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Abstract

The etching possibility of SiO> is studied systematically using gold nanoparticles. Pene-
tration depth, surface diffusion and morphological change of gold nanoparticles deposited
in a silica substrate have been investigated. Results of different process parameters such
as deposition rate and annealing effect etc. were also investigated against different sub-
strates and patterning methods. Gold nanoparticles were formed by annealing a thin sput-
ter coated gold film. Lift off process followed by standard photolithography and shadow
mask processes were used to pattern the gold film in the silicon substrate before anneal-
ing. Furthermore, bulk gradient process is used to compare the difference on result pa-
rameters between patterned and unpatterned substrate.

The thickness of gold used in this study was 20 nm or 40 nm. The thermal dewetting of
the gold nanoparticles deposited in the substrate was carried out by high temperature
which was close to 1053°C. Diffusion of gold nanoparticles was found with a diameter
range of 35 nm to 225 nm and length up to a range of 30 nm to 200 nm in a 500 pum thick
substrate. The parameters were observed through a scanning electron microscope.

Keywords: Gold Nanoparticle, Silica, Nanopore, Annealing, Solid State Dewetting,
Nano Fabrication.
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CHAPTER 1

Introduction

In Micro and nanofabrication process sphere, etching is referred as the removal of a cer-
tain material from the substrate surface. Etching is generally used in fabrication of semi-
conductor devices for pattern transfer, wafer planarization and isolation. The process is
prepared with the assistance of lithography process to select particular areas of the sub-
strate from where the material is removed. Until the late 1970’s, wet etching was the
preferred technique for transferring pattern in the field of integrated circuit fabrication
procedure [1]. The revolutionary invention of plasma based etching substituted wet etch-
ing in fabrication process. It is when Stephan Irving successfully demonstrated the pro-
cess of removing photoresist films with reactive oxygen plasma in 1968 [2]. Since then
development of plasma based etching started abruptly and was further developed by Ir-
ving’s invention of gas plasma vapor based etching process in 1971[3]. This invention
influenced researchers to think about the appropriate gases to generate plasma. In 1974
Naokichi Hoskawa demonstrated the etching features of fluorine and chlorine-containing
gases instead of argon gas to etch materials like Si, quartz, glass, Al, Mo. The process
involved two parallel quartz plate reactors along with photoresist to increasing the etch
rate of these materials [4]. This selective technique is particularly called reactive ion etch-
ing (RIE), reactive sputter etching (RSE) or ion-assisted plasma etching, which went
through further development by Hoskawa in 1975, where he exhibited the etching process
of Si and Si0, in CoFin/O; and ChF/H2 plasmas [5]. Since then this distinct model of
plasma based dry etching has become the most popular pattern transfer technique and
widely used in semiconductor industry [6]. The further development to improve the etch-
ing process and to optimize the parameters is still of great interest to researchers.

Quartz is an essential material in the field of optoelectronics and photonics because of its
characteristics such as high temperature stability, chemical resistance, high resistivity to
laser operation. These properties also resemble the difficulty of using it in fabrication
process. Most common methodology to fabricate structures in quartz or fused silica is by
patterning the substrate by electron beam lithography, laser ablation, photolithography
[7]. While there were, several processes developed to fabricate structures but low etch
rate and selectivity were the primary issues to be solved. Previously, etching of quartz
was performed by HF, CF4, SFs, CHF3 and various kind of reactive gases via RIE which
provide high etch rate [8]. Later on, further developments were done in order to achieve
a pattern size smaller than 100 nm with high etch rate and accuracy on the substrate [9].



Evolution of this research area brought drastic changes on the Si integrated circuit indus-
try as the outcome of this can be visible on the microelectromechanical system(MEMS)
devices. Nano sized integrated circuit is considered to be the core of these devices [10].
Until now developing the etching process of quartz with high etch rate and selectivity
with different particles is on research phase.

Gold is considered to be one of the widely-used material in the MEMS industries because
of'its high thermal and electrical conductive property and also for its solid bond structure.
Another excellent feature for which gold thin film is popular is, its deposition in the sub-
strate by both physical vapor deposition and electrodeposition [11]. The electro optical
properties of gold nanoparticles have been developed and characterized by constant re-
search and usage in numerous applications because of its invigorating interaction with
visible light spectrum. The application can be tunable depending on the size of the gold
nanoparticles deposited on the thin film [12]. Gold nanoparticles of different morphology
are also used to generate and enhance the sensitivity of Surface-enhanced Raman spec-
troscopy which eventually led into scope of studies for biological and gas sensors. Today
high surface to volume aspect ratio of gold nanoparticle arrays are widely used in photo-
dynamic therapy molecular sensing and various kinds of biomedical sensing applications
[13,14]. The main objective in this study is to observe and experiment the etching possi-
bility of quartz by gold nanoparticles which is one of the vital component in fabrication
industry for the application of DNA sequencing, molecular sensing and molecular sepa-
rations.

The whole study was done in cleanroom environment. The etching characteristics of
quartz was observed by transferring the gold thin film patterns into the substrate by sev-
eral techniques (e.g. electron beam lithography, photolithography, lift-off, shadow mask)
and was proceeded to oven treatment for thermal dewetting. High temperature(1053°C)
which is close to the melting temperature of gold was used for the annealing procedure.
Achieved samples were then characterized with a scanning electron microscope (SEM).
In this study, Chapter 2 reflects on the theoretical approaches which were taken into ac-
count in this fabrication process. Chapter 3 includes the experimental procedures and pro-
cesses followed during the experiment to provide a brief overview of this method. Com-
prehensive results are discussed in Chapter 4 with the SEM images. Finally, Chapter 5
draws the conclusion of this experimental procedure.



