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Abstract

ABSTRACT

The University of Manchester

Candidate: Ana Azucena Pena Alvarez

Degree: Doctor of Philosophy (PhD)

Thesis title: Micro/nano Patterning of Silicon and NiP/Al disks by nanosecond
and femtosecond laser sources

Date: September 28", 2011

This PhD thesis presents the outcome of employing both nanosecond and
femtosecond pulsed lasers in order to modify the surface structure of a material at the
micro and nano scales. Literature review was carried out on micro/nano fabrication
technologies involved in the semiconductor industry, which are the basis of many
current micro and nano-manufacturing processes.

The first experiments concentrated on direct laser scanning of Si to produce
surface microstructures. This type of texturing was very effective at reducing surface
reflectivity and can be implemented in photovoltaic devices. It was also found that
the ablation efficiency can be improved if laser processing is performed in an argon
environment where oxidation can be suppressed. Moreover, a significant relationship
between laser-texture characteristics (i.e. topography/morphology and periodicity)
and total surface reflectance was demonstrated. Short-circuit modelling of the laser-
texture showed that electrical performance of the cell can be improved by 41.3% in
the 360-1100 spectrum, even in the near-infrared for which Si is a weak absorber.

From these experimental results, it was also noticed that the laser-generated
micro-structures made the surface significantly wettable; but as the laser fluence was
reduced, the contact angle of the surface could be changed. This led to the
investigation of the wetting properties of nano-bumps produced on Si at fluences
below the ablation threshold. Their wetting behaviour was reported for the first time.
An effect named as ‘invisible marking’ in this thesis was demonstrated: vapour
condenses into water drops of different size depending on the lattice arrangement of
c-Si or a-Si. Such an interaction at the near-ablation threshold was also explored for
another type of material: NiP/Al data storage disks. From this research, elliptical
bumps with vertical dimension in the sub-nanometre scale were fabricated with
extremely high repeatability (£ 0.4 nm). In addition, it was found that elliptical
bumps can offer better stiction performance than circular shapes, even at ultra-low
flying height. This type of laser texture could be utilised as a means for tribological
optimization of surfaces that are in close proximity and relative motion.

Following the use of low-fluences by nanosecond pulses, this was also
applied to scanning over a microsphere lens array. So far, the research on near-field
effects produced at the bottom of transparent particles has focused on how to
generate parallel nano-patterns by single pulses. However, the present work has
demonstrated that a focused beam with a tight-focus can be used to fabricate single
lines or shapes rather than repeated patterns. In this way, a femtosecond laser was
introduced to meet such a challenge. Moreover, laser-induced periodic surface
structures (LIPSS) by fs pulses were also identified along the near-field generated
nano-patterns. The evolution of such a periodic, self-assembly structuring was also
investigated, and new optical characteristics of structural colour were found.
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Chapter I-Introduction

CHAPTER 1

INTRODUCTION

1.1 Research Motivation and Rationale

Manufacturing at the nanoscale includes all materials, processes and
equipment employed for the fabrication of nanoscale structures, features, devices and
systems in one, two and three dimensions. It comprises two approaches: bottom-up
and top down. In the first one, assembly of nanostructure building blocks (individual
atoms and molecules) takes place, while in the second one, material is manipulated
with specialized instruments [1]. The manipulation of materials to modify their
molecular architecture and morphology can, for example, enable the control of their

electronic and optical properties and also facilitates their processability [2].

Nanomanufacturing applications are found in the field of integrated
optoelectronic coupling, integrated circuit fabrication, surface treatment, data storage
and lithography techniques, amongst many others. The development of such fields
demands an urgent improvement in resolution and precision of photosensitive
technologies. Current conventional photoprocessing techniques are constrained in
lateral resolution by the spot size of the light source. The smallest size of the
structures fabricated by these techniques is situated on the submicron scale because
of the diffraction limit of light. An effective way to overcome this limit is to employ
the effects of an optical near field, which offers better precision, finer resolutions and

an enhanced capability for photoprocessing in the nanometre regime [2].

Due to the advent of new and improved nanofabrication techniques, patterns
in the sub-diffraction limit range are possible. The adequate use of those techniques
resides in the intended nanopatterning application, which might fall in one of the

following areas: nanoelectronics [3-5], nanophotonics [2, 6], plasmonics [7-9],
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nanomaterials [7], photovoltaics [8, 9], tissue engineering [10, 11], orthopaedics [12-

15] and biomedics [16, 17].

It is of primary importance that the manufacturing of nanostructures can be
achieved at a low cost, high throughput, with simple setups and good resolution.
Depending on the desired results, several methods can be implemented: from
Electron Beam Lithography (EBL) and Focused Ion Beam (FIB) Lithography to
near-field patterning. All these methods present advantages as well as limitations

depending on the purpose of fabrication.

1.2  Aim and Objectives of the Research

The aim of this project was to understand nano-second and femto-second
pulsed laser interactions with engineering materials especially at fluences below the
ablation threshold and to identify material characteristics after laser processing. It
was intended to establish the feasibility of using a diode-pumped Nd:YVO; laser and
a Ti:Sapphire laser as efficient tools for micro and nano-patterning of materials like

silicon and NiP/Al disks in micro/nano scales.

Considering this, prioritised project objectives are listed as follows:

e Laser micro-texturing of silicon, to reduce reflectivity and to prompt an
absorption enhancement in solar cells.

e Laser nano-texturing of silicon to modify its wetting characteristics for
security tagging and its potential application in micro/nano fluidic devices.

e Laser texturing of NiP/Al hard disks for improved stiction performance.

e Laser direct writing of micro/nano scale patterns to achieve single lines/user-
defined patterns.

e Femto-second laser structuring of silicon for structural colour/photonics

applications.
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The outcome of this work pursues the potential for further translation of

micro and nano-research progress into industry.

1.3 Thesis Outline

In the present research work, various suitable laser micro/nano fabrication
technologies that have the potential to be developed and scaled to an industrial
environment were investigated by means of nanosecond and femtosecond laser
sources. To achieve nano-structuring it was necessary to understand how laser light
interacts with the material at larger scales. For this reason, experiments began with
fluences above the melting/ablation threshold for nanosecond pulses. By lowering
the energy density delivered to the substrate (i.e. Si, NiP/Al), material modification
at the nanoscale was possible in the vertical dimension, down to 1 nm and sub-nm
features. One of the most relevant outcomes from this research was the recognition

of a practical function for these ultra-low height structures.

Once the near-ablation threshold for the material was identified, pulsed laser
irradiation was combined with near-field effects of a microsphere array to ablate the
material at the nanoscale in 3D. Conventionally, near-field techniques provide
patterning of large areas with parallel nano-structuring, but the need to achieve single
patterns motivated this research to employ a tight focused beam to scan lines or
arbitrary, user-defined shapes composed of nano-craters/bumps. Femtosecond pulses
offered superior quality finish, and also produced a double-scale texturing on the
surface of the material, by the generation of laser-induced periodic surface structures
(LIPSS). These were also fabricated without the use of a contact particle array, and
nano-engineered in such a way that a structural colour effect was produced. This
optical effect is the same as the one displayed by the colourful, iridescent wings of a

butterfly.

Chapter 2 focuses on the main processes in the microelectronics industry. It

was necessary to include this information because many non-laser and laser nano-
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manufacturing methods share several of those processing steps (e.g. film deposition,
optical lithography, and etching). Moreover, the photovoltaic industry is based on
many of these substrate preparation methods. This chapter also reviews recent
research in non-laser nano-fabrication techniques. Some of the methods include the
use of Electron Beam Lithography (EBL), anodization processes, colloidal crystals
as a mask, conformable phase masks, embossing and Atomic Force Microscopy

(AFM).

Chapter 3 gives a brief overview of laser physics fundamentals, laser beam
characteristics and focussing optics. Current laser nano-fabrication techniques are
also presented. Nanometre scale nano-manufacturing can be achieved by means of
laser sources and methods such as interferometric lithography and femtosecond laser
irradiation. Also, various near-field effects techniques are discussed: optical chemical
vapour deposition, Scanning Probe Microscopy, Near-Field Scanning Optical

Microscopy and Contact Particle Lens Array (CPLA) patterning.

Chapter 4 describes the experimental and analytical apparatus utilised during
the course of this research work: laser sources, surface characterisation equipment

and spectrophotometric devices.

Chapter S reports experimental work on silicon micro-texturing using a
diode pumped Nd:YVO; laser system with a computer controlled 2 axis
galvanometer beam scanner. High laser scanning speeds (~1 m/s) were applied and
KOH etching was implemented after laser processing to clean the surface of any
unwanted debris that might deteriorate the optical and electrical characteristics of the
material. The effect of several scanning passes on the depth of the structures is also
explored and quantified. Experiments were also performed under an argon
environment which was demonstrated to increase the ablation efficiency of the
process. In addition, contact angles were measured to further investigate the wetting
properties of the textured surfaces. Structures resulted in completely hydrophilic
surfaces. However, it was noticed that structures at low fluences and after a single

scan presented a change in wettability different from the one characteristic of bare,
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untreated Si. This led to notice an ‘invisible marking’ effect, which was studied in

depth and is presented in Chapter 6.

Chapter 6 details the work done on debris-free laser marking by generation
of ¢-Si nano-bumps. By rapidly scanning a Nd:YVO, laser, frequency doubled to emit
at 532 nm in the nano-second pulse regime and below the ablation threshold, a
uniform array of nano-bumps of less than 2 nm height (diameter around 20 wm) have
been generated on crystalline Si. They were generated at 30,000 bumps per second.
The effect of laser fluence (energy density) and scanning speed on the characteristics
of the nano-bumps was investigated and the wettability of the laser nano-textured
surfaces was analysed. The mechanisms of nano-bump formation are discussed. The
application of the technique for debris free invisible marking/texturing of silicon and

recognition of the marks/patterns are presented.

Chapter 7 introduces nano-scale height elliptical bumps on a nickel-
phosphorous coated aluminium (NiP/Al) disk. Such bumps were fabricated by a
diode pumped Nd:YAG laser beam. By varying laser fluences, scanning speeds and
repetition rate, the nano-bump height can be controlled below 10 nm down to the
sub-nm level. Mathematical modelling was carried out to demonstrate how this type
of laser-induced texture on a disk surface can provide improved stiction control when

the head slider flies over the disk at an ultra-low height.

Chapter 8 presents a modification to a micro-nano patterning technique. It is
based on the laser patterning by scanning a focused laser beam through a self-
assembled monolayer of silica microspheres on a single-crystalline Si substrate.
Following the surface and monolayer preparation, a diode pumped Nd:YVO, laser
system with a computer controlled 3 axis galvanometer beam scanner was employed
to write user-defined patterns through the particle lens array on the Si substrate. After
laser irradiation, the obtained patterns, which are in the micro-scale, were entirely
formed by nano-structures, either holes or bumps depending on the laser fluence and
scanning speed utilized. This is reported for the first time. The pattern resolution
depends on the size of the microsphere and the scanning laser beam. Similar

experiments were carried out by means of a femtosecond laser source which revealed
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better surface finish structures, along with the presence of periodic ripples generated
at certain fluences. This type of surface modification is studied in more detail in

chapter 9.

Chapter 9 gives an account of the evolution of laser-induced periodic surface
structures (LIPSS) on silicon by single and multiple femtosecond pulses. It is
suggested that an incubation effect is responsible for ripple generation by multiple
pulses at fluences below the ablation threshold by a single pulse. The mechanism
behind the origin of ripples is discussed and an ‘invisible marking’ effect detected in

laser-induced amorphous areas is also presented.

