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Abstract

Brillouin light scattering (BLS) and time-resolved Brillouin scattering (TRBS)
based imaging are new techniques used for imaging and characterizing cells. These
methods enable the observation of elasticity-related contrast with optical resolu-
tion and label-free operation. Phonon microscopy is a process that can detect
Brillouin light scattering (BLS) using laser-generated coherent phonon fields. This
approach is particularly appealing for imaging because, at GHz frequencies, the
phonon wavelength is sub-optical (approximately hundreds of nm). Previous re-
search has shown that an axial resolution up to 10 times higher than that of the
optical system used for the measurements can be achieved. However, the lateral

resolution is still limited by the optical systems.

In this thesis, a way to improve the lateral resolution by surpassing the optical
diffraction limit is proposed by using multiple designs of optoacoustic lenses to
achieve GHz coherent phonon pulse focusing. These optoacoustic lenses are de-
signed to generate a focusing sound field when a pump light illuminates them,
and then the probe beam allows the sound field to be continuously monitored in
time using TRBS. A numerical model based on the Fourier-Bessel angular spec-
trum method is used to simulate the distribution of the optoacoustically generated
sound field, and the model suggests that a focused acoustic beam down to approx-

imately 200 nm and an increased acoustic intensity are achievable.

v



A significant portion of this work is devoted to the design and nanoscale fabrication
of these lenses, along with detailed simulations that explore their acoustic and
optoacoustic properties. These lenses, which include flat Fresnel zone plates and
concave structures, are engineered to potentially enhance the lateral resolution
in TRBS systems beyond the constraints imposed by optical diffraction limits.
The thesis also presents proof-of-concept experimental results that demonstrate
the strong focusing effect of these lenses, a crucial step toward their application
in high-resolution acoustic microscopy. While full-scale imaging has not yet been
realized, these initial findings are promising, indicating the potential of these lenses

to achieve superior lateral resolution in TRBS.

Furthermore, this research provides a foundation for future studies to integrate
these lenses into TRBS systems for enhanced imaging capabilities, particularly
in fields where non-invasive and high-precision observation is essential, such as
in biological cell imaging. The thesis encapsulates not only the theoretical and
experimental advancements in the field of acoustic microscopy but also lays the
groundwork for further exploration and potential applications of these optoacous-

tic lenses in overcoming resolution barriers in TRBS.
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Chapter 1

Introduction

This thesis addresses a critical challenge in time-resolved Brillouin scattering
(TRBS) techniques: the limitation in lateral resolution. The core of the research
lies in the development and characterization of innovative optoacoustic lenses, de-
signed to focus coherent phonon fields at GHz frequencies. These lenses, which
include flat Fresnel zone plates and concave structures, are engineered to enhance
the lateral resolution in TRBS systems beyond the constraints imposed by optical

diffraction limits.

Furthermore, this research provides a foundation for future studies to integrate
these lenses into TRBS systems for enhanced sub-optical imaging capabilities,
particularly in fields where non-invasive and high-precision observation is essential,

such as in biological cell imaging.



1.1. MOTIVATION

1.1 Motivation

In the realm of cellular biology and medical diagnostics, the visualization and char-
acterization of live cells are imperative for progress. Yet, the process is fraught
with obstacles due to the small size and sensitive nature of cells. Traditional imag-
ing techniques, such as fluorescence microscopy, rely on fluorescent labels that can
disrupt cellular function. Additionally, Electron Microscopy is incompatible with
live specimens, and Atomic Force Microscopy (AFM) is invasive and restricted in

application scope.

The utilization of phonons, which are quantized sound waves, offers an alternative
path that circumvents the issues associated with high-energy photons. Techniques
like medical ultrasound and acoustic microscopy have already demonstrated the
potential of sound-based imaging at lower frequencies. The quest now is to use

shorter acoustic wavelengths for non-invasive, high-resolution cellular imaging.

Opto-acoustic systems, specifically photoacoustics, have emerged as a viable so-
lution. These systems convert light into sound, allowing for imaging without the
need for invasive labels. However, photoacoustic microscopy faces limitations at
the cellular level due to its dependency on the specimen’s inherent photoacoustic

properties.

There is a compelling need for novel methodologies to generate and detect phonons
with precision. The burgeoning field of cellular biomechanics has been propelled
forward by innovations in Brillouin scattering-based techniques, which offer en-
hanced lateral resolution and specificity. These advances have paved the way for

new applications in single-cell and tissue mechanics imaging.

Despite these advancements, the resolution in conventional Brillouin microscopy

is still limited by diffraction limits, restricting the potential for sub-optical reso-



1.2. THESIS STRUCTURE

lution imaging. Phonon Microscopy, using Picosecond Laser Ultrasound (PLU)
to capture Time Resolved Brillouin Scattering (TRBS), offers superior axial res-
olution due to shorter acoustic wavelengths in the GHz frequency range. Yet, its

lateral resolution remains limited by the optical system used for detection.

This thesis addresses the challenge of optical diffraction in TRBS techniques by
innovating the design and implementation of nano- and micro-scale optoacoustic
lenses that can work in GHz range. By refining geometric focusing mechanisms
through the application of Fresnel zone plates and concave lenses, this thesis aims
to enhance the resolution of coherent phonon fields generated by ultra-short laser

pulses.

This work lays the foundation for sub-optical 3D mechanical imaging, which
promises to significantly elevate the lateral resolution capabilities of Phonon Mi-
croscopy, providing a label-free, biocompatible imaging tool that may revolutionize

our understanding of cell biology and disease pathology.

1.2 Thesis structure

A brief description of each chapter is as follows:

e Chapter 1 introduces the problem and motivation of this research and some

general background knowledge.

e Chapter 2 presents a detailed background of the problem aimed to be solved
in this thesis as well as more discussion of the proposed solution and objec-
tives, and also the modelling methods that are used to obtain the optical and
mechanical response of optoacoustic transducers. A Fourier-Bessel angular

spectrum method is also introduced to simulate the acoustic fields. Finally,
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the nano/micro fabrication techniques used in this thesis are also discussed.

e Chapter 3 shows the design and fabrication of lenses, the experimental setup,

the signal processing methods.

e Chapter 4 describes the main results of this work. This includes simulation
and experimental results for both Fresnel Zone plate and concave lenses with

different focus.

e Chapter 5 discusses preliminary results have been achieved in different di-

rections using the lenses and also presents the projects I have participated

and published.
e Chapter 6 discusses potential areas for future research.

e Chapter 7 summarises the work which has been presented in this thesis.

1.3 Imaging beyond optical diffraction

This section is dedicated to the study of imaging techniques that can perform
imaging ability beyond optical diffraction. The aim is to simply present existing
imaging techniques relying on different physical mechanisms that can break the

natural diffraction limit.

Firstly, resolution of an imaging system are discussed, then few most common
super resolution techniques, such as scanning electron microscopy (SEM), scan-
ning transmission microscopy (STM) and atomic force microscopy (AFM) are
presented, flowing which are optical super-resolution microscopy based on fluores-

cence microscopy, with special interests in their bio-comparability.



1.3. IMAGING BEYOND OPTICAL DIFFRACTION

1.3.1 Resolution of imaging system

In 1873, Ernst Abbe, discovered that optical resolution is inherently constrained
by light diffraction. This principle dictates that the resolving ability of optical
instruments like microscopes is bound by the wavelength of light (A) and the
numerical aperture (N A) of the optics, limiting the minimum distinguishable dis-

tance between two points to A\/2N A.

This is then modified by Rayleigh adding a factor of 1.22 from the definition of
Bessel function of 1st kind, given the Rayleigh criterion defined lateral resolution

(the minimum distance between two separable source point):

A
d, =0.61— 1.1
06NA (1.1)

For the case of depth, the resolution is given by:

dy, = 2& (1.2)
For the depth resolution, NA? comes from the wavefront convergence effect, the
focusing ability in the axial direction depends on how much the wavefronts con-
verge. This convergence causes the axial resolution to scale with NA? because
the depth of focus decreases quadratically as NA increases. Shorter wavelengths
means better resolution. Practically, objective lenses can have a maximum NA of
~ 1.4 (in oil). For white light centred at 500 nm, a microscope can reach a theoret-

ical best resolution of ~ 250 nm and 500 nm for the lateral and axial resolutions,

respectively.

Though viewed as unbreakable barriers, recent advancements in imaging technol-



1.3. IMAGING BEYOND OPTICAL DIFFRACTION

ogy have now made it possible to circumvent this diffraction limit under specific
conditions, by using different physical mechanisms. In the following sections,
techniques utilising electron (SEM), scanning probe (STM and AFM) will be pre-
sented, and few optical super-resolution techniques (STED and STORM), working

for live cell imaging, will also be introduced.

1.3.2 Scanning electron microscope (SEM)

Electron microscopy uses accelerated electron beams to scan the surface of samples.
Ernst Ruska’s “Nobel lecture” [1] provides an inspiring account of how the electron
microscope was invented, driven by the desire to surpass the resolution of light
microscopes. In fact, electron acceleration enables the achievement of significantly
shorter wavelengths, below the nm scale, when typical light wavelengths range
from UV to NIR [200 - 1000] nm. Several characteristics of a sample surface, such
as its geometry or topography (the size and form of the materials making up the
surface) and other attributes (crystallographic orientations or physical/chemical

qualities), can be accessed using a scanning electron microscope (SEM) [2].

The electron source is the initial component of a SEM. Electrostatic and elec-
tromagnetic lenses are used to regulate the electrons’ energy and beam diameter
in order to generate a controlled electron beam. Due to low beam current, low
electron beam diameters (nm radius) result in low contrast but great spatial res-
olution. Better contrast imaging is made possible by increased beam currents,
however this also results in an increase in beam size. Thus, a trade-off between

contrast and spatial (lateral) resolution needs to be made.

One of the primary limitations of SEM is the requirement for extreme vacuum to
be maintained throughout the apparatus, from the electron beam source to the

sample chamber, in order to prevent electron collisions with non-sample elements.
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The material to be investigated is exposed to the electron beam, and for the
interaction between the electrons and the material to occur, the substance must

be conductive (have an additional conductive layer).

The above constraints make SEM not suitable for biological related imaging but
still serve good perpose for the imaging of the micro/nano optoacoustic lenses
fabricated in this thesis, more about the use of SEM to check the fabrication

quality of lenses will be discussed in the Chapter 3.

1.3.3 Scanning probe microscopy (SPM)

Under the umbrella phrase “scanning probe microscopy”, a series of standard tech-
niques are reorganised to assess the structural, mechanical, optical, electrical, and
magnetic properties of a material’s surface. The first one uses scanning tunnelling
microscopy (STM) [3], which works by creating a tunnelling effect between a con-
ductive material’s surface and a sharp metallic point known as the probe Figure
1.1 (a). The conducting material’s surface is approached close to (a few angstrom
above) the atomic-scale tip, and a very localised tunnelling effect may happen
if a voltage is created between the tip and the surface. The tip/sample surface
distance is closely correlated with the likelihood of electrons tunnelling over the
potential barrier between the tip and the surface. Next, a scan (raster scan) can
be performed, which allows the sample surface to be mapped as precisely as pos-
sible by measuring the current flowing through the tip at various points (but a set
height). In the most exact configurations, the size of the tip at the apex — which

can be as small as one atom — controls the lateral resolution.

Following the initial tunnelling effect tests, the atomic force microscope (AFM)
was created, which operates on the same concept but with a different interaction

between the tip and the sample. The AFM measures the atomic forces between the

7
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Figure 1.1: Basic schematic illustration of the sensing mechanisms used in atomic
force microscopy (AFM) and scanning tunnelling microscopes (STM): (a) The
surface of a conducting material is probed using a sharp metallic tip in the STM
configuration by measuring the tunnelling current that is created between the
probe’s tip and the surface of the sample. (b) In the AFM scenario, the cantilever
with the sharp tip mounted on it is used to measure the atomic forces through the
cantilever’s deflections. In both situations, raster scanning is used to image the
sample surface and acquire nm lateral resolutions. Image reproduced from [4].

tip and the surface of the sample in place of the tunnelling current. A cantilever
has its tip at its free end, and the force applied to the cantilever fixes its deflection,
which alters the tip-surface distance. Using the AFM for raster scanning involves
measuring the cantilever’s deflections (displacements along the tip-surface axis)
as a result of the atomic forces detected at the tip’s apex Figure 1.1 (b). Laser
sensing is typically used to measure the small-scale displacements of the cantilever.
Scanning atomic forces has an advantage over tunnelling in that measurements can

be made in less constrained environments and even with non-conducting materials.

AFM is also a commonly used method for high-resolution mechanical measure-

ments. More details will be discussed in following mechanical imaging Section

1.5.
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1.3.4 Super resolution optical imaging

One important tool for cell imaging is fluorescence microscopy. The fundamental
mechanism of fluorescence is the absorption of light energy (a photon) by an in-
dicator, which is followed by the emission of some of this light energy (as another
photon) a few nanoseconds later. The released photon has less energy than the
absorbed photon since some energy is lost throughout this process. Compared
to light with a long wavelength (towards the red), light with a short wavelength
(towards the blue) has more energy. As a result, the wavelength of light emitted
from an indicator is typically longer than the wavelength of light absorbed (excita-
tion) [5]. This effect is employed in fluorescence microscopy to observe particular
molecules or locations within a given cell. Labels or fluorescence stain are used to

achieve this.

However, diffraction still limits the spatial resolution of a fluorescence microscope,
and the use of fluorescent labels has sparked questions regarding their potential

toxicity and the possible effects this could have on biological sample health [6].

Radiation of short wavelength can achieve greater resolution than the optical mi-
croscope (see equation (1.1)). Imaging techniques discussed in the previous sec-
tions has revealed cell sub-structures of fixed (dead) specimens with great detail.
However, if the sample is no longer live and functioning, its difficult to understand

how these sub-structures’ function.

However, Fluorescence microscopy based super-resolution techniques, with its abil-
ity to do live cell imaging (though with potential toxic labels), provides new poten-
tial for super-resolution live cell imaging. This kind of resolution can be obtained
by using nonlinear techniques, such as confining light emission to regions smaller

than a depth of focus or diffraction spot. Several methods, including stochastic
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optical reconstruction microscopy (STORM)[7] and stimulated emission depletion

(STED) [8], have been used to achieve super-resolution.

Stimulated Emission Depletion Microscopy (STED)

STED uses two lasers to overcome the light diffraction limit as shown in Figure
1.2. Two synchronised pulsed lasers excite and deplete the fluorescence. Since the
depleting laser is focused into a ring shape, the central area of the excitation laser
can thus remains unaffected. The area from which the fluorescence is emitted is a
little change in the laser’s illumination, and it is practically less than the excitation

laser’s diffraction limit.

Excitation

v 4

STED . | 1
. / {

Figure 1.2: Enhancement of spatial resolution using STED microscopy. It depicts
two wire-like entities marked with fluorophores represented by gray circles. The
application of STED introduces a doughnut-shaped light pattern that intersects
with the focal area’s excitation spot. This interaction causes a depletion on most of
the fluorophores within the doughnut area, denoted by yellow circles, effectively
silencing their fluorescence. Consequently, only the central fluorophores within
the doughnut emit fluorescence, indicated by a green glow, resulting in increased
imaging resolution.

Effective
Fluorescence

This technique has been used to image living cells with a lateral resolution of up
to 30 nm [8]. This method’s primary drawback is the high flux of laser light (per
pixel), which causes significant photo-bleaching (fluorescence loss) and may harm

the specimen.

10
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Stochastic Optical Reconstruction Microscopy (STORM)

By using multiple colours and three dimensions, Stochastic Optical Reconstruc-
tion Microscopy (STORM) combines the high-accuracy localization information
of individual fluorophores to reconstruct a super-resolution image. All of the flu-
orophores in a sample are fluorescent under a typical microscope, providing a
smooth image. But in the case of STORM, only a small number of fluorophores
are stochastically switched on at any given moment. After a while, these fluo-
rophores become bleached and enter the “dark state”. After that, a second group

of fluorophores randomly turns on.

_|_
.. .. .-l— +

Conventional Multiple rounds of stochastic Single Centroid Computer
fluorescence activation and localization of molecule localization rendered
microscopy: individual molecules image super-
fluorophores too resolution
close to resolve image

Figure 1.3: The process of creating super-resolution images using STORM meth-
ods. Reconstructing super-resolution photographs can be accomplished by re-
peatedly identifying the centroids of individual random fluorophores. Figure re-
produced from [9].

As seen in Figure 1.3, different fluorophores shift between light and dark states,
and only a small fraction is detected in each snapshot of an image. The ulti-
mate super-resolution picture is produced by plotting several of these snapshots

of various fluorophores.

11
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1.4 Acoustic-based imaging techniques

As early as the sixth century BC, when Pythagoras talked about the mathematical

features of instrument strings, people became interested in acoustics.

Ultrasound imaging is nowadays commonly used in many domains including med-
ical/biological imaging [10] and non-destructive testing of industrial components
for its non-invasive nature. To get acoustic images, ultrasound pulses are sent into
the thing being studied, like a patient or a wall made of concrete. A transducer is
used to send and record the pulses. Pulses are mirrored by the different interfaces
in the sample as they move through it. This could be the tissues and organs of
a patient or cracks and holes in concrete. By keeping track of the amplitude of
the pulses that are returned and/or the time between pulse echoes, you can learn

about the structure below the surface of the probe.

1.4.1 Ultrasound

Ultrasound imaging is a well-known clinical imaging method that gives real-time,
quantitative information about a patient’s anatomy and physiology. It is one of the
most common types of clinical imaging and is becoming more and more useful for
guiding interventional clinical treatments. This is because it doesn’t use ionising

radiation and is relatively affordable to purchase as well as maintain.

A sound wave travels through liquids as a longitudinal wave, which means that the
particles in the medium move in a way that is parallel to the sound wave’s prop-
agation direction. The sound waves transmit their energy physically by changing

the pressure variations on the particles.

The principles of acoustic physics (reflection, refraction, absorption, and scatter-

12
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ing) are used to create ultrasound images. The ultrasound that is used to identify
and describe various tissue types is attenuated as a result of these characteris-
tics. The attenuation coefficient describes how much ultrasound is attenuated. A
tissue’s acoustic impedance refers to how much resistance it provides to impede
the passage of an ultrasonic beam. The ratios of reflected and transmitted sound
waves are determined by the differences in the acoustic impedance of the two

media.

Snell’s law controls the angle of the reflected, or transmitted sound waves. De-
pending on the kind of material the transmitted wave passes through, its velocity
may be greater or lower than the incident wave. The wavelength shifts while the
frequency stays the same during the velocity change. The density and compress-
ibility (or stiffness) of the material have an impact on the ultrasonic wave’s velocity.
Because the frequency stays constant as the wavelength increases, the greater the
ultrasonic velocity, the lower the compressibility (or higher the stiffness), and/or

the lower the density.

1.4.2 Scanning acoustic microscopy

High frequency acoustic waves can be used in acoustic microscopy, offering high
resolution for subsurface inspection and making the technique a strong contender
to find hidden flaws in biological and elastic samples as well as opaque hard ma-

terials.

Sokolov introduced the use of acoustic microscopy in 1949, and high-resolution
imaging for examining the internal structure of non-transparent substances saw
a breakthrough in the early 1970s [11]. When compared to electron microscopy,
scanning acoustic microscopy (SAM) has the advantages of being quicker and

requiring less sample pretreatment [12].

13
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Figure 1.4: Schematic of a SAM, showing echo signals resolved in the time domain.
The echo signal from the surface of the sample is received at time point t; and
has an amplitude of A;, while the echo signal reflected from the sample-substrate
interface is received at time point ¢, and has an amplitude of A,. It is possible
to determine the specimen’s mechanical and elastic properties by calculating the
arrival time of each maximum and its corresponding amplitude. Image reproduced
from [13].

The echo signal from the surface of the sample is received at time point ¢; and
has an amplitude of A;, while the echo signal reflected from the sample-substrate
interface is received at time point t, and has an amplitude of A,. It is possible
to determine the specimen’s mechanical and elastic properties by calculating the

arrival time of each maximum and its corresponding amplitude.

A conventional SAM is made up of an ultrasonic emitting transducer, a mechanical
scanner and an image processor. As shown in Figure 1.4, the transducer plays an
important role as a lens with energy transfer function that delivers and focuses
the acoustic wave generated by the piezoelectric array and as a detector that also
accepts the echo reflected from the sample [13, 14]. When sound hits an object, it
can be transmitted (scattered at 0°), absorbed, reflected, or scattered (scattered
at 180°). The scattered pulses travelling in a specific direction can be detected. A
detected pulse alerts one to the existence of an object or boundary. The duration

required for an acoustic source to generate the pulse, for it to be scattered by an

14
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object, and for the detector to receive it, usually at the same time as the source,
is known as the pulse’s “time of flight”. Knowing the speed through the medium,
one can use the time of flight to calculate the inhomogeneity’s distance from the

source.

The location under investigation is allocated a value based on the measurement. A
small movement of the transducer (or object) is followed by another insonification.
Until the entire area of interest has been examined, this process is repeated in a
methodical manner. Frequently, an image of the object is created by assembling
the values for each point. The geometry or material composition of the object
determines the contrast that can be perceived in the picture. The physical scan-
ning resolution or the beam width (which is based on sound frequency, typically

between 1 and 1000 MHz) are the two factors that limit the image’s resolution.

Transducers utilized in standard ultrasound applications and Scanning Acous-
tic Microscopy (SAM) typically emit pulses in the MHz range, with correspond-
ing acoustic oscillation wavelengths on the scale of centimeters and micrometers.
Most of these transducers are based on electro-acoustic principles. However, the
resonance frequency generated by these piezoelectric transducers is inversely pro-
portional to the thickness of the piezoelectric element. As a result, the higher
the frequency, the more challenging and sensitive the fabrication and operation
of these transducers become. More details on how researchers pursue higher res-
olution (higher frequency & the coupling fluid used for sound transmission) will
be discussed in 2.3.1. High frequency acoustic pulses (opto-acoustic) of the GHz
range can be produced using laser pulses in order to get over this limit, and thus

pave the way to optical or even sub-optical resolution imaging.
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1.4.3 Photoacoustics

Thanks to “The Photophone” developed by A. G. Bell with assistance from S.
Tainter, the idea of an interaction between light, an electromagnetic wave, and
sound, an elastic wave, was first demonstrated experimentally at the end of the
19th century [15]. Bell first described the light-sound interaction known as the
photoacoustic phenomenon in a letter that was published in Nature in the 1880s.
Bell stated that “when a vibratory beam of light falls upon these substances (dif-
ferent metals being studied) they emit sounds.” But it wasn’t until the early 1960s,
when T. H. Maiman invented the laser (Light Amplification by Stimulated Emis-
sion of Radiation), that the photoacoustic effect made a significant advancement
[16]. In under three years, R. M. White used lasers to demonstrate the devel-
opment of elastic waves in materials, giving rise to the field of laser ultrasonics

[17].

The photoacoustic effect, also known as the optoacoustic effect, is the process by
which laser light is absorbed by a material and transforms into acoustic (elastic)
waves. Since the acoustic wave can alter the material’s optical characteristics lo-
cally, it is also possible to track the wave’s propagation using a laser light once
it has been introduced into the sample through the optoacoustic effect. This
acousto-optic interaction can thus be combined with the optoacoustic generation
to create multiple non-contact techniques for various applications, such as char-
acterising materials and non-invasive imaging, at scales typically unreachable for

conventional ultrasound techniques (using transducers).

For a photoacoustic microscopy (PAM) system, optical excitation and acoustic
detection are the basic configurations. The PA signals, i.e. the acoustic waves,
are generated by optical absorption of the target. Both the optical excitation

and ultrasonic detection are focused down to a small region of a sample. There
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two types of PAM systems: optical-resolution (OR-PAM) or acoustic-resolution
(AR-PAM), depending on whether the optical signal or ultrasonic signal is more
tightly focused as shown in Figure 1.5.

Optical excitation Optical excitation

(a) (b)

rasonic detection

Ultrasonic detection

Ult

Figure 1.5: Two types of Photoacoustic microscopy systems. (a) Optical-
resolution photoacoustic microscopy (OR-PAM), (b) Acoustic-resolution photoa-
coustic microscopy (AR-PAM). Image reproduced from [18].

The lateral resolution is determined by the overlap of the dual foci from both the
optics and ultrasound, and the axial resolution depends on the photoacoustic wave
wavelength. Typical PAM is capable to achieve a lateral resolution of tens of um
and an axial resolution of hundreds of um. These resolutions are capable to get
an imaging depth up to 1 mm, which is the maximum achievable depth due to the

optical diffusion limit [18].

The dual foci’s overlap determines the lateral resolution, and the photoacoustic
wave bandwidth determines the axial resolution. Achieving an axial resolution
within hundreds of ym and a lateral resolution within tens of um is the norm.
The optical diffusion limit allows for an imaging depth of up to 1 mm, which is

the maximum depth at which these resolutions can be achieved.
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1.5 Mechanical imaging of cells and tissues

Mechanical imaging and characterization present compelling alternatives to opti-
cal imaging. The correlation of cells’ elastic properties—such as elasticity, speed
of sound, and strain—with essential cellular processes, including mitosis and mi-
gration, remains largely unexplored at the sub-cellular level. Consequently, there
is a growing interest of research focused on characterizing these properties through
standard mechanical testing and developing imaging techniques based on mechan-
ical contrast. For example, the test of detaching or deforming a cell have been
measured using techniques such as optical trapping [19] and atomic force mi-
croscopy (AFM). Meanwhile, AFM [20], together with Brillouin microscopy [21],

also provide ways to perform mechanical imaging of cells.

1.5.1 Optical trapping

Optical Trapping, also known as Optical Tweezers (OT), based on a concept
outlined by Arthur Ashkin in 1986 that later earned him the Nobel Prize in Physics

[22, 23], is a technique that uses light to hold a particle or an object in place.

The shape of the target can cause the laser beam to scatter when it is aimed at
a particle, cell, or other microscopic object. This scattering reflects a shift in the
light’s momentum, which causes an object to experience force (Newton’s third law
of motion). The target is trapped in the beam’s focal point by this force, giving the
microscopist exceptional precision over the target’s x, y, and z positions. Figure
1.6 illustrates this idea. Using several beams and adjusting their focus locations

allows precise three-dimensional object movement control.

Measuring the mechanical properties of cells through optical trapping is of great

interest due to its non-contact nature and capability to adjust force by varying
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Figure 1.6: The optical trapping mechanisms. (A) A tiny spherical bead in close
proximity to a laser with high focus. The bead moves towards the highly focused
area of the beam due to the net scattering of light from this laser, as shown
in (B, C). The two light rays scattering through the sphere and their motion
(red arrows). The bead moves towards the direction of the brightest light when
it scatters because of the stronger change in momentum brought about by the
brighter light (intensity shown by the chart below). Image reproduced from [24].

laser power. This allows for defined study into the biomechanics of complex yet

regular shapes such as cell membrane surfaces.

1.5.2 Atomic force microscopy

Nanoscale imaging is the main application of the AFM microscope, however it
can also be used to probe the stiffness of surfaces. The basic working principle
has already been discussed in the previous Section 1.3.3: The cantilever has a
laser pointed at its rear, which is then detected using the knife-edge method. The
cantilever then moves up and down in response to the scanning surface as the
tip is scanned. Topology or stiffness can be measured by calculating the optical

intensity detected, which is proportionate to the cantilever detection [25].

Elasticity in formation can then be estimated by measuring the forces applied in

19



1.5. MECHANICAL IMAGING OF CELLS AND TISSUES

all axes to the surface, causing deformations. Employing this approach, it has been
discovered that the elastic properties at specific points within cells vary distinctly
between healthy and cancerous cells [26]. The pressure exerted by the AFM probe
can be invasive to cells, potentially leading to alterations in their morphology or
function. Thus to perform imaing of cells using AFM requires special treatments
to the sample. For instance, by using a fixing method, researchers managed to
image various type of cells including kidney cells, cardiomyocytes and broblasts
[27]. However, though with a high resolution, the AFM is still constrained to the

vicinities of the surface.

1.5.3 Brillouin microscopy

It’s around 100 years anniversary since the discovery by L. Brillouin and L. I.
Mandelstam of the scattering of light by an elastic (acoustic) disturbance [28, 29].
Brillouin light scattering (BLS) is the result of an inelastic interaction of light and
inhomogeneities (e.g. density fluctuations) within a material. The inhomogeneities
giving rise to the scattering are fluctuations in the dielectric or magnetic properties

of a material that have the same effective wavelength as the optical wave.

An inelastic scattering event gives rise to either a Stokes shift, where the photon
loses momentum to a phonon, or an anti-Stokes shift, where the photon gains
momentum from a phonon. Both Brillouin Stokes and anti-Stokes shifts can be
measured as Brillouin frequency shifts using a spectrometer or a fast CCD (Fig-
ure 1.7). The frequency shift of the scattered photon is related to the mechanical
properties (such as sound velocity) and optical properties (such as refractive in-
dex) of the sample. One way to understand this process is to consider the sound
wave in the material as producing a periodic modulation of the refractive index,

which scatters light. Since this modulation propagates at the speed of sound, the
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Figure 1.7: Brillouin scattering in heterogeneous biological samples: Acoustic
waves propagating in the longitudinal (axial) axes are inelastically scattered from
monochromatic laser light. In general, there is a high Brillouin frequency shift
when light is scattered off solid materials (like collagen fibres; top). By compar-
ison, the spectrum originating from the liquid-like cytosol (bottom) has a bigger
linewidth, indicating a more viscous medium, and a lower shift, suggesting a less
rigid material. Tmage reproduced from [21].

scattered light undergoes a Doppler shift in frequency. Brillouin light scattering
measures these GHz fluctuations over a length scale defined axially by the opti-
cal wavelength and transversely by the illumination and collection geometries, in
conjunction with the phonon propagation length in the medium. The resulting
measurement, known as the Brillouin frequency, serves as an indicator of the speed
of sound to refractive index ratio in the medium. More simply, it can be inter-
preted as analogous to an elastic stiffness, where stiffer materials exhibit higher

Brillouin frequencies, as shown in Figure 1.7.

This technique provides a non invasive way to measure and image sub-surface
mechanical properties of cells with high resolutions. More background will be

discussed in the following background chapter (section 2.1.1) with more details.
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1.5.4 PLU based microscopy

PLU based microscopy, by using Picosecond laser ultrasound (PLU) based time-
resolved Brillouin scattering, offers imaging of opto-acoustic properties with opti-
cally limited lateral resolution and axial resolution limited by acoustic wavelength.
It uses an ultrashort pulsed laser to generate a coherent strain pulse (coherent
phonons) from a thin metal transducer (usually a Ti layer over 100 nm for biologi-
cal samples), followed by a second laser pulse to detect the strain as it propagates
through the sample, which is transparent to the probe laser wavelength. Generat-
ing of coherent phonons significantly enhances the scattering efficiency compared

to spontaneous Brillouin scattering [30, 31, 32, 33, 34, 35].

The method known as picosecond laser ultrasound (PLU) has long been used to
observe ultra-fast acoustic events. PLU is also capable of accessing Brillouin Light
Scattering (BLS) by temporally resolving the propagation of a coherent phonon
field generated by a laser. Time-Resolved Brillouin Scattering is the term used
to describe this process (TRBS). The Doppler shift can typically be neglected in
TRBS because the speed of acoustic phonons is too small relative to the speed
of light for the Doppler effect to produce significant measurable shifts in the op-
tical signal, allowing it to be safely ignored in time-resolved Brillouin scattering

experiments.

Researchers also use picosecond acoustic interferometry and time-domain Brillouin
scattering to refer this process. The wavelength of the TRBS signals is less than
that of visible light, and they are usually in the GHz frequency range. This offers
a chance to image with contrast related to elasticity, with the assumption that
for a biological sample in which refractive index and photoelastic coefficient are
considered not to vary much between different part of a cell, maybe leading to

sub-optical acoustic resolution imaging.
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Phonon microscopy

With special designed thin film transducer and experimental configurations, Phonon
microscopy - one of the PLU based microscopy - has been proven to produce 3D im-
ages of biological cells in culture medium with sub-micron resolution, with phonon
resolution in the axial direction [36, 37, 38]. The lateral resolution is currently
constrained by the optical system used to perform the measurements. This limi-
tation forms the basis of this thesis, which aims to enhance the lateral resolution
of existing Phonon microscopy techniques. More detailed background and theory

of Phonon microscopy will be discussed in following background Section 2.2.1.

