomenon will occur, and this diffraction phenomenon is followed the
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Huygen’s principle. After passing the slit, the light is diffracted and spreads out on the
image plane, and the diffracted light is more spread on the image plane when the width of
the slit is narrower or the wavelength of light source is longer. Since, the photomask
consists of many features, and each feature acts as a narrow slit. If two slits are too closed
to each other, the diffracted light from these two slits may be overlapping on the image
plane (photoresist plane). If this occurs, two features on the photomask will have an
overlapping (or same position) exposed area on the photoresist. This causes a defect in the
fabricated pattern on the photoresist in the development process. Therefore, the minimum
distance between features on the photomask is limited. On the other hand, if the features on

the photomask are too narrow or small, the exposed areas from two adjacent features on
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Figure 2. 12 Reduction projection lithography system
(Figure copied from Ref. [9])

the photoresist may be overlapping. This also results in defects in the patterns on the
photoresist in the development process. Therefore, the minimum feature size on the

photomask is also limited. Overall, the light diffraction phenomenon limits the attainable
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resolution of photolithography (limitations in feature size and distance between the
features). The resolution of projection lithography is determined as the equation (2.4) [9-
12]:

A
R =k (2.4)

Where, A is the illumination wavelength, and NA is the numerical aperture of the imaging
optical system, k; is a coefficient depends on the imaging process (ki < 1). It was reported
that ky = 0.61 for the system used in reference [10]. From equation (2.4), it is obvious that
the resolution of projection photolithography can be improved if using shorter wavelengths
light source or using higher numerical aperture of the imaging optical system.

In early days, the light source with wavelength of 436 nm (G-line) from a mercury
lamp was first used for illumination source in photolithography. Then it was replaced by
the light source with wavelength of 365 nm (I-line) for the smaller feature size. For further
decrease in feature size, the shorter wavelengths of excimer laser were used as the
illumination source in photolithography: deep ultraviolet (DUV) with the wavelengths of
248 nm (KrF), 193nm (ArF), 157 nm (F;) and extreme ultraviolet (EUV) with the
wavelength of 13 nm. This marked the come out DUV-lithography and EUV-lithography
in the semiconductor industry. Figure 2.13 shows the reduction of the feature size and the
wavelength of illumination source in projection photolithography over the time.
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Figure 2. 13 Reduction of feature size and wavelength of illumination source over time

(Figure copied from Ref. [9])
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From figure 2.13, it is obvious that the attainable feature size decrease together with the
decrease in the wavelength of the illumination source. However, the decrease in
wavelength of illumination source obviously results in increase in technical difficulties or
issues. The technical difficulty is attributed to the high absorption of photon of material at
short wavelengths. It causes technical issues for finding the materials for the projected lens
system, materials for photomask and materials for the photoresist.

From equation (2.4), another approach to increase resolution (decrease R value) of the
projection lithography is to increase the numerical aperture of optical lens, NA, which is

gorvenrned by the equation (2.5) [146].

NA = nsiné (2.5)

Where, n is the refractive index of the medium between the lens and an image plane
(photoresist), @is the haft-angle of the maximum cone of the light enters or exits the lens.
From equation (2.5), there are two way to increase the numerical aperture, NA, by
increasing in either the half-angle of maximum cone,#, or refractive index, n. The first
method is achieved by increasing in the diameter of the lens in optical projection system.
However, the increase of NA by increase the lens diameter has limitation since higher
oblique incidence angle of light from air to the photoresist increases the reflection of the
light on photoresist surface. It results in poor contrast of image and low image intensity. In
addition, the increases in lens diameter mean that the system is bigger, heavier, and
obviously more expensive.

The second method to increase the numerical aperture, NA, is to increase the refractive
index, n, by filling the liquid between the projection lens and the photoresist. This is
system in known as immersion photolithography. In immersion photolithography, it allows
using numerical aperture NA > 1. So it offers much more improvement in the resolution by
simply utilizing liquid medium between the optical lens and the photoresist. A typical
immersion photolithography system is shown in the figure 2.14. However, immersion
optical lithography also causes some technical issues. The first one is that bubbles may
appears in the liquid during it is dispensed into the photoresist. This causes the distortion of
the projection light which results in defected patterns on photoresist. The other issue is that

the contamination of the lens due to direct contact with liquid medium. It reduces the
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lifetime of the optical system. Also, the water marks may appear on the surface of the lens
and photoresist which may cause the defects on the fabricated patterns.
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Figure 2. 14 Schematic of immersion lithography
(Figure copied from Ref. [149])

An increase in numerical aperture, NA, results in an enhancement of resolution of
projection photolithography. However, it also causes detrimental effect which is the
decrease in the depth of focus (also called as depth of field), DOF, which is governed by
the equation (2.6) [9-12].

DOF =k, - (2.6)
NA2

Where, k; is a constant (k, < 1). Generally, for high throughput manufacturing process in
semiconductor industry, in one batch, many integrated circuits (ICs) are fabricated on a
large silicon wafer with the size from 6 to 12 in. Since, large silicon wafer is impossibly
perfect flat and also has surface roughness. The decrease in DOF means that the range of
the objects on the image planes in focus is narrower. It results in the height of objects on

the silicon wafer in focus is in narrower range. It causes some parts of materials on the
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silicon wafer being processed is out of focus due to the wafer bowing. Consequently, it
causes defects in the fabricated patterns.

Further decrease in wavelength of the exposure source was in X-ray lithography (XRL)
which used ultimate short wavelength from 1 nm (soft X-ray) to 0.1 nm (hard X-ray). A
typical XRL system is illustrated in Figure 2.15. In XRL, the patterns on a mask are
transferred to the surface of the X-ray sensitive resist coated on the substrate (usually is
silicon wafer) through the use collimated X-rays. Since, X-ray is different from the light
source that used in photolithography due to the fact that X-ray can penetrates into most of
materials except high atomic number materials. Unlike UV light, X-rays cannot be focused
through a lens because all the materials have same refractive index to X-ray. Therefore, X-
ray lithography can only exposure mask image to the resist with a ratio of 1:1. In addition,
the masks used in X-ray lithography are designed with unique materials due to property of
X-ray, and generally thinner than those used in the optical lithography. An X-ray mask
typically consists of membranes made of low atomic numbers materials and the patterns
made of high atomic number materials. The areas of the membrane covered with high
atomic number materials will block or absorb X-ray, while other areas are transparent to
X-ray. Since, the X-ray mask is very thin and fragile, it is necessary to have small gap or
proximity gap between the mask and resist surface.

normal pressure
or He (some 100 mbar)

vacuum seal
proximity _mask ‘:_(capton or beryllium)
(40pm) "
absorber |/ - beam fine
substrate “structure Wz 77777777777
(Si-wafer) [ — } T E——
resist Q N~ [ﬁ; , /E
54 ] mask Y i
- t Yt * g
(x-ray sensitive) i carrier foil high vacuum
synchrotron radiation

alignment table <}
(0.2-2nm)

Figure 2. 15 Schematic of X-ray lithography
(Figure copied from Ref. [150])
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Because of the ultimate short wavelength of X-ray, The obvious advantage of X-ray
lithography is higher resolution and more precise. It offers capability for fabrication of
smaller and denser patterned structures on the substrate. In addition, diffraction issues
which is the limitation in photolithography, does not occur in XRL. However, the biggest
obstacle of X-ray lithography is fabrication of the mask. This is because X-ray lithography
can only exposure pattern on the mask image to the resist with a ratio of 1:1.

NI-883

Socket terminals Plug terminak

(@) Micro socket and plug terminals

PMMA Microstructures Ni Microstructures
(b) Microstructure mold
Figure 2. 16 Micro/Nanostrucures fabricated by photolithophy
(Figure copied from Ref. [151])

This means that the size of designs on the mask and size of the designs on the wafer
must be the same. It considerably increases the difficulty in fabrication of the mask when
the features size shrinks. This is because the mask is very thin, and the internal stress may
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cause the distortion of the X-ray absorber pattern. Furthermore, X-ray source is generally
produced by the synchrotron radiation source (SRS) which requires very expensive
equipment and facility. Over the technical issues, the biggest hurdle in X-ray lithography is
very costly equipments and facilities. Figure 2.16 illustrates some micro/nanostructures

fabricated by photolithography.

2.2.2 Electron beam lithography

Electron Beam Lithography (EBL) is a maskless lithography method which employs an
accelerated focused beam of electrons to create patterns on an electron-sensitive resist-
coated substrate in the writing or drawing manner. A schematic diagram of EBL system is
shown in figure 2.17. Typically, an EBL system consists of the following parts: an
electron source that supplies the electrons; an electron column that focuses the electron
beam; mechanical stage for setting and positioning the wafer, wafer handling system, and a
computer system for controlling the equipment.

Similar to photolithography, two kinds of electron-sensitive resists (called e-beam
resist) are employed in EBL: positive and negative e-beam resist. For positive e-beam
resists, the e-beam exposed patterns are the same as the fabricated on substrate, while for
negative ones, the e-beam exposed patterns are the reverse of the fabricated one on
substrate. In the development step, the exposed areas of a positive resist and unexposed
areas of a negative resist will be dissolved and washed away.

Because of employing high energy range of 10-100 keV electron beam which
possesses ultimate short wavelength (0.1 ~ 0.01 nm), EBL offers higher resolution than
photolithography. EBL has been demonstrated the capability to achieve sub-10 nm
resolution [16-18, 153]. Figure 2.18 shows some nanostructures fabricated by EBL.

However, EBL also have several disadvantages. First of all is low throughput because
it is a serial process. The patterns are fabricated in point-to-point writing manner. This
makes EBL unsuitable for mass production. In addition, although EBL has capability for
high resolution fabrication, its resolution is limited by other factors, such as scattering of
electron in the resist material, the swelling of resist in the developer solution, and by
various aberrations in its electron optics. Finally, EBL is rather expensive, an EBL system

costs above $2 M.
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Figure 2. 17 Schematic diagram of EBL system
(Figure copied from Ref. [152])
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Figure 2. 18 Nanostructures fabricated by EBL
(Figure copied from Ref. [23, 94, 142,154-156])
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2.2.3 Focus lon Beam

Focused ion beam (FIB) systems employs an accelerated, finely stream of high energy
ionized atoms of a relatively massive element to focus onto the sample for several purposes
such as etching, deposition, implantation, and imaging. The FIB instrument is similar to a
scanning electron microscope (SEM). A typical FIB system is shown in figure 2.19. A
typical FIB system generally consists of following parts: liquid ion source that produces
ion stream, an ion column that directs and focuses the ion beam by an electric field,
vacuum system and chamber, a sample stage which allows positioning of sample, detectors
for imaging purpose, gas delivery system. The FIB system is operated under the control of
a computer. Gallium (Ga®) ion is most widely used for the ion source in FIB system. This
Is because of its low melting point temperature, low volatility at melting point. In addition,

its mass is heavy enough for capability of etching or milling heavier elements.

Al

JEDL 1B-450;

Figure 2. 19 Focus ion beam system
(Figure copied from Ref. [157])

A FIB system and an electron beam (EB) system are based on the same principle
except that the difference in the charged beam source. Both FIB and EB systems utilized
finely, accelerated charged beam and focus the beam onto the sample for several purpose:
etching, deposition, and imaging. The major difference is of FIB and EB is from the beam
characteristic. lon is much heavier and larger than electron. Therefore, ion beam has more
energy to bombard the sample surface, result in higher productivity for fabrication

structure than EBL. While, EBL is suitable for etching or machining soft materials, FIB
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has capability of etching both soft and hard material. However, due to the heavier mass,
ion travel more slowly compare with electron. Therefore, it requires the ion column having
greater fields to accelerate, direct and focus the ion beam. A typical ion column in a FIB
system is shown in figure 2.20. Similar to EBL, FIB virtually does not suffer from
diffraction limitation, greater apertures of ion column can also allow for a high resolution
fabrication. Figure 2.21illustrates some micro/nanostructures fabricated by FIB.

lon source
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Extractor

Spray aperture

Gun plug
Gun ion pump \

' Gun
First lens First Iens .
(condenseur) ‘ Cifidericaii
Upper octopole b T
Beam defining
Variable aperture apeﬁUfeS
Beam Blanking—— Oojctie body
Blanking deflector
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Second lens
(Objective)

Second lens
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Sample

Figure 2. 20 Schematic diagram of FIB ion column

(Diagram is copied from Ref. [158],
Photograph of FIB column is copied from http://en.wikipedia.org/wiki/Focused_ion_beam)
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Figure 2. 21 Nanostrucures fabricated by FIB
(Figure copied from Ref. [158, 159])
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2.2.4 Nanoimprint lithography

Nanoimprint lithography (NIL) creates micro/nanopatterns on a resist coated-substrate
by a simple replicated process which was first proposed by Stephen Chou in 1995. It is an
alternative method proposed to replace the costly photolithography or EBL for fabrication
of sub-100 nm resolution at high throughput but at lower cost [21-27]. A typical NIL

process is shown in figure 2.22.

<+ Stamp

’

<« Polymer

“— Substrate

Press stamp

1. Imprint <

Remove stamp

Remove residual
by RIE

A S O
1 L1 L
ey { —

Figure 2. 22 Schematic of nanoimprint lithography process
(Figure copied from Ref. [13])

NIL consists of two steps: imprint to create patterns on a resist-coated substrate and
pattern transfer by removing the residual layer of photoresist material. In the first step, a
master mold or stamp whose pre-defined micro/nanostructures is pressed or imprinted onto
the soft/softened resist coated on the substrate to create reverse micro/nanostructures on the

resist. The second step is to remove the residual layer of resist material between the top of
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protrusion features of the master mold and the substrate. These two steps of NIL produce
micro/nano patterns on the resist-coated substrate which are the same as the ones
fabricated by photolithography of EBL after development step. But NIL employs simple
replication technique. After removing the residual layer, the remaining resist pattern can
serve as a masking layer which can be used for further etching or deposition steps.