Chapter 10 introduces the optical effects of the LIPSS detailed in chapter 9.
Several structural colour properties are accomplished by nano-engineered
femtosecond structuring: iridescence, intensity modulation, stretching/compressing

and a forward/delay colour shift in the visible spectrum.

Chapter 11 provides conclusions for the research work of this thesis. A
discussion on the continuation of the outcome of this thesis is proposed by a list of

suggestions for future work.
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CHAPTER 2

REVIEW OF MICROFABRICATION
PROCESSES IN THE SEMICONDUCTOR
INDUSTRY AND NON-LASER
MICRO/NANO FABRICATION
TECHNIQUES

2.1 Introduction to Processing of Semiconductor Materials

In order to better describe micro and nanofabrication techniques it is essential
to define some of the basic processes that take place in microfabrication, used mainly

in the microelectronics industry [18].

The size of the features involved in microfabrication range from several
micrometers to some tens of nanometres. So, important consideration must be paid to
the elimination of particles like dust, smoke and bacteria that can affect the correct
functioning of an integrated circuit. Clean rooms are essential in the microelectronics
environment. Class 1 to class 10 is the range of clean rooms used in this industry,
class-10 clean room having 10 or fewer particles (size of 0.5 micrometers or larger)

per cubic foot [19].

One of the widest used materials in the semiconductor and photovoltaics
industries is silicon [20]. In order to obtain single-crystal and defect free material a
crystal growing and wafer preparation process is necessary. First, silica and carbon
are heated producing 95 to 98% pure polycrystalline silicon. Then a step known as

Czochralski process is applied in order to get single-crystal silicon which starts by
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dipping a seed crystal into molten silicon. Then the seed is pulled out from the melt
at the same moment it is spun around its axis. The final product is a cylindrical
single-crystal ingot. This ingot undergoes a series of machining and finishing
processes in order to obtain silicon wafers. These processes are described as follows

[19]:

2.1.1 Film Deposition

Film deposition is the first operation performed on the silicon wafer. Films
can be insulating or conducting, and among most used materials are poly-silicon,
silicon nitride, silicon dioxide, titanium and aluminium. The deposited film has the
functionality of masking and protecting the substrate. Film deposition can be
prepared by evaporation, sputtering, chemical vapour deposition (CVD) or electro-

deposition [19, 21].

2.1.2 Oxidation

Oxidation occurs due to the reaction of oxygen with the substrate material.
Oxide films that are grown by thermal processes exhibit higher levels of purity than
the ones elaborated by deposition techniques. The reason for this is that they are
directly grown from a high quality substrate. Dry oxidation develops when the
substrate temperature is raised from 750°C to 1100°C inside an oxygen environment.
Wet oxidation results from a water-vapour atmosphere. Its main defect is a low oxide
density and consequently, a lower dielectric strength. Selective oxidation occurs
when only some parts of the substrate are to be oxidized; it makes use of silicon
nitride to cover selected parts which restricts oxygen and water vapour from reaching

the substrate surface [19].
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2.1.3 Optical Lithography

One of the well established and most suitable process for semiconductor and
MEMS fabrication is conventional optical lithography, but its major disadvantage
lies on the diffraction limit of light, so its use in nanofabrication is hampered [22].
Lithography is the process of transferring patterns to a substrate surface.
Photolithography uses masks to transfer patterns to the wafer through a lens system
[23]. Masks can be made of glass or quartz plates, with the pattern deposited on to

them by means of a chromium film [19].

Photoresists are organic polymers coated onto the wafer after the film
deposition process. They change their structure when exposed to radiation with the
help of a sensitizer that controls the reactions in the polymer. Also a solvent is used
to spread the polymer in liquid form. Photoresists are extended over the substrate by
spin coating at several thousand rpm for 30 to 60 seconds. By prebaking the wafer,

solvent is removed and photoresist is hardened [19].

Pattern transfer is done by stepper or step-and-scan systems. During wafer
stepper, the complete image is exposed in one flash, and then is refocused to a
contiguous section. In step-and-scan, the light source is fixed to a point while the
mask and wafer are moved in opposite directions [23]. In both methods, UV
radiation is focused at the reticle and after development and removal of the exposed
sections of the photoresist, the transferred pattern is obtained. Reticles can figure a
negative or a positive pattern. Positive reticles permit UV radiation to break down
the chains in the polymer film followed by its subsequent development. As a final
step, stripping is employed to dissolve the developed photoresist by using acetone or
strong acids. Also oxygen plasma can be utilized. Etching will remove the

underlying film not covered by the photoresist [19].
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2.1.4 Extreme ultraviolet lithography

Deep-ultraviolet projection lithography can pattern two dimensional
structures on a large scale and is able to create any pattern in just a single exposure
step. Some of its disadvantages are that it is a costly process and involves complex
optics to obtain an aberration-free imaging of the mask (Figure 2.1). Due to the small
depth of focus, deep-ultraviolet projection lithography requires a complex focusing

system and its mask has to be written by e-beam lithography [24].

EUV Mask Absorber

MosSi
—— Multilayer
Stack

Wafer

Figure 2.1 Simple EUV imaging system showing the mask, imaging optics, and wafer [25]

Extreme ultraviolet lithography uses a light wavelength of 13 nm to reduce
the effect of diffraction and enhance smaller resolution sizes than those achieved by
photolithography. By using a two mirror Schwarzschild imaging system, the pattern
from the mask is imaged with a 10:1 reduction ratio onto a resist-coated wafer

surface [19, 25].
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2.1.5 X-ray beam lithography

X-ray beam lithography uses shorter radiation wavelengths and a larger depth
of focus than photolithography which can produce very fine patterns in thick resist. It
is not so susceptible to dust, and the aspect ratio can be extended to 100, compared to
the aspect ratio of 10 offered by conventional lithographic techniques. It can deliver
high throughput when combined with the LIGA process (x ray lithographie,
galvanoformung und abformung (german): x-ray lithography, electrodeposition, and
moulding). However, x-ray beam lithography requires synchrotron radiation which
is expensive and not readily available [19]. Other concerns regarding this technology
are its specialised mask membrane fabrication process, and the advanced alignment

system it requires to control the narrow membrane-resist gap [26].

2.1.6 Electron beam lithography

Electron beam lithography allows nanofabrication with resolution as small as
a few nanometres. But some drawbacks of this technique are that it needs expensive
samples, vacuum conditions, and because of it serial nature, low processing speed
[27]. It employs high current density in a narrow electron beam which can be
scanned over the wafer to pattern one pixel at a time. Masking is achieved by

controlling the point-by-point transfer utilizing a specialized software [19].

2.1.7 Focused Ion Beam lithography

Focused Ion Beam (FIB) is a maskless lithography technique that employs a
ion beam of Ga to nanopattern with numerous applications including photonic
devices like distributed Bragg reflectors (DBR), 1D and 2D crystals and surface
plasmon waveguides. Inconveniences of the process are material re-deposition and
incident ion beam contamination. Another negative aspect is that due to the beam

shape, the milled structures exhibit a conical profile [19].
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The resolution of the patterns obtained with FIB is given by the spot size
which can be as small as 7 nm resulting in typical lateral sizes of 10 nm. The beam
spot size varies with the ion beam current which has a range of 1 pA to 40 nA.
Nanohole arrays can be created on an epitaxial layer of SiO, on an n-GaAs substrate.
This mask is used to attain vertical sidewalls combined with dry etching to avoid the
typical conical profile and to eliminate re-deposition. To avoid surface charging an
ultra thin film of titanium is deposited on top of the sample which is removed during

dry etching. Later, the dielectric mask is selectively removed [19].

In FIB milling, dwell time affects the diameter and depth of nanopatterns.
Having a fixed total milling time, if the dwell time is reduced, the number of scans
per perforation increases which results in an enlargement of the overall size. To
achieve smaller nanostructures it is recommended to use a longer dwell time (with

reduced total milling time) and a small current [19].

2.1.8 Etching

Etching can be defined as the process in which particular areas of films are
removed. Selectivity during this step is a crucial factor and is denoted by the ability
to etch one material without deteriorating another. Wet etching consists of immersing
the wafer into an acidic liquid solution, and as it is an isotropic process, removal of
material occurs in all directions at the same rate. During this type of etching
undercuts below the mask are obtained, degrading the resolution of patterns in the
substrate. Anisotropic etching (i.e. unequal removal of material along different
directions) occurs when etching depends on composition or structural variations in

the material [19].

Dry etching is done by utilizing chemical reactants in a low-pressure system.
It achieves high directionality, offering well defined profiles. Sputtering etching is a
dry etching technique where the film is bombarded with noble gas ions. The
ionization occurs by means of a cathode and an anode, and material is etched away

because of a bond-breakage mechanism when the ions impinge on the surface [19].
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Reactive plasma etching or dry chemical etching uses RF excitation to
generate chlorine or fluorine ions that diffuse and react with the substrate, forming a
volatile compound removed from the plasma reactor by a vacuum system. Physical-
chemical etching includes reactive ion-beam etching (RIBE) and chemically assisted
ion-beam etching (CAIBE). They use chemically reactive species to etch away
material, assisted by ion sputtering. RIBE is also called deep reactive-ion etching
(DRIE). Also because the ion targeting is directional, etching becomes anisotropic

and does not affect mask material [19].

2.1.9 Diffusion and Ion Implantation

As a final step involved in microdevice fabrication, diffusion and ion
implantation have to be described due to their importance in the semiconductor
industry. Electrical properties of some regions in the substrate can be induced thanks
to the introduction of dopants by means of diffusion and ion-implantation processes.
During diffusion, dopants are introduced to the substrate by depositing a film or by
immersing the substrate in a vapour containing the dopant. Drive-in diffusion is used
to attain a more even concentration of dopants within the substrate by heating the
wafer. The main drawback of diffusion is its highly isotropic results. Ion
implantation is a process in which ions are accelerated through a high voltage field
and the desired dopant is selected with the aid of a mass separator. Annealing after
ion implantation provides repair of the silicon surface damaged during the process, it

also enhances further diffusion of the dopants into the substrate [19].

2.2  Micro/Nano Structuring of Materials and Applications

Recent techniques that are employed to modify materials at the
micro/nanoscale are presented. A selection of state of the art work in the field of

micro/nano patterning by colloidal self-assembly, direct contact printing and near-
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field effects was selected due to its relevance to the experimental work undertaken

during the course of this thesis.

2.2.1 Natural/Colloidal Lithography

Natural or colloidal lithography refers to a self organizing process [28]. The
first work in this area was done by Fischer and Zingsheim in 1981. They proposed
“naturally” assembled polystyrene latex nanospheres as a mask for contact imaging
with visible light [29]. Disadvantages of this technique are its homogeneous nature,
restriction to elaborate complex nanostructures and the appearance of defects

because of thermodynamic phenomena [30].

Another type of colloidal lithography consists of a dispersed monolayer of
nanoscale spherical particles (e.g. latex or SiO, micro-spheres) that is self-assembled
on top of a substrate and heated above the glass transition in order to modify the
shape of the individual particles. Then, using a collimated argon ion beam, the
surface is dry etched and the pattern of the individual particles is transferred into the
surface. As a result, ordered arrays of gold cylinders are left on a substrate. The
particles remaining on some of the cylinders are removed by exposure to ozone. This
technique can be used to template a nano-pattern of proteins which are then
immobilized and used as detection systems, stimulatory cues for biosystems or as

model systems to study biointeractions [31].