PLU based microscopy powered new insights into cell biology

A range of time resolved Brillouin scattering (TRBS) based technologies, includ-
ing Phonon microscopy, provide the ability to measure and image subcellular me-
chanical properties inside both plants and animal cells that were previously not
accessible with conventional methods, and provide new approaches to answer more
challenging cell biology questions. 3D imaging of single cell or subcellular struc-
tures of bovine aortic endothelial cells, fat cells and 3T3 fibroblast cells have been
reported [32, 39] with both single-layer metallic transducer design and Fabry-Perot
cavity transducer design. Also, a study [40] looking at a mitotic macrophage-like
cell demonstrated that combined measurement of both the hypersound propa-
gation inside a cell, and of the hypersound reflection at the metal/cell adhesion
interface, give access to the Brillouin frequency, cell thickness, interfacial stiffness

and cell mass density for multiple imaging in a single run of experiment [40].
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1.6 Focusing of acoustic fields

Focusing the acoustic energy produced by piezoelectric transducers (PTs) or opto-
acoustic transducers into a particular region is crucial for both industry and med-
ical research. Research on acoustic focusing has led to various applications such
as non-destructive testing techniques and many medical related therapeutic tech-
niques [41]. Ultrasound waves excited by curved PTs are capable of transmitting
and focusing energy inside a body for medical purposes such as diagnostic sonog-
raphy. Meanwhile, optoacoustic transducers also have great application in field
like photoacoustics, allowing higher imaging resolution. Apart from single element
transducers, focusing of acoustic fields can also be achieved by using a electrical
array, thus with more precise control of the source field and also achieve more

complicated focusing effect, such as multi foci.

1.6.1 Geometric focusing and acoustic lenses

Using an acoustic lens or focusing geometrically using a concave transducer are
the two most basic ways to create focus. When the transducer is powered for
geometric focusing, the transducer surface is configured so that each point on the
surface is the same distance from a desired focal point. This produces substantial
constructive interference at that location (Figure 1.8 (a) [42]). For a lens, a flat
transducer surface is attached to a shaped profile that has a sound speed that
varies from the coupled medium. A single point of focus for the sound is achieved
by varying the thickness of the lens throughout the surface (Figure 1.8 (b) [43]).
The benefit of both approaches is that just one driving signal is required. However,
it is not feasible to generalize to multiple foci or random fields due to the fixed

focal position.
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Figure 1.8: Illustrations of different types of focusing: (a) Geometric focusing,
(b) By using an acoustic lens, (¢) Electronic focusing, and (d) Electronic focusing
for multiple foci. For the acoustic lens (b), the green line indicates the physical
structure of the lens. Image reproduced from [42, 43, 44].

1.6.2 Electronic focusing with phased array

Using a transducer array and electrical focussing is a more flexible method. This
is comparable to geometric focusing, with the exception that the driving signal to
each array element is delayed such that the signals they produce arrive at a target
focused point simultaneously, rather than physically shaping the source or using
a lens. As a result, a focus is created and constructive interference is produced
(Figure 1.8 (c)) [44]. One benefit of electronic focusing is the ability to flexibly
steer the focal position axially and laterally by adjusting the electrical delays. By
adding the driving signals for each focus, it is also possible to generalise it to the

simultaneous creation of many foci (Figure 1.8 (d)).

1.6.3 Photoacoustic transducers for novel applications

Photoacoustic films are used to make multiple types of transducers depending

on applications (Figure 1.9). The most common type of transmitters are planar
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ones, which are made of a transparent glass substrate with a thin layer of pho-
toacoustic coating on top (see Figure 1.9 (a)), because of the ease of fabrication.
Focusing transmitters made of a photoacoustic film coated on a transparent con-
cave substrate can generate high-amplitude photoacoustic pulses (Figure 1.9 (b))
[45, 46, 47]. The working frequency for [45] shows a lens with designed frequency
of 15 MHz and a lens profile diameter of 6 mm. Compared to planar transducers,
produced photoacoustic pulses from the concave surface in these focused trans-
ducers are concentrated on the focus, or the radius-of-curvature of the concave

surface, and have very high pressure amplitudes [48].

(a) () (<) (d)

Light . O

[ -
-

Optical Aber -

Figure 1.9: Photoacoustic transducers. (a) A planar transducers consisting of a
thin photoacoustic layer on top of a transparent substrate. (b) Focused transducers
composed of a thin photoacoustic layer coated on a transparent concave substrate.
(c) Planar fibre-optic photoacoustic transducers with a photoacoustic coating on
the tip of an optical fibre. (d) Focused fibre-optic photoacoustic transducers having
a photoacoustic layer coated on the curved transparent surface attached to the tip
of an optical fibre. Image reproduced from [48].

One can realise a highly miniaturised flexible photoacoustic transmitter thanks
to recently developed nanocomposites’ efficient photoacoustic generation. This is
because high-amplitude photoacoustic signals can be obtained with a small area
of photoacoustic composites, such as a composite on an optical fibre (diameters
smaller than 1 mm) (Figure 1.9 (c¢)). Such miniaturized photoacoustic transducer
is desirable for imaging and therapeutic applications, e.g., minimally invasive sens-

ing applications or endoscope applications. One can integrate optical fibre-based
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transmitters with a focusing scheme (Figure 1.9 (d)) [48].

Given the success of optoacoustic lenses operating in the MHz range, it is a nat-
ural progression to investigate whether these structures can function effectively
at GHz frequencies. However, at such high frequencies, Photoacoustic (PA) sig-
nals attenuate rapidly, necessitating the use of alternative techniques. Picosecond

Laser Ultrasound (PLU) operates within this GHz range.

To generate GHz ~ THz, ultrafast laser pulses are used. Multiple microscopic
mechanisms are involved in the photo-generation processes of GHz to THz CAPs.
Deformation potential (DP) mechanism, the thermoelasticity (TE), the inverse
piezoelectric effect (PE) and the electrostriction all contributed in the photo-
generation process of sound [49]. The thermoelasticity generation is of the great
interests in this thesis, more details will be discussed in the following background
section 2.2.3. If GHz optoacoustic lenses can be effectively implemented, they
have the potential to enhance the lateral resolution of PLU systems, which are

currently limited by the capabilities of the optical system.

1.7 Discussion and Device concept

Even though acoustics has been used for a long time to see and find things mil-
limetres or larger, it has a lot of potential for very high resolution imaging at the
microscopic or even nanoscopic level. In most common materials, from metals to
soft biological tissue, the speed of sound is five orders of magnitude slower than the
speed of light. This means that sound waves carry a lot less energy. When short
wavelengths are needed for high resolution imaging, this is especially important.
In optics, this problem causes the well-known effects of biological phototoxicity,

especially for wavelengths in the near ultraviolet (NUV) or shorter part of the
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electromagnetic spectrum. It has also led to a wave of fluorescent label-based su-
per resolution imaging techniques, which we talked about in the introduction. In
acoustics, on the other hand, it has been very hard to make and find sound waves
with wavelengths (and therefore resolution) that are the same as NUV photons. A
lot of different piezoelectric and photoacoustic techniques have been created over
the years that easily show how acoustic focusing works, even though they only
work at frequencies of a few megahertz, which means that the spatial resolution

is only ~ 1 mm.

Sound waves and high frequency piezoelectric transducers were used in scanning
acoustic microscopy (SAM), which made it possible to take pictures with a high
level of detail and showed that the method worked on different types of cells. There
were, however, some problems with this collection of techniques. First, acoustic
wavelengths can be shortened to ~ 100 nm by using piezoelectric transducers with
higher frequencies, such as those in the GHz range. Wavelength and resolution
decrease as frequency (f) increases, but attenuation of waves in watery tissue
increase with f2, which means that there are too many losses and the acoustic
path lengths are too short. To get around this, lower frequency transducers (e.g.,
~ 100 MHz) can be used if the sample’s sound velocity is slowed down. This
can be done by freezing the specimen, which limits the technique’s use in biology
(more details about sound focusing in SAM will be discussed in the Background

chapter 2.3.1).

New developments in optically-driven acoustic methods, like photoacoustics and
laser ultrasound, have helped solve some of SAM’s earlier problems. Photoacoustic
generation of sound waves makes it much easier to design and build transducers
because photoacoustic transmitters don’t need to be connected to electricity and
are more resistant to optical excitation than their fragile piezoelectric counter-

parts. These improvements have sparked new interest in making acoustics with
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wavelengths below a micron. However, this method had problems with mechanical
instability and a low signal-to-noise ratio. This was partly because the acoustic
field attenuates as it moves towards and away from the object being imaged, re-

sulting in a low amplitude.

Time resolved Brillouin scattering (TRBS) is a method that uses inelastic light
scattering to beat the attenuation of SAM-based methods by a factor of two. In
TRBS, an acoustic field that moves directly through the material causes a change
in the refractive index, which scatters light in the form of a probe laser beam. This
means that GHz frequency phonons can be detected without touching anything
and without the need for long path length pulse-echo setup. This helps to lessen
the effects of acoustic attenuation in some ways and opens the possibility of 3D
imaging. In microscopy, TRBS has been used to show label-free high contrast

mechanical imaging over a variety of biological and solid-state samples.

The research presented in the thesis focuses on addressing the critical challenge
of optical diffraction in time-resolved Brillouin scattering (TRBS) techniques by
innovating the design and implementation of nano- and micro-scale optoacoustic
lenses. These lenses, as shown in Figure 1.10), including flat Fresnel zone plates
and concave structures, are engineered to enhance the lateral resolution by focusing
the coherent phonon fields generated by ultra-short laser pulses in TRBS systems

beyond the constraints imposed by optical diffraction limits.

This work lays the foundation for sub-optical 3D mechanical imaging, which
promises to significantly elevate the lateral resolution capabilities of Phonon Mi-
croscopy, providing a label-free, biocompatible imaging tool that may revolutionize

our understanding of cell biology and disease pathology.
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Figure 1.10: Basic device concept: multiple geomatical design over glass substrate,
including transducer with flat, Fresnel zone plate design and concave structures.
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Chapter 2

Background & Modelling

The initial sections delve into Brillouin scattering, laying the groundwork for its
theory and practical use in microscopy. The narrative then transitions to the
convergence of acoustics and optics through picosecond laser ultrasound, cover-
ing aspects such as optical modelling, sound generation and propagation, and
the optical detection of Time-Resolved Brillouin Scattering (TRBS). Moreover,
the chapter discusses enhancing TRBS imaging with picosecond laser ultrasound

techniques.

Subsequent sections focus on the mechanisms of light and sound focusing, detailing
the use of Fresnel zone plates and concave lenses for directing waves. The chal-
lenges associated with other acoustic-based imaging techniques are thoroughly ex-
amined. Further analysis introduces the Fourier-Bessel angular spectrum method

(FBASM), showcasing the model setup and techniques for radial propagation.

The chapter also delves into nano-fabrication techniques pivotal to these explo-
rations, highlighting electron beam lithography and focused ion beam methods as

critical for crafting structures that enable sophisticated control of sound waves.
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2.1. BRILLOUIN SCATTERING

2.1 Brillouin scattering

Brillouin light scattering (BLS) is the result of an inelastic interaction of light and
inhomogeneities (e.g. density fluctuations, thermally excited ultrasonic waves)
within a material. The first experimental observations were published by Leon

Brillouin in 1922 [28] and Leonid Mandelstam in 1926 [29].

As mentioned in Section 1.5.3, Brillouin scattering occurs when the propagating
is scattered in a translucent solid or liquid media. The scattered light beam
experiences a frequency shift due to the movements of scattering element (e.g.

thermally excited ultrasonic waves - thermal phonons).

Two ways are commonly used to measure the Brillouin shift: spectrometry (Sec-
tion 1.5.3) or time resolved PLU measurements (Section 2.2). The scattered light
beam interferes with the reference beam in the PLU method. Brillouin oscillations,
a term used to describe the intensity modulation produced by this interference, are
resolved in time. And the Brillouin frequency fp can be calculated using Fourier

transform.

2.1.1 Brillouin microscopy

The advent of non-scanning high-resolution optical spectrometers has facilitated
the establishment of the field of Brillouin microscopy and imaging about 20 years
ago [50]. The need for label-free, contact-free techniques to assess the mechanical
characteristics of biomaterials at the cellular and subcellular levels is driving ad-
vancements in Brillouin microscopy. Figuring out the local biomechanics of cells
and tissues makes it possible to guess what will happen to cells and how tissues

will get sick.
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Brillouin microscopy relies on a process of inelastic scattering in which light inter-
acts with GHz acoustic waves at the frequency fg - named as the Brillouin light
scattering (BLS). The measured shift is dependent on the speed of sound and the

materials’ refractive index n (see equation 2.7).

Since the Brillouin scattering can only be observed on a transparent material,
which makes it very useful for studying polymers [51], semiconductors [52], and
biological tissue. This method has been used to gauge the sound speed of bone
[53], muscle [54], and eye tissue [55]. Among other things, it has been utilised to

image ex vivo biological cells [56] and the eye in vivo [57].
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Figure 2.1: Brillouin technology generated representative data: (a) fp and its
linewidth of gelatine versus polymer volume fraction. The theoretical values ob-
tained from the viscoelastic fit are represented by red triangles. (b) A live 3T3 cell
Brillouin microscopy image. The cellular nucleus is indicated by a dashed line and
a blue shadow, scale bar is 5 mum. (c), Brillouin images of a single cell and three
spheroids at different stages of growth (human breast cancer line MCF10CA1h),
scale bar is 25 um. (d) Cranial neural tube tissue of four embryos at different
culturing stages. The neural plate region is delineated by a red dashed line, scale
bar is 50 um. (e) live nematodes at three larval stages (L2-14) and two adult
stages, scale bar is 50 um. The gonad is shown in magnified detail in the insert,
scale bar is 25 pum. Image taken from [50]

More recently, more to cell imaging as shown in Figure 2.1 (b), faster and better

SNR enables the “real-time” checking of samples, as shown in (c) - (e): (c) shows
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one cell and three spheroids at different stages of growth, (c) shows the frontal
neural tube tissue of four embryos at different stages of growth, (d) are Brillouin
pictures of live worms at three stages of development (L2-1.4) and two stages of

development (A and B) [50].

2.2 Picosecond laser ultrasound

Any innovative method that can yield more information is highly desirable given
the interest in cell research. Non-invasive imaging techniques are more pertinent
since they enable the study of cells in a living environment. Some drawbacks
from both the acoustic and Brillouin microscopy can be addressed by a technique
named time resolved Brillouin scattering (TRBS) based on picosecond laser ultra-
sound (PLU) and Brillouin scattering. This is an all optical method that uses the
pump-probe technique [58] to generate GHz ultrasound and detect using Brillouin
scattering. The scattering efficiency is significantly increased, usually four to six
orders of magnitude greater than that of Brillouin microscopy, by producing a
coherent acoustic pulse. Brillouin oscillations can also be resolved in-depth with
acoustic wavelength because PLU is a time-resolved technique. But at this point,
optical diffraction still limits the lateral resolution, necessitating the use of trans-

ducers. This thesis aims to address this issue.

Picosecond/femtosecond light pulses’ absorption by a medium has the ability to
create acoustic waves (coherent phonon field) in the gigahertz to terahertz range.
These propagation waves can be tracked using appropriately synchronized light
pulses. This technique, referred to as picosecond laser ultrasonics, offers a viable
tool for investigating the physical attributes of structures at the micron, or even

nanoscale.
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Figure 2.2: Sequence of events in picosecond laser ultrasonics. Image taken from
[59]

Photoacoustics and laser ultrasound share the same basic excitation mechanism
for a given material: (1) optical absorption, (2) heat generation, (3) thermal ex-
pansion and contraction, (4) which launches acoustic waves into the surrounding
environment. At depths of typically nm to um, subsurface structures or inhomo-
geneous regions beneath the surface have the ability to reflect back the acoustic
pulse to the surface. Figure 2.2 provides a schematic representation of this using

an opaque thin-film on a substrate as an example.
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Figure 2.3: Bragg’s law applied to the Brillouin scattering interactions.

In the strain regions with wavelength \,, the acousto-optic effect of an acoustic
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wave produces a grating, the optical field will scatter at successive positions of the
acoustic wavefront (see Figure 2.3). Therefore, just as with diffraction gratings,
the relationship between the acoustic phase and the optical phase will determine
whether the scattered optical wavefronts either constructively or destructively in-
terfere. In order for constructive interference to occur, a photon that scatters from
the first acoustic wavefront must have an N27 (integer value N) phase difference
with a photon that scatters from the second acoustic wavefront. Consequently
photon 2 travels an additional distance L (2d) compared with photon 1, which is

related to the acoustic wavelength A\, by:

L =2\, cos0 (2.1)

This requires that photon 2 acquires an additional phase that is an integer multiple

of 2m:

A¢p =nkL = [nk2X, cos @ = N27] (2.2)

where £ is optical wave factor and @ is the angle of incidence of the optical field with
respect to the acoustic field. It is an expression of Bragg’s law, which was originally
derived for predicting X-ray diffraction patterns. By simplifying the terms in the

brackets in Equation 2.2 with the following probe light wave equation:

2T

/\probe

k=

(2.3)

Bragg’s law can be alternatively expressed as:
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/\probe
= — 2.4
2n cos 0 (2:4)

where Ajobe is the optical probing wavelength and for the case of the fundamental
diffraction order (N = 1). Also by knowing the relationship between the Brillouin

frequency, acoustic wave travelling with velocity v and the acoustic wavelength:

Ao = — (2.5)

the phase matching condition for Brillouin scattering between the optical and

acoustic fields can be written:

2nv

f5 =

cos 0 (2.6)

probe

For the special case of normal incidence, the expression reduces to:

2nv

fs =

P~ 27)
which relates the optical frequency shift to the optical wavelength and the material
properties refractive index and sound velocity. Given a coherent monochromatic
light source in the NUV-NIR range, and a typical biological material (e.g. n ~ 1.33
and v &~ 1500 m/s), the Brillouin shift and associated acoustic waves will be in
the GHz frequency range. Equation 2.6 serves as the central design equation for
any optical system that seeks to measure Brillouin scattering. It shows that by
choosing the optical probe wavelength, the incidence angle of the probe beam, and

a material with properties [n, v], that the system will be able to measure inelastic
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photons that have shifted by fg.

2.2.1 PLU based TRBS imaging

The scattering efficiency in Brillouin microscopy is very low, in about the range
of ~ 107 — 107'2. This is because only a few of the spontaneously generated
vibrations have the appropriate direction and frequency to be able to scatter with
a particular probing wavelength into the detector [25]. This means that when a
higher SNR is needed for imaging, large average power and long integration times
must be used. However, if a coherent acoustic field with the appropriate direc-
tion and frequency is generated instead of depending on spontaneously generated
vibrations, it will result in an increase in the amount of scattered light. This is
made possible by PLU and the pump-probe laser configuration. When the pump
pulse hits a metal film, it makes a strain pulse that moves across the film in a
way that is not parallel to the visual axis but perpendicular to the metal layer’s
plane. Part of the probe pulse is scattered from the coherent sound field when it
gets there. The rest of the beam is reflected in the transducer and interferes with

the light that has been scattered so that Brillouin oscillations can be seen.

When the material’s refractive index n is known, using PLU to measure the speed
of sound in translucent samples can be done directly. Similarly, if the density
is known, the elastic modulus can be determined. If the refractive index and
Brillouin frequency are examined concurrently, there is a significant opportunity
for quantitative measurements. Previously measurements have been reported over

polymer shells [60], semiconductors [61], dielectrics [62] and fixed biological cells.

In the early 2000s, sub-cellular scale single-point TRBS measurements were car-
ried out for the first time [63]. This was accomplished by placing onion cells on

top of a bulk titanium substrate that served as an optoacoustic transducer [64].
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The pump and probe pulses were directed through the top of the cell using a
high NA objective lens, which produced a ~ 1 um diameter spot for the thermoe-
lastic generation process and high spatial resolution. Since the probe field will
experience maximum modulation where the strain amplitude per unit volume is
maximised, the degree of overlap between the pump and probe spots overlap is
critical [65]. The microscope’s axial spatial resolution was adequate for measuring
TRBS in subcellular elements like the nucleus and vacuole. The first 1D scan-
ning of Brillouin frequency across onion cells was motivated by these preliminary
experiments, which suggested that TRBS could measure properties of biological

media related to viscoelastic behaviour [64].

As instrumentation continued to improve, the first images of cells using PLU soon
followed [31, 32]. The first most widespread transducer design is a single metal-
layer typically fabricated of Ti and with thickness > 100 nm [30]. The transducer
is usually fabricated onto a sapphire substrate, which along with the transducer
thickness, is meant to optimise thermal conduction following the pump-induced
heat rise. The pump beam is illuminated from the beneath the substrate/trans-
ducer and the specimen sit on top as shown in Figure 2.4 (a). Due to the thickness
of the transducer, the pump is absorbed within the first ten’s of nanometres of the
layer and generates a broadband phonon field with frequencies up to ~ 100 GHz.
This broadband packet then travels from the bottom of the transducer to the top
interface with the cell where it reflects and transmits into the specimen. In this

case, the probe is delivered from the top, made it go through the specimen first.

Imaging is performed by measuring the TRBS signal at a single position in the
cell, which is then scanned in x and y. Elasticity-related properties such as the
Brillouin frequency are attained by Fourier transforming the time-domain signal
into the frequency domain - then plotting all the pixels creating a 2D Brillouin

frequency map. Figure 2.4 (c)-(e) are some examples showing the imaging capa-
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Figure 2.4: Recently reported cell images using PLU. (a) One popular PLU con-
figuration. (b) Amplitude of the Brillouin oscillation signal on two different cells
Image reproduced from [32]. (c) (1) white-light image of a hMSC.(2) Fluorescent
image displaying the nucleus (blue), actin (green), and vinculin (red). Squares
represent areas that have been scanned using iPOM, scale bar is 20 um (3) Opti-
cal (top) and the acoustic (bottom) image of the nuclear region. (4) Optical (top)
and the acoustic (bottom) image of the lamellipodium. The acoustic images were
taken at 10 GHz, and the scale bar is 10 ym. Image reproduced from [31]. (d)
The optical image shows a typical early telophase orlate anaphase nuclear mor-
phology of bi-lobed structure, a single nucleus dividing into two daughter cells
of approximately 15 pm in diameter. (e) Map of Brillouin frequency. (f) The
acoustic impedance map at the Brillouin frequencies. Image reproduced from [40]

bilities of TRBS based techniques. These results, which display the contrast of the
cell’s internal features, have promising potential imaging capabilities of PLU-based

TRBS imaging.
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Phonon microscopy

State of the art transducer design for PLU-based imaging was limited to single
(quasi-bulk) layers of metal until the emergence of new design of transducer which
focuses on TRBS imaging and enables imaging of live cells, the technique, is named

as Phonon Microscopy.

Phonon Microscopy uses a transducer design consists of three thin film layers,
which are Au, ITO (indium tin oxide) and Au as shown in Figure 2.5 [66]. The
three layers form a Fabry-Perot cavity which can be designed to have a particular
optical transmittance and reflectance that depends on the cavity size (dielectric
thickness Hiro and metal thickness H,,) and the optical wavelength [25]. From
the optical transmission model described in Section 2.2.2, the transmission and re-
flection versus I'TO thickness (Hjro) for fixed Au layer thicknesses and wavelength

can be calculated as shown in Figure 2.5 (b) and (c).
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Figure 2.5: Device concept for the OAT in Phonon Microscopy. (a) The OAT
geometry is a nanometric Fabry Perot cavity consisting of two gold partial mirrors
spaced by the transparent material ITO. Both the pump and probe wavelengths
are incident from beneath the transducer. (b) Transmission spectra for pump
(NUV light). (c) Transmission spectra for probe (NIR light). Due to the partial
transparency of the cavity the probe beam is capable of performing TRBS and is
collected for detection above the specimen in this case. Image reproduced from
[67].

By carefully designing the thicknesses of the Au and ITO layers, the degree of

optical interference within the cavity can be controlled, this results in specific
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wavelengths resonating in the cavity leading to strong transmission and reflection
characteristics. Then we can achieve different design purpose for better cell imag-
ing capabilities, such as: maximise transmission of the NIR probe wavelength,
minimise the transmission of the phototoxic NUV pump to protect cell structure

and ensure high amplitude strain pulses generated.

Phonon microscopy was among the first techniques to report the successful imaging
of biological cells (3T3 fibroblasts) using PLU [36]. Compared with competing
TRBS-imaging techniques, the cavity produces heat at a much lower rate than
single Ti-layer transducers where NUV is delivered through the cell, and similar
heating characteristics to techniques where only NIR is delivered through cell. It
is also the first TRBS transducer technology to image living cells. Besides, it
was shown that the instantaneous Brillouin frequency along the signal time-of-

flight could be used to z-section the specimen with using sub-optical wavelength

phonons.

Amplitude (A. U.)
= —[¢)
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Figure 2.6: (A) Phonon microscopy applied to cardiac muscle cells (a,d), Tox-
oplasma gondii cellular infection (b,e), and stem cell differentiation into adipos
cells (c,f). (B) Reconstruction of time-resolved data of a 3T3 fibroblast cell using
Phonon microscopy. (a) is the averaged fp map. (b) Wavelet analysis in the
time domain was used to obtain the XZ cross sections extracted from (a), which
are shown by the dashed white lines. (c¢) Sound attenuation coefficient map. (d)
Sound amplitude map at t=0, scale bar is 5 um. Image reproduced from [68].

Though PLU-based TRBS imaging techniques are relatively young with the earli-
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est proof of concept being first demonstrated in 2015, applications of the technol-
ogy to many different types of cells have been done, including human mesenchy-
mal stem [31], osteoblastic, osteosarcoma, cardiac, 3T3 fibroblast [36], adipose
[37], Toxoplasma-infected cells, HeLa, Acanthamoeba castellani [69], and PC12
(neuron-like) [34]. Some of the result figures are shown in Figure 2.6. By only
extracting the Brillouin frequency signal, three key cell types with great applica-
tions in healthcare and biology are shown in set (A), though the interpretation of
the data is still challenging. Clearly imaging of sarcomeres is shown in (a) and
(d), a structure of fibres that muscle cell contains, gives measurement of elastic
behaviour, and thus might provide useful insights into both heart normophysiol-
ogy and heart disease. (b) and (e) show a cell infected with Toxoplasma gondii: a
cell-infecting parasite. (c¢) and (f) show a stem cell differentiating into an adipose
cell. Many of these experiments have quantified novel elastic signatures of the

nuclear mechanical network [70] or the process of encystation [69].

More worth noting here is that phonon imaging can also be achieved in 3D using
a fibre probe as shown in Figure 2.7. The fundamental working principle is similar
to Phonon microscopy, however, instead of the specimen sitting on a transducer,
a phonon probe is used to inject coherent acoustic phonons (CAPs) into a sample
and, using the optical Brillouin scattering effect, to measure the specimen’s vibra-
tional response, with all these procedures done using a 125 pm single mode fibre

with a 5 um core with an optoacoustic transducer sputtered on the tip.

One of the main challenges that faces PLU-based cell imaging is increasing the
acquisition speed of the instrumentation to allow real-time operation. Besides,
despite the true acoustic resolution resolved in time, the lateral resolution still
remain limited by the optics used to take the measurements, which is also the

main challenge this thesis trying to accomplish.
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Figure 2.7: Device concept, imaging and profilometry capabilities of fibre based
phonon microscopy. (A) Device concept. (a) & (b) show the experimental layout of
the phonon probe system. (c), (d) are measured TRBS signals and their FFT, the
transition in materials is observed. (B) (a) & (d) Optical bright-field images of the
scanned sample - Polystyrene microstructures. (b) & (e) Complete height of the
microstructures can be seen via optical profilometry, although there are artefacts
because of the objects’ optical inhomogeneity. (c) & (f) 3D reconstruction of height
for picosecond ultrasonic profilometry using the phonon probe. Image reproduced
from [71].

To address this challenge, this thesis proposes making nano/micron-scale optoa-
coustic lenses to focus coherent phonon fields and thus overcome the lateral reso-
lution limitation. To fabricate these nano/micron-scale structures, multiple nano-

fabrication techniques, including two-photon polymerization (TPP), nanoimprint
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lithography (NIL), electron beam lithography (EBL), and focused ion beam (FIB),
are reviewed and selected for fabrication purposes based on this thesis in the fol-

lowing Section 2.5.

2.2.2 Optical modelling

This section aims to find a solution for the electric field in an arbitrary transducer-
structure surrounded by arbitrary media at every point in one-dimensional. The
generation of elastic waves can be determined by modelling the transducer’s op-
tical absorption (Section 2.2.3), which can be done once the system’s fields have
been established. Additionally, the optical detection system can be propagated
through the system in time by solving for the electric fields throughout space.
The elastic behaviour of the material will be transduced into the optical detec-
tion system as this probe beam encounters modulations to the optical properties
of the structures (Section 2.2.4). These principles will specify how the device
(conventional flat optoacoustic transducers) this thesis suggests works, enabling

simulation and optimisation of its performance discussed in Section 3.1.1.

With complex exponential with amplitude E, that oscillates in space (e.g. z)
and time (t), monochromatic plane electromagnetic waves of frequency w can be

written in complex notation in the following form:

E = Eoei(kz:twt) (28)

As an incident optical wave (E; ) encounters a change in dielectric (non-magnetic)
material (from material 1 to 2) as shown in Figure 2.8, part of the field will reflect
(E,) and part will transmit (E;). According to the Fresnel equations [72, 73], when

an incident field is polarised tangentially (s-polarized) to the plane of incidence and
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n, index
v, velocity

interface

E;
Figure 2.8: Reflection and transmission of an electromagnetic wave at an interface
of two materials with different refractive index.
encounters a boundary, the ratios of the amplitude of the reflected and transmitted

wave with respect to the incident one are given as:

_ Eo,  nicost —nycost; (2.9)

ry = =
Eoi  nqcosb; + ngycos b,

E 2 0;
fo= 20 11 €08 (2.10)
E¢; nqcos6; + nycosb,

Similarly, the ratios for fields that are polarised in parallel with the plane of

incidence (p-polarization) are given as:

Eqo. ngcosf; —nycosb,
Ey  nqcosb, + nycosb;

(2.11)

Tp

_ Ey 2n, cos b;

t (2.12)

Eqo;  nqcos; 4+ ngycosb;

For the purpose of solving a one dimensional problem, with cosf; = cost; = 1,

the ratios of the incident and reflected /transmitted field amplitudes can be found

46



2.2. PICOSECOND LASER ULTRASOUND

as:

Ey, ny — N2
ry = = 2.13
Eo; N1+ No ( )

Eo; 2ny
— — 2.14
E Eoy ni+ng ( )

Ey, ng — 1M
T, = = 2.15
P Ey Ny + No ( )

E()t 277,1
— — 2.16
" Eoi ni+no ( )

Then using the transfer matrix method (TMM) as shown in Figure 2.9 and the
knowing Fresnel coefficients, we can now construct a way to solve the transmit-

tance and reflection of a multiple layer structure.

Layer O 1 2 N-1 N
Incident Transmitted
— —
normal_____Pg P1 P2 Pn-1 Pn
Reflected D
— 01 Di> Dz -:Dyoni Dyan

Figure 2.9: Reflection and transmission calculations in multilayer thin film struc-
ture using Transfer Matrix Method (TMM).

One transmission matrix D is used to describe the effect of an interface related to
the complex Fresnel coefficients for both parallel and perpendicular polarizations
ts, s, tp, Tp, for simplicity, only r and ¢ will be use in the following calculations.

Consider from layer 0 to 1, Dy, is given as [74]:
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Dy = — (2.17)

Another matrix - propagation matrix P - was used to include the propagation to
follow the optical path (6 = In, where n is the refractive index and [ is the path
length) induced to the beam on each layer(dy..dn). Consider the propagation in

layer 0, Py is given as :

e 0
Py = (2.18)
0 e %o
By using TMM, the transfer matrix M is then defined as:
mip M2
M = =DuPo...Dy_1xPxN (2.19)
Moy M2

Following this and the definitions for total reflectance R and transmittance T

[59, 65, 74], we get:

R="2 2.20
o~ (2.20)

1
T=— 2.21
o~ (2.21)

The subsequent sections show the outcomes of these computations, and they are
used to choose the material and thickness of the transducer layer, by modelling

the absorption of the pump beam, and the reflection of the probe beam (while
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using the reflection detection mode).

2.2.3 Sound generation and propagation

When the pump laser pulse is focused and absorbed by a pump-light-absorbing
material (opaque materials - primarily metals), the light energy is converted into
heat. This process generates an acoustic strain pulse, known as CAP (Coherent
Acoustic Phonons), encompassing a broad frequency range of phonons. Depending
on the power density of the pump laser light, two distinct CAP generation regimes

are observed: ablation and thermoelastic.

In the ablation regime, if the power density is sufficiently high, part of the illu-
minated surface undergoes vaporization, resulting in forces normal to the surface.
However, this process can damage the material being studied. On the other hand,
when the power density of the laser is below the ablation threshold, the sample
is heated without causing damage. In this lower-power regime, thermal stresses

become the source of strain, leading to the generation of CAP.

In this context, we focus on the thermoelastic regime. In this regime, the sample is
heated, and the resulting thermoelastic stresses are responsible for the generation

of the acoustic strain pulse (CAP), commonly known as ultrasound.

