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Abstract

Counterfeiting is a global issue and has considerable negative impacts on our society, both
economically and socially. Existing anti-counterfeiting methods such as watermarks, holo-
grams, and conventional laser marking are, however, becoming old-dated and ineffective.
This project aims to develop a new laser-based anti-counterfeiting technology — Superlens-
assisted anti-counterfeiting Laser Dot Code marking — which can effectively prevent and
detect counterfeiting, and difficult to be copied by counterfeits. This project is timely and of

considerable potential social and economic impacts to Wales, the UK and internationally.

The key concepts behind the project include: (1) Using DotCode scheme in laser marking to
replace TEXT or other 2D code schemes (e.g QR code) for enhanced security; (2) integrating
particle superlens array into laser dotcode marking process to reduce laser focus spot size
from microscale to nanoscale. Such nanofeature-decorated DotCode marking is unique and

hardly to be copied.

Experimentally, we first performed direct laser marking of dotcode on stainless and glass
surface without particle superlens by using UV and femtosecond (FS) lasers. Advantages of
DotCode scheme over other 2D codes were demonstrated, including higher manufacturing
speed, better scalability, and readability. It is also shown that FS laser has clear advantages
over UV lasers in DotCode marking in terms of marking quality and feature size. However,
driven by the commercial needs on low-cost solution, the superlens-assisted marking was
explored using UV laser only. To deposit a large-area monolayer of microsphere array on
glass surface, three different techniques were tried, including drop-casting, spin-coating and
Modified Langmuir-Schaefer (MLS) techniques. The MLS technique was chosen for the
project due to its ability to generate required large-area monolayer particle arrays. A group of
different UV laser fluences were then tested, with the aim to find best laser parameter window
for the marking process. After this, the readout of laser-marked nano DotCode were tried
with Scanner App. The laser-marked nano Dot Codes are completely invisible to human eyes
and can only be revealed by microscopic imaging followed by image processing. Theoretical

calculation of particle superlens focusing was also carried out to support the experiments. As



a result, the proposed technique successfully demonstrates its unique ability in protecting the

information being counterfeited by others.

List of Figures 2



Chapter 1
INTRODUCTION

1.1 Anti-counterfeiting

As new opportunities open up on with globalisation and the accessibility of the internet,
it is important for many industries to acknowledge the threat of IP (Intellectual property)
crime and equip its products with suitable anti-counterfeiting technologies to prevent business
owners and customers from falling victim to IP crime. The harm caused by IP crime impacts
not only company profits and tax revenue, it extends to threatening global public health safety
with the most recent cases involving fake COVID-19 vaccines being distributed among the

global population [1].

Laser marked codes has been used as an effective tool in anti-counterfeiting applications
[2]-[5]. Laser marked codes are difficult to rubbed off in comparison to ink-based codes,
making them the ideal solution for traceability and anti-counterfeiting: laser marking creates
a permanent, indelible mark. Distinct 2D codes, such as QR code, Data Matrix code and

DotCode, can help create additional level of security and complexity to deter counterfeiters.

However, due to rapid growth of laser technology especially the fiber laser technology, the
prices for conventional laser marking systems drop considerably in recent years and a low-end
marking system now only costs less than £2k, making it accessible to more and more people
and also the counterfeiters. We thus need new innovations to improve the security level of our
markings so that a counterfeiter with a laser marking system cannot copy or reproduce our

markings.

For this, we advocate to use the Dot Code scheme in marking to improve the security level.
On top of this, a second level of security will be added by integrating superlens into the
marking process to reduce each individual marking size from micro to nano (see Figure 1.1).

As a result, information will be encoded in a 2D Dot Code marking where each dot among
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Enhanced security

Figure 1.1 — Project concept. Evolution from (a) conventional laser text marking to (b) dot code micro
marking and further to (c) dotcode nano marking assisted by superlens.

the Dot Code is made of several nanoscale holes. Such two-level security features make our
2D Dot Code more difficult to be replicated by other counterfeiters and thus provides an
effective anti-counterfeiting solution for protection of authentic products such as diamonds

and jewelries.

1.2 Aims and Objectives

The project aims to develop a superlens-assisted DotCode Laser Marking (SDCLM) techno-
logy for high-level anti-counterfeiting applications. The generated DotCodes by developed
SDCLM technique are highly-secure: they are almost ‘invisible’ to the overserves, and con-
tains distinct signature nanoholes within each marking dot hardly to be counterfeited. The

objectives of the project are to:

* Generate DotCodes on various samples by direct laser marking method, and compare
with other methods (text, QR codes)

* Develop a method to deposit superlens array on sample surface for nanoscale marking.

* Demonstrate two-level security marking by proposed SDCLM technology and success-
ful readout.

* Explore super-resolution mechanism associated with particle superlens.

1.3 Thesis Outline

Chapter 2 reviews some current anti-counterfeiting techniques available on the market, the
operating principles of lasers and the light-matter interaction in laser materials processing,

the theoretical methods of light focusing to achieve super-resolution and the methods of

INTRODUCTION 4



fabricating an HCP (Hexagonal Close Packed) self-assembled monolayer for use in laser

materials processing.

Chapter 3 details the experimental setups for the laser marking and sample characterization,
and the preparation procedures for the substrate and colloidal microspheres. Experiments
were divided into two sections, 1) Fabricating a large-area high-quality mono-layer suitable
for laser marking. 2) Laser Dot Code marking. Theoretical simulation and code recognition

software used in the experiment are also detailed.

Chapter 4 details the main results. Firstly, various 2D code markings were compared in
terms of manufacturing speed, scalability, and readability. It confirms the advantages of
Dot Code scheme over other popular 2D codes. Direct fabrication of Dot Code by UV and
femtosecond laser was then compared. Following that, results on monolayer fabrication
by three different methods (Drop-casting, Spin-Coating and Modified Langmuir-Schaefer
method) were presented and compared. By coupling particle array with UV laser source, tens
of laser fluences were used to fabricate the nanoscale Dot Codes. The size and depths of
fabricated nanoholes were measured and compared, confirming it subwavelength size scale
due to near-field focusing by particle superlens. Readout of nano Dot Code were then reported.
At last, modelling and simulation of superlens focusing at different conditions were studied,
the theoretical results were used to support and explain the experimental findings which are in

good agreement.

Chapter 5 summarizes the whole project and discussed the future work.

INTRODUCTION 5



Chapter 2
LITERATURE REVIEW

This chapter introduces common anti-counterfeiting techniques, and current existing 2D
security codes and highlighting the symbology of each type, followed by introduction to laser
fundamentals and the underlying physical phenomena that occurs during laser ablation for

material processing.

As well as the introduction of optical diffraction limit (ODL), which restricts the minimum
feature size during laser materials processing. Followed by the related literature review of
optical super-resolution techniques to overcome the ODL and achieve the resolutions that are

below diffraction limit.

Most related to the project, is the photonic nanojet phenomena using micro-spheres, super-
resolution techniques utilising the photonic nanojet that enabling laser light focusing to
sub diffraction limit during material processing. Concluding with reviews of mono-layer

fabrication techniques that allow for microspheres to be arranged into an HCP array.

2.1 Anti-counterfeiting technology (ACT)

The European union intellectual property office (EUIPO) published a guide on anti-counterfeiting
technologies (ACT) [6]. It provides an overview of the various solutions currently available
and sets the groundwork for building an anti-counterfeiting strategy. It includes following

categories:

* Electronic technologies — RFID (radio-frequency identification), NFC (near-field com-
munication) devices, electronic seals, Magnetic stripes, contact chips.

» Marking technologies — Text, Watermarks, holograms, inks, Encrypted images, Rain-
bow printing, unique identifier marks, copy detection patterns, Optical memory strip,

machine-readable codes etc. (See Figure 2.1)



* Mechanical technologies — Labels, Laser engraving, anti-alteration devices, seals,
security threads, security films.

* Digital media technologies — DRM (digital rights management) systems, Digital water-
marks, Hashing, Fingerprinting

» Shared Ledger Technology -Blockchain

The ISO 22383:2020 provides guidance for organisations on how to go about selecting
the most appropriate ‘authentication elements’ (devices used as part of an authentication
solution) to validate the authenticity of their material goods and sets out criteria that can
be used to analyse and compare different options. This Standard does not prescribe any

one exclusive means of authentication. This project aims to develop a new laser-based anti-

Figure 2.1 — Example of anti-counterfeit technologies. (a) Hologram (b) watermark (c) laser marking

counterfeiting technology which fall within marking and mechanical technology categories
listed above. However, our technique builds upon novel concept of combining laser marking
with particle superlens and dotcode scheme which haven’t been explored in the literature. In
the following, we will focus on the 2D code schemes used in laser marking, fundamentals
of laser marking, superlens and microsphere-assisted nanopatterning including microsphere

monolayer formation.
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2.2 2D codes

2.2.1 Code-128 Barcode

Bangor University

Figure 2.2 — Code-128 barcode with the encoded message - Bangor University. Generated with Aspose
Pty. Ltd. barcode generator.

Code 128 was invented in 1981 by Ted Williams of Laserlight Corporation to encode both
alphabetic and numeric characters. The Code 128 barcode consists of linear bar as shown in
Figure 2.2, that encodes all of the 128 ASCII code characters (numbers, upper case/lower
case letters, symbols and control codes) typically printed onto products and containers in the

shipping and products industries as a product identifier.

Code 128 contains 106 different printed barcode patterns. Each printed barcode may have one
of three different meanings depending upon which of the character sets are being used, with
the availability of three different Code 128 start characters to program the initial character set.
Functions are also provided in the barcode symbology to switch between character sets and

encode Application Identifiers.
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2.2.2 Data Matrix

The Data Matrix code was invented in 1994, by US company International Data Matrix, Inc.
capable of encoding up to 2,335 alphanumeric characters code consisting of black and white
cells arranged in as a square or a rectangular pattern as shown in Figure 2.3. In the example
below, each dark cell corresponds to 1 and white corresponds to 0 with a L-shaped border
functioning as a "finder pattern" used to locate and orient the symbol, and the alternating dark
and white cells on the opposite side is known as the timing pattern, used to provide a count of

the number of rows and columns in the symbol.

The Data Matrix code can be scaled to a large range of sizes, finding applications with track
and trace, anti-counterfeiting, in aerospace, electronic, and automotive industries with images

as small as 300 um [7], [8].

Bamgor University

(a) An example of Data Matrix code (b) Reading Data Matrix on mobile (c) Data Matrix on mini PCI card
with encoded message "Bangor Uni- phone
versity"

Figure 2.3 — Examples of Data Matrix code
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2.2.3 Aztec code

Aztec code is a public domain 2D barcode invented by Andrew Longacre, Jr. and Robert
Hussey in 1995 [9]. Aztec encoding consists of concentric square rings surrounds a bull’s-eye
pattern. The central bull’s eye consists of 9x9 or 13x13 pixels, and the perimeter consists of
a row of pixels encoding basic parameters. Data is added on the layer by layer, each layer
containing two rings of pixels, for a total size of 15x15, 19x19, 23x23 pixels etc. The corners
of the core (See Figure 2.4 (a)) includes the orientation markers, allows for the code to be
read under rotation or reflection. Beginning at the corner with three black pixels, decoding
proceeds clockwise to the corners with two, one, and zero black pixels (See Figure 2.4 (b)
and (c¢)). Unlike other bar-codes, it is not necessary for Aztec code to mark the boundary with
a blank "quiet zone" since the variable pixels in the central core encode the size, this property
of the Aztec code gives it the potential to use fewer space than other matrix codes and has
found applications in transport ticketing commonly seen on electronic boarding passes across
the transport industry, driver’s identification cards in Poland and tax invoices in Russia (See

Figure 2.4 (d))

I_] Data message
Mode message

LL Lower-case Latch

PS Punctuation Shift

PD Padding

E1 Error correction

Bangor Lniversity

(a) Aztec code core, with the (b) Aztec code structure (c) Example of Aztec code
orientation markers circled with the message "Bangor
in red. University" encoded.
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(d) Polish Driver’s license with Aztec code identifier

Figure 2.4 — Demonstrations of the Aztec code structure and applications.
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2.2.4 QR code

QR (Quick Response) code is a type of 2D barcode created in 1994 by Masahiro Hara from
the global automotive components company, Denso Wave to create a facile and automatic
tracking process of automotive components in the automotive production line [10]. The QR
code consists of black squares arranged in a square grid on a white background, which can
be read by an imaging device such as a camera and corrected using Reed—Solomon error
correction (See Figure 2.5 (a)). The QR code encoding occurs in two directions: horizontally
and vertically. It can be read easily and is capable of holding a great deal of information (See
Figure 2.5 (¢)). QR codes have become increasingly common in everyday life in recent years,
found applications in: payment systems, restaurant ordering, counterfeit detection, electronic

authentication by generating time-limited one-time passwords and product tracing [11].