Colloidal lithography is also known as nanosphere lithography (NSL), and it
is characterised by its low cost, easy implementation, and parallel, high throughput
nanomanufacturing which offers the significant advantage of producing a wide

variety of nanoparticles arrays in the range of 20 to 1000 nm [29].
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Figure 2.2 Single layer periodic particle arrays made by nanosphere lithography [29]

This self-assembly procedure is based on the formation of a two-dimensional
colloidal crystal deposition mask (Figure 2.2). This mask can be achieved by spin
coating, drop coating or thermoelectrically cooled angle coating; the requirement is
that nanospheres should freely extend on the substrate to attain their lowest energy
configuration. When the solvent evaporates, capillary forces make nanospheres pack

in hexagonal arrangements on top of the substrate [29].

After the crystallization of the mask, metals can be deposited onto the
substrate through the mask by thermal evaporation, electron beam deposition or
pulsed laser deposition until a controlled mask thickness dy, is obtained. Once this
step is completed, the nanospheres are removed by immersion of the sample in a
solvent, and the deposited material is left on the substrate. Several structures can be
obtained after deposition depending on the particle array (single layer or double

layer) [29].

44



Chapter 2-Review of Microfabrication Processes

Figure 2.3 Schematic diagram of the angle resolved deposition process [29]

A variation of the aforementioned technique is to change the material
deposition angle (figure 2.3). This modification is known as angle-resolved NSL.
When applying AR NSL the size and shape of the nanostructures changes
accordingly to the deposition angle (04cp). If the deposition angle is increased, the
patterns on the substrate will decrease in size and shift from their original position.
The advantage of this technique is that the nanoparticles produced can achieve sizes
from 1 to 20 nm, without having to employ self assembly of nanospheres with
diameters in the order of 5 to 100 nm. The problem of using those diameters in self
assembled monolayers is that their arrangement is difficult due to larger
polydispersity. Furthermore, if Oq4cp is varied between two depositions, nano-overlap

and nano-gap structures can be patterned [29].

2.2.3 Anodization Process

Another variation of self-assembled monolayers used for nanopatterning
purposes is the anodization process. Self-organized porous alumina has been used as

a mask and subsequent metal deposition through the pores of the mask has permitted
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the creation of metal nanodots. Also nanoholes were created utilizing the same
anodic alumina by applying a chemical etching instead of depositing metal

nanoparticles [28].

Si0), ﬂ
x Removal o alumina

ﬂ HF chemical etching

l l l Localized

Figure 2.4 Schematic diagram of the patterning process by localized anodization of Si through anodic

porous alumina as mask [28]

First an aluminium film is sputtered on a p-type silicon substrate, and then it
is anodized at a constant voltage (10-240 V depending on the pore size desired) in
oxalic acid solution. After anodization, self-ordered porous alumina is obtained as
well as silicon oxide dots in the conductive area between the porous film and the
substrate. The next step is to remove the self ordered porous alumina. SiO, convex
features formed during anodization over the silicon substrate are also eliminated by
hydrofluoric acid (HF) etching. Finally, concave patterns similar to the porous
nanopattern of anodic alumina are transferred to the substrate in the form nanoholes

exhibiting the same periodicity as the former (figure 2.4) [28].

To fabricate nanodots, the same anodization process is applied through an
electroless deposition of metallic particles through the porous alumina. In order to
reach the SiO, layer below the porous alumina barrier, a through hole is made by
immersing the sample in phosphoric acid. Different materials can be used for

electroless deposition and consequent formation of nanodots. For example, Cu dots
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can be electroless deposited on a Si substrate by utilizing a CuSO4/HF solution which
will also dissolve the SiO, formed during anodization of the Si substrate localized
below the alumina mask. As a final step, porous alumina is removed by a chromic-

phosphoric acid mixture [28].

2.2.4 Back-Side Irradiation

Backside-irradiation is a projection optical lithography method where feature
sizes below A/260 has been demonstrated in silicon surfaces. An infrared laser (A =
10.6 um) is used to irradiate the backside of a silicon substrate with Au particles on
its surface (figure 2.5). This can be done because the Si substrate absorbs 80% of the
CO; laser light and is able to transmit a fifth of the total laser energy measured. The
nanopatterning mechanism in this method is attributed to localized dipolar
excitations in Au colloid clusters. A disadvantage of this method is that resultant
structures are not homogenous in size and density which suggest low control over

these features [32].

Backside

22222221}

0 0 0 0 Q Au Nanoparticles

Figure 2.5 Schematic diagram of the Backside irradiation process [32]

2.2.5 Proximity Field Nanopatterning

Proximity field nanopatterning (PnP) makes use of conformable phase masks

to fabricate 3D nanostructures by direct conformal contact. It was proposed for the
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fabrication of photonic bandgap structures at low cost and high throughput. Optical
alignment of the mask depends on Van der Waals forces between the mask and the
surface. It offers high tolerance to vibrations and does not need complex optical
alignment setups. Moreover, energy sources of low coherence can be employed and

high resolution can be attained because of its contact mode procedure [33]

(a) initiate conformal contact
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Figure 2.6 (a) Schematic diagram of the PnP technique, (b) Controlled defect structure in PnP mask

(top) and in a patterned 3D structure exposed at 355 nm (bottom) [33]

The masks used in PnP are made of elastomer materials like PDMS and are
fabricated by soft-lithography. When the mask is in contact with a photopolymer thin
film, Van der Waals forces attract the mask into close contact with the surface,

without the need for applying an external force. When light is focused onto the mask
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it forms a 3D intensity distribution that generates exposure of the polymer film
throughout its thickness. When the mask is removed and the unexposed sections of
the polymer are developed, 3D nanostructures (feature sizes ~50 nm) resembling the
intensity distribution are obtained (figure 2.6). The self image formation of the
structure (Talbot effect) is responsible for the electric field minima and maxima
along z; the Talbot distance is a function of grating periodicity and incident
wavelength. The size of the patterned areas is limited by the spot size of the light
source and the size of the mask. 3D nanostructure thickness is constrained by the
structural integrity and optical absorption of the photopolymer. Nevertheless, the PnP
method offers large processing areas, high throughput and low fabrication costs.
Another benefit of this technique is that it can generate aperiodic structures, point

defects and varying periodicities [33].

2.2.6 Nanoimprinting

Nanoimprinting takes place through contact printing and embossing under the
correct temperature and pressure. Patterns in the nanometre scale can be obtained
[34]. The drawback of this method is that each original template must be made using
other expensive or slow nanolithographic techniques, like deep UV and EBL
lithography [35]. Other limitations include restrictions on high resolution patterns
and 2D nanofabrication [30]. On the other hand, it is not affected by wave
diffraction. The technique employs the following mechanism: a master is pressed
into a substrate covered by a thin film of polymer resist. The process occurs at
temperatures higher than the thin film resist glass transition. After several minutes,
the master is released and reaction ion etching is used to remove residues left in the

embossed areas [36].
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2.2.7 Hot Embossing

Hot embossing technique employs moulds to nanopattern substrate surfaces.
The process starts by placing the mould on top of the substrate and then collocated in
a heating plate. When the temperature is above its glass transition point the substrate
softens and takes the form of the mould. This method can be used to produce

microlens arrays [37].

2.2.8 Micro contact Printing

Microcontact printing strongly depends on the formation of self assembled
monolayers (SAMs). Long-chain alkanethiols of gold have been used to fabricate
structures with “well-defined molecular thin films” [38]. SAMs are achieved by the
immersion of a gold substrate into dilute solutions of alkanethiols for some hours. In
contact printing, SAMs are formed in the substrate areas that are in direct contact
with a rubber stamp inked with alkanethiols. During contact, the alkanethiol
monolayer is transferred to the surface in just a few milliseconds due to the high
local concentration of ink near the surface (figure 2.7). The purpose of utilizing
SAMs is to substitute the use of photoresist films and also to enhance the possibility
to control and bind chemical reactions on top of them. The main disadvantage of this
technique is the spreading of the ink molecules resulting in an uncontrolled transfer
and pattern distortion. In order to avoid the aforementioned difficulty, it has been
suggested to employ high ink concentrations and shorter printing times (3 ms) which
will enable a homogenous deposition of SAMs. To further develop the
nanoimprinting method, suitable materials for the stamps and better control on ink
diffusion need to be investigated if a good resolution is expected in the sub-100 nm
scale. The materials of the stamp need to be hard enough to avoid pattern

deformation but at the same time be soft to allow conformal contact. [38].
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1) ink stamp with alkanethiol
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Figure 2.7 Formation of patterned SAMs by microcontact printing technique [38]

2.2.9 Dip-Pen Nanolithography

SAMs can also be used in a top-down nanopatterning method known as dip-
pen nanolithography (DPN). In this method, nanopattern fabrication takes place by
dipping an atomic force microscopy (AFM) tip into an ink containing alkanethiols
and then scanning it over a gold surface. The ink molecules are attracted to the
surface thanks to a capillary bridge of surface-bonded water (figure 2.8). This
technique allows for higher resolution patterns than those obtained with
micro/nanoimprinting. The drawbacks of DPN nanolithography include slow
processing due to its direct-writing nature and small patterning areas. A proposed
solution for this is to utilize multiple pens arranged as a bundle of tips, to achieve
parallelization of the process, also known as 2D DPN. This modification to the DPN
method does not use stamp designs or lithography steps. With 1 bundle of tips
complex geometries can be written over a surface, saving time and decreasing

fabrication costs [38].
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Figure2.8 Illustration of the dip-pen nanolithography technique [38]

2.2.10 Evanescent Near-Field Lithography

Evanescent Near-Field Lithography makes use of the evanescent optical field
setup under a contact mask for exposure with resolution results of A/20 [32]. Planar
metal films can be used in order to project near-field patterns due to the special
properties of surface plasmons. Surface plasmons at planar surfaces can be defined as
longitudinal charge density fluctuations that take place at the boundary between a
metal and a dielectric. The electromagnetic fields resulting from the SP resonance
exponentially decay normal to the surface. It has been proposed that a coherent
superposition of SP oscillations with different wavevectors on a metal surface will

generate an image with a resolution far below the diffraction limit [39].
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Figure 2.9 Schematic diagram of the ENFOL technique [40]
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Evanescent near-field optical lithography (ENFOL) utilizes illumination in
the range of 365 to 600 nm, and represents an extension of optical lithography to
pattern in the sub-100 nm scale. It can employ ultrathin photoresist films and
conformable photomasks to attain both additive and subtractive pattern processes. Its
principle of operation consists of the close contact between a conformable membrane
mask and a substrate with a photoresist coated on it (figure 2.9). It has to be assured
that the distance between these elements is much lower than the wavelength of the
light source. The optical near field in the photoresist film includes high spatial
frequency evanescent components and propagating diffracted components. These
components will increase the resolution of the nanopatterns below the diffraction
limit imposed by conventional lithography techniques. The rigorous precision on the
gap between the conformable mask and the substrate is a factor that can be controlled

by external pressure or vacuum conditions [40].

One of the disadvantages of the ENFOL technique is that the photoresist
thickness is one of the elements that define the resolution and quality of the patterns.
Generally, a thickness of 60 nm is desired for performing exposure within the
evanescent near field of the mask. If a thinner resist is used, pattern transfer is
worsened when applying RIE. If a thicker resist is employed, the resolution of the

pattern is not so good due to diffraction [40].

Two pattern transfer techniques are used to assure a successful sub-
diffraction resolution in ultrathin resists: Subtractive (i.e. etching) and additive (i.e.

lift-off process).
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Figure 2.10 Schematic diagram showing the steps in the subtractive pattern transfer using RIE [40]
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In subtractive transfer, reactive ion etching is used to remove material using
the resist film as an etch mask (figure 2.10). The risk involved is that if the resist is

too fine, it can be etched away along with the silicon substrate by the reactive gas.

