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ABSTRACT

High-quality optical diffusers provide a solution for a variety of applications
requiring Gaussian and non-Gaussian intensity distributions, including usage in
aerospace, for displays, imaging systems, and for biomedical optics. Advances in laser
machining processes have enabled the rapid production of efficient optical diffusers.
Three types of laser machining processes: CO,, nanosecond, and femtosecond laser
machining were utilized to fabricate the optical diffusers, mainly on float glass on which
these processes produced nano and microfeatures allowing the light to be scattered.
Also the float glass is an inexpensive material compared to fused silica and quartz
glasses. But some other diffractive optical devices were fabricated on polycarbonate
(PC) material. The reason the optical diffusers were not fabricated on polycarbonate
(PC) and polyethylene terephthalate glycol (PETG) materials is that the areas treated

with the laser became opaque, not allowing light to be scattered thoroughly.

Furthermore, we describe the design and experimental realization of mechanically
stretchable and tunable optical diffusers. These intrinsically designed diffusers (based
on cylindrical lenslet and micro tip arrays) were made directly on elastomer material
using laser ablation. The dimensions of both the tips and the lenslet arrays play a
critical role in the distribution of illumination and wettability resistance. By stretching
the diffusers mechanically along the lenslet arrays, diffusion angle tuning was achieved
along with a revisable change between hydrophilic to superhydrophobic states
providing self-cleaning properties. These multifunctional diffusers constitute an
important step towards integration with flexible materials or devices, such as
stretchable organic light-emitting diodes (OLEDs) and polymer light-emitting diodes

(PLEDs).
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Chapter 1: INTRODUCTION

1.1 Optical Diffuser Principles

An optical diffuser is a device or an element that is used to diffuse, scatter or diffract
light in a certain way to transmit a soft or shaped light in a wide range of illumination
and display applications. As a result of diffusing light, an optical diffuser reduces or
eliminates the zero-order bright spot, which is the part of the energy from the incident
beam passing through the optical diffuser without being scattered. It also enables the
efficient transformation of incoming light beams into the desired diffraction of the
outgoing light shape. This desired diffraction of the light shape can be categorized
based on its intensity distribution profile (scatter shape) into two distinct characteristics:
Gaussian-like shape and non-Gaussian-like shape (Figure 1a-c). To understand both
shapes, the Gaussian shape inevitably needs to be identified and clarified. In
mathematics, the Gaussian distribution simply refers to a normal distribution, familiar
in statistics, and it has a random variable. For this reason, the Gaussian-like shape
has a random variable distribution along the diffusion angle, resulting in light being
refracted in a random direction. This is presumed to be without affecting the
homogenizing light distribution, in this case, meaning the intensity profile presents a

smooth scattering.
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Figure 1. The intensity distribution of an outgoing light shape after passing through
an optical diffuser: (a) the Gaussian-like distribution; (b, c) non-Gaussian distribution

with square and circle shapes, respectively.

Gaussian-like shape diffusers often produce a circular light pattern with the
independent variable of a Gaussian intensity profile, the scatter shape. Due to the
independent variable of the Gaussian intensity profile, an inherently superior
parameter was introduced to describe the width of a bump on the Gaussian distribution,
called a full width at half maximum (FWHM). It is given by the difference between two
extreme values of these independent variables on a curve at which the dependent
variable reaches half its maximum (Figure 1a). This FWHM allows the denotation of a
new term for optical specification among other Gaussian diffusers. On the other hand,
non-Gaussian-like shaped diffusers often produce a wide range of light patterns; such
as linear, elliptical and square patterns with several intensity profiles, ranging from a
Lambertian scattering to a top hat shape. For Lambertian scattering, it has a non-
Gaussian shape because its light distribution is uniformly and precisely scattered in
terms of its profile, following a cosine relationship with the polar angle of the scattered
illumination. This relationship state with Lambert’s law is shown in Equation 1, where

I represents the intensity of the incident light at the particular wavelength; k

diffuse




represents the diffused reflectivity of the surface at that wavelength; and I,
represents the intensity of the incoming light at the particular wavelength. [1]

ldiffuse = Kd llight cos(6) Equation 1

1.2 Huygens' Principle and Diffraction

The diffraction is based upon the propagation of electromagnetic waves through a
medium with a varying refractive index, or a slit that is comparable in size to its
wavelength. Here, light is described as an electromagnetic wave that consists of
synchronized oscillation of electric field E and magnetic field B that propagates at the
light speed of 3 x 108 m.s? in a vacuum. Diffraction is a concept that is firstly described
using Huygens’s Principle which is defined as the bending of a wave around obstacles.
This principle states that every point on a wave front can be considered as a new
source of secondary wavelets that spread out in the outward direction at the same
speed of the wave itself. Therefore each individual point is the centre of its own circular

wave front which expands the light source as shown in Figure 2 [2, 3].

T
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Figure 2. Huygens's principle applied to straight wave front. Each individual point

propagates a circular wavelet that moves in the direction of propagation.



According to Maxwell's equations (Equations 2-4), spatially varying electric fields
are associated with specific changes over time in the electric field [4]. These
oscillations of the two fields are perpendicular to each other and perpendicular to the
direction of the wave propagation, forming a transverse wave. The wavefront of
electromagnetic waves is emitted from a light source such as a laser. This laser emits
monochromatic light through a process of optical amplification by stimulated emission
of photons. The laser travels through matter and under goes reflection, transmission
or absorption, when it interacts with matter. For this reason, the light-matter interaction
depends on the light’s wavelength and the object’s properties and size [5]. Snell’s law
describes the relationship between the incident and a refracted light wave, when light
interacts with matter. Equation 5 states that the ratio of incident and refraction angles

is equal to the ratio of phase velocities or refractive index.

Maxwell-Faraday law: V x E = 0B/ dt Equation 2
Maxwell-Ampére law: V x B = poeo 0 E /0t Equation 3
Gauss’slaw: V-E=0 Equation 4

, sin @ v n .
Snell'slaw: ——====— Equation 5
sin 0, U, n,

In addition, light scattering is another form of propagation of light in which light is
scattered by particles. Rayleigh describes the elastic scattering of light from particles
whose diameter is less than about one-tenth of the wavelength of the incident light.
The scattering can occur when light travels through transparent solids, liquids and
gasses containing particles. These particles absorb light and emit this light absorbed
radially. Therefore the particle become new source of light and acts as small radiating
units. Because the particles are randomly positioned, the scattered light is observed at
particular positions with randomly light phases. As a result, the amount of scattering is

the sum of the squares of the amplitude and proportional to the inverse fourth-power
4



of wavelength and the sixth-power of particle sizes. In detail, the intensity of the light
scattered by Rayleigh is described in Equation 6, where lo is the normal light intensity
before the light travels through particle, 8 is the scattering angle, R is the distance to
the particles, A is the wavelength of the light, n is the refractive index and d is the
diameter of the particle [6-8]. Otherwise, Mie describes the elastic scattering of light
from particles whose diameter is comparable to the wavelength range. Similarly, the
particles absorb light but Mie differs from Rayleigh scattering in respect of emission:
the particle emits this light absorbed into more directional rather than radial. The more

of the light is scattered in the forward direction when the particle size becomes larger

9.

14 cos0?\ 2m*/n%—1\°/d\° _
[=lo\—rz— (T) 212 (E) Equation 6

1.3 Types of Diffusive media and their Limitations

The Gaussian and non-Gaussian shapes are image formation which is created by
the propagation of light through a diffusive media. There are two distinct types of
diffusers in terms of diffusive media that achieve an optical diffusion. These diffusive
media are either from a volume or a surface; for this reason, they are called volumetric
diffusers and surface relief diffusers. In volumetric diffusers, the diffusion of light
depends on a diffusing element that is ordered or disordered inside the bulk or volume
of the diffuser. Generally, controlling the distribution of diffusive elements inside the
volume is difficult; such as growing devitrite crystal [10], recording a laser speckle
pattern into a photopolymer volume [11], or adding micro-polymer filler into a
transparent volume [12-14]. These added polymer microspheres were reported with a
small diffusion angle in the range of 10°-50°; while growing devitrite crystals achieved

up a 120° diffusion angle. However, these crystals have been observed to be
5



uncontrollable and they have different arrangements, resulting in various scatter
shapes along an exact diffuser. A further issue is that a devitrification process cannot
produce ultra-thin diffusers due to the requirement of sufficient thickness to grow more
devitrite crystals, facilitating a wide angle of light diffusion. Commercially, an opal
diffuser was produced by Edmond Optics and offers a near Lambertian distribution;
but the level of diffusion causes a large amount of scattering loss, around ~70% of

transmission efficiency.

(a) o (b) o
Surface relief Diffuser Volumetric Diffuser
Diffused Scattering
Light o Light
O Diffusive
Particle

Tl 11

Figure 3. The propagation of light through different diffusive media of optical

P11 e

diffusers: (a) surface relief diffuser; and (b) volumetric diffuser

Therefore, the surface relief provided significant research in enhancements of
diffractive optical design and manufacturing processes; which have reduced undesired
orders and minimized the zero-order bright spot, while improving uniformity and
achieving higher diffractive efficiency. The most common types of the diffractive optical
devices are 1/2D diffraction grating, Fresnel zone plate (FZP) lens, optical diffusers,
computer-generated holograms etc. The 1/2D diffraction gratings are normally
designed to disperse the incident light beam into multi-bright spot with a specific angle
and direction. They are based on the diffraction grating Equation 7, where d is the
distance between the periodic structures; 6m is the angle of diffracted light measured
from normal incidence; n represents the order of the bright spot; and A represents the

wavelength of the incident beam. For a FZP lens, it consists of a series of radially
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symmetric rings which alternate between opaque and transparent. It diffracts light
around opaque zones following Equation 8 below: where f is a focal lens: d is a radius
of the ring; n is a number of rings; and A is wavelength [15, 16]. A computer generated
hologram is based on an array of opaque and transparent aligned pixels, allowing the
creation of constructive interference and a diffraction pattern formation [17]. An optical
diffuser is designed from random rough surfaces to well-defined optical microstructures
[18, 19]. In terms of fabrication, all of these diffractive optical devices have a lack of
scientific research with direct laser machining into plastic material which has a high
light transmission efficiency, high-impact resistance, is lightweight, and effective
wettability resistance [20, 21].
dsin ®m = nA Equation 7

f=d?/nA, n=1,23..) Equation 8

1.4 Motivation and Limitation in Fabrication

So far many manufacturing processes have been studied to fabricate optical
diffusers, including: ultrasonic embossing [22], acid treatment [23], hot embossing [24],
electrospray processes [25, 26]. These processes are non-traditional machining with
low-cost machinery, compared to ultraprecision processes; but the processes involve
either are non-direct fabrication, or they require a mould, so that they are quite time-
consuming. A holography processes have been used to record the diffusion of light on
silver halide (AgHal) and photopolymers [27], silver halide sensitized gelatin (SHSG)
[28], azobenzene polymer [29] or ink materials [30] to produce a holographic diffusers.
The reported diffusers suffer from low failure thresholds, hence can only operate on
low laser powers. Also they have limited diffusion angle field of view and they cannot

withstand to the chemical reaction or physical contact which results in distortion of



optical diffusers. In commercial products, sandblasting and polishing processes were
utilized to produce a ground optical diffuser having a Gaussian-like shape. These
processes are economical and simple for mass-production, but they are incapable of
controlling and manufacturing customised surface structures on the diffuser surfaces.
Therefore, they provide limited optical diffusers profiles with diffusion angles between

35° and 60° [31].

Lithography is one of the most promising fabrication processes for optical diffusers,
presented in both scientific research and for commercial products. It provides the most
solutions for customized tailoring of the characteristics of non-Gaussian diffusers, such
as diffractive and engineered diffusers [32]. One of the advantages is that the
lithography process is capable of producing deep analogue surface-relief structures on
the master element, where these structures are based on arrays of optical
microstructures [33, 34]. Subsequently, the fabricated master is used to replicate the
optical diffuser pattern on a variety of materials and substrates[32]. The fabricated
diffusers from the lithography process offer circular, square and a line distribution of
top-hat patterns with a 90% transmission efficiency. However, this process relies on a
mask and it requires multistep processes to achieve the desired optics; making it
difficult to fabricate an optical diffuser directly without being time consuming. In some
cases, depending on the required pattern size, it takes between an hour to several
days for only the mask fabrication [35]. For this reason, a new advanced machining
process needs to be introduced in the fabrication of optical diffusers to limit all of these

mentioned issues.

In our case, optical diffusers require a new advanced micromachining process,
allowing direct fabrication on a hard or soft materials that provides great emphasis on

high accuracy and process control. Laser machining is one of the most promising direct
8



processes that utilizes a thermal process capable of high accuracy ablation on a wide
range of materials. The specification of an optical system, the temporal modes of the
laser used, and equipment hardware configuration are significantly important to
develop robust, high-volume manufacturing solutions [36-38]. There are two types of
common mediums used in the laser machining process: carbon dioxide (CO,), and
neodymium yttrium-aluminium-garnet (Nd:YAG) lasers. The CO, lasers have the
highest laser power with great efficiency without sacrificing the superiority of the laser
beam. It has a continuous wave (CW) laser producing a beam of infrared light with the
principal wavelength band centring on 9.40 ym and 10.40 um but the strongest laser
transition occurs at 10.6 um [39]. With the other medium, Nd:YAG lasers have a shorter
wavelength of around 1 ym, making them appropriate for reflective materials because
of their higher near-infrared light absorption compared to the CO, lasers [40]. In spite
of the Nd:YAG lasers having low-beam powers, they can be operated in pulsed mode,
ranging from the microsecond to the femtosecond to enable high-peak powers [41].
However, the shorter pulse reduces the effect of the heat damage on the materials,

resulting in high micro and submicron accuracy [42].

The principle of material removal during laser machining consists of different three
steps: melting (CW CO2 laser), vaporization (femtosecond laser [43, 44] and
nanosecond laser [45]) and chemical degradation (UV excimer laser [46] or excimer
laser lithography [47]). This degradation breaks the chemical bonds and degrades the
laser exposed materials. During laser machining, a high energy density laser beam is
focused on a precise area of the work piece which absorbs the thermal energy. This
allow to heat and transform the work piece into a melted, vaporized or chemically
changed state [41, 42, 48]. In terms of physical phenomena, the laser light interacts

with all materials through absorption, transmission, scattering, and reflection. However,
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the most effect in the material is only probable through the absorption of the laser
beams. Therefore, thermal and optical properties of the materials, for example thermal
conductivity, thermal diffusivity and absorptivity have a significant effect on the quality
characteristics of the machining process. Hard and brittle materials, such silicon and
glass, have poor machinability with conventional fabrication. Therefore, they benefit
from the advantage of laser machining where there is no mechanical contact between
the machining tool and the fabricated materials [40]. These various laser machining
processes have been of great interest in the related fabrication of optical devices, such
as the cleaving of optical fibres [49, 50]; the cantilever fibre sensor [51]; fibre-based
Fabry-Perot cavities (FFPC) [52]; the optical waveguide [53-55]; Fresnel and cylindrical
lenses [15, 56-58] and diffraction gratings [59, 60]. However, there is a lack of research
in fabricating optical diffusers by using a laser machining, which allows direct
fabrication of optical diffusers on float glass and polymers in low-cost with rapid

productions.
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1.5 Thesis Outline and Aims

This thesis aims to contribute to designing and fabricating low-cost optical diffuser
devices directly on transparent materials using direct laser machining processes. To
date, there is a lack of research on laser machining process fabricating of an optical
diffuser. This has encouraged us to carry on the development of optical diffusers on
transparent materials; float glass, polycarbonate (PC), polyethylene terephthalate
glycol (PETG) and polydimethylsiloxane (PDMS) elastomer, using three types of laser
machining processes: CO,, nanosecond and femtosecond lasers. Therefore, changing
lasers and the transparent materials causes several challenges and issues to arise
regarding the laser machining of these transparent materials, and how it affects the
optical properties. This is finding a new way to form nano and microstructure directly
on solid and soft surfaces for making optical diffusers. In Chapter five, a novel
methodology has been invented to detect the homogenization of the diffused light from
an outgoing diffraction beam. Furthermore, an innovative optical diffuser has been
pioneered on elastomer material which is highly flexible, stretchable and mechanically

tunable with superhydrophobic characteristics.

In order to achieve the fabrication of these optical diffusers the following steps
have been addressed:
1- An investigation of three laser machining processes on transparent materials,
in terms of the effect of the optical properties.
2- Optical modelling of corresponding diffractive optical devices such as 1/2D
diffraction gratings, Fresnel zone plates (FZP), and computer-generated

holograms, in the visible spectrum.
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Using three types of direct laser machining processes: femtosecond,
nanosecond and CO, lasers, to fabricate optical diffusers onto transparent
materials.

Probing and measuring surface characterization of the fabricated diffusers and
analysing the measurement results.

Testing optical characterization of the fabricated diffusers, analysing and
interpreting the results.

Inventing a novel methodology, described in Chapter 5, to find out the
homogenization of the diffused light at the outgoing diffracted beam.

Inventing a new type of flexible, stretchable and mechanically tunable optical
diffuser, presented in chapter 6, based on elastomer material.

Demonstrating the interesting utility of the fabricated devices in industrial

applications.

This thesis is organized in seven chapters, based on five publications:

Chapter 1 introduces the research topic and some background; provides a review

of the literature related to the optical diffusers and their fabrications, and evaluates

them. Finally, it includes the thesis outline and aims.

Chapter 2 presents the fabrication of optical diffusers on float glass by using

femtosecond (FS) laser machining. The surface morphologies of optical diffusers were
scanned by using scanning electron microscope (SEM) and their surfaces were
discussed. Also, the surface roughness was measured and analysed by using Alicona
G5 InfiniteFocous (IF) system to provide their average roughness (Ra). Then, the

performance of optical diffusers based on the measurements of reflection and
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transmission efficiencies, and the diffusion angles were performed and analysed.
Finally, visualization of the three dimensional optical diffusion were captured using
various wavelengths of monochromatic light. With glass being an inexpensive material,
the proposed technique has a lot of potential for producing cost-effective, large-area
optical devices. The process benefits from the flexibility of the laser writing method and
enables the production of tailored and optical diffusers.

My contribution to this chapter was of conceiving the idea, designing the optical
experimental setups and leading the research. This technique allowed to find a new
way of fabrication of optical diffuser on float glass with FS laser processing in a short
time period compared to laser lithography. R.A provided SEM images and PP did laser
writing onto the samples for around one hour. | wrote the first draft of the paper. All

authors proofread the writing of the manuscript.

Chapter 3 describes the fabrication of diffractive optical devices using FS laser
machining directly on a transparent polycarbonate (PC) substrate due a high light
transmission efficiency and an effective wettability resistance compared to the float
glass. These diffractive optical devices, transmission 1D/2D gratings, Fresnel zone
plate lenses, and computer-generated holograms were designed and calculated
theoretically. Then they were produced directly on a transparent polycarbonate (PC)
substrate using laser machining for the first time. Next, the optical properties of the
devices including light transmission, angle-dependent resolution, and light polarization
effects were investigated and the measurement was recorded. Subsequently, the
optical properties of the grating were validated through a geometrical engineering
theory of diffraction model, comprising phase modulation. Finally, the wettability
resistance of the diffractive optical devices was carried out and investigated by the

droplet of the contact angle measurement.
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| conceived the idea of this paper, designed the optical experimental setups and
led the research direction to allow a fast fabrication of self-cleaning optics. Y.M
simulated computer generated hologram and PP did laser writing onto the samples for
one hour. | wrote the first draft of the paper. All authors proofread the writing of the

manuscript.