Since it was introduced in 1995, NIL has been attracting tremendously interest from
nanofabrication community. Up to date, various offshoots of NIL process have been
developed and reported. However, they are mainly classified into two categories, namely

thermal NIL and UV curable NIL as shown in figure 2.23.

a) b)
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/// .
Solid polymer | UOSSlm.ked ] ko
polymer
Hot embossing UV-NIL

Figure 2. 23 Schematic of NIL process: (a) thermal NIL (hot embossing) and (b) UV-NIL
(Figure copied from Ref. [160])

In thermal NIL (also called as hot embossing, figure 2.23 (a)), firstly the resist layer
(thickness of several nanometers) is heated to above the glass transition temperature (Tg)
so that it is softened. A mold or stamp with defined micro/nanostructures is pressed into
the softened thin polymer layer at pressure around 40 - 120 bars pressure, depending on the
mold size, viscosity of softened polymer. To avoid any damages of the mold caused by
indirect contact with the hard substrate, the imprint depth is slightly less than the polymer
layer thickness. Then, the stamp is retracted (demolded, separated) from the polymer layer

while it is still soft. After demolding the stamp, an inverse structure of the mold structure is
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left in the resist layer. Finally, the residual polymer layer inside the imprinted pattern areas
Is removed by an etching process such as reactive ion etching (RIE) or plasma etching.

In UV-NIL (in figure 2.23 (b)), it is performed at room temperature and at much lower
pressure than thermal NIL. The UV-NIL process is similar to thermal NIL except the key
difference is that UV-NIL employs a transparent stamp and UV-curable polymer. The UV-
curable polymer in liquid form at room temperature (viscosity of polymer is ranging from
40 mPa.s to 250 mPa.s) is dispensed onto the substrate. Then, the stamp is press onto the
liquid polymer with a little of pressure (<1 bar, depending on the viscosity of polymer) to
fill the polymer into the cavities on the stamp. The liquid polymer is then solidified by UV
illumination through the transparent stamp. After solidification of the polymer, the stamp is
demolded and the residual layer is removed by etching process same as in thermal NIL.
For the ease of demolding the stamp without any damages, the elastic polymers or silicone
rubbers are frequently used in UV-NIL. Figure 2.24 shows some nanostructures fabricated
by NIL.

Although NIL is simple and high throughput nanofabrication process which has
capability for fabrication of sub 100 nm feature size or even 10 nm feature size structure
[21-27]. However, NIL has some limitations. Firstly, the nanostructured stamps used in
NIL are generally fabricated EUVL or EBL [21, 23, 27-29]. Therefore, the minimum
feature size of NIL is limited by those processes. Fabrication of the stamp is time
consuming and expensive. Secondly, thermal NIL operates at relatively high temperature
and relatively high pressure. Therefore, it takes time to heat up and cool down the polymer
so that decrease the throughput of the process. The stamp is easily damaged under high
pressure pressing into the polymer. Finally, in UV-NIL, the stamp is usually coated with a
thin anti-stick layer for the ease of demolding [30-32]. It is stringent to produce a
uniformity thickness of the anti-stick coating over the whole nanostructure area of the
stamp.

In the previous sections, several typical top-down nanofabrication methods have been
described with the discussion focused on the principle, the advantages and disadvantages,
and the nanostructures fabricated by those processes reported in literatures. In following

sections, the discussion is focused on some typical bottom-up nanofabrication methods.
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Figure 2. 24 Nanostrucures fabricated by nanoimprint lithography
(Figure copied from Ref. [23, 47, 50])

2.2.5 Nanosphere lithography

Nanosphere lithography (NSL) is expected as a low production cost technique for
fabrication of regular and uniform arrays of nanoparticles/nano dots. The size of the
nanoparticles/nano dots can be controlled by adjusting the size of the nanospheres. Figure

2.25 illustrates a typical NSL process for fabrication of nano dot array.
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Figure 2. 25 Nanosphere lithography process
(Figure copied from Ref. [34])

NSL process consists of two steps: mask preparation and using the mask for fabrication
of nanostructures. Firstly, a flat substrate is coated with a solution of spherical colloids
(usually polystyrene nanosphere). After drying process, a hexagonal-close-packed
monolayer or bilayer of nanospheres is formed on the substrate. The mask is then utilized
as an etching mask or to create a pattern on substrate by deposition through interstices.
Finally, the nanosphere mask is removed from the substrate by an adequate solvent. Figure
2.26 illustrates some nanostructures fabricated by NSL.

This method combines the advantages of both top-down and bottom-up approaches that

offer capability for fabrication of ordered nanoparticles/nano dot array in relative large area.
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However, it has some limitation in the arrangement and shape of the particle/dot. Only the
hexagonal-close-packed arrangement of nano dot can be fabricated. Generally, the triangle

dots are fabricated on the substrate without other additional process.
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(c) Porous gold nanoparticle films after removing the polystyrene spheres

Figure 2. 26 Nanostrucures fabricated by nanosphere lithography
(Figure copied from Ref. [161-163])

2.2.6 Porous alumina mask deposition

Porous alumina mask deposition (PAMD) employs the alumina mask fabricated by
anodization for deposition of material. During anodization, aluminum is oxidized
electrochemically. In the anodization process, the aluminum workpiece is the anode in an
electrolyte bath, and the cathode is any electrical conductor which is inert in the electrolyte.
When the electrical power supply is connected to the anode and cathode, aluminum atoms
are ionized to form aluminum anions. Under the electrolyte, the aluminum anions at the
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metal surface react with oxygen cations of water molecules to form an oxide layer on the
metal. The electrolyte is usually selected so that the oxide layer is insoluble in it; hence, an
oxide layer is form on the metal surface. The oxide layer acts as a protection coating from
corrosion or an electrical insulation layer. When the electrolyte is a diluted acid, the oxide
layer is partially dissolved and becomes porous. As a result, porous alumina layer is
produced. A typical experimental set up for anodization is shown in figure 2.27 (a).

Figure 2.27 (b) shows the evolution of porous alumina layer through anodization
process. It consists of four steps. In step I, an oxide layer form on the aluminum surface
when the aluminum electrode is connected to a DC electric current. Normally, anodization
of aluminum is taken placed in an acidic electrolyte, and two competing processes occur at
the same time: one is the formation of the oxide layer (alumina layer) through the
anodization and the other is the dissolution of the oxide layer in the acidic electrolyte. If
the dissolution of oxide layer does not occur, the oxide layer will be thicker and becomes
insulating layer which prevent the oxidation process. Consequently, the oxidation process
will eventually stop. When the thickness of oxide layer increases, the resistance of this
layer increases. This results in an increase in the temperature on the oxide layer and
electrical field across the oxide layer. The increase in temperature and high electrical field
causes small cracks or fractures on the top surface of oxide layer as seen in step Il. In step
I11, the nanopores are initially formed from these fractures and further develope into large
pores when the acidic electrolyte penetrates into the fracture and dissolves the exposed
surface of the fracture. In step IV, when the oxidation and dissolution of the oxide layer

reach the balance, an ordered hexagonal nanopore structure is formed on the oxide layer.
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Figure 2. 27 Experimental setup and evolution of porous alumina layer through anodization process
(Figure copied from Ref. [164, 165])

PAMD has advantages for fabrication of high-density and high aspect-ratio
nanostructures which are the challenges for the conventional nanofabrication techniques.
Figure 2.28 illustrates some nanostructures fabricated by PAMD. However, PAMD also
has several limitations. Firstly, it is very difficult to fabricate and handle the mask in large
size. This is because the mask is too thin. Secondly, the arrangement of nanostructure is

depends on the order-ness of the pore on the mask which is unchangeable. Finally, the
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mask can be used only one time for deposition materials to fabricate nanostructures.

Therefore, it is not suitable for high throughput manufacturing.
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Figure 2. 28 Nanostrucures fabricated by porous anodic alumina deposition
(Figure copied from Ref. [93, 166, 167])

2.2.7 Scanning probe lithography

Scanning probe lithography (SPL) is a simple nanofabrication technique which has
capability for drawing of sub-100 nm patterns on various substrate materials by employing
a simple, low cost scanning probe microscope (SPM). SPL utilizes the sharp tip of the

probe in SPM to transport material to a sample surface to form deposition patterns, or to
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pattern on the sample surface by simply scratching, or exposure a thin polymer resist film-
coated on the substrate by electron emitted from the probe. SPL can be easily conducted
with a scanning tunnel microscope (STM) [168] or an atomic force microscope (AFM)

[169] which are two microscopes widely used in laboratories.
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Figure 2. 29 Schematic of scanning tunnelling microscopy
(Figure copied from Ref. [35])

SPL has demonstrated capability of sub-100 nm nanopatterning with accurate
alignment and positioning. It can be utilized for either by direct exposure of resists or
modification of surface by deposition of mechanically scratching. SPL can be conducted
by employing simple, low cost facilities: STM or AFM, which are almost available in
laboratories. Figure 2.31 shows some nanopatterns fabricated by SPL. However, SPL also
has several limitations. Firstly, SPL employs the tip of the probe to exposure or to modify
the sample surface by point-to-point scanning (serial process), the throughput of SPL is
very low. Secondly, the energy of the probe tip is very low, so it can be used to exposure
only very thin layer of the sample surface or to deposit of pattern with very thin thickness.
Thirdly, SPL can fabricate nanopatterns with very small area. Finally, SPL operates based
on STM or AFM which are very small in working areas. Therefore, it is unsuitable for

large scale nanofabrication.
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Figure 2. 30 Nano dot array and nanowire array fabricated by scanning probe lithography
(Figure copied from Ref. [170, 171])

The major advantages and disadvantages of the aforementioned top-down and bottom-
up nanofabrication methods are briefly summarized and shown in figure 2.31.
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Figure 2. 31 Summary of advantages and disadvantages of nanofabrication processes
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2.3 Scope of this research

Recently, with great advances and developments achieved in material science, more
and more new materials with outstanding properties have been utilized to replace the
conventional materials in semiconductor industry. Among them, plastic semiconductors or
polymer semiconductors show great potentials for the future applications such as in
organics semiconductor or organics electronic devices [38-42]. This is because plastic
materials possess many advanced properties: Light weight, flexible, durable, can produce
large area and large quantity, very cheap to produce, and some of them are transparent.
These properties make it greatly attractive for the future devices and applications such as
bendable display panel, flexible solar cell, etc.

As mentioned previously, metallic nanoparticle/nano dot arrays have great applications
to many fields: bio-sensing, bio imaging, and electrical/electronic devices due to their
unique properties. In addition, the uniformity and regular arrangement of sub-100 nm in
diameter metallic nanoparticle/nano dot arrays shows more improvements and
enhancements in the applications than the randomly distributed ones. Therefore, it is
expected that the unique properties of ordered metallic nanoparticle/nano dot arrays also
can exploited to improve performances of organic semiconductor-based devices, for instant,
organic solar cells [139, 140]. In order to employ the unique properties of ordered metallic
nanoparticle/nano dot arrays to organic electronics, fabrication techniques to create
metallic nanoparticle/nano dot arrays on plastic films or plastic substrates play an
important role. However, there is a critical issue that lacking of a cost effective, high
throughput, less stringent in operation and environment friendly manufacturing process to
fabricate ordered sub-100 nm in diameter metallic nanoparticle/nano dot arrays on plastic
films or plastic substrates.

There are many limitations and disadvantages when employing the aforementioned
methods to fabricate ordered nanoparticle/nano dot arrays on plastic films (or thin plastic
substrate). In the top-down methods like photolithography, EBL or FIB, it is difficult to fix
or clamp the plastic film (or thin plastic substrate) accurately on the stage during exposure
step since plastic film is very soft as compared with a silicon wafer. The plastic film or
plastic substrate is easily bended or form curved surface when it is fixed on the stage since
it is soft or flexible. This results in defects in the exposed pattern, hence results in defects

in fabricated pattern on plastic film. In addition, the plastic film may be damaged by the
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organic solutions used in the development steps of photolithography or EBL. Furthermore,
resolution of photolithography is suffered to the diffraction limit; resolution of EBL and
FIB are suffered to the scattering of electron in the resist material or ion in the work
materials. Also, these methods require very stringent control, and the facility cost is very
expensive. NIL lithography provides high throughput in fabrication of nanopatterns on
plastic substrate [45-50]. However, the master mold for replicating the elastomer stamp or
the hard stamp used in nano-transfer printing is usually fabricated by EBL or FIB or other
lithography techniques. Therefore, the disadvantages of conventional lithography
techniques still exist in NIL. In addition, the resolution of fabricated master mold is limited
by the resolution of those processes.

Figure 2. 32 The proposed process for fabrication of a nano dot array on a plastic film

On the other hand, in the bottom-up methods such as NSL, PAMD, and self-assembly
methods like thermal annealing have capability of fabrication of nano dot arrays on plastic
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film at high throughput and lower production cost. However, it is very difficult to control
the regularity and the arrangement of nano dot arrays fabricated by these methods.

In order to overcome the limitations of both top-down methods and bottom-up methods,
in this research work, a new fabrication method is developed to fabricate ordered sub-100
nm in diameter metallic nano dot array on plastic film as illustrated in figure 2.32. The
process combines the nano-plastic forming assisted thermal dewetting on a patterned
substrate and transfer technique. The patterned substrate is fabricated by nano-plastic
forming which is high accuracy, simple in operation. NPF simply employs a knife-edge
single crystal diamond tool to mechanically indent on the substrate surface to create
nanopatterns. NPF does not require expensive facility but provides high resolution, high
accuracy, and does not suffer to the diffraction limit as conventional lithography
techniques. In addition, it is environmental friendly because no toxic gas or chemical was
used. Nano dot array formed on the patterned substrate by thermal dewtting which is also a
high throughput process using a simple and low cost electric furnace. Then, the ordered
nano dot array is transferred to a plastic film. Therefore, the proposed process is expected

to achieve high throughput, high accuracy, simple in operation, and low facility.