For additive pattern transfer, a top imaging layer is included, followed by a
layer which acts as a hard etch mask and a antireflection coating at the bottom of the
scheme. Once the imaging layer is exposed and developed, two RIE steps are applied
to remove the following masks. After etching, the lift-off stage starts by depositing
different materials (e.g. NiCr) by thermal evaporation. As a final step, lift-off of the
remaining layers occurs by means of a developer (figure 2.11). The additive method

guarantees pattern quality and can be used to fabricate fine nanostructures [40].
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Figure 2.11 Schematic diagram of the lift-off process used with a trilayer, additive pattern-transfer

[40]

An important parameter in ENFOL is the depth of field. It is defined as the
depth at which there is sufficient contrast to expose the resist. It depends on the
chemical composition of the resist and the exposure environment. The contrast on the

image at a distance y below the mask is given by [40]:
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Imax(y)_lmin(y)
Lo ) + 1, ()

k(y)= 2.1

Where 7 and [, are the maximum and minimum intensities in the x-z

plane at a distance y below the mask. DOFk refers to the depth below the mask at
which the contrast k drops below a certain value. High contrast resists will permit
imaging at low k factors (DOF is longer for small k) which can help to solve the

problem encountered by ultrathin resists [40].

A final comment on the ENFOL technique is that it allows for printing onto
curved surfaces because of the conformable mask it employs. But under these
circumstances, light cannot be assumed to be collimated, and different incident
angles appear in the process. These can be compensated in the design of the mask if
the curvature of the substrate is examined with anticipation. ENFOL represents a

nanofabrication method of high throughput, low cost and large patterned areas [40].

2.2.11 Photoresist Reflow Method

The photoresist reflow method has been used to fabricate microlens arrays. It
consists of the melting of islands of photoresist. When this occurs, the liquid
photoresist surfaces form a droplet which minimises the energy of the system. The
shapes obtained resemble a spherical surface but more complex features can be
formed due to the existence of physical constraints like the critical angle which is the

angle at which the photoresist is in contact with the solid substrate [37].

2.2.12 Layer-By-Layer Assembly

Layer-by-layer (LbL) assembly is a nanomanufacturing technique used to
fabricate novel multi-layered nanocomposite materials and structures with tailored
chemical, mechanical, electrical, magnetic, thermal, and optical properties. Some of

its applications are found in biocompatible coatings, nanoengineered capsules, pulp
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microfibre nanocoatings and polymer-based electronic devices. This technique is a
type of self-assembled system in which basic unit blocks associate to form a more
complex structure having an architecture determined by the bonds and shapes of the
unit elements. Another advantage of this method is the diversity of substances that
can be employed as film constituents. The method is based on the resaturation of
polyion adsorption, which reverses the terminal surface charge of the film after each
layer is deposited. The ultrathin multilayer films can have a precision finer than 1 nm

and at the same time a well defined molecular composition [41].
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Figure 2.12 Schematic diagram of the LbL assembly by alternate adsorption of polycations and
polyanions or nanoparticles [41]

The technique applied on planar solid substrates begins by a polycation
solution added to a suspension of colloidal particles. When adsorption saturation
occurs, separation of the particles from free polycations in the solution takes place.
After this, a polyanion layer is deposited. The adsorption of alternately charged
polyions contained in solution is the basis of the process (figure 2.12). Then, water-
soluble or dispersible elements having charges can be considered to build the
resulting films. The initial material could be metallic, plastic, ceramic and the LbL-

assembled material may consist of polymers, nanoparticles or proteins [41].
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2.2.13 Conclusions

The aforementioned techniques although varied have provided a guide for
micro/nano processing criteria, listed in table 2.1. If a technique is to be developed
and implemented, this set of considerations should be taken into account in order to

aid the optimisation of processing parameters.

Table 2.1 Micro/nano processing criteria

Desirable characteristics

Detrimental aspects

Low cost

Simple
steps/alignment/implementation
High throughput

Tolerance to setup vibration
High resolution

Large processing areas
Generation of aperiodic
structures, point defects, varying
patterns/periodicity

Unaffected by wave diffraction

Expensive processing steps
Expensive or numerous
processing steps

Slow processing

Rigorous precision of
mask/substrate gap
Uncontrolled pattern
transfer/distortion

Small patterning areas
Homogeneous nature and
restriction to fabricate complex

features/parallel throughput
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CHAPTER 3

REVIEW OF LASER MICRO/NANO
FABRICATION TECHNIQUES

Laser Beam Characteristics

The acronym LASER stands for the process of Light Amplification by

Stimulated Emission of Radiation. Light amplification takes place inside a resonator

or cavity which comprises two mirrors, one at each end of the laser medium. While

one of the mirrors is totally reflecting allowing light to bounce back and forth along

the optical axis, the other mirror partially transmits some light out off the chamber

(i.e. the operating beam). This constitutes the laser optical feedback system in which

the outcome is often (but not always) a coherent and highly orientated beam with the

following characteristics [42]:

Wavelength: This property is inherent to the transitions taking place by
stimulated emission inside the laser cavity.

Coherence: Due to stimulated emission, radiation is a self-generating process
where a continuous wave train of many meters long can be obtained. This
indicates that the phase difference (A¢) at a single point in space measured at
the beginning and end of a fixed time interval (At) is time-independent
(perfect temporal coherence). In the same manner, the phase difference
measured at any two fixed points perpendicular to light propagation is also
time-independent (perfect spatial coherence) [43].

Mode and Beam Diameter: Standing electromagnetic waves, which depend
on the cavity geometry, appear as radiation oscillates. Even with small angle
variations, different longitudinal standing waves may form and interfere,

giving rise to a transverse standing wave. This transverse wave defines the
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mode structure of the beam coming out from the cavity [42]. According to the
orders of mode, Transverse Electromagnetic Mode patterns (TEMpq) can be
classified as: p (number of radial zero fields), 1 (number of angular zero

fields), and q (number of longitudinal zero fields).

3.2  Focal Spot Size

When a lens is used to focus a beam of finite diameter (D) towards a sample,
it conducts all rays at the focal plane where constructive and destructive interference
will occur. In the “Fraunhofer” Diffraction Pattern, the first dark ring appears
because two rays (A/2 out of phase) arrive at the same point and destructive
interference takes place. This results in a decrease in light intensity. In the other
hand, when the rays are in phase, constructive interference appears [42]. The
focussed beam diameter is known as the central maximum which is said to contain
86% of all the beam power [42]. It covers the points where light intensity has
diminished to (1/¢%) of the central value. If the beam has a rectangular shape with a

plane wave front, dy, is defined as:

d. =——; 3.1

For circular beams, a factor of 1.22 is introduced and the equation for the
diffraction limited spot size changes to:
2.44 f/’i.

d.. = ; 3.2
min D ( )

For Gaussian beams a further correction is needed: multi mode beams

(TEMpyq) will focus a minimum spot size accordingly to its radial and angular nulls:

_ 24412

min

d

QCp+I+1); (3.3)
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3.3  Beam Quality M2

Due to diffraction, a laser beam will diverge at an increasing rate from its
initial waist Dy _until it reaches a maximum known as the far field divergence . If
the beam is focused by a lens it will converge to a new waist D; and diverge again

with a far field divergence of Oy, [42]:
D,®,. =D,0,. =constanf (3.4)

The Beam Quality Factor M? compares the actual beam divergence @, with

the divergence of a Gaussian laser beam having the same initial waist ©,:

M? == (3.5

Then for a lens, the spot size can also be obtained by:

2
act :& and ®r = 2/1 a0 dmin :M’ (36)
2f zd 7D,

min

Higher order mode beams can be treated as Gaussian by using the quality
factor M>. For example, the beam diameter D,, starting from the beam waist to any

point along the beam path z is given by [42]:

5 2 1/2
D, :D0[1+((4M ’}Z)j J ; (3.7)
7 D;

Furthermore, the wave front radius R, can be obtained by:

3.8
‘4M2/1zi 3-8)

(z ;) J ;

R =z 1+(
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The distance from the beam waist where the diameter is D, to the point

where it reaches x/EDO , 1s known as the Rayleigh Range and is related to the quality

factor by [42]:

2
R= ( fMD;l} (3.9)

The distance where the beam spot size grows by 5% is known as the depth of

focus (zy) and is defined as [42]:

2

D
Z5 :iO'OS”M;)/i; (3.10)

Also, if the focussed beam converges with an angle having a tangent equal to

D/(2f) [42]:

i __b _ b ; (3.11)
z, 105d,, 1.052.44f1/D)
2, £2.56F° 4 (3.12)
where F =~—;
For multimode beams the depth of focus is defined as:
2, =12.56F°M*4; (3.13)

And the spot size focussed by a lens at a distance z from the beam waist can

be calculated as [42]:

61



Chapter 3-Review of Laser Micro/Nano Fabrication Techniques

_4MA,

, 3.14
min ﬂ'DZ ( )

3.4  Laser Interferometric Lithography

Interferometric Lithography has the capability to produce periodic arrays of
lines or dots over large areas. If combined with high repetition EUV lasers it is a
useful tool to pattern nanoscale features by means of interference effects. An
illumination source with a high degree of spatial and temporal coherence is needed in
order to obtain a good interference pattern, as well as a high average of power that
would allow short exposure times. In Lloyd’s mirror interferometer [43], a part of the
beam impinges on a mirror at an incidence angle (0) which is then reflected and
interferes with the undeflected portion of the beam, see fig. 3.1 [44]. This
interference results in an intensity pattern of period A, defined by the wavelength of
light A and the grazing incidence angle 0, in accordance with the grating equation:

Ae_ A . (3.15)

2sin(0)

v d

Figure 3.1 Schematic of Lloyd’s mirror interferometer [44]
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When two planar waves of coherent light interfere, the resultant pattern of
parallel fringes can be used to expose a photosensitive film. Moreover, a double-
exposure method can form a mesh pattern just by rotating the substrate over 90
degrees after the first exposure. Gratings crossing each other are obtained, and by

development of the photoresist, a square array of pores is generated (fig. 3.2) [45].

N N
Sl

Figure 3.2 Schematic illustration of: (a) First exposure of the substrate, (b) 90 degrees rotation of the

e

substrate, (c¢) Second exposure [45]

It is important to consider the characteristic penetration depth in the material
used for interferometric lithography. If it is too small, a low vertical modulation of
the pattern on developed resists can arise which is not convenient. To avoid
undesirable results, parameters like resist composition and thickness, development

procedure and illumination dose have to be optimized [24].

Multiple beam laser interference lithography has several drawbacks like
complex experimental setup which requires high coherence laser sources, vibration
isolation and bulk optics (e.g. beamsplitters, mirrors and delay stages) [33]. On the
other hand, if a single pulse irradiation is used, a vibration isolation table is not
necessary and the quality of the nanostructures is improved. To avoid excessive
spatial and temporal deviation of two beams and consequently improve the
modulation profile of high resolution grating, the laser must be spatially collimated

and the interferometric system must be precisely assembled [46].

An application of the two-beam interference ablation technique is the manufacturing

of high resolution gratings to be used in optical waveguide devices and Bragg
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reflectors. Diffraction efficiencies of 55.4% have been measured for relief gratings.
The gratings can be transferred to a UV curable epoxy resin in order to obtain an

embossing master for massive fabrication [46].

3.4.1 Fibre Bragg Gratings

Fibre Bragg gratings (FBG) are embedded within a material to monitor the
real time condition of some factors like the load, strain, temperature or vibration.
They usually are holographically written into Ge doped fibres by exposure to UV
interference. As a result, a grating showing periodic modulation of the refractive
index in the fibre core reflects light of wavelength A, satisfying the Bragg condition
Ap=2n,3A where n.y is the effective mode refractive index and A, the grating period.
This period is strongly affected by the temperature or the strain of the fibre so, by

evaluating the shift in the reflected wavelength, these factors can be measured [47].