Chapter 4 introduces the fabrication of optical diffusers on float glass by using
nanosecond laser machining which is low-cost and highly productive pulsed laser
system compared to FS laser in Chapter 3. This nanosecond pulsed laser-induced
micro-texturing surfaces to fabricate an optical diffuser for the first time. The research
was conducted by point-to-point micro-texturing of a float glass surface in a spiral
shape. The laser machining parameters, the number of pulses, and their speed and
power, initially played a significant role on surface features. Therefore, the optical
characteristics of the diffusers including broadband light transmission, angle-resolved
monochromatic light diffusion and broadband light polarization effects were carried out
and the measurements were investigated.

My contribution conceived the idea of this chapter, designed the optical
experimental setups and provided the research direction to allow fabrication of the
optical diffuser with nanosecond laser processing; having the advantage of being a
low-cost and high throughput pulsed laser system compared to FS laser. RP did laser
writing onto the samples for a half hour. | wrote the first draft of the paper. All authors

proofread the writing of the paper.

Chapter 5 demonstrates the fabrication of optical diffusers on float glass by using
CW CO2 laser, which is highly economical laser system as compared to pulsed laser

machining in previous chapters. This laser machining patterned surface-relief
14



pseudorandom microstructures directly on the float glass surfaces, either on one side
or both sides. These microstructures were visualized as three-dimensional under an
optical microscope and they were captured. The captured image was processed
through FFT simulation by reading out the image to design a predictable optical
diffuser. A model of glass surface peeling was also developed to prevent its occurrence
during the fabrication process. Further investigation on pseudorandom microstructures
was characterized with optical microscopy, Raman microscopy, and polarization
response. A numerical simulation of the temperature distribution from the CO, laser
was carried on the float glass. Finally, a novel methodology for identifying the speckle
pattern was performed and the speckle pattern was recorded using a high-resolution
imaging camera with a complementary metal-oxide-semiconductor (CMOS) sensor.
My contribution to this project was conceived the experimental idea for the
fabrication of optical diffuser using CW CO:z laser, utilising the lowest cost of the laser
systems, and designed the optical experimental setups and provided research
direction under supervision of H.B. A.A did FEM simulation and | fabricated the
samples. | wrote the first draft of the paper. All authors proofread the writing of the

paper.

Chapter 6 presents the design and experimental realization of the pioneering,
mechanically stretchable and tunable optical diffusers. These diffusers were made
directly on elastomer material, which is based on the fabrication of cylindrical lenslet
and tip arrays, by using a CW CO, laser. The cylindrical lenslet and tip were
constructed with varied dimensions, which plays a critical role in the distribution of light
and wettability resistance. The constructed cylindrical lenslet and tip were confirmed
under the optical microscope. After that, the mechanical stretching of the diffusers was

carried out to evaluate the distribution of light and wettability resistance.
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My contribution to this chapter was of conceiving the idea for the fabrication of
flexible and stretchable optical diffuser with low surface wettability for the first time. |
designed the optical experimental setups, interpreted the data and provided research
direction under the supervision of H.B. | wrote the first draft of the paper and H.B

proofread the writing of the paper.

Chapter 7 concludes and summarises the main research in this thesis, finding the

limitations of the current work and suggesting some possible future research.
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Chapter 2: Femtosecond Laser Directed Fabrication of Optical

Diffusers

Published article
Tawfiq Alqurashi, Pavel Penchev, Ali K. Yetisen, Aydin Sabouri, Rayan M. Ameen,

Stefan Dimova and Haider Butt

RSC Advances, 2017. 7(29): p. 18019-18023.

This chapter introduces the fabrication of optical diffusers on float glass by

using femtosecond (FS) laser machining.

Author Contributions

T.A. conceived the idea, deigned the optical experimental setups and provided
research direction. R.A provided SEM images and PP did laser writing onto the
samples for one hour. T.A. wrote the first draft of the paper. All authors proofread the

writing of the manuscript.
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2.1 Abstract

The optical diffusers are widely used in various optical instruments. In this study, a
method for fabrication of optical diffusers through femtosecond laser machining is
demonstrated. Float glass surfaces were ablated, forming nanoscale ripples with
dimensions comparable to the wavelength of visible light. It was found that these
structures produce highly efficient and wide field of view diffusers. The machining
patterns altered the diffusion characteristic and a maximum diffusion angle of 172°
were achieved with optimum machining parameters. The transmission performance of
the diffusers were measured to be around 30% (average) across the visible range.
With glass being an inexpensive material, the proposed technique has a lot of potential
for producing cost effective large area optical devices. The process benefits from the
flexibility of the laser writing method and enables the production of tailored and

holographic diffusers.
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2.2 Introduction

Optical diffusers are widely used in a myriad of optical devices, including liquid crystal
displays (LCDs), light-emitting diodes (LEDs), light sources, and random lasers [12,
61]. Generally, optical diffusers can be classified into two main categories. The particle
diffusing type which has the particles inside the diffuser [10, 62] and the surface-relief
type consisting of microstructures on surfaces. The most widely used surface-relief
structures include microlenses [63], pyramids [64] and textured surfaces [65, 66]. Most
applications of these types of diffusers can be observed in filament lamp [67], LEDs
[68] and fibre optics [54]. Fabrication of textured surfaces through femtosecond (FS)
laser ablation is a rapidly growing area of interest [69-71]. This fast and potentially
viable method can produce micro and nanoscaled ripples onto the substrate surfaces
and thus change their physical properties [72-74]. Such surface texturing results in

modified wettability, conductivity and optical reflection/ transmission properties [75].

The fabrication of optical diffusers by femtosecond laser sources have not been
exploited as it has challenges when compared to nanosecond pulsed lasers which
exhibit excessive burrs due vaporized material [76]. Direct laser processing received
intensive research as result of fast growing optoelectronic market [77-79]. Additionally,
FS laser patterning is a deterministic process. First, it has limited thermal effect
because the laser pulse ends before the electrons thermally excite any ion and also
the heat diffusion outside the focal area is minimized. This leads to reduced heating
caused by expansion effects and an increase in its patterning precision as compared
to other laser sources [80, 81].

Here, we report the development of glass-based optical diffusers via FS laser
patterning. FS laser ablation was used to produce both nano- and microstructures (~20

pMm) to increasing the roughness of the glass surfaces, which randomly diffused the
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transmitted light. The present method differs from other techniques used for producing
diffusers, where a pulsed laser is used for patterning a photoresist layer on glass or
plastic substrate [30]. Optical scattering from the textured glasses substrate was
examined by angle-resolved spectral measurements. The optical response was

characterized in the visible spectrum.

2.3 Results and Discussion

Femtosecond laser writing of glass diffusers

For producing the optical diffusers, float glass slides were textured using an in house
FS laser microprocessing platform. The surface structures were produced on glass
substrates by controlling the FS laser beam’s polarization and hatch directions. Figure
1(a) shows the schematic diagram of the laser machining setup that includes an
ultrashort ytterbium-doped fiber laser (0.8 W, 1030 nm, 310 fs, 100 kHz), a telecentric
lens with a focal length of 100 mm and a 3D optical beam deflection system for
scanning surfaces with high dynamics. The working envelope defined by the scan head
and the focusing lens was 35 mm (x) x 35 mm (y) x 6 mm (z). Furthermore, the focal
beam spot diameter was approximately 30 um. The glass substrate was scanned at
speed of 200 mm.s™! with a hatch distance of 4 um while the pulse energy was 8 uJ.
Figure 1(b) shows the typical surface morphology resulting on the substrate after the

FS laser processing.
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Figure 1. Fabrication of optical diffusers via FS laser patterning. (a) Schematic

diagram of the laser setup. (b) the textured surface and the resulting light diffusion.

Various laser parameters were utilised to texture the glass substrates (Figure 2). The
surface morphology of textured glass was analysed by using a high resolution of optical
microscopy and average roughness (Ra) was measured by using Alicona G5
InfiniteFocous (IF) system. In Figure 2a, the samples represented by h1-3 were
textured using circular polarization with varying hatch directions from horizontal,
vertical and at 45°, respectively. Figure 2(b) shows the surface roughness of the
diffusers along with the cross-sectional images of the fabricated samples. Side views
of diffusers illustrate the difference in the surface topography produced by various laser
processing parameters. The morphologies and arrangements of both micro- and nano-
scale structures produced are highly dependent on the FS laser process parameters,
including hatch direction [72, 82]. Figure S1 in supporting information shows the 3D

map of the nanoripples produced.

Another set of samples (h4-6) was produced after changing the laser polarization to
linear. The size and number of surface structures were reduced when the hatch

direction was changed to vertical. In general, the surface structures on all samples had
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non-uniform overlaps. The average surface roughness was between 375 to 424 nm
(Figure 2b). The vertical hatch direction produced the lowest average roughness of

375 and 374 nm for samples h2 and h5, respectively.
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Figure 2. The samples h1 to h3 were textured by using circular polarization with
three different hatch direction, e.g., horizontal, vertical and at 45°, while the polarization

was changed to linear for the samples h4 to h6. (a) Microscopic images from the top

and side view of the microstructured ripples and (b) corresponding average roughness.

Additionally, the fabricated micro and nanostructures were scanned by using scanning
electron microscope (SEM). Glass samples were coated with an ultrathin gold layer to
avoid electronic charging and to clearly observe the surface features. The SEM

imaging was done normally on the textured surface using a field emission gun (FEG)
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at 10 kV. The SEM images are shown in Figure 3. The micro and nanoripples were
fabricated by overlapping and multiple laser passes. The arrangements of structures
produced is highly dependent on the hatch direction as shown Figure 3 (h4-h6). The
high magnification images (Figure 3 a and b) reveal that the fabricated process
produced nanoparticles on ripples in range of few hundred nanometres and
comparable to the wavelength of light. These features produce the surface roughness,
as measured in Figure 2. These rough structures enabled the light to be scattered

based on Rayleigh scattering [83].

Figure 3. The samples h4 to h6 were scanned with SEM at 1000 magnification
(Scale bar=25um) and this magnification had been increased to 10,000 and 35,000
magnification in a and b, respectively. ( scale bar in a = 2.5um and scale bar in b =

1um).
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Characterization of Optical Diffusers

The samples were examined by angle-resolved optical power intensity measurements
and spectroscopy analysis. The angular measurement setup consists of a rotational
stage controlled by a computer, laser sources (wavelengths of 633, 533 and 450 nm),
and an optical power meter (Figure 4(a-b)). The diffuser samples were rotated with 1°
increments. To reduce the stray light effect, a cylindrical tube was placed in front of the
power meter detector. The distances between the laser source-sample and sample-
detector were 3 and 13 cm, respectively. The sample was rotated from -90° to +90°
from the normal incident (Figure 4(b)). The motorised stage was controlled by software

which recorded the power meter readings at each angle simultaneously.
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Figure 4. Angular spectral measurement setup for the analysis of diffusers. (a)

Schematic of the experimental setup. (b) Top view of the experimental setup.

Figure 5(a-d) show the angle-resolved measurements of transmitted diffused light. In
figure 5(a) and 5(b) measurements were performed on samples with circular and
vertical polarization using a red laser source. Figure 5(c-d) shows the diffusion
measurements using green and blue laser sources. The surface features produced on

glass surfaces were randomly distributed causing the diffusion of light in wide angles.
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According to Bragg law the large diffusion angles suggest that the structures are of the
same scale as the wavelength of light (few hundred nanometres). Due to the random
distribution of surface structures, the mean surface roughness measurements revealed
that the surface features were overlapping and formed on each other, which affected
the properties of the diffusion angles. The measured diffusion angle varied from 152°
to 172°. Figure 5(a-b) shows wide diffusion angle (~172°) with peak transmission
intensity (~1.1%) at zero degrees. Figure 5(a) shows that the normal transmission
intensities for h1-3 were 0.5, 0.85 and 0.8% and the diffusion angles were 154°, 170°
and 166°, respectively. The samples made with linear polarization (h4-6) displayed
slightly higher transmission intensities (on average ~0.054%). Meanwhile, the diffusion
angle was decreased by ~8° for samples h4 and h5. This signifies that the structures
produced with linear polarization have larger lateral dimensions and lower spatial
density, which leads to narrower diffusion field of view and more light being focused
near zero degrees (zero order of diffraction), the diffusion properties of the samples
were also analyzed using 405 and 533 nm laser diode sources. The samples displayed
higher optical transmission for these two wavelengths but the light distributed at higher

angles was lower.
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Figure 5. Angular diffusion characterization of the diffusers. (a-b) Angle resolved
optical diffusion from h1-6 samples, in response to red laser. The insets show the full

width half maxima. The diffusion in response to (c) green and (d) blue lasers.

Figure 5a-d also show the full width at half maximum (FWHM) for the diffusion plots.
The highest FWHM were recorded in response to the red laser however, the intensity
peak was at the lowest compared to other wavelengths. The reason being that the light
was three dimensionally diffused at larger angles, hence reducing the light focused

near zero degrees.

In practical applications diffusers are generally used for diffusing white light. Hence,
optical reflection and transmission measurements were also conducted using
broadband white light. These measurements were performed by using a spectrometer

(2 nm resolution), which was connected to an optical microscope through an optical
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fibre. Figure 6 shows the measured average reflection and transmission spectrums. In
general, the surface features reduced most of the light transmittance with haze
boosting effects [84]. The results show that ~40% of the light was transmitted through
the diffuser at a wavelength of 400 nm, and it sharply reduced to near 20% at the
wavelength of 475 nm (Figure 6a-b). However, the transmission intensities were
gradually increased from 20% to 30% between the wavelengths of 500 nm to 700 nm.
The reflection measurements showed that ~55% of the light was reflected from the
textured surfaces near the wavelength of 400 nm and it reduced to 10% at a
wavelength of 500 nm (Figure 6c-d). For larger wavelengths, the transmission
remained stable until it reached 670 nm and then increased to 27% at a wavelength of
700 nm. In general, the transmission and reflection measurements through the
microscope had higher efficiency values as compared to the angle-resolved
measurements. This was due to the fact that the microscope objectives (due to high
numerical aperture) received and focussed much more light (including the diffused

light) coming from the samples.
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Figure 6. Optical spectroscopy of the diffusers using broadband light.

Spectroscopic measurements in (a-b) transmission mode (c-d) reflection mode.

To visualize the three dimensional distribution of the diffused light, the diffusers
were located at the centre of a white globe and the laser source was positioned below
it (Figure 7a-b). Figure 7c shows photographs of the laser lights at 450, 533 and 633
nm without a diffuser. When the laser beams were transmitted through the diffusers,
the light was diffused at large angles (Figure 7d). It can be observed that the field of
view of optical diffusion increased from blue to red laser. This is in agreement with the
Bragg law, [85, 86] which states that the diffraction angles increase with respect to
incident wavelength. In some figures in Figure 7d, a red spot was noticed; this was not

thought to be due to the diffuser itself but rather an artefact of the measurement setup.
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The spot is seen to have a fixed position in the images, and although it appears that it
is not present in the green h5 and h6 images, this is in fact not the case. The brightness
of the diffraction is higher for the green light as compared to the blue and red, and so
the intensity adjustment of the camera means the spot is not visible in those brighter
green images. Looking at the images in figure 7c , where the laser is shone without the
diffuser, it is seen that the spot is present in the green image as well. The most likely
explanation for the red spot is a back reflection off the glass globe of the Infrared (IR)
beam from the digital cameras autofocus function. The IR LED is offset from the lens
on the front of the camera and so results in a spot that is reflecting from a point offset
from the centre of the globe. The IR LED turns on when the picture is taken, as the
camera is autofocusing. As the camera and globe positioning are fixed in the
experimental setup the spot appears at the same place in all the images. The other
possible explanation for the red spot would be for there to be a problem with the
imaging sensor of the digital camera, where there was a damaged pixel area creating
a bright spot on the image. This would also result in the spot appearing at the same
position in all images. From the images it is clear that the spot is not the brightest part
of the images seen and so would not be responsible for setting the intensity level of
the camera, which is also another important fact. Hence, either way the spot is
considered an artefact that has no bearing on the visualisation results of the 3D optical
diffusion and so can be overlooked. However further work could be carried out to
ascertain the exact cause of the spot if required - An imaging sensor problem with the
camera could be ruled out by taking an image of a plain non-reflecting background;
and the back reflection confirmed by either blocking the IR LED or changing the
orientation of the camera which should result in the spot moving positon. Additionally

using another camera without an IR autofocus function would be a possibility.
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Our approach showed higher diffusion angles as compared to the commercial
polished and sand-blasted diffusers, where the glass diffuser achieves light scattering
up to 40°. In addition, our fabrication is very economical to scale up the manufacturing,
due to fast laser writing speeds, flexible and tailored pattering of glass substrates.[10,

61, 87]
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Figure 7. Visualization of the three dimensional optical diffusion under a white
glass globe. (a) Schematic of experimental setup used to capture the speckle patterns
from the diffusers. (b) A photograph of experimental setup. Scale bar=0.12 m (c) Three
lasers of wavelengths 450, 550 and 700 nm illuminating the glass globe without a
diffuser. Scale bar=0.12 m (d) Different laser beams were passed through the diffusers,
producing different speckle patterns and intensities. Scale bar=0.06 m.
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2.4 Conclusion

In conclusion, we developed a cost effective method for fabricating optical diffusers by
using a FS laser. The laser machining micro and nano-scale surface structures on the
float glass increased the diffusion angle to ~172° and reduced light normal
transmittance with haze boosting effects. The effect of hatch direction and laser
polarization on transmission characteristics of the diffusers was also investigated. It
was found that the maximum and minimum transmissions were at the wavelengths of
400 and 475 nm, respectively. The relatively low processing time and flexibility of the
fabrication process enables optical diffusers to have a variety of applications in optical

industries such as photonic communication systems, displays and LEDs.
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3.1 Abstract

Femtosecond laser ablation allows direct patterning of engineering materials in
industrial settings without requiring multistage processes such as photolithography or
electron beam lithography. However, femtosecond lasers have not been widely used
to construct volumetric microphotonic devices and holograms with high reliability and
cost efficiency. Here, a direct femtosecond laser writing process is developed which
rapidly produces transmission 1D/2D gratings, Fresnel Zone Plate lenses, and
computer-generated holograms on polycarbonate (PC) substrates. The optical
properties including light transmission, angle-dependent resolution and light
polarization effects for the microphotonic devices have been characterized. Varying
the depth of the microgratings from 400 nm to 1.5 pm allowed the control over their
transmission intensity profile. The optical properties of the 1D/2D gratings were
validated by a geometrical theory of diffraction model involving 2D phase modulation.
The Fresnel lenses produced had transmission efficiency of ~60% at normal incidence
and they preserved the polarization of incident light. The computer-generated
holograms had an average transmission efficiency of 35% over the visible spectrum.
These microphotonic devices had wettability resistance exhibiting a contact angle
ranging from 44° to 125°. These devices can be used in a variety of applications
including wavelength-selective filters, dynamic displays, fiber optics, and biomedical

devices.
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3.2 Introduction

Femtosecond (FS) lasers have been widely used for the processing of polymers [88],
metals [89, 90], and biological tissues [91]. Their applications also span across the
machining of submicrometer sized features on silica and silver substrates [92, 93],
along with a myriad of large-area industrial applications [71, 94, 95]. The unique
advantage of FS laser ablation of transparent materials is that they have a nonlinear
nature of light absorption due to the lack of electronic transitions at the energy of the
incident photon [96, 97]. This nonlinear absorption confines any induced change to the
focal volume, allowing the fabrication of complex structures [98, 99]. Additionally, FS
laser processing is a deterministic process [100, 101]. First, it has no thermal effect
because the laser pulse ends before the electrons thermally excite any ion and the
heat diffusion outside the focal area is minimized. This FS machining process reduces
heating caused by expansion effects, leading to an increase in its patterning precision
as compared to other laser patterning processes [81, 102, 103]. Hence, FS lasers have
the potential to rapidly produce tailored and accurate nano- and microstructures in

automated manufacturing systems [74, 104].