. 1. Version information

2. Format information

3. Data and error correction keys

|
# 4. Required patterns E E
E 4.1. Position -

E 4.2. Alignment
u
n 4.3, Timing
u |

5. Quiet zone Bangor University

(a) Structure of a QR code (b) QR code with encoded
message Bangor University

The Tragedie of
wechetn )
ACT 1 SCENE 1

(¢) QR code with encoded the act 1 scene 1 of The Tragedie of Macbeth

Figure 2.5 — Figure of the QR code structure and demonstration of the number of information capable
to be encoded into a QR code.

LITERATURE REVIEW 11



2.2.5 Dot code

Dot Code is a public domain 2D barcode symbology composed of disconnected dots, de-
veloped by Dr. Andrew Longacre in 2007. Dot Codes are equipped with error correction
capabilities using Reed-Solomon correction algorithm , which works to detect and restore
missing data in 2D codes[12], [13]. Data in Dot Codes are encoded as ’data dots’ which can
be circular dots or rectangular shapes, this is beneficial for the project due to the circular
dots matching the laser beam shape and thus, additional beam shaping is not required. Dot
Codes can be utilized on light or dark colored backgrounds, provided that there is a sufficient
contrast between the code and its background. Dot codes can encode data using GS1 data
structures (application identifiers + data) as stated in GS1 General Specification. All 128
ASCII characters, i.e., ASCII characters 0 to 127 inclusively, in accordance with ISO 646.
[14]. An example of Dot Code is shown in Figure 2.6.

Limitations of Dot Code

The minimum size of a Dot code to encode data is 7 dots in each direction, also if one axis
contains an odd number of dots then the other must have an even number of dots. Thus,
rectangular codes will be generated every time. Although there isn’t a theoretical maximum
limit for the Dot Code to encode information but, there is a practical limit to how many dots

most printing technology can only achieve 124 dots in either direction.

Currently, cigarettes manufacturers are employing a combination of 2D codes such as Dot
Code, Data Matrix and OCR (Optical Characters Recognition) on the packaging of a product

to allow for the tracking and tracing of the products in the supply chain (Figure 2.7)
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Figure 2.6 — Example of a Dot Code, with
"Bangor 2022" encoded.

Figure 2.7 — Reading Dotcode and text in a
cigarette supply chain.
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2.3 Laser material processing fundamentals

The first laser was built by Theodore H. Maiman on 16th May 1960. The term Laser is an
acronym for Light Amplification by Stimulated Emission of Radiation, radiation produced
via stimulated emission exhibit three properties, monochromaticity (Single wavelength),
coherency (Same phase) and collimation (Low divergence), these three properties allow for
lasers to produce highly intense beams with a small focal point. Since then, many different
types (solid-state, gas, semiconductor diode lasers and many more) of lasers have developed
to utilise these properties to have found applications in many industries such as, security,

automotive, medical, telecommunication, electronics and countless others.

MNd: YA S solid-state laser

Highlsy Partially
reflective reflective
mirror Flashlamp (pump source) mirror

1 | -
Laser
output
MND: ¥AG crystal (laser medium)

Optical resonator

Figure 2.8 — Schematic of a typical Nd: YAG solid-state laser.

2.3.1 Operating Principle of Lasers

In the simplest case, simulated emission occurs within the laser/gain medium of a laser
system , where two energy levels of an atom is excited by an incident photon of energy, hv.
Interaction with the atomic electron to cause the excited electron at a higher energy state, E,
to drop to a lower energy state E{, emitting a photon. The emitted photon are identical to the
incident photon in frequency (thus photon energy), phase, directionality and polarisation. As

shown in Figure 2.9.

Before During After
emission emission emission
Excited level —@+— </ —— —
hy
hy hy ANNN
- h
Incident photon AFE AR A
Ground level — 7 —
Atom in Atom in
excited state ground state

EQ—EleE:hl/

Figure 2.9 — Illustration of two level laser system
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2.3.2 Population inversion

Population inversion is achieved when the higher energy states are significantly more popu-
lated above 50% than the lower energy states. In two-level system, population inversion is not
possible as the rate of absorption and stimulated emission are proportional to the populations
in the lower and upper energy levels. Population inversion can be be achieved in a three and

four-level system.

a) level 3 m highly excited state b)| level 4 m highly excited state
T~ higher
\ level 3 m metastable state
level 2 m metastable state

population inversion
JAVAVAVAVAVAVAV '

AL
population inversion i’%ﬁf‘%ﬁﬂ&

stimulated emission
(laser beam)

excitation
laser emission

JAVAVAVAVAVAVAV NS
stimulated emission
(laser burst)

excitation
laser transition

level 2 ne——— lower

metastable state
electrons fast
decay eloctions natural depopulation
level 1 ground state level 1 M ground state
Figure 2.10 — (a) Three level laser system, (b) Four level laser system (Taken from Encyclopedia
Britannica inc.)

2.3.3 Three-level laser system and Four-level laser system

Figure 2.10 shows the three and four-level laser system configurations. In a three-level
laser system such as the ruby laser made by Theodore H. Maiman, (See Figure 2.10 a)),
the electrons of the atom are excited/pumped from the ground state (level 1) to a higher
energy state (level 3) then spontaneously drops to a lower-energy state (level 2) with an long
lifetime essentially holding and trapping the excited electrons on level 2, this results builds
up a population inversion (Condition in which the population in the higher energy state is
higher than the lower states), which can be further stimulated to achieve lasing when the
electrons from the meta-stable state drops to the ground state. The issue that arises with a
three-level laser system is that the population inversion can only be achieved when the ground
state is depopulated, since the lasing occurs from level 2 to the ground state, the electrons
accumulates onto the ground state, where absorption occurs preventing stimulated emission

and shut down lasing action. Therefore, three-level lasers can only generate pulses.

For continuous wave lasers, this issue is overcome by a transition level between the meta-

stable state and ground state (four-level system). Referring to Figure 2.10 b), a four-level laser
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system, the lasing action occurs between level 3 and level 2, which maintains the population

inversion state between level 3 and the ground state.

2.4 Laser Materials Processing

Laser materials processing involves the application of a laser beam to precisely heat/melt/
vaporise a wide range of materials to carry out material modifications to various applications.
In materials processing, lasers has been employed in micro and nanopatterning of materials
[15]-[18], cleaning of surfaces from contamination layers and particulates[19], [20], thin film

deposition [21] as well as medical applications [22], [23].

The laser light-matter interaction mechanisms during laser processing is determined by
the laser parameters and the physical and chemical properties of the target material. The
laser parameters are characterized by its wavelength, A, intensity, I, spatial and temporal
coherence, polarization, angle of incidence, dwell time (illumination time at a particular site)
and its diffraction-limited Gaussian beam quality, the material is characterized by its chemical
composition, crystal structure and the band gap. For example in IR processing, the laser beam
excites the free electrons in metals, and vibrations within insulators, semi-conductors can
undergoes both excitation regimes depending on its band-gap. The excitation energy inside
the irradiated material increases, and dissipates as heat energy thereby, inducing a temperature
rise on the surface and into the bulk of the material. Figure 2.11 shows the effect of laser

intensity to the material surface.

In Figure 2.11a), at low/medium intensities, the energy is sufficient to undergo solid to liquid
phase transition (melting or boil the material). Figure 2.11b shows the sublimation and
vaporization phase transition.

2.4.1 Laser Ablation

Laser ablation generally refers to the removal of materials from a solid surface by pulsed laser
irradiation, the solid material is heated up by the absorbed laser energy upon laser irradiation,
undergoes phase transition. From solid to liquid (Evaporation), solid to gas (Sublimation) and

gas to plasma (Ionization) [25].

In the case of laser ablation of metals targets, the laser energy is absorbed by the free electrons,

due to inverse Bremsstrahlung. The absorbed energy is transferred to the lattice, and energy
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Figure 2.11 — (a) Laser intensity less than vaporization threshold I < I, (b) Laser intensity greater than
vaporization threshold features melting of the material, liquid expulsion and vapor/plasma plume. [24]

losses from electron heat transport into the target. the energy transport into the metal target

are described in Equation 2.1 - 2.3 taken from [26].

JdT,  d0(z) .
CeW—_ 9z —Y(Te —T;)+S (2.1
aT; .
CiE =YT.—-T;) (2.2)
0(z) = —kei’—f,S =I(t)Aaexp(—az) (2.3)

z is the direction perpendicular to the target surface, Q(z) is the heat flux, S is the laser heating
source term, I(t) is the laser intensity, A = 1 - R and « are the surface transmissivity and the
material absorption coefficient, C, and C; are the heat capacities (per unit volume) of the
electron and lattice subsystems, ¥ is the parameter characterizing the electron-lattice coupling,
k. is the electron thermal conductivity. These equations have characteristic timescales, and
can be simplified when taking the laser pulse duration relative to the electron cooling time

into consideration and fully theoretically described in [26], [27].
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Comparison of the characteristics of nano and femtosecond pulses

Numerous studies have been conducted investigating the differences of using different laser

duration pulses to process a material [28]—[30]. Laser pulse duration is an important parameter

for laser ablation, the physical processes involved are shown in Figure 2.12. Notably, in

the nanosecond regime, plasma formation occurs during the laser pulse. Therefore the laser

pulse reheats the plasma, creating a larger HAZ as shown in Figure 2.13, in contrast for

the femtosecond laser regime, the plasma formation occurs after the laser pulse has ended,

therefore the HAZ is minimal in the femtosecond regime.

| Nanosecond laser ablation

Femtosecond laser ablation
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Non-thermal ablation
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Shock wave propagation
Plasma confinement
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Figure 2.12 — Timescale comparison of physical processes during laser-matter interaction

The experimental results shown in [26] (See Figure 2.14) compares different pulse duration to

fabricate craters with 100 microns diameter in steel in vacuum (10~% mbar), Laser Ti-sapphire

with a) 3.3 ns (4.2 Jem™2), b) 80 ps (3.7 Jem™2) and ¢) 200 fs (0.5 Jem™2). Evidently, the

femtosecond laser created minimal damage to the surrounding material, as the longer pulse

duration reheats the plasma, causing vaporization which in turn introduces a recoil pressure

expelling materials vertically.
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Figure 2.13 — Comparison of size of HAZ and underlying mechanisms in laser processing with
nanosecond and femtosecond

Figure 2.14 — Comparison of laser-drilled craters in the a) 3.3 ns b) 80 ps ¢) 200 fs regimes.

2.4.2 Mode-locking

Mode-locking is a technique which induces a fixed phase relationship between laser cavity
modes. The constructive interference between the fixed phase modes produces a train of
intense pulses. Depending on the property of the laser, such as the size and bandwidth, these
pulses can be in the order of 10~!% to 10~ 135 (pico- to femto).