2.4 Summary

Nanoparticle/nano dot arrays have broad applications to various fields such as bio-
sensing, bio-imaging, and electrical/electronic devices. The future trend of application of
nanoparticle shows great demands of ordered nanoparticles/nano dots with good
uniformity in shape, size and well aligned in desired arrangements. In addition, fabrication
of these nanoparticles/nano dots arrays in large area is also very important to realize their
application to commercial devices. Furthermore, fabrication of nanoparticles/nano dot
arrays on polymer or plastic film or substrate is highly desired for the development of
organic electronic devices.

Various nanofabrication techniques have been developed for fabrication of
nanostructures in general and nanoparticle/nano dot array in particular. Especially, in
fabrication of an ordered nano dot array on a plastic film, these methods suffer many
limitations and disadvantages. With the aim to overcome these limitations and
disadvantage, in this research work, a new fabrication process is developed for fabrication

of sub-100 nm in diameter nano dot array on a plastic film.
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CHAPTER 33

Fabrication of a random nano dot array on a plastic film

In this chapter, firstly, the concept of the process to fabricate a random nano dot array
on a plastic film by thermal dewetting and transfer technique is presented. The
experimental details including experimental procedure and conditions to investigate the
effect of process conditions on the morphology, on the optical property of nano dot array,
and on the transfer ratio are presented. Then, the experimental results are presented and
discussed. In addition, the mechanism to transfer nano dots from a substrate to a plastic

film will be presented. Finally, the main investigations and results are summarized.

3.1 Concept of process to fabricate a random nano dot array on a plastic

film by thermal dewetting and transfer technique

Figure 3.1 illustrates the concept of the proposed process to fabricate a random nano
dot array on a plastic film [53]. The process consists of three steps; firstly, substrate is
deposited with a thin layer of metal. Then, metal coated substrate is subjected to thermal
dewetting to cause the aggregation of metal film into nano dot array. Finally, the nano dot
array is transferred to a plastic film. It is expected that the substrate can be re-used after
transferring the nano dot array to a plastic film. After the nano dot array is transferred to
the plastic film, the substrate is cleaned and reused to fabricate another nano dot array on
another plastic film by repeating same process. Therefore, it is expected that this process

can achieve high throughput.
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Figure 3. 1 Schematic of process to fabricate a random nano dot array on a plastic film

3.2 Experimental method

3.2.1 Specimen preparation

In the experiments, two kinds of substrate materials were used; one is quartz glass slide
(Saito Optics Co., Ltd.) and the other is silicon <110> wafer (Sumco Corp.). Quartz glass
slide and silicon wafer were cut in sizes of 10 mm in width and 10 mm in length. The
thickness of the quartz glass slide was 1 mm and thickness of the silicon wafer was 0.6
mm. Gold was used as dot material. Three kinds of plastic materials were used. The first
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one is polydimethylsiloxane (PDMS); the second one is Araldite rapid epoxy and the last
one is SpeciFix-20 epoxy. These plastic materials are selected because they have different
adhesion property. It is known that PDMS have poor adhesion property while other two
epoxies have good adhesion property. Choosing different adhesion plastic materials is
meaningful to investigate the effects of process conditions on the transfer ratio of nano dot
array. In addition, PDMS and SpeciFix-20 epoxy are clear and transparent which is useful
for investigating the optical property of nano dot array fabricated on plastic film. Moreover,

these plastic materials are non-toxic, cheap, and widely used in laboratories.

3.2.2 Experimental procedure, apparatus and conditions

The quartz glass substrate and silicon substrate were cleaned in acetone by using
ultrasonic bath for 10 minutes. Then, they were dried by a rubber air blower. Gold was
deposited on the surface of the substrates by a DC sputter coater. Figure 3.2 shows the
apparatus used for DC sputter coating processes. The sputter gas was Argon (Ar), and its
pressure was 15 Pa. The distance between the substrate and a gold target was 35 mm. The
sputtering current was kept to 5 mA during sputter deposition. The thickness of the
deposited gold film was controlled from 6 nm to 14 nm, by controlling the sputtering time.
It was confirmed that when the gold film thickness is thicker than 5 nm, whole substrate
surface is covered by gold film, and the gold film appears as a continuous and smooth
surface. In order to control the thickness of gold film accurately, the sputter rate was
measured beforehand. The sputter rate was determined as follows: Gold was deposited on a
substrate for a determined period of time. Then, some part of the gold film on substrate
was peeled off by using the Scotch tape. The height of the step between gold surface and
peeled off surface was measured by AFM (i.e., the height is the thickness of gold film).

The sputter rate was calculated based on AFM data.
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Figure 3. 2 DC sputter coating apparatus

The gold coated substrates were then subjected to thermal annealing in air by using an
electric furnace (F-120-SP, TKG Tokyo Japan). Figure 3.3 shows the electric furnace used
for the annealing process. The temperature is accurately controlled by a program
controller. The furnace chamber is pre-heated to a defined temperature that is maintained
throughout the annealing process. The specimen is then inserted into the furnace chamber.
In this experiment, five levels of annealing temperatures were examined: 600°C, 700°C,
800°C, 900°C, and 1000°C. Eight annealing time durations were examined: 5, 10, 15, 20,
30, 60, 90, and 120 min. The specimens were then taken out from the furnace and cooled
down in the air atmosphere. By this annealing operation, the aggregation of the gold film
deposited on the substrates into random gold nano dots was realized. The deposition and

thermal annealing conditions are summarized in the Table 3.1.

Table 3. 1 Deposition and annealing conditions

Annealing
Temp. (°C) Time (min)

Substrate Au coating (nm)

Si <110>,

Quartz glass 6,8, 10,12, 14 600, 700, 800, 900, 1000 | 5, 10, 15, 20, 30, 60, 90, 120
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The LSPR absorption spectrum of the nano dots on the quartz glass substrates was
examined by using a transmission ultraviolet-visible (UV-VIS) spectrometer (SEC2000-
VIS/NIR spectrometer). Figure 3.4 shows the UV-VIS spectrometer used for absorption
spectrum measurement. That is an optical fiber measurement system. The measured spot
size is about 0.5 mm in diameter. The absorption spectrum was measured in the visible
range (400 nm to 800 nm).

The experiment for transferring of a nano dot array from a substrate to a plastic film is
conducted as follows: after annealing, the nano dots on the quartz glass substrates and the
silicon substrates were characterized by using a field-emission scanning electron
microscope (FE-SEM, JSM-6301F JEOL). After drying the substrates by blowing with hot
air for 2 min, the substrates were coated with a thin layer of plastic mixtures. The thickness
of the plastic layer is estimated from 0.5 to 1 mm. Three kinds of plastic mixture were
examined in the experiment; one is Araldite rapid epoxy (a high viscosity epoxy) and the
other is SpeciFix-20 epoxy (a low viscosity epoxy) and the last one is
polydimethylsiloxane (PDMS). The processing conditions for each plastic material are as
follows:

Avraldite rapid epoxy mixture (mass ratio of epoxy:curing agent is 1:1) was coated on
the nano dots surface. Then, the epoxy coated substrate was cured at room temperature for
48 hours to completely harden the epoxy film. Finally, the epoxy film was peeled off from
the substrate by using tweezers after slightly heat up the substrate at 80°C for 50 s on a hot
plate. After peeling off from the substrate, the plastic film was pressed on a flat plate to
return to its original form (flat surface of the epoxy film which is in contact with the
substrate surface).

SpeciFix-20 epoxy mixture (mass ratio of epoxy:curing agent is 7:1) was coated on the
nano dots surface. The epoxy coated substrate was put in vacuum chamber for 15 minutes
to remove the bubbles and gas at the interface between the nano dots and the epoxy. Then,
the epoxy was cured at room temperature for 48 hours. Finally, the epoxy film was peeled
off from the substrate with the same procedures for Araldite rapid epoxy film.

PDMS mixture (SILPOT 184 and SILPOT 184 CAT with mass ratio is 10:1) was
coated on the nano dots surfaces. The PDMS coated substrate was put in vacuum chamber
for 15 minutes to remove the bubbles and gas at the interface between the nano dots and
the PDMS. Then, the PDMS were cured at 120 °C for 2 hours. Finally, the PDMS films
were peeled off from the substrate under ambient condition by using tweezers.
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It was confirmed that there is almost no damage occurred on the surface of both epoxy
films and PDMS film after peeling off from substrates. The processing conditions for these

three plastic materials are summarized in Table 3.2.

Table 3. 2 Processing conditions for three plastic materials

Araldite rapid L
SpeciFix-20 epoxy PDMS
Epoxy
Mass ratio with
_ 1:1 71 10:1
curing agent
Put in vacuum No 15 min 15 min
] Room temperate, Room temperate, 120°C
Curing
48 hours 48 hours 2 hours

The morphology of the nano dots on the substrates was then observed by using a field-
emission scanning electron microscope (FE-SEM, JSM-6301F JEOL). Five positions were
observed for each specimen. The mean diameter, contact angle and circularity of nano dots
were evaluated from FE-SEM micrographs by using a graphic analysis system (ImageJ
software). In calculation of dot diameter, the area of each dot was determined from FE-
SEM micrograph by the graphic analysis system and we assumed that an equivalent circle
whose area equals to area of a dot. Then, the equivalent diameter was calculated. The
contact angle was evaluated based on the assumption that the metal volume was conserved

through annealing process.

3.3 Results and discussions

3.3.1 Effect of process conditions of nano dot morphology

Figure 3.5 shows the FE-SEM micrographs of gold nano dots aggregated on (a) quartz
glass substrates and (b) silicon substrates by thermal annealing. The annealing condition

was 600 °C for 10 min. The thickness of gold film was varied from 6 to 14 nm. It is found
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that the dots become larger when the gold film becomes thicker, and it appears that the
morphology of the dots becomes more circular when the gold film is thinner.

.

(a) Nano dots on quartz glass substrates

(b) Nano dots on silicon substrates

Figure 3. 5 FE-SEM micrographs of gold nano dots formed on (a) quartz glass substrates and (b)

silicon substrates coated with different gold film thicknesses.

Figure 3.6 shows the variation of the mean equivalent diameter of the nano dots and its
standard deviation against the thickness of gold film. To calculate the dot diameter, the
area of each dot was firstly determined from FE-SEM micrographs using ImageJ analysis
software; the diameter of an equivalent circle, whose area equals to area of a dot, was then
calculated. Hereafter, for brevity, the word “dot diameter” is used instead of “equivalent
diameter of the nano dot.” From Figure 3.6, it is found that both the mean diameter of the
nano dots and the standard deviation increase with the increase in the thickness of the gold
film on both substrates. The mean diameter of the nano dots on the silicon substrate is
slightly smaller than that of the nano dots on the quartz glass substrate, when the thickness
of gold film is less than 10 nm. It is known that the voids exist on the gold film after
deposition on a substrate [172]. During the annealing process, these voids progressively
widen and separate the gold film into isolated islands. With an increase in the annealing
time, these distorted islands are aggregated into circular dots to minimize the total energy
of the system [173].
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Figure 3. 6 Mean diameter and standard deviation of gold nano dots versus gold film thickness. The

annealing condition is at 600°C for 10 min.

When the gold film is thinner (6 to 8 nm), the density of the voids is high. As a result,
the mean diameter of the nano dots becomes small. In addition, the aggregation is
completed in a shorter time when the dot diameter is small. Thus, most dots are circular,
and the standard deviation of the dot diameters is small. On the other hand, when the gold
film is thicker (10 to 14 nm), the density of the voids is low. As a result, the dot diameter is
large. Since, the aggregation takes a longer time when the dot diameter is larger; most of
the large dots remain distorted. Therefore, the standard deviation of dot diameters is larger
than that of the small dots.

When the gold film is thicker (10 to 14 nm), the dot aggregation process is not
completed. The dot shapes are distorted with a broad dispersion in dot diameters. The dot
diameter distributions are almost overlapping and the difference between the morphology
of the dots on both substrates is not apparent. However, when the gold film is thinner (6 to
8 nm), dots are aggregated to a greater extent and the dot shape is more circular and
uniform. The difference in the dot aggregation characteristics between a silicon substrate
and a quartz glass substrate becomes more apparent when the gold film thickness is less
than 8 nm, as seen in Figure 3.5 and Figure 3.6; dots on a quartz glass substrate are larger
than dots on a silicon substrate. Thus, thickness of gold film is adjusted to 8 nm hereafter
for the experiment to investigate the effects of substrate material on the morphology of

nano dots.
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Figure 3.7 shows the FE-SEM micrographs of gold nano dots aggregated on (a) quartz
glass substrates and (b) silicon substrates after annealing. The annealing temperature was
varied from 600°C to 1000°C at a step of 100°C, and annealing time was fixed at 10 min
for all cases. The thickness of gold film was 8 nm for all specimens. For all cases, it is
observed that many gold dots smaller than 100 nm were formed on both substrates. It is
found that the dots shape becomes more circular when the annealing temperature is higher.
Also, it seems that the dots are smaller when the annealing temperature is higher. Silicon
substrates and quartz glass substrates provide different morphologies of nano dots. The
dots aggregated on a quartz glass substrate are large and sparse, while the dots aggregated

on a silicon substrate are small and dense.

(a) Nano dot array on quartz glass substrate

(b) Nano dot array on silicon substrate

Figure 3. 7 FE-SEM micrographs of gold nano dot array formed on (a) quartz glass substrate and (b)

silicon substrates after annealing at different temperatures

It is known that the eutectic reaction between gold and silicon occurs at temperature
higher than 363°C [174, 175]. However, in this study, it is not considered that this
mechanism affected so much to the aggregation of gold film. This is because a thin layer
(on the order of tens of nanometers) of silicon dioxide, SiO,, exists on the surface of the

silicon wafer under the ambient condition [176, 177]. Since the silicon dioxide layer was
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not removed in our experiment, it may prevent a eutectic reaction between the gold layer
and the silicon substrate. In addition, the annealing time in this research was so short that

the eutectic reaction occurred.
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Figure 3. 8 Mean diameter and its standard deviation of gold nano dots versus annealing temperature.