The generation of ultrasound using short light pulses allows to maintain low av-
erage powers while achieving high peak powers to produce distinct sound pulses.
Shorter pulses result in a higher concentration of energy in the form of higher

frequencies.

In order to generate high-frequency ultrasonic pulses, extremely fast optical pulses
are necessary. Directly measuring the energy contained in each pulse is challenging.

However, the total energy of a pulse, denoted as (), can be determined based on
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the average power:

(2.22)

where f, is the repetition rate of optical pulses (pulses per second) and P, is
the average power. The following relation can also be used to calculate the peak

power:

Ppeak = g (223)

where 7 is the duration time of the pulse. The energy density, which is the amount

of energy radiated over a given area, is another helpful measurement:

Hp = (2.24)

P
a
where P can either be the peak or average power and a is the irradiated area of a

laser spot, with a radius r, and a = 7r2.

The transformation of optical energy into heat is thought to occur instantaneously,
and is controlled by a delta function (§(¢)) that is centred on the moment the
pump arrives at the film’s surface. Furthermore, it is considered that the heat is
contained within a spatial region (below the film’s free surface) equivalent to the
pump laser’s optical penetration depth, or absorption length, (. The penetration

depth in metallic films is typically tens of nm.

To find the shape of the CAP pulse produced by thermal elasticity, we need to

first guess how the pump light absorption will change the thermal field distribution
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AT.

Complex refractive index is defined as the complex sum of the refractive index (n)

and extinction coefficient (k):

ny =n—ik (2.25)

where k stands for the absorption coefficient of the light in material and related

to the attenuation coefficient o as:

4
a= 1" (2.26)
Apump
which produces an absorption length (or skin depth) of:
T Apump
- _ _ [pump 2.27
¢ « 41k ( )

Note that the expression of the optical penetration depth stands for both the
pump and probe laser light. Taking into account these assumptions, the total
energy Qupsorbea absorbed by the film, along the depth axis of the film (z-axis,

with z = 0 the free surface and +z directed inside the film), is:

Qabsorbed = (1_a—f)CQ€Z/C (228)

with R the optical intensity reflection coefficient. This absorption of energy pro-

duces an instantaneous temperature rise AT (z) given by:
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AT(z2) = —Q“”gbw (2:29)

where C' is the specific heat per unit volume of the material (heat capacity). By

replacing the Qupsorbed i the above equation, we get the expression for AT'(z):

(1 — R)Qe—z/C

AT(z) = acC

(2.30)
The temperature elevation inside the film, causes the heated part of the sample to
expand with a characteristic linear (isotropic film) thermal expansion coefficient
B, by only consider the displacement in z-direction, the stress-strain relation in

the presence of a thermal stress is given by [59]:

0. = pov’n, — 3BBAT (%) (2.31)

where v is the sound velocity, py the material density B the bulk modulus. Giving
the displacement u, along the z direction (with 7, = Ju,/0z), leads to the strain

propagation equation for wu,:

0*u 5 0%u, v
z z —z/¢
o =V gm e e / (2.32)

with 79 from the boundary condition of z=0, ¢t=0, n,= 0:

_ 3BBAT,

pov?

Mo (2.33)

where the initial temperature rise is:
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ATy = “;C—?Q (2.34)

thus the initial strain becomes:

_3BB(1-R)Q _~(1-R)Q
o= aC'Cv?  ale?

(2.35)

with v = 3BB(1 — R)Q/C the Gruneisen parameter. Finally, solving all these

equations, the solution for the strain is given as [75, 59]:

n(z,t) = noe /¢ — % [E% +eTe sign (z — vt)] (2.36)

where sign correspond to the sign (or signum) function.

057

-0.57

Strain amplitude (A.U.)
o

0 10 20 30 40 50 60

time (ps)
Figure 2.10: Simulated strain pulse with gold. The geometry for this example is
a 150 nm gold layer preceded by a glass substrate and followed by water. The

unipolar strain pulse reflects at the glass/gold interface producing the bipolar
strain pulse over the first 60 ps.

These calculations allow the evaluation of the strain distribution and temperature
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rise caused by the energy absorption from a short laser pulse in a material. Figure
2.10 is an example of simulated strain generated by a pump pulse with a Apymp =
415 nm from a 150 nm gold thin film deposited over glass and followed by water.
The strain profile obtained with Eq. (2.36) highlights two properties: a progressive
decay, and a bipolar pulse. These strain pulse from thin metallic films come with
frequencies of GHz, and they serve good purpose for photoacoustic generation in

Brillouin region in this thesis.

The propagation of sound waves is governed by the wave equation [76]:

Pp  O*p 0% 1 0%p

(@ T o a_> - o (237)

with p the sound pressure, and v the speed of sound related to the B bulk modulus
(measure of material stiffness) and p the density:

V=

B
= (2.38)

Consider the simplest case of 1D propagation of plane wave along z-axis, the wave

equation Eq. (2.37) can be rewritten as:

9*p 1 0%p
L _ - 2P 2.39
022 w2 0t? (2:39)
The general solution of the above equation is:
p(z,t) = f(z —vt) + g(z + vt) (2.40)
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where f and ¢ denote arbitrary functions with existing second derivatives, f de-
scribes a pressure disturbance propagating at a speed v toward 4z, and g describes
a pressure disturbance propagating at a speed v toward —z. If consider a harmonic

function, plane waves traveling in the +z direction can be written as:

pla,t) = poe’“ =+ (2.41)

where pg is the pressure amplitude, w is the angular frequency, and the wave

o

number is k = ¥ = &,
v A

According to definition, the particle velocity v is:

_ @ez’(wt—kz) — Poitwt—kz) (2.42)
wp vp

A%

Then introduce the acoustic impedance Z which is the ratio of the acoustic pres-

sure P and the particle velocity v as follow based on equation (2.41) and (2.42):

ZOI

< IS

=pv=\/Kp (2.43)

For plane waves, the value of impedance Z depends only on the material con-
stants: density p and sound velocity v. This parameter plays an important role in

reflection and refraction at the boundaries of different media.

Sound waves transport the energy contained in the medium through which they
propagate. The energy content per unit volume is called the energy density. The
energy flow is characterized by the sound intensity I, which is defined as the energy

passing per second through an imaginary window of unit area perpendicular to
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the direction in which the sound waves propagate:

[=pv =22 (2.44)

where the overbar denotes a time average.

Acoustic impedance provides a measure of the acoustic transmittance Ty,,,q and

reflection R,ounq of waves travelling normally through an interface as:

47,7
Tsound: 122 2 (245)
(21 + Z5)
and
71— Zy\ 2
Rogund = | 22—22 2.46
d (Zl%) (2.46)

The greater the difference between the acoustic impedances of the two materials at
a boundary in the body the greater the amount of reflection. No reflection of sound

waves occurs when two media have the same characteristic acoustic impedance.

Similar to the optical case, sound also gets attenuated as it propagates through
media and it is important to include it in the model since the sound attenuation

in a fluid is very high for ultrasound. This loss of intensity is expressed as:

Lipss(x) = Tpe™oss? (2.47)

where z is the propagation distance and «y,4s is the attenuation coefficient which

is a material property that strongly depends on the frequency of the sound prop-
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agating through. Knowing the attenuation coefficient from experimental traces
then feed back to the simulation can help adjust the model to produce better

fitting simulation results.

2.2.4 Optical detection of TRBS

The generation of a coherent phonons or say acoustic pulse (CAP), by the ab-
sorption of the ultrashort pump light pulse, has been discussed in Section 2.2.3.
The experiment employed in this thesis is a pump-probe technique, relying on
a second time delayed probe laser pulse to monitor the propagation of CAP. To
be more specific, the time-resolved Brillouin scattering (TRBS) method is used
for detection. This technique permits the measurement of phonon travel through

medium both above and underneath the optoacoustic transducer layer.

The coherent acoustic phonons are photo-detected temporally by monitoring the

ultrafast transient changes of the detected optical reflectivity or transmissivity

AR AT

S5 - The pump can be considered as a trigger inducing only the conversion

process of the optical energy of the pump beam to mechanical energy [77]. Only
the transmitted or reflected intensity changes of the probe laser are collected by

a photodiode are considered for detection [68].

As the optical properties of the substrate are modified under the strain with a
depth penetration (, the interfered original and strain scattered probe beam al-
lows to get the phase ¢ and the amplitude A of the acoustic signal (through
photo-elastic coupling). Material strain causes perturbations in the electric field
permittivity [78], and thus modulate the reflection and transmission of the probe
beam. These modulations are recorded by using a photodetector and an oscillo-

scope with trigger from the asynchronous laser systems.
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The interaction between the probe light and strain results in transient changes in

the electric field reflectivity:

dr(t)

r

= —iC’/ n(t, z)e***dz (2.48)
0

where C' is a sample dependent complex constant proportional to the acousto-
optic (photo-elastic) interaction [75, 79, 33]. n(t, 2z) is the strain field along the z
direction already discussed in the previous Section 2.2.3. Equation (2.48) indicates
that transient changes in reflectance reveal the time-evolution of the strain pulse.
The interaction between light and strain pulse is quasi-static, with the strain pulse

evolving significantly slower than the interaction duration.

There exist several interpretations of Equation (2.48) that may provide a deeper
knowledge of the physical aspects of particular experimental realisations. Detailed
derivations are already deeply studied and published on several review/tutoring

papers from Gusev et al. [33, 80] and Matsuda et al. [59].

Based on the paper by Matsuda et al. [59], a MATLAB model was written to
simulate 1D time resolved Brillouin signal for multi layer structures. Figure 2.11
demonstrates using the PLU model to simulate TRBS. A single gold thin-film
is working as the optoacoustic transducer to produce strain which travels into
the surrounding medium. The simulated Brillouin frequency is determined by
the refractive index and sound velocity in the medium (water or polystyrene, for
example). Signal filtering is applied to better show the components of interests,

which are water or polystyrene (PS).

In order to better simulate the final detected signal, it is necessary to introduce sig-
nal attenuation, which can also be used to explore the behaviour of the generated

phonons in the multilayer medium, an example of which is shown in Figure 2.12,
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Figure 2.11: A basic example of using the PLU model to simulate TRBS signal
with a transducer and water or polystyrene (PS) as the external medium. (a) The
simulation’s assumed geometry is as follows: the optical probe wavelength is set
to probe = 780 nm, and the pump beam enters the system from the substrate side
and the probe beam from the medium side. The modulation depth depicted in
(b) results from the optical beating between the elastic and inelastic photons. (c)
The time resolved signals in (b) are cast into the frequency domain using FFT.
The measured Brillouin frequency (frequency location of the peaks) will differ
because of the variations in the refractive index and sound velocities between PS
and water. Image reproduced from [67].

first a 2 um layer of water and then a 1 pum layer of PMMA. The corresponding
TRBS signal is shown in the top of Figure 2.12, and the bottom sub-figure shows
the frequency spectra (FFT) for different layers. Figure 2.13 includes a wavelet
transform of the simulated time trace to better illustrate the simulation ability
of the model. FFT and wavelet details are discussed in the following methods

chapter (section 3.4.2 and section 3.4.4).
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Figure 2.12: Simulated trace of a multilayer structure including a substrate, a
transducer layer made of Au, a layer of water and a PMMA layer.
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Figure 2.13: Wavelet analysis of the simulated trace of a multilayer structure,
which includes substrate, transducer layer water and PMMA layer.
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2.3 Focusing of waves

The phenomenon of wave focusing is a cornerstone in the advancement of numerous
optical and acoustic applications. The most important bit of this process lies the
ability of lenses to converge or diverge waves, thereby concentrating energy. In
the context of optical waves, light focusing through lenses harnesses refraction
principles, fundamentally described by Snell’s law, to direct light paths towards
a focal point [72]. Similarly, the focusing of acoustic waves relies on the precise
curvature of surfaces to guide sound into concentrated regions, with applications

ranging from medical imaging to industrial non-destructive testing.

Since both mechanical and electromagnetic waves can be focused using the same
underlying theory, acoustic lenses (and also optoacoustic lenses) can concentrate
sound in the same manner that optical lenses can focus light. Acoustic waves can
be studied and treated with the same equipment as electromagnetic waves. The
generation and propagation of the sound field are simplified to a single-frequency
problem, thus easing the design process for the purpose of proof of concept. In
this thesis, all optoacoustic lenses are designed for a single sound frequency of 5
GHz, as the typical Brillouin frequency (fg) measured in cell imaging by Phonon
microscopy falls within the range of 5 to 6 GHz for a probe wavelength (A ope)
of 780 nm. Although the strain pulse generated by the pump pulse is broadband
within the GHz range, the detection can be considered as single-frequency due
to the selective nature of Brillouin scattering. Only photons with a fixed probe
wavelength (A,0pe) and phonons that meet the Bragg condition are detectable.

Therefore, the single sound frequency (Aphonon) model becomes valid.
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2.3.1 Focusing of sound

Sound focusing is one of the most significant issues in the study of acoustics
because of its many uses. Acoustic lenses, devices that can focus acoustic energy
in a particular area, are the source of this focalization phenomenon. Applications
for acoustic lenses are numerous and diverse. They include non-destructive testing,
industrial syntheses and processes, drug and gene delivery, medicinal applications
for the detection and/or treatment of medical diseases, and more [81, 82, 83].
Acoustic lenses have a wide range of uses, making them a hot topic in the scientific
world. Sound can either be focused using diffraction or refraction processes [84,
85], with a a huge spectrum of advanced applications with acoustic metasurfaces

86, 87, 88, 89], holographic structures [90] and phononic crystals [91].

The aim of this thesis is to demonstrate the focusing of high-frequency sound
(~ 5 GHz) in water using optoacoustic lenses and Picosecond Laser Ultrasonics
(PLU), thereby paving the way for non-destructive acoustic imaging with sub-
optical resolution. The main challenge of any acoustic related microscope is that
the resolving power (resolution & signal intensity) is set primarily by the frequency
of sound travelling within the system and the energy efficiency, including such as
sound attenuation, sound coupling in different medium and detection sensitivity.
Two technologies have made great push in focusing of acoustic waves in high

frequency for imaging: Scanning acoustic microscopy (SAM) and photoacoustics.

Scanning acoustic microscopy (SAM)

SAM made use of concave acoustic lenses and high frequency piezoelectric trans-
ducers, which offered a path for acoustics towards high resolution imaging and

demonstrated proof of concept on a range of biological cells, both fixed [92, 93]
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and living cells [94]. Figure 2.14 shows an example using SAM to perform living
cell imaging, (a) show the device concept of SAM, a thin-film piezoelectric trans-
ducer at one end of a sapphire crystal is excited by a radio-frequency electrical
pulse. An acoustic plane wave then produced by the transducer travels via the
sapphire crystal to a concave lens with a wide opening angle. The acoustic beam is
focused to a diffraction-limited spot in the liquid because of the concave interface.
The object reflects some of the acoustic energy. The lens gathers the reflected
acoustic waves, and the transducer transforms them back into an electrical signal.
The brightness of an image element in the acoustic micrograph is determined by
the detected acoustic power. The object is mechanically scanned in a raster pat-
tern, creating the object’s reconstructed picture point-by-point. (b) is an example
living cell image taken using SAM. A resolution of 0.72 um is claimed and the
scale bar is 20 pm for this chicken heart fibroblast cell. Higher resolution has
been achieved for imaging is ~ 200nm by utilising higher frequency piezoelectric

transducers (~ 4.4 GHz) with an acoustic lens with a radius of 13 pm [95].

However, this collection of techniques suffered from a series of challenges. Firstly,
as the wavelength and resolution scale inversely with frequency (f), the attenua-
tion of the waves in aqueous tissue scales with f? leading to great losses and short
acoustic path lengths. To achieve shorter wavelengths and resolution without in-
creasing f a lot, researchers found that they can use coupling fluids with lower
acoustic attenuation and/or lower velocity than water, such as cryogenic liquids
and high pressure inert gases. Among all the liquids, helium performs the best for
high resolution application at cryogenic temperature [97]. Yet, this leads to an-
other problem: very low temperatures contradict the conduct of non-destructive
imaging purpose for cells, as the ultra-low temperature helium used for higher
resolution would freeze and kill the cells, thus limiting the applicability of the

technique to biology.
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ZnO Acoustic transducer Reflecting surface

(a)

Figure 2.14: Device concept and example scanning result for the scanning acoustic
microscope (SAM). (a) Schematic of the reflection acoustic microscope. A concave
acoustic lens is attached to a high frequency piezoelectric transducer and con-
structed from an acoustically transmissive material, such as sapphire. In addition
to transmitting sound waves into the coupling medium or sample, the transducer
also serves as a receiver for sound waves that bounce off the specimen’s acoustic
impedance boundaries when it is in a quiescent state. Image reproduced from [96].
(b) Acoustic micrograph of chicken heart fibroblast cells on a sapphire substrate,
showing its ability to resolve sub-cellular features of living cells. A resolution of
0.72 pm is claimed and the scale bar is 20 um. Image reproduced from [94].

Besides, the performance of piezoelectric transducers at higher frequencies is poor
because they become more difficult to fabricate and drive properly, as the reso-
nance frequency inversely scales with the thickness of the piezoelectric element.
For instance, ZnO (zinc oxide) - a widely used piezoelectric material, carries a
great risk that the acoustic resonance may be too low for proper functioning [98].
Additionally, if inhomogeneity or stress is introduced to the thin-film piezoelectric
element, there is a high risk of cracking under electrical excitation [99]. Finally,
further complexity arises due to the requirement for a minimised yet functional

mini electrical control system.

To overcome all these challenges and facilitate an easier approach for non-invasive,
acoustic-based imaging techniques, opto-acoustic systems were proposed in the
mid-1980s as a viable alternative to electro-acoustic ones. This not only simplifies
the electrical barriers to acoustic microscopy but also opens up the possibility

of achieving resolutions comparable to those of optical microscopy systems in
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acoustic-based imaging.

Photoacoustics microscopy

The Photoacoustic Section 1.4.3 in the Introduction Chapter already gave a short
history of the early exploration of Photoacoustic technique. Here just quick recap
and direct jump to the modern art of Photoacoustic imaging techniques, and its
advantages & disadvantages. By using focused lasers and ultrasonic transducers as
receivers, photoacoustic microscopy is able to produce non-invasive images of cells
and tissue with sub-micron resolution [100]. Figure 2.15 (a) is a common set up
modern Photoacoustic microscopy system. When a laser pulse hits the interested
region of the specimen, it absorb the laser energy and then it experiences thermal
expansion (also contraction with cooling after), then sound waves are generated
and propagate through. Finally, a conventional piezoelectric transducer is used
for detection. One requirement for the specimens are that they need to be strong
optical absorbing materials. Though many biological tissue tend to have a low
optical absorption, endogenous chromophores (such as haemoglobin, DNA, RNA

and melanin), in reverse, have great optical absorptions [101].

Some advantages of Photoacoustic microscopy are: The photoacoustic generation
of acoustic waves greatly simplifies transducer design and fabrication, since pho-
toacoustic transmitters do not require electrical connectivity and are more robust
to excitation (optical) than their fragile piezoelectric counterparts. It has the po-
tential for optical resolution, when the focused light is smaller than the focused
spot of the detection transducer[101]; Photoacoustic also provides a way to reduce
the acoustic attenuation by reducing the acoustic path. Unlike the SAM, no need
for the reflection of sound to travel double the path from the region of interests

to the transducer. Meanwhile, Photoacoustic microscopy is able to function in
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Figure 2.15: Working principle and imaging capabilities of photoacoustic mi-
croscopy. (a) Schematic of a conventional photoacoustic microscopy. A piezo-
electric receiver detects the acoustic waves produced by optical absorption in the
specimen when a pulsed laser is used to illuminate it. Image reproduced from
[102]. (b) 3D Photoacoustic Computed Tomography (3D-PACT) of ex vivo brain
and in vivo mouse ear and tadpole. Image reproduced from [103] (c¢) Photoa-
coustic imaging of a melanoma cell. A is the brightfield optical image, B-D are
photoacoustic images measures of the same cell with different transducers: B-200
MHz, C-375 MHz and D-1200 MHz. The ability to resolve the nanoparticles inside
the cells increase as the transducer frequencies increases. Image reproduced from
[102].

broadband sound frequency, since the size of the object, the sound velocity, the
optical penetration depth of the absorbing material, and the pulse width of the
generating laser will all affect the system’s frequency response [104, 105]. Finally,
a longer acoustic penetration depth can be reach when different frequencies are
evolving in the imaging. For example, Figure 2.15 (b) shows a set of imaging with

larger tissue sizes, with a working frequency of ~23 MHz, the system can provide

lateral and axial resolutions of ~ 114 um and ~ 57 um, with a penetration depth
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around few mm[103]. However for lower frequency, like 5 MHz, the penetration

depth will then be ~ few cm.

However, as mentioned above, for biomedical material with a low light absorbing,
Photoacoustic microscopy can function well. Meanwhile, the capacity to focus
the laser to a small area, which is directly connected to the optical lens’s numer-
ical aperture (NA), limits the lateral resolution. Though Photoacoustic pictures
of both cells and tissue in vitro or in vivo can be produced using a variety of
contrast agents, including dyes and nanoparticles[106, 107]. They method then
again conflict with one of the driven purpose doing acoustic based microscopy -

bio compatibility.

Recent advances in optically-driven acoustic techniques, such as laser ultrasound
and picosecond laser ultrasound, have offered solutions to some of the previous
challenges of SAM and Photoacoustic microscopy, and also open the door towards
sub-micron wavelength acoustics imaging. For instance, next section will introduce

a PLU based SAM method trying to achieve this goal.

2.3.2 PLU based SAM

Researchers have already attempted to achieve PLU focusing in Scanning Acoustic
Microscopy (SAM) [108] by using a femtosecond laser pulse to generate a brief
acoustic pulse, which is then focused onto the sample using a specially designed
and micro-fabricated acoustic lens with a radius of a few um. Through a thin
layer of water, the sound is transmitted to the sample. The lens gathers the sound
that the sample reflects, and it then goes through an optical resonant cavity that
is monolithically integrated. A time-delayed probing light pulse is used to detect

the caused change in this cavity’s characteristics.
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Figure 2.16: PLU based new scanning opto-acoustic microscope: (a) Schematic
diagram of the proposed scanning opto-acoustic microscope. (b) Optical image of
a b pum silica spheres on a 20 pum diameter aluminum island. (¢) Optical image
of two acoustic lenses formed after indentation and removal of silica spheres on a
15 um diameter island. (d) Scanning electron microscope image of a SiOj lens of
radius 1.5 gm. (e) Pump-probe data used to locate the acoustic lens. The dashed
curve was obtained with the pump and probe beams at a position such that the
sound is not incident on the acoustic lens. Figure reproduced from [108].

Figure 2.16 (a) shows the design of the SAM. The acoustic lens is fabricated
within a 1.8 um Al or SiO, film deposited below the optical cavity, designed
to improve the signal-to-noise ratio. An optical set-up that can focus the laser
spot to about 3 um diameter on the cavity. A lens fabrication method based
on nanoindentation of aluminum was used: Pressing the flat nanoindenter tip
with silica spheres attached directly into a metal film. Figure 2.16 (b). (c) are
some examples of fabricated samples, with spheres patterned to round islands with
different sizes. Figure 2.16 (d) shows an SEM image of a SiO; lens of radius 1.5
pm. The result of the pump-probe measurement is shown as the dashed curve in
Figure 2.16 (e). The data in this plot have been treated to exclude the influence

of sound waves reverberating through the glass substrate, or Brillouin oscillations.
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It comes at around t; = 620ps. At this point, the probe’s time delay is fixed,
and the lens structure is scanned in both x and y directions. The amplitude of
the echo from the flat and free surface reduces when the pump and probe beams
are exactly above the lens, but it still remains since the area they illuminate goes
somewhat beyond the lens’s surface. The solid curve in Figure 2.16 (e) shows
that at time t,, a new and earlier echo that originates from sound reflected from
the top of the lens occurs at the same point. However, suffered from inadequate
stability of the mechanical stage and poor signal to noise ratio, this work hasn’t
reach the fundamental limits for the performance of this type of instrument, as

the numerical simulations’ suggestion of a 50 nm resolution.

However, this technique suffered from mechanical instabilities and low signal-to-
noise ratio, due in part to the low acoustic amplitude since the acoustic field
attenuates as it propagates both to and from the imaging object. In this thesis,
instead of using the device concept from SAM, a time resolved Brillouin scattering
(TRBS) detection technique introduced in the previous Section 2.2 was utilized to
achieve both the phonon focusing (via optoacoustic lenses) and saving of acoustic
path - no need for sound to travel in reflection and thus get rid of huge attenua-
tions. I expect that the optoacoustic nature of picosecond ultrasound offers more

possibilities regarding acoustic lenses design and detection.

When designing these lenses, geometry and efficiency play a critical role in deter-
mining how well it functions in different applications. An optimal design would be
one in which the lens had a flat or simple geometry for the ease of fabrication and
great energy efficiency. In this sense, lenses based on Fresnel Zone Plate (FZP)
and concave structures are of greater interests. Concave lenses are the ones that
come to mind first, as many optical lenses are of this structure, but they are highly
challenging to manufacture. Fresnel Zone Plates (FZPs) are easier for fabrication.

Traditional FZPs can be implemented either alternating with absorbing regions
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and transparent regions, or phase-reversal FZPs with reversed phase regions. To
make phase-reversal FZPs, two methods, one using FIB and one utilizing gold
nanorods, and special experimental setups will be introduced with more details to
generate and detect the signals in the preliminary results and perspectives Section

5.2.

2.3.3 Fresnel zone plate (FZP)

The concept of diffraction and interference leads to the implementation of Fresnel
zone plates, which utilize zones of constructive and destructive interference to
focus waves without the need for traditional lens materials. As a flat lens, it
derives from the Fresnel zones concept and has found applications across various
electromagnetic spectrums, including optics [109], X-rays [110, 111], microwaves

[112], and sound [113, 114, 115, 116, 117]

Fresnel zone plates as ideal lens

The concept of FZP come from wavelength in X-ray range, the refractive index of
materials is slightly smaller than unity in the X-ray frequencies, requiring inverse
lens profiles and the phase shift of materials is comparable to their absorption
term. The latter leads to severe absorption losses for all but the lightest materials

and inherently limits the effective aperture size.

Fortunately, the problem of thick lens material was already solved two hundred
years ago in the optical range. Lighthouses were essential navigational guides in
the early 19" century. Improving their brightness and fuel effciency required the
better utilization of their emitted light. Traditional bulk glass lenses with the

required large apertures and short focal lengths were very large and extremely
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Figure 2.17: Towards lighter and more transparent lenses. By leaving out the bulk
of the lens material while retaining the curvature the resultant Fresnel lens (b)
will retain the optical properties of the ideal lens (a) using only a fraction of the
lens material. Yet, since the blazed profile of the Fresnel lens is hard to produce
with nanoscale structures, it can be approximated with a discrete number of steps
(c) with the binary zone plate being the most basic approximation (d).

heavy. Augustin-Jean Fresnel realized that only the curvature of the lens partic-
ipates in the focusing. This allowed him to separate the lens into several thin
segments, while leaving out the bulk of the lens material to reduce its weight [118]

(see Figure 2.17).

The same scheme can be adopted to X-rays and sound, as the ¢ phase of the
electromagnetic radiation is not an absolute value, but is redundant according to
27. The above described phase shift profile A¢(r) of an ideal lens can be wrapped

modulo 27 without any changes to the focusing properties:

Ao(r) = 27” (V57— ) modn (2.49)

As seen on Figure 2.17(c), this results in a sawtooth like phaseshift function be-
tween 0 and 27 phase shift, eliminating absorption losses within the bulk lens
material. The phaseshift of the lens jumps to zero, when it becomes a multiple of

27. Therefore the outer radius r, of the n'* zone always corresponds to:

71



2.3. FOCUSING OF WAVES

Ag(r) = 2; (V772 = f) =2nr (2.50)

This equation can be easily rewritten into the zone plate equation:

n2\?

4

72 =nAf + (2.51)
This equation is the principal construction rule of Fresnel zone plates, determining
the outer radius of the nth ring of a zone plate with f focal length and A photon
energy. A more detailed go through from discrete zones to the zone plate equation

will also be introduced in the following section.

FZP basis

The zone plate is made up of a periodic structure of opaque and transparent cir-
cular zones. As the radius gets bigger, the period of the structure gets shorter. A
diagram of a zone plate can be seen in Figure 2.18. The radius that marks the
nth boundary between an opaque and a transparent zone is labelled as r,. The
integer n ranges from 1 for the innermost zone to N for the outermost zone. dr,

stands for the width of a certain area between r, and r,_;.

Here is a hands-on explanation of how to get to the expression for the zone place-
ment. As shown in Figure 2.19, which is an optical path diagram. Let S stand for
a point source that sends out radiation with a wavelength of A. The source should
be seen at point P by a zone plate put between points S and P at O. The zone
plate is in the middle of the optical axis SP and its perpendicular. The geometry

is radially symmetric.
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Figure 2.18: Front and side view of a zone plate. The radius for the innermost
zone 11, outermost radius ry and zone width dr, for the n’th zone are shown.
Image reproduced from [119].

Figure 2.19: Optical path lengths between the source point S and image point P
via a zone boundary pair at radii 7, and r,_5. Image reproduced from [119].

Imagine a wave coming from S. It will interact with the zone plate at some point a
radius r. Each of these points can be thought of as a Huygens-Fresnel secondary-
wavelet source that adds to the amplitude at P. When the wavelets get to P,
they will have different phase and amplitude depending on how long the optical
path is from S to P. You can find the total amplitude at P by integrating over
all the optical paths that have the right amounts of amplitude and phase. In the
event that the radius r is much smaller than either a or b, the amplitude can be

left alone and only the differences in phase need to be thought about.

The optical paths shown in Figure 2.19 make it clear that as the radius gets
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bigger, the phase at P will change from 0 to 27, which will cause both positive
and negative interference. Only contributions that add positively at P will be
sent through because the contributions with, say, phases between 0 and 7 will be
blocked with opaque zones. To do this, each new zone needs to have an optical
path length that is nA/2 longer than the optical path length at the optical axis.

The Pythagorean theorem can now be used to find the zone radii:

A
V@Bl —atb+ (2.52)

Solving for r, we get

o nA(a +b)ab+ 1n*A* (3ab + a® + b?) + gnN\*(a +b) + n*A\* (2.53)
(a+b+L1nn)*

If a is much smaller than b, and introducing the focal length of the zone plate as

1/a+1/b=1/f, Eq. (2.53) can be simplified to:

n2\?

4

r2 =n\f + (2.54)

and now we have the design equation of r,, for FZP with specified frequency A\ and

focus f:

n2\2

Tn = A/ NAf + 1

(2.55)
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Phase-reversal Fresnel zone plate

Conventional FZP suffers a low focusing intensity because part of the energy is
blocked or not generated in the proposed device in this thesis. Phase-Reversal
FZP (PR-FZP) is one of the new techniques put forward. In PR-FZPs, blocking
regions are switched out for phase reversal regions. These regions fix the phase of
the pressure contributions (in acoustics) by adding a phase shift 7 that can create
a constructive interference at the designed focal distance. Unlike FZPs, all parts
of the PR-FZP contribute to the focal region in a good way. This should make

the lens more efficient and increase the focal intensity.

Figure 2.20: Sketch showing the upper half region of a Rayleigh-Wood phase-
reversal FZP from the side. Opaque zones are replaced by phase-reversal ones and
contribute to the intensity at the focus. For simplicity, only the 1st order focus is
depicted. Both zone plates are illuminated from the left side.

Normal implication of PR-FZP is made by replacing the opaque Fresnel zones
with transmissive phase-reversal ones, where the phase reversal zones induce a
A/2 phase shift relative to open zones. The phase-reversal zones would absorb
some of the radiation depending on the incoming waves and the material of the
phase-reversal zones. This brilliant suggestion was brought up the first time by
Lord Rayleigh in his article on wave theory in 1888 [120] and was demonstrated
for the first time by R.W. Wood in 1898 [121]. This specific type of FZP is called
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as Rayleigh-Wood phase reversal zone plate. Figure 2.20 shows an illustration of

the upper half part of a Rayleigh-Wood phase reversal zone plate.

(a)

(b) (c)

Figure 2.21: Sketch showing the device concept of optoacoustic PR-FZP for PLU.
(a) is conventional FZP device proposed in this thesis. (b) is the PR-FZP with
thin transducer layer and 7 phase difference. (c) zooms in the square area in (b)
showing the thickness difference of the transducer layer and geometrical phase
difference layer.

However, for the optoacoustic PR-FZP design proposed in this thesis, which is
specific to PLU applications, the 7 phase difference can be implemented simply
by creating a geometrical path difference for the phonons generated in the two
sets of zones as shown in Figure 2.21. The depth required to create the path
difference d is related to Apronon, Which is around 390 nm, and the thickness of the

optoacoustic layer is varying between 20 nm to 30 nm.