Laser cavity modes

Within a laser system, the laser produces light over some natural bandwidth or a small range
of frequencies. The first factor of a laser’s bandwidth of operation is determined by the gain
medium and the laser is constructed from, the range of frequencies that a laser may operate
over is known as the gain bandwidth. The second factor affecting the laser’s frequency is the
resonant cavity of the laser of the laser. For example: the Nd: YAG laser shown in Figure
2.8, The resonant cavity consists of two plane mirrors facing each other surrounding the

gain medium. Due to the light exhibiting wave-like properties, constructive and destructive
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interference with itself occurs, leading to the formation of standing waves between the mirrors.
The standing waves form discrete set of frequencies known as a longitudinal modes of the
cavity. In a plane-mirror cavity, the requirement for longitudinal modes within a laser cavity
is given such that the distance between the mirrors L is an exact multiple of half of the
wavelength of light within the cavity, A. As shown in Equation 2.4. where q is the mode order
number integer.

L=g (2.4)

Moreover, the frequency separation, Av, between any adjacent modes q and q+1 is given by

the Equation 2.5 where c is the speed of light.

&
AV = — 2.
v o (2.5)

Using Equation 2.5, it is possible to determine the number of longitudinal modes within a
laser cavity. For example for a 30 cm cavity, the frequency separation, Av is 0.5GHz, for a
HeNe laser with 1.5 GHz bandwidth can support 3 longitudinal modes within the cavity and a
Ti:Saphhire laser with a 128 THz bandwidth can support 2.56x 10° longitudinal modes.

Each individual longitudinal mode has some bandwidth or narrow range of frequencies it
operates, but this is much smaller than the inter-mode frequency separation. In practice, each
of the longitudinal modes oscillate independently, emitting laser light in slightly different
frequencies. In simple laser systems, individual modes oscillate in the cavity independently,
with no fixed relationship between them, for laser systems few longitudinal modes (such as
a HeNe laser), the interference between the modes can causes beating effects in the laser
output, leading to random fluctuations in intensity; in lasers supporting modes > 103, the
interference effects average out to a near-constant output intensity, yielding a continuous wave

(CW) laser.

If the modes were oscillating with a fixed phase relationship between them, the laser is said
to be mode-locked, the modes periodically all constructively interfere, producing an intense
pulse of light. The duration of the pulse is inversely proportional to the number of modes in
the cavity. For Gaussian temporal beam shapes the minimum possible pulse duration At is

given by:
0.44
At = —— 2.6
NAv 26)
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Where N is the number of modes, the 0.44 is known as the time-bandwidth product determined
by the beam shape, for sech’-shaped pulses the time-bandwidth product is approximately
0.315. For the 128THz bandwidth Ti:Sapphire laser, At is ~ 3.4 fs.

Mode-locking method - Active mode-locking

There are two main categories of generating femtosecond laser: active mode-locking and
passive mode-locking. In active mode-locking, an active element, such as an acousto-optic
(AOM) or an electro-optic modulator periodically modulates the cavity loss [31]. The

modulator serves two primary functions [32].

e A pulse with the “correct” timing can pass the modulator at times where the losses are at a
minimum (see Figure 2.15). It is thus favored against any other radiation circulating in the
resonator. As the pulse will in the steady state saturate the laser gain such that its round-trip
gain is zero, other circulating radiation will have a negative round-trip gain and will thus die

out sooner or later.

e The wings of the pulse experience small attenuation, which effectively leads to pulse
shortening in each round trip: The round-trip gain is slightly negative for the wings and
slightly positive for the pulse center. As a result, the pulses get shorter and shorter, until the
pulse shortening is offset by other effects (e.g. gain narrowing or chromatic dispersion) which

tend to broaden the pulse
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Figure 2.15 — Temporal evolution of optical power and losses in an actively mode-locked laser. The
modulator causes increased losses for the pulse wings, effectively shortening the pulses. As the pulse
duration relative to the pulse period is typically much smaller than shown, the pulse-shortening effect
of the modulator is usually very weak. Taken from [32]
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Mode-locking method - Passive mode-locking

In the case of passive mode-locking, this is typically done by incorporating a saturable
absorber inside the laser cavity. The most commonly method for passive mode locking is
the semiconductor saturable absorber mirror (SESAMs), invented by U.Keller in 1992 [33].
Ideally, a saturable absorber attenuates incident low-intensity light, and transmit light with
sufficiently high-intensity light. Each time laser of a high enough intensity hits the saturable
absorber, it saturates the absorption, thus reducing the losses as shown in Figure 2.16 and a
net gain value is achieved. Any light of lower intensity which hits the absorber at other times
will experience losses which are higher than the gain, since the absorber cannot be saturated
by this light. The absorber can thus suppress any additional (weaker) pulses in addition to any
continuous background light [34], this selective amplification effect produces a train of pulses
of mode-locked laser light, also the leading wing and trailing wings of the circulating pulse
are attenuated in a saturable absorber, leading to decrease of pulse duration typically down to

femtosecond scale.
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Figure 2.16 — Temporal evolution of optical power and losses in a passively mode-locked laser with a
fast saturable absorber. The shorter the pulse becomes, the faster will be the loss modulation. The gain
stays approximately constant, as gain saturation is weak. Taken from [34].
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2.5 Light focusing and Optical Super-Resolution

2.5.1 Diffraction

Diffraction is an optical phenomenon that occurs when any wave (mechanical, electromagnetic,
acoustic etc.) encounters an obstacle or aperture, where its size order of magnitude is
comparable to the incident wavelength, resulting an apparent bending and spreading of the
waves forming a diffraction pattern, also depending on the distance away from the aperture,
different diffraction patterns can be observed these are generally are characterised into three
types: (1) Near-field diffraction (2) Fresnel diffraction and (3) Far-field diffraction as shown

in Figure 2.17. In the region in close proximity after the aperture opening, D, the irradiance
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Figure 2.17 — Diffraction patterns observations with increasing axial distance (Z). Taken from [35]

pattern is the shape of the aperture (near-field), as the axial distance increases to 24, the
Fresnel diffraction pattern is observed, and finally, when the axial distance, z is greater than
D?/A, the far-field pattern can be observed.

2.5.2 Resolution limit

In classical optics, there are two methods of calculating the Resolution limit, defined as
the minimum resolvable distance (R) between two objects in order for the two objects to be
distinguished from each other, (1) Abbe’s limit defined by Ernst Abbe in 1873 [36] and (2)
Rayleigh’s criterion defined by John William Strutt, 3rd Baron Rayleigh in 1879. As shown

in Equation 2.7 and Equation 2.8 respectively.
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In both methods, the resolution R, of an optical imaging system (such as microscopes, cameras,
telescopes) is fundamentally determined by its numerical aperture, N.A., and the wavelength,

A, of the incident radiation.

A
R=3NA @7
A

The term numerical aperture is a dimensionless number, that characterises the range of angles

that the optical system can gather/emit light determined by Equation 2.9.

N.A = nsin(0) (2.9)

Where 7 is the refractive index between the optical system and the object and 6 is the half
angle maximum of incident beam entering/exiting the optical system. Equation 2.7 differ

from the Equation 2.8 only by its coefficient.

The diffraction limit arises due to the spreading of light wave and the optical system the light
passes through, the diffraction effect, that occurs at the entrance to the microscope objective.
This diffraction phenomenon results in a loss of information with as discussed in Section
2.5.1. For example: A single fluoroescent protein emitting an intensity pattern (known as

Airy Disk) as shown in Figure 2.18.

&

- e
| 444 nm I

(a) Intensity profile of a single fluorophore emitting

light onto a CCD camera: known as an Airy Disk (b) Corresponding 2D intensity profile of Figure 2.18b

Figure 2.18 — Figure of a) Airy disk and b) corresponding 2D intensity profile.
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It is clear from Figure 2.18 above, the intensity pattern of light entering the optical system
(CCD camera in this instance) is much larger than the actual size of the protein. Therefore, if
multiple proteins are present within the airy profile, it would not be resolvable. This is the
basis of the resolution limit: the physical distance between two point sources emitting light in
relation to each other, would have to be in order to distinguish their individual light intensity
pattern, or their point spread function (PSF). As shown in above resolution limits that are
typically used in microscopy is the Abbe’s criterion (Equation 2.4) and Rayleigh’s criterion
(Equation 2.5). Figure 2.19 considers two overlapping intensity profiles of two individual
specimens illustrated by the blue and red curves, and the sum of the two intensity (Airy)
profiles illustrating the differences between the Rayleigh and Abbe limit. In the Rayleigh’s
convention, the factor of 1.22 arises from the Bessel function of first kind, since the first
minima of the diffraction pattern appears at 1.22 from the central zero [37]. where the sum of
the two intensity profiles shows a distinct dip. In the Abbe limit, the sum of the two intensity

profiles shows a smaller dip between the maxim two maxima.

222 nm 182 nm

Rayleigh limat Abbe limit
d=122 A d= A
TP 2NA. T 2N.A

Figure 2.19 — (Upper) Intensity profile of two individual specimens, where the vertical axis corres-
ponds to the intensity and the horizontal axis corresponds to the separation between the individual
specimens. (Lower) The sum of the intensity profiles.

In practical applications, the difference in the results using Abbe’s limit and Rayleigh’s limit
is small. These fundamental limits has set a barrier for the resolution of optical imaging
under white light irradiation. For example, using the shortest visible wavelength (Violet -

380nm). The resolution limit using Abbe and Rayleigh is approximately 190 nm and 232 nm
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respectively. This limitation not only limits resolution of image formation, it also minimum

feature size during laser materials processing [38], [39].

The optical diffraction limit can be considered as an unique case of quantum mechanical
phenomena using Heisenberg’s uncertainty principle with respect to the position Ax and

momentum Ap of a photon [38], [40].

Here p, and x correspond to the three components momentum and position vector respectively.
Consider a wave inside of a medium i, its wave vector k; and its three components must
satisfy:

ki =k +k+k2 (2.10)

Where |k;| =2 n/A; = n; |ko|. Where A; the wavelength in the medium i, n; the refractive
index of the medium, and kg is the wave vector in free space. In classical photonics, the light
focusing effect relates only the free propagating photons. For free propagating photons, the
three components are all real-values, and according to equation 2.10, this means that its 3
components Ky, k, and k, must be smaller them k;. The spatial resolution the freely propagating
light beam is characterized by Ax, the minimum cross-section of the freely propagating beam
is thus:

Ax> — = L 2.11)

From Equation 2.11, in order to obtain a small spatial resolution, the component k, must
be large. In the case where, one or more of the wave vector components for example, if
ky is complex (k% can be negative). The other components k, and k, can be larger than
|ki| [38]. The complex component k, corresponds to an evanescent wave, as mentioned
previously, evanescent waves are the dominant waveform in the near-field, and decays within
a few wavelengths from the light exiting the initial medium or aperture beyond which, the
freely propagating beam becomes dominant which reverts back to Equation 2.7. Therefore,
to achieve sub-diffraction limit resolutions (Super-resolution), the evanescent waves in the

near-field should be utilized [41].
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2.6 Optical super-resolution techniques

2.6.1 Near-field Scanning Optical Microscope

In 1928, Edward Hutchinson Synge, realising the potential of near-field evanescent waves to
go beyond the optical diffraction limit, suggested using small aperture in close-proximity (nm
range)of the sample to collect evanescent waves, using either a pinhole in a metal plate or a
quartz cone that is coated with a metal except for at the tip [42]. Synge’s idea came to fruition
when the Super-resolution Aperture Scanning Microscope were demonstrated by Ash and
Nicholls [43]. Advancements in nano-fabrication technologies to fabricate a sub-wavelength
sized probe tips, and development of computer image processing techniques from STM
(Scanning Tunneling Microscopy) and AFM (Atomic Force Microscopy), the first modern
Near-field Scanning Optical Microscope (NSOM) or Scanning Near-field Optical microscope
(SNOM) were demonstrated in 1991 by Betzig et al [44]. For NSOM imaging measurements,
there are four possible operation modes, illustrated in Figure 2.20 these are 1) Transmission
mode imaging , 2) Reflection mode imaging , 3) Collection mode, 4) Illumination/collection
mode imaging. The resolution of the NSOM technique is defined by the size of the point
light source, typically achieved by coupling the light with an optical fiber the end of the
fiber functioning as a NSOM tip, or AFM cantilever tips with an aperture in the center of the
tip, and light is focused into this aperture. In 1984, Pohl et al demonstrated sub-wavelength

resolution images consisting of 25 nm features can be recognized using Argon laser beam

Modes of Operation
a) b) ) A d)

\l/

Figure 2.20 — a) Transmission mode: Light is transmitted through the sample and into a detector
underneath. b) Reflection mode: Sample is illuminated through the probe aperture and the light
reflected from the sample surface is collected and detected. c) Collection mode: Sample is illuminated
with an external light source from the top or bottom, and the probe is used to collect the light from the
sample surface. d) [llumination/collection mode: Illumination of the sample and the collection of the
reflected signal is done by the probe.
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(488-nm radiation) [45]. The disadvantages of super-resolution microscopy in the near-field
is the "practically zero" working distance and a small depth of focus.