Annealing time is 10 minutes. Thickness of gold film is 8 nm.

Figure 3.8 shows the variation in the mean diameter, with the standard deviation of the
nano dots against annealing temperature. It is found that the mean diameter of the nano
dots slightly decreases with the increase in the annealing temperature both on the quartz
glass substrate and the silicon substrate. The standard deviation also slightly decreases
when the annealing temperature becomes higher. This is because aggregation depends on

surface diffusion, which is governed by the Arrhenius equation:
D = Doexp(=) (3.1)

where D is the diffusion coefficient, Dy is diffusion constant, Q is the activation energy of
diffusion, R is gas constant, and T is absolute temperature. D becomes larger under higher
annealing temperature. Upon thermal annealing, the voids that exist in the gold film will
progressively widen, elongate, and separate the gold film into isolated islands with various
shapes. With the increase in the annealing time, these distorted islands aggregate into
spherical-cap-shaped dots with a lower surface-to-volume ratio in order to minimize the

total energy of the system [173].

-82 -



Chapter 3 Fabrication of a random nano dot array on a plastic film

When the annealing temperature is low, atomic diffusivity is low and thus, the
aggregation process is slow. The aggregation of the distorted islands into dots is not
completed. As a result, the dots remain distorted. On the other hand, the atomic diffusivity
is higher when the annealing temperature is higher. Thus, the aggregation process is faster.
The aggregation of the distorted islands into dots is more complete. As a result, the dots are
more circular (as seen in Figure 3.7) with a lower surface-to-volume ratio compared to the
dots aggregated at a lower temperature. Therefore, the dot diameters are smaller and more
uniform at a higher annealing temperature. Even though the dispersion of the dot diameter
is large, a trend of decreasing dot diameter and standard deviation with the increase in the
annealing temperature still occurs.

Figure 3.9 shows the variation of surface coverage of the nano dot array against
annealing temperature. It was found that the surface coverage decreases as the annealing
temperature increases for both the silicon substrate and the quartz glass substrate. The
silicon substrates result slightly higher surface coverage of the nano dot array than the

quartz glass substrates.
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Figure 3. 9 Surface coverage of gold nano dot array versus annealing temperature

The differences in the dots diameters in Figure 3.8 and surface coverage in Figure 3.9
are attributed to the differences in the contact angles between the dots and substrates.
Figure 3.10 shows the variation in the contact angle of the nano dots against annealing
temperatures. The contact angle is evaluated by the method in Ref. [53]. It is found that the
contact angle increases when the annealing temperature becomes higher. This is because

the dots were not aggregated completely when the annealing temperature is low (from
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600 °C to 800 °C). As seen in Figure 3.7, many distorted dots were generated at annealing
temperatures lower than 800 °C. Thus, the dots were still flat, and average contact angle
was low. On the other hand, the complete aggregation was achieved and circular dots were
formed when the contact angle was high at higher annealing temperatures (900 °C and
1000 °C). The contact angle of the nano dots on a silicon substrate is slightly higher than
that of the nano dots on a quartz glass substrate. This is because the surface energy of
silicon <110> substrate is lower than that of quartz glass substrate (the surface energy of
the silicon <110> substrate is 1510 erg/cm2 [178] and the quartz glass substrate is 1825
erg/cm2 [179]). According to Young’s equation, the contact angle of the dot is higher
when the surface energy of the substrate is lower.
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Figure 3. 10 Contact angle of nano dots versus annealing temperature.

Figure 3.11 shows the variation in the average circularity of the nano dots against the
annealing time. The solid line is data of the quartz glass substrate, and dashed line is data
of the silicon wafer. The circularity is defined as follows:

C =i (3.2)

Lmax

where Lmax and Lnin are the length of the major and minor axis of a dot, respectively. When
C is equal to 1, the dot shape is a perfect circle. A slight difference is observed between the
circularities of the dots on the quartz glass substrate and the silicon substrate. It is found
that the circularity of the nano dots increases with the increase in either annealing

temperature or annealing time. When the annealing time is long enough, the circularity is
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saturated to a certain value that depends on the temperature. It is regarded that the dot
aggregation is completed in this stage. This phenomenon is attributed to the surface
diffusion of atoms. The annealing time necessary to complete aggregation depends on the
annealing temperature.

In this experiment, the aggregation completed in 20 min at 900°C, but 10 min at
1000°C. The saturated circularity increases with the increase in the annealing temperature.
Maximum circularity obtained in this experiment is almost 0.9 when the annealing

temperature is 1000°C.
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Figure 3. 11 Circularity of nano dots versus annealing time.

3.3.2 Effects of process condition on the LSPR property of nano dot array

The quartz glass substrate is utilized to investigate the LSPR property of the nano dots.
Figure 3.12 shows absorbance spectra of the nano dots generated on the quartz glass
substrates against thickness of the gold film. In this experiment, five thicknesses of gold
film were examined: 6, 8, 10, 12, and 14 nm. The annealing temperature was 600 °C, and
the annealing time was 10 min. The peak of absorbance spectra is found in the range of
550 to 750 nm. It is found that the wavelength and intensity of the absorbance peak are
dependent on the gold film thickness. With the increase in the gold film thickness, the peak
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wavelength and the peak intensity both increase and the peak also becomes broader. The
absorbance peak is clearly seen when the gold film thickness is in between 6 and 8 nm,
whereas the peak becomes unclear when the gold film thickness is more than 10 nm. This
is attributed to the difference in the dot circularity. As shown in Figure 3.5, circular dots
are generated when the gold film is thin (6 nm in thickness) but distorted dots are
generated when the gold film is thick. It was reported that nano dots with lower aspect

ratio and uniform shape have a narrower absorbance spectra peak [173, 180].
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Figure 3. 12 Absorbance spectra of gold nano dots for different gold film thicknesses. Annealing

condition is at 600°C for 10 min.

Figure 3.13 shows the effects of annealing temperature and annealing time on the
absorbance spectra of the nano dots on the quartz glass substrate. The thickness of gold
film was 8 nm. Five annealing temperatures were examined from 600°C to 1000°C at
intervals of 100°C. The annealing time was varied from 5 to 120 min. The data of the nano
dot diameter and its standard deviation are presented in the Appendix A. It is found that the
peak wavelength is shifted to the blue side (short wavelength) when the annealing
temperature is increased. It is also found that the peak wavelength is shifted to blue side
with an increase in the annealing time. Simultaneously, the peak intensity decreases with

the increase in either annealing temperature or annealing time. With the increase in either
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annealing temperature or annealing time, the nano dots become smaller, more circular, and
more uniform. This results in the absorbance peak shift to the short wavelengths side and
the peak becomes sharper [173, 180]. At the same time, the interparticle distance between
dots increases. The increase in the interparticle distance between the nano dots weakens the
coupling effect of the electromagnetic field between the dots [181, 182]. As a result, the
absorbance band shifts to shorter wavelengths with a decrease in the absorbance peak
intensity and peak sharpening. In this experiment, the annealing temperature shows more
significant effects on the shift of the absorbance peak and the peak intensity than the

annealing time.
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Figure 3. 13 Absorbance spectra of gold nano dots on the quartz glass substrate for different annealing

temperature and annealing time

Figure 3.14 shows the variation in the absorbance peak wavelength against the
annealing time. It is found that the absorbance peak wavelength decreases with the increase
in either the annealing time or annealing temperature. The variation in the absorbance peak
wavelength with annealing time can be divided into two regions. The decrease in the peak

wavelength is steep when the annealing time is shorter than 30 min, while the peak
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wavelength slightly decreases when the annealing time is longer than 30 min. It is found
that the variation in the peak wavelength is similar to the variation in the dots circularity
seen in Figure 3. 11 and Figure 3.14
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Figure 3. 14 Variation in absorbance peak wavelength against annealing time.

Figure 3.15 shows the variation in the absorbance peak intensity against the annealing
time. It is found that the absorbance peak intensity decreases with the increase in either the
annealing time or annealing temperature. It is also found that the variation in the peak
intensity is similar to the variation in the dots circularity. These results indicate close

correlation between the circularity and LSPR property.
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Figure 3. 15 Variation in absorbance peak intensity with annealing time
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This result demonstrates that the absorbance spectra of the gold nano dots can be tuned
by controlling the gold film thickness, annealing time, or annealing temperature. The
tunability of LSPR property plays an important role in bio-sensing devices [60-62] and
plasmonic solar cells [56, 65-68].

3.3.3 Effects of process condition on the dots transfer ratio

Figure 3.16 shows the FE-SEM micrographs of the gold nano dot transferred to
Araldite rapid epoxy films from (a) quartz glass substrate and (b) silicon substrate. It is
found that the gold nano dots were partly transferred to the epoxy films for all annealing
temperatures from 600 °C to 1000 °C. Also, it seems that more dots were transferred to the

epoxy films when the annealing temperature is lower.

(a) Nano dots from quartz glass substrate transferred to Araldite rapid epoxy film

i

(b) Nano dots from silicon substrate transferred to Araldite rapid epoxy film

Figure 3. 16 FE-SEM micrographs of gold nano dots on Araldite rapid epoxy film transferred from (a)

quartz glass substrate; (b) silicon substrate
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Figure 3.17 shows the variation of the transfer ratio against annealing temperature. It is
found that the transfer ratio decreases with the increase of annealing temperature for both
the quartz glass substrate and the silicon substrate. The silicon substrate shows slightly
higher transfer ratio than the quartz glass substrate. Highest transfer ratios of 95% and 87%
were achieved for the silicon substrate and the quartz glass substrate, respectively, when

annealing temperature is 600°C.
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Figure 3. 17 Variation of transfer ratio of gold nano dots versus annealing temperature

Figure 3.18 shows the FE-SEM micrographs of the gold nano dot transferred from
quartz glass substrate to (a) Araldite rapid epoxy films, (b) SpeciFix-20 epoxy and (c)
PDMS. The thickness of gold film is 8 nm for all specimens. It is found that the gold nano
dots were partly transferred to the Araldite rapid epoxy films and SpeciFix-20 epoxy for all
annealing temperatures. However, no dot was transferred to PDMS films. It seems that at
higher annealing temperatures, more dots were transferred to SpeciFix-20 epoxy than

Avraldite rapid epoxy.
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(a) Nano dots from quartz glass substrate transferred to Araldite rapid epoxy film

(b) Nano dots from quartz glass substrate transferred to SpeciFix-20 epoxy

(c) Nano dots from quartz glass substrate transferred to PDMS

Figure 3. 18 FE-SEM micrographs of gold nano dots on transferred from quartz glass substrate to (a)
Araldite rapid epoxy films, (b) SpeciFix-20 epoxy and (c) PDMS

Figure 3.19 compares the variation of the transfer ratio of three plastic materials against
annealing temperature. It is found that no dot was transferred to PDMS. For the other
plastic materials, it is found that they show contrary trends in transfer ratio. The transfer
ratio of the Araldite rapid epoxy decreases with the increase of annealing temperature
while the SpeciFix-20 epoxy increases. Highest transfer ratios of 87% and 91% were
achieved when transferring nano dot array from quartz glass substrate to Araldite rapid
epoxy and SpeciFix-20 epoxy, respectively. The reason for the difference of variation of

transfer ratio of three plastic materials will be discussed in the next section.
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Figure 3. 19 Variation in transfer ratio of gold nano dots to various plastic materials versus annealing

temperature
3.3.4 Nano dot transfer mechanism

Consider a model of transferring a dot from a substrate to a plastic film. One of two
cases will occur: case I, the dot is not transferred to the plastic film and remained on the
substrate; and case 11, the dot is transferred to the plastic film as shown in the figure 3.20.
Assuming that the dot shape is semi-sphere and the shape of a dot does not change through
transferring process. Also, it is assumed that Young’s equation is valid in this model. The

total free energy of the system in each case is determined by following equations:
Wi =Sy, +S8474 + 37 +5.7, +347, (3.3)
WII :Ssys-l_si)/s-l_ss]/p-l_si?/d +Sd7/p' (34)
The difference of total free energy between case | and case I, AW is calculated as follows:
AW =W, =Wy = (Se7s +S474 + 517 +S:7, +S475) = (Se7s +5i7s + .7, + 5174 +S47)

=Sy (Ve +7,=7)+S (Vi =75 = 74) (3.5)
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Figure 3. 20 Model of transferring nano dot from a substrate to a plastic film

In the calculation in this session, the notations were used as follows:
W, : Total free energy of the system in case |

W, : Total free energy of the system in case Il

Ss : Area of substrate surface

Sq : Area of the surface of the dot

Si : Interfacial area between the dot and the substrate

7% . Surface energy of the substrate

74 - Surface energy of the dot

7 - Interfacial energy between the dot and the substrate
% : Surface energy of the plastic

%+ Interfacial energy between the dot and the plastic
6 : Contact angle between the dot and substrate

D : Diameter of the dot

From Young’s equation, we have the relation as follows:
Ys—Vi =74C086 (3.6)

By substitute equation (3.6) into equation (3.5), we obtain:
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AW =S, (74 +7,=7p) —Si74(L+C0s0) (3.7)

The surface area Sq4 of the dot is determined as follows:

2
S4 o 1 for 6 < 90° (3.8)
2 1+cosd
ﬂDZ
S, = 5 (1-cos®) for 6 > 90° (3.9)

The interfacial area S; of the dot is determined as follows:

aD’*
S, = for 6 < 90° (3.10)
D?
S, = 2 sin® @ for 6 > 90° (3.11)

By substitute equations (3.8) to (3.11) into equation (3.7) we obtain:

2 —
Ve Jol1: 7070 | (coso41P!  6<90°
4 1+cos@ V4

AW =W, —W, = (3.12)

2 - '

D 74(1—cos 0){2(1+ M] —(cos® +1)2} 6>90°
4 Vd

When AW >0, case Il occurs, thus, the dot is transferred to the plastic film.