FS lasers have been utilized to pattern transparent materials for the fabrication of
1D gratings [105-108], 2D devices [109], and Fresnel zone plate (FZP) lenses [15,
110]. These approaches have utilized either amplified Ti:Sapphire systems or long-
cavity oscillators, which have relatively low powers and low pulse operating
frequencies. Therefore, their fabrication speeds in patterning transparent materials are
lower as compared to FS ytterbium-based laser sources, commonly used in optical
device fabrication [111]. Here, the novelty was to integrate computer-generated
holography (CGH) during the laser fabrication process to predict its optical

characteristics. Rapid direct FS laser writing of optical devices through holographic
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patterning on transparent polycarbonate (PC) substrates has not been reported before.
Hence, the development of a patterning approach employing highly dynamic FS laser
sources can enable the cost-effective production of microphotonic devices on

polymeric substrates.

Here, a FS ytterbium-based laser microstructuring method is demonstrated to
produce microphotonic devices, 1/2D transmission gratings, Fresnel lenses and
holograms in the visible spectrum range directly on a transparent PC substrate. PC
has a high light transmission efficiency, high-impact resistance, it is lightweight, and
effective wettability resistant due to a low surface tension [20, 21, 112]. This will provide
such a self-cleaning surface which reduces the concentrated light. It has also been
reported to have high thermal stability (thermo-optic coefficient of -1.06x10* °C" at
1550 nm), ease of processability, high adhesion, and low propagation losses in the
visible spectrum (0.197 dB cm™ at 632.8 nm) [113]. It is also well-known as a
retardation film which produces high contrast and wide viewing-angle properties [114]
and is needed for electroluminescence displays to prevent the reflection of ambient
light [115].The microphotonic devices were fabricated by using a FS ytterbium-based
laser. This approach allowed the patterning of large areas of microstructures with a
depth of few hundred nanometers to rapidly produce rigid and mechanically strong
microphotonic devices and holograms as compared to other microfabrication
techniques which require phase masks or photosensitive materials. In addition, a FS
ytterbium-based laser has a higher fabrication speed as compared to other laser
sources due to its high pulse repetition frequency (2 MHz). Optical characteristics of
the fabricated microphotonic structures with different depths were studied through
periodic structure visualization; diffraction intensity profiling, angle-resolved
measurements, and light output shape symmetry analysis. The groove depths can be

used to control the phase modulation of light and for producing wavelength selective
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diffractive devices. Additionally, FFT has been utilized to write computer-generated
holograms. Such microphotonic structures produce interference in the visible spectrum
of light to create a desired light shape output. This fabrication approach combined with
FFT simulations enables creating rationally-designed complex geometries that can
produce any predicted shape, transmission intensity profile with precise diffraction
angle and the geometry of output. These microphotonic devices can be used in a wide
variety of industrial applications including laser patterning, dynamic displays, sensors,

fiber optics and photomedicine [85].

3.3 FFT-based Design and Fabrication of Microphotonic Devices

The first step in the FS laser fabrication of the microphotonic devices was to
rationally design microstructures using computational modelling (Figure 1a-c). 1/2D
transmission gratings, a Fresnel Zone Plate (FZP) lens and a hologram pattern were
designed to provide predefined photonic characteristics. These designs were

micropatterned using a FS laser on a large surface area of 2 mm thick PC substrates.

Figure 1. FS laser patterning of microphotonic devices. (a) A schematic of the FS
laser microprocessing system. (b) Image of a 2D computed hologram based on 200 x
200 square array of aligned microgrooves. (c) A 2D Fast Fourier Transform of an image

producing a light scattering pattern showing the first order of ‘bham’ diffraction. The
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zero order produced in the center of the image was reduced to view the pattern clearly.
The schematics of optical devices: (d) 1D grating, (e) 2D grating, (f) FZP lens, and (Q)

hologram.

1/2D transmission gratings were designed to disperse incident light on to the
opposite side of the grating at a specific angle and direction. The dispersion of light
depends on the angle of incidence and groove spacing. As the angle of incidence
increases or the groove spacing decreases, the dispersion of light increases. This is
based on the grating equation when light is normally incident on the microphotonic
structures; in d sin 8m = n A, where d is the distance from the center of one groove to
another adjacent groove, 6m is the angle of diffraction measured from the normal, n is
the order of diffraction, and A is the diffracted wavelength [116]. For a 1D grating, the
periodic grooves (d=25 um) were designed to be parallel to each other (Figure 1d);
while the periodic grooves (d=35 um) were designed to be perpendicular to each other
for the 2D grating (Figure 1e). These images show the incident light dispersion after
passing through periodic grooves to produce a diffraction pattern. The profile of groove

grating affects the profile of the transmitted light diffraction.

A FZP lens consists of a series of concentric annular grooves resembling rings
ablated on a PC substrate (Figure 1d). This FZP lens reduces the amount of material
required for its fabrication as compared to the conventional lens or blazed Fresnel lens
production. The rings diffract light to create constructive interference based on
alternating transparent and opaque zones. These zones on the lens have been
designed to operate in the optical regime. Therefore, to pattern the alternating zones
by FS laser ablation, it is necessary to study the limitation of the spot size of the laser

beam (20 um). This led to determine the radius (d) of rings and their numbers(n) with
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the wavelength of incident light (A) to measure the focal length, f= d?/nj,
(n=1,2,3...) [117], where d is the radius and n is the number of rings, and A is the
wavelength of the incident light [118-120]. The focal length and optical wavelength
were set to (f=39.5 cm for 633 nm, 47 cm for 533 nm, and 56 cm for 450 nm) with nine
rings. Due to fabrication on a transparent PC substrate, the lens operates in the
transmission mode. The key advance in the fabrication of the lenses is their thin,
lightweight construction in a variety of sizes for light gathering for use in a wide range

of research and industrial applications.

A computer-generated 2D hologram consists of an array of vertically aligned
microgrooves in a PC substrate. The circular pixels produce binary phase pattern
which provide broad viewing angles and high-resolution image quality [121]. This
microgroove array was produced by a direct FS laser ablation process. The array of
circular pixels diffract light to create constructive interference based on alternating
transparent and “dispersive” pixels to form a diffraction pattern [17, 122]. The pixel size
dictates the resolution and beam divergence [123]. Larger pixels allow the dispersion
of light at a small angle but large viewing distance [124]. Here, we used a FS laser to
directly create an array of vertically aligned microgrooves as diffractive patterns to
produce a high resolution image in the far field. The design of the microgroove array
was calculated based on Fourier optics [125], to produce a 2D ‘bham’ diffraction
pattern. The array represented a transparent and diffractive circular pixel mask that
would create a pattern in the far field similar to a Fraunhofer hologram. The PC
hologram was designed as a square array of 200x200 intensity delta spaced by a
lattice constant of 40 ym and a groove diameter of 20 um. A binary amplitude array
was optimized by using the Gerchberg-Saxton algorithm [126]. Figure 1b shows the
optimized solution for the microgroove array based hologram. Figure 1c illustrates the

2D Fast Fourier Transform (FFT) array of the microgroove hologram. This
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computational approach allowed predicting the order of ‘bham’ diffraction for the
hologram.

To fabricate optical devices, Figure 1a shows a schematic of the multiaxis laser
micromachining that was utilized. FS pulses of an ultra-short ytterbium-based laser
(A=1030 nm, 310 fs) have a maximum pulse energy (10 uJ), repetition rate of 500 kHz
and an average power of 5 W. The FS laser system integrates a 100 mm f-theta
telecentric lens to provide a focused laser beam spot diameter of 30 um and machining
field of view of 35%x35 mm. This system also integrates a high dynamic scan head that
is computer controlled to produce with high speed micro patterns. The optimized laser
parameters for the micromachining of the Fresnel lens, the hologram and the gratings
are provided in Table 1. Furthermore, to ensure a machining accuracy of £10 um, a
customized software was used to minimize the dynamic effects of the beam delivery
subsystem on machining results during the fabrication process [15, 36, 37]. The profile
of grooves was measured by a G5 Alicona Infinite system by using a 50x objective.
This magnification allowed a lateral resolution of 1-2 ym to be achieved and thus to

image and identify the edges of microgrooves (20 um).

Table 1. Parameters used in FS laser patterning process of optical devices

Laser parameter  Units Fresnel Hologram Grating Grating
Lens (1D) (2D)
Power w 3.5 3.5 2.2 2.2
Repetition rate kHz 500 125 125 125
Scanning speed m/s 2 0.5 0.5 0.5
Pulse duration fs 310 310 310 310
Beam diameter um 30 30 30 30
Hatch style i Horizontal Outlines Horizontal Horlzoptal
& Vertical
Hatch pitch Mm 7 - 15 15
Layers - 1 1 1 3
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3.4 Optical Characterization of Microphotonic Structures

1D and 2D Transmission Gratings

Transmission gratings were designed to disperse incident light at specific angles.
Angular dispersion is a function of the angle of incidence and groove spacing. The
grooves were designed either to be parallel (1D grating) or perpendicular (2D grating)
to each other (Figure 2d, g). The samples were studied using an optical microscope
(Alicona Infinite) with 20x magnification. During the laser ablation process, some
amount of the PC evaporated from the groove zone (black) and then redeposited near
the groove edges. Optical microscopy measurements revealed the surface profile of
these gratings showing that the width and depth of grooves were in the range of
micrometer except one sample has the depth of 1D grating grooves around 550 nm.

The laser-written gratings were characterized optically, where light transmission
measurements were conducted using broadband light. These measurements were
performed using a spectrophotometer (2 nm resolution), which was connected to a
microscope by an optical fiber. The light transmissions of the gratings were measured,
where a plane PC surface was used as a reference. Figure 2a shows the average
transmission spectra of 1D and 2D gratings at a normal angle of incidence. An increase
in the patterned area of the grooves reduced the light transmission because of the
grooves that behaved as opaque zones. The 1D and 2D gratings had ~70% and ~60%
total transmission efficiencies in all orders across the visible spectrum. Similarly, the
light transmission through an analyzer was utilized to test the polarization of light and
its effects on the diffraction in far field [127]. Both gratings preserved polarization, with
less than 0.6% light transmission intensity. For angular dispersion, the angle-resolved
measurements were performed at a normal angle of incidence with two laser beams
(455 and 533 nm) (Figure 2c). The sample was placed on a rotary stage and a detector

was located 2.0 m away from the sample to obtain far field viewing distances. The
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stage was rotated to measure each order individually (Figure 2 f, i). Figure 2f shows
the angle of diffraction pattern measured for a 1D grating illuminated at A=450 nm and
533 nm with periodic grooves (d=25 pm). Well-ordered 1D diffraction patterns were
observed but a lower intensity was noticed for the zero order in transmission mode at
A=450 nm and the zero order had a comparable light intensity to the second order.
This is due to the effect of two dimensional phase modulation produced by changing
the depth of grooves. Additionally, light diffraction patterns were captured using a
digital camera. Figure 2b shows a schematic of the experimental setup to capture this
pattern. The sample was placed on a rotational stage and a semi-transparent glass
globe was positioned 0.55 m away parallel to the sample surface plane. This setup is
suitable for light interference measurements as it has a far reaching view of the grating
diffraction. The diffraction grating captured by the digital camera was in agreement with
the simulated results. The fifth order diffraction pattern, for green and the third order
diffraction pattern for blue consisted of two symmetrically conjugate spot diffractions
located on the opposite sides of the semitransparent global screen. The diffraction
results were consistent with Bragg’s law, where the diffraction spot dispersed at a
larger angle producing larger diffraction as the wavelength of the laser beam
increased. The image of the 1D grating showed well-ordered bright spots on a large
scale with a longer viewing distance as compared to 1D holographic gratings [30, 128].
Using the same interrogation setup, the 2D grating was analyzed. In the 2D grating,
the diffraction was split into multiple spots on the horizontal and vertical planes. Figure
2g shows that the width and depth of the grooves increased when they crossed each
other because laser ablation was duplicated at the cross point. This process changed
the structure from a square to a squircle and the diffraction pattern showed this

geometry (Figure 2h). In general, although both gratings produced less diffraction
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orders once the wavelength of the incident light decreased, they maintained a high

diffraction order as compared to the 2D holographic gratings [30, 128].
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Figure 2. FS laser processing of PC 1D and 2D gratings and analyses of their
optical characteristics. (a) Spectroscopic transmission measurements of the 1D and
2D gratings using broadband light at normal incidence. (b) Schematic of the
experimental setup used to capture the 2D pattern from 1D and 2D gratings as seen
in (e and h). (c) Schematic of the experimental setup of angle-resolved spectral
measurements in (f and i). (d- f) Spectrum analysis of the 1D grating. (g-i) Optical
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measurements of 2D grating. (d, g) Optical microscope images of the groove surfaces
at normal incidence and their corresponding surface profiles. (e, h) 2D views of grating
diffraction in a semi-transparent globe using 533 and 450 nm beams at normal
incidence illumination (scale bar= 0.2 m). (f, i) The angle of diffraction pattern from the

grating illuminated normally at A=450 and 533 nm.

To simulate the diffraction effect, the Geometrical Theory of Diffraction GTD was
used [129]. The effect of the two-dimensional groove was modeled with a two-
dimensional phase modulation in a plane. The phase modulation was produced
because of the difference in the path of the light beam at different depths of the
grooves. The phase difference 0 at different depths of the groove z(x,y) in the plane x-
y is:

0(x,y) = z(x,y)k; + (Zmax — z(x, y))ko (Equation 1)
Where k; and k, are the wavevectors of the PC substrate and vacuum respectively and
Zmax is the maxima. The phase difference reduces to:

0(xy) = z(x,y)(ki - ko) + ¢ (Equation 2)
Where ¢ is an arbitrary phase constant. Thus, the modulated complex-valued 2D wave
is:

I(x,y) = Iy(xy) e &Y (Equation 3)
Where lo represents the intensity profile of the laser beam (Gaussian beam
illumination). Finally, the Fourier transform of I(x,y) was applied to obtain the diffraction
pattern observed at the far-field.

The characteristics of the groove were measured to simulate the depth profile
in z(x,y). In the present case, the groove was observed with an inverted Gaussian

shape. This Gaussian distribution was repeated periodically in the vertical axis, or in
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both the vertical and horizontal axes. The full width at half maximum utilized was 8 ym
which corresponded to the size of the laser beam writing spot. The maximum height of
the Gaussian distribution was selected according to the measurements. The 1D grating
was simulated to have a profile depth (950 nm), refractive index (1.53), grating pitch
(25.5 um), groove width (10 um) and analyzed at various spectrum ranges (633, 533
and 450 nm). The 2D grating was simulated similarly, except profile depth (1450 nm)
and grating pitch (35.2 ym) were varied. Figure 3 shows that the simulation results of
the diffraction pattern observed at various wavelengths for 1D (Figure 3a) and 2D
gratings (Figure 3c) and their intensity profiles of each diffraction order (b and d),
respectively. Variation in the wavelength and groove depth changed the intensity
profiles of each diffraction order. Furthermore, the intensity profile of each order for 1D
grating were analyzed across various groove depths (200 to 2000 nm). Controlling the
depth of the groove grating allowed modulation of the profile of the transmitted light

diffraction.
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Figure 3. S Simulation results of radiant intensity profile diffracted by the phase

A FZP lens was designed to focus incident light into a bright spot at the center

Fresnel zone plate (FZP) lens
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various incident light wavelengths (633, 533 and 450 nm).

A= 230 nm Diffraction onderof 1D grating
svnZanp=tafiyt o@sSaoond

modulation from a 2D groove. (a) Diffraction pattern for 1D grating at 633 nm, 533 nm
and 450 nm (top, middle and bottom panels, respectively). (b) Radiant intensity profile
normal to the vertical axis for the 1D grating. (c) Diffraction pattern for a 2D grating at
three different wavelengths (633, 533 and 450 nm) and their radiant intensity
diffraction. (d) Radiant intensity profile normal to the vertical axis for the 2D grating. (e-

g) Intensity of each diffraction order (1D grating) across the groove depth change for

within a focal length range. The fabricated PC FZP lens was characterized under an



optical microscope (Alicona G5 Infinite Focus) at 5x magnification to allow the imaging
of the whole lens. Figure 4a illustrates the microscopic image of the FZP lens showing
contrast between the series of concentric annular grooves (black zones) and the non-
ablated PC substrate (white zones). The profile of FZP lens grooves were measured
to understand the laser patterning process (Figure 4d). The laser patterning process
redeposited the ablated material toward the edges, and the bottom of the grooves had
a rough surface. Such rough surfaces consisting of nano- and microparticles have
been reported in other materials such as buckypaper and float glass substrate [15,
130, 131]. Such artefacts in the optical device causes electron-phonon scattering,
which is the main factor in the loss of energy.

The optical characteristics of the FZP lens fabricated on the PC substrate were
analyzed using a spectroscopy setup and an optical microscope. An optical beam
profile was conducted using three different laser wavelengths (633, 533 and 450 nm)
on an interrogation setup (Figure 4b). A high order diffraction from the ablated Fresnel
zones showed that most of the grooves were successfully created and behaved as
opaque zones. Figure 4e illustrates that incident light from a series of non-ablated
zones were focused into a bright spot in the center with a focal length (f) dependent
upon the incident wavelength (f=39 cm in 633 nm, 47 cm in 533 nm and 56 cm in 450
nm). Light focusing at focal points were observed in the long-distance far field. Figure
4f shows the 2.5D beam profile intensity of images illustrated in Figure 4e. The three
different laser beams focused higher intensity spots by bending parallel light to a
common focal length. Therefore, the FZP lens works sufficiently within the visible
spectrum and the light focusing effect results were in agreement with the analytical
solution and simulated FFT model (Figure 4h,i). The light transmission efficiency of the
FZP lens was measured to be ~55% across the visible spectrum and the polarization

analyzer was oriented from 0° to 90°, where a non-patterned PC substrate was the
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reference. This setup was used to analyze the linear polarization of light, which can
affect the light focusing of a lens. In the present work, lenses nearly preserved the
polarization (0.9%) in transmission mode (Figure 4c). Furthermore, the light
transmission efficiency of the lens could be improved by increasing the contrast
between the transparent and opaque zones; thus, reducing the roughness on the side
and bottom of the grooves during laser ablation processes can improve the lens

focusing efficiency.
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Figure 4. FS laser writing of PC FZP lenses and analyses of their surface
topography and optical characteristics. (a) Optical microscope image of concentric
annular grooves in the FZP lenses fabricated using FS laser ablation and their
corresponding groove profile in (d). (b) Schematic of experimental setup to capture the
bright spot in the center of the image. (c) Transmission measurement through lens and
analyser axis (0°, 30°, 45°, and 90°) was changed to study the polarization of light. (d)

Depth profile of the grooves. (e) 633, 533 and 450 nm beams illuminated through the
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lens in transmission mode. The observed patterns from the lens were recorded by a
high-resolution camera and their corresponding 2.5D profile images are shown in (f).
(g) The intensity profile of 633, 533 and 450 nm beams at certain focal length points.