2.6.2 Negative refractive materials (NRMs) - Metallic Super-lenses

In 2000, Sir John Brian Pendry upon developing on the work by V.Veselago [46], suggested
an method of fabricating lenses (Later known as super-lenses) whose focus is theoretically
perfect [47], the artificial material (meta-material) consists of periodic structures on a scale
smaller than the wavelength of incident light, such a material exhibits a negative refractive
index of refraction. The unique effects of NRMs (See Figure 2.21) were utilized in 2005
by Fang et al to achieve sub-diffraction-limited optical imaging with a silver superlens. The
experiment conducted by Fang et al is shown in Figure 2.22 shows the comparison of FIB
microscopy, AFM on photo-resist using the silver superlens, and a control experiment where
the silver superlens is replaced by PMMA. NRMs are usually made of thin slabs of metals,
therefore absorption of light limits its uses. Another limitation of NRM superlenses only work

in the near-field by enhancing evanescent waves. The unique effects of NRMs were utilized in

RHM y LHM

Figure 2.21 — Comparison of a normal slab of glass of n = 1.5 (left) illuminated by a point source (red),
rays diverge and refract at the air/glass interface, and a slab of NRM of n = -1 (right) illuminated by a
point source (blue) both governed by Snell’s law and the bottom right is the evanescent component
(black) of the wave from point source.

2005 by Fang et al to achieve sub-diffraction-limited optical imaging with a silver superlens.
The experiment conducted by Fang et al is shown in Figure 2.22 shows the comparison of
FIB microscopy, AFM on photo-resist using the silver superlens, and a control experiment
where the silver superlens is replaced by PMMA. NRMs are usually made of thin slabs of
metals, therefore absorption of light limits its uses. Another limitation of NRM superlenses

only work in the near-field by enhancing evanescent waves.
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365 nm lllumination

Figure 2.22 — (Left )Fang’s optical superlensing experiment, the "NANO" pattern is illuminated by
365 nm through the PMMA layer and superlensing Ag layer light collected on the other side of the
photo-resist (PR) is responsible for image formation. (Right) Silver supenlens image of embedded
"NANQ" pattern of line width 40 nm- A) Focus ion beam imaging, B) Atomic Force Microscopy
(AFM) on photo-resist using silver superlens C) Control experiment where the silver superlens layer is
replaced by 35 nm thick PMMA. Scale bar is 2 ym

2.6.3 Photonic Nanojet

In 2000, Lu et al. demonstrated a near-field optical enhancement effect using 0.5um silica
spheres to pattern on (100) silicon substrate [48]. Since 2004, the term ’photonic nanojet
(PNJ)* was proposed by Chen et al. [49] to describe the near-field optical enhancement
phenomena has become the widely known term within the optics community. Unlike NRM
above, which uses metals to enhance evanescent waves. The microspheres can use dielectric
materials such as silica and polystyrene, thus less light absorption. PNJ is a narrow high-
intensity EM beam that propagates into the background medium from the shadow side surface
of a plane-wave illuminated lossless dielectric micro-cylinder or micro-sphere of diameter
greater than the wavelength of incident light. PNJ enables the possibility of focusing light
beyond the diffraction limit and this can be utilized for microscopy as well as laser micro/nano
patterning applications, to operate in the far-field. Figure 2.23 shows the visualisation of PNJ

irradiated with 400 nm laser, with different sizes of microspheres.
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2.6.4 Key properties of PNJ

PNJ are described by four distinct characteristics as discussed in Heifetz [50]:

1. It is non-evanescent, maintaining sub-wavelength FWHM transverse beam width more

than 2A beyond the micro-sphere/ micro-cylinder

. Minimum FWHM beam-width can be smaller than the classical diffraction limit.
. Non resonant phenomenon that can appear for a wide range of dielectric micro-cylinder

or micro-sphere diameters (from 24 to 40A) provided that the refractive index ratio

between the dielectric and background medium is approximately 2:1.

. Its intensity can significantly exceed the incident wave

. Introducing a nano-particle of diameter d, inside of the PNJ stream has an effect that

can enhance the back-scattered power.
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Figure 2.23 — Simulation of PNJ generation from microsphere of refractive index, n = 1.59 in vaccuum
a) 1l umb) 2 umc) 3.5um and d) 8§ um. Taken from Chen [7]
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2.7 Micro-sphere marking techniques

2.7.1 PCM lens

In 2020, Yan et al reported a new high-performance all-dielectric lens, formed by combining
a conventional plano-convex lens with a high-index microsphere (BTG, n=1.9 - 2.1) lens
(PCM), for far-field super-resolution applications [51]. The PCM lens been reported to have
a theoretical resolution of ~ A/2.5 in air with a working distance of ~ 2um away from the
lens. The unusual focusing properties of the PCM lens (photonic nanojet) were discussed,
and the reason for the practical resolution being better than the experimental resolution was
due to the nonlinear absorption response of the processed material. The PCM lens was
combined with the 100 fs laser, the practical patterning resolution reached ~ A/3.5. Photonic
nanojet phenomena enabled the laser to be focused to the nano-scale. Arbitrary patterns were

demonstrated using this technique as shown in Figure 2.24.

Figure 2.24 — (Left) (a) PCM lens setup, (b) Detachable PCM lens module, (c) Schematic diagram
of the experiment setup, (d) Procedure of fabricating PCM lens. (Right) (a) QR code marked on Si
wafer, (b) Welsh dragon on Si wafer, (c¢) Guilloche pattern on nickel substrate, (d) AB letter on glass
substrate, (¢) Magnified image of the highlighted area

2.7.2 Micro-sphere array marking

Many studies have combined the micro-lens array (MLA) assisted technique with laser
processing techniques (different wavelengths, and/or different pulse duration lasers) for nano-
hole fabrication [52], [S3], metallic surface functionalization [54], and micro/nanopatterning.
In 2010, Pena et al published the findings of direct writing of micro/nano-scale Nd:Y VO,
laser [55]. The use of a 5 um SiO, particle lens array enables the combination of conventional
laser marking with a particle assisted laser fabrication technique to create micro-patterns (See

Figure 2.25 a - ¢) consisting of nano-scale (~564 nm) holes.
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Figure 2.25 — Schematic of the experimental setup in [55]

This technique allows enables for rapid fabrication of micro-nano patterns as each laser-
illuminated microsphere on the substrate produces individual photonic nanojet for nano-hole
laser marking. However, the techniques of producing a high-quality mono-layers rapidly and

reliably require further investigations.

2.8 Self-assembly mono-layer

In order to enable microsphere array laser marking on any substrate, understanding the
underlying mechanisms to fabricating a HCP (Hexagonal close packed) particle-lens array
is essential and literature review of the Coffee Ring effect (CRE), and investigation of the
experimental approaches such as drop-casting, spin-coating, Langumir-Blodgett method (LB)
and Langumir-Schaefer (LS) were conducted to determine which technique to use for the Dot
Code marking experiment.

2.8.1 Drop-casting

Drop casting is a simple, rapid technique that is widely used to modifying substrate surfaces
is composed of particles such as nanotubes or nanoparticles. The technique allows for the
formation of mono-layers by dropping colloidal solution onto a flat substrate, followed by
the evaporation of the droplet as shown in Figure 2.26. However, this technique requires
consideration of the influence of coffee ring effect, which is induced by capillary flow within
the droplet which inhibits the formation of large-area mono-layers.

Coffee ring effect

The coffee ring effect (CRE) is an phenomenon observed when, the evaporation of droplets

containing suspended particles forms a ring-like pattern upon drying. This effect originates at
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Figure 2.26 — Illustration of drop casting technique

onto an electrode Figure 2.27 — Coffee ring effect: the capillary
flow within the droplet causes aggregation of the
particles on the outer edges of the droplet.

the edge of the droplet confining the droplet from further spreading of the droplet. Evaporation
at the edge of the droplet is faster than in the centre of the droplet, since at the edge is more
exposed to its surroundings [56]. The greater solvent loss at the edges of the droplet is
compensated by the flow of solvents from the centre outward, known as the capillary flow.
INustration of the effect is shown in Figure 2.27. where 6, is the contact angle, 4 is the height
of the droplet, r is the radius of the droplet, and J is the evaporation flux. There are several
techniques to ameliorate the effect of CRE, such as the use of super-hydrophobic surface [57],
[58], acoustic waves [59], [60] or by inducing a Maragoni flow to counterbalance the capillary
flow.

2.8.2 Spin-coating

Spin coating is a type of thin-film deposition technique in which utilises centrifugal force to
spread a solution uniformly on a flat substrate. For spin coating, the apparatus used is called a

spin coater, the equation of the thickness of film, hy is given in Equation 2.12.

1
hy o ﬁ (2.12)

In Ogi [61], mono-layers of 550 nm and 300 nm silica microspheres were rapidly deposited
onto a sapphire substrate, with preparation time lasting only 25s. An illustration of the phe-
nomena that occurs during spin coating is shown in Figure 2.28. In Khanna [62], fabrication
of long-range ordered close-packed mono-layers of 200 nm silica spheres deposited onto
a n-type silicon substrate were demonstrated, using a triple-step spin process, Step 1) 200

RPM for 10 seconds, Step 2) 500 RPM for 30 seconds, Step 3) 1500 RPM for 60 seconds.
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Figure 2.29 shows the procedures and its results of the experiment. The disadvantage of this
technique is the requirement of the initial droplet to be directly in the centre of the substrate
also, the spin parameters requires rigorous testing dependent on the viscosity of the solution

to achieve desirable results.

First step (20s) Second step (8000rpm, 5s)
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Figure 2.29 — Spin coating experiment

Figure 2.28 — Illustration of possible phe-
nomena occurred during spin coating of
SiO, particles at each spin speed as a

conducted in [62] to achieve a long-
ranged close-packed monolayer of silica
nanospheres.

result of centrifugal forces and solvent
evaporation. Taken from [61].

2.8.3 Langmuir-Blodgett method

In 1917, upon developing on the work by A.Pockels [63]. I.Langumir and K.Blodgett
demonstrated that that single water-air interface monolayers could be transferred to solid
substrates using a device known as the Langumir-Blodgett trough as shown in Figure 2.30.
Langumir-Blodgett method is a technique to forming mono-layer films onto an arbitrary
substrate that is widely used in the production of electronic equipment such as semiconductor

[64], [65], biosensors [66], [67], and recently, algal biophotovoltaic fuel cells [68]. The

; Monolayer Air
| I I
Barrier
Liquid Sample

Figure 2.30 — Langmuir-Blodgett trough 1) Frame
2) Barriers 3) Trough top 4) Surface pressure sensor

5) Dipping mechanism 6) Interface unit Figure 2.31 — [llustration of the LB method

Langmuir-Blodgett troughs are operated by dropping a colloidal solution of nano-particles

onto the surface of a liquid, then the nano-particles spreads evenly across the surface of
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the liquid to form a self-assembled mono-layer (SAM) the barrier then closes (compression
speed dependent on the nano-particles), compressing the mono-layer onto the vertical sample
substrate surface, the sample is then slowly pulled upwards allowing for the mono-layer to
form vertically onto the sample surface.