In the equation (3.12), the term nD?y/4 is constant which can be considered as the unit for

AW in the relation with contact angle 8 between the dot and the substrate.

; LAY T ; it
Consider three cases that: — =———=-101, we obtain the variation of the
Vd Vd
difference of total free energy between case | and case Il, AW against the contact angle & as

shown in the figure 3.21.
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Figure 3. 21 Variation of AW against @

It is found from figure 3.21 that AW increases with the increase of 6. This indicates that
dot transfer becomes easier when @becomes higher. In the graph, the three curves
represent three adhesive levels of plastic. The continuous curve represents the plastic
having excellent adhesion property. The dot is transferred to this plastic regardless of its
contact angle. The long-dashed curve represents the plastic having very poor adhesion
property. The dot is not transferred to this plastic regardless of its contact angle. The short-
dashed curve (the center curve) represents the plastic having good adhesion property (the
adhesion property level is in between the poor and excellent adhesion property). The dot is
transferred to this plastic if its contact angle is higher than a critical value, and the dot is
transferred to this plastic easier when its contact angle increases. As calculated from
equation (3.12), the critical contact angle is about 67°.

Compare the experimental data and the transfer mechanism theory based on total free
energy; it is found that the PDMS and SpeciFix-20 epoxy show good agreement with the
theory. It is known that PDMS has very poor adhesion property. Therefore, no dot was
transferred to PDMS regardless of the contact angle of the dot. The SpeciFix-20 epoxy
agrees with the theoretical variation of transfer ratio which increases with the increase of
contact angle. However, the Araldite rapid epoxy shows contrary variation of transfer ratio
against contact angle. Therefore, the difference of transfer ratio between SpeciFix-20

epoxy and Araldite rapid epoxy cannot be explained by the theory of total free energy.
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Another possibility is attributed to the difference between viscosities of the epoxies which
results in different of contact between the dot and the plastic.

The Araldite rapid epoxy is high viscosity resin (as reported in the product information
from manufacturer, the viscosity of the Araldite rapid epoxy mixture after mixing is about
25 ~ 50 Pa.s) and its flowability is poor. When the contact angle of the dot on the substrate
iIs low, this resin is easier to be filled to the whole surface of the nano dot as shown in the
Figure 3.22(a). However, when the contact angle of the dot on the substrate is higher, it is
very difficult to fill the undercut at the bottom of the dot. Voids or air will exist at the
undercut between the dot and the substrate as shown in the Figure 3.22(b). These voids
reduce the contact area between the dot and the Araldite rapid epoxy film. It reduces the
adhesion of the nano dots to the epoxy film. Therefore, even though the contact angle is
higher at higher annealing temperature, the Araldite rapid epoxy results lower transfer

ratios.

Nanodot Araldite rapid epoxy Nanodot

\

(@) Low contact angle (b) High contact angle

Figure 3. 22 Contact of high viscosity epoxy with the nano dot; (a) low contact angle; (b) high contact

angle

In contrast, the SpeciFix-20 epoxy is low viscosity resin (as measurement test, the
viscosity of the SpeciFix-20 epoxy mixture after mixing is 0.362 Pa.s) and its flowability is
good. It is believed that under vacuum atmosphere, low viscosity resin can be easily filled
to the nano dot surface and obtained good contact with the nano dot and substrate as shown
in the Figure 3.23. The appearance of small bubbles on the surface of SpecFix-20 epoxy
film inside the vacuum chamber may be attributed to the voids or air at the undercut

between the nano dot and the quartz glass substrate. Under the vacuum atmosphere, these
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voids are filled with SpeciFix-20 epoxy and the air from the undercuts will float to the top
of the epoxy film. As a result, higher contact angle increases contact area between nano dot
and the epoxy film. Therefore, the transfer ratio increases with the increase of contact

angle. This agrees with the theoretical variation as shown in the Figure 3.21.

Nanodot SpeciFix-20 epoxy Nanodot

A

(@) Low contact angle (b) High contact angle

Figure 3. 23 Contact of low viscosity epoxy with a nano dot; (a) low contact angle; (b) high contact

angle

3.3.5 Fabrication of a large area nano dot array on a plastic film

As a demonstration for large scale fabrication of nano dot array on plastic film,
experiment to fabricate large area of nano dot array on plastic film was conducted. The
experimental condition was as follows: Substrate is the quartz glass; Thicnkness of gold
coating is 8 nm; annealing temperature is 600 °C; annealing time is 10minutes; Araldite
rapid epoxy was used as plastic material. From figure 3.24, it is found that a 20 cm? in area
of nano dot array was successfully fabricated on Araldite rapid epoxy film. It demonstrated
that fabrication of nano dot array on plastic film in large area by the process in this study is
feasible.

As mentioned in previous chapter, noble metal nano dot array have broad applications
in electrical/electronic devices [136-140, 145] due to their unique LSPR property [55, 56].
Especially, applications of noble metal nano dot array to solar cells, so called plasmonic
solar cell, to increase the light absorption in the semiconductor layer. Hence, increase the
efficiency of the solar cell. Usually, the solar cell panels are produced in large area in order

to provide a sufficient amount of electric power. To realize the applications of nano dot
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array to plasmonic solar cells, fabrication of nano dot array in large area is essentially

necessary.

Figure 3. 24 Fabrication of a 20 cm? in area of nano dot array on Araldite rapid epoxy film

3.4 Summary

Investigations and results of this chapter are summarized as follows:

1. Effects of process conditions on the morphology of nano dot array

(i) Mean diameter and corresponding standard deviation of the nano dots increases with
the increase in the gold film thickness, but decreases with the increase in the
annealing temperature. This is attributed to the surface diffusion of gold atoms which
affects the aggregation of gold film into nano dots.
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(i)

(iii)

(iv)

Substrate material affects morphology of the aggregated nano dots. The nano dots
aggregated on a quartz glass substrate are large and sparse, while the nano dots
aggregated on a silicon substrate are small and dense. The difference of morphologies
of nano dot on a quartz glass substrate and a silicon substrate are attributed to the
difference in the surface energy of the two substrate materials.

The contact angle of the nano dots both on a quartz glass substrate and a silicon
substrate increases with the increase in the annealing temperature. The silicon
substrate results in slightly higher contact angle of nano dots than the quartz glass
substrate. The reason is attributed to the difference in the surface energy of the two

substrate materials.

The circularity of nano dots increases with the increase in the annealing time, but
becomes saturated to a certain value that depends on the temperature. Maximum

circularity of around 0.9 was achieved in this study.

2. Effects of process conditions on the LSPR property of nano dot array

(i)

(i)

(iii)

The absorbance spectra of the nano dots on the quartz glass substrate display a unique
peak in the visible range. This absorbance peak shifts to longer wavelengths side and
becomes broader with the increase in the gold film thickness. This is attributed to the

difference in the morphology of nano dot arrays produced by different thicknesses.

The absorbance peak shifts to shorter wavelengths side, the absorbance peak intensity
decreases, and absorbance peak becomes sharper when either the annealing time or
the annealing temperature is increased. The annealing temperature shows stronger
effects on the variation in LSPR wavelength, peak and intensity than the annealing
time in this study. This is attributed to the more uniform, more circular nano dots

morphology that weakens the coupling effects of the LSPR of the nano dots.

It is found that the variation in the LSPR property is closely correlated to the variation
in the nano dots circularity.
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3. Effects of process conditions on the transfer ratio of nano dot array to a plastic film

(i)

(i)

(iii)

(iv)

The substrate materials affect the transfer ratio of a nano dot array to a plastic film.
The silicon substrate shows slightly higher transfer ratio than the quartz glass
substrate. This is attributed to the difference between the surface energy of the two

substrate materials.

The plastic materials show contrary trends of variation of transfer ratio against
annealing temperature. Araldite rapid epoxy decreases the transfer ratio while the
SpeciFix-20 epoxy increases transfer ratio when the annealing temperature becomes

higher. This is attributed to the difference between the viscosities of the epoxies.

Dot transfer mechanism is discussed theoretically based on the different of total free
energy and compared with the experimental results. PDMS and SpeciFix-20 epoxy
show good agreement with the dot transfer mechanism theory.

A 20 cm? in area of random nano dot array was successfully fabricated on an Araldite
rapid epoxy film. It demonstrated the feasibility of the proposed process for large area

fabrication of a nano dot array on a plastic film.
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CHAPTER 4

Fabrication of an ordered nano dot array on a plastic film

In previous chapter, the process to fabricate a random nano dot array to a plastic film
and the experiments to demonstrate the feasibility of the proposed process was presented.
The objective of this chapter is to extend the concept of process presented in chapter 3 for
fabrication of an ordered nano dot array on a plastic film. In this chapter, first the concept
of the proposed process to fabricate an ordered nano dot array on a plastic film by nano-
plastic forming assisted thermal dewetting and transfer technique is presented. Then, the
equipment and working principle of nano-plastic forming are presented. The effects of
nano-plastic forming conditions, coating thickness and annealing condition on the
morphology of nano dot array aggregated on a patterned substrate are presented and
discussed. Finally, the transfer of an ordered nano dot array from a patterned substrate to a

plastic film is presented.

4.1 Concept of process to fabricate an ordered nano dot array on a

plastic film

Figure 4.1 illustrates the concept of process to fabricate an ordered nano dot array on a
plastic film [51, 52, 54]. The process comprises four steps; (1) fabrication of a square
nano-grooves grid on a hard substrate by NPF, (2) deposition of a thin metal layer on the
patterned substrate by sputter coating, (3) annealing the metal coated substrate in an
electric furnace to form an ordered nano dot array and (4) transfer the ordered nano dot
array to a plastic film. It is expected that the patterned substrate can be re-used after
transferring, by repeating three steps metal deposition, annealing and transferring (step 2 to
4 in the figure 4.1), ordered nano dot arrays can be fabricated on plastic films at a very

high throughput.
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Figure 4. 1 Schematic schedule of process to fabricate an ordered metal nano dot array on a plastic

film

4.2 Experimental method

4.2.1 Nano-plastic forming (NPF)

Nano-plastic forming equipment: Figure 4.2 shows the equipment used for the NPF
experiments. It consists of precision stages, a load cell, a motion controller, a data
acquisition system and a diamond knife-edge tool. The strokes of the XY-stage and the Z-
stage are 20 and 40 mm, respectively. Their feed resolution is 1 nm. The XY-stage is
mounted on a tilt stage whose resolution is 0.015°. The specimen is mounted on the XY-
stage. The load cell is mounted the tool holder which is set on the Z-stage. The motion of
the XY-stage and the Z stage (i.e., the motion of specimen and diamond tool) is controlled
by a computer. The indentation load is measured by the load cell, and the data are recorded
by the acquisition system. The NPF process is monitored with a CCD camera. The process
was taken out inside a clean chamber to prevent the effect of dust. Figure 4.3 shows the
knife-edge tool used for the experiments. It was made of single crystal diamond. The width
of the diamond tool is 0.6 mm, and the edge angle is 60°. The tool was ground very sharp,

and its edge radius was around 40 nm.
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Figure 4. 2 Nano plastic forming equipment
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Figure 4. 3 Knife-edge diamond tools
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Working principle of nano-plastic forming (NPF): NPF is a nano/microscopic metal
forming process. It can fabricate nano/micro structures only by imprinting a specially
designed tool directly on the work material. Figure 4.4 illustrates the working principle of
NPF. The specimen is mounted on the top of the XY-stage. The diamond knife edge tool is
mounted on the tool holder set on the Z stage. Whole NPF process is controlled by a
computer program. Firstly, the diamond tool is progressively translated downward and
indented onto the specimen surface. When the tool touches the specimen surface, the
indentation load increases, the diamond tool is kept indenting to specimen surface until the
indentation load reaches a predefined load. Then the diamond tool is retracted, and the first
indentation is finished. After that, the specimen mounted on the XY stage is translated in Y
direction for a predefined distance called pitch or distance between grooves. Then, the
second indentation is conducted by the same manner. This process is repeated until the
number of indentations reaches a predefined number of times. Then the indentation process
is finished. In order to make grid pattern on the specimen surface, after the indentation in
the first direction finishes, the specimen is laterally rotated by a desired angle and the
indentation process is repeated by the same manner as the indentation process for the first

direction.
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Figure 4. 4 Schematic of nano plastic forming (NPF) working principle
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4.2.2 Experimental procedures and conditions

In this experiment, quartz glass slide (Saito Optics Co., Ltd.) was used as substrate
material. It was cut in sizes of 10 mm in width and 10 mm in length. The thickness of the
quartz glass slide was 1 mm. It was cleaned by ultrasonic vibration in an acetone bath for
10 min. Then, the substrates were dried.

Patterning by NPF: A square grid pattern was fabricated on the cleaned quartz
substrate by NPF. Firstly, a series of parallel nano-grooves was fabricated on a substrate by
indenting the diamond knife-edge tool. The distance between grooves was 100 nm in this
experiment. The indentation load was controlled at a pre-defined load and kept constant for
all grooves. Six levels of indentation load were examined: 0.4, 0.6, 0.8, 1.0, 1.2, and 1.5 N.
The indentation load was determined so that indentation depth becomes smaller than the
critical depth of quartz glass [183, 184], under which depth ductile manner deformation is
maintained and no fracture or crack occurs on the quartz substrate. After the first series of
grooves was fabricated, the substrate was laterally rotated for 90°, and another series of
parallel grooves was fabricated on the pre-formed grooves by the same manner. As a result,
a square grid pattern was fabricated on the surface of the substrate. Figure 4.5 illustrates
the fabrication of nano-grooves grid pattern on a substrate. The length of the grooves
patterned is 1.2 mm in both X and Y direction. The centered region of the pattern is a
square grid pattern with an area of 0.6 mm x 0.6 mm, and the grid size is 100 nm.