CHAPTER 2

Theory

In this chapter, theoretical explanation of the techniques behind this research has been
briefly explained. The evolution of nanotechnology created several cost-efficient
nanofabrication techniques which has been under development for decades to minimize
the feature size by keeping the high scale resolution. There are several techniques of mi-
cro-nano fabrication nowadays which are used for different purposes. In this research,
standard photolithography along with lift-off, shadow mask and electron beam lithogra-
phy techniques were used for patterning. The theoretical description of these techniques
is discussed in this chapter along with the parameters that are needed for each of the
techniques.

2.1 Patterning

Integrated circuit (IC) fabrication involves a lot of physical and chemical processes to be
performed on a semiconductor substrate. In this processes patterning is considered to be
the backbone of the fabrication process. Lithography is the technique which is used to
create desired geometric pattern from a mask on a thin polymer film which is called resist.
Depending on the purpose of the optical function, desired profile and functionality, li-
thography can be classified into optical lithography, electron beam lithography, X-ray
lithography. The detailed classification of the lithography processes is shown in fig.1[15].
Each of'the techniques has their advantages, limitations, and provides specific feature size
range. In this research Photolithography and electron beam lithography technique are
used for the desired patterning.
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Figure 2.1: Classification of lithography techniques [16].

2.1.1 Photolithography

Photolithography is the most popular and widely used lithographic technique in the pat-
terning process. In this technique, a geometric pattern is transferred to photosensitive film
placed on top of the substrate by exposing light with or without an optical mask. Usually
ultraviolet radiation is mostly used as the light source. An optical mask is used as a me-
dium which consists of opaque and transparent patterns. When the radiation falls on the
mask, light gets passed through the transparent part of the mask and allows the light to
fall on the photoresist. Typical optical mask patterns are made of chromium or iron oxide.
The resulting pattern on the photoresist is the inverse image of the pattern on the photo-
mask. The pattern on the photoresist is then transferred to the substrate. Different photo-
resist has different properties which changes when exposed to proper radiation of light.
The success of the multilayered structures depends on the alignment of the photomasks
and exposure of the successive patterns on the substrate [17]. Figure 2.2 represents the
schematic of the photolithography process.

Photolithography systems can be of different types depending on the aligner, which de-
fines the contact of resist with mask. The basic types of aligner are contact, proximity and
projection. In the contact printing systems, the resist is directly in contact with the mask
providing 1:1 imaging. Whereas, in the proximity system the resist is partially in contact
with the mask providing the same magnification by succeeding near field or Fresnel dif-
fraction theory. As they both are in contact and almost in contact with mask they are
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Figure 2.2: Schematic of photolithography process [18].

called diffraction-limited aligners. Whereas, In the projection system, the mask pattern in
projected to the photoresist layer with a distance from the mask and demagnified with a
magnification, of 1:4-1:10 [19]. This type of aligner is based on far field or Fraunhofer
diffraction theory. In Figure 2.3. the demonstration of these 3 aligners is presented.

Issues related to the quality of photolithography systems (e.g. resolution, registration,
throughput) has been developed in years [20]. Resolution was one of the parameter that
went through major development, which determines the size of the feature. Resolution is
defined by the wavelength of incident light (1) and the numerical aperture (NA) of the

lens projecting the image by Rayleigh criteria, R = é. Resolution of a system doesn’t

only depend on the wavelength, numerical aperture and diffraction but it also depends on
particular parameters, e.g. depth of focus, thickness of photoresist, and surface roughness.
These are the parameters that went through development procedures for decades by sci-
entists [21]. Projection printing which is called 3D-priniting nowadays has substituted
contact and proximity printings with the aid of developed lens and computer aided soft-
ware in 1980’s. Three main class of projection based printing are: scanning, step-and-
repeat, and step-and-scan system [22]. Step-and-scan printing is the technology that has
been developed in recent years and it is mainstream choice for lithography instrument
manufacturers because of its high resolution, configurability and scalable features. Now-
adays, with high aspect ratio step-and-scan printing, it is possible to achieve a resolution
of 13nm [23].
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Figure 2.3: Different mask alignment systems. [19]

2.1.2 Electron Beam Lithography

Electron Beam Lithography (EBL) is one of the most popular lithography techniques
which is renowned for providing high precision. It was discovered in 1960’s to scan tiny
substances with electrons and easily modifying the patterns. Conventional lithographic
approaches bending of light using mirrors whereas in EBL the process involves bending
of electrons using force [24]. The two types of forces used to bend electrons are -electro-
magnetic and electrostatic, which are used to manufacture electromagnetic and electro-
static lenses to focus electrons. This technique is mask-less and pattern on the substrate
is written upon like with a pencil.

A conventional EBL system involves of an electron gun, electron optical column, align-
ment system, blanker, electron detector and a vacuum chamber which contains a laser
controlled stage for providing accurate position of the substrate [25]. In Figure 2.4 the
elements in a typical EBL system are shown. A vacuum system provides proper atmos-
phere inside the column and keeps it safe from the outside environment. The electron gun
emits the electrons which passes through numerous additional stages in the electron opti-
cal column. Specific beam modification processes such as required current, spot size, and
focus are performed in this stage. The electrons are emitted and accelerated by voltage
and the beam is aligned in the center by an alignment system inside the column. Magnetic
lenses focus the beam and the blanker is used to turn the beam on and off depending on
requirement. In this stage, blanker passes the beam to the deflector for scanning. Ulti-
mately, an objective lens focuses the beam which is then propagated onto the substrate.



After the beam is propagated to the substrate it starts to penetrate into the resist, creating
a forward and backward scattering. The reason for forward scattering is due to the inter-
action between electron and electron which produces the broadening of the line width.
However forward scattering can be controlled by applying appropriate high accelerating
voltage if necessary [26]. Backscattering occurs due to the proximity effect phenomena
which is created by the interaction of electrons and atoms presented in the substrate. Be-
cause of this effect the scattered electrons starts to propagate into the unplanned part of
the resist, thus broadening the line width incompatibly [27]. The fact of getting high res-
olution and precision which is obtained by small size of focused electron beam from a
small size electron source is the reason for its high applicability [28]. Nevertheless, there
are other issues that affects the final resolution of the resulting pattern. Among them are-
proximity effect, beam current, and exposure dose. But resist properties are considered to
be the most significant. The size of beam spot can be varied by adjusting the operating
voltage where higher operating voltage results smaller spot size. The line width is mostly
manipulated by the forward scattered electrons by applying low exposure. Backscattering
tends to dominate forward scattering when high exposure dose is provided which in-
creases the proximity effect. As a result, higher beam energy and lower exposure dose are
maintained to achieve smaller groove width, [29]. The proximity effect creates distraction
in this fabrication process and that is why the researchers are trying to omit this effect and
developing different adjusting methods, such as modifications of the pattern data and ad-
justment of the exposure dose [30].