2.3.4 Concave lenses

Geometrical acoustics

The most common configuration for acoustic lenses is a curved surface and a
coaxial plane. A focusing effect will result from the concave lens because the
acoustic lens material’s sound velocity is frequently higher than the propagation

medium’s.

The acoustic lens transducer functions in water and is made up of an acoustic lens
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Figure 2.22: Wave propagation path and concave spherical acoustic lens. Image
taken from [122].

and a vibrating element, as Figure 2.22 (a) illustrates. A circular plane makes
up the vibrating element’s surface. The acoustic lens is a plane-concave structure
with a concave sphere on one side and a circular plane on the other. The acoustic
lens’s plane is where the vibrating element is attached. The vibrating element’s
radius is indicated by the sign a. The concave spherical surface’s curvature radius

is represented by the sign R. The concave spherical centre is denoted by O.

Figure 2.22 (b) illustrates the propagation process generated by the theory of
optical ray imaging, which assumes that sound waves propagate as rays. The
normal direction of the sound wave produced by the vibrating element enters
the acoustic lens from the plane side. The wave then refracts into water on the
acoustic lens’s concave sphere surface, intersecting the transducer’s centre axis at
the focal point, or F. The focal length is the separation between the F' point and

the concave sphere’s centre point [122].

Snell’s law states that the refractive index of a lens medium that enters water can

be calculated as follows:
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sin 01 C1

sinf, ¢ (2.56)
where ¢; is the longitudinal wave velocity in a lens, #; is the incidence angle,
0; is the refraction angle, and ¢y is the sound velocity in water. This formula
demonstrates the relationship between the sound velocity values in the two media
and the sound wave refraction angle value at the interface between them. The
incident angles of an acoustic wave change with the incident positions on the
concave sphere surface of the acoustic lens because the refraction angle increases
as the sound velocity increases in the refractive medium. With reference to the
Eq. (2.56) and the geometric relationship shown in Fig. 2.22 (b), the expression
for the intersection point length of the refraction wave and the central axis of the

acoustic lens transducer can be ascertained as follows [122]:

1
F=R|[1+ (2.57)
( \/n2—sin29i—\/1—sin291>

when 6; or a is small, it becomes:

1
F~R|1 2.58
(145 (2.58)
However, consider the challenges in nano-fabrication process, a easier spherical

lens (similar as SAM) is chosen to use for the proof of concept purpose of this

project.
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Normal incidence

For the purpose of GHz acoustic focusing presented in this thesis, the active op-
toacoustic element is geometrically curved rather than using the material property
differences between the lens and the propagation material. Thus, an assumption
of normal incidence of sound waves is made here to simplify the design of concave
lenses. Since different travelling path lengths of an acoustic lens can result in
uneven losses of ultrasound energy, it is generally believed that a transducer with

a curved active layer performs better [123, 124].
Active layer

(a) (b)

Figure 2.23: Two approaches for ultrasound transducer focusing: (a) incorporating
a focused lens and (b) curving the active optoacoustic transducer layer.

The structure proposed in 2.23 (b) proposed here also has the advantage of not
losing energy in the lens medium, sounds are launched directly to the medium of

interests.

2.4 Fourier-Bessel angular spectrum method (FBASM)

The modelling of optical and sound propagation through nonlinear systems is often
an extremely demanding computational task. However, considering the single-
frequency femtosecond laser used (not exactly a single frequency, it is simplified
here as a single frequency given its ultra-short pulse duration in time) and the
Brillouin scattering-selected single sound frequency, the propagation of both light

and sound waves may be simplified by assuming a radially symmetric beam profile.
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Also, the Bragg condition for beams propagating in the same direction defines the
optical probing wavelength, which controls the sound wavelength: For A, [37],
Asound = Aprove/2n, where n is the refractive index in the medium. The main
advantage of using an FBASM over commercially available finite element method
(FEM) software (such as COMSOL) is that FBASM requires significantly fewer
computational resources. However, its implementation demands greater effort in

programming all the physical aspects of the simulation.

Probe beam

O Objective lens I
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Figure 2.24: Schematic of the modelling setup. (a) The spatial distribution of the
picosecond ultrasound source at the thin-film transducer layer at z, is defined by
the computed pump beam PSF. The pump PSF was assumed to be an Airy disk
and the initial sound field is assumed proportional to the pump PSF (the initial
sound field can be modified by changing the initial phase to include the design
of optoacoustic lenses) which is propagated into the medium using Fourier-Bessel
angular spectrum propagation (FBASP). (b1-b3) Zoom in of the transducer and
the estimated phonon fields from different structures.

Figure 2.24 (a) shows the concept of the modelling of pump laser generated sound
field. The spatial distribution of the picosecond ultrasound source at the thin-film
transducer layer zy is defined by the computed pump beam PSF (assumed to be
an Airy disk). The initial sound field transmitted into the medium is propor-
tional to the pump PSF for a conventional flat transducer. However, when a lens

structure was introduced (FZP and concave structures), the preset acoustic phase
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at zp was modified using the lens profile. Figure 2.24 (b1-b3) are illustrations
zoom in the black square in (a), showing all three types of transducer, FZPs and
concave structures are expected to create a focused phonon field. Then, the mod-
ified Usouna(T, 20) can be propagated to the entire preset field using Fourier-Bessel

angular spectrum propagation (FBASP).

2.4.1 Model setup

This model requires input of the from the pump-probe system set up, especially the
objectives related parameters, such as NA of the objective that deliver the pump.
Once the NA of the lens has been determined, point spread function (PSF) for the
Apump Were calculated using an Airy disk assumption as shown below (Amplitude

A and Intensity I):

2x Ji(kx NAXT)
A =
(r) kx NAxr

(2.59)

I(r) = [A(r)[* (2.60)

where J; is the first order Bessel function of the first kind.

The initial wavefront of the sound field generated at the transducer layer is flat (for
a flat transducer) and is proportional to the PSF of the pump beam focused on the
transducer. However, the wavelength of the optical probing, which is determined
by the Bragg condition for beams propagating in the same direction, is controlled
by the equation: Aspuna = Aprobe/2n, where n is the refractive index in the medium
for Asoung- In the model, the initial wavefront of the sound field generated at a

lens structure is not flat. Instead, based on the geometrical designs (see Sections

81



2.4. FOURIER-BESSEL ANGULAR SPECTRUM METHOD (FBASM)

3.1.2 and 3.1.3), the preset acoustic phase at z; was modified using the lens profile.
This pre-calculated phase change of the sound field to wsouna(T, 20) is illustrated
in the flowchart in Figure 2.25. The following process of FBASM is used: Hankel
transform, propagation and the Inverse Hankel transform shown in the flowchart

are detailed in the following sections.

lens geometry

um ) + 1
Upump (75 Z0) induced phase change

Usound (T, 20) Inltlal_sound
| wavefield

Hankel
Transform

v

H(K)

Multiply by
propagation
phase shift

o (K;, F)

jgr L

Inverse Hankel
Transform

Usound(T 2) Proapagated

wavefield

Figure 2.25: Scheme of the Fourier-Bessel angular spectrum propagation method
for a circularly symmetric optical wavefield wspuna(r, 20), the initial wavefield’s
angular spectrum H(K) is calculated using Hankel transform. Then, the the
sound propagation is done by multiplying the phase-shift in the angular spectrum.
Finally, the propagated sound field result is transfer back as usouna(r, 2) by using
inverse Hankel transform.
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2.4.2 Radially symmetric propagation method

Then the modified sound initial field is ready for propagation, to perform propa-
gation in the angular spectrum, angular spectrum of the disturbance sguna(r, 20)
is its two-dimensional Fourier transform according to definition. Meanwhile, for
computation efficiency considerations, here a radially symmetric plane was chosen
to perform the simulation. As illustrated in Figure 2.26, the simulation grid is
marked by the red dashed area. For enhanced visualization, the simulation results

within the light blue plane are reconstructed using axis symmetry.

|
:
: i | Modelling
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: :
/——i\:\
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Figure 2.26: Axisymmetric model plane.

The field in cylindrical co-ordinates may be specified as:

u(r, 0, z) (2.61)

where

x =rcosb, ky =k, cos ¢ (2.62)
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y=rsinf, k, =k sin¢ (2.63)

r=2+y’, K =kE+k (2.64)

One dimensional Hankel transform can be used in place of the two dimensional
Fourier transform. Also known as the Fourier-Bessel transform, the Hankel trans-
form (of order zero) is an integral transform that is comparable to a two-dimensional
Fourier transform with a radially symmetric integral kernel, more details are dis-
cussed in Appendix D.2. Although the Fast Fourier Transform (FFT) is known
for its efficiency, reducing the sample points by assuming radial symmetry enables
the use of the 1D Hankel transform technique. While less efficient than FF'T, this
approach still leads to savings in computing power. In order to apply this prop-
agation technique a Hankel-based radial propagation method is developed. This
unified approach offers a standardized way to calculate the propagated fields of
both the sound and optics field. For the purpose of this thesis, only the phonon

field wsouna(r, ) is of interest.

After knowing the initial phonon field, wspuna(r, 20), in the model, r is defined as
r; = j - px, where px is the pixel size and j = 0,1,...,L — 1. This discretizes
the radial domain over which the field is defined. The spatial frequencies in the
J . 27

5, reflecting the conversion from

angular spectrum is then defined as K; = + - 5

spatial positions to frequencies.
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Hankel transform (HT)

The Hankel transform of the input field ugpuna(7, 20) is computed over discretized
radial positions and spatial frequencies. The discrete approximation of the Hankel

transform is:

L-1

H(K) = Z usound(rja Z())JO (Kjrj) TjAT (265)

J=0

where Jj is the Bessel function of the first kind of order 0, and Ar is the spacing
between radial positions, implicitly assumed to be captured in the computation

since r; = j - px.

Propagation phase shift

For each propagation distance Fj, the phase shift due to propagation is calculated

for each spatial frequency:

F, K\
O (K, F) = 27— 1—(w J> (2.66)

w 2T

This phase shift is applied to the frequency-domain representation of the field.
A mask is also applied to taper the higher spatial frequencies to reduce artifacts

from the abrupt cutoff.

Inverse Hankel transform (IHT)

The field is then transformed back into the spatial domain using the inverse Hankel

transform, which, in its discretized form for propagation, can be represented as:
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i
L

0

i

where P (K}) is the phase-shifted and masked field in the frequency domain, and
AK is the spacing between spatial frequencies, implicitly included in the compu-

tation.

The FBASM approach allows for efficient simulation of optically generated phonon
field propagation, incorporating considerations for numerical accuracy and compu-
tational efficiency. Optoacoustic lenses design will be introduced in the following
methods chapter (Section 3.1.2 and 3.1.3). Simulation results using FBASM will

be presented in the results chapter (Section 4.1.1 and 4.2.1).

2.5 Nano fabrication

A major challenge in the proposed project is the fabrication of optoacoustic lenses,
with smallest feature of ~ 100nm. Building these 2D and 3D micron, nano-
structure requires different fabrication technology. Advanced nanotechnology re-
search for 2D and 3D fabrication has been rapidly expanding in recent years. In 2D
fabrication approaches, various lithography techniques, such as UV-lithography,
electron beam lithography (EBL), X-ray lithography have been employed to create

a variety of 2D patterns [125].

UV lithography employs UV light to transfer patterns from a mask to a surface,
providing a resolution ~ 100nm. Its cost-effectiveness is a primary advantage,
but it is constrained by the UV wavelength and the pre-requirement of masks,
any new designs requiring new masks can increase the total cost and make the

whole fabrication period longer. X-ray lithography, offering a finer resolution of
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~ 15nm, is lauded for its accuracy, efficiency, and speed; however, it is costly,
and the masks used are delicate [126, 127]. Electron Beam Lithography (EBL)
achieves resolutions below 10 nm by scanning a substrate with an electron beam to
pattern a thin resist layer, followed by selective resist development. EBL stands
out for its high precision and ability to handle complex and varied materials,
though it is hampered by significant costs, intricate maintenance requirements,
and slower patterning speeds due to the beam’s serial nature [128, 129, 130]. But
for prototyping and research interests, with the access to a nano-fabrication centre
in the university, EBL became the best choice for the fabrication of flat structures

designed in this thesis.

By using layer by layer strategies [131, 132, 133, 134], some 3D structures can
be made based on those 2D fabrication techniques. However, such 3D fabrica-
tion techniques provided limited 3D fabrication capabilities because of a time-
consuming layer-by-layer strategy, high cost of using expensive facilities multiple
time, and limited ability for fabrication of designs with increased complexity and

arbitrary designs [135].

Thus, a 3D fabrication technique that can perform direct making of 3D structures
at a high resolution and also cost-effective process is highly desirable. Among all
the new techniques, two-photon polymerization (TPP), nanoimprint lithography
(NIL) and focused ion beam have the potential to make the required 3D structures

for this thesis.

3D printing via two-photon polymerization (TPP) enables patterning within a
photosensitive material using a focused laser beam, achieving resolutions of ~
50nm. This technology, also known as direct laser writing (DLW), exposes a photo-
reactive resin locally in three dimensions using pulsed, high-energy femtosecond

laser beams [136]. This method eliminates the need for masks, simplifying the
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creation and printing of complex 3D structures, yet it is constrained by the size of

the working field, time efficiency, throughput, and associated costs [137, 138, 139].

Nanoimprint lithography (NIL) involves using a mold to shape a resist at the
nanoscale, subsequently solidified by heat or UV light, capable of achieving reso-
lutions of ~ 10nm. Its principal advantage lies in its suitability for mass produc-
tion, but it is restricted by the optical and mechanical properties of the organic

polymer resist used, such as its transparency and thermal stability [140, 141, 142].

Focused ion beam (FIB) milling utilizes a concentrated ion beam, typically gal-
lium (Ga+), to perform precise sputtering or milling on targeted locations, with
resolutions also below ~ 10nm. FIB milling is noted for its high precision and ver-
satility in applications ranging from imaging to transmission electron microscopy
(TEM) sample preparation. However, the introduction of Ga+ ions can result in
additional contamination, radiation damage, and alterations to the structure of

the material being processed [125, 143, 144, 145].

Among the methods discussed, Focused Ion Beam (FIB) milling is the chosen
technique due to its superior flexibility in making various designs directly onto
substrates like glass or sapphire substrate. This direct approach is particularly
beneficial for transducer fabrication (more details about the transducers will be
discussed in Chapter 3), as it avoids the potential damage or melting of polymers,
a risk inherent to TPP when subsequent sputtering or evaporation processes are
applied for metal thin-film deposition. Moreover, the availability of FIB milling
machine within the university’s nano centre facilitates convenient access, which,
coupled with its capability to achieve high-resolution patterning, ensures the cre-

ation of lens profiles with the required quality for precise optoacoustic lenses.
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2.5.1 Electron beam lithography

The concept of “lithography” traces back to Alois Senefelder’s 1796 invention for
efficient replication of texts and images via a limestone master template [146]. To-
day’s nanofabrication largely relies on lithographic methods, involving the transfer
of predefined patterns onto substrate surfaces. Driven by the electronics industry’s
continuous push for smaller feature sizes, a wide range of modern lithographic tech-
niques have emerged for micro- and nano-scale patterning, catering to the needs

of both industrial and academic sectors [147].

Electron beam lithography is a widely-used technique for creating structures rang-
ing from multiple microns to sub 10 nm. It uses a finely focused electron beam
to create latent images in resist layers. This exposure process alters the solubility
of the photoresists: making it more soluble in positive photoresists or less soluble
in negative photoresists. The resulting pattern is then developed, transferred via
etching or by depositing other materials. Figure 2.27 shows the working principle
of EBL. Complex structures at very small length scales can be fabricated by iterat-
ing a number of steps of this method [148]. Controlled by a computer, this method
eliminates the need for a physical mask, making it more convenient for photomask
patterning in the electronics industry. However, the use of a single writing beam
in most electron beam machines results in a serial, and thus slower, patterning
process. Consequently, its application is primarily confined to academic research,
process development, rapid prototyping, and small-scale production, with mass

production remaining beyond its scope.
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Figure 2.27: Electron beam lithography working principle. Left: Fundamental
components of an electron beam lithography tool include a collimated electron
source, beam blanking unit, focusing lens, and deflection system. Right: The
patterning process typically begins with (a) a resist-coated substrate, followed by
(b) electron beam exposure to define patterns in the resist. The process continues
with (¢) developing the exposed resist, leading to (d) selective dissolution. Sub-
sequently, (e) the pattern in the resist is transferred to a hard mask. The (f)
patterned mask is then (g) etched onto the substrate, and finally, (h) any remain-
ing hard mask material is removed. Figure reproduced from [149]
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2.5.2 Focused ion beam

Focused lon Beam (FIB) micromachining is a sophisticated fabrication method
for micro- and nanoscale structuring, enabling precision ion milling. FIB employs
a focused ion beam for sample surface scanning and miling. Over recent decades,
FIB has been of greater importance in the semiconductor industry, aiding in cir-
cuit modification [150, 151], repair [152, 153], and failure analysis [154, 155], as
well as in materials science for Transmission Electron Microscopy (TEM) sample
preparation [156, 157]. Modern FIB machines, typically dual-beam systems, com-
bine ion and electron beams to facilitate simultaneous imaging and milling. As a
mask-less, direct-write technique, FIB is widely utilized for the rapid development
of various photonic and phononic [158] micro- and nanostructures across multiple

applications.
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Figure 2.28: Basic principles and functions of FIB. (a) The basic interaction mech-
anism between the ion beam and solid material. (b)—(f) Schematic diagrams of
the microscopic interaction mechanism between ions and atoms or molecules in
(b) imaging, (c) etching, (d) irradiation, (e) deposition, (f) implantation and (g)
lithography. Figure reproduced from [159]

FIB operates based on the physical phenomenon that collision cascade initiated
when an accelerated ion strikes a surface. Sputtered target ions (i.e., nanomachin-
ing) are a common result of interactions, in targeted locations as well as additional

side effects, such as beam heating, chemical reaction, crystallization change and

implantation of atomic bounce and ions as shown in Figure 2.28 [158, 160, 161].

Similar to electron beam lithography, FIB has a slower writing process but achieves
high resolution. Unlike the former, it does not depend on resist development, lift-
off, and etching, and can often operate as a single-step procedure. By using a
specific beam-steering protocol, the FIB system can precisely deposits energy at
targeted locations, enabling the creation of 3D structure prototyping and combina-

torial arrays with variable sizes, pitches, and aspect ratios in the milled structures.
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2.6 Discussion

In conclusion, this chapter explores the evolving synergy between theoretical in-
sights and experimental advancements in Brillouin scattering and picosecond laser
ultrasound, and also the imaging techniques based on these techniques. It delves
into the topic of wave focusing, ranging from fundamental principles of light and
sound behaviour to advanced fabrication techniques that drive today’s innova-
tions. Additionally, the chapter provides a detailed discussion on non-invasive
techniques related to acoustics. It also integrates the theoretical framework of
Fresnel zone plates with practical uses of concave lenses, offering a comprehensive
view of wave manipulation. Methods such as the Fourier-Bessel angular spectrum
method (FBASM) and radially symmetric propagation are discussed, highlighting
their significance in lens profiling and system setup. Lastly, the chapter under-
scores the importance of nano-fabrication techniques, like electron beam lithogra-
phy and focused ion beam, as crucial for creating sophisticated wave-controlling

devices.

Based on the theory and models developed in this chapter, more device design,
fabrication and experimental methods will be discussed in the following methods

chapter.
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Chapter 3

Methods

In this chapter, the design and fabrication processes for optoacoustic lenses - in-
cluding flat transducers, concave lenses, and flat zone plate lenses - are detailed.
Various nano/micron fabrication techniques are employed to construct these struc-
tures. This is followed by an outline of the experimental set-up, detailing how the
Asynchronous optical sampling system (ASOPS) is used to obtain time-resolved
signals and the various configurations tailored to specific lens and experiment
needs. The chapter also covers signal processing techniques, which encompass
basic procedures to eliminate thermal background, digital filtering, and frequency
domain analyses using FFT and wavelet. These methodologies are essential for
understanding the experiments presented in Chapter 4. The foundational con-
cepts and procedures discussed here pave the way for the experimental results

that follow.
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3.1 Optoacoustic Lenses

In this section, the focus is on introducing various designs of optoacoustic lenses
specifically crafted for the generation and precise focusing of gigahertz (GHz)
acoustic waves. The chapter provides an extensive examination of these optoa-
coustic lens designs, emphasizing their innovative features and highlighting their

pivotal role in advancing scientific research and imaging technology.

Section 3.1.1 introduces a flat optoacoustic transducer design. It covers the op-
timization of this transducer for signal quality and thermal performance. This
optimization process involves examining various design parameters to ensure that
the transducer can produce clear and strong signals while remaining thermally
stable, even in demanding operational conditions. This section provides valu-
able insights into the design and functionality of optoacoustic transducers, which
are crucial components for later lenses design with more complicated geometrical

structures.

In Section 3.1.2, various lens designs will be showcased, each with its distinctive
features and potential applications. The discussion will extend to examining sim-
ulated outcomes using the models introduced in Section 2.4. Through the analysis

of simulation results, we can evaluate the efficacy of these lenses in theory.

The section 3.1.3 will focus on discussing the theoretical performance of various
designs, addressing practical fabrication challenges, and analysing the trade-off
between these two aspects. The ultimate goal is to make informed choices in

design compromises that enable the achievement of the best possible results.

The last section 3.1.4 will go through the NA of acoustic lenses, detailed definition

and calculation will be introduced.
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3.1.1 Transducer design and simulation

As discussed in the previous background section, an optoacoustic transduction
component that converts optical photons into acoustic phonons is required. This
conversion is achieved thermo-elastically, meaning a metallic thin-film is used to
absorb ultra-short femtosecond (fs) pump pulses, generating picosecond strain
pulses as a result. Therefore, the performance of this metallic transducer de-
pends on its optical and thermal properties. Phonon microscopy has shown
that a metallic-dielectric zero-order Fabry-Perot interferometer can be designed
to achieve required cell imaging goals. This interferometer creates a cavity that
resonates both optically and mechanically, while also protecting the specimen from
transducer-induced heating [162, 163]. However, for this study’s proof of concept,

a single metallic layer will be used.

The basic design idea is to presuppose that the acoustic wave is launched perpen-
dicular to a sufficiently small meta-structure, with the main consideration being
the focusing effect that the particular lens geometry will have on the GHz acous-
tic wave of interest (determined by the probe laser and the medium in which the
acoustic wave is delivered). Figure 3.1 shows optoacoutic transducer designs with
different geometries, from flat to lenses with different geometric designs, includ-
ing Fresnel Zone Plate (FZP), Phase-Reversed Fresnel Zone Plate (PR-FZP) and

concave lenses.

The overall design concept can be effectively divided into two distinct compo-
nents. First, there’s the optimization of the flat transducer’s performance. This
entails fine-tuning various parameters and characteristics to ensure that the trans-
ducer functions at its best, delivering optimal results in terms of generating and

transmitting/reflecting acoustic signals.
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Figure 3.1: Basic device concept: multiple geometrical design over glass substrate

Secondly, there’s the geometrical design aspect, which involves crafting the specific
shapes and configurations of different lenses. These lenses are engineered with a
particular goal in mind: to achieve desired focusing effect of the sound waves at

specific frequency - Brillouin frequency.

Layer material and thickness choice

As introduced in Section 2.2, an analytical model based on TMM was introduced
to calculate the transmission and reflection coefficient of light through multi layer

thin film structure, PLLU was also introduced to simulate the TRBS signal intensity.

A comparison has been made between the performance of gold and other materials
that can be coated using a sputter coater, as well as often mentioned materials
in the literature (gold (Au), silver (Ag), copper (Cu), chromium (Cr), aluminium
(Al), and titanium (T1i)) [25] in Figure 3.2 and 3.3. The amplitude of the frequency
peak of water is used as a measure of the signal amplitude that the transducer is

capable of producing.

Though the simulation results indicate that copper (Cu) provides the best poten-
tial for higher TRBS signal amplitude, gold (Au) ranks as the second-best. How-

ever, considering ease of fabrication (Au sputtering is directly accessible within
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Figure 3.2: Compare different metals’ transmission (top) and reflection (bottom)
for pump (left) and probe (right). For each subplot, x-axis is the thicknness of
the corresponding metal and the y-axis are normalised transmission or reflection
value.

the lab) and good reflection for Ay.pe = 780nm, as shown in Figure 3.2, Au was
chosen. Furthermore, the Au trace in Figure 3.2 suggests that a maximum sig-
nal amplitude might be achieved with an Au layer of approximately 25nm thick.
Meanwhile, within the range of the simulation, an increase in the thickness of the
Au layer does not significantly change the signal amplitude. Thus, for device ther-
mal performance considerations, such as better insulation from the near-ultraviolet

(NUV) radiation of the pump, an Au layer of approximately 30nm thick is selected
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Figure 3.3: Compare different metals’ Brillouin frequency and amplitude vs metal
layer thickness. Left is the dominant water Brillouin frequency. Right is the signal
amplitude of different metal materials, x-axis is the thickness of the corresponding
metal.

for later fabrication.

3.1.2 FZP design

Binary FZP

Similar to how a conventional optical lens works, Fresnel zone plates can be used to
focus waves by creating a wave with a greater amplitude at the focus. According
to some earlier research, Fresnel zone plates have the ability to amplify sound
waves in specific directions [164]. The radius and width of each ring is calculated
for the sound wave to have path lengths that will constructively interfere at the
focus as discussed in the background section 2.3.3. The difference between positive
(centre being filled) and negative (centre being empty) Fresnel zone plates will be
demonstrated in the design. As mentioned before, due to the Bragg condition, we

can get the wavelength of the phonon of interested:
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Figure 3.4 shows a recap of the device concept of FZPs proposed in the background

chapter (Section 2.3.3). The FZP ring radius r, is given by:

(b)

Figure 3.4: (a, b) Focusing principle of FZP. (¢) SEM picture of an EBL made
F7ZP.

(n)\phonon )2

. (3.2)

Tn = \/n)\phonon f +

where f is the designed focal length; n is the number of rings.

From this equation, the radius r,, can be calculated based on a specific focal length
and number of rings. Meanwhile, for each set of r,, all even, or all odd, plates
can have a constructive effect, effectively making up negative or positive FZP,
respectably. Figure 4.1 shows an example of a pair of positive and negative FZPs.
Finally, based on the calculated FZP parameters, a GDSII file can be generated
using MATLAB for EBL fabrication as shown in Figure 3.5, a viewing/editing
software Klayout was used to capture this snapshot. More details about GDSII

file can be found in Appendix B.
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Figure 3.5: Snapshot of a GDSII file with multiple FZPs.

Phased reverse FZP

FZP mainly includes two types: normal FZP and phase reversal FZP. The none
OAT transducer region won’t absorb the pump energy and generate no coherent
phonon field. Since almost half of the incident laser energy is wasted by the empty
regions, the normal FZP has a low focusing ability. PR-FZP replace empty regions
with phase reversal regions that correct the phase of the pressure contributions
by adding a 7 phase change that generates constructive interference at the focal
distance [165, 166]. The focusing ability of PR-FZP is usually higher than that of

normal FZP, so it has a better application prospect [167].

The transmission and phase reversal regions are typically included in the concen-
tric circle structure in a PR-FZP. In this case, we have two layer of transducer
plane with a depth difference as shown in Figure 3.6 (a). Both regions contribute

to the focusing of acoustic energy.

Phase-Reversal lenses, unlike traditional FZPs, take advantage of all the incident

energy by adding phase compensation regions instead of binary energy blocking
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Figure 3.6: Simulated signal intensity vs phase difference.

regions. By using the FBASM model introduced in Section 2.4, as shown in Figure
3.6 (b), the maximum signal vs thickness of two layers were found around 7 phase

difference (around 150 nm).

3.1.3 Concave lens design

Concave acoustic lenses represent a straightforward approach to focusing acous-
tic waves, leveraging their three-dimensional structures to manipulate the direc-
tion and concentration of energy. Unlike the Fresnel Zone Plates discussed ear-
lier, which are planar diffractive structures, concave lenses are inherently three-
dimensional and thus present unique challenges in nanofabrication. The complex-
ity of their shape necessitates the use of specialized fabrication techniques such
as Focused Ton Beam (FIB) milling, which allows for precise sculpting of the lens

profile directly into the substrate material.

Despite the complexities in their fabrication, concave lenses offer significant advan-
tages in terms of energy efficiency. Their curved surfaces are inherently adept at

capturing and redirecting the entirety of the incident pump laser energy, ensuring
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minimal loss and maximum transfer of energy to the focused acoustic field.

Moreover, the durability and reusability of these concave structures add to their
appeal. Fabricated by milling into robust materials like glass substrates, they can
withstand repeated use. After conducting experiments, the lenses can be easily
regenerated through a process of acid cleaning followed by re-sputtering of the
functional layers. This ability to recycle the lenses for multiple tests without
degradation in performance is an economical and practical advantage, allowing

for extended research use and consistent experimental conditions.

2+

-4 -3 -2 -1 0 1 2 3 4

Figure 3.7: Schematic diagram of the design of a concave lens.

Figure 3.7 depicts the design of a single concave optoacoustic lens intended for
GHz sound focusing applications. A half circle shape represented by a blue line
that forms a U-shaped curve, this curve suggests the design of the lens which
focuses acoustic waves towards the focal point at the centre of the half circle
(The small green circle.). Red line indicates the optoacoustic transducer layer,
the curvature is proposed to be made using FIB (more details around fabrication

will be introduced in the following fabrication Section 3.2.3).

A series of nine concave lenses designs are arranged in a 3x3 grid as shown in

Figure 3.8. From left to right, the columns indicate increasing focal lengths of
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Figure 3.8: Concave lens designs with different focus and diameters.

the lenses: F=1, F=2 and F=3 um. From top to bottom, the rows correspond to

increasing diameters of the lens at the ground surface: D=4, D=5, and D=6 um.

3.1.4 NA of acoustic lenses

The “Numerical Aperture” (NA) is the most important number associated with
the light /sound gathering ability of an optical or acoustic lens. It is directly related
to the angle of the cone which is formed between a point on the specimen and the

front lens for either light or sound [168, 169], determined by the equation:

NA =nsina (3.3)

At room temperature, water’s optical refractive index n is n = 1.333 (though it
varies slightly with temperature). In terms of acoustics, it is the sound velocity
divided by the sound velocity of a reference material, most commonly water; hence,

water has an acoustic refractive index of 1. Since this thesis trying to achieve
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Figure 3.9: Numerical Aperture (NA) of the proposed acoustic lenses.

acoustic focusing in water as shown in Fig. 3.9, thus here n = 1 is used for the
calculation results in chapter 4. Knowing the radius R and focus F', NA can be

calculated as:

R

3.2 Optoacoustic lens fabrication

In order to fabricate all the designs of different optoacoustic lenses discussed above,
multiple nano/micron-scale fabrication techniques, including Electron Beam Lithog-
raphy (EBL), Focused Ion Beam (FIB), and thin-film deposition techniques such
as sputtering and thermal diffusion, will be used and discussed in this fabrication

section.
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3.2.1 Transducer fabrication

In order to form thin-films of the materials discussed above in Section 3.1.1, the
physical vapour deposition technique - sputtering will be used. Prior to fabrication,
a substrate cleaning process is involved for better fabrication quality, following that
is the thin film deposition process, finally a thin-film transducer characterisation

process is performed to check the fabrication quality.

Substrate cleaning process: Before beginning the deposition process, the sub-
strates underwent cleaning, which involved four steps. In each step, the substrates
were placed in a glass beaker filled with one solvent, and the beaker is then placed
in an ultrasonic bath machine. The solvents used were ethyl-lactate, acetone,
methanol, and isopropanol (IPA), applied in that sequence, with each step lasting
for 10 minutes. Before moving to the next step, the substrates were rinsed with
the subsequent solvent. Once the final cycle (IPA) was completed, the substrates

were dried using nitrogen gas [25].

Thin film layer deposition: Au and ITO depositions were performed with
a sputter coater (HHV BT300). First mounting the samples to the removable
rotating stage using conductive tapes. Then the machine is pumped down to a
vacuum of approximately 1 x 10~ mbar. Once the required vacuum is achieved,
argon gas (used as a sputtering catalyst) is introduced into the chamber. The
thickness of the deposited material is determined by a combination of the plasma
current (applied to the magnetron) and the duration of the deposition process.
To establish a calibration for the sputtering deposition process, it’s important to

characterize this deposited thickness.
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Transducer layer characterisation

Having accurate knowledge of the device dimensions is crucial for effectively com-
paring theoretical and experimental performance. Here a convenient and low-cost
white light spectroscopy method was used to measure the film thickness based on
the transmission spectra of the device. A Matlab script was written in order to
determine the film thickness from the experimental transmission spectrum, which
was normalised by the transmission spectrum of only the glass substrate. Details
of the white light spectroscopy and the analysing script can be found in Appendix
A.