Metal deposition: The patterned substrate was again ultrasonically cleaned in an
acetone bath for 10 min, and it was dried. Then, gold was deposited on the surface of the
substrate by a DC sputter coater. The DC sputter coater is the same as the one use for
sputter coating in chapter 3. The thickness of gold coating layer was controlled by adjust
the sputter time. In the experiments, six levels of gold thickness were investigated in the
experiment: 6, 8, 10, 12, 14, and 16 nm.

Thermal dewetting: The gold-coated patterned substrates were subjected to thermal
dewetting in an electric furnace. The furnace is the same as the one used for thermal
dewetting process in chapter 3. Three levels of annealing temperature were examined:
600°C, 800°C, and 1000°C. Two annealing time durations were examined: 10 and 30 min.
Then the specimens were taken out of the furnace and cooled down in the air atmosphere.

The experimental parameters are summarized in Table 4.1.
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Figure 4. 5 lllustration of fabrication of a grid pattern on a substrate

Table 4. 3 Experimental conditions

Knife edge tool

Parameter NPF patterning parameters Coating Annealing
Study Grid size Indentation Load Au thickness Temp. Time
effects of (nm) (N) (nm) (min)

Gold film 6, 8, 10, 12, 10
thickness 100 10 14,16 30
Indentation 0.4,0.6,0.8, 1.0,
load 100 12,15 12 30
Annealing 100 10 12 600, 800, 30
temperature

Transfer the ordered nano dot array to a plastic film: The ordered nano dot array on

the patterned substrate were dried by blowing hot air for 2 minutes to improve the adhesion

between nano dots and a plastic film. Then, the substrate was coated with a thin layer of

plastic. The thickness of the plastic film coating is about 0.5 to 1 mm. Two plastic

materials were examined: Araldite rapid epoxy and SpeciFix-20 epoxy. The processing

conditions for these two plastic materials are the same as in Table 3.2 in chapter 3.
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The nano-grooves grid pattern and the morphology of the nano dot arrays formed on
the patterned quartz glass substrate were characterized by a FE-SEM and a graphic

analysis system (ImageJ software).

4.3 Results and discussion

4.3.1 Effect of gold film thickness on the morphology of nano dot array

aggregated on patterned substrate.

Figure 4.6 shows the FE-SEM micrographs of nano dot arrays aggregated on the
patterned quartz glass substrates after annealing at (a) 600°C for 10 min and (b) 1000°C for
30 min. Thicknesses of gold films were: 6, 8, 10, 12, 14, and 16 nm. It is found that
patterning on a substrate improves the uniformity and regularity of the nano dot array when
the substrate is deposited with an adequate thickness of gold film. It is also found that the
morphology evolution of the nano dot array with different gold film thicknesses is similar
for both annealing conditions.

In figure 4.6 (a), the annealing condition is at 600°C for 10 min. When the gold coating
layer is 6 nm, the gold layer was aggregated into random small dots both on the grid square
units and on the grooves; the regularity of the nano dot array is very poor. When the
thickness is increased to 8 nm, the uniformity and regularity of the nano dot array is
improved. Some dots are almost aligned on a grid pattern, while others randomly aggregate
on both grid square units and on the grooves. When the gold film thickness is further
increased to 10 nm, the uniformity and regularity of the nano dot array is further improved.
The dots are almost aligned on a grid patterns, and the regularity is more apparent.
However, few small dots aggregate on a same grid square unit. Also, many tiny dots
aggregate on the grooves. When the thickness is increased t012 nm, a good uniformity and
regularity in alignment of nano dot array is achieved. The dots are aligned on a grid pattern
whose pitch coincides with the pitch of the grid pattern pre-formed on the substrate. But
very few tiny dots aggregate on the grooves. When the gold thickness is further increased
to 14 nm, the uniformity and regularity of the nano dot array become worse because some
dots are connected with the adjacent dots. When the gold film thickness is too thick (16

nm), the dots are randomly aggregated on the substrate.
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6 nm

(a) Annealing at 600°C for 10 min

(b) Annealing at 1000°C for 30 min

Figure 4. 6 FE-SEM micrographs of nano dot array aggregated on patterned quartz glass substrates
after annealing: (a) at 600°C for 10 minand (b) at 1000°C for 10 min
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Gold film thickness of 12 nm shows the best uniformity and regularity of the nano dot
array. However, few tiny dots aggregate on the grooves, and deteriorate the uniformity and
regularity of the nano dot array.

In figure 4.6 (b), the annealing condition is at 1000°C for 30 min. It is found that the
evolution of morphology of the nano dot arrays with the increase in the gold film thickness
Is similar to those ones at 600°C for 10 min shown in figure 4.6 (a). It is found that, few
dots aggregate on the grooves when the gold film thickness is between 6 and 8 nm, while
almost no tiny dots aggregate on the grooves when the gold film thickness is more than 10
nm. When the gold film thickness is 10 nm and 12 nm, the best uniformity and regularity
of nano dot arrays are achieved. Furthermore, it is also found that the nano dots become
more circular when the annealing temperature is higher as seen in figure 4.6 (a) and (b).
The difference of morphology of nano dot annealed at different annealing temperatures
will be discussed more detail in the next section for investigating effect of annealing
temperature on morphology of nano dot array.

Figure 4.7 shows the variation in the mean diameter of the nano dot array and the
relative alignment error (RAE) against the thickness of gold film. The mean diameter of
the nano dots is evaluated from FE-SEM micrographs by using a graphic analysis software
(ImageJ software). The vertical bars on the graph indicate the standard deviation of the
diameter of the nano dots. The RAE represents the degree of irregularity of a nano dot
array. It is defined as the mean square root of deviation from the ideal position, i.e. the
square grid pattern [183]. For both annealing conditions, it is found that the mean diameter
increases with the increase in gold film thickness. Meanwhile, the standard deviation of the
dot diameter decreases with the increase in the gold film thickness when the thickness is
less than 12 nm. The standard deviation becomes minimum at 12 nm, and it increases with
the increase in the film thickness when the film is thicker than 12 nm. The variation of
RAE is similar to that of standard deviation of dot diameter. RAE becomes minimum when
gold film thickness is 12 nm. This implies that uniformity and regularity of the nano dot

array become the best when the gold film thickness is 12 nm.
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Figure 4. 7 Mean diameter of the nano dot array and its standard deviation and RAE versus gold film

thickness

Figure 4.8 illustrates three types of dot aggregation patterns observed in the
experiments. As shown in figure 4.8 (a), when the gold film is very thin, the metal film is
aggregated into many small dots. It is known that many tiny voids exist randomly in a
deposited thin film [172]. Due to the annealing, the voids progressively are widened, and
are connected to adjacent voids. Since the density of the voids is fairly high, the gold film
of a grid square is separated into many islands. These islands aggregate into many small
dots, and as a result, many dots are formed on a grid square randomly. When the gold film
is of proper thickness as shown in figure 4.8 (b), the metal film is separated only at the
groove grid because the voids density is low. The metal film on a grid square aggregates
into one dot. As a result, dots of uniform size are aligned as a grid pattern. When the metal
film is too thick as shown in figure 4.8 (c), the depth of the debossed grooves grid pattern
on the gold film surface is very narrow. As a result, the metal film is not separated at the
groove grid perfectly. Thus, some dots are connected with the adjacent dots, and they form

larger dots. As a result, uniformity and regularity of the nano dot array become poor.
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Figure 4. 8 Schematic illustration of dot formation on patterned substrate; (a) Thin Au layer, (b)

proper Au layer thickness and (c) thick Au layer

4.3.2 Effect of annealing temperature on the morphology of the nano dot array

Figure 4.9 shows the FE-SEM micrographs of the nano dot arrays aggregated on
patterned substrates after annealed at (a) 600°C, (b) 800°C and (c) 1000°C. The annealing
time is 30 min for all specimens. In the experiment, the grid size is 100 nm and indentation
load are 1.0 N. The thickness of Au film is 12 nm. It is found that the annealing
temperature strongly influences on the morphology of nano dot array. When the annealing
temperature is low (600°C), the gold film aggregates both on the grid square units and on
the grooves. The gold film on the grid square unit aggregates into one large dot which
positioned almost at the center of each grid square unit. While the gold film on the grooves
aggregates into multiple small dots which randomly distributed on the grooves. As a result,
the besides the ordered nano dot array aligned in a grid pattern, tiny dots are generated and
randomly distributed on the grooves as seen in the figure 4.9 (a). In addition, it is found
that the shape of the large dots on each grid square unit is not so circular. When the

annealing is increase to 800°C, it is also found that the gold film aggregates both on the
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grid square units and on the grooves. The circularity of the nano dots aggregated on each
grid square unit is improved. The large dots are aligned on a grid pattern with good
uniformity and regularity. However, tiny dots still exist and randomly distributed on the
grooves as seen in the figure 4.9 (b). When the annealing temperature is further increase to
1000°C, the gold film aggregates only on grid size unit and does not aggregate on the
grooves. As a result, an ordered nano dot array with good uniformity and well aligned are
generated on the patterned substrate as seen in the figure 4.9 (c). It is also found that the

shapes of the large dots on each grid square unit are more circular.

(b) ()

Figure 4. 9 SEM micrographs of nano dot array for annealed at different temperature: (a) 600°C, (b)
800°C and (c) 1000°C. Annealing time is 30 min

Figure 4.10 shows the variation in the mean diameter of the nano dot array and the
relative alignment error (RAE) against the annealing temperature. The grid size is 100 nm
and indentation load are 1.0 N. The thickness of Au film is 12 nm. The annealing time is
30 min for all specimens. It is found that both mean diameter of the nano dot array and
standard deviation slightly decrease with the increase in annealing temperature. Also, the
RAE slightly decreases with the increase in annealing temperature. Among these three
annealing conditions, the standard deviation of diameter of nano dots and REA become
smallest at 1000°C. This implies that uniformity and regularity of the nano dot array

annealed at 1000°C are better than those of nano dot array annealed at 600°C and 800°C.
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Figure 4. 10 Mean diameter of the nano dot array and its standard deviation and RAE versus against

annealing temperature

Figure 4.11 illustrates two types of dot aggregation patterns observed in the
experiments. As shown in figure 4.11 (a), when the annealing temperature is low, the gold
film aggregates both on the grid square units and on the grooves. While, the gold film only
aggregates on the grid square unit and does not aggregate on the grooves when the
annealing temperature is high. This phenomenon can be explained by the model of nano
dot aggregation on curved surfaces which were previously reported by Li et al. (2012)
[185]. It was reported that the gold film tends to aggregate on a flat surface other than on a
curved surface [185]. This is because the total free energy of the dot/substrate system after
annealing decreases more on a flat surface than on a curved surface [185]. In addition, the
nano dots also tend to aggregate on flat surface when the contact angle is higher [185]. It
was reported that the contact angle of the nano dots on a quartz glass substrate increases
with the increase in the annealing temperature [53, 186]. Therefore, when the annealing
temperature is low (from 600°C to 800°C), the contact angle of the dot is low. As a result,
the nano dots aggregate on both the flat surface (i.e. the grid square units) and curved
surface (i.e. the grooves) as seen in figure 4.11 (a). On the other hand, the contact angle of
the nano dots is high at high annealing temperature (at 1000°C). As a result, the nano dots
tend to aggregate on flat surfaces (grid square units) and does not aggregate on the grooves

as seen in figure 4.11 (b).
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Figure 4. 11 Schematic illustration of dot formation on patterned substrate for different annealing

temperatures; (a) Low annealing temperatures and (b) High annealing temperatures

4.3.3 Effect of NPF indentation load on the morphology of nano dot array

aggregated on patterned substrate.

Figure 4.12 (a) shows the FE-SEM micrographs of the grid patterns fabricated by NPF.
The grid size is 100 nm for all specimens and the indentation load is varied from 0.4 N to
1.5 N. It is found that the width of the grooves increases with the increase in indentation
load. This implies that the depth of the grooves also increases with the increase in
indentation load. When the load is 1.5 N, the chipping occurs and the grid pattern was not

fabricated. It is noted that only line pattern was fabricated when the load is 1.5 N due to the

chipping.
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(b) Nano dot arrays aggregated on patterned substrate by thermal annealing

Figure 4. 12 SEM micrographs of: (a) Grid pattern with different indentation load and (b) Nano dot

array aggregated on patterned substrate by thermal annealing
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Figure 4.12 (b) shows the FE-SEM micrographs of the nano dot arrays aggregated on
the patterned substrates after annealing at 1000°C for 30 minutes. It is found that the
indentation load strongly affects the morphology of the nano dot arrays. When the
indentation load is small (0.4 N), the dots are aligned randomly with different sizes. When
the indentation load is increased (0.6 N), the regularity and uniformity of nano dot array is
improved. However, the regularity of the nano dot array is not so clear. Some dots are
aligned in a grid pattern while others are randomly distributed. When the indentation load
is further increased to 0.8 N, the dots are almost aligned in a grid whose pitch coincides
with the pitch of the grooves grid pattern fabricated by NPF. However, some dots are
connected with the adjacent dots, and formed larger dots which randomly aggregate on
both the grid square units and the grooves. When the indentation load is increased to 1.0 N,
each dot is aggregated on one grid square unit. The nano dot array is well aligned and good
uniformity. When the indentation load is further increased to 1.2 N, the alignment and
uniformity of the nano dot array become worse. Most of the dots are aggregated on the grid
unit while some others are aggregated on the grooves. The dots aggregate on the grooves
degrade the uniformity and regularity of the nano dot array. The lower, right-hand side
corner micrograph shows a nano dot array randomly aggregated on a flat substrate coated
with 12 nm gold film and subjected to same annealing condition. It is obvious that with
proper indentation load, the patterning by NPF improves the uniformity and regularity of
the nano dot array.