2.8.4 Langmuir-Schaefer method

Langmuir-Schaefer (LS) method is similar to the Langmuir-Blodgett method in that the
Langmuir-Blodgett trough is also used to compress the nano-particles into a mono-layers
then transferred onto a sample surface. LS method places the sample surface parallel to the
liquid then the transfer of nano-particles from the liquid surface to the sample is complete
[69]. LS method has been employed in similar applications to LB method. such as sensors

[70] deposition of quantum dots for various applications [71].

Sample

Monolayer t A
Barrier

Liguid

Figure 2.32 — Illustration of LS method, Barrier closes to compress the nano-particles into a mono-
layer, the mono-layer are transferred onto the sample parallel to the liquid surface.
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Chapter 3
RESEARCH METHODOLOGY

Section 3.1 - 3.3 describes the laser systems (Femtosecond laser, UV nanosecond laser),
sample characterization setups (laser confocal microscopy, AFM and SEM) and the readout

scanner application used in this project.

Section 3.4 describes the experiment preparation procedures for mono-layer fabrication,

highlighting the factors that may cause aggregation and methods of limiting the aggregation.

Section 3.5 describes the three different experiments (drop-casting, spin-coating, modified

LS) of fabricating mono-layers
Section 3.6 describes the femtosecond and UV laser marking experiments

Section 3.7 describes the theoretical work, simulation software and the proposition of a blob

detection method to aid a successful readout of the fabricated Dot code.
3.1 Experiment laser systems

3.1.1 Femtosecond laser

The wavelength of the laser is 800 nm and pulse duration is below 100 fs. The details are
shown in the table below. The laser system is equipped with a SDG-2 (Synchronisation
and Delay Generator) box to trigger single pulses. The Dot Codes are laser-marked by

programming a motorised stage within the femtosecond laser setup shown in Figure 3.1.

Maximum output power | 1 W
Wavelength, A 800 nm
Pulse duration, t (fs) <100 fs
Repetition Rate, f 5kHz
Beam size, r ~30 um

35



Figure 3.1 — Photograph of the femtosecond laser used in the experiment

3.1.2 UV nanosecond laser

The UV laser setup was used to conduct the nano-scale hole marking experiment, the UV laser
setup consists of the manual Z-stage to fine-tune the Z-position of the substrate (Resolution =
0.5 um). The wavelength of the UV Laser is 355 nm, repetition rate was set to 50 kHz during
experimentation, the output power as a function of the Q-pulse duration was measured prior
to experimentation and displayed in Figure 3.2a) and the photograph of the UV Laser setup
is shown Figure 3.2b) beam size is approximately 50 ym. The scanner has a field size 200

mm x 200mm and a focal length of 290 mm.
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Average power output as a function of Q-pulse
duration at 50kHz repetition rate
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Power (W)
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(a) Average power output as a function of Q-pulse duration at S0kHz repetition rate

Outside enclosure Inside enclosure

Safety information
sheet

Laser Head

Viewing window

‘ Manual stage ‘

‘ Keyboard tray

Controller

(b) Photograph of UV laser setup

Figure 3.2 — (a) Graph of power output as a function of Q-pulse duration at SOkHz repetition and
photograph of UV laser setup used in the experiment.
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Q Sample Power Pulse Fluence

(ws) ID (W) ) (J/cm?)
12.1 1 1.95 0.000039 1.98625369
12.2 2 1.9 0.000038 1.935324108
12.3 3 1.85 0.000037 1.884394526
12.4 a 1.8 0.000036 1.833464944
12.5 5 1.75 0.000035 1.782535363
12.6 6 1.7 0.000034 1.731605781
12.7 o 1.65 0.000033 1.680676199
12.8 8 1.6 0.000022 1.629746617
12.9 a 1.55 0.000031 1.578817035

132 10 1.5 0.00002 1.527887454
12.1 11 1.45 0.000029 1.476957872
13.2 12 1.4 0.000028 1.42602829
12.2 12 1.25 0.000027 1.375098708
13.4 14 1.3 0.000026 1.324169127
13.5 15 1.25 0.000025 1.273239545
13.7 16 1.15 0.000023 1.171380381
12.9 17 1.05 0.000021 1.069521218
14.1 18 0.98 0.0000196 0.998219203
14.3 19 0.94 0.0000188 0.957476138
14.5 20 0.9 0.000018 0.916732472
14.7 21 0.86 0.0000172 0.875928807
14.9 22 0.82 0.0000164 0.835245141
15.1 22 0.79 0.0000158 0.804687392
15.3 24 0.77 0.0000154 0.78431556
15.5 25 0.75 0.000015 0.763943727
15.7 26 0.73 0.0000146 0.743571894
15.9 27 0.71 0.0000142 0.723200061
16.1 28 0.68 0.0000136 0.692642312
16.3 29 0.64 0.0000128 0.651898647
16.5 30 0.6 0.000012 0.611154981

Figure 3.3 — List of UV laser parameters used in this project, pulse energy and laser fluences were
calculated based on repetition rate of SOkH and spot size of 50 um
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3.2 Sample characterization setup

3.2.1 Confocal microscopy
Olympus LEXT™ OLS5100 3D Laser Confocal Microscope (Figure 3.4)was used to char-

acterise the quality of the silica microspheres monolayer mask and the laser marked 2D

micro DotCodes. The microscope is equipped with Olympus MPlanFL N semi-apochromat

objective lenses ranging from 5x to 100x magnification. the objective lenses specifications is

shown in Table 3.1. The images obtained are transferred into the PC and measured within the

built-in data acquisition application. Samples can be moved via a motorised stage, controlled

with a stick controller or directly within the data acquisition application.

LEX7 OLS5000

3D Measuring Laser Microscope

OLYMPUS

Figure 3.4 — Olympus LEXT™ OLS5000 3D Laser Scanning Microscope

Magnification | Numerical Aperture | Working Distance (mm)
5x 0.15 20.00

10x 0.30 10.40

20x 0.60 1.00

50x 0.95 0.35

100x 0.95 0.35

Table 3.1 — Specifications of optical lenses
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3.2.2 AFM - Atomic Force Microscopy

Veeco Dimension 3100 AFM machine with a Dimension V(5) controller (Figure 3.5) was
utilised to measure the width and depth of the nanoholes marked, the resolution of the AFM
machine is ultimately determined by the properties of the tip, including mechanical sharpness
and the resolution of the vertical scanner movement, given the age of the tip, the resolution

may have been slightly higher than the reported 10-20nm in the manual.

(a) Photograph of the AFM machine exterior

AFM Head N

Cables Vacuum Switch

AFM Head Lock Screw
Optical Camera

Adjustment Screws Holder Plate

Manual Stage
il Knob

(b) Photograph of the AFM machine interior

Figure 3.5 — Photograph of the Veeco Dimension 3100 AFM machine.
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3.2.3 SEM - Scanning Electron Microscopy

Hitachi Tabletop Microscopes TM4000II (Figure 3.6) was used to inspect the mono-layer
prior to marking with the laser system. The operating principle of the SEM, which uses
accelerated electrons focused onto the sample, depending on the morphology of the sample,
number of secondary electrons emitted from the sample detected will be detected to produce
an image. The TM4000II microscope is capable of achieving magnifications of 10 x - 100,000

x (Photographic magnification) and 25% - 250,000x (monitor display magnification).

Figure 3.6 — Hitachi Tabletop Microscopes TM4000II / TM4000Plus II used.

3.3 Pattern recognition

The pattern recognition in this project is done by using a downloadable mobile phone barcode
scanner application, Barcode scanner made by Cognex corporation, Figure 3.7 and 3.8
shows pattern recognition of the Dot Code. The recognition application capabilities of this
application extend beyond Dot Code and can recognise other types of barcode such as QR

codes, Aztec barcode etc.

Bangor 2022

Figure 3.8 — Decoded Dot Code - Bangor

Figure 3.7 — Scanning the Dot Code. 2000,
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3.4 Experiment preparation

3.4.1 Substrate preparation

1.

S A U

Cut the substrates to a suitable size for the experiment using the diamond tip glass
cutter.

Wipe the substrate with 99% isopropyl alcohol

Prepare a container of acetone and place into ultrasonic bath.

Sonicate the substrate in acetone for 20 minutes.

Prepare a container of ethanol and place into ultrasonic bath.

Sonicate the substrate in ethanol for 20 minutes.

Submerge the substrate in ethanol in a sealed container for storage.

Dry with N, gas and use in experiment immediately.

3.4.2 Micro-sphere colloidal solution preparation

The 1.18 um microspheres used in this experiment were manufactured by Cospheric.

Dry mono-disperse Silica Microspheres 2.0g/cc d50=1.18um, CV=2.5%, <1% Doubles - 1g.

This section highlights the mechanisms considered when attempting to fabricate a high-quality

mono-layer for colloidal lithography for the Dot Codes. Dry dielectric silica microspheres are

prone to electrostatic effects that causes aggregation (clustering of microspheres), preventing

the possibility to making a high-quality microsphere mono-layer, unless the microspheres are

fully dispersed into a colloidal solution. Using the knowledge of the factors that contribute to

the aggregation of silica microspheres above, the following procedures were used to disperse

the silica microspheres as highlighted in [72]:

. Prepare solvents in an empty vial (e.g ethanol, methanol, acetone etc.)

. Prepare 1-2% wt of the silica powder (microspheres) (1 g of solvent = 0.02 g of

microsphere).

. Grind all visible clumps of silica powder to a fine powder with pestle and mortar.
. Add the fine silica powder into the solvent vial.

. Rigorously vortex the silica suspension vial with a magnetic stirrer, at 1500 RPM for

20 minutes.

. Sonicate the suspension vial into ultrasonic bath for 10 minutes. (Probe sonication is

not advised for dispersing powders)
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7. Confirm that the microspheres are fully dispersed under confocal microscope with
single droplet of suspension.

8. Repeat from step 5 if the suspension is not fully dispersed.
3.4.3 Preventing aggregation
It is important to understand the factors that cause the aggregation of the microsphere after
fully dispersing. As highlighted in [73], size of microsphere, the temperature, concentration
of microspheres contribute to the aggregation of microspheres.
Particle size
The probability of aggregation increases as the size of the microspheres decreases as random
(Brownian) motion of the smaller (< 1um) dispersed microspheres causes the hydrophobic
interactions (the tendency for non-polar molecules to aggregate in solution) to more likely
occur. For sub-micron microspheres, maintaining a mono-dispersed suspension may not be
possible without the use of additional surfactant (To alter the hydrophobicity and/or surface
charge of the microsphere), or lowering the microsphere concentration of the suspension.
Temperature
Temperature is interlinked with the kinetics of the microspheres in suspension, an increase in
temperature causes an increase in the kinetics of the microspheres in suspension. Therefore,
collisions between microspheres is more probable, and subsequently, the probability of
hydrophobic interaction causing aggregation is more probable.
Surface Charge
Colloidal particles are mostly charged in an aqueous solution because of the protonation or
deprotonation of ionizable groups on the surface [74]. The colloidal stability (tendency to
remain mono-dispersed), depend on the positive or negative surface charge of the microspheres
[75]. The electrostatic repulsion between the microspheres in the colloidal suspension play a
major role in preventing aggregation.
Concentration
The higher the concentration of the microspheres in suspension, the higher the probabil-
ity of collision and the hydrophobic interactions which causes aggregation. Typically a
concentration between 1-10% is used for mono-layer deposition applications.
Silica Micro-spheres
Cospheric 1.18 um silica microspheres used in this experiment are inherently hydrophillic, this

property lowers the probability of the hydrophobic interaction. According to the manufacturer,
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the aggregation problem with silica microspheres is more commonly associated with charge
interactions between microspheres, or incomplete separation during microsphere formation.
For this reason, the preparation procedures follow [76] where more physically aggressive

grinding approach were used with a pestle and mortar.