EBL is recognized for high precision and resolution which provides optimum perfor-
mance in the field of fabrication process. Automated patterning and privilege of changing
the pattern at any point of the process are the reasons of overlooking the limitations of it.
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Figure 2.4: An illustration of a conventional EBL system [31].

2.1.3 Resist

Resist is a polymer which is chemically sensitive to radiation (UV) or incident electrons
(e-beam). In the first step, a thin layer of this sensitive polymer is deposited on the sub-
strate. Depending on the response of the resist and the radiation it can be of two types-
either positive or negative resist. Positive resists are exposed for radiation wherever the
material underneath is to be removed. The chemical structure of these resist changes when
it is exposed to radiation, making it more soluble in the developer. The exposed resist is
removed by the developer which leaves the pattern in the substrate. Thus, while using a
positive resist the mask has to have the exact pattern that has to be transferred in the
substrate. Negative resists response in opposite way to positive photoresist. When the
negative resist is exposed it becomes crosslinked by making the photoresist less soluble
to the developer. When it is placed in the developer, the unexposed portion is removed
keeping the resist present for the exposed area. Therefore, the mask used for negative
resist includes the inverse image of the pattern to be transferred. In Fig. 2.5. the basic
difference between positive and negative resist has been presented. During the earliest
days of fabrication process, negative resist used to be renowned and still being used for
some special features. But the gradual decrease in the pattern size to make the IC compact
and to be more controlled, positive resist is used dominantly nowadays in this industry
[33].
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Figure 2.5: Difference between patterns of positive and negative photoresist [32].

2.1.4 Shadow Mask

Patterning metal thin films in a scale of micro or nano dimension under controlled way is
always challenging in conventional lithography processes. Interference and back scatter-
ing of radiation always affects the resolution of the feature size. Rapid growth of using
metal based thin films in IC fabrication created more concern about overcoming these
issues. One simple, low cost, reusable technique called shadow mask illuminated these
issues. A shadow mask is a thin, micro machined array by which metal or any other ma-
terial can be deposited directly into the substrate without using any resist in any desired
pattern. This masks are also called deposition masks or evaporation masks. It works as a
conventional mask in photolithography process during the film exposure process. With
shadow mask, it is possible to pattern and deposit metal thin films in microns range[34].
In Fig. 2.6. the schematic illustration of shadow mask is presented. Nowadays, with
shadow mask, it is possible to deposit different feature size of thin film in one substrate
which is really advantageous for both research and fabrication industry to create mass
production of samples at low cost and time.
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Figure 2.6: Schematic illustration of shadow mask [35].

2.2 Thin Film Deposition

Thin film deposition is one of the crucial and important stages of fabricating micro-nano
structured devices. A thin solid film of variety materials is deposited in the substrate by
deposition from gas, vapor, liquid or solid for creating conductive layers, insulating or
dielectric layer in the substrate with a thickness range of few nanometers to tens of mi-
crons [36]. Thin film deposition process is done in two ways-physical by evaporation
method or chemical by using gas and liquid based chemical process. The two most pop-
ular techniques for mask material deposition are Physical Vapor deposition(PVD) and
Chemical Vapor Deposition (CVD). However, there are several deposition techniques
available nowadays such as Atomic Layer Deposition (ALD), spray coating, plating, and
oxidation. Based on the target of achieving certain optical property and characteristics,
different deposition technique is used in fabrication process as they provide different
physical structure on the substrate [37,38]. In this experiment PVD was used for making
the gold coating and also for coating an insulating layer on the sample substrates.

Physical vapor deposition(PVD) is one of the most common deposition technique to coat
layers of atoms or molecules in the substrate, presented in a vacuum chamber where the
vapor phase is created. There are two ways of PVD techniques which are sputtering and
thermal evaporation system. In thermal evaporation system, a target material is bom-
barded by a high intense electron beam. The source is placed at the bottom of a vacuum
chamber and intense electron beam is propagated through an electromagnetic field of high
induction coils which causes the atoms of source material to evaporate and turn into gas-
eous phase. These atoms in gaseous phase turns into solid thin layer of anode material by
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coating everything in the chamber. This technique is used for coating metals and dielectric
material in the substrate [39].

Another PVD system is called sputtering where the target is bombarded by ionized gas
such as argon. Radio frequency (RF) or direct current (DC) is used to produce the plasma
and ions bombardment. Gaseous plasma is created by the ionized gas which accelerates
the ions ofthe plasma to into transmit into the source material. When the ions come across
the source material via energy transfer it is discharged as neutral particles (individual
atoms, molecules) which travels in a straight line until it comes across any material. The
substrate which is coated with the source materials thin layer is created by these neutral
particles. Sputtering technique is regularly used for depositing metals, dielectrics, alloys
as a thin film in the semiconductor industry. Anti-reflection, low emissivity coating can
be also done with the sputtering technique [40]. In Fig. 2.7 the schematic of a typical
physical vapor deposition (sputtering) is presented.

/Vacuum chamber

Substrate > Anode
]

ST Plasma _>
| | |

— U Target Vacuum

Sputter gas ey

RF power

RF diode
Figure 2.7: The schematic of a typical physical vapor deposition (sputtering) [40].