Figure 4.13 shows the variation in the mean diameter of the nano dot array and the
RAE against the indentation load. The vertical bars on the graph denote the standard
deviation of the diameter of the nano dots. It is found that the mean diameter of the nano
dot array does not fluctuate so much with the increase in indentation load from 0.4 N to 1.2
N. When the indentation load is 0.8 N, the diameter of the nano dot array is slightly larger
than the ones aggregated on substrate patterned with other indentation loads. This is
because some dots merge with the adjacent dots, and form larger dots. The standard
deviation of the diameter of the nano dots decreases with the increase in the indentation
load when the load is smaller than 1.0 N. It becomes minimum at 1.0 N, and it increases
with the increase in indentation load when the indentation load is larger than 1.0 N. The
variation of RAE with the increase in the indentation load is similar to the variation of

standard deviation. Also, it is found that RAE becomes minimum when the indentation
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load is 1.0 N. This implies that uniformity and regularity of the nano dot array become the
best when the indentation load is 1.0 N in this study.
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Figure 4. 13 Mean diameter of the nano dot array and its standard deviation and RAE versus

indentation load

Figure 4.14 illustrates three types of dot aggregation patterns observed in the
experiments with different indentation loads. As shown in figure 4.14 (a), when the
indentation load is small, the depth of the grooves is small and the width of the grooves is
narrow. As a result, the depth of debossed grooves grid pattern on the gold film surface is
very small. Therefore, the metal film is not separated by the groove grid pattern perfectly.
The metal film aggregates into many dots randomly distributed on substrate. When the
indentation load is in proper range as shown in figure 4.14 (b), the metal film is separated
only at the groove grid, and aggregates into one dot on each grid square unit. As a result,
the nano dot array is good uniformity and well aligned on a grid pattern. When the
indentation load is large as shown in figure 4.14 (c), both the depth and width of the
grooves are large. The gold film is separated well at the groove grid. In addition, since the
groove is wide and deep, some parts of gold film aggregates onto grooves, and form tiny
dots on the groove as seen in figure 4.14 (c). These tiny dots on the grooves deteriorate the

uniformity and regularity of the nano dot array.
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Figure 4. 14 Schematic illustration of dot formation on patterned substrate: (a) Small indentation load,

(b) proper indentation load and (c) large indentation load

4.3.4 Transfer of an ordered nano dot array to a platic film

From experimental results in chapter 3, it was found that for Araldite rapid epoxy the
nano dot transfer ratio decreases with the increase in annealing temperature, and annealing
temperature at 600°C results in highest transfer ratio when transfer of a random nano dot
array to an Araldite rapid epoxy film. In contrast, the SpeciFix-20 epoxy shows increase of
transfer ratio with the increase in annealing temperature, and annealing temperature at
900°C and 1000°C results in very high transfer ratio when transfer of a random nano dot
array to a SpeciFix-20 epoxy film. Therefore, in the experiment for transferring of an
ordered nano dot array to an Araldite rapid epoxy film, the annealing temperature at 600°C
is investigated. While in the experiment for transferring of an ordered nano dot array to a
SpeciFix-20 epoxy film, the annealing temperatures at 900°C and 1000°C are investigated.
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Transfer of an ordered nano dot array to Araldite rapid epoxy:

Figure 4.14 shows the FE-SEM micrographs of (a) ordered nano dot arrays on quartz
glass substrates and (b) the ordered nano dot arrays transferred to Araldite rapid epoxy
films. The grid size is 100 nm, and indentation load is 1.0 N. The gold film thickness is
varied from 8 to 14 nm. Annealing condition is at 600°C for 10 min. The experimental
procedures and conditions to transfer of an ordered nano dot array to an Araldite rapid
epoxy film are the same as those ones to transfer a random nano dot array to an Araldite
rapid epoxy film presented in chapter 3. From figure 4.14, it was found that the gold film
thickness affects the transfer ratio of nano dot array to Araldite rapid epoxy. When the gold
film thickness is 8 nm, the nano dot array was successfully transferred to Araldite rapid
epoxy. When the gold film thickness is more than 10 nm, the nano dot arrays are not
transferred to Araldite rapid epoxy. Only some tiny dots aggregated on the grooves are
transferred to Araldite rapid epoxy. This maybe because the difference in contact angle of
the nano dots generated from different gold film thicknesses. It is known that the
aggregation of the gold film into nano dots is faster when the gold film is thinner [188]. In
addition, the smaller dots generated from thinner gold film also aggregate faster into
circular shape than the larger ones [188]. Therefore, when the gold film is thin (8 nm), the
aggregation of golf film into nano dots is very fast. This results in higher contact angle
between the nano dots and the substrate, and thus smaller contact area between the dot and
the substrate. This results in weak adhesion between the dots and the substrate. Therefore
the nano dots array is transferred to the Araldite rapid epoxy film.

On the other hand, when the gold film thickness is more than 10 nm, the aggregation of
gold film into nano dots is slower. As a result, the nano dots are remained distorted and flat.
Thus, the contact angle between the dots and the substrate is low and the contact area
between the dots and the substrate is large. This results in stronger adhesion between the
dots and the substrate when the gold film is thicker. Therefore, the nano dot arrays are not
transferred to Araldite rapid epoxy film when the gold film thickness is more than 10 nm.
However, some tiny dots aggregated on the grooves of the pattern are transferred to
Avraldite rapid epoxy film when the gold film thickness is more than 10 nm. This can be
also attributed to the higher contact angle and lower contact area of the tiny dots on the
grooves. This is because the dots aggregate on the grooves are much smaller than those

ones aggregate on the grid square units. The smaller dots aggregate faster and thus results
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in higher contact angle and smaller contact area. Therefore, the tiny dots on the grooves are
transferred to Araldite rapid epoxy film, while the larger dots on the grid square units are

remained on the quartz glass substrates when the thickness of gold film is thicker than 10

nm.

(a) Nano dot array of quartz glass substrate

(b) Nano dot array transferred to Araldite rapid epoxy

Figure 4. 15 FE-SEM micrographs of: (a) nano dot array on quartz glass substrate, (b) nano dot array

transferred to Araldite rapid epoxy

When the gold film thickness is 8 nm, the nano dot array is successfully transferred to
an Araldite rapid epoxy film. After the nano dot array is transferred to the Araldite rapid
epoxy film, substrate was re-employed to investigate the re-usability of the patterned
substrate. After transferring, the patterned substrate is subjected to cleaning step as
follows: the substrate was emerged into the Aurum solution for 30 min to remove the gold
dots remained on the patterned substrate after transferring. Then, it is cleaned in acetone by
using ultrasonic bath for 10 min for twice. It was dried. After that, cleaned substrate is used
for the second time of transferring of another ordered nano dot array to another Araldite
rapid epoxy film by repeating three steps: gold deposition for 8 nm in thickness, annealing
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at 600°C for 10 min, and transfer of the ordered nano dot array to another Araldite rapid
epoxy film.

Figure 4.16 shows the FE-SEM micrographs of the (a) grid patterned fabricated on a
quartz glass substrate by NPF, the substrated is deposited with gold film for 8 nm in
thickness, (b) gold nano dots array aggregated on the patterned substrate afterannealing at
6000C for 10 minutes, (c) gold nano dot array transferred to an Araldite rapid epoxy film,
(d) the patterned substrate after transferring, (e) patterned substrate after cleaning, the

cleaned substrate is deposited with gold film for 8 nm in thickness, (f) the nano dot array

Annealing Transferring 15 time

Grid patterned by NPF, Nanodot array Nanodot array Substrate after
Au coating 8nm on substrate on epoxy film transferring

Cleaning

Annealing Transferring 2"? time

Grid patterned after ~ Nanodot array Nanodot array Substrate after
cleaning, on substrate on epoxy film transferring
Au coating 8nm

Figure 4. 16 The first time and second time of using the patterned substrate for transferring of ordered

nano dot array to Araldite rapid epoxy films
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aggregated on the patterned substrate after annealing for 2™ time, (g) gold nano dot array
transferred to another Araldite rapid epoxy film, and (h) the patterned substrate after the
2" time transferring. It is found that another ordered gold nano dot array was successfully
fabricated on another Araldite rapid epoxy film as seen in figure 4.16 (g) by re-employing
the patterned substrate. It is also found that the morphology of the nano dot array on the
quartz substrate and the Araldite rapid epoxy film for the first time transferring is similar to
those accordingly ones in the second time of transferring. The dot transfer ratio around
90% was achieved for both two times of transferring. This demonstrates that the patterned
substrate can be used repeatedly. Since, the fabrication of nano grooves grid patterns by
NPF (step 1 in figure 4.1) is the most time consuming but the three steps: metal deposition,
thermal dewetting, and nano dot transferring (from step 2 to 4 in the figure 4.1) require
very short time. In addition, it is noted that in the second time of transferring, only three
steps: metal deposition, thermal dewetting and nano dot transferring (from step 2 to 4 in
the figure 4.1) were implemented, and the NPF step was not used. Therefore, the

throughput of the proposed process is expected to be very high.

Transfer of an ordered nano dot array to SpeciFix-20 epoxy:

The annealing temperature at 900°C and 1000°C were examined to fabricate an ordered
nano dot array on the patterned substrate and transfer the ordered nano dot array to a
SpeciFix-20 epoxy film. Figure 4.17 shows the FE-SEM micrographs of (a) ordered nano
dot arrays on quartz glass substrates and (b) the nano dots arrays transferred to SpeciFix-20
epoxy films. The grid size is 100 nm, and indentation load is 1.0 N. The gold film
thickness is varied from 10 to 14 nm. Annealing condition is at 900°C for 30 min. The
experiment procedures and conditions to transfer ordered nano dot arrays to SpeciFix-20
epoxy films are the same as those ones to transfer random nano dot array to SpeciFix-20
epoxy film presented in chapter 3. It is found that the ordered nano dot arrays were
successfully transferred to SpeciFix-20 epoxy films for both three gold film thicknesses.
Although several nano dots were not transferred to SpeciFix-20 epoxy films, the nano dot

arrays on SpeciFix-20 epoxy films are good uniformity and regularity.
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(b) Nanodot array transfer to specifix-20 epoxy

Figure 4. 17 FE-SEM micrographs of: (a) nano dot array on quartz glass substrate, (b) nano dot array

transferred to SpeciFix-20 epoxy, the annealing condition is at 900°C for 30 min

Figure 4.18 shows the FE-SEM micrographs of (a) ordered nano dot array on quartz
glass substrate and (b) the nano dots array transferred to SpeciFix-20 epoxy. The grid size
is 100 nm, and indentation load is 1.0 N. The gold film thickness is varied from 10 to 14
nm. Annealing condition is at 1000°C for 30 min. It is found that the nano dot array were
partially transferred to SpeciFix-20 epoxy film when the gold film thickness is in between
10 and 12 nm, but no dots were transferred to SpeciFix-20 epoxy when the gold film
thickness is 14 nm.

When transferring a random nano dot array to a sepcifix-20 epoxy film, both annealing
temperatures at 900°C and 1000°C result in high transfer ratios. However, when
transferring an ordered nano dot array to a SpeciFix-20 epoxy film, two annealing
temperatures result in different transfer ratios of nano dot array to SpeciFix-20 epoxy.
When annealing temperature is at 900°C, high transfer ratio of nano dot array was obtained

and the ordered nano dot arrays were successfully transferred to SpeciFix-20 epoxy films.
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However, the ordered nano dot arrays were partially transferred to SpeciFix-20 epoxy
films with a low transfer ratio when the annealing temperature is at 1000°C. The reason
may be attributed to the surface quality of the substrates, the contamination on the surface
of the substrates between the experiments, or the humidity of the environment which
strongly affect the transfer ratio of nano dot array to SpeciFix-20 epoxy. Although different
transfer ratios obtained at different annealing temperatures, ordered nano dot arrays were
successfully transferred to SpeciFix-20 epoxy film when the annealing temperature is at
900°C. This result demonstrates the feasibility of the process proposed in this research

work for fabrication of sub-100 nm in diameter of an ordered nano dot array on a plastic

(a) Nanodot array on quartz glass substrate

(b) Nanodot array transfer to specifix-20 epoxy

film.

Figure 4. 18 FE-SEM micrographs of: (a) nano dot array on quartz glass substrate, (b) nano dot array

transferred to SpeciFix-20 epoxy, the annealing condition is at 1000°C for 30 min

When the proper condition is found, it is expected that an ordered nano dot array can be

transferred to a plastic film at a very high transferred ratio. In addition, when more
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advanced plastic materials are developed; many plastic films or plastic substrates have
good adhesion to metal nano dots, fabrication of ordered nano dot arrays on plastic films or
plastic substrates by the process proposed in this research is easily implemented. The
experimental results in previous section demonstrated that the patterned substrate can be
re-used for second time of transferring nano dot array to a plastic film. When more proper
and advanced substrate materials are employed for the patterned substrate, it is expected
that the substrate can be re-used many time. Therefore, the throughput of this process is
very high.

For future work to develop this study, first of all, the process condition is optimized to
obtained high transferred ratio when transfer of an ordered nano dot array from a patterned
substrate to a plastic film. In addition, more advanced of substrate materials and plastic
materials are also necessary to obtain high throughput of fabrication process by using
repeatedly the patterned substrate to transfer of ordered nano dot arrays to a plastic film.
Once, the optimum process condition is obtained, it is necessary to fabrication of ordered
nano dot arrays on plastic films in large area to realize the applications of ordered nano dot
arrays on plastic films to various fields such as bio-sensors, plasmonic organic solar cells.
In order to fabricate large area of ordered nano dot arrays on a patterned substrate, the
patterned area on the substrate should be large. This can be accomplished by utilizing
scratching process which is similar to NPF, but the difference is from the fact that in
scratching, a diamond tool is scratch on the surface of a substrate to make the nanopattern
instead of indentation the surface with a diamond tool. In NPF indentation, the patterned
area is limited by the width of the tool. However, in scratching process, the patterned area
is not limited by tool size. Therefore, large area of nanopattern on substrate can be

achieved by employing scratching process.