Using the assumption that the material identity of the film is known (e.g. gold),
the optical properties of that material can be used to simulate theoretical trans-
mission spectra (using the aforementioned Fresnel coefficient model) over a range
of potential thicknesses (blue curves in Figure 3.10 (a)). The best matched theo-
retical spectrum is located and assigned as the thickness measurement (fit quality

in Figure 3.10 (b)).

3.2.2 Fresnel lens fabrication

Fresnel Zone Plates (FZPs) are flat lenses that can focus energy beams without

relying on the more challenging-to-manufacture concave or convex geometries.

Flat FZP made with Electron Beam Lithography (EBL)

The fabrication process of the Fresnel Zone Plate (FZP) samples involved a se-
quence of steps integrating Electron Beam Lithography (EBL) and thermal evap-

oration deposition techniques. The following section details each essential step in
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Figure 3.10: Example shows the results of a script used to measure the thickness
of a gold layer. On the top, blue lines represent model curves and the red lines
shows the experimental data. Below, the curves are compared. If the model and
theory perfectly match, the curve’s value is one. In this case, the thickness of the
ITO layer for the device being measured can be found at the peak of the matching
curve.

the fabrication process and a process flow is shown in Figure 3.11:

1. Substrate preparation and resist layer application
The fabrication process began with the selection of a glass coverslip as the
substrate. Before proceeding, the coverslip underwent thorough cleaning to
ensure a clean surface free from contaminants. Subsequently, an electron
beam resist layer (AR-P 6200) was uniformly coated onto the cleaned glass
coverslip. This resist layer served as the primary pattern for the subsequent

lithographic steps.

2. Introducing the conductive protective layer
During electron beam exposure, it was important to mitigate charge build-

up effects that could degrade the quality of the fabricated FZP pattern. To
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Figure 3.11: Process flow for submicron fabrication on flat structure: (a)-(b)
Photolithography resist is deposited on a cleaned substrate using spin coating
method. (c) E-beam applys a predefined mask (programmed with GDSII). (d)
After developing, only the reverse mask of resists remained. (e) Then deposit Au
over the top of the whole sample. (f) Perform lift-off to get the final design.

address this, an extra protective and conductive layer (AR-PC 5090) was
carefully applied on top of AR-P 6200. This conductive layer was designed
to dissipate the charges efficiently during electron exposure, preserving the
fidelity of the pattern. Special attention was given to selecting an appropriate
conductive material and optimizing its thickness to achieve optimal charge

dissipation without compromising other performance aspects.
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3. Soft baking and electron beam exposure
To stabilize the resist layers and improve their adhesion to the substrate,
a soft baking procedure was conducted. The soft baking conditions were
optimized to achieve the desired mechanical properties of the resist layers.
Following soft baking, the coverslip underwent electron beam exposure uti-
lizing a Nanobeam nB5 device with custom GDS designs. The electron beam
exposure was crucial in defining the intricate patterns required for the FZP

sample.

4. Removal of the conductive protective layer
After successful electron beam exposure, the conductive protective layer was
no longer required. A washing process involving deionized water was carried
out to gently remove the conductive layer without causing any damage to

the underlying pattern.

5. Deposition of Indium Tin Oxide (ITO) and gold (Au) layers
To enhance the functionality of the FZP samples, a 5 nm layer of indium
tin oxide (ITO) was carefully deposited on the exposed pattern. The ITO
layer contributed to improved adhesion of the next Au layer to the substrate
and provided additional protection to the FZP structure. A 20 nm layer
of gold (Au) was applied using a n-type thermal evaporator. The choice of
gold thickness was specifically tailored to allow the passage of probe light,

essential for the intended optical functionality of the FZP sample.

6. Lift-off procedure
The final step in the fabrication process involved the lift-off procedure using
AR 600-546. This step aimed to remove any excess materials, leaving only
the well-defined pattern of the FZP sample on the glass coverslip. The lift-off
procedure was performed with precision to ensure the final FZP structure’s

accuracy and integrity.
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Due to the small size of a single FZP, only a few pm, it is difficult to locate
its exact position in experiments. Furthermore, due to a certain loss rate in the
EBL production process, each fabrication run produces an entire array of FZPs
simultaneously, with different designs (and multiple repetitions of each design)
being formed into a large design pattern. As shown in the Figure 3.12 (a), this is a
design pattern including both positive and negative FZPs. Each region is designed
for better positioning and to avoid large unusable areas caused by EBL production
or sample transportation. The horizontal numbers and uppercase letters serve
similar purposes. Figure 3.12 (b) then zooms in on a 10x10 lens array, where
lens focal lengths range from 1 pm to 10 pm, corresponding to the design’s focal
lengths, and letters A to J repeat in the same row. The distance between each lens

is 10 pm, allowing multiple FZPs to be scanned in a single experiment without

the need for repeated calibration of laser focusing, signal intensity, etc.

REGION 1 (b)

Figure 3.12: Optical pictures of the design pattern of EBL made FZPs. (a) Big
letters of Region and labelling of FZPs with different designs. (b) Zoom in of a
area of negative FZPs.

The fabricated Fresnel Zone Plates (FZPs) on a glass substrate are checked using
a Scanning Electron Microscope (SEM) to characterize their properties and assess
fabrication quality. To perform SEM on these samples, they must be conductive.
This can be achieved through either a permanent I'TO coating above the substrate
or a washable chemical conductive layer applied after the FZPs’ fabrication. The

SEM facilities available at the Nanoscale and Microscale Research Center (NMRC)
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at the University of Nottingham include the JEOL 7000F FEG-SEM and JEOL
7100F FEG-SEM. Some characteristics of these instruments are described below
in table 3.1. The two machines listed share very similar capabilities, as they are

very similar models. Both are used due to their availability at the NMRC:

SEM Specification
Model JEOL 7X00F FEG-SEM
Electron Schottky Field Emission Gun
Source
Accelerating 0.5 to 30 kV
Voltage
Resolution 1.2nm (30kV), 3.0 nm (1kV)
Probe Current | 1 pA to 200 nA
Magnification | 10x to 500,000 x

Table 3.1: Major Specifications of SEM.

Figure 3.13 showcases example SEM pictures of the EBL-made lenses: 3.13 (a) and
(b) are SEM images of EBL-made FZPs, while 3.13 (c) is an SEM image of a FZP
made with nanorods. All were created using the process introduced in this section,
featuring a 20nm Au layer and mounted on a glass substrate. Experimental results
of conventional FZPs will be discussed in detail in the following results chapter 4,
and more on the device concept and preliminary discoveries of FZPs made with
nanorods will be covered in the Phase-Reverse FZP Section 3.2.4 and preliminary

results and perspectives Section 5.2.

3.2.3 Concave lens fabrication

Focused ion beam (FIB) milling is a popular technique in the semiconductor in-
dustry, materials science research, and for prototyping nano/micron devices with
both 2D and 3D structures due to its precision and ability to produce small fea-
tures. In this section, the design and fabrication process of concave lenses over

glass substrate is described in details.
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(b)

SEI 150KV X9,000

Figure 3.13: (a) and (b) are SEM snapshot of two different FZP lenses. (c) Fresnel
Zone Plate made up of nanorods, in this case, the rods are 160nmx40nm and they
are in two perpendicular orientations.

Fabrication process

3D-FIB processing is performed as follows (Figure 3.14). Figure 3.14 (a) illustrates
the desired final dish-like structure. We have a concave surface with a depth (Uj)
and a diameter (Dp). The angle ) represents the inclination angle of the dish’s
edge with respect to the horizontal plane. The relationship between Dy, 6, and

the designed focus F' are defined using below functions:

U() = Do (]. — COS 00) /2 sin 00 (35)

F = Dqy/2sin 6y — Up; (3.6)
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Figure 3.14 (b) showcases the sequential FIB milling process. The FIB is directed
to mill the material layer-by-layer, with a single layer milling height of hy. The
milling begins from the top, gradually removing material to create a concave
structure. The layers represented by the horizontal lines indicate the progressive
removal of material from the substrate. Fig. 3.14 (c) showcases the intermediate
stages of the FIB milling process. Each “No.” represents a progressive milling

step.

Uy= L - ho (3.7)

Figure 3.14 (d) represents the final result of the FIB milling process.

In summary, the provided figures illustrate a FIB-based method to fabricate a dish-
like structure. The method starts with the desired design, followed by sequential
layer-by-layer milling using a FIB, until the final desired depth and shape are

achieved.

No.3 No.4

Figure 3.14: Illustration of 3D-FIB etching process. Image (a) and (c) reproduced
from [170].
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FIB layer choice An important consideration in the fabrication process is the
selection of the number of layers. In microfabrication, the precision and uniformity
of the resultant structure often depend on the granularity of the layers being
milled. For a structure aiming for a depth of 2-3 pm, a minimum of 15 layers is
recommended. This is based on multiple fabrication experiences and ensures that

each layer is milled to a thickness of approximately 150-200 nm.

Such granularity allows for more controlled and uniform milling, reducing the
risk of defects and ensuring consistent structural properties across the entire dish.
Furthermore, using multiple thinner layers as opposed to fewer thicker ones can re-
sult in smoother surfaces, as shown in Figure 3.15 (b), minimizing post-processing
needs. Figure 3.15 (a) shows the result of fabrication using an insufficient num-

ber of layers. The outcome is quite rough, and the individual layers are clearly

distinguishable.

(b)

Figure 3.15: Typical SEM images of concave lenses FIB-etched with different
number of layers (L) and thickness of each layer (hg), (a) is with 8 layers and (b)
is with 15 layers.
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3D lens made with Focused Ion Beam (FIB)

The fabrication process of the 3D concave lenses involved a sequence of steps inte-
grating Focused Ion Beam (FIB) and metal sputtering techniques. The following
section details each essential step in the fabrication process and a process flow is

shown in Figure 3.16:

1. Substrate preparation and adhesion layer application
In the initial phase of the Focused Ion Beam (FIB) fabrication, the substrate
was prepared and an adhesion layer was applied. The substrate underwent
thorough cleaning to remove contaminants, ensuring an ideal surface for the
layers that followed. In a manner similar to the prior fabrication of the EBL-
made FZP lens, a thin indium tin oxide (ITO) layer was applied to improve

adhesion and serve as an intermediary surface, especially for bonding with

gold (Au).

2. Loading pre-designed design files
The pre-designed files from the earlier design section were loaded to define
patterns. Patterns could be directly drawn using the default FIB software,
which allowed for a series of concentric circles with consistent thickness but

varying radii, or they could be imported as BMP files.

3. Milling and SEM check
The subsequent step involved milling while simultaneously performing Scan-
ning Electron Microscopy (SEM) checks. FIB settings played a crucial role
in determining milling precision. The choice between imaging and milling
impacts real-time adjustments. The primary process parameters that had
effects included acceleration voltage, ion beam current, dwell time, volume
per dose, and milling time. A more detailed selection of these parameters

will be discussed in the subsequent FIB process parameters section.
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4. Transducer layer sputtering
Similar to the fabrication of flat transducers, the deposition of ITO and
Au was performed using a sputter coater (HHV BT300). The same thin
film layer characterization was also conducted. A 5nm ITO and a 30nm Au
layer were deposited onto the concave glass structures to create a functional

curved 3D optoacoustic lens.

Meanwhile, although FIB may lack the advantage in batch producing lenses, it
offers the benefit of enabling sample recycling, thus allowing for reuse in multiple
rounds when the transducer layer is damaged or contaminated with bacteria or

other dirt.

FIB process parameters

The FIB facility available and used at the Nanoscale and Microscale Research
Center (NMRC) at the University of Nottingham is FEI Quanta 200 3D Dual
Beam FIB-SEM system. Some characteristics of this machine are described below

in table 3.2.:

Dish recycling

Sputter coated transducer layer can be stripped using a mixed acid solution so the
FIBed dishes over glass substrate can be re-coated and used for different purposes:
such as dirts blocking the lens or different transducer layer required for different
experimental purpose. A standard solvent cleaning process as the one described
in Section 3.2.1 was also required after the acid cleaning process. All chemicals

were used within a fume hood at all times for health and safety purpose.

A substrate recycling solution was made by mixing 2ml Nitric acid (68%) with 1ml
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Substrate

(a)
. Coating of ITO

ITO———

(b)
3 Exposure to

C
" () 3D structure FIBed

(d) ITO & Au
¥ deposition
Au ——
mo—

(e)

Figure 3.16: FIB fabrication process used to make 3D concave lenses. (a)-(b)
Conduction layer is formed on the target region by coating of ITO. (¢) Surround-
ings of the target region are roughly milled with Ga ion beam to prepare a section
(thickness: a few um or less). (d) FIB milling finished and 3D structure made.
(e) Adhesion layer ITO and Au metal layer is deposited to functionalize the op-
toacoustic transducer.

Hydrochloric acid in a glass beaker, and the glass substrate with transducer layer
on was placed in to this immediately. Then the beaker was covered and left in
ultrasonic bath for 2mins to remove any remaining material inside the micron size
concave lenses. The waste was then neutralised with sodium bicarbonate before

disposal. The cleaned sample was then washed using solvent and finally dried with
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FIB Specification
Model FEI Quanta 200 3D Dual
Beam FIB-SEM
Accelerating volt- | 200V to 30 kV
age for electron
beam
Accelerating volt- | 5 to 30kV
age for ion beam
Electron beam res- | 1.2nm (30 kV) at high vac-

olution uum mode
Ion beam resolu- | 10 nm (30 kV) at 1pA
tion

SEM Magnification | 30x to 1.28M x
FIB Magnification | 40x to 1.28Mx

Table 3.2: Major Specifications of FIB.

nitrogen.

3.2.4 Phase-Reversal FZP (PR-FZP) fabrication

Phase-Reversal lenses, unlike traditional FZPs, take advantage of all the incident
energy by adding phase compensation regions instead of binary energy blocking
regions [171]. PR-FZP can be either fabricated using FIB or EBL (though requir-
ing special experimental set up), the thickness of the FIB layer was determined
in the PR-FZP design Section 3.1.2. More details about FIB made PR-FZP will
be discussed in the results Section 4.1.3 and more EBL made PR-FZP will be

discussed in the preliminary results and perspectives Section 5.2.

In conclusion, two different nano/micron fabrication techniques were presented for
the fabrication of diverse 2D and 3D structures, EBL for flat 2D structures and
FIB for 3D structure. In conclusion, EBL is capable to mass fabrication in a single
run with super high resolution and FIB is an advanced technique that can be used

for rapid prototyping of novel 3D micron/nano structures [172].
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3.3 Experimental set-up

The fundamental working principle of PLU and pump-probe spectroscopy in gen-
eral is that the pump pulse is absorbed in a periodic manner that repeats at the
pulsed laser system’s repetition rate. One probe detection pulse, which measures
the transducer/specimen’s reflectivity or transmissivity at a discrete time loca-
tion as the wave propagates, is produced for every pump excitation pulse. These
generation-detection events gradually stagger in time until a certain time window
of the acoustic wave has been sampled and recorded because of the aperiodicity
between the timings of the pump and probe pulses. Based on this fundamental

understanding, the following sections are centred around four key topics:

1. The concept of measuring the time resolved signal of a high-frequency acous-

tic wave.
2. The equipment required to carry out this operation.
3. The special optics choice made to achieve experimental requirements.

4. The scanning methods used to running scans, from finding the region of

interests to taking experimental data.

In the field of PLU, and more generally in pump-probe spectroscopy, the absorp-
tion of a pump pulse happens repeatedly at the same interval as the pulsed laser
system. For every activation of the pump pulse, a corresponding probe detection
pulse samples the reflectivity or transmissivity of the transducer or specimen at a

specific moment as the wave travels through.

What’s intriguing here is the intentional mismatch in timing between the pump

and probe pulses. This aperiodicity leads to the generation and detection events
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being gradually offset in time, allowing for a thorough examination of a certain

time window of the acoustic wave.

The latter part of this section delves into the typical techniques to achieve this
staggered timing, as well as the additional optical/electronic components that

support this measurement process.

3.3.1 Time resolved signal in GHz

Sampling

To accurately capture a GH z frequency acoustic waveform, careful synchroniza-
tion between pump and probe pulses is essential. For instance, when studying
an acoustic wave in water with a central frequency of f = 5GHz (like the Bril-
louin frequency of water in the near-infrared region), each wavefront’s period is

approximately 200 ps.

To ensure proper frequency capture of the wave, the Nyquist principle dictates
that each wave cycle should have at least two discrete samples. This means that
the largest time interval between successive positions of the probe pulse should be
Atmax = 100ps (in practice, the sampling rate is often considerably much higher

than this).

In order to increase the precision of the time resolved signal, or the resolution with
which two frequencies can be distinguished, the number of sampling within each
cycle should be much higher, which requires that these ~ ps sampling intervals

taken place over the whole physical phenomenon of few nanoseconds.
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Asynchronous optical sampling (ASOPS) system

ASOPS offers a way to achieve super high time resolution by utilising two lasers
with slightly different repetition rates. For example as shown in Figure 4.13, if a
master laser (pump) is set to 80M H z, and the slave laser (probe) set to 80.01M H z
(a delay rate of Af = 10kHz), the slave laser will cumulatively step away from
the master at a rate of 1.5ps per pulse. Using this technique, the entire 12.5ns
time-of-flight between pump pulses (1/f) can be reconstructed in 100 us, the beat
period of the master /slave.
1/f

—_—

Pump Laser
Pulses

1/(f+af)
. At 24t 3at
Sampling
Probe Laser
Pulses

1/f At t

4 I

Figure 3.17: Sampling clock of pump and probe - how time resolved signal is
generated.

The following section outlines pump-probe experiments utilizing the ASOPS laser
system, which is renowned for its exceptional time resolving capabilities. To con-
duct ultrafast acoustic measurements, the necessary optics and electronics will be
introduced. These components will be discussed in the context of demonstrating

the focusing effect of the optoacoustic lenses presented in previous Section 3.2.3.
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3.3.2 ASOPS pump-probe optical system

Ultrafast pulsed laser sources

In this study, lasers from the Tsunami Series by Spectra Physics were utilized.
Specifically, the Millennia eV 532 nm pump laser activated the titanium: sap-
phire gain medium inside the Tsunami’s cavity. This configuration provided a
wavelength variability of about 200 nm within the Near Infrared (NIR) spectrum,

which spanned from 700 nm to 900 nm, and generated 100 fs ultrashort pulses.

Two Tsunami cavities were employed for the pump and probe laser pulse trains.
In the ASOPS configuration, the relative repetition rates of these cavities were
electronically controlled using a function generator (as detailed in Section 4.2.1).
This approach ensured synchronization with the primary 80 MHz oscillator (asso-
ciated with the pump laser). Once the wavelengths were tuned and mode-locking
was achieved, the Gaussian beams emitted from the laser cavities reached average

powers typically between 1 ~ 2.

The NIR output of one beam, typically the pump beam, can be frequency doubled
using a second harmonic generation crystal when NUV wavelengths were desired
to enhance optoacoustic energy transfer efficiency. Such a NUV-NIR configuration
was common for applications like phonon microscopy and ultrafast spectroscopy
of metallic nanoparticles. A typical NUV-NIR configuration of the experiment is

shown in Figure 3.18.

Optical design

A high-power mirror directs the beams from the tuning cavities’ output aperture

to the next set of optics further down the line. A half wave-plate and a polarising
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Figure 3.18: Schematic of the experiment used to perform pump-probe spec-
troscopy with NUV-NIR setup.

beam-splitter are used together to lower the average power from high ~ W to low
~ mW range. The power is decreased based on the position of the wave-plate.

Faraday isolators stop back reflections from going back into the Tsunami cavities
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and making the cavity modes more stable. Newport Broadband Faraday Optical
Isolators are used in the system, which allow ~ 90% of transmission and high

isolation in the NIR path.

The rest optical components in the system are built specifically to carry out stan-
dard pump-probe measurements in free-space. Each pump/probe path contains a
beam-expander, which allows the expanded beam to fill the whole back aperture
of the focusing objective and for better collimation adjusting. The expanded and
collimated beams then pass through a final turning mirror (which can be used to
adjust the overlapping between the pump and probe spots) before entering a 4f
imaging system. By using 4f systems, turning mirror adjustments can be imaged
onto the back focal plane of the objective lenses without causing the objective
aperture to be clipped. Following the first 4f, NUV and NIR are combined with
a dichroic beam-splitter which is followed by a fast scanning mirror. This allows
simultaneous raster scanning of both pump and probe spots if desired. Additional
4f systems are used because the beams are periscoped up to the sample, which is

placed on the microscope body and objectives lenses (see Figure 3.19).

As shown in Figure 3.20, the optical system can be changed to an NIR-NIR setup
(with an NIR pump wavelength) by adding a magnetically detachable mirror be-
tween the pump cavity and its doubler. Using this kind of setup could be better
if there are worries about NUV phototoxicity or if a certain nanostructure has
an NIR range optical resonance. The basic optical elements in this different NIR
configuration are the same. A 50/50 non-polarizing beam-splitter (NPBS) joins
this pump with the NIR probe-labeled beam in the system. Notably, the two NIR

beams can switch between being a pump and a probe as needed in real life.

The probe light can also be delivered from the top objective, allowing for detection

in reflection during experiments with specific beam size and overlapping require-

124



3.3. EXPERIMENTAL SET-UP

@ photodetector

|output

top

objective
transducer 2D scanning

stage

buttom
objective
input

pump probe
output

Figure 3.19: Basic diagram of the sample plane for the free-space implementation
of the pump-probe system. Either a NUV-NIR or NIR-NIR pump-probe com-
bination is directed through a series of 4f systems such that the beams can be
translated in space while still being accepted into the back aperture of a micro-
scope objective lens (bottom objective). After interacting with the transducer and
sample, the probe light can be detected in two configurations: the signal light that
is transmitted through the sample, and signal light that reflects from the transduc-
er/sample and travels back through the optical systems in Figures 3.18 and 3.20.
A mechanical stage can be used to control the x/y position of the pump-probe
spots with respect to the sample for scanning and imaging.

ments. Figure 3.21 displays a basic diagram of this configuration. A more detailed
optics design will be introduced in the subsequent section discussing the control

of beam sizes.

3.3.3 Scanning beam sizes

Different objectives were chosen in order to produce different sized pump and
probe beams; a 5x objective was chosen at the bottom for a sufficiently large
pump beam to obtain a large enough NUV spot and thus can cover the whole

opto-acoustic transducer (OAT) lens; a relatively small probe beam was chosen
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Figure 3.20: Schematic of the experiment used to perform pump-probe spec-
troscopy with NIR-NIR setup.

to allow for more room for future real acoustic PSF experiments and to in order
to have a relatively small probe beam, as well as to allow more space for future
real acoustic PSF experiments and to address the possibility of defocusing due

to liquid evaporation, a 10x dipping objective was chosen for the top. A more
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Figure 3.21: Basic diagram of the sample plane in the free-space implementation
of the pump-probe system, where the probe beam is delivered from the top and
detection occurs in reflection.

detailed beams size discussion is in the following Section 3.3.4.

To deliver the probe light from the top and separate it from the pump beam path,
a single mode optical patch cable was used to divert the probe beam to the top
of the microscopy body as shown in Figure 3.22 and 3.23. Two fibre ports were
used to convert free space beams to fibre and then back to free space. A set
of quarter-wave plate, polarised beam spliter and a half-wave plate was used to

achieve detection in reflection.

Detection

The Thorlabs Si Switchable Gain Detector (PDA36A) is used in our experiments.
It works within a wavelength spectrum of 350 — 1000nm, our 780nm probe choice

sit in this range. Depending on the requirements, we select a gain of either 20dB

or 10dB, accompanied by a detection bandwidth of either IM Hz or 5.5M Hz. The
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Figure 3.22: Schematic of the experiment used to perform pump-probe spec-
troscopy with NUV-NIR setup, probe is delivered via a single mode fibre and
is focused on the sample plane from the to objective and then reflect back to the
photodiode on the top.

disparity between the 100us acquisition timeframe (indicated by Af = 10kHz)
and the 12.5ns signal duration (represented by f = 80M Hz) also causes acoustic

frequencies to be decreased by a multiplier of 8000 in the observed signal. As a
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Figure 3.23: Diagram of the optics design around the microscope body. Either
a NUV-NIR or NIR-NIR pump-probe combination can be achieved by sending
either NUV or NIR pump beam via the bottom objective. Probe is sent through
a single mode patch cable and through the top objective, thus achieve reflection
detection and has the ability to separate the beam size control for pump and probe
delivering path.

result, a detection bandwidth of 1M H z corresponds to an approximate frequency
of 8GH~z in the signal area, whereas a bandwidth of 5.5M Hz corresponds to
nearly 50GH z. Given that the TRBS’s target frequency spectrum in liquids and
biological samples ranges from 1 to 20GH z, the system’s bandwidth of around

50GHz or 8GH z is big enough for the majority of tasks.

After a signal is collected at the detector, it is transmitted through a coaxial
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Figure 3.24: Diagram of the whole system.

cable to: (1) a Mini-Circuits RF amplifier (ZFL-500LN-BNC) and (2) a BNC-
2110 analogue-to-digital converter. The latter digitizes the signal’s DC light level
photovoltage, which is then used in subsequent signal processing. The amplifier’s
output goes through a low-pass filter before being sent to a digital oscilloscope
(LeCroy HROG66Zi). The frequency waveform generated by the function generator
(for instance, Af = 10kHz) is designated as the external or input trigger for the
oscilloscope. While the oscilloscope’s sampling rate can reach up to 2GS/s, to
prevent over-sampling, a rate close to 100M S/s is typically selected, aligning with
the ASOPS system’s 80M S/s discretization (at Af = 10kH z).

3.3.4 Scanning method

In this section, the step-by-step experiment procedures using the ASOPS system
described above is presented. The experimental procedures is divided in three

main steps, applied to most results presented in the results chapter 4.
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1. Align the pump and probe
Due to the optical system design, the pump beam offers greater flexibility
and can be precisely adjusted using the scanning mirror. First, ensure that
both the pump and probe beams are visible in the camera view, and slightly
adjust the probe delivery for coarse alignment. Then, using both the camera
and the co-peak signal from the scope to closely monitor the beams, adjust
the pump beam’s position with the scanning mirror to achieve the maximum
signal. This may also involve adjusting both objectives to focus or defocus
the beam, depending on the desired overlap characteristics. To check the
overlap, once the maximum signal has been manually identified, a quick
scan using the scanning mirror with a fixed probe and moving pump can be
conducted to find the position of maximum overlap. Figure 3.25 (b) is an

example result.

2. Find the area of interests
The nano/micron structures are visible in the camera. However, each indi-
vidual lens is similar to, or even smaller than, the size of the laser beams.
This makes it challenging to precisely determine the position of the lens and
to identify the center of the lenses. In this context, a quick DC scan proves to
be very useful. An OAT with a unique surface geometric characteristic will
yield a distinctly recognizable optical (DC) scan result as shown in Figure

3.27 (b).

3. Do the scan
Two types of scans are utilized for the mirror. The first is the traditional
scan, where only the sample is moved while both the pump and probe beams
remain fixed. The second is the relative probe scan. In this method, each
time the sample is moved, the pump beam is also adjusted (based on calibra-

tion calculations for the scanning mirror movement) to achieve a scanning
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probe with the pump beam and sample position held constant.

Before conducting an experiment, users must create an executable “con-file”. This
file contains scan instructions, such as mechanical stage movements, the number
of measurements at each point, and other related directives. This con-file is then

fed into the data acquisition software known as D-scan.

As the experiment progresses and even after its completion, D-scan records the

experimental data across various files and formats:

1. A “dat-file”: This holds the raw output from the oscilloscope (AC).

2. An “m-file”: This encompasses meta-data for the scan, including naming

conventions for file bases and parameters related to the oscilloscope.

3. A “d-file”: This captures the average photovoltage levels (DC).

Both the pump and probe beams are focused using different objective lenses: a 5x
microscope objective lens for the pump beam and a 10x water dipping objective for
the probe beam, typically onto the surface of the OAT. The electric field intensity
distribution of both lasers at the focal spot can be expressed using the Airy disk
equations (2.59) and (2.60). For simplicity, if we ignore the minor interfering
ripples around the edges, the focused laser beams can also be approximated quite
well by a Gaussian function. The distribution of the pump laser pulse using

Gaussian approximation is given by:

2
pump

2., .2
I(x,y) = Iy x exp (—QI +Y ) (3.8)

with [y the peak intensity (at the center of the beam), x and y the spatial coor-

dinates. apyum, is the radius of the electric field amplitude distribution at the 1/ e?
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(or about 13.5%) level. Figure 3.25 (a) is a simulated pump - probe correlation

estimation.

To find out the pump laser beam’s effective radius in the experiment, a cross
correlation map of the pump and probe laser beams by moving the pump laser
beam around the fixed probe laser beam (Figure 3.25 (b)) was measured.

2D Gaussian Beam
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Figure 3.25: Effective radius of the pump laser beam focii sizes determination by
cross-correlation, obtained by a raster scan of the (fixed) probe beam by the (mov-
ing) pump beam on the surface of a flat Au OAT deposited on a glass substrate.
(a) Simulated beam size using Gaussian assumption. (b) Experimentally obtained
pump-probe cross correlation.

The scan has been made on a 13x 17 um? area with a step size of 0.65 pum in x axis
and 0.85 um in y axis, centred on the pump spot, on a 30nm gold(Au) transducer

deposited on a glass substrate.

Another method to measure the size of laser beams is using camera approximation.
Utilising the integrated camera for alignment within the microscope body, optical
images were captured. In order to prevent camera saturation and damage, neutral
density filters were inserted into the optical path to lower the laser power that
reached the camera. The EBL sample is overlapped by fits-sized laser beam spots.
Calibration of the camera view size was done using the GDSII design for the EBL.
There is a black box that zooms in area of interests, the FZP where laser beams

are placed has a design focus of 2 ym and the has a diameter of 4.46 um. The
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(a) (b)

Figure 3.26: Determine the sizes of the pump and probe using the optical image.
(a) Optical images were taken using the built-in camera for alignment in the
microscope body. Neutral density filters were placed in the optical path to reduce
the laser power reaching the camera, thereby avoiding camera saturation and
damage. (b) Laser beam spots, sized to fit, overlap the EBL sample. Camera
view size calibration was conducted based on the GDSII design for the EBL. A
black box zooms in on the area of interest; the pump has a measured FWHM of
approximately 5 pum. The probe’s distribution is uneven, with a wider FWHM of
approximately 3.5 pum along the z-axis and a narrower FWHM of approximately
2.5 pm along the y-axis.

pump’s FWHM is about 5 pum. The probe is spread out unevenly, with a wider
FWHM of about 3.5 um on the z-axis and a narrower FWHM of about 2.5 ym on
the y-axis. To illuminate the entire lens, the pump beam needs to be large enough
to cover it completely. Although a sufficiently large pump beam is achieved here
to illuminate the entire F' = 2 pum lens, the challenge lies in practical experiments
- aligning the pump and probe beams together and also finding the centre of the

lenses, since the pump beam size is comparable to the lens size.

To find both the EBL made and FIB made lenses, the first step is to find all
the structures using the build in optical microscopy (Figure 3.27 (a) shows an
example how the finding process is done of a FIB made sample with 9 concave
lenses). Then, using a raster scan with larger scan steps, for example, an area of

100 x 80pum? was scanned with a scan step of 1 um. Since the probe is placed on
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Figure 3.27: A DC scanned area showing the processes to find precise positions
of the lenses. (a) Camera view of the region of interests. (b) DC map of the scan
area, 100 x 80um? was scanned with a scan step of 1 um. (c) Masked DC map,
lens pixels are filtered and labelled white here. (d) The calculated centroid and
radius, labelled in red circles.

top and the detection is done in reflection mode, thus, when the probe approaches
the dish, compared to a flat surface, less probe light travels back to the detector,
resulting in a blacker region in the DC scan as shown in Figure 3.27 (b). Then,
by applying a mask with a custom threshold to the DC scan (Figure 3.27 (¢)), the
lens area can now be found by calculating the centroid position and radius size for
each single lens, as shown by the red circles around the mask-filtered lens areas in
Figure 3.27 (d). Meanwhile, the calculated centroid position can later be loaded

to perform fine scan over each single lens to perform PLU measurements.
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3.4 Signal processing

In this section, the procedure for processing the TRBS experimental signal is
outlined. Matlab serves as the primary tool, assisting in organizing, manipulating,
and presenting the data. The waveform captured by the oscilloscope requires
refinement to eliminate any unwanted components. Only after this refinement can
the time-of-flight of the acoustic phenomena, as detected by the ASOPS pump-

probe system, be accurately determined.