(h) FFT simulated model of FZP lens and (i) its intensity profile.

Computer-generated 2D transmission hologram

A 2D array of circular pixels was designed to produce a holographic projection
image. The fabricated array of vertically aligned microgrooves as circular pixels were
characterized using an optical microscope at normal incidence (Figure 5b). Figure 5f
shows a magnified view of the microgrooves. These microscopic images showed the
contrast between the ablated circular pixels (black) and the non-ablated pixels (white).
Some amount of PC evaporated from groove zones (black) and then redeposited near
the groove edges during the laser ablation process. A FFT simulation was carried out
using the designed pattern and displayed ‘bham’ diffraction symmetrically located
around the center of zero order in transmission mode (Figure 5a). The highly-intense
zero order of the non-diffracted light was reduced from FFT image to clarify the ‘bham’
diffraction. Additionally, the optical behavior of the hologram based on the microgroove
array was experimentally characterized. The PC hologram was mounted onto a slide
holder with a white screen located 2.5 m away to capture the diffraction pattern in the
long-distance far field. The white screen was aligned parallel to the surface plane of
the hologram substrate and a digital camera was placed in front of the screen. Laser
beams (633, 532 and 450 nm) were normally positioned behind the hologram incident
to the substrate. A transmission diffraction pattern was produced when the PC
hologram was illuminated with the laser beams. Figure 5¢c shows captured diffraction
pattern images, which were consistent with the computed FFT diffraction pattern

(Figure 5a). The first order diffraction pattern consisted of two symmetrically conjugate
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‘bham’ diffraction patterns located on the opposite sides of the white screen. A clear
and intense ‘bham’ diffraction was produced at a long viewing distance with a wide
field of view. Furthermore, the wavelength dependence of the diffraction from the PC
hologram was also studied. The microscale dimensions of the 2D holographic array
produced diffraction at a long viewing distance. According to Bragg’s law, the
diffraction angle depends on illumination wavelength. The diffraction pattern from the
PC hologram was studied under red (633 nm), green (533 nm) and blue (450 nm) laser
beams. The ‘bham’ diffraction pattern was projected at the long-distance far field
producing larger images as the laser wavelength increased (Figure 5c¢). The diffraction
results were consistent with Bragg’s law [10]. The images for the blue laser had low
quality as the diffraction angles were close to the zero order making it hard to image
the hologram. The intensity profile of “bham” diffraction and their sizes along the x-axis
were measured (Figure 5d), showing that the diffraction images with the green and
blue laser were reduced by 1.5 and 2.5 cm from an original size of 6.0 cm, respectively.
However, the efficiency of the PC hologram can be improved by increasing the
transmission contrast between the transparent pixels and dispersive pixels. Thus,
reducing the evaporation and redeposition of PC from pixel edges during laser ablation

processing can improve the resolution of the hologram in the long-distance far field.
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Figure 5. FS laser writing of a PC computer-generated 2D hologram. (a) Fourier
transform displaying ‘bham’ diffraction symmetrically located around the zero order. A
highly intense of zero order was excluded to clarify the first order diffraction. (b) An
optical microscope image of the fabricated hologram pattern (scale bar= 200 um). (c)
The ‘bham’ diffraction pattern of the holographic array produced on a screen with 633,
533 and 450 nm beam illumination. Scale bar=2 cm. (d) The intensity profiles of the
“bham” diffraction pattern in response to 633, 533 and 450 nm wavelength beams. (e)
Light transmission intensity of the holographic pattern with different probe orientations
using broadband light at normal incidence. (f) A magnified view of the holographic

array. Scale bar= 20 pm.

Optical Wettability Resistance of Microphotonic Structures

Transparent devices which have a predefined affinity to water is highly desirable
in optical and electronic devices. These hydrophilic devices may spread water across
their surface to maximize contact based on the Wenzel model (6 < 90°) while

hydrophobic devices that naturally repel water and form droplets are defined by the
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Cassie-Baxter model (90° > 6 < 150°) [132]. The hydrophilicity of transparent devices
can have a significant impact on the optical and electrical performance in a wide range
of applications including self-cleaning [133, 134], anti-fouling [135], anti-corrosion
[136], anti-fogging [137], icephobicity [138], and drag reduction properties [139, 140].
FS lasers can be employed not only to fabricate microphotonic devices but also modify
the surface wettability resistance simultaneously, while this device will require

multistep processes in other fabrication techniques [36].

Due to the effective wettability resistance of PC, the fabricated microphotonic
devices were analyzed and tested for their surface wettability resistance. In practical
applications, water contact angles (CAs) of the optical devices were measured with a
deionized water droplet (5 pL) 30 days after fabrication to determine surface
morphology changes over time [141]. In the present work, a water droplet from a
pipette was deposited vertically along the microphotonic surface at 24 °C. A digital
microscope was utilized to visualize the side profile of each deposited drop on
microphotonic surfaces. The captured images were obtained after the droplet had
formed its final shape to analyze the interface between the liquids and the surface of
the microphotonic device. As a result, various shapes were obtained from different
optical devices affecting the contact angle. Therefore, image processing was utilized
to measure the contact angle of each shape. Surface wettability characterization
showed that water droplets changed their contact angle from one device to another
due to various groove depths, across groove widths and the space between them
(Figure 6). PC substrate (the non-ablated area) had a contact angle of 72°, while the
contact angle of water droplet on 1D and 2D gratings (periodicity d=25 and 35 pm) was
reduced to 52° and 44° (achieving hydrophilicity), respectively. This hydrophilic surface
reduces distorted light or vision in optics during condensation by spreading water

uniformly over the surface [142]. However, the contact angle for the hologram and FZP
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lens increased to as much as 92° and 125°, achieving hydrophobicity. Accordingly, the
energy barriers associated with the local contact line depended upon the spacing
between the microgrooves and resulted in the loss of circular symmetry in the contact
line on the surface [143]. These microphotonic devices with hydrophilic and
hydrophobic surfaces can be used in various optical applications such as outdoor
surveillance cameras, and dynamic displays in extreme environments, biomedical

optics, and endoscopy.
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Figure 6. Water droplet contact angle for hydrophilic and hydrophobic

microphotonic devices after the droplet had formed its final shape to analyze the
interface between the liquids and the surfaces of the microphotonic devices. Water
droplets were deposited on (a) the PC substrate with non-ablated zone, (b) 1D grating,
(c) 2D grating, (d) FZP lens, and (e) hologram. Each device has been illustrated with
(1) optical microscope images of the fabricated devices at normal incident, Scale
bars=50, 50, 50, 400 and 400 uym respectively, (2) droplet profiles on the grooves, (3)
the magnified views of groove profile, and (4) microscopic images of water droplets on

optical devices.
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3.5 Conclusion

The fabrication of 1D/2D gratings, a FZP lens and a 2D hologram on PC substrates
was demonstrated by using direct FS laser writing. This microphotonic device
fabrication approach allows the production of microphotonic devices with nanoscale
depth. This technique is applicable for producing 3D microphotonic devices in various
polymeric and glass materials, where a few hundred nanometers in depth of 3D
grooves can change the 2D phase modulation and diffraction efficiency. These
structures produced affected the wettability resistance. The major challenge in using
this route for fabricating such microphotonic devices is the control and reproducibility
of the 2D grooves whilst also minimizing the unwanted burrs on groove edges and
bottom. The FS direct laser patterning technique presented in this work can enable
rapid, accurate, and cost-efficient production of displays, optical filters, sensors, and

fibre optic devices.

o7



Chapter 4: Nanosecond pulsed laser texturing of optical diffusers
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In chapter 3, the fabrication of diffractive optical devices using FS laser
machining were produced on a transparent polycarbonate (PC) substrates. It was
found that the areas treated with the laser become opaque surfaces; these surfaces
do not allow light to be scattered thoroughly. Also the FS laser machining in chapter 2
and 3 has high-cost and low throughput pulsed laser system compared to nanosecond
laser. This chapter introduces the fabrication of optical diffusers on float glass by using

nanosecond laser machining.
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4.1 Abstract

High-quality optical glass diffusers have applications in aerospace, displays,
imaging systems, medical devices, and optical sensors. The development of rapid and
accurate fabrication techniques is highly desirable for their production. Here, a
micropatterning method for the fast fabrication of optical diffusers by means of
nanosecond pulsed laser ablation is demonstrated (A=1064 nm, power=7.02, 9.36 and
11.7 W and scanning speed=200 and 800 mm s'). The experiments were carried out
by point-to-point texturing of a glass surface in a spiral shape. The laser machining
parameters, the number of pulses and their average power had significant effect on
surface features. The optical characteristics of the diffusers were characterized at
different scattering angles. The features of the microscale structures influenced
average roughness from 0.8 um to 1.97 uym. The glass diffusers scattered light at
angles up to 20° and their transmission efficiency were measured up to ~97% across
the visible spectrum. The optical devices produced diffuse light less but do so with less
scattering and energy losses as compared to opal diffusing glass. The presented
fabrication method can be applied to any other transparent material to create optical
diffusers. It is anticipated that the optical diffusers presented in this work will have

applications in the production of LED spotlights and imaging devices.
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4.2 Introduction

Optical diffusers are widely used to distribute the light intensity from a focused light
source to expand the beam [144, 145]. Optical diffusers are categorized according to
their ability to distribute radiant energy effectively from an incident source in the far
field [146]. Their applications range from photovoltaic devices, optical imaging,
photolithography to photodynamic therapy [147]. Moreover, optical diffusers are one
of the essential components in liquid crystal displays (LCDs) [14, 148, 149]. The
diffusion of light can be achieved either from a surface or through the volume of an
optical element. It may comprise of incorporated micro- and nanoparticles or structured
patterns [147, 150]. Most diffusers consist of surface-relief structures including
microlenses, pyramids, and textured surfaces due to the simplicity and time required
for their fabrication [10, 66, 151-153]. Optical diffusers have been fabricated employing
a range of coating processes [14, 25]. However, nanosecond pulsed laser patterning
of an optical diffusers have not been studied. This technique can enable the fabrication
of optical diffuser by direct material structuring or texturing without any coating
processes.

However, the fabrication of optical diffusers by nanosecond laser sources has not
been exploited as it has challenges compared to conventional continuous wave (CW)
lasers [154].The demand for laser manufacturing methods has increased as a result
of the fast growing optoelectronics market [155]. Direct laser manufacturing: (i) enables
the flexible production of complex geometries [156]; (ii) offers a fast fabrication route
compared to conventional techniques, (iii) is more environmentally friendly compared
with coating processes; and (iv) provides precise control over the size and shape of
the microstructures [157]. At the same time, the engineering applications of optical

diffusers depend on their homogenization, performance, and efficiency [158]. Optical
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diffusers can spread light in one or two dimensions depending up on their application
[159].

In this research, we report the fabrication of optical diffusers by using nanosecond
laser induced surface texturing. This method differs from other techniques used for
producing holographic diffusers, where a pulsed laser is used for patterning a
photopolymer layer coated onto a plastic or glass substrate [30, 160]. In contrast to
this, we perform direct laser ablation of float glass substrates (without any polymer
coating) for the production of tailored surface textures and roughness. The proposed
new fabrication approach allows functional microstructures (topographies) to be
created on float glass substrates to distribute light efficiently. The optical diffusers
produced were characterised by using angle-resolved optical power intensity and
spectroscopy analysis to assess the light scattering and transmission efficiency. In
addition, the diffusers’ three-dimensional light distribution was captured via a digital
camera to analyse their light transmission properties. Additionally, an Alicona G5
Infinite Focus (IF) system was employed to analyze the surface topographies

(roughness) of the optical diffusers.

4.3 Optical Device Fabrication

To fabricate diffusers, a float glass slide (1 mm thickness) was used as a substrate
to create the surface micro structures. The surface patterning was performed using a
master oscillator power amplifier (MOPA) based Yb fiber laser (\=1064 nm). The micro
groove structures on the glass substrate were produced, point-to-point texturing a
glass surface in a spiral pattern, using three different power levels, i.e. 11.7 W, 9.3 W,
and 7.02 W. A scan head and 100 mm telecentric focusing lens were included in the
beam delivery system to focus the beam and two different scanning speeds, i.e. 200

mm.s" and 800 mm.s™', were used in this feasibility study.
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After the laser texturing operation the micro surface structures on the glass slides
were analysed by employing the Alicona G5 InfiniteFocus (IF) system, to measure the
average roughness (Ra). Table 1 shows the effects of varying laser power and
scanning speeds on the resulting surface roughness. Increased pulse energy led to an
increase in groove depth, therefore increasing the average roughness. Higher pulse
energy resulted in material splashes over the edge of the grooves. The micro surface
structures of glass substrates produced using the laser power levels and scanning
speeds investigated are shown in Figure 1. Depending on the laser power and
scanning speed, the depth and distance of the grooves can be controlled to achieve
accurate spiral shapes. However, exceeding 11.7 W at a scanning speed of 200 mm.s"
" may destroy the substrate (Figure 1a). Hence, the experimental parameters were
optimized not to pass this average power threshold to avoid the cracks induced. These
results provide some insight into the laser settings required to create optical diffusers
as the roughness of the textured surfaces affects their performance [161, 162]. The
interaction of the fabricated grooves with a beam of light diffuses the photons and

expands the focused beam.

Table 1. Average roughness for the spiral pattern diffusers with various average powers and

scanning speeds.

Machining Power Scanning speed Average roughness
(W) (mm.s™) (M)
11.7 200 1.97
11.7 800 1.64
9.36 200 1.66
9.36 800 1.61
7.02 200 1.16
7.02 800 0.8
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Figure 1. The micrographs of textured glass substrates with different laser powers
and machining speeds: (a) 11.7 W, 200 mm.s™", (b) 11.7 W, 800 mm.s™, (c) 9.36 W,
200 mm.s™", (d) 9.36 W, 800 mm.s™, (e) 7.02 W, 200 mm.s™', and (f) 7.02 W, 800 mm.s"

1. Scale bar= 200 um.

4.4 Optical Characterization

To characterize the optical performance, micropatterned glass samples were
cleaned with isopropyl alcohol and dried before characterization. The light diffusion
from the samples was characterized by two sets of experiments. The diffusers were
placed onto a post with a semi-transparent hemispherical screen set above it. The
radius of the hemispherical screen was 0.15 m. This setup allowed for the capture of
the diffraction pattern in the far field because of there being sufficient distance from the
sample to the hemispherical screen surface [146]. The plane of the sample was placed
so as to be parallel to the base of the screen (Figure 2a). The laser was placed below

the sample, the laser beam was set to be 1 mm wide and normally incident to the
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sample. The laser light was transmitted vertically toward the hemispherical screen. A

digital camera was used to capture the diffraction patterns produced.

Angle-resolved measurements were performed to characterize the angular

distribution of diffused light (Figure 2b). The setup consisted of three laser sources

(A=450, 533 and 633 nm), diffuser sample, an optical power meter to detect the

intensity of the scattered light at different angles and a servo motor to rotate the

sample. The light source and the sample rotated together on the same base so the

incident light remained normal to the sample. The rotations were performed in 1°

increments, to allow that the intensity of light to be measured at every single angle.
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characterization of the diffusers using angle-resolved

measurements. (a) Schematic of globe diffusion measurements. (b) The output of

three laser beams projected on the screen (Scale bar= 0.01 m). (c) The image of the
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globe setup (Scale bar= 0.12 m) (d). The schematic of the angle-resolved diffusion

measurements. (e) The top view of angle-resolved light transmission setup.

Figure 3a-c shows the diffusion efficiency of the textured surfaces on glass
substrates. The diffusers textured with lower energies had higher intensity values at
central peaks. Slower scanning speed resulted in lower peak intensities in the central
region and consequently provided wider light transmission. The depth of grooves
changed the transmission intensity from 35 to 65%, a deeper groove resulted in
intensity decrease. Generally, the diffusers had scattering angles in range of 14° to 20°
and their intensities had been in the range of 35 to 85%. Once the light wavelength
was reduced, both the scattering and their intensities were reduced, respectively.
Additionally, Figure 3d shows that the lowest transmission was recorded for the highest
scanning speed with lowest power, while the highest transmission was recorded for
the lowest scanning speed with highest power. They diffuse light less but do so with
less scattering losses which result in less energy losses as compared to opal diffusing
glass (Figure 3e). This is due to changing the roughness of the surface and the number
of grooves per unit area, where lowest roughness and fewer grooves on the surface

have higher light transmission intensities.
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Figure 3. Transmission spectrum of various diffusers machined by a nanosecond
laser. (a-c) Angle-resolved measurements of the optical diffusers by using different
laser beams (633 nm, 533 nm, and 450 nm). (d) Spectroscopic measurements of the
optical diffusers using a broadband light and the light intensities in transmission mode.

(e) Transmission efficiency of opal diffusing glass made by Edmond optics Ltd [25].
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Furthermore, the polarization dependence of the diffusers were also tested. A
polarized optical microscope was used to carry out cross polarized transmission
measurements on the diffuser samples. The diffuser samples were placed between
the analyzer and polarizer and the corresponding transmission spectra were measured
using an integrated spectrophotometer (2 nm resolution). The measurements were
performed at analyzer/polarizer orientation angles of 15°, 45° and 90°. Over 90%
transmission was observed at an orientation angle of 15° (Figure 4a-b). The
transmission reduced to near 50% and 0% for the orientation angles of 45° and 90°.
This signified the diffused light had the same polarization as the incident light, hence

the polarization was preserved.
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Figure 4. (a and b) Polarised spectroscopic measurement of the optical diffusers

using analyser and polarizer oriented at 15°, 45° and 90°.

To compare the transmission efficiency of diffusers with various machining
parameters, the total number of transmitted photons was calculated. Figure 4 shows
the efficiency of fabricated diffusers which were achieved by the integration of
transmission spectra. By increasing the laser power for material ablation, the
transmission efficiency of the diffusers decreased (Figure 5a). This was due to an

increase in material removal rate producing the rougher surfaces, which was
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consistent with the roughness measurements performed. Similarly, faster texturing
produced smoother surfaces, which resulted in less light scattering and consequently

increased the transmission efficiency (Figure 5b).
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Figure 5. The effect of laser light power and scanning speed on light transmission
intensity of machined optical diffusers. (a) Light transmission efficiency of the optical
diffusers. (b) The full width at half maximum of the diffracted spectrum from the optical

diffusers.