2.3 Pattern Transfer

Pattern transferring is the process where the resist profile is removed by developer solu-
tion. Sometimes the photoresists sidewall profile is necessary for further applications.
The three most common type of profiles are- undercut, overcut and vertical profile. For
patterning metal, thin films undercut or lift-off profile is used. Overcut profile can be
obtained by using positive photoresist. Vertical profile is hard to obtain in all of these
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profiles as it has the best side wall among them. For this study, undercut or lift-off profile
has been performed as gold thin film was used.

2.3.1 Lift-off

There are several techniques involved in fabrication process for fabricating metallic pat-
terns in the substrate. Patterning metal thin films such as gold, nickel and platinum are
considered to be difficult by conventional method of patter transferring. One simple and
easy technique of obtaining undercut profile is called lift-off by which the pattern is trans-
ferred to the substrate by photoresist. Afterwards metallic thin film is deposited all over
the substrate by covering the photoresist. The lift off process is done when the substrate
is kept in solvent which removes the film along with the photoresist beneath it and leaves
only the film on the substrate where the photoresist is not patterned. This technique causes
less defects in the substrate as unwanted materials deposited during the patterning is also
lifted off while it was kept in the solvent [41]. In Figure 2.6. the actual lift off process
has been shown after the lithography process.

- (] — ] [ —

(a) Coat and pattern photoresist (b) Deposit thin film of desired material
L__J [ — [ —
| ] —

(c¢) Swell photoresit with a solvent  (d) Remove photoresist and thin film above it

Figure 2.8: An illustration of lifting-off procedure [42].

Although this process takes few steps to implement, few precautions has to be taken dur-
ing the process. The photoresist has to have opposite polarity than the film. Temperature
control is necessary during film deposition as access temperature can burn the photoresist.
Also, proper exposure time, proper developer strength and time has to be taken into ac-
count for a good lift-off profile.
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2.4 Thermal Dewetting

Solid state dewetting of metal thin films is one of the recently developed method to obtain
clear-cut micro-nano structures for applications such as plasmonics, catalysis. Dewetting
is the process which occurs in solid-liquid, liquid-liquid interface and it represents the
rupturing of thin film on the substrate [43]. The rupturing process involves the surface
diffusion of the thin film which influences to change the morphology and forms nanopore
or nano sized droplets [44]. This phenomenon in the substrate occurs due to the change
of surface energy of the thin film. When the substrate is heated surface energy of the thin
film intends to decrease which eventually decreases the interface energy between the sub-
strate and film. So basically, it is a process which occurs due to atomic diffusion [45].
The dewetting process does not only take place over the melting temperature of the thin
film, it can occur below the melting temperature. When the dewetting process occurs
below the melting temperature than its called solid state dewetting [46]. Void nucleation
is the reason of this process. The creation of grain boundaries and grain boundaries along
the interface of metal thin film and substrate influences void nucleation. The creation of
grain boundary grooves can be explained by the dissipation of the crystallization effect
formed in the interface of the film/air/substrate. This interface is called triple line and for
dewetting process the energy for this triple line has to be minimized by satisfying the
Smith equation [47]. Thus, continued evaporation of metal thin films leading towards
solid state dewetting could be process of etching silicon substrate. Solid state dewetting
of gold thin films have been investigated for long time and a widespread view is presented
by Miiller and Spolenak [48]. The morphological change of gold thin films and the rise
of the particles size has been investigated by evaporating the substrate. It is found that the
thickness of the deposited gold particles tends to increase and forms into bigger particle
packed in the substrate. This phenomenon generally occurs in a line-patterned substrate
[49]. This investigation was briefed by Moore and Thornton in 1959 when they performed
the research to form the bond between gold and fused silica [50].
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CHAPTER 3

Etching Proedure by Gold Nanoparticles

In this chapter, the experimental procedure for etching quartz with the gold nanoparticles
will be explained briefly along with the equipment that has been used to develop the pro-
cess. The brief description of the sample processing and process of patterning will be
discussed first. Secondly, deposition of gold and evaporation process to form pores to
etch quartz will be described. After all the experimental processes the samples were char-
acterized by the scanning electron microscope. The equipment and tools involved in this
experimental procedure are listed in the Appendix A.

3.1 Sample Processing

The samples investigated in this experiment were processed with two techniques. First
processed samples were prepared by standard photolithography process. Second process
involves the fabrication of a shadowmask where gold thin film was deposited by sputter-
ing on the substrate. In total 14 samples were fabricated by varying different parameters
which affects the etching process, such as different thickness of gold nanoparticles and
time of evaporation. Also, bulk gradient samples were created by using sputtering tech-
niques to observe the dewetting process. Out of 14 samples 6 samples were prepared from
oxidized silicon substrate. Rest of the samples were prepared by using fused silica(SiOz)
substrate to observe the etching characteristics. Except a sample with 40 nm thick gold
layer, 20 nm thick layer of gold was deposited in the most of the samples. Temperature
from 900 -1070°C was used for the evaporation process for etching. The brief description
of the whole fabrication process flow is given in the following sections.

3.1.1 Wafer Cleaning

Silicon substrates are considered to be most common platform for fabrication. They re-
quire careful cleaning to remove dust particles and residues from the surface. There are
various methods involved in cleaning of silicon wafers. In this experiment, silicon wafer
was placed in a beaker with pure acetone in it and kept in an active ultrasonic washing
unit nearly about 3 minutes. The wafer was rinsed with isopropanol and then washed with
distilled water. Finally, the wafer was dried with nitrogen blower.
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3.1.2 Oxide Growth

Along with fused silica substrate oxidized silicon wafers were also used in this experi-
ment. A layer of oxide was created in the substrate as an insulating layer. The process
was done by heating the wafer in an oxidized oven for 4 hours in 1050°C and, after this
the thickness of the oxide layer was 300 nm.

3.2 Patterning by Photolithography Process

After preparing the wafer it has been taken for patterning. At first, the patterning was
done by standard photolithography process. After the photolithography process, gold has
been deposited on the wafer and lift off method has been used for transferring the pattern
and removing the resist. Photolithography process consists of several steps. The entire
procedures followed for this process are discussed with detailed working principals of
each instrument below, with an illustration in figure 3.1.