By transitioning the time-domain signal into the frequency domain, Brillouin spec-
troscopy becomes feasible. This process is essential for determining the viscoelastic
characteristics of the material where the phonon probe resides. The discussion will
then shift to the evaluation of signal frequency in relation to time, known as time-
frequency analysis. This evaluation is crucial for leveraging the phonon probe as

a three-dimensional imaging device for microscopic entities.

3.4.1 Extract time trace

A custom MATLAB script is used for basic signal processing. This script is
specifically designed to parse and process the raw data, a methodology for which

will be detailed subsequently.

A light pulse that is absorbed causes the sample’s temperature to rise. The re-
fractive index changes as a result of this temperature shift, which has an impact
on a material’s local reflection and transmission. This causes the light level to
vary gradually, as shown in laser ultrasound investigations. This phenomenon is
known as thermal background. They will overlap in time because the thermal
background’s length is longer than our acoustic signals’ period. The raw trace

is trimmed and fitted to a polynomial curve to separate them. Next, a graph is
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created by superimposing the fitted curve quality over the source trace (Figure
3.28 (c)). The fitted curve is deducted from the source curve after it has been

confirmed that the fitting accurately follows the source trace (Figure 3.28 (d)).

A light pulse that is absorbed causes the sample’s temperature to rise. The refrac-
tive index changes as a result of this temperature change, which has an impact
on a material’s local reflection and transmission. This causes the light level to
change gradually, as seen in laser ultrasound experiments. This phenomenon is
known as thermal background [25]. They will overlap in time because the thermal
background’s duration is longer than our acoustic signals’ period. The raw trace
is cropped and fitted to a polynomial curve to separate them. Next, a graph is
created by superimposing the fitted curve quality over the source trace (Figure
3.28 (c)). The fitted curve is deducted from the source curve after it has been

confirmed that the fitting accurately follows the source trace (Figure 3.28 (d)).

The experimental case study used for this discussion of signal processing, is a 20
nm gold transducer on a planar glass slide, sitting in a Petri-dish filled with water.
The experimental set-up was that of the NUV-NIR free-space configuration shown
in Figure 3.22, where the signal has been detected in reflection (reflected output

in Figure 3.23).

For the experiments in Chapter 4, time traces were taken either individually or
as an array. Each time trace exhibits a rapid change in signal level, known as
the “co-incidence peak”, attributed to short-lived electronic effects. Additionally,
there’s a thermal background signal due to temperature changes. On top of this,
the signal of interest emerges: the time flight of Brillouin scattering signal(Figure

5.13).

The signal process method introduced is used to process all the traces gathered

form experiments, following the steps shown in Figure 3.28, which will be discussed
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Figure 3.28: Single point signal processing steps from the initial raw data until the
extraction of the signal of interests. (a) Raw but averaged AC/DC signal as output
from the scope.(b) Location of the coincidence peak found when the pump and
probe are synchronised and a user-defined offset is applied to indicate the start of
the region of interest. (c¢) The slow thermal decay following the coincidence peak
is fitted to a polynomial expression and will be subtracted in the next step. (d)
Final modulation depth of the time domain acoustic signal.
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below. The trace is truncated at the end time of the time window of interest,
starting from time 0 (at the coincidence peak) and continuing until the oscillatory
signal decays. Subsequently, the thermal background is eliminated by subtracting
a fitted polynomial function. After that, a fast Fourier transform FFT is then

performed, to get evaluation of the peak frequencies.

3.4.2 Frequency analysis - FFT

By calculating the FFT of a processed trace and by looking at the peaks of the
signal, one can precisely determine the quantity of the Brillouin frequency of
interests: fp. However, creating a picture (point by point scan) by repeating the
process numerous times takes time and increases the risk of human error. More
details about Fourier transformand Fast Fourier transform realization can be found

in appendix D.
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Figure 3.29: Example basic processed experimental trace, and its fast Fourier
transform (FFT).

A threshold on the amplitude and a range of expected frequency values are set in
order to automatically determine the frequency of a peak from a trace. Because
there are multiple signals produced by a measurement during transmission, this
range avoids evaluating the incorrect peak. Similarly, the threshold makes it
impossible to determine a noise peak’s frequency. Next, the highest value within

the intended range is identified and associated with its frequency position. (b)
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displays the Fourier transform of the trace displayed in Figure 3.29 (a). There,
the black line denotes the threshold, and the red portion of the trace shows the
range where the maximum is looked for. The detected frequency is eliminated
and the point is regarded as lost data if the peak’s amplitude is less than the

threshold’s (black line) value.

3.4.3 Signal amplitude modulation

The time domain can be utilised to extract more information about the rate of
signal decay once the dominant signal frequency (fg) has been determined. As
was recently shown, there are two ways that signals can be attenuated in opto-
acoustics: optical and acoustical. As such, care must be taken in determining
the source of the attenuation effect. Nonetheless, acoustics will be the primary
factor in signal attenuation in the case of low NA supplied by the optical fibre
[173]. Either way, an iterative minimum-value search procedure can be used to
determine the rate of general signal attenuation. The objective is to empirically
create an equation for the TRBS signal, which is thought to be a sinusoid with

exponential decay:

S(t) = A+ Bsin (2w fpt + ¢) e > (3.9)

where A is a vertical offset, B the sinusoid amplitude, « is the attenuation rate,
and v is the sound velocity in the medium. In order to numerically determine the
parameters in Equation (3.9), few assumptions are made [67]: (1) experimental
signal frequency (fp ~ 5GHz in water), (2) amplitude (B = amplitude of modula-
tion depth), (3) offset (A = 0), (4) phase offset of the sinusoid (¢ = 7). Then by

trying a series of numbers of the decay rate «, a starting reference number from
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literature for v is ~ 0.5um ™" [174], then the best match can be found as shown

in Figure
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Figure 3.30: Best match to find the TRBS signal decay rate. By quantitatively
developing an expression for a decaying sinusoid that matches the properties of
the experimental signal, the attenuation of the TRBS signal can be found. Image
reproduced from [67].

Figure 3.30 shows the result of this process for the an example experimental trace
in 3.29 (blue for the experimental trace, cyan for the fitted trace). The attenuation
rate  is found ~ 0.4um~'. This attenuation can also be feed back to both the
picosecond laser ultrasound (PLU) model and the Fourier-Bessel angular spectrum
method (FBASM) model discussed in Section 2.2 and 2.4 for better simulation

outputs.

3.4.4 Frequency analysis - wavelet

There will be a change in Brillouin frequency fp if the measurement volume of
phonon microscopy and, by extension, the phonon probe has a change in the local
sound velocity and/or refractive index. If fp changes, it could be because of a
change in the material or the state of a single material. Taking the Fourier trans-

form of the whole time-length of the TRBS signal will show multiple frequency

141



3.4. SIGNAL PROCESSING

peaks that can be used to confirm the existence of this effect.

For every time trace (or pixel on the image) at every time position, wavelet trans-
forms are calculated, and the corresponding centre frequency (fp of water) of
the wavelet number with the largest amplitude is recorded. An x, y, t matrix
of fp is the end result of this. Many conversions are possible from this matrix:
fB = 2nv/), can convert the refractive index to sound velocity if it is known, and

z = v *t can convert the temporal axis to spatial [175]. The wavelet transform is

defined as [176, 177]:

Wy(a,b) = % / Z F) (#) dt (3.10)

where (1) is the mother wavelet, a function of dimensionless time 7. a denotes
the wavelet dilation and b is the time shift of the wavelet. The wavelet transform
of a one dimensional signal such as a time series is a two dimensional map of the
amplitude, Wy, at a given frequency (or dilation a) as a function of the signal
time (or shift b). From this, the frequency with maximum amplitude is extracted

for each time in the trace.

The mother wavelet used here is the Morlet which is a complex exponential mul-

tiplied by a Gaussian window:

U(1) = (rB) M 2ekimnrm /B (3.11)
where v is the value of the wavelet at non-dimensional time 7 with angular fre-

quency wy and bandwidth B. Figure 3.31 shows the wavelet with bandwidths
B =11,3,5].
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Figure 3.31: Morlet Wavelet for B = [1, 3, 5]

The resolution of the axial reconstruction is dependent on the bandwidth of the
wavelet used. A higher bandwidth means there are more cycles before the wavelet
has decayed - this essentially performs temporal averaging of the signal. The result

is better frequency precision, but worse axial resolution.

An example using the wavelet method described here was shown in Section 2.2.4,
Figure 2.13: a wavelet analysis of the simulated trace of a multilayer structure,

which includes substrate, transducer layer water and PMMA layer.

3.5 Discussion

In the Methods chapter, the design and fabrication of optoacoustic lenses are in-
troduced. These lenses, including Fresnel zone plates and concave lenses, are pro-
duced using advanced nano/micron techniques such as electron beam lithography
and focused ion beam etching. To ensure precise acoustic focusing, simulation
optimization methods are also introduced to optimize the lens structures, fol-

lowed by experimental methods using time-resolved Brillouin scattering (TRBS).
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The TRBS setup employs an Asynchronous Optical Sampling System (ASOPS),
allowing for precise GHz-range signal detection. Finally, signal processing tech-
niques, including FFT and wavelet analysis, are discussed as methods to reduce

noise and improve data clarity.

Following the methods introduced in this chapter, simulation and experimental

results, along with discussions, will be presented in the subsequent results chapter.
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Chapter 4

Results

This chapter delves into the simulation and experimental results that build upon
the foundational theory and design of optoacoustic transducers for the detection
of Brillouin oscillations. The previously discussed theoretical frameworks and
methodologies pave the way for a comprehensive examination of various optoa-
coustic lenses, including multiple Fresnel Zone Plates and concave structures, en-
gineered for the focusing of coherent phonon fields. The simulation, fabrication,
and experimental methods established in the preceding chapters are now brought

to fruition through a series of experiments that underscore these methods.

In this chapter, by integrating the approach of generating focused coherent acous-
tic waves using all types of structures with a time-domain resolved Brillouin scat-
tering (TRBS) technique, continuous optical monitoring of focused GHz acoustic
fields in water will be demonstrated in both simulations and experimental re-
sults. Detailed simulations and measurements of acoustic focusing achieved by

both Fresnel Zone Plate and concave structures are presented.

Moreover, this chapter discusses the current limitations inherent in the existing

systems, providing a critical assessment of the challenges faced. Through an ex-
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ploration of preliminary simulation and experimental results, strategies for solving
these challenges are explored. This analysis not only identifies potential solutions
but also lays the groundwork for the next steps in the evolution of phonon mi-
croscopy, ultimately guiding future research efforts toward the realization of true

acoustic resolution.

4.1 Tracking focused picosecond coherent phonon

fields with FZP lenses

Fresnel Zone Plates (FZPs) are diffractive structures that focus waves by exploiting
the principles of diffraction and interference. As discussed in Section 2.3.3, they
consist of concentric rings where each zone alternately generates coherent phonon
fields. Depending on the construction of these zones, FZPs can be classified into

positive, negative, or phase-reversal types.

Fresnel Zone Plates offer an efficient way for concentrating acoustic waves. This
design uses constructive interference at specific focal points, effectively focusing
energy without the use of a curved surface. The intrinsic flatness of FZPs simplify
the production process, making easier fabrication through standard lithographic

techniques becomes possible.

To demonstrate the acoustic focusing effect of nano-fabricated Fresnel zone plates,

both numerical simulations and experimental measurements have been carried out.
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4.1.1 Simulation

Numerical simulations were conducted using the single-frequency Fourier-Bessel
angular spectrum method (FBASM) in Section 2.4 to model the equivalent acous-
tic field for various designs. Simulations were executed on an axisymmetric plane
with 8192 steps (step size = 1 x 1072 m, yielding a simulation radius of 8.192 um)
and 320 layers along the 2 axis. Logarithmic spacing was employed to reduce com-
putation time while maintaining fine sampling in the near field, with a maximum

simulation depth of 6 um.

The model suggests that a ~ 5 GHz acoustic beam is focused to a spot of ap-
proximately 200 nm in diameter, achieving a sub-optical focused acoustic beam
size compared to the pump beam (Apymp = 415 nm) used to generate the corre-
sponding coherent phonon field. This result verifies the proposed design of using

optoacoustic lenses for sound focusing.

Positive FZPs

A positive FZP has alternating on and off rings as discussed in Section 3.1.2. The
on zones are coated with Au and thus allow the generation of coherent phonons,
while the off zones are blank (Figure 4.1). The zones are designed such that
the wavefronts from the opaque (Au) zones constructively interfere at the focus,
which enhances the wave intensity at that point. Figure 4.1 (a) is a schematic of
a positive FZP and (c) is a SEM image of a positive FZP with a designed focus

of 3 um.

NA of proposed positive FZP lenses are shown in table 4.1, R is calculated using
the FZP design equation (3.2), knowing the focus F';, NA of the proposed lenses

can then be calculated using the acoustic NA equation (3.4).
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Figure 4.1: Schematics and SEM pictures of postive and negative FZPs. (a) is the
illustration of a postive FZP and (c) is a SEM picture. (b) is the illustration of a
negative FZP and (d) is a SEM picture.

Positive F=1um F=2um F=3um F=4um
FZP

R R=1586pum R=2065um R=2453um R =2.787um
NA 0.846 0.718 0.633 0.572

Table 4.1: Positive FZP design parameters and NA.

Figure 4.2 displays simulation results for positive FZPs tailored for multiple focal
lengths. The series of images delineates both the acoustic field (left) and intensity
(right) profiles of Positive FZPs with focal depths of 1 um to 4 pm. The field
simulations showcase the FZPs’ ability to diffract and interfere acoustic waves
constructively, forming precise focal points. The intensity maps concurrently ex-
hibit the concentration of acoustic energy, with the areas of highest brightness
marking the sharpest focus. The gradual increase in focal depth from 1 um to
4 um (NA getting bigger as well as the radius of FZPs stay the same) leads
to a corresponding expansion in the intensity profiles, demonstrating the FZPs’
adjustable focusing capability. These findings highlight the potential of Positive
FZPs in customizing the focal spot size, crucial for versatile resolution require-
ments in applications ranging from detailed biological tissue imaging to material

characterization at variable depths.
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Figure 4.2: Simulation results of positive FZP with varied focal depths: acous-
tic field and intensity profiles for positive FZPs designed for three different focal
depths. From top to bottom, the simulations correspond to focal depths of 1 um,
2 pm, 3 pm, and 4 pum. (Left) The field simulations illustrate the wavefront ma-
nipulation achieved by the FZP design across the lateral dimension. (Right) The
associated intensity maps display the acoustic energy focusing at each respective
focal depth, indicated by the peak brightness.
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Negative FZPs

In contrast, a negative FZP has its on and off zones reversed relative to a positive
FZP. Here, the zones that were coated with gold in the positive FZP are now

blank, and vice versa. NA of proposed negative FZP lenses are shown in table 4.2.

Positive F=1um F=2um F=3um F=4um
FZP

R R=1732pum R=2236pum R=2646pum R = 3.000um
NA 0.866 0.745 0.661 0.600

Table 4.2: Negative FZP design parameters and NA.

The negative FZP also focuses waves, but it generally results in a weaker focal
spot compared to the positive FZP because the constructive interference is less
efficient due to the reversal of zones. Figure 4.1 (b) is a schematic of a negative

FZP and (d) is a SEM image of a negative FZP with a designed focus of 3 um.

Figure 4.3 depicts a series of simulations conducted on negative Fresnel Zone
Plates (FZPs), each calibrated for focal depths of 1 um to 4 pm. The left column
provides a visual representation of the acoustic field distribution, indicating the
effectiveness of the negative FZP structure in steering the acoustic wavefronts.
The right column offers insight into the acoustic energy intensities achieved at
these focal points, with the colour gradients reflecting the spatial distribution of
the focused energy. Notably, as the designated focal depth increases, the intensity
maps reveal a corresponding spread of the focal region, illustrating the adjustable

nature of the FZP’s focusing capacity, similar as the results for the positive FZPs.

Phase Reverse FZPs

A PR-FZP is a more complex variant where each neighbour zone induces a phase

shift (usually half a wavelength, or 7 radians), reversing the phase of the generated
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Figure 4.3: Simulation results of negative FZPs with different focal depths: Acous-
tic field and intensity profiles for negative FZPs designed for focal depths of 1
pm, 2 um, 3 um, and 4 pum. (Left) Simulated field distributions demonstrating
wave manipulation across the lateral dimension. (Right) Corresponding intensity
maps indicating the distribution and concentration of acoustic energy at each focal
depth.

acoustic wave.

This phase shift causes the wavefronts from successive zones to still constructively
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interfere at the focus, but it can allow for more efficient use of the pump light, as
there are always zones coated with Au to generate coherent phonon fields. NA of
proposed PR-FZP lenses are the same for the negative FZPs, detailed values are

shown in table 4.3.

PR-FZP F=1um F=2um F=3pum F=4pum
R R=1732pm R=2236pum R=2646pum R = 3.000um
NA 0.866 0.745 0.661 0.600

Table 4.3: Phase reversal PR-FZP design parameters and NA.

Figure 4.4 provides a detailed comparative simulation of three Fresnel Zone Plate
(FZP) designs—Positive, Negative, and Phase Reversal (PR)—all designed for the
same focal depth of 2 um. The leftmost column (a, d, g) reveal the structural
intricacies of each FZP variant, essential for their specific diffractive action. The
middle column (b, e, h) captures the phase manipulation prowess of each design, as
it showcases the engineered wavefronts converging at the 2 ym mark. The intensity
maps (c, f, 1) on the rightmost column vividly visualize the energy focusing ability
of the FZPs, with the color intensity indicating the efficacy of wave concentration
at the intended focal depth. Within the scope of this thesis, these simulations
are pivotal for demonstrating how the strategic modification of FZP designs can

significantly enhance acoustic wave focusing.

Figure 4.5 illustrates the focal plane intensity distributions for three different Fres-
nel Zone Plate designs, all aimed at a 2 um focus depth. Panels (a), (b), and (c)
display the intensity profiles for Positive, Negative, and PR FZPs, respectively.
Each panel shows a distinct pattern of energy concentration, with the PR FZP ex-
hibiting a notably intense focal point. The dashed lines across the intensity maps
denote the targeted 2 um focal depth, allowing for a direct visual comparison of
the focusing efficiency among the FZP designs. Panel (d) further elucidates these

differences through a cross-sectional intensity plot along the central axis, where
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Figure 4.4: Simulation analysis of 2 um focus FZP Designs: (a, d, g) depict
the structural profiles for Positive, Negative, and PR FZPs, respectively, each
engineered for a 2 pum focal depth. (b, e, h) are phase distribution simulations,
showing the precise control of wavefronts each FZP design exerts. (c, f, i) display
the corresponding acoustic intensity maps at the 2 um focal point, illustrating the
concentration and distribution of energy. The z-axis indicates the axial position
while the y-axis represents the lateral position, with the lens located on the left.

the peak intensities clearly delineate the superior focus achieved by the PR FZP.
Black arrows pinpoint the FWHM measurements: 224 nm for Positive FZP, 192
nm for Negative FZP, and 210 nm for PR FZP. These FWHM values collectively

imply that the phonon field can be refined to a narrow focus in the vicinity of

200 nm. Such precision, indicated by the FWHM values, is instrumental in the
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pursuit of sub-micron resolution in phonon microscopy, as it directly influences the
system’s capability to resolve fine details, crucial in applications such as live-cell

imaging and material characterization within the realm of TRBS methodologies.

Positive FZP Negative FZP PR - FZP
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= Positive FZP
25 - Negative FZP
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Figure 4.5: Intensity profiles and comparisons for 2 um focused FZPs: (a) Positive
FZP, (b) negative FZP, and (c) Phase Reversal (PR) FZP intensity distributions
at the focal plane, with the dashed line indicating the 2 um focus depth. (d)
Cross-sectional intensity comparison along the central axis for all three FZP types,
demonstrating their relative focusing capabilities at the 2 um mark.

4.1.2 Experimental results

Experimental measurements of a positive FZP with a focus of 2 um are presented,
including both centre traces and line scans, to demonstrate the focusing capabili-

ties of FZPs.

In a TRBS measurement, the sound propagates from the generation transducer

along the z-axis. Thus, it has the ability to scatter light from different spatial
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position in the medium. Though the measurement is in time domain. If the
refractive index is known, then the time trace can be converted from the temporal
axis into a spatial axis. The speed of sound v can be calculated using the following

equation:

Y= )\probe fB (41)
2n

which allows the conversion from the time axis to spatial axis as:

allowing the estimation of acoustic wave focusing along the z axis.

Centre traces

The following discussion includes experimental result of a time-resolved trace cap-
tured from the central point of a positive FZP, specifically engineered with a focal
length set at 2 um. This trace is pivotal as it provides insight into the acoustic lens
behaviour and efficiency of energy concentration at the designated focal depth, il-

lustrating the ability with which the FZP structure can manipulate phonon fields.

Alongside the data from the positive FZP, a reference trace from a standard flat
optoacoustic transducer is provided. This inclusion serves to enhance the compar-
ative analysis, allowing for a more comprehensive understanding of the focusing
effects introduced by the Fresnel Zone Plate in relation to the baseline acoustic

response of conventional flat transducers.

In the experimental analysis presented in Figure 4.6, time resolved Brillouin scat-
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Figure 4.6: Time resolved Brillouin scattering traces and frequency analysis of flat
and positive FZP: (a, b) Time-resolved Brillouin scattering traces obtained from
a flat gold transducer and the central trace of a F' = 2 um positive Fresnel Zone
Plate (FZP) lens, respectively. Insets show the Fast Fourier Transform (FFT)
spectrum indicating the Brillouin frequency (fg) peaks. (c, d) Corresponding
wavelet transform visualizations displaying the frequency distribution over time.
(e) Scanning Electron Microscope (SEM) image of the Positive FZP lens with the
central focus point indicated by the intersection of dashed lines and a yellow star.

tering (TRBS) traces reveal the acoustic response of a flat gold transducer and
the focal point of a F' = 2 um positive FZP lens. The traces in (a) and (b) display
the TRBS signals, with the central trace of the FZP lens exhibiting a distinct
oscillation pattern.The inset windows provide a detailed view of the FFT-derived
Brillouin frequency for both traces, with fz measured at 5.2490 GHz for the flat
transducer and a slightly shifted fp of 5.2368 GHz for the FZP lens. More dis-
cussion about the shifting frequency will be included in the experimental results
in the concave lens Section 4.2.3: a similar but stronger fp was observed, along
with possible explanations for the shifting. The wavelet transforms in (c) and (d)
further illustrate the temporal evolution of these frequencies, offering insights into

the focusing effects introduced by the FZP design. The SEM image in (e) shows
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the FZP lens for this scan, with the central focal point—a region of heightened
acoustic interest—marked by the cross lines and a yellow star. These findings
demonstrate the functionality of FZP geometry in modulating and concentrating

phonon fields.

Line scans

To thoroughly evaluate the performance of the lens in both axial and lateral di-
mensions, line scans were conducted along the z and y axes. These line scans are
important in analysing the performance of the FZP lens’s focusing ability, offering
a quantitative measure of the acoustic intensity and resolution in orthogonal direc-
tions. From these scans, the consistency of the lens’s focus in the axial direction
is evident, as is the extent of its resolution within the lateral plane, limited by

diffraction (from the optical detection system).

IS

F‘ll”“”“
- 4 i 4 : %(b)
i 3 ) 5 ;(C)

Axial [um]

Figure 4.7: Experimental results showcasing the focusing capabilities of a positive
FZP lens with a designed focus of 2 pm: (a) SEM image of the FZP with an
outer ring diameter of 4.129 pum. (b) Line scan across the axial depth (z-axis) and
the lateral scanning position (y-axis) of the probe beam, indicating the acoustic
field intensity distribution on the z-axis. (c¢) A similar line scan revealing the
acoustic field’s intensity distribution on the y-axis, demonstrating the FZP lens’s
bidirectional focusing effect.
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Figure 4.7 provides experimental insights into the functionality of a FZP lens, as
captured by Scanning Electron Microscopy (SEM). Part (a) illustrates the FZP
with a precise diameter of 4.129 um. The FZP’s design, which includes multiple

concentric rings, is integral to its ability to focus acoustic fields.

The subsequent parts, (b) and (c), detail the line scans along the axial depth and
lateral scanning positions of the probe beam. The z-axis denotes the z-axis —
essentially, the penetration depth into the sample—while the y-axis marks the
lateral position of the probe beam as it moves over the sample’s surface(z- and

y-axes in part (b) and (c), respectively).

The FZP lens was engineered with an intended focus at a 2 pum axial depth. The
results depicted in the line scans indicate a noticeable intensification of the sig-
nal at approximately this 2 um region. This enhancement in signal strength is
indicative of the FZP lens’s capability to concentrate the acoustic field at the pre-
determined focal point, thus validating the lens design’s precision. The observed
focal point concentration demonstrates that the lens design is well-aligned with the
objective of focusing coherent phonon fields and thus opens the way to enhancing

imaging resolution beyond the diffraction limit.

4.1.3 Discussion

The simulations illustrating the performance of positive, negative, and phase-
reversed FZPs, as proposed in Chapter 3, were presented, accompanied by ex-
perimental validation of the focusing capabilities of a positive FZP in directing

coherent phonon fields.

The simulations and experimental data presented thus far showcase the function-

ing of a positive FZP, but it’s important to note that with the current setup, a true
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acoustic field measurement showing the resolution in lateral direction is still chal-
lenging. This difficulty arises because the detection probe beam’s Point Spread
Function (PSF) is larger than the narrow focusing width of the acoustic beam,
potentially affecting the accuracy of measurements. A more in-depth discussion
regarding the implications of PSFs will be addressed in the preliminary results

and perspectives in Section 5.4.

Furthermore, only experimental results from a positive FZP were shown, due to
limitations in energy utilization efficiency observed in both positive and negative
FZPs. The fundamental issue lies in the fact that only the Au-covered rings in
these FZPs are capable of sound generation. Negative FZPs exhibit a more pro-
nounced issue due to their lower percentage of Au coverage, leading to challenges
in experimental settings where pump power cannot be increased indefinitely with-
out risking structural damage. Positive FZPs, while somewhat more efficient, still
face limitations in this regard, though they were sufficient to obtain experimental

traces.

Phase-reversal FZPs theoretically address this energy efficiency problem. However,
their fabrication process poses its own set of challenges, often leading to imperfect

lens profiles that deviate from the ideal design.

Additionally, there are concerns about the reusability of the effective positive
lenses. The Electron Beam Lithography (EBL) fabrication process, while precise,
does not lend itself easily to lens cleaning and recycling for multiple experimen-
tal iterations. This limitation imposes a constraint on the repeated use of the
these lenses, potentially impacting the sustainability and cost-effectiveness of the

research process.
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Optical and Acoustic PSF's

Though a clear signal increase can be seen at the designed focus from experiments
(Fig. 4.7), it still remains challenging to find the real acoustic width of the focused

coherent phonon field.

Convolution When using microscopy, the image that is captured is always a
diffraction limited representation of the real object that is being studied. This
blurring can be explained by the Point spread function (PSF). The PSF describes

how a point source or point object looks like in the final image.

The image formation process in a light microscope follows a linear pattern. When
two objects A and B are imaged together, the resulting image is the sum of the
individual images of the objects. Due to the linearity property, one can calculate
the image of an object by breaking it down into smaller parts, imaging each part,
and then adding up the results. By dividing the object into smaller and smaller
parts, it becomes a collection of small point objects. Every single one of these
objects creates a Point Spread Function (PSF) in the image. The PSF is adjusted
and resized based on the position and brightness of each individual point. The
resulting image is thus a compilation of (frequently overlapping) point spread
functions. The process of forming this image can be mathematically described
using convolution. It involves convolving the object with the point spread function

(PSF) of the imaging setup to obtain the acquired image.

Blurred acoustic field In the pursuit of enhancing imaging resolution beyond
the diffraction limit, the acoustic PSF plays a critical role as demonstrated in our
recent experimental findings. The data reveal that the acoustic PSF is signifi-

cantly more confined compared to the probe’s optical PSF utilized to gauge the
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Figure 4.8: Schematic representation of the convolution process in image forma-
tion. The original object is depicted in the top left, and its interaction with the
PSF, shown in the bottom left, results in the convolved image on the right. The
multiplication symbol (x) signifies the convolution operation which combines the
object with the PSF to produce the resultant image, illustrating the effect of the
imaging system on the appearance of the object.

acoustic field. This discrepancy is pivotal in understanding the limitations of the
current experimental apparatus to accurately capture the true acoustic resolution

capabilities of the FZP lenses designed for phonon microscopy.

Figure 4.9 presents a comparison of the simulated and experimental results. Figure
4.9 (a) shows the simulated acoustic intensity profile at the focal point, highlighting
the intended narrowness of the acoustic field. Conversely, Figure 4.9 (b) illustrates
the broader probe intensity profile used in measuring this field, which fails to match
the acoustic PSF’s narrowness due to the inherent limitations of the measurement

system.

The difference between the simulated focused phonon field, as seen in Figure 4.9
(¢), and the broader signal obtained from experimental line scans, shown in Figure
4.9 (d), can be primarily attributed to the disparity in the widths of the respec-
tive PSFs. The simulated acoustic field exhibits well-defined wave propagation

and interference patterns, indicative of a tightly focused phonon field. However,
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Figure 4.9: Comparative analysis of acoustic intensity and field distribution: (a)
Simulated acoustic intensity profile demonstrating the focal point of the acoustic
field. (b) Probe intensity profile indicating the measurement sensitivity at the
focus. (c) Simulated acoustic field distribution showing wave propagation and
interference patterns. (d) Experimental acoustic field distribution confirming the
simulation results with visible wave patterns. (e) Overlay of intensity profiles
for both the phonon at a 2 um axial depth and the probe at the same depth,
illustrating the concentration and measurement of the acoustic field at the designed
focal point.

the experimental acoustic field exhibits a more diffuse pattern, aligning with the
broader probe PSF and indicating a limitation in the system’s ability to resolve

the true extent of the lens’s focusing ability.

Figure 4.9 (e) provides an overlay of intensity profiles for both the phonon and the
probe at a 2 pm axial depth. The comparison demonstrates the concentration of
the acoustic field at the designed focal point, yet also underlines the experimental
limitations, as the probe PSF’s broader profile results in a diluted representation

of the acoustic field’s intensity.

These observations underscore the necessity for an advanced measurement sys-

tem capable of matching the acoustic PSF’s precision to fully leverage the super-
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resolution potential of the acoustic lenses. Only with such enhancements can
the true resolving power of the lenses be realized and applied effectively in high-

resolution phonon microscopy.

To mitigate the issue of the larger probe PSF compared to the acoustic PSF, a
convolution between the simulated acoustic field and the probe measurement PSF
was applied, drawing from established methodologies in conventional microscopy.
This process aimed to harmonize the highly precise simulations with the broader,

experimentally obtained results.
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Figure 4.10: Comparisons of simulated and experimental acoustic field distribu-
tions and their central axial profiles. (a) delineates the simulated acoustic field,
with (b) showing its axial intensity trace along the dashed line. (c¢) represents the
acoustic field simulation convolved with the probe beam’s PSF, illustrating the
resolution limits of the measurement system, and (d) its axial trace, evidencing
signal broadening due to convolution. (e) conveys the experimental acoustic field
measurements, and (f) the central axial trace with an FFT inset specifying the
Brillouin frequency, revealing the practical constraints when capturing the focused
acoustic field.

In Figure 4.10, the original simulated acoustic field (a) and its central axial trace

(b) are presented, which starkly contrast with the experimental findings. The
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convolution of the simulated acoustic field with the probe PSF, depicted in (c)
and (d), mimics the blurring effect inherent in the measurement system, yielding

a broadened signal profile that closely resembles the experimental data.

The experimental results are illustrated in (e) with the central axial trace (f),
the latter incorporating an inset FF'T that confirms the Brillouin frequency. The
congruence between the convolved simulation and the experimental results under-

scores the convolution model’s utility in emulating the actual measurements.

By employing this convolution approach, the study effectively narrows the gap
between theoretical simulations and experimental limitations. This technique en-
hances the predictability of experimental outcomes, providing a refined under-
standing of the resolution capabilities within the current experimental framework
and guiding the development of more accurate measurement systems for high-

resolution phonon microscopy.

Efficiency of FZPs

In this section, we went deeper into the experimental outcomes obtained from
positive FZPs, addressing the inherent limitations in energy utilization that are
observed in both positive and negative FZPs. The primary constraint lies in the
structural design of these FZPs, where only the rings coated with gold (Au) are
active in generating acoustic signals. This design aspect significantly influences

the efficiency of energy transfer from the pump laser to the acoustic field.

Negative FZPs as shown in 4.11 (b), in particular, demonstrate a more pronounced
inefficiency. This is primarily due to their structural composition, which features
a relatively lower percentage of Au-covered areas compared to their positive coun-

terparts. In experimental setups, this leads to a substantial challenge: there is a
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(b)
Figure 4.11: SEM pictures of postive and negative FZPs showing the Au covered
rings.

finite limit to how much the pump laser power can be increased without causing
potential damage to the FZP structure. Consequently, the negative FZPs’ ability
to focus acoustic energy is hindered, making it difficult to obtain clear and reliable

experimental data.