Considering the external parameter to be sensed (e.g. temperature (7), strain
(&), hydrostatic pressure (P), or refractive index of the cladding (n.)) to be X, the

shift in Bragg wavelength can be calculated as follows [48]:

Ay =2n,, A,

d
da, =2i(neﬁA):2Aﬂ+2ne#%:2/\&6#+2ne#Aa; (3.16)

Ld, _2A&, 2y ha Gy

Ay dX  2nyA 2ngA n

(3.17)

Where One/nes is the normalised sensitivity of the effective mode refractive index,
and o is the coefficient of physical length change dependent on the parameter X. In
this manner, for a temperature change the normalised sensitivity of the effective

mode index is known as the thermally induced refractive index change or thermo-
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optic coefficient [49] (£=1/ng)(dnes/dT), and o is the thermal expansion coefficient.
Combining these two parameters the shift in Bragg wavelength due to a change in
temperature can be calculated as:

Ad,(T) = A, (E + a)AT;

(3.18)
Strain measurements can be obtained by employing the equation:
ALy (T) = A, (1= p, )e; (3.19)
n2
pa :Lzﬁc[plz_o-(pll_plz)]; (320)

Where p, is the stress-optic coefficient and p;, and p;; are coefficients of the stress-

optic tensor, and ¢ is Poisson’s ratio. In the case of isotropic and homogenous strain:

AL, (T)=2,(1-P)e; (3.21)

Where P, is the strain-optic coefficient.

3.4.2 Microlens Arrays

Another application is the fabrication of microlens arrays (MLAs) which are
constructed by a series of miniaturized lenses with a certain arrangement. A
microlens array can focus the light into an array of small spots to be applied in micro

and nanolithography.

The MLA technique can be used to nanopattern phase change materials by
employing a femtosecond laser as the light source. Its nanopatterning mechanism is
based on a photochemical reaction under UV laser irradiation. When the laser
fluence is raised, the pattern size increases because more photon energy is absorbed
by the photopolymer. Axial sizes in the sub-200 nm range are obtained with lens

diameters of 23 micrometers. Attention must be paid to the distance between the
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MLA and the surface because a non uniform placement of the array above the
substrate can provoke different focal points. This last can be achieved by means of a

high resolution nanostage and a MLA alignment system [50].

3.5 Laser-Induced Forward Transfer

Laser induced forward transfer (LIFT) technique is a nanofabrication method
that has been employed for the fabrication of carbon nanotube patterns. It is also
utilised for deposition of metallic films on substrates. By laser irradiation, the film
(previously precoated over a transparent material) is transferred onto a surface by
single laser pulses. It has to be considered that the transparent material has to be
brought in close proximity with the substrate; this can contain a mask with
predefined patterns. When the precoated material absorbs the laser energy, it
evaporates and is subsequently deposited on the substrate through patterned orifices

on the mask. As a last step, the mask is removed from the substrate (figure 3.4) [51].

';'CNT film Mask

Laser irmdiminnl

Glass support Substrate

Figure 3.3 Schematic diagram of pattern deposition of a carbon nanotube film by laser transfer

method [51]

3.6 Laser-Induced Plasma Assisted Ablation

In laser-induced plasma assisted ablation (LIPAA), the generation of plasma

is given by the adsorption of laser light by the medium. This plasma is able to ablate
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in a very precise way hard materials like SiC. Another example of hybrid laser
processing is the Contact Particle-Lens Array (CPLA) technique. It employs an
enhanced electromagnetic field to make nanopatterns, by utilizing a mask of
spherical nanoparticles [52]. This near-field phenomenon will be explained in the

following section.

3.7  Near-Field Patterning Techniques

Near field patterning techniques are based on near field optics. These
techniques have become widely studied because they can deliver high resolution
below the diffraction limit of light without the need for complex and expensive
systems such as those employed for electron beam lithography (EBL) or focused ion

beam (FIB) lithography.

3.7.1 Non-Resonant Near-Field Optical Chemical Vapour Deposition

Non-resonant Near-Field Optical Chemical Vapour Deposition provides
excellent spatial resolution, accurate control of size and position and can be applied
by the means of different metals (e.g. Zn, Al). Deposition can achieve a precision of
approximately 1 nm. The setup for this technique utilizes a buffer gas (e.g. ultra high
purity argon) and a reacting molecular gas source (e.g. diethylzinc DEZn). Also, it
includes a laser (as the light source) and a fibre probe, in which an optical near field
is generated at its apex. This optical near field is the mechanism responsible for

photo-dissociation and deposition of the reactive molecular gas (figure 3.5) [6].
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Figure 3.4 Principle of the NFO-CVD [6]

3.7.2 Laser irradiation in conjugation with scanning probe microscopy

Laser irradiation can be combined with Scanning Probe Microscopy (SPM) to
nanopattern structures in the sub-100 nm scale. The laser beam is focused between
the SPM apex and the surface. Then the tip scans over the top of the substrate, which
can be a metal or a photoresist, obtaining high resolution nanolines and
nanocharacters. Careful attention must be paid to the laser processing parameters in
order to achieve extended control over depth and width of nanostructures. The
advantages of this type of laser processing are its easy setup, fast speed and large
nanopatterned areas. The setup can be realized in open air with a commercial
scanning probe miscroscopy system. The laser fluence used during the process has to
be set at a value lower than the ablation threshold for the tip and the substrate in
order to avoid their damage. Additionally, the sample position can be controlled via a

tube scanner (figure 3.6) [53].
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Figure 3.5 Experimental setup for laser surface nanopatterning combined with SPM [53]

Two possible mechanisms can explain laser nanopatterning using a SPM tip.
The first one relates to the thermal expansion given by the laser energy absorbed by
the tip and the substrate. In the second one, the SPM tip is seen as an “antenna”. By
this effect, the electric field localized under the tip is enhanced and is responsible for
the ejection of surface materials and the consequent formation of nanostructures.
Both mechanisms depend on tip sharpeness, scanning speed, scanning times and
laser fluence, to achieve variation in depth and width of the nanopatterns. For
example, it has been demonstrated, that with increased laser fluence, depth and width
are also augmented. Depth can be increased if the scanning speed is lowered, the
sample is scanned more than once and the laser fluence is increased. Width can be
decreased if a lower laser fluence is set for the process and also if the scan speed is
increased. This technique is flexible enough to provide a wide range of nanopatterns
by software programming of the scanning path. Besides, if reactive ion etching (RIE)
is applied after the nanoprocessing, different nanodevices (e.g. NEMS structures) can

be created [53].

3.7.3 Near-field optical microscope patterning

One of the most used near-field techniques is that of near-field optical

microscope (NSOM) patterning. In this method, the separation between the aperture
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and the surface is small compared to the wavelength, and the resolution obtained in
the medium is given by the size of the aperture rather than by the diffraction limit. In
the NSOM system the light source is coupled to a single hollow optical fibre with a
small aperture at its end. The near-field enhancement localized at the tip of the
NSOM is the mechanism responsible for the nanopatterning of the substrate material
[54]. Moving the piezo stage in which the sample is mounted while laser light is

irradiated through the nanotip makes possible the design of complex structures [55].

The noncontact mode of this method is based on the vibration of the
nanoprobe at its resonance frequency using a PZT-actuating-endcap and a lock-in
amplifier. This mode (non contact) is employed when the surface material is soft,
because the pattern width in contact mode is barely larger due to a stronger near-field
coupling [55]. It has to be noted that the main factor responsible for pattern width is
the total amount of energy irradiated on the surface. As it increases, the bulk of
photochemically reacted material expands from the focusing spot making the pattern
wider and deeper. The width of nanopatterns decreases with low laser power and
faster scan speeds. Care must be taken when applying this technique to
nanopatterning of substrates (silicon wafers) because the depth of the nanostructures
has to be large enough to account for the etching processes. One way of doing this is
to increase the scanning times but attention is to be paid because the width will also
increase and deteriorate the spatial resolution. However, a good way to compensate

for this will be to reduce the thickness of the photoresist [27].

Benefits from NSOM nanopatterning include the fact that it is done in air and
is maskless, permitting flexible changes in the fabricated designs [27]. One of the
disadvantages of this technique is that it cannot be scaled to an industrial
environment because of its low throughput and a strict control of the near-field
distance. Because of the small aperture of the probe, large areas cannot be processed
within short periods of time so it has been proposed to employ multiple nanoprobes
in the form of parallel-type cantilever nanoprobes in order to enhance productivity

[55].
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NSOM-based techniques are applied depending on three different
nanofabrication purposes: material modification, material addition and material
removal. NSOM is defined as a probe technology that optically alters materials at
spatial resolutions beyond the diffraction limit of light. One of the advantages of
NSOM technology over scanning tunneling microscope (STM) is that the sample
used can be non conductive. This is because NSOM detects the tunneling of photons
rather than the electron tunneling currents, sensed in STM. Another benefit of
NSOM technology is that it can employ diverse energy sources like electrostatic,

optical, optochemical, optoelectrical, optomagnetic and thermal [56].

Two types of probes can be used in NSOM: with aperture and apertureless.
The advantage of a probe having an aperture is that light irradiation can be controlled

directly and a wider range of materials is available (figure 3.7) [55].

The aperture of a NSOM system is fabricated by tapering an optic fiber to a
sharpen tip and then applying a metal coating to the entire fiber but without covering
the tip. The metal coating will enhance resolution due to a better confinement of
light. While the probe is maintained in close contact with the sample, the evanescent
field exiting the probe aperture illuminates the sample. Excited atoms in the sample
re-radiate propagating waves, enabling the probe to collect those propagating waves

for their further transmission to a photodetector [56].

By using aperture NSOM probes, light is confined to a certain resolution
dictated by the size of the aperture. When an apertureless probe is employed this
limitation is overcome because a sharper tip scans the surface in the near field. To
achieve this, far field light is directed to the sample to produce an evanescent field
over the surface. The atoms in the tip are excited (due to the evanescent photons),

and re-radiate the propagating photons [56].
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Figure 3.6 (a) Aperture NSOM, (b) apertureless NSOM [56]

Material modification by NSOM relies on the use of the probe as a source
energy to modify materials like photoresists, electro-magneto-optical materials,
ferroelectrics and self-assembled monolayers (SAM). An aperture probe is used to
scan the materials surface by confining the lateral dimension of light in the sub-
wavelength scale. When localized in close proximity to the surface, the optical near
field is the mechanism that patterns the area because at this distance light waves do

not propagate but decay exponentially perpendicular to the surface [56].

An application of material modification by NSOM is found in the data
storage industry. An array of 60 nm bits has been reported on a GeSbTe film. Due to
the increased temperature given by the irradiated light through the probe, a change of
phase in the film occurred from amorphous to crystalline, affecting the local

reflectivity of the film and preparing it for readout in reflection mode [56].

Also a probe-based thermomechanical data storage system known as the
“Millipede” has been proven successful with initial areal densities of 100 to 200
Gb/in* by utilizing a 32x32 cantilever/tip array. For the writing process, a local force
has to be applied by the cantilever/tip to the polymer. Then, softening of the material
occurs by heating and an indentation is made. In order to read the data bit

indentation, a change of resistance in the film is detected by scanning the
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cantilever/tip over the surface. Some of the factors that have to be improved in the
“Millipede System” are uniformity of the cantilever/tip arrays, system reliability, and

data rates [57].