3.5 Experimental methods - Mono-layer fabrication

3.5.1 Drop-casting approach

The drop casting approach, 1% and 2% colloidal suspension of 1.18 um dispersed in deionised
water, ethanol, methanol and an ethanol/methanol mixture were used, colloidal droplets using
a syringe and needle were dropped onto the glass/ Al thin film substrates are placed onto
goniometer stage at an angle of ranging from 1°to 10°. The setup is then placed inside of a
refrigerator for 24 hours to allow for the droplet to evaporate slowly, to attempt to allow for
sufficient time for self-assembly into a HCP mono-layer. Figure 3.9 shows the a schematic

diagram and a photograph of the drop casting setup.

a)

Droplet of colloidal
suspension

[ Droplet begins to slide down the substrate, with
Orncgy
Lt its motion determined by its mass, the
I hydrophobicity of the substrate and inciine:
»

angle.

Goniometer stage

As the evaporation occurs on the tail end of the drople,
the microspheres are ‘pushed' towards the front

[ Gonlometer stage

Figure 3.9 — a) Schematic drawing of the drop casting setup b) Photograph of the drop-casting setup
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3.5.2 Spin-coating approach

In order to fabricate a large area mono-layer of silica particles spin coating, this approach
follows the work Ogi et al. 2007 [61] and Khanna et al. 2018 [62] where the effects of 1)
surface treatment, 3) spin speed and 4) concentration of suspension were investigated with

silica nanospheres of size, 300 nm, 550 nm (Ogi) and 200 nm (Khanna).

In this experiment, the spin coater (See Figure 3.10) were pre-set to spin in three stages
at 200, 500 and 1500 RPM. With the glass slide being prepared from using the substrate

preparation section.

Microscope slide 2 ml of silica
(Substrate) suspension

Spin
coater
chuck

Spin Coater User

Spin coater
settings interface

S

Figure 3.10 — Photograph of the spin-coater setup used in the experiment
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3.5.3 Modified Langmuir-Schaefer method

The method of depositing a HCP mono-layer of silica micro-spheres onto an arbitrary substrate
to enable simultaneous marking is adopted from J.Hruby et al. [77] and V.Lotito et al. [78]. In
both studies, the deposition of an arbitrary spherical particles were achieved by submerging the
substrate in water, and the particles in suspensions are deposited onto the water/air interface
for self-assembling inside of an area-confining barrier, then as the water released from the
apparatus, the mono-layer formed on the water/air interface is lowered onto the substrate
below. Although the reason for using water is not specified, it is well-known that besides,
mercury, water has the highest surface tension of all liquids [79]. The idea of this approach is
to allow the colloidal microspheres to self-assemble on the surface of water, and then lowered

onto a substrate below as illustrated in Figure 3.11. Schematics of both apparatus is shown in

Figure 3.12 and 3.13 below.

(a) (b) ) (c)
single droplet of colloidal 1 um Spreading of the droplet, allows the Monolayer achieved above water
silica microspheres in methanol microspheres to spread evenly on surface, ready to be lowered onto
the surface of the water. substrate below.
Direction of spread Direction of spread
ot spread
(d) i i (e) ()
As water is slowly drained All silica microspheres above the Optical enhancement laser marking
fr?m the top basin, the silica substrate adsorbs onto its surface. onto the surface of the substrate,
microsphere monolayer An iridescent interference is achieving nano-scale marks.
adsorbs onto the surface of visible, ready for laser marking.
the substrate (adsorbent).
Laser Beam
[ Substrate |

Figure 3.11 — [llustration of the preparation of self-assembled silica mono-layer for simultaneous laser
marking.
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3.5.4 Hruby apparatus

In Hruby’s experiment, the deposition of the Qubits onto water surface then compressed into

a close packed mono-layer were achieved by using a Langumir-Blodgett trough to compress

the spheres into a close packed structure, then lowered onto a substrate below.

Movable barrier Movable barrier

Air

Water step 1

—

Air

W
2 wbﬂs

step 3

Movable barrier Movable barrier Closing Closing
— : == — Air -—
Water step 2 Water o
FL
—
iWasher: Washer!
Deposited qubits
I Closed
ijed Al OL Few-layer-graphene (FLG) 1 5-10 nm
Ir [}
-------------------------------- Si0, 500 nm
oepos“ed | step 4
— Si 500 um
| Washer: H

Figure 3.12 — Scheme of the modified Langumir-Schaefer method used in [77]. Initially, the FLG
covered Si/Si0O, substrate is submerged in deionised water. Step 1: the solution of Qubits (a suspension
of copper(Il)dibenzoylmethane [Cu(dbm),]) is added onto the water/air interface. Step 2: Qubits
particles spreads upon the water/air interface and the movable barrier closes pushing the particles to
closed packed structure. Step 3: Water is released from the apparatus, lowering the close packed onto
substrate below. Step 4: The final close packed mono-layer composed of [Cu(dbm),] deposited onto

the substrate
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Lotito apparatus

In Lotito’s apparatus design, the self-assembly of (200nm, 300nm and 1000nm) PS colloidal
micro-spheres were achieved air/water interface and confined within a nitrile butadiene rubber
ring, as water is discharged from the container via a controllable tap, the self-assembled
mono-layer on the water/air interface is lowered and transferred onto the substrate below as

water is drained from the container.

Figure 3.13 — (a) Photograph of setup; (b) Details of the setup (1) glass container with built-in tap,
(2) Carbon-filled PTFE Circular plate, (3) Carbon-filled PTFE Cylindrical rods (4) NBR O-ring (5)
Carbon-filled PTFE sample holder; (c¢) (i) Sketch of apparatus, (ii) Deposition of PS microsphere onto
water surface, (iii) Water discharged from the tap, self-assembled mono-layer deposited onto substrate.
Taken from [78] 2016.
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Customised apparatus

The custom design of the apparatus used in the project (See Figure 3.14), were made with
low-cost components and it consists of a top cup made of polystyrene (PS) with four bamboo
sticks glued to the bottom of the PS cup, which functions as O-ring confinement rods. The
top cup is placed onto platform made from a plastic sheet and four wooden sticks in a larger
cup underneath for water collection during discharge. Initially covered with blu-tack, an
orifice is created by puncturing the bottom of the PS cup with a needle for water discharge

into a larger PS cup underneath, and the orifice is resealed with blue-tack after use. Since the

Figure 3.14 — Photograph of the preparation process onto Aluminium thin film: (Left) Apparatus filled
with water; (Center Left) Colloidal suspension added inside the nitrile ring; (Center Right) Adsorption
of microspheres onto substrate d) (Right) Result of Mono-layer deposited onto substrate displaying
opalescence interference effect.

density of silica (2.20 g/lcm?) being higher than the density of water (1 g/cm?), the 1 um silica
micro-spheres were suspended in methanol, this forms a methanol layer above the water/air
interface (Methanol density = 0.792 g/cm3). The low interfacial tension of methanol [80],
[81] causes spreading of the colloidal suspension above the water/air interface, as the contact
angle of the methanol on water decreases, the interfacial forces associated with the spreading
assists in compressing the microspheres into a hexagonal closed packed (HCP) mono-layer.
Another useful property of using methanol for the innovated apparatus is the evaporation
rate (0.149 picogram/minute) [82], its slow evaporation rate allows sufficient time for the

microspheres to spread evenly on the water surface.
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3.6 Experimental methods - Laser marking

3.6.1 Direct laser marking initial experiment

Femtosecond laser pulses were used to directly marking DotCodes onto a soda-lime glass
microscope slide to test the viability of the scanner software. From literature, [83] using laser
ablation threshold data for soda-lime glass by Nieto et al.[83] for reference (For soda-lime
glass, E;, =2.90 J/cm2 with a 500 fs, 1030 nm laser) laser fluence from (2.0 to 3.0 J/cmz).
These ablation thresholds are used in as the starting point of the experiment in section 4.1.2.
3.6.2 Mono-layer array laser marking

The pattern shown in Figure 3.15 designed on the EZCAD software shown in Section ??
was marked onto the 1 um SiO, mono-layer, using the UV laser system. Each numbered
cell corresponding to different laser fluences starting from 2.0 J/cm? to 0.61 J/cm?. And
within each ’dot’ of Dot code pattern, the nano-holes marked underneath the microspheres are

characterised by AFM.

[ ] E W )
KR S

Figure 3.15 — Example of the numbered block pattern to be marked onto the mono-layer on the
soda-lime glass substrate.
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3.7 Theoretical work

3.7.1 XMie software

For this project, XMie was utilized in the simulation software for a dielectric particle in
water or air medium, and its effect on the width and length of PNJ are investigated based on
four input parameters, n,, refractive index of medium, n,, refractive index of microsphere, a

particle radius and A the wavelength of incident laser light.

4| xMie 2.0, Bangor University, UK; 2021-08-10 — >
Result Folder Far-field Parameter-Sweep Tools  Solver Setting  Close figures
P ot F
arameters Welcome to xMie. Ready for simulation -
Refractive index
T 1.00 -
npc 15 - 0.00
Sire
- o 45 .47

O Reius:  358123288225943 | (nm)

Wavelength GO0 (nm})
Calculation Planes
0%z y=0.00000... [0x y=0.00000...
[0 ¥Z x=000000... Oy x=000000._
¥ z=1 00000... Fz x=0.00000
CalSize: 15 Steps 200
Plots

ez Ow2z Os

Partial Waves
(@) Auto mode: with Limao 63

() Manual mode 1 to 63 [ speed up by disable output message

Exchade term
Calculate

Figure 3.16 — XMie user interface

xMie is a simulation software developed by Dr Zengbo Wang, the software uses the analytical
method to calculate the Mie solutions of the Maxwell’s equations, for a single microsphere
surrounded by a homogeneous medium under a homogeneous light source. xMie uses
MATLARB as its’ graphical user interface and 2D results plotting tool as shown in Figure 3.16.
The input parameters required within the XMie user interface is n,,, the refractive index of
the medium, n,, the refractive index of the microsphere, R, radius of the microsphere, and A,

the wavelength of incident light. q is the size parameter that determines the near-field profile
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of the Mie scattering effect given in Equation 3.1. The electric field intensity (|E |2) results of

the simulation for 1 um in air and in water are shown in Figure 3.17 and 3.18.

[EI (XZ) for A= 355nm, R = 500nm and q = 8.8496

a4

Figure 3.17 — E-field intensity |E|* of 1 um
silica microsphere irradiated by 355 nm laser
in air on the XZ plane.

9= 7~ (3.1

[EF (XZ) A=355 nm, R =500 nm and q =8.8496

0
xa

Figure 3.18 — E-field intensity |E|* of 1 um
silica microsphere irradiated by 355 nm laser
in water on the XZ plane.

3.7.2 SIMULIA CST Microwave Studio Suite (MWS)

CST MWS provides multiple electromagnetic (EM) simulation solvers that uses the numerical

methods such as FDTM and FIT, and si
dimensional model. CST MWS was us

mulate all types of EM phenomena onto a three-

ed to simulate the PNJ phenomena onto various

substrates such as glass, aluminium thin film and gold to determine the focal point of the PNJ

inside/onto the substrate, and estimate the size and shape of the holes in three-dimensions.

The CST interface with model of the microsphere above the glass substrate is shown in Figure

3.19 and its focusing effect in the XY plane (3.20b). XZ and YZ plane (Figure 3.20c and d))
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Figure 3.19 — CST User Interface

Figure 3.20 — a) 3D model of the experimental setup, red area is the incident plane wave. b) Theoretical
focus points at the surface of the substrate. ¢) PNJ focussing effect on the XZ plane. d) PNJ focussing
effect on the YZ plane.
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3.7.3 Blob Detection

The fabricated patterns often requires post-processing of the microscope image in order for it
to be scanned, the purpose of blob methods is to detect regions in a digital image that differ in
properties, such as brightness or color, from surrounding areas. There are some properties of
a blob in an image that are constant or nearly constant; all the points in a blob are similar in
some sense. Therefore, attempts for blob detection using cv2.template matching to highlight
locate the co-ordinates of the centre of each blob on the microscope image. The proposition
for the future is to develop an automated blob detection software capable of locating the
centre of the blobs and overlay a solid circle of fixed radius over it to enhance the contrast
and thus the readability of the fabricated code. This process has been demonstrated manually
as shown in Figure 3.21. This automated software has been demonstrated by [84], using

iterative Laplacian of Gaussian filtering and unilateral second-order Gaussian kernels. See

Figure 3.22.