3.2.1 Resist Spinning & Soft bake

After the wafer is cleaned and brought into room temperature, an adhesive layer is depos-
ited on the wafer to improve resist addition. TI PRIME is used as the adhesive layer.
Headway spinner PWM101D is used for spin coating the monolayer. At first the substrate
was cleaned by blowing nitrogen and placed in the rotating helm ofthe spinner. The wafer
is then spun with a speed of 2000 rpm and 2 ml of TI PRIME was discharged by a pipette
in the center of the helm. The substrate was spun for approximately 20 seconds to coat a
layer of 3 nm of TI PRIME monolayer on the substrate. After the spin, it was made sure
that no residual drops are present in the wafer. The wafer is than placed onto HP ATV, a
preheated hot plate and kept for 2 minutes in 120°C temperature for soft baking. This
adhesive layer is only coated for photolithography patterning process to be used with lift
off technique.

After coating the adhesive layer, the substrate was proceeded for resist coating. The resist,
that was used for the lithography process, was S1805 positive resist. Before applying the
resist, the spinner was cleaned with acetone for a minute so that there is no TI PRIME
left in the spinner. After cleaning the spinner, the substrate was placed in the rotating
wheel and 2 ml of photoresist was deposited in the center of the wheel by a pipette. The
spin speed was 1500 rpm for a thickness of 700 nm of photoresist on the substrate. The
spin time was set to 60 seconds. After the resist addition, the substrate was kept in the
pre-heated hot plate for 60 seconds in 110°C to remove remaining solvents and to support
adhesion of the resist layer in the substrate. During this time the spinning chamber and
rotating wheel were cleaned with acetone.
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3.2.2 Exposure

After the resist coating, substrate was taken for patterning by photolithography system.
The patterning was carried with the Canon PLA-501FA mask aligner. The resolution of
the system is one micron and it has the capability to do both contact and proximity print-
ing. The photomask that has been used for this experiment was a 5-inch fused silica mask.
The thickness of chromium in the mask was 100 nm and the mask was patterned by elec-
tron beam lithography and Reactive lon Etching. The surface of the mask has an antire-
flective oxide coating.

For the photolithography process, the mask aligner Canon PLA-501FA was turned on for
15 mins to warm up the lamp. After warming up the lamp, the current was brought into
preferred operation range by adjusting the CURRENT ADJ knob. The valves of 3 utilities
nitrogen, air and vacuum were also turned on at this point. For this experiment, hard con-
tact mode was used where vacuum is used to align the mask and substrate together. After
choosing the contact mode, the photomask is loaded on the photomask plate. The mask
was aligned with guided pins in the plate and then ‘load mask’ button was pressed to hold
the mask in the vacuum ring. After loading the mask, wafer was loaded in the system. An
auto hand does the calibration between the mask and substrate. The alignment gap be-
tween the mask and substrate was 30 um. Contact between the mask and substrate can be
observed by observing interference fringes in the mask aligner system. After loading the
watfer, the exposure process was performed for around 10 seconds. The development pro-
cess was for about 1 minute. After which, the wafer was taken from the auto hand after
the operation and the mask was safely kept in the mask box. The system was turned off
after closing the gas valves carefully.

3.2.3 Deposition of Gold

After patterning, the substrate was taken to deposit gold thin film. The gold thin film was
deposited by Emitech K675X sputter coater system. This sputter coater system provides
thin and even coating by employing magnetron target. The system consists of three target
assemblies which provides coating throughout a large diameter with a rotating sample
table. It also contains twin gear rotating sample stages which provides advanced elliptical
rotation for even deposition. For this process the substrate was carefully attached in a
holder and kept in the stage. Gold target plate was placed in the target assembly and the
metal ring was carefully screwed to make sure that the target is in the center. Tool factor
for gold, 2.5, was chosen. Argon gas valve was turned on to create plasma in the system.
The pressure for argon valve tap was set 0.5 bar. Plasma ions, created from argon, strikes
the gold target and ejected gold atoms diffuse towards the substrate. Thus, a thin gold
film was deposited on the substrate. The terminate value which is the thickness of gold
was chosen as 20 nm or 40 nm. After the deposition, the chamber is opened and the sub-
strate was taken out carefully.
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3.2.4 Resist Development

For the resist development process the substrate was deposited in a wet developer. The
developer was prepared from sodium hydroxide solution. In a beaker 10 ml sodium hy-
droxide solution is mixed with 50 ml of distilled water. After preparing the developer the
substrate was kept in there for a minute. After that, the substrate was taken out from the
solution and dried with the nitrogen blow.

3.2.5 Lift-off

After depositing the gold thin film, lift off method was performed to transfer the pattern
on the substrate. The mask plate that was used for patterning had several hole patterns
and gold was deposited by that pattern. There were square shape grid and hexagonal grids
in the mask. The hole diameter for square shaped grid was 2 um. In 5 um diameter hex-
agonal grid, there were 1 p and 2 p holes. To remove the photoresist, lift off method was
performed. For lifting off the resist, acetone was used as a solvent. For that acetone was
taken in a beaker and substrate was placed in it. The beaker was placed in the ultrasonic
unit for a minute to remove the resist. Acetone dissolved the photoresist stencil under-
neath the layer of gold. The substrate was taken out from the solvent carefully after the
pattern of gold was properly visible and lifting off of the photoresist. Substrate was than
dried with nitrogen blow and placed in the holder.