Positive FZPs as shown in 4.11 (a), on the other hand, exhibit a slightly improved
efficiency. The greater coverage of Au in their design allows for a more effective
conversion of optical energy into acoustic waves. This advantage makes it feasible
to conduct experiments within the safe operational limits of the laser, thus enabling
the acquisition of experimental traces. However, it’s important to note that even
positive FZPs are not without their limitations. The efficiency of energy utilization
is still not optimal, and there remains room for improvement in harnessing the

full potential of the pump laser energy for acoustic signal generation.

Fabrication issues of FR FZPs

The Phase-Reversal FZPs were conceptualized to overcome the limitations posed
by positive and negative FZPs in terms of energy efficiency. PR FZPs aim to
fully utilize the energy from the pump laser, thus enhancing the sound generation

capability without wastage. However, the fabrication of PR FZPs introduces its
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own complexities, as precision in the nano-scale manufacturing process is critical

to achieve the desired acoustic performance.

SEI 15.0kV X19000 1um WD 23.6mm

(c)

0 1 2 3 4 5 6 7 8 9

Figure 4.12: Fabrication issues of PR FZP: (a) AFM reconstruct. (b) SEM picture
of a PR FZP (c) cross line plots of AFM results.

As depicted in Figure 4.12 (a) and (c), Atomic Force Microscopy (AFM) mea-
surements and (b), SEM picture reveal that the edges of the manufactured lenses
are not as sharp as designed, but rather exhibit a rounded profile. This deviation

from the intended sharp-edge design can lead to suboptimal sound generation.

To simulate the potential effects of fabrication-induced issues, a simple model was
used to examine how a rounded profile could alter the focusing ability. Figure
4.13 shows one example of simulating fabrication-induced issues. A simple model
utilising data interpolation is employed to generate a rounded PR-FZP profile.
Then feeding this lens profile to the simulation model, a significant decrease can
be observed: from the maximum of 28.837 to 10.665 (Arbitrary unit) of acoustic

intensity at the focal point.
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Figure 4.13: Simulated curved lens features using data interpolation. The original
PR-FZP profile is plotted with green lines, then centre of each ring is found and
labelled with the green dots. Then the thick orange line indicates the interpolation

result.
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Figure 4.14: Acoustic Intensity, acoustic field and structure of ideal PR-FZP and
modified lens profile.

Moreover, the narrow gaps between the concentric rings of the PR-FZP present
additional challenges during the gold sputtering process. An uneven deposition of
gold can result in a non-uniform acoustic field, potentially leading to the dysfunc-

tionality of the PR-FZP.
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Lens reuse and recycle

One of the practical aspects of implementing FZPs in acoustic imaging applica-
tions is about the reusability of these lenses, particularly those that have proven
effective in focusing the acoustic waves, such as the positive FZPs. Although
the EBL fabrication process is renowned for its precision in creating intricate
nanostructures, it presents a significant challenge when it comes to cleaning and

recycling the lenses for subsequent experimental use.

Because the nano-fabricated lenses are fragile, any cleaning method must be both
gentle enough not to damage the structures and strong enough to get rid of all the
contaminants effectively. Normal cleaning methods, like acid cleaning or ultrasonic
bath cleaning, might not work with nanostructured lenses made with EBL because

they could damage the lenses.

Meanwhile, the necessity for a clean lens surface for each experiment is crucial for
maintaining consistency and accuracy in the results. For imaging purposes, any
leftover contaminants, such as dried bacteria and dirt on the lens surface can cause
problems with the acoustic focusing, which in turn could lower the resolution and

quality of the imaging.

This limitation of the EBL process, raises worries about the long-term viability
and cost concerns of using these lenses in research. Each patch of lenses sitting
in one substrate requires a significant investment in terms of time and resources,
and the inability to reuse them efficiently may also increase the costs and delay of

the research process.

Thus, there is a clear need for developing alternative fabrication or cleaning meth-
ods that would enable the repeatable use of lenses without problems in perfor-

mance. This would not only enhance the sustainability of the research but also
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make high-resolution acoustic imaging more accessible and cost-effective.

4.2 Concave lenses

In this section, the focusing properties of concave lenses are thoroughly examined,
with a focus on results from simulations as well as experiments. These findings
demonstrate how concave lenses have a great deal of promise for achieving true
acoustic resolution in phonon microscopy. The section will also discuss their pos-
sible contribution to reducing one of the drawbacks of phonon microscopy: the
temperature increase at the transducer/cell interface, which is essential to main-

taining biocompatibility.

4.2.1 Simulation

Similar to the previous section, numerical simulations have been computed us-
ing the single frequency Fourier-Bessel spectrum method (FBASM) presented in
Chapter 2 to find the equivalent acoustic field for different concave designs. Table
4.4 lists all the lens designs that are shown in the simulation. Radius R is the
sphere’s radius to make the lens and r is the radius of the concave lens in the
horizontal plane as shown in the following Figure 4.15, which is equals to D /2.

A

R/ NE
/ |
‘_"_ll

Figure 4.15: Schematic of concave lens design parameters.

Figure 4.16, Figure 4.17 and Figure 4.18 shows the simulated performance of
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Figure 4.16: Simulated acoustic focusing of concave lenses with varied focal depths:
(Left) Cross-sections showing the concave lens profiles designed for 1 um (D4F1),
2 um (D4F2), and 3 pm (D4F3) focal depths, each with a lens diameter of 4 pm.
(Center) Acoustic field distribution simulations across the lateral plane for each
lens. (Right) Corresponding intensity maps illustrate the focused acoustic energy
at the respective focal depths.
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Figure 4.17: Simulated acoustic focusing of concave lenses with varied focal depths:
(Left) Cross-sections showing the concave lens profiles designed for 1 pm (D5F1),
2 um (D5F2), and 3 um (D5F3) focal depths, each with a lens diameter of 5 pm.
(Center) Acoustic field distribution simulations across the lateral plane for each
lens. (Right) Corresponding intensity maps illustrate the focused acoustic energy
at the respective focal depths.
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Figure 4.18: Simulated acoustic focusing of concave lenses with varied focal depths:
(Left) Cross-sections showing the concave lens profiles designed for 1 pm (D6F1),
2 um (D6F2), and 3 um (D6F3) focal depths, each with a lens diameter of 6 um.
(Center) Acoustic field distribution simulations across the lateral plane for each
lens. (Right) Corresponding intensity maps illustrate the focused acoustic energy
at the respective focal depths.
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F=1um F=2um F=3um
D =4pum R = 2.2361um R = 2.8284um R = 3.6056um
D=5um R = 2.6929um R = 3.2016um R = 3.9051um
D =6pum R = 3.1623um R = 3.6056um R = 4.2426pm

Table 4.4: Concave lens design parameters.

multiple concave acoustic lenses, each with a 4 ym, 5 um and 6 um diameter,
engineered to focus at depths of 1 um, 2 um, and 3 um from top to bottom. The
left column displays the lens profiles. The central column shows the acoustic field
distribution, revealing the wavefronts’ convergence around the focal points. The
right column’s intensity maps translate these field changes into spatial distribu-
tions of acoustic energy, with brighter colours signifying higher intensities at the
focus. As the focal depth increases, there is a visible expansion of the focal zone,
demonstrating the lenses’ capability to precisely direct acoustic waves to specified
regions. These simulations are essential for understanding how the lens curvature

varies affect the lens’ focusing behaviour.

NA F=1um F=2um F=3um
D =4um 0.8944 0.7071 0.5547
D =5um 0.7428 0.6247 0.5121
D =6pum 0.6325 0.5547 0.4714

Table 4.5: Numerical aperture (NA) of Concave lenses.

NA of proposed positive concave lenses are shown in Table 4.5, by knowing the
focus F' and Radius R, NA of the proposed lenses can then be calculated using

the acoustic NA equation (3.4).

4.2.2 Experimental results

Experimental measurements of multiple concave lenses are presented, including

center traces, line scans, and 2D scans, to demonstrate the enhanced focusing
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ability of concave structures in comparison to FZPs.

Centre traces

The following discussion includes experimental results of a time-resolved trace
captured from the central point of a concave lens, specifically engineered with a
focal point set at 3 um. This trace provides insight into the acoustic lens behavior
and efficiency of energy concentration at the designated focal depth, illustrating
the ability with which the concave lens structure can manipulate phonon fields

and create strong focus.

Alongside the data from the concave lens, a reference trace from a standard flat
optoacoustic transducer is provided. This inclusion allows a more comprehensive
understanding of the focusing effects introduced by the concave lens in relation to

the baseline acoustic response of conventional flat transducers.

Figure 4.19 presented juxtaposes the time-resolved acoustic traces and wavelet
analysis results for a flat optoacoustic transducer and a concave lens with a de-
signed focus of 3 um. In the left column, Figure 4.19 (a) shows the base signal from
the flat transducer exhibiting typical oscillatory behaviour with its corresponding
Fast Fourier Transform (FFT) inset depicting the principal frequency component
at 5.2490 GHz. Below, Figure 4.19 (c) presents the wavelet analysis of the base

signal, displaying a broad distribution of energy across the time-frequency space.

The right column presents the centre focusing trace of the concave lens, as shown
the yellow star at the joint of the two dashed lines in x and y axes in Figure 4.19 (e),
Figure 4.19 (b) reveals a distinctive trace pattern: an initial low signal intensity
followed by a strong signal increase at the designed focal point, which is validated

by the FFT inset indicating a dominant frequency of 5.1636 GHz. The wavelet
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Figure 4.19: Time-Resolved Brillouin Scattering Traces and Frequency Analysis
of flat and concave lens: (a, b) Time-resolved Brillouin scattering traces obtained
from a flat gold transducer and the central trace of a F' = 3 um concave lens,
respectively. Insets show the Fast Fourier Transform (FFT) spectrum indicating
the Brillouin frequency (fp) peaks. (c, d) Corresponding wavelet transform visu-
alizations displaying the frequency distribution over time. (e) Scanning Electron
Microscope (SEM) image of the concave lens with the central focus point indicated
by the intersection of dashed lines and a yellow star.

transform in panel Figure 4.19 further illustrates the temporal concentration of
acoustic energy at the designed focal point, emphasizing the effectiveness of the

concave lens in manipulating the phonon field.

This single trace comparison demonstrated a marked deviation from the expected
signal decay typically observed in flat transducers, underscoring the unique focus-
ing capabilities imparted by the concave lens structure. The results highlight the

contrast between the unfocused and focused acoustic fields.

Following the comparison of flat and concave comparison, more centre traces from
a variety of concave lens designs will be presented. These traces will provide deeper

insight into the focusing characteristics of each lens configuration, illustrating how
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variations in design parameters influence the acoustic field’s convergence at the
focal point. The comparative analysis of these traces will show the difference of

acoustic focusing behaviour inherent to multiple unique concave lens structure.

Here, experimental centre traces obtained from two lenses, each with a diameter

of 5 um and varying designed focal points, 2 um and 3 um, are shown below.
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Figure 4.20: Time-Resolved Brillouin Scattering Traces and Frequency Analysis
of flat and concave lens: (a, b) Time-resolved Brillouin scattering traces obtained
from a flat gold transducer and the central trace of a F' = 2 um concave lens,
respectively. Insets show the Fast Fourier Transform (FFT) spectrum indicating
the Brillouin frequency (fp) peaks. (¢, d) Corresponding wavelet transform visu-
alizations displaying the frequency distribution over time. (e) Scanning Electron
Microscope (SEM) image of the concave lens with the central focus point indicated
by the intersection of dashed lines and a yellow star.

Figure 4.20 showcases the impact of structural design variation on the focusing
capabilities of concave acoustic lenses. Figure 4.20 (a) and (b) illustrate time-
resolved traces taken from the central point of two lenses with identical diameters
yet different designed focal distances. The wavelet analysis results in Figure 4.20

(c) and (d) further visualize the frequency components’ distribution over time,
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highlighting the shift in the concentration of acoustic energy as the design of the
concave structure changes. This shift in focus, as engineered by the lens design,
underlines the precision with which acoustic fields can be manipulated for targeted

applications.

The shift of focusing is noticeable from the variation in the FFT peaks, indicating
a change in the fp corresponding to each lens’s focal point. This shift is poten-
tially related to the temperature changing of the water medium in axial direction,

following discussion Section 4.2.3 will give more details on this.

Line scans

In order to fully assess the lens’s performance in both the axial and lateral direc-
tions, line scans were conducted along both the x and y axes. These line scans
can provide information for analysing the performance of the concave lens’s fo-
cusing ability, thus offering a continuous measure of the acoustic intensity from
conventional transducer area to the lens area. From these scans, a clear increase

in intensity compared to the FZPs is observed experimentally.

Figure 4.21 provides experimental insights into the functionality of a concave lens
with a designed focus of 3 um, as captured by Scanning Electron Microscopy

(SEM). Part (a) illustrates the concave lens with a precise diameter of 5.184 um.

The subsequent parts, (b) and (d), detail the line scans along the axial depth
and lateral scanning positions of the probe beam. The z-axis denotes the axial
depth—essentially, the penetration depth into the sample—while the y-axis marks
the lateral position of the probe beam as it moves over the sample’s surface. (c)
plots both the edge and centre traces from line scan along z-axis and (e) plots

both the edge and centre traces from line scan along y-axis.
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Figure 4.21: line scans across centre of D5F3. (a) SEM image of the concave
lens, with dashed lines indicating the scan cross-sections x and y. (b) and (d) are
B-scan plots of all the TRBS signals across x and y, respectively. (c) and (e) show
TRBS traces at the blue and red dashed lines from (b) and (d), demonstrating
the focusing effect at the lens centre.

This concave lens was engineered with an intended focus at a 3 um axial depth,
and has a equivalent radius of 3.9051 um. The results depicted in the line scans
indicate a noticeable intensification of the signal at approximately this 3.9 um
region. This enhancement in signal strength is indicative of the concave lens’s
capability to concentrate the acoustic field at the predetermined focal point, thus
validating the lens design’s precision. The observed focal point concentration
demonstrates that the lens design is well-aligned with the objective of focusing
coherent phonon fields and thus opens the way to enhancing imaging resolution

beyond the diffraction limit.

Area 2D scan analysis

In addition to line scans, 2D area scans were conducted to capitalize on the in-
creased energy efficiency of concave lenses as compared to FZPs. These compre-
hensive scans provide a more detailed understanding of the concave lenses’ focusing

performance.
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Figure 4.22: 2D scans of a concave lens with a diameter of 5 ym and designed
focus of 3 um, showing enhanced focusing capabilities. (a) DC scan. (b) Brillouin
amplitude at the dominant frequency. (c¢) Brillouin frequency map.

Figure 4.22 are 2D area scan of a concave lens with a diameter of 5 um, a designed
focus of 3 um and a equivalent radius of lens profile of 3.91 ym. The DC scan (a)
sets the stage by visualizing the initial reflected probe light distribution across the
lens, which indicates the position of the lens. A very strong and narrow high Bril-
louin amplitude is observed in map (b), indicative of a significant concentration
of acoustic energy at the lens’s focal point. This is further corroborated by the
Brillouin frequency map (c¢), where a notable shift in frequency is observed. The
lens area has a water Brillouin frequency (fg) around 5GHz, contrasting with the
background region’s fp of approximately 5.2 GHz. This frequency shift suggests a
temperature variation between the focal point and the surrounding areas, poten-
tially indicating a cooler focus region which could enhance the biocompatibility of
the Phonon Microscopy by reducing thermal effects at the transducer/cell inter-

face. These initial findings suggest an improved ability to focus acoustic energy
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without raising temperature, a crucial advantage for biological applications. The
implications of these observations and their contribution to the ongoing discourse

on biocompatibility will be expounded upon in the subsequent discussion section.
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Figure 4.23: Wavelet analysis of a 2d lens scan. (a) Brillouin amplitude at the
dominant frequency. (b) Wavelet analysis along the x-axis, showing yz slice infor-
mation. (c) Signal intensity at designed focus across x axis. (d) Wavelet analysis

along the y-axis, showing xz slice information. (e) Signal intensity at designed
focus across y axis.

Figure 4.23 presents a detailed wavelet analysis of lines across the centre of the
lens, providing valuable insights into the acoustic focusing capabilities of the lens.
Figure 4.23 (a) displays the Brillouin amplitude map at the dominant frequency.
(b) and (d) offer wavelet analysis along the x and y axes, respectively, presenting yz
and xz slice information that further illustrates the precise focal point. The white
line marks the designed focal position, where a notable concentration of acoustic

energy is observed, as evidenced by the spike in the signal intensity graphs. These
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results underscore the potential of the lens in achieving high-resolution acoustic

imaging, with a distinct focal region evident at the targeted spot.
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Figure 4.24: Gaussian fits of signal intensity at the designed focus across x and y
axes. Left: along x axis, Right: along y axis.

Figure 4.24 presents Gaussian fits of the signal intensity plots from Figure 4.23
(c) and (e), shown as the dashed blue lines, while the solid orange lines represent
the Gaussian fitted data. The fitting demonstrates the sharpness and precision of
the focusing achieved by the concave lens. The left plot corresponds to the lateral
intensity distribution across x axis and the right plot corresponds to the lateral

intensity distribution across y axis.

The x profile has a FWHM of 1.87 ym and the y profile has a FWHM of 2.43
um. The beam shape exhibits variations in different orientation, which can be
attributed to multiple factors leading to an uneven distribution. One potential
cause is the non-ideal Gaussian shape of either the pump laser beam, resulting
in an inconsistent generation of acoustic waves or a non-ideal probe beam. Addi-
tionally, the delivery angle of the probe or an inherent imperfection in the probe’s

Gaussian beam profile could also contribute to this irregularity.
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4.2.3 Discussion

Concave acoustic lenses represent a straightforward approach to focusing acous-
tic waves, leveraging their three-dimensional structures to manipulate the direc-
tion and concentration of energy. Unlike the Fresnel Zone Plates discussed ear-
lier, which are planar diffractive structures, concave lenses are inherently three-
dimensional and thus present unique challenges in nanofabrication. The complex-
ity of their shape necessitates the use of specialized fabrication techniques such
as Focused Ton Beam (FIB) milling, which allows for precise sculpting of the lens

profile directly into the substrate material.

Despite the complexities in their fabrication, concave lenses offer significant ad-
vantages in terms of energy efficiency. Their curved surfaces are inherently adept
at capturing and redirecting the entirety of the incident pump laser energy, en-
suring minimal loss and maximum transfer of energy to the focused acoustic field.
Meanwhile, thanks to direct milling over the substrate, these lenses are capable of
undergoing multiple rounds of sputtering and experiments, which also offer better

recycling abilities compared to the EBL-made FZPs.

Lens reuse and recycle

Moreover, the durability and reusability of these concave structures add to their
appeal. Fabricated by milling into robust materials like glass substrates, they can
withstand repeated use. After conducting experiments, the lenses can be easily
regenerated through a process of acid cleaning followed by re-sputtering of the
functional layers. This ability to recycle the lenses for multiple tests without
degradation in performance is an economical and practical advantage, allowing

for extended research use and consistent experimental conditions.
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(d)

(e)

Figure 4.25: SEM images and optical photographs of concave lenses during and
after fabrication, experiments and cleaning processes. (a) Overview SEM image
showing an array of lenses. (b) A zoomed in SEM image of a single lens. (c¢) and
(d) Post-sputtering optical images depicting contamination from either sputtering
residues or an unclean experimental environment, evidenced by the presence of
dirt or bacterial accumulation on the lenses. (e) The same group of concave lenses
after undergoing an acid cleaning process.

The reusability of the concave lenses is demonstrated in the series of images pro-
vided in Figure 4.25. (a) and (b) show the original clean lenses during FIB fabri-
cations. (e) showcases the lenses after undergoing an acid cleaning process. This
step is crucial in the maintenance and sustainability of the lenses for repeated use

in experiments. The cleaning process effectively removes contaminants such as
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residues from sputtering or bacterial from an unclean experimental setup, which
are evident in (c) and (d). The restoration of lens clarity observed in image (e)
suggests that these lenses have the potential to be recycled, thereby increasing the
ability to repeat experiments and the cost-effectiveness of the research process -

no need to trough FIB fabrication multiple times.

The performance of the concave lenses after cleaning and reuse remains consistent
with the original results, as demonstrated by the repeatability data presented
earlier in this chapter. The primary factor influencing the lens performance is the
thickness and quality of the sputtered gold layer, which dictates both the optical
response and the durability of the lens under laser exposure. In this case, slight
adjustments were made to the gold layer thickness to improve tolerance to higher
laser power, but these modifications did not affect the overall repeatability of the
results. As shown in various datasets presented earlier, the lenses maintained
their performance post-cleaning, and no additional data is necessary to further
verify repeatability in this context. The stability of the lenses across multiple uses
supports their reusability in experimental setups, ensuring consistent results while

reducing the need for repeated fabrication processes.

Frequency shift around the focus

The frequency shift at the centre of lens is also of great interest. The focused
acoustic energy does not result in a temperature increase, and due to the physi-
cal distance between the transducer/medium interface and the designed working
region - around the focus, these lenses potentially offers a new solution to address

the thermal compatibility issues associated with conventional Phonon Microscopy.

Understand the relationship between the Brillouin frequency fp and temperature

of water can start from exploring the relationship of (a) sound velocity vs temper-
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Figure 4.26: Temperature vs Brillouin frequency of water, (a) Velocity vs temper-
ature from literature [178]. (b) Refractive index vs temperature from literature
[179], more details will be found in Appendix C. (c¢) Calculated fg vs temperature.

ature, and (b) refractive index vs temperature as shown in Fig. 4.26. The sound

velocity in water, as depicted in (a), shows an increasing trend with temperature,

data sourced from [178]. Similarly, the refractive index (b) exhibits a decrease

with rising temperature, with calculation method extracted from [179], more de-
Aprob

tails are discussed in Appendix C. Knowing the equation (4.1): v = 2_;]‘37 the

relationship of fg vs temperature can be easily found.
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In the previous work [180], the authors successfully demonstrated the use of time-
resolved Brillouin scattering as a temperature sensor. They measured a temper-
ature increase of up to 55°C on a gold transducer layer situated at the tip of an
optical fibre. In order to validate the measurement of the temperature rise in the
water, finite element method (FEM) was used to model the steady-state heating
by the transducer. Pump and probe powers of approximately 7 and 1 mW, re-
spectively. Using these input powers, the transfer matrix (TMM) optical model
was then used to compute total average power absorbed by the transducer: ~ 2
mW. Figure 4.27 presents an axially symmetric map of the temperature rise in

the space surrounding the transducer.
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Figure 4.27: The steady-state temperature distribution around the transducer was
modelled using the finite element software COMSOL, simulating the axisymmetric
temperature rise caused by the transducer’s absorption of the pump and probe
beams. The model assumed a steady-state heat source, with the absorbed optical
power in the 20 nm gold layer directly correlating with the heating rate. For a
defined volume of 5 x 5 x 5 um volume area (highlighted in pink), the average
temperature was measured to be approximately 55°C. This data aligns with the

thermal response expected from the system. The image was reproduced from a
previous study by [180].

186



4.2. CONCAVE LENSES

Corresponding to the derived fp versus temperature relationship, the observed
leftward shift in fp may be consistent with the expected trend of decreasing tem-
perature. However, one other cause of the frequency shift is the angle between the
coherent phonons and the incident probe beam. To fully understand the factors
contributing to the Brillouin frequency shift, a comparative frequency analysis of
three structures—conventional transducer, Fresnel Zone Plate (FZP), and concave

lenses—has been conducted and plotted together, as shown in Figure 4.28.
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Figure 4.28: Comparison of Brillouin frequency shifts and wavelet amplitude for
different lens structures. (a)—(f) represent the center frequency traces of three
structures—flat gold surface (a, b), FZP (c, d), and concave lens (e, f)—as dis-
cussed earlier, replotted here for easier comparison. (b), (d), and (f) display the
frequency spectra and waveforms along the z-axis. The right-hand side shows (top)
the maximum wavelet amplitude along the z-axis and (bottom) the corresponding
maximum Brillouin frequency fg. Notably, temperature effects are minimal, as
evidenced by the relatively constant frequency in the flat gold surface’s bottom
plot. The FZP and concave lens exhibit both higher wavelet amplitude and lower
frequency shifts around their respective focal points, with the concave lens reach-
ing a minimum fp of 4.82 GHz, closely matching the predicted fp shift (~4.89
GHz) based on acoustic NA and focused pump energy distribution.

Figure 4.28 compares the frequency analysis and wavelet amplitude for three dif-

ferent structures: flat gold, FZP, and concave lens. The left-hand side of the figure
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shows the center traces for each structure, similar to earlier plots but rearranged
for easier comparison. The right-hand side presents the maximum wavelet ampli-

tude along the z-axis (top) and the corresponding maximum Brillouin frequency.

From these results, the temperature has a negligible effect on the Brillouin fre-
quency shift, as the flat gold surface shows a fairly constant frequency in the lower
plot. In contrast, both the FZP and concave lens demonstrate a pronounced in-
crease in wavelet amplitude and a corresponding lower frequency shift near their
focal points. For the concave lens, the measured acoustic numerical aperture (NA)
predicts a maximum fp of approximately 4.6 GHz, and considering the energy fo-
cusing at the centre, the expected shift to ~4.89 GHz closely matches the observed

minimum frequency of 4.82 GHz, confirming the model’s accuracy.

In short, the concave structure causes phonons to propagate at an angle to the
vertical probe beam, which is the primary reason for the Brillouin frequency shift,

rather than the temperature distribution.

4.3 Summary

This chapter presents a detailed examination of the simulation and experimental
results that advance the understanding of optoacoustic transducers, building upon
the theoretical foundations and designs discussed previously. It explores a range
of optoacoustic lenses, including various Fresnel Zone Plates (Positive, negative,
and phase-reversal FZPs were simulated, and in the experimental section, centre
point and line scans of a positive FZP with a design focus of F' = 2 ym, a high NA
= 0.7184 were presented) and concave structures (Lenses with diameters varying
from 4 pm to 6 um, and a design focus varying from 1 um to 3 um were simulated.

In the experimental section, centre point, line scans, and 2D area scans were
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presented for multiple concave lenses, which have focuses at F' = 2pum and 3
pum, and a maximum NA=0.6247 were presented), specifically engineered to focus

coherent phonon fields.

By employing a strategy that combines the generation of focused coherent acous-
tic waves across different structures with time-domain resolved Brillouin scattering
(TRBS) techniques, this chapter showcases the first ever continuous optical mon-

itoring of focused GHz acoustic fields in water.

Furthermore, the chapter provides a critical evaluation of current system limita-
tions and the challenges encountered, offering insight into preliminary simulation
and experimental outcomes. Through this analysis, potential solutions are pro-
posed, paving the way for further advancements in phonon microscopy. This
investigation not only identifies avenues for overcoming existing barriers but also

sets the stage for future research aimed at achieving true acoustic resolution.
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Chapter 5

Preliminary results and

perspectives

This chapter on preliminary results and perspectives mainly presents the projects
[ am currently working on, including theoretical examinations, preliminary ex-
perimental implementations, and results related to optoacoustic lenses to varying
extents. It also covers some group projects I have been heavily involved in during
my PhD and discusses how these contribute to my main project—optoacoustic

lenses—past, present, and future.

The optoacoustic lenses presented and demonstrated here have shown their strong
focusing ability for GHz picosecond laser-generated coherent phonons. They have
the potential to improve the lateral resolution issues caused by optics in PLU-based
TRBS imaging techniques. However, improvements in transducer optimization
for better SNR are still needed. Also, exploring more lens designs is of great
interest, for example, the axicon, because of its capability to create a needle-like
long focus beam. Additionally, exploring innovative techniques open the door to

novel designs of PR-FZP: utilizing polarized nanorods can introduces structures
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that exhibit phase differences within a flat surface, offering a fresh perspective on
realising PR-FZP. To characterize the size of the focused acoustic beam, additional
experiments, such as edge detection, can be conducted. Last but not least, moving
these lenses to a fibre tip may also empower fibre-based phonon probe microscopy,

which has the potential for endoscopic development with higher lateral resolution.

5.1 Transducer optimization

In Chapter 3, a single Au layer optoacoustic transducer layer was proposed to
achieve proof of concept for the focusing of coherent phonon fields. However,
based on the PLU model proposed in Chapter 2, previously research already shown
that a Fabry-Perot cavity made up with a structure of Au/ITO/Au provides an
opportunity to increase both the absorbance (pump) and transmittance (probe)

and thus to improve the SNR [68, 181].

The PLU model presented in Section 2.2 allows simulation of the optical transmis-
sion and reflection of both the pump and probe beam, as well as the amplitude of
the TRBS signal with different cavity designs. The model can give the transmit-
tance of pump Tpymp, probe Tpope, and amplitude of Brillouin signal (A, in water
medium), then a figure of merit for the OAT performance using NUV (Apymp =
415 nm) and NIR (Apepe = 780 nm) can be produced:

Aspe
OAT % (5.1)

where SNR o /Tpiobe and UVigese X Tpump / SNR? [68]. The result figure of
merit (OAT) shown in Figure 5.1 indicates the best performance at approximately

thicknesses of 10 nm Au and 150 nm ITO. However, in practice, it is worth con-
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Figure 5.1: Simulation results of the performance for Au/ITO/Au cavity trans-
ducers for varying ITO thicknesses by using the PLU model.

sidering to increase the thickness of gold layer to prevent UV leakage. Finally,
biocompatibility and fabrication tolerances must also be considered while making

design choices.

5.2 Flat Phase-reversed FZP made with nanorods

In addition to simply filling the corresponding rings with gold, i.e. zone plate
pattern formed by gold rings as discussed in Section 3.1.2, we can also put some
nanorods in these regions, and thus build Phase-Reversal FZPs by generating
sound waves with 7 phase difference in different zones without making curved

structures.

When metallic nanorods are thermally excited using short pulsed lasers, they can
produce GHz sound waves that become a source of ultrasound[182, 183]. The
optical and electronic properties of the nanorods depend heavily on their size and
shape. These properties together with the surrounding environment, can deter-

mine how the nanorods generate heat and mechanical vibrations. One important
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thing using pump-probe setup to detect nanorods is to consider the balance be-
tween acoustic resonance and optical resonance, as it closely tied to the design
parameters of the nanorods. Acoustic resonance is directly influenced by the ab-
sorption coefficient, which varies based on the dimensions of the nanorods (length,
width, and thickness). Additionally, the material properties (e.g., Au, Al) play
a significant role; however, this discussion is focused solely on Au nanoparticles
in this thesis. The acoustic resonance must ideally be as strong as possible to
maximize efficiency. In contrast, for the probe, the primary focus is on the sensi-
tivity of the optical resonance, which is also highly dependent on the specific size
of the nanorods. The core challenge lies in striking a balance between optimizing
the nanorods for robust acoustic resonance while maintaining adequate sensitivity

within the optical domain.

There are different ways to model nanorods’ behaviour regarding different geomet-
rical properties assumptions for nanorods, such as cylindrical nanorods, cuboid
nanorods. In the case of cylindrical nanorods and nanodiscs, two main vibrational
frequencies exist, along the length and width, referred to as the extension and
breathing modes respectively, both extensional and breathing vibrating frequen-
cies can be calculated analytically [184]. However, in the case of cuboid nanorods,
finite element modelling is required to estimate the mechanical vibrations. In ad-
dition to the nanorods themselves, it is important to consider their interface with

surroundings and how the vibrations will generate sound waves in different media.

In order to realize flat Phase-Reversal FZP made with nanorods, in addition to
studying the properties of nanorods, it is necessary to design special excitation
pump light sources according to their properties and FZP design theory. Since
nanorods have dominant vibration in the direction with a longer dimension, we
can place the rods in 90 degrees difference (horizontal and vertical) as shown in

Figure 5.2 (a). Then introduce specially polarized pump light with a time delay
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Figure 5.2: Concept of FZ-FZP made with nanorods. (a)Schematic of the acoustic
Fresnel Zone Plate lens made of gold nanorods, nanorods in the orange area are
excited by vertically polarized light and the nanorods in the opaque area are
excited by horizontally polarized light. There is a time delay between these two
polarized light pulse to create a phase difference in the ultrasound generated by
differently oriented nanorods. (b) Zoom in details. (c) A diagram of the Michelson
like optical path design for the pump beam.

in horizontal and vertical linear polarization modes, a phase difference can be
created in different zones of the Phase-Reversal FZPs. The alternating zones of 0
and 7 phase delay can be viewed as the sum of the exciting zones of two normal
FZPs. Thus they can take advantage of all the incident energy by adding phase
compensation regions instead of only 'on’ areas with nanorods. Specially designed
polarized pump beam is designed to be adjustable in delay time and orientation,

thus we can easily turn on/off different rods regions.