Material removal by NSOM refers to the photon energy utilized to chemically
etch material. It can also be seen as a mechanism to physically ablate material. One
example of the first function is laser-induced chemical etching. Results of this
process are attributed to photophysical phenomena and not to thermal ablation.
Ablation needs a higher amount of energy than the normally employed in assisted
etching. The energy transmitted ejects atoms and molecules from the surface. This
mechanism is known as photothermal dominated ablation. Important factors to be
considered are the use of a laser with shorter wavelength and absorbance of materials
at such wavelength. The material removal function could be used to repair
lithographic masks. Femtosecond lasers possess a multiphoton absorption
mechanism which makes them suitable for modification of transparent materials like

quartz substrates used in the masks [56].

Material addition by NSOM is performed by using the probe tip as a near
field light source. This source provides a photocurrent that induces electrochemical
reduction of metallic ions. This electrochemical process prompts material deposition
over the surface. Another NSOM deposition technique includes chemical vapour
deposition (CVD), in which a precursor gas is photodissociated by the second
harmonic of an Ar, laser. The height of the deposited nanostructures can be adjusted
by the irradiation time and the increase in the input of the near field energy; the

lateral dimension is resolved by the aperture size [56].

The nanolithographic resolution in NSOM is limited by the tip opening but
this is also constrained by the amount of light that can pass through it. Moreover, the
input power cannot be raised too high because it will damage the coating. For these
reasons, apertureless NSOM was developed. It is based on the effect of the local field
enhancement given when a metal tip is illuminated by a laser beam. This
enhancement makes the electric field become stronger by at least three orders of

magnitude [56].
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The light allowed in the sample corresponds to the waves propagating with
constant amplitude between the probe and the surface. The imaginary part of the
wave vector is related to the exponential decay of the waves within distances of the
order of the wavelength. These are the evanescent waves responsible for producing
the forbidden light in the sample. So the electrical field distribution of the
fundamental wave is composed by the different contributions of the allowed light
and the forbidden light. It has to be mentioned that the allowed light is localized at
the centre of the tip and as the gap width between it and the sample is increased, the
field intensity of the forbidden light decreases while the field intensity of the allowed
light dominates. On the other hand, when the probe is situated closer to the surface,
the intensity of the forbidden light dominates. The overall field intensity decreases
with the probe-sample distance having a typical decay length similar to the tip size
(approximately 50 nm). When the probe-sample distance is larger than the probe tip
(50 nm) the main contributor to the total field intensity is the allowed light. An
important aspect that has to be considered is that the allowed light only carries
information related to the low spatial frequencies, so the probe to sample distance
has to be monitored in order to detect the forbidden light which is essential to

improve the resolution when the imaging mode is used in NSOM [2].

3.74 Contact Particle-Lens Array

In Contact Particle-Lens Array (CPLA) patterning, the particle mask consists
of a self-arranged monolayer which offers massively parallel nanostructuring with a
significant improvement in patterning speed under single laser pulse radiation [54].
Transparent spherical particles which compose the monolayer are used as lenses for
focusing laser radiation. The electromagnetic field scattered by these spherical
particles is described by the Mie theory. The near-field lens produces a strong field
enhancement just below the contact area between the particle and the surface. The
energy flux at this point is below the diffraction limit [54]. This near field
enhancement is given because the gap between particle mask and substrate is much

smaller than the light wavelength and also the particle diameter is smaller or in the
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same order of the light wavelength. These circumstances lead to what is recognized
as the optical resonance effect in the near field which is different from the sphere

lens focusing in the far field [53].

Geometrical optics provides a simple approach to estimate the intensity

enhancement factor under the particle [58]:

Ly’ 2In . (3.22)

Where a is the particle radius and a >> A, wy, is the spot size on the substrate
given by: w, ~ asin’ Ooims sin’ G sin’ O,n= (4-n2)3/(27n4), and n is the refractive index
of the particle. It is interesting to note that both diffraction and aberration make the
structure of the field more complex than that explained by geometric optics.
Previous experiments have shown that the field enhancement under the particle is
responsible for material modification of the substrate and even ablation can take
place within a range of 100 nm. However, Mie theory is not enough to explain this
mechanism because it neglects the secondary scattering of radiation, reflected from
the surface. This originates from the effect of increased optical enhancement and
sharpened area of field localization due to the fact that the substrate surface acts like
a mirror in conjunction with the particle which can be seen as a spherical resonator.
The nanostructures produced are formed at normal irradiation and in the positions

where the spheres were initially located (figure 3.8) [54].

The adhesion forces responsible for attracting the particles to the substrate
surface are the Van der Waals forces. On the other hand, the forces used to remove
the particle from the substrate are known as laser-induced particle removal forces
and owe their behaviour to the thermoelastic effect between substrate and particle.
When the laser irradiates over the particle mask and the substrate, these absorb
energy and due to the thermoelastic effect the particles are expelled from the surface.
Also some stresses and strains appear on the surface because of the temperature
increase during the process, contributing to particle removal. So, if the laser fluence

is raised, particles get removed because of the substrate thermal expansion [54].
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Figure 3.7 SEM images (scale bar is 1.0 um) of nanodent structures formed on GeSbTe film under
the removed particles after one laser pulse irradiation at different incidence angles: (a) 0°, (b) 30°, (c)

45° and (d) 60°; Laser fluence is 7.5 mJ/cm? [54]

If metallic nanoparticles are used in the monolayer for nanopatterning, an
outward energy flux is localized in the near-field. Surface plasmons generated in the
particle due to the incident light create an enhanced field in its surface allowing
nanopatterning [59]. The plasmon enhanced near-field printing process employs a
mask formed by metal particles that can be put into close contact with a thin
photoresist layer. Afterwards, the resist is illuminated with p-polarized light at the
plasmon resonance frequency of the particles. The enhanced optical field around the
metal particles causes an increased exposure of the resist layer below the particles.
When the resist is developed, only the exposed areas subjected to the local field
enhancement will be affected. Depending on the required resonance wavelength,
(chosen according to the resist sensitivity), a certain particle material can be utilized.
It has to be considered the following: if large particles are selected, the field
enhancement will drop because of the excitation of multipolar oscillations inside the
particles. So a proper diameter will be in the order of 0.1A or below it [39]. It has
been suggested that large nanoparticles (e.g. 1000 and 2000 nm) act as lenses and

that small nanoparticles (in the submicron nanometre scale) represent a source of
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near field in which the electric field around the nanoparticles increases due to light

irradiation [60].

Nanofabrication by means of this technique can take place at low energy
without ablation. The explanation for this is that the irradiated intensity over the
particles is enough to soften the surface by an augmentation in the temperature of the
film which consequently leads to the material deformation caused by the scattering
force. On the other hand, the ablation mechanism depends on a photochemical and a
photothermal reaction. The photochemical reaction alone cannot ablate because the
photon energy is too low to break the chemical bonds directly. So in order for

ablation to occur, both reactions must be present [60].

When similar particles are situated close to each other, the energy flux is
coupled allowing nanoparticle chain waveguides. But this coupling of the plasmon
nanoparticles with a surface has not been investigated enough [59]. Another
consideration to be made about this coupling is that it modifies the optical properties
of the system resulting in an electromagnetic field distribution different to that
obtained with an isolated particle. The resulting optical spectra of two adjacent
particles resemble the spectra of an ellipsoid. This spectrum is expressed by the two
resonant frequencies of the longitudinal and transverse modes respectively. Also it
has been shown that the particle arrangements influence the electric field distribution
and the enhancement factor. The highest enhancement occurs when the polarization
of light is parallel to the axis of a pair of particles also known as the longitudinal

mode [61].

The finite difference time domain method can be used to calculate the electric
field distribution and the optical near field intensity localized under a particle placed
onto a surface. This method is based on a numerical algorithm that solves Maxwell’s
equations and presents the solution of electromagnetic distributions of complex
geometries and inhomogenous materials [61]. Another method that can be employed
is the multiple-multipole (MMP) model which incorporates a purely analytical and a
purely numerical approach and can be applied to solve Maxwell’s equations for

arbitrarily shaped, isotropic and linear homogenous material [2].
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Recent modifications to the technique include using an angular scanning laser
beam, which irradiates the mask and as a result, parallel writing of complex array

patterns is obtained over a large surface area (figure 3.9) [62].

Figure 3.8 Schematic diagram of direct laser writing of nanoline array on substrate [62]

When the incidence angle is normal to the surface, most particles are
removed. This occurs because the thermal deformation and/or ablative forces exceed
the Van der Waals forces responsible for maintaining the particles attached to the
surface. It has been demonstrated that at low laser fluences and small incident angles,
the particles are not removed from the surface and because of this condition, multi-
angle processing can take place. Multi-angle processing is of important relevance
because it can produce continuous lines on a substrate. The characteristic length of a

nanoline is given by [62]:
L= r|tan(0{l ) — tan(c, )| (3.23)

Where o is the incidence angle. In order to fabricate nanolines with the same
depth, the laser fluence must be varied or multiple laser pulses should be used at each
different angle. In the same manner, lateral dimension uniformity can be achieved if

an appropriate laser fluence is selected. This technique is not restricted to nanolines
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only but complex shapes can be patterned by means of the design of the scanning
path design. If CPLA patterning is combined with the use of a femtosecond laser as
the light source, resolution can be greatly improved (in the order of sub-50-nm scale)
[62]. Although laser parameters strongly affect surface patterning, the particle size
and the light wavelength should also be monitored to achieve better control of the

process [53].

If a quartz plate is placed on the sample surface (e.g. aluminium substrate) in
order to fasten the self-assembled nanoparticle monolayer, two mechanisms are
found responsible for the formation of the nanostructures. These are the near-field
optical enhancement and the nanoimprinting processes. Near-field optical
enhancement occurs when the laser fluence is very low and only the main lobe of the
intensity enhancement reaches the melting point of the substrate due to optical
resonance inside the particle. In this way, small holes are created on the surface. If
the laser fluence is very high, the whole substrate surface is heated above the melting
point because of the large amount of energy irradiated on the sample. If this is the
case, the nanoimprinting mechanism takes place as the melting depth increases with
the laser intensity. If the quartz plate is covering the particles, these get imprinted on
the melted surface during the laser pulse and hemispherical cavities are formed due
to the spherical shape of the particles. During the embossing of the silica particles on
the surface, the molten material is raised. When the imprinting mechanism is
dominant, the effect of the main and side lobes of the intensity enhancement

disappear [63].

It has been found that the electric field can be greatly enhanced compared to
the incident wave after the light travels through the micro-particle. The time
averaged relationship between light intensity and the magnitude of the electric field

is given by [63]:
1 2
I = Ece‘OE (3.24)

Where € is the vacuum permittivity constant and E is the electric field of

incident light. Considering the above formula, light intensity increases with respect
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to the incident wave and is confined to a small region near the contact point between

the particle and the substrate surface [63].

Another modification of the CPLA technique is to employ masks
manufactured by EBL or FIB techniques on quartz substrate. The limitation of this is
the precision that has to be maintained between the mask and the substrate
(approximately 10 nm), which can be solved by the use of scanning probe
microscopy (SPM). The use of a semi-spherical/cylindrical prefabricated mask will
permit the patterning of more complex geometries. By employing a laser source over
the mask, laser pulsed irradiation modifies the substrate material under the mask by

photochemical phenomena [53].