3.3 Patterning by Shadowmask process

Another patterning technique involved in these experiments was the usage of a shadow-
mask. For the shadowmask process the wafer was cleaned and prepared in the same way
as described in the sample processing section. After preparing the wafer the shadowmask
is prepared. The shadowmask used in this experiment was 100 um thick silica film where
20 um and 15 pum holes were present. The distance between two adjacent holes was 50
pm and the distance of each grid was 1.5 mm. Details of the shadowmask are shown in
figure 3.1. At first the mask was cleaved into preferred size with a scissor carefully. The
mask was then attached in the center of the substrate by using an adhesive tape. The sub-
strate was then taken for depositing gold. The deposition of gold was done by Emitech
K675X sputter coater system. After sputtering the substrate was taken out from the system
and the shadowmask was removed carefully. After removing the shadowmask the sub-
strate was put in the holder.
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Figure 3.1: Illustration of the shadowmask used for the experiment.

3.4 Patterning by bulk gradient process

The third patterning process that was used was bulk gradient process. This process doesn’t
include any mask to fabricate gold nanoparticles. For this method, the substrate was kept
vertically tilted during the sputtering process. As we have used Emitech K675X sputter
coater system which uses magnetron sputtering, the ions of the target material always
move vertically downwards. Thus, coating the substrate of target material. When the sub-
strate is kept tilted, the thin film is unevenly deposited on the substrate creating a bulk
gradient in the substrate. The substrate was kept in the sputter system for 3 minutes to
obtain a mask thickness of 20 nm of gold nanoparticles. The detailed illustration of this
process can be found in figure 3.3.
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Figure 3.2: Detailed illustration of bulk gradient process.

3.5 Oven treatment

After patterning, the substrates were taken for etching. For this process, high temperature
oven was used. Temperature ranged from 900°C-1090°C was kept during the evaporation
process. The substrates were kept carefully in the middle of the oven. Necessary personal
protection such as protective gloves were used. Digital thermometer was used to measure
precisely, the temperature inside the oven. In this research, the evaporation method was
carried by two ways. In the first approach the oven was preheated to desired temperature
close to 1050°C and substrate was kept there for certain period of time. In the second
approach the substrate was kept in the oven starting from the room temperature and
slowly heated till 1050°C. After the thermal evaporation, substrates were kept in room
temperature to cool down and then placed in the holder.

3.6 Characterization

The samples were characterized with the help of Scanning Electron Microscope(SEM).
The sample was cleaved into pieces down through the patterned holes to investigate the
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cross—section of the holes. Using the glass cutter pen a sample was scratched on the both
side of the substrate. The substrate was then twisted and split into pieces.

3.6.1 Conductive Layer Coating

Some of the sample substrates used in this experiment were not coated with oxide layer.
For characterization process it was necessary to coat a conductive layer on the substrate.
Coper was used to create a conductive layer over the cross—section of the substrates for
SEM imaging. The coating was created using Emitech K675X sputter system with tool
factor 3. Argon gas was used to form plasma in the system. The thickness of the coated
layer was 7 nm.

3.6.2 Scanning Electron Microscope Imaging

A SEMLEO 1550 Gemini system was used to investigate the cross-section profile of the
substrate. At First, the chamber venting was executed from ‘Vacuum’ tab by choosing
Vent in the control software for the system. The sample was then mounted in a sample
holder that holds the sample vertically for taking cross—section images. After venting the
system, the sample holder was placed in the chamber and the chamber door was closed.
By selecting ‘Pump’ in the ‘Vacuum’ tab, pump down process was initiated. Once the
‘Vacuum Status’ was in ‘Ready’ state, ‘EHT’ to ‘On’ was switched from the ‘Gun’ tab.
Through the system control panels display; the sample was adjusted and positioned under
the lens by the position knob. After that ‘Camera’ was switched from ordinary camera
mode to the SEM mode. The scanning speed was adjusted to achieve clear images. By
using low magnification, the nanopores created on the sample was found. After finding
the nanopores the magnification was increased to 50000X. When performing low scan-
ning rate, the stigmation and focus buttons were adjusted simultaneously for clear image.
The penetration depth of the nanopores were measured and the image was taken by freez-
ing the live scan. All measurements, such as mask thickness, naopore height, width, etc.
were achieved using the magnification of 50000X. To investigate the sidewall surface
roughness, images were taken at higher magnification.
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CHAPTER 4

Results and Discussions

In this chapter, analysis and comparison of different effects related to these experiments
are presented. Different parameters were taken into account while performing the exper-
iments. The usage of different substrates, patterning processes, evaporation times and
rates were considered as the important parameters. These parameters were important for
observing the possibilities of surface diffusion process of the fused silica substrate by
gold nanoparticles. Penetration depth of gold nanoparticles was investigated according to
these parameters. Surface roughness and polymer deposition were also investigated to
find the best profile. The etching possibilities of two different mask thicknesses of gold
20 nm and 40 nm were also analyzed and evaluated. Penetration of gold through the sur-
face of the substrate was observed for every samples. However, due to unavailability of
Electron Beam Lithography, more precise and high resolution patterning was not possi-
ble.

From all the parameters involved in this research, the influence of annealing was consid-
ered to be one of the most important fact as Smith equation has to be satisfied for the
penetration of gold in the substrate. Also, time controlled continuing evaporation of gold
causes the gold nanoparticle to move into the silicon substrate. It was observed that an-
nealing the gold nanoparticles in high temperature close to its melting point influences
surface diffusion of the gold nanoparticles in the substrate.

During the initial phase of the experiments, the patterns of gold nanoparticles were not
homogenous with photolithography process which was noticed by using the optical mi-
croscope. The back reflection of UV during photolithography process was the reason for
the pattern no to be homogenous.

Shadowmask process provided better and more homogenous pattern by which the pene-
tration profile was investigated properly. The penetration of gold nanoparticles was not
homogeneous for a sample due to improper heat distribution in the substrate. As a result,
more precise temperature controlled oven was necessary to carry out the research. It is
worth to mention that this research requires further investigation with better patterning
procedure and better evaporation technique.
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4.1 Result of using different samples

At the beginning, fused silica substrate of 1 inch diameter was used to observe the behav-
ior of the gold nanoparticles deposited in there by shadowmask process. The thickness of
the gold nanoparticle was 20 nm. Another sample with 20 nm thickness was prepared by
lift off method on oxidized silicon substrate of 100 mm diameter. Formation of gold cap
was found in both samples.