Figure 6 shows the three-dimensional distribution of the diffused light for laser
wavelengths of 450, 533 and 633 nm. When the laser beams were transmitted through
the glass diffuser, the light scattered at small angles, but with high transmission of light.
Increasing the laser beam wavelength increased the angle of light diffusion (as also
shown in figure 3a to c). The results show that such optical diffusers can be used in
LED screens and spotlights for producing soft light. Although, in this research, we
studied circular surface patterns produced on glass substrates, the laser processing
unit is capable of 5 axis motorized motion and can produce a variety of sophisticated

one/two dimensional surface patterns. By producing custom-designed surface
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patterns, diffusers can be produced, which will enable high performance and tailored

light distribution and intensity profiles.
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Figure 6. Different laser beams (450, 532, and 635 nm) were transmitted through
the optical diffusers, producing circular diffusion patterns. The nanosecond laser

parameters used for producing the diffusers are listed. Scale bar=1.5 cm.

4.5 Conclusion

The micro surface features of the textured glass slides were investigated using
an Alicona microscope system showing that there is a direct relationship between the
average roughness and power while there is an inverse relationship between the
average roughness and the scanning speed. The characteristics of the optical diffusers
patterned by this method can be altered by changing the laser machining parameters.
The faster laser machining along with lower ablation energies produced the diffusers
with higher transmission efficiency and wider scattering patterns. By increasing the
roughness area of the surface, the distribution of light can be precisely controlled in
wide ranges. The study conducted showed quick and efficient fabrication of spiral

textured patterns as optical diffusers using a nanosecond laser by inscribing the
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surface of glass. Such glass diffusers may be utilized in headlights. Producing thin
optical diffusers using nanosecond laser ablation reduced the time of fabrication
compared to femtosecond laser processing which it may achieve high light

transmission and less energy consumption in consumer electronics.
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4.6 Supporting Information

Nanosecond pulsed laser texturing of optical

diffusers
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The optical image of all the produced diffusers
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Simulated far field diffusion pattern and power meter measurements
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Figure S2. Column (a) shows microscope pictures for the diffusers manufactured
with 100% power, (b) shows the simulated far-field diffusion patterns and (c) shows

the power rate and the diffraction angle for the same diffusers.
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Figure S3. Column (a) shows microscope pictures for the diffusers manufactured
with 80% power, (b) shows the simulated far-field diffusion patterns and (c) shows the

power rate and the diffraction angle for the same diffusers.
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FigureS4. Column (a) shows microscope pictures for the diffusers manufactured
with 60% power, (b) shows the simulated far-field diffusion patterns and (c) shows the

power rate and the diffraction angle for the same diffusers.



Roughness measurements for all the samples
Table S1. Average roughness for the circular pattern diffusers with various powers

and scanning speeds.

Sample power (%) Sample scanning speed | Averageroughness
(mm/s) (rum)

100 200 1.976
100 800 1.64
100 1000 1.59
100 1400 1.546
80 200 1.659
80 800 1.614
80 1000 1.469
80 1400 1.412
60 200 1.156
60 800 0.805
60 1000 0.975
60 1400 -
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Power measurements of all the samples

The first number represents the power used for producing the diffusers as number
1, 2 and 3 represent 100%, 80% and 60% respectively. However, the second number
represents the scanning speed used for producing each diffuser as the numbers 1, 2,
3.... 7 represent 200, 400, 600 ..... 1400 (mm/s) scanning speed for manufacturing of

the diffusers respectively.
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Figure S5. Comparison between the diffusers with different scanning speeds for

the circular pattern diffusers, (a) 100% power, (b) 80% power and (c) 60% power.
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Chapter 5: Laser Inscription of Pseudorandom Structures for

Microphotonic Diffuser Applications

Published article
Tawfiq Alqurashi, Abdulla Alhosani, Mahmoud Dauleh, Ali K. Yetisen, and Haider
Butt

Nanoscale, 2018,10, 7095-7107

In the previous chapters, the optical diffusers were fabricated by using femtosecond
and nanosecond laser micromachining systems on a float glass. These machining systems
have expensive laser sources; thus making a high production cost of optical diffusers
compared to continuous wave CO; laser. Also, FS and ns laser micromachining produced
different types of surface-relief microstructures due to the pulse duration changes and these
fabricating surface microstructures have a direct influence on enhancing the optical
performance of glass diffusers. Therefore, this chapter introduces the fabrication of optical
diffusers on float glass by using CW CO2 laser which is highly economical laser system as

compared to pulsed laser machining.
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5.1 Abstract

Optical diffusers provide a solution for a variety of applications requiring a
Gaussian intensity distribution including imaging systems, biomedical optics, and
aerospace. Advances in laser ablation processes have allowed rapid production of
efficient optical diffusers. Here, we demonstrate a novel technique to fabricate high-
quality glass optical diffusers with cost-efficiency using a continuous CO:zlaser. Surface
relief pseudorandom microstructures were patterned on both sides of the glass
substrates. A numerical simulation of the temperature distribution showed that the CO:2
laser drills a 137 uym of deep hole in the glass for every 2 ms of processing time. The
FFT simulation was utilized to design predictable optical diffusers. The pseudorandom
microstructures were characterized with optical microscopy, Raman spectroscopy, and
angle-resolved spectroscopy were used to assess the chemical properties, optical
scattering, transmittance, and polarization response of the surface machined.

Increasing laser exposures and the number of diffusing surfaces enhanced the
diffusion and homogenized the incident light. The resulting speckle pattern showed
high contrast with a sharp bright spot free diffusion at the far field view range (250 mm).
A model of glass surface peeling was also developed to prevent its occurrence during
the fabrication process. The demonstrated method provides an economical approach
in fabricating optical glass diffusers in a controlled and predictable manner. The optical

diffusers produced have applications in fibre optics, LED systems, and spotlights.
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5.2 Introduction

Optical diffusers are wavefront processors used to alter the intensity distribution of
an incident light beam into a specified pattern [163, 164]. They are widely used in
imaging systems, LED displays, and barcode scanners to provide a uniform light
exposure and eliminate high-intensity spots [14, 61, 165-167]. Depending on the
incorporated light scattering method, optical diffusers are classified as the volumetric
or surface relief types [131]. Volumetric diffusers scatter the light via transparent
microscopic beads and/or fillers trapped inside the surface that cause the light to
diverge as it is transmitted through the material [10, 149]. However, this article focuses
on the surface-relief type, which utilizes unique nano and microstructures on the
diffuser surface to scatter light. The fabrication of these nano and microscale surface
relief structures (e.g. pyramids, microlens arrays and textured rough surfaces) is a
rapidly growing area of interest [32, 168, 169]. Surface relief structures are the most
common diffusers due to simplicity and reliable processing time during fabrication as
compared to volumetric diffusers.

Over the past decades, various fabrication methods including holographic
recording [29], replica molding [169], ink printing [30], and surface texturing [131, 133]
were utilized to produce microstructured diffuser surfaces. Advanced continuous wave
(CW) CO:2 laser based systems rival the lasers used traditionally (e.g. Nd: YAG and
femtosecond lasers) in the fabrication of optical diffusers [170]. Moreover, due to their
relatively high efficiency compared to fiber laser, high average power [171], and low
capital cost [39], CO2 laser based systems are more economical in the fabrication of
optical diffusers via laser inscription processes. In particular, CW COz2 lasers are widely
used in micromachining soda-lime silicate glasses due to the high radiation absorption
of silicate glasses at a wavelength of 10.6 ym [172]. Additionally, the low thermal

conductivity, heat treatability and relatively low cost makes soda-lime glasses the
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common material for CO2 laser processing [173]. Machining glass substrates using
laser inscription processes can alter their physical properties [174], which may result
in a modified surface wettability, conductivity, and optical properties [175-177].

Surface relief diffusers diverge the light emulating a negative lens; thus, their
performance is usually characterized by the intensity of the light transmitted and its
diffusion angle (a) [178]. The diffusion angle (a) is defined as the maximum exit angle
of the light when it is passed through a diffusing material and it is determined by the
Full Width at Half Maximum (FWHM) of the light intensity diffusion profile [131]. The
optical performance, light homogenization level and efficiency of an engineering optical
diffuser can vary depending on its diffusion angle [158]. Typical diffusion angles of
glass-based optical diffusers range from 0.2° to 100° depending up on the required
application [179]. Low diffusion angles (5°-25°) are particularly desirable in filament
lamps and fluorescent lamps [22], where homogenizing the light without excessively
diverging the beam is necessary to remove the hot spots and provide an even light
distribution. On the other hand, optical diffusers with wider angles are already used to
disperse light evenly across the screens of laptops, smartphones, and instrument
panels [180, 181].

This research reports a novel technique in fabricating surface relief optical glass
diffusers using a CW COz laser. The fabrication method differs from the established
conventional techniques, by coating the glass surface [30, 79, 128] as direct laser
inscription of the glass substrates was performed without surface coating in the present
work. Additionally, other polished optical diffusers had shown low FWHM scattering
(20°). The presented technique provides a fast and economically viable approach in
fabricating glass optical diffusers compare to femtosecond laser [182]. A numerical
model was developed to simulate the laser ablation process on the soda-lime glass

substrates. This study examines the effect of implementing different surface relief
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micro structures and increasing the diffusing surfaces on the optical performance. The
fabricated surface was characterized using optical microscopy and Raman
spectroscopy to examine its structural morphology and chemical properties. The
optical scattering and transmission efficiency of the produced diffusers were assessed
using an angle-resolved intensity measurement setup and spectroscopic analysis. The
glass surface peeling phenomenon [183, 184] was also examined and a prediction

model was constructed.

5.3 FEM Simulations of Laser Ablation on Glass Substrates

To investigate surface morphologies produced on the soda-lime glass substrates
due to CO:2 laser ablation processing, a numerical model was developed. Multiple
studies have been conducted to simulate laser ablation processes; however, most of
which focused mainly on simulating pulsed lasers. A 3D model has been developed to
predict temperature distribution and material removal during nanosecond laser ablation
of various materials [185]. Therefore, an analogous approach was adopted in this study
for a continuous COz laser. The Finite Element Analysis (FEA) method was utilized to
simulate the model. This simulation demonstrates the effect of the laser intensity profile
on the temperature distribution and the shape of the irradiated region. Given the
increased complexity in modelling real life laser ablation problems, some assumptions
were made to produce a feasible simulation without affecting the primary outcome of
the study. These assumptions were: (i) The maximum temperature is developed on
the surface of the model and there is no internal heating that could lead to an internal
gas-filled void within the solid material. This limits the sublimation process to occur on

the exposed layer of the material only. (i) Once the material transitions into the gas
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phase, its thermal significance vanishes. This excludes the necessity to model the
thermal properties of the vaporized material around the heated surface.

Theoretical Model

Modelling the ablation process involved creating a model that governed
temperature variations with time. Therefore, the conduction of transient energy-

transport equation was used as the primary in domain heat transfer mode:

aT
pCp It + V- (—=kVT) =Q (Equation 1)

Where p is density, Cp is specific heat capacity, T is the temperature, tis time, k is
thermal conductivity, and Q is heat flux. When an absorbing material is irradiated with
a laser beam, the laser beam intensity begins to attenuate and its energy is transferred
to the incident surface. However, the amount of energy transferred to the material
depends on the laser wavelength, laser energy distribution profile, absorption
coefficient of the material and its reflectivity [75, 186, 187]. This was implemented into
the model in the form of an inward heat flux (Equation 2). Moreover, a Gaussian beam
profile was defined for the COz laser intensity distribution and it was applied to the

model heating source using Equation (3).

Q=Ixax(1—-R) (Equation 2)

X

[=8X - PDZ X exp(—8 X (%)2 X rm2 (t ED) (Equation 3)

where | is a function of the laser beam energy distribution, a is the absorption

coefficient of the material, R is the reflectivity of the material, P is the laser power, r is
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the laser spot radius, D is the laser spot diameter, and rm2(t[1/s]) is a smooth ramp
function to begin with 0 power inlet. As the high intensity laser beam hits the material
surface, its temperature rises and eventually exceeds the ablation temperature. Once
the ablation temperature is reached, the incident energy on the surface is no longer
used to raise its temperature, instead it forces the material to undergo a phase change
from solid to gaseous state [188]. This phase transition results in a mass loss from the
surface, which is governed by the material density and the heat of sublimation[189].
To model this element, the ablative heat flux boundary condition in Eq. 4 was used to
set the temperature limit, while the deformed geometry feature used Eq. 5 to model

the material removal:

da = hy <(Ta - T) x (%)) (Equation 4)

__ Y
p X Hg

(Equation 5)

Va

Where q, is the heat flux due to material ablation, T, is the ablation temperature,
v, is the material ablation velocity, Hg is the heat of sublimation, h, = h,(T) is a

temperature-dependent heat transfer coefficient that is zero for T < T, and increases
linearly as T > T,, and % is a growing specific heat capacity for T > T,, to ensure that

the material absorbs more energy at high temperatures to sublimate.

FEM Modelling

To start the simulation process, a geometry with a radius of 3 mm and a height of
4 mm was created to model the glass substrate in finite element method simulations.
Eq. 1-5 were applied to the created geometry in the form of boundary conditions to
model the laser ablation process. The dimensions and boundary conditions are

described in Figure 1a-b. The inward and ablative heat flux boundary conditions
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applied to the top surface represent the heat transfer from the laser source, while the
thermal insulation boundary condition was employed in the bottom and lateral surfaces
to limit the heat loss from the material body.

The laser properties, material properties and the ambient conditions were
defined, as shown in supporting information Table 1. A uniform triangular mesh with a
minimum element size of 1.2 ym was generated for the domain. To increase the
accuracy of the model, an additional 0.3 um mesh was created using the sizing function
and applied to the top surface and along the geometry center line to capture the
deformation due to material removal efficiently. The meshed geometry is shown in

Figure 1b. The laser processing time was set to 2 ms and the model was solved.

Simulation results

At the initial stage of the laser ablation process, microscopic particles begin to
fracture from the glass surface allowing the post ablation effects to take place on the
surface. During the ablation process of glass, a roll of solidified melt called recast forms
at the edges of the ablated structure due to the material being melted and ejected out
of the surface [188]. Additionally, a debris layer is deposited around the structure due
to the precipitation of the vaporized material. However, the simulation assumes direct
sublimation process of the material. Therefore, the melting and precipitation effects are

not accounted for in the simulation.
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Figure 1. The simulated CO2 laser ablation process of the soda lime glass. (a) The

geometry created to simulate the glass substrate with the applied boundary conditions.
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(b) The meshed geometry. (c) Temperature and 3D cavity profiles variations with time;
(i) 0.52 ms, (ii) 1.0 ms, (iii)) 1.52 ms, and (iv) 2.0 ms. (d) The ablation depth of the

concavity as a function of the laser processing time.

Figure 1c shows the temperature distribution and the profile of the propagating
concavity in the ablated region with time. The exposed glass layer experiences almost
a constant temperature (590 °C) at the point of laser beam focus, while the surface
temperature cools down as the depth of the concavity increases. Figure 1(c-iv) shows
the formed concavity profile when the material was ablated for 2 ms using a laser with
a Gaussian intensity distribution. The Gaussian distribution intensity is concentrated in
the center of the beam, thus, results in a non-uniform hole shape with the maximum
depth in the center. Hence, COz2 lasers are less efficient than pulsed laser at drilling
holes of uniform sizes. Figure 1d shows the ablation depth against the laser exposure
time. Increasing the laser processing time increased the material removal with a linear
correlation. A concavity with a 137 ym depth formed on the glass surface after 0.2 ms
processing time. Hence, laser ablation was a time dependent process, thus, by
controlling the laser machining time, the depth and shape of the hole could be

controlled.

5.4 Experimental Section

A CW CO: laser

The diffusers were fabricated by machining a surface relief pseudorandom
microstructure on float glass slides (thickness ~1.1 mm). The patterns were
implemented using a desktop laser setup (LS3040, HPC Laser Ltd, UK). The desktop
setup utilizes a CW CO: laser as the heating source with a maximum power of 60 W

and a wavelength (A) of 10.6 ym. The laser features a adjustable optics head and
87



platform configuration, where the substrates are mounted on a z-axial translation stage
and the laser head moves in the x-y horizontal axes. The laser operates at a maximum
engraving speed of 1500 mm s™' within a 420 x 300 mm work area. The laser beam
focus on the glass surface is provided by a ZnSe lens (focal length ~28.1 mm and
minimum spot diameter ~180 um). Finally, the desired machining patterns can be
imported from a computer-aided modelling software.

A high-resolution imaging camera

The speckle pattern was recorded using an AXIOCAM 105 color with a basic
resolution of 5 megapixel and integrated with complementary metal-oxide-
semiconductor (CMOS) sensor from Carl ZEISS Company. This camera was placed
on holder and connected to an optical microscope and the microscope was connected

to a computer to provide the speckled pattern image on screen.

5.5 Results and Discussion

Optical Diffuser Fabrication and Surface Characterization

Surface relief diffusers utilize a complex microstructure to perform their optical
function. According to Huygens’ principle [190], optical diffusers modify wavefronts by
segmenting and redirecting the segments through the use of interference and phase
control, which is mainly controlled by the microstructure on the surface. Hence, by
controlling the microstructure, the angular distribution of the incident light in the far field
can be controlled. Common surface relief diffusers have profiles with two or more
surface levels. This can be achieved by overlapping laser exposures on the surface of
the diffuser. Figure 2a shows a schematic of the COz2 laser setup. In this experiment,
three different surface patterns were employed during the fabrication stage to

determine the effect of varying the microstructure on the optical characteristics. The
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linear, gird and prismatic patterns are shown in Figure 2b. The grid structure
incorporates overlapping laser exposures, where the surface was initially machined in
the vertical direction, then left to cool down before machining it in the horizontal
direction. The parallelogram pattern is similar to the grid pattern; however, the angle
between the machining lines was reduced from 90° to 45°. Overlapping the laser
inscription  produced small pseudorandom, non-periodic  microstructures
superimposed on a large pseudorandom microstructure (Figure 2c). Figure 2d shows
the profile of large microstructures; these have a large microstructure with a width of
35 um and a depth of 20 um. The large microstructure was superimposed with a small
microstructure (Figure 2f) within a range of 1.5 to 2.5 ym in width and 50 to 200 nm in
height (figure 2g, h). These large area (5%5 mm) non-periodic microstructures (figure
2i) cause the diffusion of light by randomizing the reflection of collimated incident laser

beams [181].
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Figure 2. The CO2 laser inscription of optical diffusers. (a) A schematic of the CO,
laser setup utilized to fabricate the glass diffusers. (b) A schematic of the different
surface designs fabricated as linear, grid and parallelogram patterns. (c) The 3D optical
microscope images of large pseudorandom microstructures on float glass substrate
(Scale bar 100 um) and (d) their profile. (e) Magnified image of the red square shown
in (c). (f) A 3D optical microscope image of a small microstructure superimposed on a
large microstructure. (g) The profile of a small microstructure from three different
parallel linear positions. (h) The depth distribution of small microstructures. (i)
Photograph of optical diffuser based on pseudorandom microstructure in a large area

(Scale bar 2.5 mm). (j-I) The Raman spectra of soda lime glass; unmodified and CW
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CO, laser patterned glass. (I) The normalized Raman intensity differences between

unmodified and patterned glass.