3.7.5 Femtosecond laser irradiation

Femtosecond laser irradiation provides extremely high peak power intensity
for nonlinear and multiphoton absorption. This nonlinear absorption produces an
increase in the refractive index at the focal point inside materials like the glass which
allows for the production of nanopatterns with no cracks at the surface. If this type of
irradiation is combined with a particle mask, nanoholes can be created with edges
free of cracks due to the ultrashort laser pulses. Femtosecond lasers machine with
minimal heat generation and the heat affected zone (HAZ) is reduced because of the
short pulse durations. In this way, thermally induced substrate cracking is avoided
[64]. Besides crack-free surfaces, nanopatterning quality is increased in the sense that
molten material accumulation around the nanopatterns is considerably reduced. This
condition is fulfilled because pulse duration is shorter than the time it takes to

transfer absorbed laser energy to the lattices [53].

Laser ablation by a femtosecond laser can be distinguished by two domains
regarding laser fluence. For example, on Si surfaces, laser fluences below a
wavelength dependent threshold of 2 J/cm® proportionate ablation rates that are

strongly dependent on the optical penetration depth. The profiles obtained under this
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domain match the incident light intensity distribution. Above such a laser fluence

threshold, explosive boiling could affect the underlying profiles [61].

3.8 Conclusion

The laser-based techniques documented in this review show that laser sources
can be employed very effectively to pattern a variety of substrates at the micro and
nano scale. Their main advantages over other micro/nano fabrication techniques
include: simple processing steps, high resolution patterning, high throughput, lower
costs (compared to EBL, FIB, and X-ray lithography), maskless setups, and large
processing areas. These features will be further investigated and demonstrated in the

next chapters.
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4.1

CHAPTER 4

EXPERIMENTAL APPARATUS AND

ANALYTIC EQUIPMENT

Laser Sources

4.1.1 Frequency Doubled Diode Pumped Solid State (DPSS) Nd:YVO4 Laser

A Laservall Violino green marker system with the following characteristics was

employed in this research work [65]:

Wavelength: 532 nm

Pulse duration: 8ns

Nominal Maximum Average Power: 7 Watts
Laser Mode: TEMy,

Beam Quality: M*< 1.2

Repetition rate: 20 kHz -100 kHz

Figure 4.1 DPSS Nd:YVO4 laser system (a) lay-out [65]; (b) enclosure.
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The system lay-out is presented in figure 4.1. The laser diode pump module is
coupled into the head resonator through a fibre optic cable. Optical efficiency
conversion from pump light into laser light is 50%. The laser light is delivered to the
sample surface by means of a galvo-scanner head with a focusing lens with nominal

focal length of 150 mm and spot diameter of 50 wm.

A frequency doubling module brings the wavelength from 1064 nm to 532 nm
and using the same focal length, the spot size can be reduced by 50%, increasing the
power density and producing finer structuring. It also causes less mechanical heat

stress without disrupting the ablation process [65].

4.1.2 ND:YAG Diode Pumped Solid State Laser (DPSS)

A commercial diode pumped Nd:YAG Laser Zone Texture (LZT) system
(A:1064 nm, T: 82 ns) was also utilised for the experimental work with NiP/Al disks
[66]:

e Wavelength: 1064 nm

e Pulse duration: 82 ns

e Nominal Maximum Average Power: 8 Watts
e Laser Mode: TEMy

e Beam Quality: M?%: 1.04

e Repetition rate: 300 kHz

This system is able to commercially produce bumps on NiP/Al disks with
sub-nano meter accuracy and long term stability. These bumps can achieve 6-8.5 +
0.4 nm heights, with a circumferential pitch of 16 um (1 wm) and radial pitch of 16
wm (1 um) [66].

With a beam quality factor (M?) of 1.04 and a beam diameter of 7 mm before
focusing the beam onto the target by a single element lens (f = 50 mm), the

calculated focused spot size on the disk is 10 um. See figure 4.2 for optical lay out. A
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variable attenuator was used to control the laser fluence (pulse energy per spot area)

delivered to the substrate.
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Figure 4.2 Laser Precision Solutions Pte LZT system (Courtesy of Precision Laser Solutions

Pte Ltd) [66]
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4.1.3 Femtosecond Laser system

Irradiation by femtosecond pulses was carried out by means of a Libra-S
System which consists of an industrial oscillator and Regenerative Amplifier

(Chirped Pulse Amplification CPA). The system comprises 5 modules [67]:

e Seed laser (Vittesse): CW DPSS laser and mode-locked Ti:Sapphire oscillator
(tunable A: 795 — 805 nm, T: < 100 fs, output power: > 1 Watt)

e Pump laser (Evolution-15): DPSS, second harmonic Q-switched Nd:YLF
laser.

e Ti:Sapphire Regenerative Amplifier (RA)

e Stretcher/Compressor

o DAC electronics interface module

The output characteristics of the Libra-system are listed as follows[67]:

¢ Nominal Maximum Average Power: 1Watt
e Repetition rate: 1 kHz

e Pulse width: < 100 fs

e Energy per pulse: > 1 mJ

e Wavelength range: 780 — 820 nm

e Beam diameter: 6 mm
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Figure 4.3 Set-up for the Libra-S system.

The schematic of the optical set-up for the Libra-S system is shown in figure
4.3. The beam coming out from the laser enclosure is directed through a set of
mirrors and passed through a neutral density filter wheel which allows for power
attenuation. The beam is finally coupled into a scanning galvo-head which allows for
a precise scanning path through a laser/scanner control software (WaveRunner

Nutfield Technology, Inc).

The basic principle of Chirped Pulse Amplification employed by the Libra-S
System is based on the generation of a very short duration pulse (7: fs, E: nJ, Ppea:
kW) from the seed laser which is then stretched (10 000X) in order to reduce its peak
power (T: ps, E: nJ, Ppeac:W). Such a low-brightness pulse is then amplified (t: ps, E:
W, Ppea:kW) as it is multi-passed through a single Ti:Sapphire laser rod. This rod is
optically excited by a pulse from the frequency doubled Q-switched Nd:YLF laser.
The pulse is then recompressed by means of a single diffraction grating to its original

pulse duration (T: fs, E: uJ, Ppea:GW), see fig 4.4 [67].
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Stretcher Amplifier Compressor >

A —F A —® —>

Short Stretched
pulse pulse

Amplified Compressed
pulse pulse

Figure 4.4 Principle of Chirped Pulse Amplification [67]

4.2 Surface Characterization

4.2.1 Optical Microscope

Samples with features at the micro-scale were analysed via optical
microscopy. This was performed with a Polyvar MET microscope equipped with a
100 W low-voltage halogen lamp and a 6X Objective nosepiece with magnifications
ranging from 2X up to 100X. A CCD camera collected and transfered the magnified
images into computer software (i-Solution DT, Image & Microscope Technology

IMT).

4.2.2 White Light Optical Interferometer

3D Optical profiling of surface structures of nanometre height was realised by
a high vertical resolution (> 0.1 nm), non-contact white light interferometer (VEECO
Wyko NT1100) and its analytical software Wyko Vision 32. Measurement modes
utilised in the present research included both: optical Phase-Shifting (PSI) and white
light Vertical Scanning Interferometry (VSI). Objectives used were 5X and 50X, and
for the FOV lenses: 0.5X, 1X, and 2X.
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4.2.3 Scanning Electron Microscope (SEM)

A Hitachi High Technologies (S-3400N) SEM (shown in figure 4.5) offered
high lateral resolution for imaging at the nanoscale, which could not be achieved
through conventional microscopy due to its optical diffraction limit. Its operation
principle originates from a beam of electrons scanned over the sample. As the first
atomic layer of the surface reacts to such a high-energy electron bombardment,
signal (e.g. secondary emission (SE) or backscattered emission (BSE) containing
information about the sample’s morphology and composition is emitted and

collected. Some of the main characteristics of this analytical equipment are [68]:

e High SE resolution: 3 nm (30 kV) and 10 nm at 3 kV
¢ High BSE resolution: 4 nm at 30 kV

e Magnification: 5X to 300,000X

e Accelerating voltage: 0.3 to 30 kV

e Electron gun: Tungsten emitter

Figure 4.5 Hitachi High Technologies (S-3400N) SEM.

4.2.4 Atomic Force Microscope (AFM)

3D Characterization of surfaces with lateral and vertical dimensions at the

nanoscale was accomplished by a Veeco dilnnova AFM (see fig. 4.6).
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Figure 4.6 Veeco dilnnova AFM.

Two main measuring modes can be used: Contact and Tapping. In the first
one, the probe tip interacts with the sample in permanent direct contact. During
scanning the probe is submitted to a contact force which deflects the cantilever
position in the Z-direction. A closed-loop feedback mechanism retrieves information
from the surface’s topography by reading the laser light reflection from the top of the
probe through a fibre optic interferometer. As the contact force bends the cantilever,
the output signal from the feedback mechanism keeps a constant cantilever deflection
in the Z-direction. In tapping mode, the probe is intermittent contact with the sample
by means of an oscillating probe tip. The oscillation amplitude varies accordingly
with the surface’s topography and the measurement of this variation serves as the
input in the closed loop Z-feedback mechanism, which is closed by minimising this

oscillation changes [69]. Data acquisition and analysis was performed with SPMLab.

Contact mode is preferred when the sample material is rigid enough to
withstand the presence of lateral forces. On the other hand, tapping mode can offer
high resolution topographic characterisation of soft samples (i.e. easily-damaged
materials) and minimisation of effects related to friction, adhesion and electrostatic

forces commonly found when the tip is in continuous contact with the sample.
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4.3 Optical Properties Characterization

4.3.1 Total Surface Reflectance (Analytik Jena, SPECORD 250)

An Analytik Jena SPECORD 250 spectrophotometer with integrating sphere
was used to perform total reflectance (specular and diffuse) measurements in the
spectral range from 380 to 1100 nm. This type of accessory allows for accurate
reflection measurements from surface structures, as the sample is brought in direct
contact with the sphere becoming a part of the inner sphere surface. This inherently
alters the sphere’s efficiency depending on the reflectance properties of the sample

which results in the measured signal [70].

By placing the sample against the integrating sphere, the incident beam can
be diffusely transmitted (sample is positioned in front of the sphere) or reflected
(sample is positioned behind the sphere) into the internal reflective surface of the
sphere until it reaches the detectors [71]. Total reflectance measurements are possible
if a white Spectralon® insert is placed at the specular reflectance angle instead of a

specular gloss trap (see fig. 4.7).

1 Mirror 2 ] Spectralon® insert for reflectance aperture

2 Mirror 3 7 Reflectance aperture for reflecting powder sample
3 Gloss trap 8 Diffuse reflectance

4 Reflector 9 Mirror 1

5 1

Detector 0 Optical path of SPECORD"

Figure 4.7 Optical path inside the integrating sphere for total reflectance measurements [70]
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The measurement geometry of the sphere is 8°/d (d: diffuse), so that the
incident angle is 8° with respect to the surface normal. The reflectance of the sample
is then defined as the radiation reflected from the sample and the radiation reflected

from a matt white standard [70].