Computer
programming +
data signal

r in

Black dots overlaid onto

Microscope centre of blobs - Readable

image

Figure 3.21 — Figure of the proposed blob detection technique.

Figure 3.22 — Blob detection technique demonstrated in [84]
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Chapter 4
RESULTS AND DISCUSSION

In this chapter, the fabrication time and the readability results of the 2D security codes at
different sizes are compared, Dot Code was determined to be most suitable 2D code to use for
application. Followed by quality of mono-layer results from the drop-casting, spin-coating
and a modified Langmuir-Schaefer (LS) method, where the LS method was determined to
produce suitable mono-layer quality. Nano dotocode marking assisted by superlens were then
carried out and results were presented. Readout process was then discussed, followed by

theoretical simulation of particle superlens focusing which supports the experiments.

4.1 Direct Laser Marking of 2D codes

We first show direct laser marking of various 2D codes without involvement of microsphere
superlenses, using both UV and femtosecond lasers. From this study, we can see the marking
speed, size scaling, and readout reliability advantages of dot codes over other 2D codes.
4.1.1 UYV laser marking on stainless steel

Figure 4.1 (a) showns various 2D codes designs of "Bangor University" grouped in a box,
including Aztec, Data Matrix, QR code, Dotcode and Barcode. They were marked on stainless
steel sample in three different sizes with scaling factor, 1x, 0.5x and 0.25x (See three boxes
in Figure 4.1 (b)). The fabrication time was recorded for each case and compared. The
readability of the codes were tested by using the Barcode scanner from Section 3.3 and results

are tabulated in Table 4.1 and presented in Figure 4.2.

From Table 4.1 and Figure 4.2, the advantage of using Dot code is apparent: it performs
best in terms of fabrication speed (shortest time) scalability and readability. Only Dot code
can be made and successfully read out at size scaling of 0.25x when all other codes fail. The
reason for this result, when scaling down, all codes except Dot code have certain degrees of

patterns overlapping, leading to loss of information and thus unrecognizable by the scanner.
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Figure 4.1 — (a) Computer aided design of ’Bangor University’ 2D codes. (b) UV laser marked 2D
codes on stainless steel in 3 different size scales. The scale bar is 10 mm.

In the case of the QR code, the top left and bottom left corner position alignment patterns

were misaligned when marking at the smallest scale.

During laser marking, the speed of fabrication is affected by the shapes used in various 2D
code schemes. In general, codes containing lines or connected squares will be slower in
manufacturing, due to longer scanning path compared to the simple dot structures. Therefore,
the Dot code scheme can produce fastest manufacturing speed and least manufacturing time,

which is important for batch manufacturing in industrial production.

With these results, the Dot code was chosen as the most suitable code to use for further scaling

down using the microsphere-induced photonic nanojet, since each ’data dot’ is separated by at
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2D codes Scaling | Sizes(mm) Fabrication times (s) | Readable?
1x 22.086 x 20 75.06 v
Aztec 0.5x 11.043x 10 19.69 X
0.25x | 5.521x5 4.60 X
1x 17.40 x 20 57.97 v
Data Matrix | 0.5x 8.710x 10 13.28 X
0.25x | 4.355%x5 3.09 X
1x 17.40 x 20 61.42 v
QR code 0.5x 8.710x 10 1491 v
0.25x | 4.355x5 3.29 X
1x 29.0x 20 46.94 v
Dot Code 0.5x 14.50 x 10 11.61 v
0.25x | 7.50x5 2.81 v
1x 42.305x 14 105.53 v
Bar code 0.5x 21.50x 7 25.99 X
0.25x 10.576 x 3.657 | 5.70 X

Table 4.1 — Fabrication speed and readability comparison of various 2D codes
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Figure 4.2 — Comparison of fabrication time (manufacturing soeed), scalability and readability of
various 2D codes. Dot code has clear avantages over others: fast, scalable, and reliable.

least one empty ’data dot’ space, the scanner can more easily recognise individual dots under

the confocal microscope when scaled down to the micro-nano scale. All follow-on studies
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will be based on Dot code scheme, including marking on glass and nanoscale marking with
particle super lenses.

4.1.2 UV and FS laser direct marking of Dot code on glass

Glass is transparent to visible wavelength lasers but can be processed by ultrafast femtosecond
lasers or UV lasers. Here, we performed a comparison study of direct laser Dot code marking
on glass, from which we can see the advantages of using femtosecond (fs) laser in terms of its
higher fabrication quality and smaller features in Dot code marking. However, fs laser system
is usually much more expensive than the UV laser system. From collaborating company
Light Future Ltd.’s point of view, while they wish to understand the advantages of fs laser,
they prefer further development of the project to be focused on UV laser system to minimize

the overall system cost. Figure 4.3 shows the Dot code "Bangor" directly fabricated on

(@ Fag)

Figure 4.3 — UV and femtosecond laser marking of Dot code "Bangor" on glass. (al - a6) UV laser at
laser fluences of 5.2, 4.6, 4.1, 3.5,2.9,2.0J/ cm? respectively, (bl - b6) Femtosecond laser at fluences
of 2.6,2.4,2.2, 1.8 1.5 J/cm? respectively. The corresponding feature sizes of each tested laser fluence
in um are displayed at the bottom of each figure.
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soda lime glass withgout using particle superlens by both UV and fs lasers and the average
feature sizes under a range of laser fluences. It clearly shows higher quality and much smaller
patterns can be formed by fs laser shown in (b) compared to the UV laser patterns shown in
(a). Subwavelength nanoscale marking by fs laser. with hole size 0.71 pm, is demonstrated in
Figure 4.3 (b6). Such hole size is below the fs laser wavelength of 800 nm. UV laser marking
shows much larger and lower quality dot holes. At fluences below threshold, the dot holes are

non-existent on the surface Figure 4.3 (a6).

There are several reasons for this: First, the used UV laser system has a low NA (NA =
0.15) focusing lens, while the used fs laser system has equipped with higher NA (NA = 0.65)
objective lens. The UV scanner cannot perform single dot marking so each dot is enlarged
to a size which can be produced by circular scanning. Second, fs laser ablation of glass
is due to nonlinear multiphoton absorption effect where the heat effect is minimized with
almost negligible heat affected zone (HAZ). Thirdly, the fs laser is equipped with precision
imaging system so that the focus positioning is much accurate than the UV laser system
without focusing imaging system. Again, from industrial standpoint, it is preferred for the
final system to be more robust to the variation in focusing position during manufacturing
process, and low-cost. It is thus decided all follow-on studies on particle superlens will be
using UV laser instead of fs laser. However, future work on using femtosecond laser will be

beneficial to expanding this marking technique on other substrates.

4.2 Fabrication of large area superlens array

In our proposed superlens-assisted marking technique, a large-area array of microsphere
superlens is required. The array should be in monolayer form to enable particle focusing.
Multilayered particles are likely to change particle focusing and affect the marking process so
we need to avoid. We thus need to prepare and obtain reasonable quality large-area monolayer

particle lenses before laser marking, with multilayered particles as little as possible.

In this project, we have tested and compared three different preparation methods, i.e., drop-
casting, spin-coating and modified Langmuir Schaefer (LS) which are shown below. Among
them, the modified Langmuir-schaefer method produced the best balanced large-area mono-
layer result and is thus selected and used for the follow-on experiments, which are performed

on glass substrate.
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4.2.1 Drop-casting method

Figure 4.4 shows a 1.0-um-SiO? particle array prepared on glass substrate of size approx-
imately 1 cm in diameter by drop casting method (see details in Section 3.5.1 in Chapter
3 - Methodology). As it can see, the particle array has a poor quality, with very uneven
distribution and particle aggregations. Such quality of particle lenses is not suitable for our
proposed application. It might be possible to improve the quality by using other liquid solvent
[85] and [86], instead of water, and with additional substrate surface pre-treatment. However,
it is unlikely that a large-area if the ideal conditions the reliability of this approach is in doubt
due to the variations in concentration of microspheres inside the droplet and evaporation rate
differences between the outer edge and the bulk of the droplet, may cause the variations in the

quality of the mono-layer.

Figure 4.4 — Confocal microscope images of silica microsphere deposit using drop-casting method
on glass substrate, from 5x to 50x magnification. (The scale bars are 500, 200, 100, 50, 20 um
respectively.)

4.2.2 Spin-coating results
The spin-coating results is shown in Figure 4.5, this approach shows some regions of mono-

layers with many areas of aggregations, from further investigation on the mechanisms of
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colloidal self-assembly into Toolan et al. [87], where the direct observations of the self-
assembly of latex colloids during spin coating were conducted, and identified several factors
that were previously not considered, in summary, the choice of using water as the solvent, low
concentration (= 10%) and the low spin speed and time relative to the size of the particle have
all been shown to have a detrimental effect to the quality of the mono-layer. Spin-coating
offers rapid deposition of the mono-layer onto an arbitrary substrate, however, the multiple
underlying mechanisms including the properties of the solvent, substrate and the microsphere

, spin speed and time requires rigorous testing that may be very time consuming.

Figure 4.5 — Spin coating of 1.0 um SiO, microspheres on glass substrate. Magnifications: (a) 10x,
(b) 20x, (c) 50x, (d) 100x.
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4.2.3 Modified Langmuir-Schaefer (LS) method results

5kV 7.0mm L-x2.00k BSE L

Figure 4.6 — Optical images of the modified Langumir-Schaefer (LS) assembly of microspheres on
glass surface. (a) Photograph of overall large-area view, (b) 10x, (c) 20x, (d) 50x, and (e) SEM image
of monolayer. The inset shows multilayer aggregates in some regions.

The results of the MLS method have shown to be the most suitable method of depositing
the silica microspheres monolayer. As shown in SEM image in Figure 4.6, the monolayer
quality is reasonably good, covering majority area of the sample surface. The gap zones of
uncovered particle area are roughly between 4-20 um, smaller than the laser spot size of
about 50 um. This is important to ensure that within each laser processed spot there will
be microsphere super-lenses presented for the nano-marking process. If the gap spot size is

larger than the laser spot size and there are no particles within the laser spot, the technique

RESULTS AND DISCUSSION 62



will fail. Therefore, owing to the simplicity and cost of the setup and acceptable fabrication
time of the MLS technique, all Dot code laser marking experiments in later sections were

chosen to proceed with the MLS deposition technique.

Ideally, the mono-layer is highly ordered and covers all areas which can be optimised as future
work of the project. However, the current mono-layer quality with gap size below laser spot

size is sufficient to demonstrate our key concept on superlens-assisted Dot code nanomarking.

4.3 Superlens-assisted Dot code marking
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Figure 4.7 — Superlens assisted Dot code nano marking by UV laser. (a) Overview of the Dot code
marking at 16 different laser fluences. (b) AFM images of nanoholes for No. 7 and No. 12 block. (c)
Width of nanoholes measured at Full width at half maximum (FWHM). (d) Depth of nanoholes. Scale

bar: 500nm.
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Figure 4.7 shows the fabricated samples after laser marking of Dot code “Bangor University”
with particle superlens on top at different laser energy levels, with laser fluences decreasing
from ~ 2 J/cm? (block 1) to ~1.43 J/em?(block 16) with step ~0.05-0.06 J/cm?. The resulting

blocks could be divided into several groups:

Group 1: Blocks 1, 2 and 3. These three blocks have similar patterns with a black-out
appearance. This is due to the high laser fluences used in these cases (1.986 J/cm?, 1.935
J/cmz, 1.884 J/cmz), all particles were removed, and conventional laser ablation were then
taking place, thus leading to the formation of micro-sized holes at each processed spot and
therefore, will not contain the nanoscale holes desired as illustrated in Figure 1.1. Thus,
group 1 were omitted from further AFM analysis. As shown above in Section 4.1.2 - Figure
4.3, if there are no particle super-lenses on top, the sample won’t be processed by UV laser
as it is slightly below the ablation threshold fluence of 2 J/cm?. Therefore, the presence of
microsphere superlens helped to reduce the ablation threshold, due to focusing effects by

microsphere lenses, which will be explained by theoretical results in following section 4.5.