Prior to implementing the surface micropatterns on the float glass substrates,
optimal laser operating parameters were specified. The specification of the laser
parameters were determined for achieving optimum optical performance: a beam
power of 24 W, a scanning speed of 300 mm s and a hatch distance of 10 um
(Supporting Information Figure S1). However, in the case of the surface relief profiles
that require overlapping laser inscriptions, the hatch distance was doubled to prevent
surface peeling of glass and heterogeneous surface morphology. Throughout the
fabrication stage, the peeling of the glass surface was a limiting factor in employing the
desired laser parameters and it was eliminated by using an experimental prediction
model (Supporting Information Figure S2) machined by a COz2 laser.

Initially, the optical diffusers were fabricated by machining the linear, grid and
parallelogram microstructures on one side of the float glass substrate. Surface relief
profiles were also produced on both sides of the diffuser slide samples. Incorporating
two or more diffusing surfaces can alter the diffusion characteristics of the
microphotonic devices. As the incident light hits the first diffuse surface, the collimated
light beams are scattered off the surface at different angles. This leads to beam
scattering with small angles to force and propagate light through the material. Thus,
employing a second diffuser surface on the other side of the substrate, can further
spread out the light beam propagating through the material; hence, altering the
homogeneity and the diffusion efficiency of the glass substrates.

Here, CW CO:z2 laser inscription was utilized to produce variety of optical diffusers
by using different laser parameters (Table 1). After each process, the reflecting mirrors

of the laser system were cleaned to maintain a high accuracy of the laser inscription.
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The microstructures of the samples produced were imaged using optical microscopy
(Supporting Information Figure S3). A maximum of 2 minute and 4 minute processing
time was needed to produce the one-sided and double diffusers, respectively.
Alternative fabrication methods (e.g. rolling) have higher production rates for
fabricating polyester and polycarbonate diffuser sheets; however cannot be used to

fabricate glass diffusers.

Table 1. List of the fabricated samples including the structure implemented on the
surface of diffusers and the laser parameters in fabrication. Power was 24 W and beam
speed was 300 mm.s™.

Sample Pattern Diffuser Surface side HD (pm)
S1 Linear Single 10
S2 Grid Single 20
S3 Grid Single 30
S4 Parallelogram Single 20
S5 Linear Double 10
S6 Grid Double 20
S7 Grid Double 30
S8 Parallelogram Double 20

Furthermore, Raman spectra of laser modified soda lime glass slide (optical
diffuser) alongside unmodified soda lime glass slide were recorded at a 50x% objective
with a 532 nm laser. Soda lime glass is a non-crystalline form of sodium oxide (soda)
and calcium oxide (lime). The intense bands observed for modified and unmodified
soda lime glass can be attributed to bending of silicone bridging oxygen at 480 cm,
symmetric stretching of bridging oxygen at 630-740 cm, symmetric stretching with a
different number of non-bridging oxygen at 850-1050 cm and symmetric stretching of
bridging oxygen at 1100 cm. The weak band at 2350 cm has been attributed to Si-OH
groups involved in intratetrahedral hydrogen bonding across an edge of the SiO4

tetrahedron [191-193].
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The Raman spectra measured in soda lime glass (unmodified surface), 30 um grid
and parallelogram optical diffuser (modified surface) have six bands at 120, 512, 560,
800, 1090 and 2430 cm™' except the unmodified glass has one more band at 2922 cm-
' (Figure 1j,k). The Raman spectrum of the modified and unmodified glass slides
recorded have prominent and intense bands around 120, 560, 1090 and 2430 cm-’
with weak shoulder bands at 512. Additionally, two weak intense bands appear at 512
and 800 cm! and a weak hump around 2922 cm'. The peak at 2922 cm™' disappears
on modified glass. However, the intensity of bands at 512 and 800 cm™' are higher
when compared with the Raman spectrum of unmodified soda lime glass and the
intensity increased with repeated machining cycles. This is due to fundamental
vibration of soda lime glass after laser processing. It has been reported that the Raman
intensity was increased by either increasing the heat treatment temperature or

achieved by huge pressure modelling in glass [194, 195].

Optical Characterization of Microphotonic Diffusers

The optical performance of the glass-based optical diffusers were determined
using an angular light distribution measurement setup including a digital camera and a
spectrophotometer. The angle-resolved measurement setup was used to determine
the light diffusion intensity profiles of the glass diffusers. Figure 3a,b shows the setup
consisting of a laser pointer, a microphotonic diffuser and an optical detector to
measure scattered light intensity at various angles. The laser pointer and the diffuser
were mounted on a 360° continuous rotation stage with a stepper motor actuator
controlled by a computer. This setup allows operating parameters to be set. The
confined rotation of the light source and the sample ensures that the incident light
remains normal to the diffuser surface. The stage was rotated from (+90°) to the

incident normal (0°) and the photometer recorded the intensity of the diffused light at
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2° rotation increments to characterize the diffuser beam shape, including its diffusion
angle, FWHM of diffusion angle and intensity profile. This setup was calibrated after

every rotation to ensure the high reliability of the measurements.
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Figure 3. (a) A schematic of the angle-resolved measurement setup utilized to
measure the diffusion angle of the fabricated device, (laser-to-diffuser=2 cm) and

(laser-to-detector=19 cm). (b) A diagram showing the top view of the angle-resolved
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measurement setup, indicating the start and end points of the measurement cycle. (c-
i) The angular diffusion measurements of the fabricated samples with their diffusion
patterns when illuminated with a green laser pointer (A=532 nm). The comparison of
the one sided and the double-sided diffusers for the each pattern is shown on (c) linear
patterns, (d) grid patterns (HD=20 um), (e) grid patterns (HD=30 um), (f) parallelogram
patterns. Scale bar= 3 cm. The distance from the digital camera to the projection
screen was 16 cm. (g-i) The effect of changing the laser processing parameter on its
FWHM of diffusion angles and transmission at normal incidence, (g) hatch distance,

(h) laser speed and (i) power.

Figure 3c-f shows the light intensity profiles and the scattering patterns of the
fabricated diffusers when illuminated with a green laser pointer (A=532 nm). The
diffused light profiles exhibited a Gaussian illumination distribution, which indicated that
the light diffusion was caused by variations in surface topography features [31]. The
diffusion characteristics were compared between one-sided and double-sided diffusers
with the same patterns. As expected, two-sided diffusers displayed greater diffusion
angles, their capabilities to diffuse light were almost twice that of those of the one-sided
diffusers. The FWHM of diffusion angles ranged from 8° to 41°, where the smallest
angles were recorded for the linear surface pattern while the grid and parallelogram
patterns displayed higher diffusion angles. The highest diffusion angles obtained were
41°, 30° and 24° with peak transmission intensities of ~29%, ~39% and ~42% for
samples S6, S8 and S7 respectively. The variations in the thickness of the glass layers
caused the energy of the particles to be dependent on their in-plane location in the
layer; thus, resulting in a roughness-dependent light scattering profile which shows the
importance of the design of the structure embedded on the surface [196].

A collimated green laser beam was used to illuminate the diffuser surfaces and

their scattering patterns in the far field were captured off a projection screen using a
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digital camera. Figure 3c shows that the linear one-sided diffuser (S1) displayed higher
intensity density at the 0" order as compared to the double-sided diffuser (S5), which
showed slightly wider diffusion in the center. However, the intensity at the 0" order for
the linear surface relief diffuser was high. On the other hand, the one-sided diffusers
S2, S3 and S4 fabricated using the overlapping grid and parallelogram micropatterns
displayed relatively high diffusion angles but with a non-homogenous illumination,
resulting in different areas receiving more/less light intensity. Furthermore, the double-
sided grid and parallelogram microstructures (S6, S7 and S8) showed the most
efficient diffraction patterns with an even intensity distribution and high diffusion
homogeneity across the illuminated surface. Light homogenization and high diffusion
angles are critical factors in determining the efficiency of optical diffusers. Therefore,
the proposed method of producing overlapping grid and parallelogram patterns on two

sides of the glass substrates have potential in fabricating high-quality optical diffusers.

To visualize the effect of varying the wavelengths on the distribution of the
diffused light, a setup (Figure 4a) was used to capture off the scattering image
projected on screen. The diffusion profile depends strongly on the wavelength or
frequency of the transmitted light. Therefore, samples S6, S7 and S8 that displayed
the highest diffusion angles were analysed against varying laser sources (A1=450 nm,
A2=533 nm, A3=633 nm). The diffusion plots of the samples with their respective
diffusion patterns are shown in Figure 4b-d. The highest FWHM of diffusion angle was
40° in response to the blue laser for the grid micropattern S6, where the diffuser
displayed a lower intensity (~16%) at the 0" order (Figure 4b). Furthermore, the
correlation between the diffusion angle and the transmitted light wavelengths was
ambiguous as the optical diffusers showed higher diffusion angles at the shortest and
longest wavelengths (A1=450 nm & A3=633 nm), while the moderate light wavelength

(A2=532 nm) displayed the lowest diffusion angles.
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The double sided grid and parallelogram micropatterns (S6, S7 and S8) were
illuminated with three different collimated laser sources and the observed light
scattering patterns were captured using a white globe. A semi-transparent spherical
globe was utilized due to its capability to provide the visual representation of wide
scattering patterns. Figure 4b-d shows the different diffusion patterns produced.
Almost all the diffusers reacted to varying the wavelengths in a similar manner, thus,
further comparisons were conducted on the patterns produced by the blue, green, and
red laser beams. The optical diffusion field of view increased from ~172° for the green

laser to ~177° for the blue and red lasers.
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Figure 4. Light scattering from optical diffusers. (a) Schematic setup for recording
3D diffusion pattern. (b-d) Diffusion plots of the double-sided surface relief devices
analyzed using different wavelengths (A= 450 nm, A2=533 nm, A3=633 nm), with their
respective diffraction patterns captured using a circular semi-transparent white globe.
(a) Grid (HD= 20 um), (b) grid (HD= 30 um), and (c) parallelogram patterns. Scale bar

=6 cm.

A Fast Fourier Transform (FFT) simulation [17, 197] and a 2D/2.5D speckle
imaging experiment were performed to assess the relationship between the

pseudorandom microstructures and light scattering from optical diffusers. The

98



difference between the simulation and the experimental results were used to determine
the homogeneity of light diffusion. The FFT simulation was employed to predict the
optical characteristics of the diffusers (Figure 5b, c). These simulations were analyzed
based on optical images taken from normal incidence at transmission mode (Figure
5a). The simulated image produced speckles with a wide range of bright regions in the
centre of image and the bright region reduced with increasing of the dark region toward
to the edge. At the zero order, the light scattering area increased for the parallelogram
pattern diffuser compared to the grid diffuser. The intensity profile revealed that the
intensity profile of parallelogram pattern diffuser was a smooth as compared to the grid
patterned diffuser.

The 2D/2.5D speckle imaging was conducted experimentally to analyze the
speckle/diffusion pattern. In a polarization experiment, the sample was mounted on a
holder and the diffuser was placed between linear polarizer and analyzer to make the
laser linearly polarized and to adjust analyzer at 5°, 45° and 90° from the normal.
Collimated laser sources (450, 533 and 633 nm) were located on one side and a high-
resolution imaging camera with a complementary metal-oxide-semiconductor (CMOS)
sensor was placed on the opposite side of the optical diffuser. This allowed photons to
propagate through the diffuser to be captured as a 2D high-resolution image via the
CMOS sensor. The 2D recorded image was used to reconstruct a 2.5D image (intensity
profile) using optical image processing.

The diffuser (HD=30 um) generated speckle patterns preserved the linear
polarization of the laser beam incident normally to the plane of the horizontal polarizer
(0°) but the image was recorded at an angle of 5° with respect to the surface plane due
to low light intensity (Figure 5d). Thus, the diffusion pattern can be controlled by

modifying the polarization orientation.
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Figure 5. The FFT simulations and the recorded images of speckle patterns. (a)
Optical microscope image of the 2D structure of diffuser. Scale bar = 20 um. (b) The
predicted FFT simulation image of diffusion or speckle pattern, and (c) their profile
intensity for different optical diffusers; (i) grid pattern (HD= 20 pm), (ii) grid pattern (HD=
30 um), and (iii) parallelogram pattern. (d-f) The laser illumination of the diffuser and
speckle pattern of formation recorded with a digital camera integrated with a CMOS
sensor. (d) The speckle patterns recorded at varying analyzer rotations (90°, 45° and
5°) for grid pattern (HD= 30 pm) diffuser at different spectrum ranges (450, 532 and

633 nm). Scale bar =2 mm.

Three optical diffusers with different fabrication patterns produced speckle
intensity distributions in the far field upon illumination with monochromatic light (Figure
6a). The speckled patterns consisted of highly-intense spots and bright and dark
regions over an area with 5 mm in diameter. In general, the sharp bright spots
increased slightly from the parallelogram diffuser to grid (HD=30 um) diffuser.
Additionally, the speckle pattern was studied at different projection lengths. Over 90%
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of highly-intense spots were reduced by increasing the projection length from 15 to 25
cm. This provides sufficiently high contrast with sharp bright spot free condition at long
far field view range. Supporting Information Figure S4 provides additional speckle
pattern images of other diffusers. This optical diffuser can be utilized as part of an
imaging device, in which scattered light can be used for image reconstruction [198,

199].

Less sharp bright spots 250 m

Figure 6. (a) The speckle pattern imaged for the grid pattern (HD= 20 um), grid
pattern (HD= 30 um), and (3) parallelogram pattern diffusers. Scale bar = 2 mm. (b)
The projected pattern of the grid pattern (HD= 30 um) diffuser recorded at varying

lengths (15, 20 and 25 cm). Scale bar = 2 mm.

Broadband light transmittance was utilized to assess the performance of the
fabricated optical diffusers. A typical soda lime glass substrate with a thickness of 2
mm has a transmittance of ~90% across the visible spectrum. The spectral
transmittance measurement setup consisted of a broadband light and a spectrometer
(2 nm resolution) connected to an optical microscope via an optic fiber. For transmitted

light polarization measurement, the experimental setup had a linear polarizer and
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analyser, which were underneath and above the optical diffuser, respectively. This
ensured a linearly polarized light before it passed through the diffuser and to control
and modify the polarization direction and to measure its effect on transmittance
measurement. Figure 6a shows a schematic of the spectral transmittance
measurement setup integrated with two polarizers.

Figure 7b-i shows the transmittance of the fabricated diffusers as a function of
the incident wavelength (450-700 nm). The results indicated that one-sided diffusers
were more efficient in transmitting visible light than double sided diffusers. The
parallelogram diffuser (S4) showed the highest transmission (~50%), thus, the
parallelogram structure was considered to be the most efficient one-sided structure as
it also revealed the highest diffusion angle (18°) for one-sided diffusers (Figure 3d).
The spectral transmittance of diffusers S6, S7 and S8 showed the highest diffusion
angles of ~25%, ~35% and ~28% respectively. Hence, it was observed from the grid
samples S6 (HD= 20 ym) and S7 (HD= 30 pm) that increasing the hatch distance
increases the transmittance of the diffuser but results in a lower diffusion angle. It can
be deduced that the double-sided diffuser fabrication technique negatively influenced
the transmittance of the optical diffuser. This is attributed to the increase in the number
of diffusing surfaces, thus, having additional microsurface features that can further
scatter the incident light. However, the use of an additional anti-reflective coating on
the surface of the diffusers can improve the transmittance of the diffusers by reducing

the reflection from the diffusion surfaces.
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Glass Surface Peeling
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Figure 7. Broadband light and polarization characterization of the optical diffusers.
(a) A schematic of spectroscopy setup. Measurements of the optical diffusers using
broadband light illumination at normal incidence with transmission mode for (b) linear
patterns, (c) grid patterns (HD=20 um), (d) grid patterns (HD=30 um), (e) parallelogram

patterns, and different laser parameters with varying (g) hatch distance (h) laser speed,

Surface peeling is defined as the continuous removal of a thin layer from the
surface of an ablated material [183, 184]. The removed layer is usually of a constant

thickness. Applications of glass surface peeling include improving the surface finish of



laser cut glass products and forming microchannels on glass substrates for optofluidic
devices[200]. Laser cutting of glass substrates induces the formation of defects on the
cutting edges which act as starting point for cracks to propagate through the
material[184]. Thus, peeling off the cutting-edge layer that contains these defects can
strengthen the material and create a defect free surface [36] causing
nonhomogeneous scattering. For this reason, a model of glass surface peeling was
developed to prevent its occurrence during the fabrication process. Glass surface
peeling is a function of the energy deposition rate on the surface, which in turn depends
on the input laser power and scanning speed [183]. When the ratio of the two
parameters results in an energy deposition rate in the range of 3.0-6.0 x10* W.m, the
temperature inside the material exceeds the strain point and reaches the softening
point of the glass, where a thin layer starts to separate from the surface. Figure 8a
shows a glass substrate experiencing surface peeling. The formed microstructure on
the surface of the glass due to surface peeling indicates that multiple microchannels
with varying lengths are engraved on the substrate (Figure 8b). In Figure 8c, a strip
was peeled off the diffuser surface, showing material removal from the surface of the
diffuser in the peeled region.

Throughout the experiments, glass surface peeling was a key factor in
determining the optimum laser operating parameters to avoid it during fabrication of
optical diffusers. During the fabrication stage, the samples that experienced surface
peeling were discarded from the experiment and considered to be in-viable optical
diffusers. Therefore, it was essential to develop a glass surface peeling prediction
model based on experimental data. Figure 8a shows a schematic of the surface peeling
process with the adopted texturing pattern (linear pattern). A hatching distance of 10
pm was implemented within the texturing pattern to authenticate the prediction model

with the parameters employed in the fabrication stage.
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Figure 8. Glass surface peeling. (a) A schematic of the surface peeling process.
(b) Image of a peeled glass surface layer produced at (P=30 W, V=200 mm s-!, HD=10
pgm). Scale bar= 100 um (c) Microscopic image (5x%) of the microstructure of the sample
shown in (b). Scale bar= 200 um. (d) A prediction model of CO2 laser induced glass
surface peeling. (e) FFT simulation of the peeled glass structure to reconstruct the
intensity profile (f) and the diffusion pattern. (g) The diffusion properties of two surface
peeled samples, high-depth peeling sample processed at (P=42 W, V=100 mm s,
HD=10 um) and medium-depth peeling sample processed at (P=12 W, V=50 mm s,

HD=10 um). Scale bar= 3 cm.