4.3.2 Relative Reflectivity (HR4000CG Ocean Optics)

An HR4000CG-UV-NIR Ocean Optics high-resolution (0.75 FWHM) fibre-
optic spectrometer was utilised to measure relative reflectivity in the spectral range
from 200 to 1100 nm. It was connected to a computer via the USB port and could be
controlled through SpectraSuite software. Light from a halogen lamp is transmitted
through a reflection probe with 6 optical fibres for illuminations. Light interacts with
the sample and is then collected via the central fibre in the reflection probe. This
spectral information is sent to the spectrometer which measures the amount of light
and digitalises the outcome. This is then processed by SpectraSuite which compares

it to a reference and displays the measured spectra [72].
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CHAPTER 5

HIGH SPEED, LOW DEFECT LASER
MICRO-TEXTURING OF SI WAFER
FOR IMPROVED LIGHT TRAPPING IN
PHOTO-VOLTAIC APPLICATIONS

The demand for efficient, renewable energy is a growing and crucial issue in
today’s world. Solar energy offers a vast, inexhaustible, free and clean option for
future power needs. Although new technologies emerge every day, silicon-based
solar panels represent the most feasible and commercial solution. The reason for this
is its well established manufacturing process and the abundance of this material in
the earth’s crust. In order to achieve highly efficient devices, all losses associated
with the photovoltaic cell operation must be minimized. Amongst them, optical losses
as high as 30% light reflectivity are characteristic of bare Si substrates. In this
chapter reduced reflectivity is reported by micro-texturing the front surface of a
single crystalline silicon wafer using a diode pumped Nd:YVOy laser system with a
computer controlled 3 axis galvanometer beam scanner. High laser scanning speeds
(~1 m/s) and multiple passes resulted in microstructures that offer lower reflectivity
than those achieved by current industrial texturing and SiN.:H coatings. The
obtained micro-textures were further modified by a post-process cleaning method
which gave a cleaner texture and reduced reflectivity. Moreover, texturing
experiments were also carried out in an argon environment which was proved to
improve the ablation efficiency of the process because the possibility of oxide
formation during laser processing is eliminated in the presence of an inert gas.

Additionally, in this chapter it was studied and demonstrated the impact of the
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characteristics of laser-generated micro-structures (i.e. morphology, topography and

periodicity) on the optical performance of Si surfaces exposed to solar irradiation.

5.1 Introduction

Silicon is the most widely used material for solar cells devices due to its
semiconductor properties. As a well-established technology [73], silicon-based
photovoltaic devices have been intensively researched over the past 30 years. The
current challenge for the photovoltaic industry is to transfer research progress into an
industrial environment by means of simple, economic and feasible processes.
Optical, recombination and resistance losses, affect directly the efficiency of
photovoltaic cells. Of primary importance are the optical losses because they account
for the amount of energy that enters and leaves the cell. The aim of this research is to
enhance the maximum energy that enters the cell and induce absorption in the most

effective way once the photons are inside the cell at all available energy levels.

Antireflective coatings (ARCs) are commonly used to reduce optical losses,
but they are optimized to absorb only at a limited wavelength range. A different
method to reduce reflection is to texture the cell’s surface [74]. Texturing offers the
advantage of not being wavelength-dependant plus a major enhancement on photon
absorption [75]. This is due to the fact that texturing offers angled surfaces [76],
making some light rays reflect between surfaces from one surface to another
enlarging the photons’ optical path length and increasing their internal reflection
[77]. This enlarged optical path, present only in textured surfaces [78], provides a
change in the angle of incidence allowing the refracted photons to be absorbed closer
to the p-n junction of the cell. This oblique coupling of light has been shown to

produce an increase in the current generated.

Light trapping or internal reflection is the process in which photons are
reflected back from the rear surface of the cell to the front, in which they encounter
angled surfaces due to the texturing of the absorbing surface [79], increasing their
probability of being absorbed. Efficient light trapping by multiple reflections can be

obtained by pyramidal texturization achieving reflectivity measurements as low as
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1.5% in combination with ARCs [80]. Zhao et al. [81] introduced a “honeycomb”
surface texture in multicrystalline silicon which increases the optical thickness of the
cell by a light trapping mechanism that causes total internal reflection of the
absorbed light. They obtained efficiency results of 19.8% compared to the 18.6% for
previous passivated emitter, rear locally diffused (PERL) cells. In this type of cells,
developed at the University of New South Wales [82], typical texturing is pyramidal
which has also been proved very efficient as a light trapping scheme with effective

optical thickness enhancement factors as high as 40.

A variety of techniques could be used to texture a solar cell’s surface.
Amongst them, dry etching has been shown to be successful at reducing reflectivity
to 20% in the 600-900 nm range [83] by employing chlorine trifluoride (CIF3).
Winderbaum et al. [78] also applied RIE to micro-texture the surface of multi-
crystalline silicon solar cells, obtaining an attenuated average reflectivity of 5.6%
and an increment in overall efficiency from 8.0% for un-textured cells to 9.89% for

RIE-textured.

It has been demonstrated that laser texturing in solar cell applications is an
efficient method for decreasing surface reflection and enhancing light trapping. The
isotropic nature of the process makes it appropriate to be used in a variety of
materials including polycrystalline silicon. This is a very important material because
it represents half of the global photovoltaic production [76] and is considerably less

costly than single-crystal silicon [84].

A laser texturization technique proposed by Abbot and Cotter [85] includes
an ablation process followed by two different etching solutions. Etching is used in
order to remove any slag from the ablated pits which can deteriorate electrical
performance of the device. A Q-switched, Nd:YAG laser was employed to obtain a
honeycomb pattern of conical pits. It was shown that the shape, aspect ratio and
period of the structures, have a significant role in the optical characteristics of the
substrate. Numbers of pulses affect the shape and depth of the ablated patterns with
more pulses achieving higher aspect ratio structures. With deeper pits, surface

reflection is greatly reduced. The depth range was between 10 and 50 pum, with 40
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wm spacing. One of the purposes of the etching steps, besides removing slag, is to
reduce the amount of laser-damaged material which can cause dislocations in the
bulk of silicon and deteriorate its electrical characteristics. Recombination of
minority carriers can occur due to the introduction of defects into the bulk material,
sacrificing effective lifetime and open-circuit voltage. Although laser-induced
defects might enhance Shockley-Read-Hall recombination, it has been demonstrated
[86] that laser processing does not deteriorate cell electrical performance in a

significant way.

Femtosecond laser irradiation in conjunction with ambient SF¢ and CI, gases,
was found to produce conical micro-spikes on silicon samples [87]. The micro-
structured samples where irradiated with 500 laser pulses of 100 fs duration. The
features were 40 pm tall with cross sections at the base of 60 pum? and 1 pm diameter
at the tip. Further research findings into femtosecond micro-structuring of silicon

have demonstrated almost 100% absorption for a broadband spectrum [88].

In addition to the already mentioned, several laser-texturing techniques [89-
91] have been effectively developed yet need to be implemented in the photovoltaic
industry. Modifications and improvements need to be done to these methods in order

to increase their process speeds so they may suit a real industrial environment.

However, to the knowledge of the authors, there has not been a systematic
study on the relationship between laser-processed c¢-Si  surface’s
morphology/topography/periodicity and its optical response to solar irradiance. So it
is the intention of the present work to better understand this relationship and to
achieve better reflectivity/absorption results by treating the samples in an argon
environment. This work also analyses the effects of KOH etching to remove the
defects and fine tune the geometry of the texture. In addition, the present results are
compared with the standard texturization method of random-pyramid generation by

KOH etching which is only suitable for single crystal Si samples.
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As this laser-texturization process is independent of crystal orientation it can
be applied to multi-crystalline Si surfaces which are more widely used in the

photovoltaic industry.

5.2 Laser Processing Experimental Procedure

A combination of laser texturing and chemical etching was used in this study.
The obtained micro-structures were analyzed by means of optical microscopy
(Polyvar MET microscope), scanning electron microscopy (Hitachi, S-3400N Type
I), optical profiling (Wyko NT1100) and spectrophotometry (Analytik Jena,
SPECORD 250). Their formation mechanism is investigated and their effect in

surface reflectivity is discussed.

Pulsed laser irradiation of p-type single crystal Si <100>, boron doped, with a
resistivity of 1-10 Q-cm, was carried out by means of a diode pumped Nd:YVO,
laser system (Laserval Violino, wavelength of A = 532 nm, pulse duration of T = 8 ns,
and a repetition rate of 30 kHz) with a computer controlled 3 axis galvanometer

beam scanner.

The substrate surface was scanned by the laser beam having a spot size of 50
wm in diameter. Several trials at different scanning speeds and fluences were done in
order to develop the structures that would give the lowest reflectivity. It was found
experimentally that a 0.9 m/s scanning speed and fluence of 2 J/em?, at a frequency
of 30 kHz, resulted in uniform micro-sized pits that reduced the front reflectivity of
the samples from 33% to 23% after only one scanning pass which shows the
significance of texturing solar cells. As the number of passes was incremented,
deeper microstructures were achieved and the reflectivity was observed to be
noticeably further reduced, but this also implied an extended processing time and a
larger amount of debris around the pits which is undesirable for photo-voltaic

applications.
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In order to remove the accumulated debris, an anisotropic etching solution of
30% KOH was used [92]. After laser processing, the samples were immersed in the
solution for different time periods at a constant temperature of 60°C. The first effect
observed was that the KOH unclogged and widened the pits. If the immersion time is
prolonged, the structures will vanish from the surface and it will become flat again,
which is detrimental for the process. However, it was determined experimentally that
by etching the samples for 5 minutes in 30% KOH solution at 60°C, an improved

texture is obtained, as will be later explained.

An additional set of experiments included the processing of the samples
under the presence of an argon environment which resulted in deeper structures with
a smoother surface finish. A KOH cleaning solution was also applied after such
processing which demonstrated that the most important factor influencing the optical

performance of the texturing is the depth of the laser-fabricated pits.

5.3 Results
5.3.1 Air environment — Morphology and Topography

When scanning at a lower fluence, the amount of energy that is delivered on a
unit of area decreases, so the obtained structures exhibited a smaller diameter than
that of the original beam spot. In the present case, the fluence was adjusted to 2 J/em?®
and the scanning speed was set to 0.9 m/s, which implied the delivery of 1 pulse per
spot. The sample was scanned following a linear regime with a hatch distance of 25
pm which resulted in a uniform square arrangement of oblated pits having ~ 31 pm
and 28 pum along the principal axes (fig. 5.1(a-b)). The vertical profile of the
structures indicated a pit depth of ~ 0.5 pum. Accumulated debris around the pits
results in an elevation from a few hundred of nanometres to a few micrometers above
the original surface (fig 5.1(c-d). Periodicity can be controlled by adjusting the
scanning speed, frequency and the hatch distance between line scans. In this case, as
the periodicity between structures was set to 25 wm, the borders of the pits

overlapped contributing to the increase of molten material around the edges.
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Although some droplets of molten Si re-deposited in the bottom of the pits, this was
virtually clean from debris and presented some waviness in the order of a hundred of

nanometres.
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Figure 5.1 (a) SEM image of square arrangement of laser fabricated pits on <100> Si; (b) Optical
profile of a single pit; (c¢) Optical profile along the major axis of the oblated pit with a lateral

dimension of ~ 30 wm; (d) Optical profile of the pit depth: 0.6 um.

When the same spot is targeted with several pulses by an increased number of
scans, a deeper pit is formed and a significant amount of slag accumulates around.
The deeper the pits, the lower the reflectivity because light rays have more chance to
be reflected back between the pits’ walls and get absorbed. It was observed that as
the structures get deeper, the excavated material builds up around the pit walls in an
upward conical shape, see fig 5.2(a-d). From this combination of pits and conjoined
walls in the form of cones, the light-trapping is greatly enhanced as will be seen in

the next section.
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Figure 5.2 SEM images of laser fabricated pits on Si after: (a) 10, (b) 20, (¢) 30, and (d) 60 passes.
The inset images show pit depth.

5.3.2 Air environment — Reflectivity Measurements

The total surface reflectivity curves were obtained for each of the micro-
structured samples after multiple scanning passes by utilizing a spectrophotometer
with a wall-mounted integrating sphere that covered the spectral range of A = 360 to
1100 nm (see figure 5.3). A calculation of the solar weighted reflectance (SWR) was
employed in order to consider the spectral distribution of solar energy in which
photons with less energy than 1.1 eV (silicon band gap) are discarded due their
inability to produce photocurrent, and photons above that value only contribute 1.1

eV of energy [93].
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