4.4 Summary

Investigations and results of this chapter are summarized as follows:

1. Effects of gold film thickness on the morphology of a nano dot array aggregated on a
patterned substrate

(i) The thickness of gold film strongly influences the morphology of nano dot array.

When the gold film thickness is thin, the gold film aggregates on both the grid square
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units and on the grooves, the uniformity and regularity of nano dot array is poor.
When the gold film thickness is in a proper range, the gold film aggregates on the grid
square units and forms a good uniformity and regularity of nano dot array. When the
gold film is thick, some dots are merged with adjacent ones, and form larger dots
randomly distributed on substrate, the uniformity and regularity of nano dot array is
poor.

(i) The mean diameter of the nano dot array increases when the gold film is thicker.
Patterning on a substrate improves the uniformity of regularity of the nano dot array
after annealing only when gold coating thickness is in a proper range. A good
uniformity and regularity nano dot array was achieved when the gold film thickness is

12 nm in this study.

2. Effects of annealing temperature on the morphology of a nano dot array aggregated
on a patterned substrate
(i) Annealing temperature also strongly influences the morphology of a nano dot array
aggregated on a patterned substrate. When the annealing temperature is low, the gold
film aggregates on both the grid square units and on the grooves. When the annealing
temperature is high, the gold film aggregates only the grid square units and do not
aggregate on the grooves, and results in good uniformity and regularity of nano dot
array. The reason is attributed to the fact that gold film tends to aggregate on a flat
surface other than on a curved surface due to the total energy of the dot/substrate
system reduces more on a flat surface than on a curved surface. A good uniformity
and regularity of nano dot array was achieved when the annealing temperature is at
1000°C.

3. Effects of indentation load on the morphology of nano dot array aggregated on
parttened substrate

(i) Indentation load also strongly influences the morphology of a nano dot array
aggregated on a patterned substrate. When the indentation load is small, the gold film
aggregates into random nano dot array. When the indentation load is in proper range,

the gold film is separated well by the grid grooves and aggregates into an ordered
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(i)

nano dot array. When the indentation load is large, the gold film is aggregates on both
the grid square units and on the grooves, the uniformity and regularity of nano dot
array becomes worse. A good uniformity and regularity nano dot array was achieved

when the indentation load is 1.0 N in this study.

Patterning on substrate by NPF improves the uniformity and regularity of the nano
dot array through annealing process under proper conditions of gold film thickness,

annealing temperature, and indentation load.

4. Transfer of an ordered nano dot array to a plastic film

(i)

(i)

(i)

(iv)

An ordered nano dot array was successfully transferred to an Araldite rapid epoxy
when the gold film thickness is 8 nm.

The substrate can be re-used after transferring of an ordered nano dot array to an
Avraldite rapid epoxy film. The substrate was used for the second time of transferring
of an ordered nano dot array to array to another Araldite rapid epoxy film. A transfer
ratio around 90% was achieved for both two times of transferring.

Ordered nano dots arrays were also successfully fabricated on SpeciFix-20 epoxy
films when the annealing temperature is at 900°C. The nano dot arrays transferred to
SpeciFix-20 epoxy film are good uniformity and regularity. Ordered nano dots arrays
were partially transferred to SpeciFix-20 epoxy film at a low transfer ratio when the

annealing temperature is at 1000°C.

The feasibility of process proposed in this research work for fabrication of sub-100
nm in diameter ordered nano dot array on a plastic film is demonstrated. It is also
verified that under proper condition, the patterned substrate can be re-used for
transferring nano dot array to a plastic film. Once, the optimum condition is obtained,
and more advanced substrate materials and plastic materials are employed, the

process can achieve high transfer ratio and high throughput.
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CHAPTER 5

Conclusions

In this research work, a new fabrication process of a metallic nano dot array on a plastic
film by thermal dewetting and dot transfer technique is proposed. Firstly, the process for
fabrication of a random metallic nano dot array on a plastic film by thermal dewetting on a
flat substrate and dot transfer technique studied. The experiments were conducted to verify
the feasibility of the process. Then, the proposed process is extended to fabrication of an
ordered metallic nano dot array on a plastic film by nano-plastic forming assisted thermal
dewetting on a patterned substrate and dot transfer technique. The experiments were
conducted to demonstrate the feasibility of the extended process. The investigations in this
study lead to the following conclusions.

For the first process: fabrication of a random metallic nano dot array on a plastic film
by thermal dewetting on a flat substrate and dot transfer technique. The experimental
results show that the morphology of a random nano dot array strongly depends on the
annealing temperature, annealing time, substrate material, and gold film thickness. In
addition, it is found that the LSPR property of a nano dot array strongly depends on its
morphology, especially, the circularity of the nano dot array. It is also found that the
transfer ratio is strongly influenced by the substrate material, plastic material, and

annealing temperature. The main results are summarized as follows:

Effects of process conditions on the morphology of nano dot array

(i) Mean diameter and corresponding standard deviation of the nano dots increases with
the increase in the gold film thickness, but decreases with the increase in the
annealing temperature. This is attributed to the surface diffusion of gold atoms which

affects the aggregation of gold film into nano dots.

(if) Substrate material affects morphology of the aggregated nano dots. The nano dots
aggregated on a quartz glass substrate are large and sparse, while the nano dots
aggregated on a silicon substrate are small and dense. The difference between

morphologies of nano dots on a quartz glass substrate and on a silicon substrate are
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(iii)

(iv)

attributed to the difference in the surface energy of the two substrate materials.

The contact angle of the nano dots both on a quartz glass substrate and on a silicon
substrate increases with the increase in the annealing temperature. The silicon
substrate results in slightly higher contact angle of nano dots than the quartz glass
substrate. The reason is attributed to the difference in the surface energy of the two

substrate materials.

The circularity of nano dots increases with the increase in the annealing time, but
becomes saturated to a certain value that depends on the annealing temperature.

Maximum circularity of around 0.9 was achieved in this study.

Effects of process conditions on the LSPR property of a nano dot array

(i)

(i)

(iii)

The absorbance spectra of a nano dot array on a quartz glass substrate display a
unique peak in the visible range. This absorbance peak shifts to longer wavelengths
side and becomes broader with the increase in the gold film thickness. This is
attributed to the difference in the morphology of nano dot array generated by different

thicknesses of gold film.

The absorbance peak shifts to shorter wavelengths side, the absorbance peak intensity
decreases, and absorbance peak becomes sharper when either the annealing time or
the annealing temperature is increased. The annealing temperature shows more
significant effects on the variation in LSPR absorbance peak wavelength and peak
intensity than the annealing time in this study. This is attributed to the more uniform,
more circular nano dots morphology which weakens the coupling effects of the LSPR

of the nano dots.

It is found that the variation in the LSPR property is closely correlated to the variation

in the nano dots circularity.

Effects of process conditions on the transfer ratio of nano dot array to a plastic film

(i)

The substrate material affects the transfer ratio of a nano dot array to a plastic film.
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(i)

(iii)

(iv)

The silicon substrate shows slightly higher transfer ratio than the quartz glass
substrate. This is attributed to the difference between the surface energy of the two

substrate materials.

The plastic materials show contrary trends of variation of transfer ratio against
annealing temperature. Araldite rapid epoxy decreases the transfer ratio while the
SpeciFix-20 epoxy increases transfer ratio when the annealing temperature becomes

higher. This is attributed to the difference between the viscosities of the two epoxies.

Dot transfer mechanism is discussed theoretically based on the difference of total free
energy and compared with the experimental results. PDMS and SpeciFix-20 epoxy

show good agreement with the dot transfer mechanism theory.

A 20 cm? in area of random nano dot array was successfully fabricated on an Araldite
rapid epoxy film. It demonstrated feasibility of the proposed process for large area
fabrication of a nano dot array on a plastic film.

For the second proposed process: fabrication of an ordered metallic nano dot array on a

plastic film by nano-plastic forming assisted thermal dewetting on a patterned substrate

and

dot transfer technique. The experimental results show that the uniformity and

regularity of a nano dot array strongly depends on the gold film thickness, the annealing

temperature and the indentation load. The ordered nano dot array is then transferred to a

plastic film to evaluate the feasibility of the process. The main results are summarized as

follows:

Effects of gold film thickness on the morphology of a nano dot array aggregated on a
patterned substrate

(i)

The thickness of gold film strongly influences the morphology of nano dot array
aggregated on a patterned substrate through thermal annealing process. When the
gold film is thin, it aggregates on both the grid square units and on the grooves, the
uniformity and regularity of nano dot array are poor. When the gold film thickness is
in a proper range, the gold film aggregates on the grid square units and form good
uniformity and regularity of nano dot array. When the gold film is thick, some dots

are merged with adjacent ones, and form larger dots randomly distributed on substrate,
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the uniformity and regularity of nano dot array are poor.

(i) The mean diameter of the nano dot array increases when the gold film is thicker.
Patterning on a substrate improves the uniformity of regularity of the nano dot array
after annealing only when gold film thickness is in a proper range. A good uniformity
and regularity nano dot array was achieved when the gold film thickness is 12 nm in

this study.

Effects of annealing temperature on the morphology of a nano dot array aggregated
on a patterned substrate
(i) Annealing temperature also strongly influences the morphology of a nano dot array
aggregated on a patterned substrate through thermal annealing process. When the
annealing temperature is low, the gold film aggregates on both the grid square unit
and on the grooves. When the annealing temperature is high, the gold film aggregates
only the grid square units and does not aggregate on the grooves, and results in good
uniformity and regularity of nano dot array. The reason is attributed to the fact that
gold film tends to aggregate on a flat surface other than on a curved surface due to the
total energy of the dot/substrate system reduces more on a flat surface than on a
curved surface. A good uniformity and regularity of nano dot array was achieved

when the annealing temperature is at 1000°C.

Effects of indentation load on the morphology of a nano dot array aggregated on a
patterned substrate

(i) Indentation load also strongly influences the morphology of a nano dot array

aggregated on a patterned substrate. When the indentation load is small, the gold film

aggregates into a random nano dot array. When the indentation load is in proper range,

the gold film is separated well by the grid grooves and aggregates into an ordered

nano dot array. When the indentation load is large, the gold film aggregates on both

the grid square units and on the grooves, the uniformity and regularity of nano dot

array becomes worse. A good uniformity and regularity nano dot array was achieved

when the indentaion load is 1.0 N in this study.

(if) Patterning on substrate by NPF improves the uniformity and regularity of the nano
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dot array through annealing process only under proper conditions of gold film
thickness, annealing temperature, and indentation load.

Transfer of an ordered nano dot array to a plastic film

(i)

(i)

(iii)

(iv)

An ordered nano dot array was successfully transferred to an Araldite rapid epoxy

when the gold film thickness is 8 nm.

The substrate can be re-used after transferring of an ordered nano dot array to an
Avraldite rapid epoxy film. The substrate was used for the second time of transferring
of an ordered nano dot array to array to another Araldite rapid epoxy film. A transfer

ratio around 90% was achieved for both two times of transferring.

Ordered nano dots arrays were successfully fabricated on SpeciFix-20 epoxy films
when the annealing temperature is at 900°C. The nano dot arrays transferred to
SpeciFix-20 epoxy films are good uniformity and regularity. Ordered nano dots
arrays were partially transferred to SpeciFix-20 epoxy film at a low transfer ratio

when the annealing temperature is at 1000°C.

The feasibility of process proposed in this research work for fabrication of sub-100
nm in diameter ordered nano dot array on a plastic film is demonstrated. One the
optimum condition is obtained and more advanced of substrate materials and plastic
materials are employed, the process can achieve high transfer ratio and high
throughput.

For future work to develop this research work, the process condition is optimized to

obtained high transfer ratio when transfer of an ordered nano dot array from a patterned

substrate to a plastic film, and to enhance the throughput of this process. In addition, it is

desired to fabricate of ordered nano dot arrays on plastic films in large area to realize the

applications of order nano dot arrays on plastic films to various fields such as bio-sensors,

plasmonic organic solar cells. Furthermore, it is necessary to develop an automatic system

to transfer of nano dot arrays from a substrate to a plastic film.
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Appendix A Supplementary data

APPENDIX A

Supplementary data

Diameter of nano dot array after annealing (nm), gold film thickness is 8 nm

600°C 700°C 800°C 900°C 1000°C
5 min 41.6 41.1 36.5 34.2 35.3
10 min 42.6 41.1 35.9 32.8 34.0
15 min 42.7 40.4 35.0 33.4 34.1
20 min 42.1 39.4 34.3 32.3 32.0
30 min 41.6 41.0 35.3 31.8 33.0
60 min 42.7 39.1 34.6 32.6 34.0
90 min 40.9 39.7 35.0 31.4 33.0
120 min 40.2 39.0 34.8 31.2 32.0

Standard deviation of dot diameter

600°C 700°C 800°C 900°C 1000°C
5 min 18.2 20.3 18.1 13.8 15.2
10 min 19.1 20.3 18.7 12.2 16.3
15 min 18.6 19.8 18.5 12.9 18.5
20 min 16.8 18.5 17.0 11.8 18.0
30 min 23.6 20.5 23.4 11.3 11.7
60 min 21.9 19.0 21.6 11.3 12.7
90 min 23.8 19.7 23.3 10.9 15.3
120 min 19.8 19.2 19.6 10.5 17.1
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Figure Al: Variation of mean diameter of nano dots for different annealing conditions
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