Figure 8d shows the experimental prediction model of glass surface peeling for a
CW CO:zlaser. The graph indicates that the ratio of the laser power and speed must
fall outside the arrow produced in Figure 6d to avoid glass surface peeling. At low laser
powers (12-30 W), it is necessary to maintain a linear relationship between the two
parameters to prevent the induction of glass layer peeling, while at higher laser powers

(+30 W) the speed must be doubled. This is due to the high material removal rate from
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the surface at high laser powers. Figure 8g shows the diffusion plots of two glass slides
that exhibited surface peeling with their respective scattering patterns. The high-depth
peeling sample (P=42 W, V=100 mm s-1, HD=10 pm) experienced material removal,
which resulted in a thicker layer being peeled from the surface. The peeled layer was
detached from the glass surface and its optical diffusion properties were measured. A
diffusion angle of 22° was obtained for the high-depth peeling sample. The sample
produced a heterogeneous diffusion pattern with reduced intensity at the 0" order
when the surface was illuminated with a green laser beam. By contrast, the medium-
depth peeling sample (P=12 W, V=50 mm s-1, HD=10 um) that exhibited a thin layer
removal from the surface showed a lower diffusion angle (17°) with a defined
transmission peak intensity ~1.4%. The sample also displayed a random cross shaped
diffusion pattern. The obtained diffusion characteristics of the peeled samples indicate
that they are in-viable to be used as efficient optical diffusers. Moreover, the most
popular method is that of the holographic diffuser, which relies on surface structure of
various shapes to spread out light. This method falls short due to the finer structures,

which they are easier to be get damaged chemically or mechanically.

5.6 Conclusion

The work demonstrated the viability of producing glass based optical diffusers
using direct CO2 laser writing. The proposed approach of fabricating overlapping
surface relief structures on both sides of the glass substrates was successful and its
direct influence on enhancing the optical performance of glass diffusers was
measured. The characteristics of diffusers fabricated using this method can be altered
by changing the microstructures including linear, grid and parallelogram patterns. This

novel technique provides a fast and economically viable approach in a massive
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fabrication of the optical diffuser. The diffusion measurements showed that structures
with overlapping laser exposures were efficient diffusers. Increasing the number of
diffuser surfaces resulted in wider scattering patterns and increased homogeneity. The
highest diffusion angles were recorded for the two-sided grid diffuser with (HD=20 um)
to be 40°, 33° and 34° in response to wavelengths of 450, 633 and 532 nm,
respectively. The broadband light transmission of the fabricated samples decreased
when the structures were patterned on both sides. The parallelogram structure
displayed the highest (~50%) broadband light transmission across the visible range. A
prediction model of glass surface peeling induced by CW COz2 laser was constructed
to see how it affected the diffusion of light. The diffusion characteristics of the peeled
samples were determined and its negative impact on the diffuser performance was
determined. The laser ablation process on the glass substrates was simulated to
create a model, which displayed the temperature variations on the ablated region
together with the material removal rate. The Gaussian profile of the laser intensity
distribution resulted in a non-uniform concavity forming on the surface of the material
with a maximum depth of 0.5 mm in the center, after 2 ms ablation time. The conducted
experiments demonstrated a rapid and accurate fabrication method of high-quality
glass diffusers that can serve multiple optical functions. Future studies to enhance the
optical performance of the fabricated diffusers can involve additive surface coatings or

implementing this approach in materials with higher light transmittance capabilities.
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Optical diffuser fabricated with continues COZ2 laser, differ from other texture

sources [131, 133], has provided more data on this supplementary.

Table S1. The global parameters used in FEM to carry out the CO2 laser

simulation with their respective values.

Parameter Value
Radius of the substrate 0.003 m
Height of the substrate 0.004 m

Total time of simulation 0.002 s
Ablation temperature 837.15K
Density 2530 kg/m?
Specific heat 750 J/(kg-K)
Thermal conductivity 1.12 W/(m-K)
Power of beam 24 W
Laser beam spot 2E-4m
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Figure S1. Graphs showing the effect of changing the different laser parameters
on the diffusion angle (FWHM) and the optical intensity of the transmitted light, one
parameter was altered while fixing the other parameters for each experiment. (a)
Hatch Distance (um). (b) Scanning speed (mm/s). (c) Laser power (% of 60 W). (d)

Focal length (mm), the minimum laser spot diameter is provided at 0.281 m.
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Figure S2. A prediction model of CO2 laser induced glass surface peeling.

Figure S3. Microscopic images (x5) of the fabricated diffusers using different
surface relief structures, the specifications of the laser fabrication parameters and
number of diffuser surfaces are detailed in Table 1. (a) Sample (S1), (b) Sample (S2,
(c) Sample (S3), (d) Sample (S4), (e) Sample (S5), (f) Sample (S6), (g) Sample (S7),

(h) Sample (S8).

111



[h FYOMMETG 4
Grid 20 pm

Prismatic
2D

Figure S4. The recorded image of speckle pattern at different projected distance
(@) 150mm, (b) 200mm and (c) 250 mm for Grid 20 um and prismatic diffuser with

varying laser wavelength (450, 533 and 633 nm).
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Chapter 6: Highly Flexible, Stretchable, Superhydrophobic and

Tunable Optical Diffusers

Published article
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In the previous chapters, optical diffusers were produced on a solid materials
by using three different laser machining systems whilst the continuous COz2 laser has
cost-efficiency. Therefore, this chapter continues the fabrication of optical diffusers by
using a CW CO, laser but on a flexible material, PDMS elastomer. This allows the
design and experimental realization of the pioneering, mechanically stretchable and
tunable optical diffusers compared to all previous chapters. Also the elastomer material
provides a good self-cleaning surfaces which repels liquids, and offers the possible

uses of materials in electronic devices and biomedical applications.
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6.1 Abstract

Highly stretchable and superhydrophobic photonics provide a new geometric
degree of freedom for photonic system design and self-cleaning applications. Here, we
describe the design and experimental realization of mechanically stretchable and
tunable photonic diffusers. These intrinsically designed diffusers (based on cylindrical
lenslet and micro tip arrays) were made directly on elastomer material using laser
ablation. The dimensions of both the tips and the lenslet arrays play a critical role in
the distribution of illumination and wettability resistance. By stretching the diffusers
mechanically along the lenslet arrays, diffusion angle tuning was achieved and also a
reversible change between hydrophilic to superhydrophobic states. These
multifunctional diffusers constitute an important step towards integration with flexible
materials or devices such as stretchable organic light-emitting diodes (OLEDs) and

polymer light-emitting diodes (PLEDs).
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6.2 Introduction

Stretchable photonics and optoelectronics have been perceived over the past
decade as an alternative technology for the realization of the next generation of
optoelectronics and optomechanics applications. The use of advanced materials for
adaptable photonic devices is of great significance across a wide range of sciences
and technologies including material chemistry, soft matter physics, optics, electronics
and engineering.[201, 202] Considering the mechanical flexibility in a photonic device,
the technology has potentially enormous applications for optical imaging[203],
epidermal sensing[204, 205], light-emitting diodes (LEDs)[206, 207], wearable strain
sensor[208, 209] and bio-inspired photonics[210, 211]. Consequently, increasing the
development of stretchable LEDs or OLEDs that are suitable for integration with
electronic tattoos or displays is of great interest, because such OLEDs can potentially
lead to an increase in demand for stretchable optical components, such as optical
diffusers. These diffusers would be useful, for example, in allowing the light to mix
before entering the visible part of the display, resulting in a more uniform and brighter

displays without increasing the number of OLED lights.

Photonic diffusers are one of the most promising optical elements that can
continuously process light beams directly, and convey a diffraction of light for wearable
biosensors[212], intraluminal photodynamic therapy, LEDs and a wide variety of
medical and electronic applications.[213] Photonic diffusers made from glass, plastic
or fibre are not flexible, stretchable, soft or superhydrophobic devices[10, 214] and
have therefore governed significant attention. In contrast, the recent development of
an optical diffuser based on a hydrogel film has provided the possibility of meeting
these requirements for a stretchable element. However, its working principle is only

based on a swelling behaviour of hydrogel from chemicals with a substantial limitation
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in properties, such as stiffness and physical contact.[213] This is because hydrogel
photonic elements are relatively fragile against external stress and strain.[209] To date,
there is a lack of research into how photonic diffusers respond to mechanical
deformations. This is an issue because photonic devices need to be adapted for
stretchable and flexible optoelectronic and optomechanical devices, which are

becoming significantly more important.

Mechanical deformations are useful characteristics, particularly when employing
thin photonic devices in advanced applications such as biorobotics and lab-on-chips.
The majority of photonic devices are fabricated from rigid or soft material in rigid
substrate, and cause an inherent mismatch for application that should be stretchable
like human skin[205], or flexible like OLEDs[215]. The transparency of rigid material,
such as glass, in a visible spectrum, tend to be slightly less than an elastomer material,
thus, affecting the light efficiency[216]. On the other hand, elastomer materials achieve
four typical aspects of the wettability: superhydrophobicity, controllable water
adhesion, anisotropic sliding, and anisotropic wetting when it has been structured with
periodic line-patterned surfaces[217]. A practical approach is to fabricate photonic
diffusers directly on the stretched elastomer substrates and release it later to reduce
the dimensions of the formed structures. There have been several reports where
surface wrinkles were induced on elastomer materiels in response to applied-
mechanical compression beyond certain critical strains.[218-220] Even in some cases
when mechanically stretched, a small residual strain led to the formation of
wrinkles[221]. These structures on the elastomer materials created a waved pattern
across a stretched axis. For this reason, many optimisations are required to make

reusable and strain resistant optical diffusers.
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Here, we demonstrate a new route for the fabrication of photonic diffusers from
stretchable elastomeric materials which present mechanical stretchability,
superhydrophobicity and tunable optical properties while maintaining its desirable
optical property. The development process pursued a range of initial designs and
fabricating final applications. The surface structures were directly fabricated using laser
ablation on stretched planar elastomer substrate, to enable the relative reduction the
in feature size once the substrate had been released. These high-relief structures
responded to the mechanical strain by tuning the photonic and wettability properties.
Also, the elastomeric material allows fabricating thin devices with high-strain response.
Finally, the relations of the droplet contact angles and the diffusion angle of illuminated
light, with the stretchability characteristic were systematically investigated along the

applied strain.

6.3 Material and Methods

Elastomer fabrication

The polydimethylsiloxane (PDMS) elastomer was prepared from solidifying a Dow
silicone 10: 1 encapsulant (Sylgard 184, Dow and Corning, USA). The 10 to 1 ratio of
resin as base and curing agent were processed into a disposable glass container.
When liquid components were thoroughly mixed, they were poured directly into petri
dishes, 5 cm in diameter (Thermo Scientific). The pouring mixture had to be de-aired
using a vacuum pump (Island Scientific Ltd., UK) for two hours, to minimize air
entrapment. After that, the mixture cured at a room temperature for around of 48 hours
achieving a substrate of the cross-linked polydimethylsiloxane (PDMS). The thickness
of the PDMS substrate was about 1 mm. The substrate was initially positioned on a

custom-designed strain stage and subsequently stretched uniaxial to the strain of 66%.
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Stretchable device fabrication

Device fabrication was performed at Nanotechnology laboratory at UOB using a
rapid and direct desktop laser ablation system (Rayjet, Trotec Laser Inc., UK) with a
CO, laser in an air atmosphere. The diffuser to be ablated was designed on a square-
sized shape (5 x 5 mm) using the CorelDraw design suite. The design of the diffuser
has a combination of identical tips and cylindrical lenslet arrays which were achieved
by altering the dot-per-inch (dpi) parameter. The ablation was directly carried out on
the stretched elastomer substrate, with 66% applied strain where the substrate is
placed on a honeycomb table. This kind of structure table provides a reduced contact
surface for the material, in order to reduce beam reflection. The dpi parameter was
pre-set to 333 and 500 and for each dpi parameter, the substrate was fabricated with
various laser powers (4.5, 4.8,5.1, 5.4, 5.7 and 6 W) at an ablation speed of 750 mm.s"
' The customized laser power was identified between 4.5 W to 6 W as no ablation was
produced under 4.5 W and substrate damage occurred over 6.5 W. During fabrication,
air extractor continuously blew clean air onto the substrate being ablated to avoid dust

being burnt into the fabricated substrate by the laser beam.

Surface characteristics

The topography of fabricated diffusers was studied in the Laser Micro Processing
(LMP) group at UOB. It is equipped with an Alicona G5 InfiniteFocous (IF) system for
conducting high-resolution 3D surface measurements. The optical diffuser was placed
onto a working stage of the IF system using 10x magnification, and the lateral solution
was manipulated to reduce the measurement error. To run the measurement, the
lowest and highest focal plane was selected between -100 and 100 um and the

measurement was processed to extract the topographical features. The extracted
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result was provided 3D topography of the diffuser surface and enabled measurements
to be carried out to find the surface depth and roughness (Ra). Both measurements
were carried out across the combined of tips and cylindrical lenses with the selection

of profile length and width of 1.57 mm and 0.2 mm, respectively.

Wettability characteristics

Wettability measurement was carried out by the Nanotechnology Group at UOB
using a simple contact-angle system consisting of a microscope camera (USB
Microscope, Plugable, Washington USA) with a 60x-250x magnification, a working
stage with the custom-designed strain stage, a LED light source and a micropipette
(SP0020-Auto, SciQuip, Shropshire). Contact angle (a) was measured for all modified
surfaces by applying 2.00 + 0.06 pl drops at 24 °C at a relative humidity level of 23-
25%. The aqueous drop was imaged. The image was processed using ImageJ
software (Wayne Rasband, National Institute of Health, USA) which uses Laplace
equations to determine the contact angle based on the shape of the drop captured.
The average CA values were obtained by measuring the device three times at various
strain of 0%, 33% and 66% - three sets of readings, where the droplet acting on a flat,

inverted and a vertical orientation, were obtained.

Optical characteristics

Optical transmission measurements of optical diffusers across the visible spectrum
range of 450-700 nm were performed using the spectral transmittance measurement
setup. It consisted of a broadband light and a spectrophotometer with 2 nm resolution
(USB2000+, Ocean Optics, Oxford, UK) integrated with an optical microscope (Axio
Scope.A1) via an optic fibre. The sample was vertically orientated between the

spectrometer and the broadband light source at the normal incident.
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For diffraction analysis, an angular spectral measurement setup was used to
capture the diffracted light. The setup consisted of a rotational stage with the custom-
designed strain stage, a collimated laser diode with a wavelength of 633 nm (Thorlabs)
and a screen, instead of optical power meter. The optical diffuser was mounted onto
the custom-designed strain stage, between the laser source and screen. The distance
between the released sample-screen and stretched sample-screen were 30.5 and 47
cm, respectively. The laser light was pointed through a sample from the normal incident
while a digital camera, on another side, captured the diffracted pattern on the screen.
After capturing diffracted patterns, an Image Intensity Process was utilized to produce
the angle of diffraction and its intensity by processing the captured image. The angle
of diffraction was calculated based on the measurement from the diffracted pattern on
the screen. This measurement allows to adjust and obtains the result for light intensity

vs diffraction angle.

6.4 Result and Discussion

Device design and fabrication

Silicone encapsulants including two liquids were selected to provide highly
stretchable PDMS elastomer substrate. When liquids are thoroughly mixed and poured
into a petri dish (Figure 1a,i), the mixture subsequently cured to a flexible elastomer
substrate, which is suited for fabrication of photonic devices. The chemical structure of
the elastomer is represented in Figure 1a,ii using the structural formula and molecular
graphic. This material is highly transparent, elastic and a thermal insulator. The
elastomer substrate was stretched under a mechanical strain of about 66% and the
laser ablation was utilized to fabricate the diffuser structures (Figure 1a,iii). These high

relief structures were fabricated in the form of an array of cylindrical lenses separated
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with tips, to produce more scattering. To understand the structure formed on the
stretched elastomer, the design model was prepared and calculated based on strain
law: € = 6/D where € is a nominal strain, § is a change in lens diameter and D is lens
diameter after being released. Because the fabrication was produced on the stretched
substrate and due to elastomer instability, low strain deformation was selected. Figure
1a,v shows the stretched lens diameter (D) at an applied strain of 66%, which is similar
to a laser ablation spot size (70 um). Based on calculation, if the sample was engraved
at different applied strain, the diameter of lens will be varied (Figure 1b). This allows
the production of a smaller fabricated feature once the strain is released and thus
reduces the ablated feature diameter (D) to 43 um (Figure 1a,vi). So, changing the
applied strain could directly produce various lens diameters without requiring an extra
optical lens to change the ablation focal spot sizes (Figure 1c).

A series of diffuser elements were fabricated on stretched elastomer substrate
using a rapid and direct desktop of a COz2 laser ablation system. To optimize the laser
ablation process, three parameters are of fundamental importance: laser beam spot
size, laser power, and dots-per-inch (number of laser scans per inch upon one axis).
The beam size and power have a direct relationship with the cylindrical lens’s diameter
and its depth, while the dpi affects the periodicity of the cylindrical lenses and the tip
width. This is usually the longest part of the process with the laser speed was
maintained as a constant at 750 mm.s™', to ensure consistency of ablation in all the
samples. Therefore, the fabricated diffusers were intended to have a similar cylindrical
lens diameter with two different identical microtip widths (4.5 and 2 ym) on a pattern
area of 5 x 5 mm, achieving functionalities of optical diffusion. These identical microtips
were produced using 333 and 500 dots-per-inch (dpi), respectively. Furthermore, the
depth of cylindrical lenses was controlled using laser power (4.5 to 6 W). As the power

increased, the depth greatly increased and produced a parabolic shape. After the
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diffuser fabricated was released (unstretched), the structured surface shrank

producing smaller surface features.
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Figure 1. (a) Photonic diffuser design and fabrication (i) producing elastomer
material, (ii) structural chemical formula and model of elastomer molecule, (iii)
Schematic illustration of laser ablation on stretched elastomer for producing a photonic
diffuser with its simulated structure in (v), (iv) the diffuser after releasing and its
simulated structure in (vi). (b) The relation between the stretched lens diameter (D)
during fabrication and changing strain and (c) their effect on the lens diameter (D) when

releasing the applied strain.

Topographical Characteristics

The surface characteristics of two stretched diffuser elements (with 66% applied
strain) had quite similar lenslet diameters with tolerance of 1 ym, but with different tip-
widths (4.5 yum and 2 um). The observed first and second batch stretched diffuser were
obtained with tip widths of 4.5 ym and 2 um, respectively (Figure 2a,i, c,i). These
surface structures were measured orthogonally across the cylindrical lenslet axis to

find their surface roughness and profile. The average roughness (Ra) values were
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obtained to be 1.92 um for the first batch stretched diffuser and 1.62 ym for second
batch stretched diffusers (Figure 2aiiii, c,iii). The surface roughness is directly
influenced by the depth of the lenses, which is affected by laser ablation power (See
Figure S1 in Supporting Information).

The depth for the diffusers was measured with tolerance dimensions. These
tolerance dimensions were computationally estimated based on the average mean
depth calculation. As the laser power increases for the first fabricated diffuser (4.5 um
tip width), the depth started from 10 um at a power of 4.5 W and kept rising to 20 um
at a power of 6 W (Figure 2a,iv). However, the depth in the second fabricated diffuser
(2 ym) has the dimension of 7 um at the power of 4.5 W and 25 ym at the power of 6
W (Figure 2c¢,iv). These greater variations could be due to the changing curing agent
to resin (base) ratio which alters the properties of the resulting cured elastomer. As the
ratio of curing agent to resin increases, a more rigid elastomer is produced [222].
Another effect could be that the elastomer plane, particularly on the fabricated face
has an inaccurate flat surface.