(2) (b)

Figure 4.1: (a) Formation of SiO;ridge and gold cap of thickness 20 nm on a fused silica
substrate which was evaporated for 75 minutes in 1050°C temperature. (b) Formation of
Si0; crease and gold cap of thickness 20 nm on an oxidized silicon substrate which was
etched for 195 minutes in 900°C temperature and 70 minutes in 1073°C temperature.

For the oxidized silicon substrate, it is observed that the diameter of gold cap is different
because of improper heat distribution causing less self-diffusion of gold particles. Also,
the gold cap tends to penetrate the oxide layer by about 30 nm. The cross-section image
of these samples shows the penetration in the case of both samples. The gold nanoparti-
cles tend to penetrate in the silicon substrate. This indicates that with better temperature
control it is possible to etch the substrate by gold nanoparticles. Figure 4.2 represents the
cross-section of both substrates.

Both of these substrates were prepared by the shadowmask process where 20 nm gold
was deposited by sputtering coater system.
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(a) (b)
Figure 4.2: (a) Cross-section image of the fused silica substrate shows the penetration of
gold nanoparticles on the substrate surface by about 45 nm. (b) Cross-section image of
the oxidized silicon substrate which shows the penetration of gold nanoparticles in the
oxide layer deposited on top of the substrate.

4.2 Effect of different deposition rate

After observing the penetration process, two samples were created from fused silica sub-
strate with different thickness of gold nanoparticles. The thicknesses of gold nanoparticles
were 20 nm and 40 nm which were patterned by shadowmask process. The samples were
kept in 1050°C temperature for 75 minutes to observe and compare the penetration of
gold nanoparticles and formation of SiO> crease. It has been seen that gold nanoparticles
tend to penetrate more for higher mask thickness. The reason could be that higher mask
thickness influences more surface diffusion of gold nanoparticles which influences ten-
sion to the SiO» bulge. Morphological change of gold nanoparticles was observed in this
process. Results of this observation is presented in figure 4.3.

(a) (b)

Figure 4.3: (a) Penetration of gold nanoparticles of mask thickness 20 nm by about 45
nm(b) penetration of gold nanoparticles of mask thickness 40 nm by about 75 nm.
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4.3 Effect of Annealing

The proposed process has been also observed by the effect of annealing. The experiment
was carried out to observe the influence of heating towards gold nanoparticles. For this
observation fused silica substrate was used and patterning was carried away by shadow
mask process. 20 nm thick layer of gold was deposited on the substrate. At first, the oven
was preheated to coarsening temperature of 1050°C. This temperature was chosen to en-
sure that the morphological change of gold nanoparticles is fast enough. The substrate
was placed in the oven from room temperature to high temperature to observe the tem-
perature shock effect of the substrate. For the second method, the oven was kept in the
room temperature of 25°C and the substrate was placed in the oven and slowly heated
upto 1050°C. The penetration rate was higher for the fast annealing process compared to
slow annealing process. Self-diffusion of gold nanoparticles was too slow for the slow
annealing process as the substrate surface could affect the change of surface diffusion
rate. The annealing effects are shown in figure 4.4.

From this observation, it can be said that the annealing process has an effect on the surface
diffusion of gold nanoparticles in the silica substrate. Initially, for fast annealing process
the pore forms into bigger size by changing their morphology. During the heat treatment
of slow annealing, pores were quite stable by changing their morphology just a little. So,
it can be said that, the surface diffusion in gold nanopores advances faster in fast anneal-
ing process than in the case of slow annealing.

(a) (b)

Figure 4.4: (a) Effect of slow annealing process, where the substrate was heated slowly

from room temperature to 1050°C in 195 minutes. Morphological change is not observed
in this process but ridging of silica substrate is observed with nano pore formation towards
substrate. (b) Fast annealing process where the substrate was kept in a preheated temper-
ature of 1050°C for 260 minutes. Morphological change of gold nanoparticles was ob-
served during this procedure as the diameter of gold nanoparticles tend to be increased.

24



4.4 Result of lift-off method

Another method that is used to observe the behavior of gold nanoparticles surface diffu-
sion towards silica substrate was patterning the substrate by lift-off method. For observing
the behavior oxidized silicon substrate was used. The reason for choosing oxidized silicon

substrate was to avoid the back reflection of the optical lithography. Standard photoli-
thography process was used for patterning and by sputtering. Mask thickness of the gold
was 20 nm. Profiles found in lift-off method are illustrated in figure 4.5.

(a) (b)

(c) (d)

Figure 4.5: (a) Profile found in the 1pum diameter sized holes part of the substrate. Thick-
ness of gold cap was found about 150 nm and oxide layer thickness was found to be
around 210 nm. (b) About 2 um spacing was found between two adjacent holes with a
hole size of around 800 nm (c) Profile found in the 2 um diameter sized holes part of the
substrate was with 4.4 um spacing between two adjacent holes size of 2 um. (d) The
thickness of gold achieved in this part was around 55 nm. It is also necessary to mention
that due to lift-off process uneven distribution of gold was found in the sample.

After lift-off process, the substrate was kept in the oven for thermal treatment by varying
the temperature. First samples were heated in 1050°C temperature by slow annealing.
Second samples were heated in 900°C with slow annealing process and again heated by
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fast annealing process in 1073°C temperature. The results are shown in figure 4.6 with
detailed information.

Figure 4.6: (a) Profiles found in oxidized silicon substrate where 20 nm gold was depos-
ited by lift off method. Tilted image of the substrate illustrates diffusion of gold particles
on the silicon substrate for thermal evaporation in 1050°C for 145 minutes. (b) Cross-
section image shows the size of the gold nanopores and the penetration depth after evap-
oration. Gold nanoparticles morphological change can be observed. (c) Cross section im-

age of the substrate which was heated by slow and fast annealing process in 900°C &
1073°C temperature, respectively. (d)Tilted image shows the diffusion & penetration
depth of the gold nanoparticles.