Group 2: Blocks 4,5 and 6. Block 4 is bit abnormal, while blocks 5 and 6 looking similar to
Blocks 1-3. In theory, block 4 should be having a black-out appearance as well following the
simple laser energy decreasing tendency, since blocks 1-3 and 5-6 all having same blackout
appearance. We attribute the abnormality of block 4 to the possible variation and fluctuation
of laser and processing systems, and therefore block 4 and 5 were also omitted from further
AFM analysis and this range of laser fluences should be avoided in industrial settings where

process stability and repeatability are key requirements.

Group 3: Blocks 7-12. These blocks are most well defined, with strong contrast between
laser processed (white area) and non-processed areas (black area). They can be easily readout
by the Scanner APP with remaining particles not cleaned. This is the range of processing
parameters we should recommend to use in industrial setting, which stable and repeatable.
Here, each laser processed spot contains a cluster of nanoholes, which are generated by
particle superlens. Under each particle superlens, a nanohole will be generated. An example
was shown in Figure 4.7(b) for block 7 and block 12, where the nanoholes are about 180 nm
and 150 nm, respectively. Note the hole size within each block could vary due to a number

of factors: energy variation in a laser spot at different particle locations, inhomogeneity of
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laser focus etc. The measured nanohole width at Full-Width-at-Half-Maximum (FWHM) and
depth are summarized in Figure 4.7 ¢ and d), where the error bars demonstrating the size
variations of about 10-20 nm. A general tendency can be observed: both width and depth of
nanohole increases with laser fluences. The is easily understandable since less energy leading
to less material removal within the particle focusing spot which is in contacting with sample

surface (as shown below by theoretical calculation).

Group 4: Blocks 13-16: these blocks are similar to blocks 7-12, but with reduced dotcode
pattern clarity and contrast. They are still acceptable for the nano-marking process and is
expected to have smaller nanoholes. Depending on end user needs, this range of parameters
may be used if smaller nanoholes is preferred. The reduced contrast proven to be too difficult
for the barcode scanner to readout the dot code under the microscope image and thus, these

blocks were not analysed in depth in comparison to Group 3 (Block 7-12)

Smaller laser fluences beyond block 16 (1.17 J/em?) were also studied, those samples contain
almost invisible microscope images and are thus not very meaningful in terms of optical

readout. These results were not presented.

4.4 Blob detection and readout

We now turn to the final readout stage of laser marked Dot codes from cleaned samples.
The left particles were removed by cotton wipes and followed by DI water rinsing and
drying. Due to the sparse distribution (non-connected) nature of Dot code blobs, the sample
has low visibility in general under naked eyes, most patterns are invisible to the eyes and
microscope imaging is required to clearly reveal the patterns. Figure 4.8 shows captured
confocal microscope images of the cleaned samples. As shown in Figure 4.8 a), the dotcode
pattern is sharp and clear, and in high contrast for block 2 (similar for group 1: blocks 1-3)
when laser fluence is high, which can be easily readout by the scanner APP. However, such
patterns are not what we aim for since they did not contain nanoscale features required for the
second level security protection. In contrast, Figure 4.8(b) shows the final dotcode pattern
for block 12 within recommended fluence ranges for nanomarking. Here, each blob within
the dotcode consists of a group of nanoholes, as shown by AFM analysis in previous section
in Figure 4.7. Comparing with Fig.4.4(a), the contrast of nanoholes is lower because each

blob consists of sparse nanoholes. The reduction of contrast makes patterns less visible which
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Figure 4.8 — Cleaned samples after superlens-assisted laser marking. (a) Block 2, high energy, single
dot in microscale, no nanoholes within each spot. (b) Block 12, Medium energy, reasonable contrast
Dot Code with nanoholes within each spot. (c) Block 16, low energy, reduced contrast Dot code with
nanoholes within each spot. (d) No visible Dot code on surface for lower energy marking. (e) Imaging
Processing of Block 16 in (c) for successful readout.

offers higher level security protection. Variations of contrast between blobs in Figure 4.8 b)
are attributed to the variations in nanoholes size, depth, and density within that blob, causing
by various reasons including laser beam inhomogeneity and monolayer quality in that blob.
When laser fluences drop further (group 4: block 13-16), the nanohole size and depth reduce
accordingly, leading to the lower contrast as observed in Figure 4.8 ¢). Further reduction of

laser fluences leads to no nanoholes on surface as shown in Figure 4.8 d).

In most cases the nanohole-decorated dotcode patterns (Figure 4.4 b and ¢) cannot be directly

readout by the scanner APP due to insufficient contrast level with respect to its background.
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Image processing is thus required, either to improve the contrast to a sufficient level for

readout, or to retrieve the blob positions and replace the blob with an artificial black dot.

4.5 Theoretical study of superlens focusing

The physics behind current technique is quite clear: particle superlens generates highly
focused nano focusing spot at sample surface, which leads to the formation of nanoholes
when coupled to a pulsed UV or femtosecond laser source. In this section, we show simulated
light focusing by particle lens by using both xMie (No substrate case) and CST (with glass
substrate) software to support and explain the obtained experimental results. Two cases were
considered, single particle and aggregated particles.

4.5.1 Single particle

(a) 5 (P)

No substrate

Figure 4.9 — Theoretical calculation of single particle lens focusing by xMie and CST. (a) E2 field
distribution of a single particle in air without substrate, calculated by xMie software. (b) E2 field
distribution for particle on glass surface, calculated by CST. (b1) side view (b2) top view of focusing
on substrate surface. (c) E2 field profile along z-axis in propagation direction. Peak focus at particle-
substrate contacting point with enhancement factor of 38.

When light interacts with a single microsphere, Mie theory can be used to calculate the exact
field distributions around the particle lens. Figure 4.9 (a) shows calculated E? intensity field

by in-house developed xMie software around a 1 um SiO2 microsphere in air. Note in this

case there is NO substrate. The focus point is right at the bottom of the particle, with a
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peak enhancement value of 50. In case of particle on surface, Mie theory cannot be used
and instead a numerical software CST was used. Figure 4.9 (b) shows calculated E2 field
distribution for a 1um Si0? particle on glass surface, (bl) side view and (b2) top view of
focusing on substrate surface. Here, one can see the focus is still located at the contacting
point when the substrate is presented, but with reduced peak enhancement value of 38. The
reduction of focus enhancement is caused by the efficient coupling of laser energy from
microsphere lens into the glass substrate which is transparent to the laser beam. In contrast,
if the substrate is not transparent to the incident beam, for example a metal substrate, the
presence of substrate could lead an increased focus intensity due to reflection [88]. From
Figure 4.9 (b2), we can see the simulated focus spot size on sample surface beneath the
particle is about 178 nm x 128 nm measured at FHWM, which is NOT a perfect circle but in
an elliptical shape. This can be verified from experimental results in Fig. 4.3, where most
nanoholes are bit elliptical. The size of nanoholes obtained in experiments is generally smaller
than 180 nm which agrees with the theory. Figure 4.9 (c2) shows calculated focus intensity
along z-axis (the propagation direction), which manifests a rapid decay within one radius
distance (500 nm). In other words, the theory predicts the depth of all nanoholes wi Il be less
than 500 nm. At experimental fluences ranges, the depth of nanoholes is about 200 nm and
below, which is within the predicated depth zone.

4.5.2 Aggregated particles

In experiments, the self-assembled particle superlens array is not in perfect monolayer form,
they have defects including gaps and aggregates, both will affect the focusing. To demonstrate
these effects, we studied a simple two-layered particle system as shown in Figure 4.10, where
the first layer has three particles and second layer has two particles. All other simulation

settings are same to that in the Figure 4.9 case above. From Figure 4.10, we can observe:

1. Particles sitting at the edges of an array (first layer) will have stronger focus compared
to those sitting in the middle (see Figure 4.10 b and c).
2. Particles in the second layer does not contribute to nanohole generation on sample

surface, despite they produce strong focus right beneath themselves.

These theoretical effects, again, are important in guiding and explaining experimental findings

during the project, where nanohole variations occur and there are very few nanoholes generated
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under aggregated particles. In view of Figure 4.10, the theoretical work has provided a very

useful insight and support to the experimental work carried out in the project.

25 . T . T

(c)

Focus on surface

E2

Figure 4.10 — Focusing affected by particle aggregation states. (a) E? intensity distribution within XZ
cross-sectional plane for 5 particles aggregated in two layers (b) Focus spot on sample surface, 2D

distribution (c) 1D intensity profile along x-axis on sample surface showing different focusing under
particles.
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Chapter 5
CONCLUSION

5.1 Conclusions

We have developed a new laser-based anti-counterfeiting technology in this project. It is
based on the novel concept of using particle superlens to generate subwavelength nanoscale
holes within each laser processing spot, providing a second level of security protection over
conventional laser marking. When combined with DotCode scheme, the final obtained security
Dotcode marking is highly security and different to be copied by other counterfeiters. Key

scientific conclusions are:

* DotCode scheme is ideal for high level security protection. Compared to other 2D code
schemes, this project shows it is one of the simplest, easiest, and fastest to manufacture
and scaling down coding schemes.

* Microsphere particle superlens can focus incident laser beam into nanoscale spot size,
allowing sub-wavelength patterns like nanohole to be generated under the particle lens.
With 1 mm SiO; microsphere used in the project and under a UV laser source (355 nm),
the fabricated hole size (FWHM) is about 140-180 nm for most cases, with features size
below the diffraction limit size of half wavelength of 178 nm. When particles were used
in array form, an array of sub-wavelength nanopatterns were successfully generated.

* Combining DotCode scheme with microsphere superlens nano focusing capability
leads to the successful demonstration of proposed superlens-assisted anti-counterfeiting
laser Dot code marking technology, which can be applied onto almost all materials
including glass, stain steel, diamond, precious gems, and luxury goods. The final
obtained nanomarking are invisible to human eyes. Readout of these nano Dot code
patterns would require microscope imaging and advanced imaging processing, making

them less possible to be copied.
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5.2 Future Work

Alongside present work, following future work are recommended:

1. A higher quality monolayer particle array. Despite the efforts in this project and a
reasonable quality of particle monolayer has been achieved across a large area in
centimeter scales. The monolayer still contains obvious gap zones and multilayer
aggregations. Ideally these defects will be removed in future by further optimizing the
monolayer preparation method such as controlled humidity and liquid flow in MLS
technique.

2. Application on other materials. Due to the time limitation of this project, the demon-
stration has been limited to glass and stainless materials. However, the technique can
be easily applied to almost all material where the material can be laser ablated by UV
laser wavelength. Successful trials on diamonds have been performed. However, those
results will be kept as confidential commercial sensitive information so won’t be able to
be included in current thesis. The company has plan to apply the technique to precious
gems and luxury goods.

3. Reuse of particles. Microspheres used in this project are relative expensive, so reuse
of the particles are important to save the costs. In principle, there are no damage to
microsphere during laser marking process despite they can be removed from sample
surface. All particles can be collected and reused by appropriate recycling process.
Another idea is to encapsulate the particle monolayer in a transparent host medium to
form a film-like particle lens, which can be directly placed on top of sample surface
and reuse it many times. More efforts are needed on these proposals.

4. More advanced blob detection algorithm. Currently our blob detection program stops
working at certain contrast level. Pushing such limit with more advanced blob detection

algorithm is of great interest to the project.
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