Once both diffuser elements were released to 0% strain, their surfaces
characteristics shrank and their profiles simultaneously extended in reverse. Upon
observation under the microscope, the first released diffuser reduced the width of tip
from 4.5 to 2.5 uym, while the second released diffuser reduced from 2 pm to <~1 ym
(Figure 2b,i, d,i). In reverse, the depth of cylindrical lenslets were extended for both
diffusers. The observed depth on first diffuser was elongated from 10 ym to 12 ym at
the power of 4.5 W. Even at other powers, the net results observed that the depths
elongated instantly by ~10% (Figure 2b,iv). On the other hand, the behavior of the
depth elongation in the second released diffuser has extended by up to ~19% (Figure
2d,iv). These different observations in the reduction and extension could again be an

indication of the dominant presence of such elastomer instability, either from the curing
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process or deformation. For this reason, the topography characteristic of both diffusers
were quite irregular at these applied strains, however, they maintained their form and

transparency.
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Figure 2. The surface characteristics of two diffuser samples. Optical images of
two diffuser elements under their stretched and released conditions with two of
identical tip widths. (a) The stretched first diffuser, (b) the released first diffuser, (c) the

stretched second diffuser and (d) the released second diffuser. Each of these was
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represented with (i) the captured optical image, (ii) FFT simulation generated from
captured optical images in i, (iii) the roughness profiles, (iv) the average mean depth

of lenslet arrays at different powers.

Wettability Characteristics

It is well known that liquid wetting on solids depends on both surface chemistry
and physical factors. This work focused on physical factors [43, 223]. For the two
diffuser elements, the surfaces decorated with identical cylindrical lenslet arrays but
separated with different tip widths. Both tip width and lenslet depth play an important
role in liquid wetting behaviour. In order to evaluate the relationship between stretched
and released diffuser states, the working principle of wettability resistance in the
stretched and released conditions is illustrated in Figure 3a which is following Cassie’s
theory where air can remain trapped below the droplet [224]. Theoretically, when the
diffuser is being stretched, leading to enlarging the tips width and cylindrical lenslets
diameter, more air remains trapped below the droplet, but the number of a contacted
point with tips reduces. In this case, the stretched and released behaviour could affect
correspondingly the wettability resistance, for that reason, the contact angle of water
droplet was measured for the two diffusers, particularly at stretched and released
states. These measurements also took into account various applied strains (0%, 33%
and 66%) and three distinct orientations: by rotating the axes of the substrate from
upward to sideways, and to downward orientations (Figure 3b, ¢ and Figure S3 in
supporting information).

On the first released diffuser element with various lenslet depths, the contact angle
of the droplet achieved the value of 156 + 1° when the parabolic profile of lenslet (or
lenslet depth) was 22 um (Figure 3b,i). This result suggests that superhydrophobic

state existed with PDMS elastomer when microchannels were very close to each other
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[217]. Reducing the depth of lenslet from 22 ym to 12 um, slightly dropped down the
contact angle by ~8°, which is a sign of less air being trapped. It seemed, in this case,
that the pressure of water droplet will pass through the lens cavity as the pressure of
air is insufficient to withstand it, resulting in that the tip penetrating the droplet and
reducing the contact angle. Furthermore, the diffuser was oriented from flat (upward)
position to a 90 degrees sideways position and a flipped downwards position resulting
in lower contact angles, around ~7° at downward orientation and lesser angle around
stretched with an applied strain of 66%, it has been observed that it reduced both the
contact angle and the depth of the lenslet. By comparing the surface of diffuser under
stretched and released states, the diffuser became capable of transiting between
hydrophobic and superhydrophobic states, which such this behaviour cannot be
generated by a rigid surface alone.

By reducing the tip width to <1 pym in the released second diffuser, the behaviour
of wettability resistance was completely changed. It seems the droplet of water couldn’t
stand on tips and therefore the contact angle decreased to 109° £ 1°, which can be
interpreted as the progressive sinking of the droplet inside the cavity of the lenslet
(Figure 3c). Increasing the depth of lenslet by ~20 um tended to obtain an extra contact
angles of around 4°, in close agreement with the Wenzel’s theory, particularly at the
depth of surface [225]. However, the hydrophobicity tended to have a much larger
contact angle of around 136° + 1° when this diffuser was stretched to an applied strain
of 66%, leading to an enlarged tip width of 2 um. A comparison between the first and
second batch diffuser associated with tip widths confirms that the hydrophobicity could
be improved only if the width of the tips is larger than 2 um. This is applied in case the

lenslet diameter does not change. Finally, more details on how ablation power and

127



applied strain of 33% were studied and their effect on hydrophobicity was studied (See

Supporting Information Figure S3).

Do 0246810
e 88 % Ra (ym)

Figure 3. The wettability characteristics of diffuser elements. (a) Schematic of the
photonic diffuser substrate when (i) it is strained from 0% to 66%. (ii) Schematic
illustration to mimic how tips and lenslet depth react with droplet for both first diffuser
(1%t D) and second diffuser (2" D) based on our experimental results. (b, c) the
measurement of the contact angle on stretched and released (b) first diffuser and (c)
second diffuser at different orientations: (i) upward, (ii) sideways and (iii) downward.
(d, e) Comparison of contact angle for the first diffuser at the applied strain of 0%, 33%
and 66% for the first diffuser (d) and second diffuser (e). (f) The relationship between
average roughness (Ra) and contact angle for both diffusers once the structural

periodicity is similar.

Optical Characteristics

Two distinct photonic diffusers were designed based on similar identical cylindrical

lenslet arrays but were separated with two different tip widths; thus, avoiding hot spots
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which are normally produced with a flat surface. These lenses are described as the
plano-concave lenses which are typically used to diverge collimated beams of light
perpendicular to the lens axis (Figure 4a). Each cylindrical lenslet is defined by a
certain number of parameters, such as a parabolic profile (depth) and diameter of a
lens. Once these diffusers were stretched uniformly and uniaxially along the cylindrical
lens axis, so that its diameter extends and its depth shrinks, optical features were
examined and compared against the relaxed diffuser. The stretching and releasing of
diffusers was carried out mechanically, this affects the light distribution. To understand
this behaviour, the working principle of the photonic diffuser is illustrated in Figure 4a.
The schematic illustration presents how light propagates theoretically through the
diffuser in both stretched and released states. It shows the stretched diffuser elongates
the diameter of lens, allowing more distribution of light. To visualize this, the diffusion
pattern of the diffuser was evaluated experimentally by an optical setup (Figure S4 in
Supporting Information). In this optical setup, a collimated laser diode with 633 nm
wavelength illuminated through the diffuser at a normal incident and the diffracted
pattern was projected on to a screen. This projected pattern was captured by a digital
camera and it was processed by employing image intensity processing to obtain its
angle of diffusion and its intensity.

On the first type of diffuser, a strain of 66% was applied to stretch the series of
diffusers which have different parabolic profile depths for their cylindrical lenslet. For
an average lens depth of 19 um, the stretched diffuser reached the diffusion angle of
67° (Figure 4b). By reducing the depth to 10 um, it can be seem that the diffusion angle
went down to 49°. Therefore, adjusting the lens depth gives the ability to produce
different diffusers ranging from 49° to 67°. The diffusion angle at Full Width at Half
Maximum (FWHM) was measured, and it was discovered that the diffuser maintained

a good FWHM angle. For example, the diffusion angle was 67° while its FWHM was
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maintained to be 50°. This diffusion is highly acceptable, and often beneficial for many
applications. However, when this exact diffuser was released mechanically (strain
0%), it tuned the diffusion angle from 67° to 31° (Figure 4c). This confirmed that the
diffuser has the capability to be a highly mechanically tunable diffuser. The distribution
of light against the lens depth was unstable compared to the stretched diffuser. This is
because the geometry of lenslet could become unstable in its shape and size. The
reason geometry was unstable is that the lenslet fabrication was carried out at the
stretched substrate and when it was released, it did not release uniformly.

On the second diffuser, the tip width was reduced to 2 um at stretched state
compared to the first diffuser which has the tip width of 4.5 ym. Contrary to the first
diffuser, the diffusion angle of 48° was reached for the second stretched diffuser at a
depth of 24 ym (Figure 4d) while its FWHM was measured to be around 26°. This
confirmed that the width of the tips could also play an important role in the distribution
of illumination. By increasing the depth of lenslets again for the second diffuser, more
depth similarly keeps reducing the diffusion angle as observed in the first diffuser.
However, the FWHM of diffusion angle was not particularly affected by the depth in
this case. It was noticed that FWHM was calculated to be 26° and 24° for depth of 24
pm and 8 um, respectively. Once this diffuser was released, the diffraction behavior
related to depth was to diminish the distributing light in reverse because increasing the

depth had less diffusion angle (Figure 4i).
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Figure 4. Optical characterization of the diffusers. (a) A schematic illustration of the
diffraction of light passing through a released and stretched diffuser. (b-i) The angular
diffusion measurement of the diffusers when illuminated with a collimated laser pointer
(A=633 nm). (b) The first and second diffuser have several parabolic depths at
stretched states (b, d), and (c, i) once released, respectively. The diffusion angle

represented with a blue colour and its FWHM appeared with a red colour.

Optical transmission measurements were also conducted on both diffuser
elements at released states. The transmission of the visible spectrum was measured
by employing an ocean optics spectrometer (2 nm resolution) which is connected to
an optical microscope by fiber optic. This measurement was taken in the transmission
mode with a 50x magnification objective to test the diffusers. The results showed that
the first released diffuser offered superior optical transmission at minimum depth

(Figure 5a). Generally, the transmission efficiencies of the first stretched diffuser are
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rated between 73-84% (depending on the lenslet depth). The reason the lenslet depth
reduces the transmittance is that the depth produced more scattering as shown on the
previous result (Figure 4b-i). However, this is very high-efficiency rating due to the fact
that the engineered lenslet is more efficient even in this case transmission is not a high
enough due as laser produces a high roughness surfaces. But this rough surface of
exact periodic-structure could play a great role in increasing diffusion angle
(Supporting information Figure S5a). For further details in how laser power affect the
percentage of transmission intensity was explained in supporting information

(Supporting information Figure S6).
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Figure 5. Optical transmission of diffuser elements across a visible wavelength
spectrum for (a) first batch released diffusers and (b) the second batch released

diffusers which had several lenslet depths.

Discussion

The new generation of stretchable diffuser elements developed based on an
elastomer material enable a mechanically tunable diffuser. A key difference between
our production method from traditional machining processes, such as single-point
diamond turning, is that there is no mechanical contact with a substrate. These contact

based methods lead to an intrinsic distortion of the design pattern on an elastomer
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substrate while laser ablation does not. Laser ablation still leads to the generation of
some roughness onto the cylindrical lens, particularly around the edge of the lens, thus,
enhancing the diffusion of illumination. Moreover, stretching the elastomer substrate
proved to be a feasible method for a considerable reduction in lenslet diameter and tip
widths and potentially allowing the tip to be produced in a smaller scale.

For the wettability, these fabricated diffusers have the capability to switch
mechanically between either hydrophobic to superhydrophobic or hydrophilic to
hydrophobic based up on their design structure. On the first diffuser, the tip width
structure was 2.5 ym and it was superhydrophobic (155°), but became hydrophobic
when it was uniaxially extended (66%). This was due to the reduction in tip width and
expansion of the lens diameter. The reason for the different wettability behavior was
that the formed microgrooves had a width of 10 um meaning the droplet could stand
on more tips while in this case the microgrooves had the width of 70 ym. On the second
diffuser, the tip width was around 2 ym and it became hydrophilic but if it was uniaxially
stretched (66%), it switched from hydrophilic to a hydrophobic state. Closer inspection
of the increasing lens depth shows an indication of more air trapping in the lens cavity,
resulting in a rise in the contact angle following the Cassie’s theory [224].

A stretchable diffuser, enables the production of tunable light distribution patterns.
The advanced diffusion capability of a new class of diffusers makes them suitable for
most applications that require mechanically stretchable diffusers including flexible
OLEDs and a wearable strain sensors. Unlike the rigid diffusers [133, 214, 226], these
stretchable diffusers tune the distribution of light based on mechanical applied strain
while the recently developed diffuser as sensor controls the light diffraction based only
on a swelling behaviour of hydrogel from chemicals [213]. However, it has limited
control over the light distribution pattern, generally making only linear patterns but it is

still suitable for both uniaxial and biaxial applied strain. Finally, these flexible and
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stretchable diffusers are highly remarkable because such behaviour can not be
generated by a rigid surface alone such as the transition between hydrophobic and

superhydrophobic for surface wetting or their tuning angle for light diffusion.

6.5 Conclusion

The experiments establish the key principle that novel flexible and stretchable
diffusers can be produced based on PDMS elastomer material. These diffusers
confirmed that the tip widths, lens depths and diameters influence the distribution of
light and surface wettability. Also, stretching the diffuser substrates mechanically
offered both tunable light diffusions and switchable wettability. They provide, in
wettability, a wide range of surfaces with hydrophilic to superhydrophobic properties
and tuned the diffusion angle from 26° to 48°. For further work, more applied strain on
diffuser could be investigated, and it is suggested that the high efficiency of these
stretchable diffusers enable them to be utilized in a variety of optoelectronic and

optomechanical applications.
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Figure S1. Roughness measurements for the first batch of fabricated optical
diffusers including the first stretched diffuser (left column) and released diffusers (right

column) at varied laser power (15, 16, 17, 18, 19, 20 W).
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Figure S2. Roughness measurements for the second batch of fabricated optical
diffusers including the second stretched diffuser (left column) and released diffusers

(right column) at varied laser power (15, 16, 17, 18, 19, 20 W).

138



@ ()
160 : i
[ 1! Diffuser 145 | om Di .
> - : fuse
o 198 t strain (g) 135 |
£ - - Strain {£)
S0 125 |
o -
© - 66 ! N
S5 | i 115 ﬁl iﬁ i i’
o B [
140 [ Ml 1 —_—— 105 e R e S |
4 5 6 4 5 6
Laser Power (W) Laser Power (W)

Figure S3. The contact angle measurements of droplet on surfaces of fabricated
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Figure S4. The optical setup for diffraction measurements.
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Figure S6. Transmission measurements of fabricated diffusers through different

laser power (4.5, 4.8, 5.1, 5.4, 5.7, 6 W) for (a) first diffuser and (b) second diffuser.
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Chapter 7: CONCLUSION AND FUTURE WORK

In this research study, the effect of three laser machining processes on transparent
materials was characterised based on their optical properties. The laser machining was
carried out on float glass, polycarbonate (PC), Polyethleneterephtalate Glycol (PETG)
and Polydimethylsiloxane (PDMS) elastomer. It was found that the plastic material like
PC and PETG became opaque after the laser processing. For that reason, only
diffractive optical devices such as 1/2D diffraction gratings, Fresnel zone plate (FZP)
lens and computer-generated holograms were fabricated on PC substrates. Optical
diffusers were successfully fabricated on float glass and PDMS elastomer using three
laser machining processes. The fabricated glass diffuser provides a solid device while
fabricated elastomer diffusers provide highly flexible, stretchable and mechanically
tunable photonic devices. However, the major challenge in using direct laser
processing for manufacturing such photonic elements is the control and reproducibility
of the optical microstructures and also minimizing the undesirable burrs on fabricated
microstructure edges and cracking.

The FS laser machining produced micro and nano-scale surface-relief structures
on the float glass surface. The surface-relief structures produced reduced illumination
normal transmittance with haze boosting effects, and enlarged the angle of diffusion
up to ~172°. The effect of FS laser beam polarization and hatch direction on
transmission characteristics of the diffusers was also investigated. It was found that
they have a significant influence on the transmission efficiency of optical diffusers.
Additionally, FS laser processing could produce the diffractive optical devices such as
1D/2D gratings, a FZP lens and a computer-generated hologram on transparent PC
materials. This fabrication approach allows production of microphotonic devices with

nanoscale depth, where a few hundred nanometres in depth of grooves affected the
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2-dimensional phase modulation and diffraction efficiency of the diffractive optical
devices.

The micro surface features shaping a spiral pattern were textured on a float glass
using a nanosecond laser texturing process. The textured float glass was investigated
using an optical microscope system. This proved that the surface features have a direct
relation with laser power and an inverse relation to the scanning speed. The
characteristics of the fabricated diffusers can be altered by changing the laser
processing parameters. Increasing the laser scanning speed along with lower laser
power produces optical diffusers with higher efficiency and wider diffusion angle. By
increasing the average roughness of a surface, the distribution of illumination can be
precisely controlled in wide-ranging fields. The process limitation was to produce
overlapping microstructures due to thermal effects compared to a femtosecond laser.

A direct CW CO, laser is the most cost-effective method among other laser
sources, and it produced a pseudorandom surface-relief microstructure on float glass
when laser scanning was linearly overlapped. The proposed approach of fabricating
pseudorandom surface-relief microstructures have a direct influence on enhancing the
optical performance of glass diffusers. The characteristics of diffusers can be altered
by changing a design pattern including grid, linear and parallelogram. Increasing the
number of fabricated patterns on both glass sides resulted in wider diffused light and
improved homogeneity. This laser has the limitation to fabricate small microstructure
features due to large beam size (~70 ym) compared to FS laser. Also, this laser has a
continuous wave which it is not possible to play with a fabricated microstructure on the
path of the laser.

However, flexible and stretchable diffusers can be produced by using CW CO,
laser on the elastomer materials. These diffusers confirmed that the tips width, lens

depths and diameters have played the main role in the distribution of light and surface
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wettability. Also stretching the diffuser substrates mechanically offered both tunable
light diffusions and switchable wettability. They provide, in wettability, a wide range of
surfaces with hydrophilic to superhydrophobic properties and tuned the diffusion angle
from 26° to 48°. For further work, more applied strain on the diffuser could be
investigated, and this is suggested that the high efficiency of these stretchable diffusers
enable them to have a great potential to be utilized in a variety of optoelectronic and

optomechanical applications.
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7.1 Future Work

This thesis presents three different laser machining processes to fabricate optical

diffractive devices. It is suggested that many research directions can be carried forward

based on the research findings.

Vi.

Optical diffusers based on Polymethyl methacrylate (PMMA) material can
be produced using these different laser machining processing due to a high
transmission efficiency and a high-impact resistance.

Optical diffuser based on microlens arrays can be produced on transparent
materials using femtosecond laser processing providing the light diffraction
with desired shapes.

Optical diffusers and other optical diffractive devices can be produced as
moulds on ultra-thin foil for replication. This eliminate the Gaussian profile
in a cross-section of the foil by drilling through and it could produce pillars
when the material will replicate this foil.

More applied strain, either using tensile or compressive stress on flexible
and stretchable diffusers could be investigated providing highly stretchable
and tunable optical diffusers, tuning a high angle of diffusion.

Fabrication of flexible and stretchable diffusers with well-engineered
microstructures using FS laser processing on different elastomer materials.
This will produce optical diffusers with different diffused shapes.
Volumetric diffractive optical devices can also be fabricated using FS laser
processing inside the bulk of transparent materials allowing to control the
formation of microstructure across the volume of the material. This can

achieve interesting optical properties.
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Vii.

viii.

Some light reflects back when incident on the optical diffuser. Therefore,
coating an optical diffuser with an optical coating may reduce the reflection
of light, and thus improving the transmission of light efficiency.

Polishing the surface of diffractive optical devices after laser machining can
eliminate the unwanted burrs from laser scanning path resulting in no light

scattering.
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