Gold nanoparticles tends to have more self-diffusion in the oxidized silicon substrate.
Patterned substrates can lead to larger and smaller particle size of the gold nanoparticles
although more precise patterning is necessary to avoid uneven distribution of gold in the
substrate which effects the self-diffusion of the gold particles in the penetration process.
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4.5 Result of bulk gradient process

After the observation of the effect of thickness of gold nanoparticles resulting more pen-
etration depth, substrates were patterned by bulk gradient process where the gold nano-
particles deposition rate is uneven in the whole substrate. For this process both fused silica
and oxidized silicon substrates were used. Effect of annealing was also considered in this
process. Fast annealing process was used for thermal evaporation. The fused silica sub-
strate was kept in 1070°C temperature for 190 minutes. Results of the fused silica samples
are shown in figure 4.7.

(2) (b)

Figure 4.7: (a) Numerous gold caps can be found in the cross-section image of the sub-
strate patterned by bulk gradient process. (b) Formation of Si0, crease over the substrate
where a few of the nanoparticles tend to penetrate silica substrate.

In the second stage of this process oxidized silicon substrate was used to see the nature
of gold nanoparticles. It is seen that gold nanoparticles tend to rapture the oxide layer on
the part of the substrate where thick layer of gold nanoparticles is deposited. Gold struc-
tures change their morphological structure and creates strain in the silica. The findings
conclude that unpatterned substrates with thick layer of gold films can lead to a massive
surface diffusion in the silica substrate. It can be also concluded, that gold atoms with the
presence of oxidized layer created gold oxide which has more capability to diffuse in the
silica lattice. Results of this findings are shown in figure 4.8.
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(b)

() (d)

Figure 4.8: (a) thick layer of deposited gold nanoparticles rupturing the silica substrate

which was heated for 190 minutes in 1070°C fast annealing process. (b) Change of the
thickness of the oxide layer can be seen for the gold nanoparticles diffusion in the sub-
strate. (c) Huge gold caps tends to fracture the interconnection between oxide layer and
the substrate by creating Si02 bulge. (d) Change in the oxide layer thickness due to surface
diffusion of gold nanoparticles.
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CHAPTER 5

Conclusions

The etching possibility of quartz by using gold nanoparticles is studied in this work. Pen-
etration of gold nanoparticles in the oxidized silicon and fused silica substrates were ob-
served during the experimental procedure of this work. Depth of penetration by gold par-
ticles 1s examined by using different patterning techniques. The characteristics of gold
particles deposited in the substrate is inspected by heating them close to its melting tem-
perature. Analysis of the growth of gold particles caused by self-diffusion is also moni-
tored. Factors affecting the self-diffusion of gold particles such as — thickness of deposited
gold, annealing temperature and time are examined in this study. Different patterning
techniques provided various penetration depth in the silicon substrate. It can be concluded
that gold thin film behavior can possibly be used to etch fused silica substrate with precise
patterning and better temperature control.

From the detailed result of this study, it is found that gold nanoparticles create small bulge
which after continuing heating forms into nanopore. Self-diffusion of gold nanoparticles
causes the nanoparticles to move into the substrate perpendicularly. From the result, evi-
dence of gold-oxygen interaction in the substrate is found for high temperature. Oxide
layer deposited in the substrate influences gold nanoparticles to change their morpholog-
ical structure in a noticeable way. Thus, more depth of penetration is observed in the
oxidized substrate than fused silica substrate. In this research, maximum penetration of
gold is found close to 200 nm with lift off method.

It is also observed that the thickness of oxide layers also get affected by high temperature
as the thickness tends to increase. So, it can be said that gold atoms can penetrate silica
lattice better when oxidization is present in the diffusion process. This diffusion process
can also be used for pure fused silica substrate by depositing a gold layer on top of it if
oxidization oven is used for annealing process. Unfortunately, due to the unavailability
of the oven this experiment was not performed in this study.

Etching possibility through shadowmask process and bulk gradient process also provided
positive evidence. Penetrated gold nanoparticles after annealing were not homogenous
although the gold nanoparticles were homogenous during patterning. For better possibil-
ity of etching it can be said that the distance between two adjacent grids can be reduced
so that more gold nanoparticles can be deposited in the substrate. As seen from the bulk
gradient process bulk number of gold nanoparticles tends to rupture the substrate.

From this study three possible observations are evaluated. Firstly, lateral diffusion of gold
nanoparticles along the silicon substrate can possibly be used to etch the substrate with
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prolonged and controlled heating. Although it has to be taken into account that prolonged
heating close to the melting temperature of gold can devitrify the silicon substrate.
Secondly, the increase of particle size and particle spacing does not only occur on the
patterned surface. The increase of particle size in the bulk gradient process clearly proves
that surface diffusion of gold nanopraticles can be also achieved without patterning the
substrate. Which indicates that the surface energy needed to form two new surface by
rupturing the substrate depends on the thermal equilibrium.

Thirdly, type of annealing and thickness of gold nanoparticles has influence on morpho-
logical change of gold nanoparticles. It is observed that fast annealing process with higher
thickness of gold nanoparticles tends to penetrate the silica substrate more compared to
slow annealing process. It can be said that with better temperature control and by satisfy-
ing the thermal equilibrium with precise contact angle between the gold and silica sub-
strate it is possible to develop an etching characteristic. Thus, more profound studies can
lead into a success on this research.
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Appendix A

* Canon PLA-501FA mask aligner.

* Emitech K675X.
* Headway spinner PWMI101D.
* OPTIspin SST20.

» Automatic dicing saw DAD3240.

* Plasmalab 80 plus.

* Leo 1550 Gemini.

* Ultrasonic cleaning machine.
* Hot plate.

* Glass cutter pen.

* Nitrogen gun.

* Vacuum oil.

» Tweezers, scalpel, pipette, beakers and scotch tape.

e Heracus MR170 oven.
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