To introduce a phase delay in between horizontal and vertical nanorods located in

different zones of the Phase-Reverse FZP, an optical path similar to a Michelson
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interferometer was employed for the pump laser. As shown in Figure 5.2(c), a
circular pump beam goes into a beam splitter and then it is divided into two
paths, each path is composed of a linear polariser and a reflecting mirror, the linear
polariser in the two paths are orthogonal. By controlling the length of the two
optical paths, the time delay between the vertical and horizontal polarised light

pulses can be controlled manually, thus creating a m phase difference acoustic-wise.

5.2.1 Modelling of nanorods

To simulate the working principle of nanorods and find the best size of rods for
further experiments, both optical and mechanical behaviours of rods are of great

interest.

Optical

This model focuses on how different sizes of nanorods produce optical effects when
irradiated at the different pump and probe wavelengths. In our pump-probe sys-
tem, we want the nanorods to have a higher absorption in the pump wavelength
and a higher signal sensitivity in the probe wavelength, where the scattering rate

changes the fastest.

Figures 5.3 - 5.5 are some simulation results for the rods sizes included in the first
version of the design: The widths are 40, 50 and 60 nm, and the lengths are 130,

145 and 160 nm, respectively.
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Figure 5.3: Optical response of nanorods with length equals to 130 nm.
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Figure 5.4: Optical response of nanorods with length equals to 145 nm.
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Figure 5.5: Optical response of nanorods with length equals to 160 nm.

Mechanical

As mentioned in the previous section, if the nanorod is modelled as a cylindri-
cal structure, there is an analytical solution to estimate both the extensional and
breathing mode. Figure 5.6 shows the extensional and breathing modes of a cylin-
drical rod, they are vibrations along the length and width, respectively. Equations

(5.2) and (5.3) are the formulas to calculate the analytical values [183]:

1 |E

Jext = a\ o (5.2)

T E(l1—-v)
Jor = \/p( (5.3)

mw\[ p(1+v)(1 = 2v)

where FE is the Young’s modulus; p is the density; v Poisson’s ratio; and 7, is the
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Extensional Mode (Fundamental)

Figure 5.6: A diagram illustrating the extensional and breathing modes of a cylin-
drical Rod. Figure taken from [185].

first eigenvalue given by:

1—-2v
1—v

TJo(T) = J1(7) (5.4)

where Jy and J; are the first two Bessel functions of the first kind.

Take a 40nm x 160nm rod for an example, expected values are f.,; = 6.3207 GHz

and f,, = 58.8370 Ghz.

There is not yet an analytical solution to calculate the vibrations generated, but it
is possible to use a finite element model to simulate the vibrations of the nanorods.
Figure 5.7 below shows a 3D nanorod simulated in COMSOL, by using the ther-
moelastic module, adding a heat source to the rod and then calculating the dis-

placements on each surface.

Due to the limitations of EBL production, it is unlikely that the actual edges of

the samples are sharp. Figures 5.10 (a) and (b) show two possible actual states of
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Figure 5.7: 3D cubic nanorod with sharp edges
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Figure 5.8: Mechanical response in free vibration mod. Left: Time domain simu-
lation results, u, v and w represent the different displacements in three different
surfaces, we should mainly look at trace u, since it represents the vibration along
the length and has a relative low frequency and longer oscillation time period.
Right: FFT results of the time traces in the left.

the rods, both conditions are pending a more optimised analysis in the future. In
the meantime, more literature on EBL production needs to be searched to restore

the true state of these rods better and thus a more accurate simulation.
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Figure 5.9: Mechanical response in fixed vibration mod. the bottom surface was
setted to be fixed and has no vibrations at all. Left: Time domain simulation
results, u, v and w represent the different displacements in three different surfaces,
same remark as the comment before, since it represents the vibration along the
length and has a relative low frequency and longer oscillation time period. Right:
FFT results of the time traces in the left.

Figure 5.10: COMSOL models of 3D rounded nanorods. (a) 3D cubic nanorods
with all rounded edges. (b) 3D cubic nanorods with rounded corners on vertical
edges

5.2.2 Nanorods measurements

Some letter patterns made up of nanorods as shown in Figure 5.11 (a) (b) were de-
signed and fabricated to test the nanorods’ performance. Electron beam-lithography
(EBL) was used for fabrication, all the designs are exported as GDS files using

matlab before sending to the EBL machine.
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+— Photodetector 1 Photodetector 21

Figure 5.11: Measurements of EBL made nanorods. (a) and (b) Optical and SEM
pictures of the letters made with nanorods, (b) is the zoom in view of one block in
(a). (c) Diagram of the experimental set up, flipped sample with both pump and
probe overlapped underneath. (d) Left: Channel 1 - horizontal polarized light -
Detect the sios character; Right: Channel 2 - vertical polarized light - Detect the
nanorods in the background.

Using a similar experimental setup discussed in the previous Chapter 3, and in-
troducing linear polarization in horizontal and vertical orientations, along with
two detectors as shown in Figure 5.11 (c), we can now conduct a test experiment
on letter patterns (see Figure 5.11 (b)) to examine the relationship between the
orientation of nanorods and the polarization of light. Figure 5.11 (d) displays the
processed results from both detectors: channel 1 presents the horizontal scan re-
sults, and channel 2 presents the vertical scan results. For each channel, from top
to bottom, the sequence is the DC map, signal amplitude at the selected signal

frequency map, and the selected signal frequency map.
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Figure 5.12: Experimental time traces with the Michelson-like dual time delay
setup, two copeaks can be observed with a time separation of ~ 0.2 ns, A\pymp =
415 nm and Aprope = 780 nm.

Preliminary results demonstrate that with the polarized detection method, hor-
izontal (letter “sios”) and vertical nanorods (background of each block) can be
differentiated using the amplitude map or the frequency map. A preliminary
trace was recorded using the Michelson-like setup described in Figure 5.11 (c).
Two copeaks observed in the single trace have a time separation of approximately
0.2 ns ((Fig. 5.12)), thereby enabling the excitation of nanorods (with horizontal
and vertical orientations) to create a FR-FZP with a time-delayed pump pulse,

and finally achieve the flat PR-FZP with a 7 phase difference.

Figure 5.13 presents two EBL made FZPs, one positive FZP and a PR-FZP. For
both designs, the rods are 160nm x40nm and they are in two orthogonal directions.
However, due to laser rig availability, experimental tests on these nanorods made
FZPs haven’t been performed yet. But all the designs and the premilinary results
shown in this section prove that such structures are likely to be realised, making

flat PR-FZP made of nanorods possible.
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=(a) =(b)

Figure 5.13: SEM pictures of a positive FZP and a PR-FZP made with nanorods.
(a) SEM snapshot of a positive FZP lens made with nanorods, in this case, the
rods are 160nmx40nm and they are in one direction. (b) SEM snapshot of a
PR-FZP lens made with nanorods, in this case, the rods are 160nmx40nm and
they are in two orientations.

5.3 Optoacoustic axicon lenses

Because of their peculiar propagation characteristics, Bessel beams—which were
first proposed in optics [186, 187]—are now the foundation for many applications
[188, 189, 190]. Bessel-like beams in optics are typically created by conical-shaped
transparent refractive elements called axicons [191] to focus a Gaussian beam.
However, the application on acoustics is not yet broadly applied as in optics,
with only few applications reported [192, 193, 194]. However, its needle-like long
focusing is also of great interest for TRBS-based imaging techniques, because a
long and narrow focus would be ideal for examining in-depth areas of interest

within the medium.

Using the similar design idea of acoustic Bessel-like beam formation through flat
structures made of rings, introduced in [195] (working in the 10 ~ 20 kHz range),
and the FBSM model from Section 2.2.4, a quick simulation suggests that a GHz
Bessel beam can be formed. Compared with the FZPs, a longer depth of focus,

but a wider focus, can be achieved.
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Figure 5.14: Simulated formation of acoustic Bessel-like beams by using concentric
rings: (a) Illustration of the formation of Bessel-like beams with multiple concen-
tric rings. Image adapted from [195]. (b) Acoustic field distribution simulations
across the lateral plane. (¢) Corresponding intensity map illustrating the focused
acoustic energy.

Additionally, similar to an axicon that can generate a Bessel beam, the Bessel ul-
trasonic transducer can produce non-diffracting Bessel ultrasonic beams by making

geometrical changes to the optoacoustic structures [194].

The results show that the depth of field of the Bessel optoacoustic transducer
is much deeper than the conventional concave structures explored in the Section
4.2.1. And the depth of focus can be adjusted by changing the depth of axicon
structure - effectively the cone angle of the conical acoustic lens. The Bessel
optoacoustic lenses may help improve both the lateral resolution and also the

focusing depth of TRBS based imaging techniques.

5.4 Lens for imaging - Approaching real acoustic

resolution

The optoacoustic lenses explored in this thesis present an exciting opportunity
to overcome these limitations by leveraging laser-generated coherent phonon fields

for TRBS-based imaging techniques, including Phonon Microscopy. However, true
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Figure 5.15: Simulated acoustic focusing of axicon lenses with varied design &
focal depths: (Left) Cross-sections showing the axicon lens profiles designed for
0.5 ym, 1 pm, 1.5 pm, and 2 pm lens profile depths, each with a lens diameter of
5 um. (Center) Acoustic field distribution simulations across the lateral plane for
each lens. (Right) Corresponding intensity maps illustrate the focused acoustic
energy.

sub-optical resolution has not yet been achieved due to the system used to mea-

sure the focusing effect - the beam size of the probe (referred to as optical PSF
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in the following texts) is limited by diffraction. To achieve the true acoustic PSF
(sub-optical, ~ 300 nm), one possible solution is to maintain the current pump-
probe setup unchanged or small modification but introduce a resolution target,
through either edge detection or grating patterns, to demonstrate the resolution
limit these lenses can achieve. A 3D micro-positioner capable of moving in 100 nm
steps was built for this proposed idea. Some preliminary results showcasing the
moving ability of the 3D micron positioner, along with some edge detection/grat-
ing measurements over a conventional transducer, are presented in the following

sections.

5.4.1 3D micron positioner

A 3D micron positioner is constructed by stacking three PI-M605 high-precision
linear stages and a PI P-721 piezo nano-positioner. Controlling scripts in C++4 and
MATLAB has been written to enable digital control; this script can integrate with
the main pump-probe scanning control software to perform real-time movement
and scanning. Each PI-M605 stage has a 50 mm travel range and a 100 nm linear
encoder; the PI P-721 piezo has a travel range of 130 um and a resolution of
approximately 5 nm. Though the piezo can provide precise control in the z-axis,
its short travel range requires additional practical assistance from the third linear
PI-M605 stage. The same positioner is used to pick up the scanning target, with
the ise of UV-glue for attachment. Initially, the scanning target is placed on the
same substrate as the lens, but to the side - to get the same height while not
damaging the lens structures. Then, a small drop of UV-glue is applied to the
target. By using the 3D positioner, a needle-like arm is then sent close to the
UV-glue drop using the positioner. While monitoring through the camera, once it

is observed that the needle arm makes proper contact with the glue drop, a UV
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torch is used to cure the glue. The height of the target is recorded and serves as
a reference for subsequent approaches when the petri dish is filled with water for

later testing.
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Figure 5.16: Experimental z-approaching results from a conventional Au trans-
ducer, NIR-NIR setup with detection in transmission. (a) Diagram showing the
experimental setup, where NIR-NIR beams are both delivered from the same 5x
objective from the bottom. The scanning target is attached to the 3D positioner,
which has the freedom to move and a precision of 100 nm in the x-axis and y-axis,
and 5 nm in the z-axis. (b) Time traces showing the approach of the scanning
target to the transducer. (¢) Wavelet results of the time traces shown in (b).

Figures 5.16 and 5.17 showcase the z-approaching capability of the 3D positioner.
Figure 5.16 displays approaching traces taken with the NIR-NIR setup (Figures
3.19 and 3.20), as discussed in Section 3.3.4. The target sample, a small flat glass

piece, moves from top to bottom, gradually approaching the bottom substrate on
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which the transducer is slitted. Sub-figure (b) presents the filtered time traces
during the target’s movement from top to bottom, with a step size of 0.5 um (as
labelled on the y-axis), and the x-axis represents the calculated z position using
the time series and water velocity. Sub-figure (c¢) shows the wavelet transform of
the detected signal at the fg of water. From the top blue trace to the 7th dark red
trace, the piezo-controlled target moves a total of 6 steps, covering a total travel
distance of 3 um, aligning with the reconstructed z travel range. The acoustic
impedance difference between water and glass (the target) impedes the majority

of sound energy propagation, leading to the cessation of oscillations observed in

(b).

The difference between Figures 5.16 and 5.17 is that in 5.17, the approaching
traces are captured with a NUV-NIR setup (Figures 3.21 and 3.22). A series of
approaching traces are also achieved in this setup. Although the probe travels
through a more complex optical path compared to the previous one, this setup is
worth pursuing because it is the same setup used to present all the focusing results
in Chapter 4. One thing worth mentioning here is that for both sets of results,
when the positioner moves lower to some extent, the TRBS traces stop reflecting
the moving distances. One explanation for this is that when the scanning target
is attached to the positioner arm, the target is not perfectly horizontally levelled.
The slight angle may cause the corner of the target to touch the substrate first,
thus introducing distance measurement errors in the z-approaching experiments.
With the ability to approach the scanning target to the transducer within a ~ um

range, the next step moves to line scanning in the horizontal plane.
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Figure 5.17: Experimental z-approaching results from a conventional Au trans-
ducer, NUV-NIR setup with detection in reflection. (a) Diagram showing the ex-
perimental setup for the NUV-NIR configuration, with the pump delivered from
the bottom 5x objective and the probe from the top 10x objective. The scanning
target is attached to the 3D positioner, which has the freedom to move with a
precision of 100 nm in the x-axis and y-axis, and 5 nm in the z-axis. (b) Time
traces showing the approach of the scanning target to the transducer. (c¢) Wavelet
results of the time traces shown in (b).

5.4.2 Edge detection

Two preliminary results presented here are: glass edge detection and line scanning
across a PMMA grating sample. Both are conducted with a NUV-NIR setup,
with both pump and probe delivered from the bottom objective (Figure 3.18).
Figure 5.18 demonstrates the edge detection from no-glass to glass transition.
(a) shows the experimental setup at the top, where the scanning target moves

in a horizontal plane, transitioning from no glass in the detection beam to glass

209



5.4. LENS FOR IMAGING - APPROACHING REAL ACOUSTIC
RESOLUTION

situated in between, as illustrated in the bottom optical pictures. (b) is a B-scan
plot of all the filtered traces, where the x-axis represents the TRBS signal in z,
and the y-axis represents the positioner’s movement in the horizontal plane. When
there is no glass on the detection path, TRBS signals continue following natural
attenuation. Upon reaching the edge, a no-signal gap is observed, and then as the
glass continues moving, the TRBS signal with a sudden stop reappears. However,
as the glass continues moving in the same direction, the cessation of the TRBS
signal also increases. (c) is plotted using the wavelet method to determine the
signal’s ending point. This change in TRBS signal can explain the question left

from the approaching experiment: there is an angle in the scanning sample.
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Figure 5.18: Moving the glass horizontally, from no-glass to glass: (a) Diagram
showing the experimental setup, where NUV-NIR beams are both delivered from
the same 5x objective from the bottom. The scanning target is attached to the
3D positioner and moves in a horizontal plane when a z-depth of approximately
pum is achieved. (b) Time traces showing the filtered TRBS signal by scanning the
target from no-glass to glass. (c¢) Wavelet results of the time traces shown in (b).

Figure 5.19 presents some preliminary traces from scanning a PMMA grating
pattern with a conventional flat transducer. The gratings, created using a UV

mask aligner, have a width of 18 um and a thickness of approximately 2 pum. The
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entire scan covers 100 pum; the top corner, measured as the corner closest to the
bottom substrate. The scan commenced from top to bottom as indicated by the
yellow line in (a), and in (c), it is from left to right. (b) displays some preliminary
traces that align well with expectations; when moving into the PMMA region,
shorter TRBS signals are observed. Additionally, the overall trend follows what
was also observed in the previous edge detection experiment, indicating an angle

in the scanning target.
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Figure 5.19: Moving the glass horizontally and across grating patterns: (a) The
scanning target—a PMMA layer over a glass substrate—is attached to the 3D
positioner and moves in a horizontal plane when a z-depth of approximately pm is
achieved. (b) Time traces showing the filtered TRBS signal as the scanning target
moves from no-glass to glass. (¢) The distribution of the PMMA pattern and the
proposed target angle.

Given the successful measurements of the z-approaching and edge/grating pattern
detection using a conventional transducer. Next steps will be trying to perform

edge/grating pattern detection over opto-acoustic lenses.

A question was raised regarding whether deconvolution could be used to determine

the acoustic PSF in the viva, particularly in relation to the ‘knife edge’ experiment.
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In the present configuration, both the pump and probe beams move together in a
coupled manner, which makes deconvolution ineffective for accurately determining
the acoustic PSF. This limitation arises because I am not scanning the sample with
a fixed pump while moving the knife edge, which is the typical method for such
measurements. Instead, the coupled motion of both beams, along with factors
such as water gravity, imposes significant constraints on the implementation of

this technique.

To achieve precise PSF measurement via deconvolution, the probe beam would
need to be fixed at the top while the sample is moved by adjusting the stage.
Additionally, the pump beam would need to be controlled independently, using
a fast scanning mirror to achieve the necessary scanning. Under such a setup,
deconvolution could indeed provide an accurate determination of the true acoustic

PSF size.

5.4.3 Fibre for detection

In addition to this method, another way to reduce the complexity of the experiment
is to deliver both the pump and probe from below, then attach a resolution target
at the top of the fibre, and also use this fibre directly to collect probe light for

detection. Figure 5.20 shows the device concept for this idea.

5.5 Transfer the lens to single mode fibre

Instead of the complex experiments required to find the true acoustic PSF for
lenses fabricated on substrates, one solution is to combine the established fibre

probe phonon imaging method, as discussed in the background chapter [? | (Fig-
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Figure 5.20: Diagram showing the experimental setup for using fibre for collection.
An NUV-NIR configuration with both the pump and probe delivered from the
bottom objective. The scanning target is attached directly to a multi-mode fibre,
which can be held using the same piezo introduced in the previous Section 5.4.1.

ure 2.7), with the optoacoustic lenses developed in this thesis. The key idea is
to fabricate optoacoustic lenses directly on the tip of an optical fibre, enabling
the generation and detection of focused sub-optical wavelength phonon beams for
super-resolution imaging and elasticity characterization of cells, this concept will

be refer as phonon probe microscope (PPM) in the following texts.

The proposed fibre-based design involves modifying the end of an optical fibre to
serve as both the phonon source and detector as shown in Figure 5.21. This can
be achieved by either coating the fibre tip with a metallic thin film and shaping it
into a concave surface (acoustic lens) or patterning it into an amplitude zone plate.
These structures can generate and detect convergent coherent phonon fields with
beam waists smaller than the probing optical wavelength, enabling super-optical

resolution imaging.

Two potential configurations are proposed: (a) an all-fibre system compatible with
endoscopic applications, and (b) a hybrid fibre/free-space system for improved
signal collection efficiency. The all-fibre system couples both the excitation and
detection light through the same fibre, making it suitable for in-vivo imaging via

endoscopes or biopsy needles. The hybrid configuration separates the excitation
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Fibre

FZP lens

. —

Focused
phonon field

Figure 5.21: Device concept of a sub-optical resolution phonon probe microscope
(PPM): Place lenses directly over a single-mode fibre for imaging, which offers
great convenience and compatibility compared to previous methods.

and detection paths, allowing more efficient collection of the Brillouin-scattered

light using an external objective lens.

5.5.1 Fabrication

Three similar fabrication techniques are presposed for optoacoustic lens creation
over fibre tips, which are similar to the lens fabrication procedure over a standard
flat substrate: (a) Focused Ion Beam (FIB) milling directly over fibre, (b) Elec-
tron Beam Lithography (EBL) with a novel polymer-encapsulated fibre transfer

method, and (¢) Two Photon Polymerization (TPP).

FIB milling offers a straightforward way to make prototype samples by directly
milling the lens profile into a cleaved fibre tip. However, it is limited in lens di-
ameter by the fibre core size. Meanwhile, direct milling using an FIB machine
requires a series of tests to find the best stage for sample holding and to solve the
charging problem using an FIB-SEM machine. EBL can be used to pattern am-
plitude zone plates composed of concentric rings, offering an alternative approach

that does not require curved surfaces. However, it also necessitates a novel sample
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transfer technique to transfer the pattern to a fibre tip. TPP enables the additive
fabrication of polymer structures on top of the fibre face, potentially allowing for
larger lens diameters and tapered designs to prevent unwanted contact caused by

normally cleaved fibre tip.

Figure 5.22 shows an example of EBL made thin Au FZP transferred to a fibre
tip using the polymer-encapsulated method. The fabrication process for ultra-
thin polymer-encapsulated lenses onto fibre tips involves several steps. Firstly,
the encapsulated lenses are separated from the hosting substrate by etching a
Cr sacrificial layer and employing tape peeling. Subsequently, using an inverted
microscope, the lenses are aligned and adhered onto optical fibre tips. This process
involves attaching a glue-dipped fibre to a polymer-embedded lens on adhesive
tape. Illumination from an additional light source, such as white light, assists in
aligning the lens with the fibre core, followed by UV lamp exposure to cure the
optical adhesive. After curing, the encapsulated lens, firmly adhered to the fibre

tip, can be removed from the tape. [196].

Figure 5.22: EBL-made FZP transferred to a fiber tip using the polymer-
encapsulated method. (a) Successful pattern transfer of a larger FZP pattern.
(b) Encapsulated optoacoustic FZP pattern.

Figure 5.23 showcases a test run for fabricating lenses directly onto a single-mode

fibre.

Fabricating lenses at nano/micron scale on fibre tips presents significant practical

challenges. Combining multiple fabrication techniques or exploring alternative
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Figure 5.23: Direct FIB milling of a lens over a fibre tip. (a) SEM picture of the
cleaved fiber used for direct FIB milling. (b) Dish milled in the centre core of the
fibre. (¢) Zoom in on the dish.

methods (e.g., nanoimprint lithography) may also be necessary to optimize the

lens design and performance in the future.

5.6 Publications and my contributions

During my PhD, I also participated some projects closely related to the lenses,
including one perspective paper about picosecond ultrasonics for cell imaging and
two research paper: one about improve the scan efficiency by using a multi-core
fibre bundle for detection and the other one about quantitative 3D imaging of

sub-micrometre biology with label-free Brillouin endo-microscopy.

5.6.1 Picosecond ultrasonics for elasticity-based imaging

and characterization of biological cells

This paper focuses on the application of picosecond ultrasonics for elasticity-based
imaging and characterization of biological cells. It explores how high-frequency
ultrasound waves can be used to generate sub-optical resolution images by de-

tecting Brillouin scattering, enabling the study of the mechanical properties of
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cells without the need for physical contact or invasive techniques. The technology
shows significant promise in fields such as cell biology, cancer research, and re-
generative medicine by offering non-invasive, label-free imaging methods that can
provide insight into the elasticity and mechanical behaviour of cells. The paper
also addresses challenges, including signal attenuation, biocompatibility, and the
need for precise control of signal acquisition, while highlighting the potential of
picosecond ultrasonics to revolutionize biological imaging techniques through its

high resolution and compatibility with conventional microscopes.

My contribution to this paper centres around the modelling of key aspects related
to temperature changes and transducer efficiency. Specifically, I developed models
to predict how temperature variations affect the performance of the transducer
during the ultrasonic imaging process, which is crucial for maintaining consistent
signal quality and ensuring reliable results. Additionally, I worked on optimizing
the efficiency of the transducer, which is critical for improving the accuracy and
sensitivity of the imaging system. By addressing these factors, my work helps
enhance the overall performance of the picosecond ultrasonic system, contribut-
ing to the paper’s broader goal of advancing non-invasive imaging techniques for

biological research.

5.6.2 Parallel imaging with phonon microscopy using a

multi-core fibre bundle detection

This paper, ”Parallel Imaging with Phonon Microscopy Using a Multi-Core Fibre
Bundle Detection,” investigates a novel approach to enhance imaging resolution
and efficiency by employing a multi-core fibre bundle for parallel detection in
phonon microscopy. The research explores how this configuration can simultane-

ously detect multiple phonon signals, enabling faster and more detailed imaging
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of biological and material samples. By integrating a multi-core fibre bundle, the
system achieves higher spatial resolution while reducing acquisition time, making
it a promising tool for applications such as biological imaging, material charac-
terization, and non-invasive diagnostics. The paper discusses various challenges,
including signal processing, fibre alignment, and calibration, and offers solutions
to improve overall imaging accuracy through optimized experimental setups and

advanced computational reconstruction techniques.

My contribution to this paper includes several key aspects. First, I fabricated
the reference target using EBL, ensuring high precision and accuracy necessary
for calibrating the system. I was also responsible for calibrating the beam po-
sition within the multi-core fibre bundle, which is critical for accurate phonon
signal detection and parallel imaging. Additionally, I carried out the experimen-
tal measurements, ensuring the proper operation of the setup, and developed the
algorithm to reconstruct the map, a computational technique that allows for the
visual representation of the detected phonon signals in parallel. These contribu-
tions were essential in validating the system’s performance and demonstrating the
potential of multi-core fibre bundles for faster and more accurate phonon-based

imaging.

5.6.3 Label-free Brillouin endo-microscopy for the quanti-

tative 3D imaging of sub-micrometre biology

This paper, ”Label-free Brillouin Endo-Microscopy for the Quantitative 3D Imag-
ing of Sub-Micrometre Biology,” presents a groundbreaking technique for imaging
biological tissues with sub-micrometre resolution using Brillouin microscopy. The
research leverages the non-invasive and label-free nature of Brillouin scattering

to quantitatively measure mechanical properties of cells and tissues, providing in-
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sights into their biomechanical behaviour. The integration of this technology into
endoscopic systems allows for in-vivo imaging, offering significant potential for
medical diagnostics, particularly in detecting and characterizing diseases where
tissue stiffness plays a key role. The paper also emphasizes the ability to generate
high-resolution 3D images, making it suitable for complex biological applications

without damaging the sample.

In this work, my contributions were focused on two primary areas. First, I was
involved in the preparation of the fibre probe, specifically working on the single-
mode fibre tip transducer, which is crucial for enabling high-sensitivity Brillouin
signal detection in the endoscopic setup. My role also extended to the data pro-
cessing aspect, where I assisted in analysing the collected data to ensure accurate
reconstruction of the 3D images. Furthermore, I contributed to the creation of
figures that effectively illustrated the quantitative imaging results, helping to visu-
ally represent the key findings of the paper. These contributions were essential to
demonstrating the capability of the Brillouin endo-microscopy system in provid-
ing detailed mechanical property maps of biological samples with unprecedented

precision.
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Chapter 6

Future work

This chapter will outline future development plans based on the progress made
with optoacoustic lenses and preliminary results. Key areas include optimizing
the design of optoacoustic lenses, particularly the transducer cavity, while con-
tinuing to develop axicon lenses. Additionally, efforts will focus on advancing
phonon-probe microscopy to achieve acoustically-resolved Brillouin spectroscopy,
enhancing material characterization techniques. Further exploration of nanorods
will also be pursued, along with the development of flat Fresnel-Zone Plate (FR-

FZP) lenses utilizing nanorods to improve focusing and imaging capabilities.

6.1 Transducer optimisation

Building upon the discussions in section 5.1, the next step involves the actual
fabrication of concave lenses with a three-layer cavity structure. This design is
expected to improve the performance of the lenses, and practical tests will be
conducted to evaluate the extent of these improvements. The fabrication process

will aim to realize the theoretical benefits discussed earlier, providing insights into
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how the multi-layer cavity structure influences the acoustic and optical properties

of the lenses.

Another key objective is to explore and refine fabrication methods for creating
axicon lenses. One of the main challenges in this process is to achieve a smooth,
continuous slope, which is critical for the axicon’s ability to focus acoustic or opti-
cal waves into a sharp point. Overcoming this challenge will involve experimenting
with different manufacturing techniques, materials, and surface treatments. Once
fabricated, the axicon lenses will undergo rigorous testing to assess their perfor-

mance and validate their design principles.

6.2 Phonon-probe microscopy

The phonon probe microscope (PPM) is planned to be the first-ever attempt to
detect Brillouin scattering (BS) from convergent phonon fields for cell imaging.
The fibre-based PPM holds great promise for various applications in cell biology,
cancer research, and regenerative medicine: By mapping the mechanical proper-
ties of living cells at high resolution, the PPM can provide new insights into the
elasticity changes associated with cancer development and metastasis. This could
lead to novel biomarkers for early cancer diagnosis and monitoring; The PPM’s ca-
pability for label-free, non-invasive imaging could be invaluable for monitoring the
development of tissue constructs and stem cell differentiation, where traditional
fluorescence microscopy techniques are limited by phototoxicity; The endoscopic
configuration of the all-fibre PPM system opens up the possibility of in-vivo elas-
ticity characterization and imaging through minimally invasive procedures, poten-

tially enabling early detection of cancers or other pathological conditions.

However, realizing the full potential of fibre based phonon probe microscope
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(PPM) still faces several challenges. Firstly, signal attenuation, especially for
higher frequency sounds, this can significantly limit the working distance and
thus imaging depth. Strategies such as optimizing the lens design, exploring bet-
ter transducer cavity design and developing better signal processing techniques to
improve the SNR are of great importance. Secondly, efficient coupling of excitation
light (the pump) into the fibre and the collection of Brillouin-scattered light (the
probe) are important to ensure adequate signal are detectable. Addressing this
consideration requires careful design of fibre-optic interfaces and lens optimization.
Thirdly, fabricating of optoacoustic lenses with fine precision and surface quality
at the nano/micron scale poses challenges, especially for fibre-based systems, a
combination of multiple fabrication techniques or alternative methods are thus
required. Lastly, for in-vivo applications, the biocompatibility of the fibre-based

probe also requires consideration in details.

Future research directions could include not only the shared optimising of trans-
ducer design and signal processing method. For fibre based technique, we can also
explore alternative fibre designs or materials (e.g., photonic crystal fibres, chalco-
genide glasses) to improve performance or enable additional functionalities, such
as simultaneous optical and acoustic imaging. Also, it worth to investigate inte-
gration of the fibre-based PPM with existing endoscopic systems, biopsy needles,

or other minimally invasive medical devices for in-vivo applications.

The fibre-based phonon probe microscope (PPM) has the potential to enable sub-
optical resolution imaging and elasticity characterization of biological cells in a
label-free and non-invasive manner. By focusing laser-generated coherent phonon
fields and thus improved Brillouin scattering signal in the focused region, this
technique has the potential to revolutionize studies in cell biology, cancer research,

regenerative medicine, and healthcare applications.
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Realizing the full potential of the PPM will require interdisciplinary collabora-
tions involving knowledge in optics, acoustics, nanotechnology, and life sciences.
Overcoming the challenges associated with fabrication, signal attenuation, and
biocompatibility is important for enabling new discoveries and translating this
technology (a powerful new tool in biological imaging and elasticity characteriza-

tion) into practical applications.

6.3 More about nanorods

An important focus of future work is to explore nanorods of varying sizes and
placed in different media. By investigating how these nanorods respond under
different conditions, it will be possible to better understand their optical and
acoustic behaviour. This will involve studying the interaction of nanorods with
light and sound waves in diverse environments to optimize their use in various

applications, such as imaging and sensing.

Another key objective is to investigate both positive and negative Fresnel Zone
Plates (FZP) that are constructed using nanorods aligned in a single orientation.
The goal here is to understand how the arrangement of nanorods influences the
focusing and imaging properties of the FZPs. Testing these lenses will help de-
termine the optimal configurations for specific applications, improving the overall

performance of FZP-based devices.

Efforts will also be directed towards refining the Michelson-like optical path design,
focusing on achieving precise control over the delivery of double pump pulses. This
will require enhancing the synchronization and accuracy of pulse timing, which is
critical for improving experimental results. Once this level of precision is achieved,

the technique will be applied to a flat Fresnel-Zone Plate (FR-FZP) made with
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nanorods oriented in two directions, varying by 90 degrees. This configuration
is expected to provide unique optical properties, further advancing the potential

applications of nanorod-based FZP lenses.

6.4 Summary

In summary, the future work of this thesis will focus on several key areas to advance
the development of optoacoustic technologies. First, the fabrication and testing
of concave lenses with a three-layer cavity structure and the creation of axicon
lenses will aim to improve their performance through optimized designs and man-
ufacturing techniques. Additionally, further research on the fibre-based phonon-
probe microscope (PPM) will seek to enhance its capabilities in non-invasive,
high-resolution cell imaging by addressing challenges such as signal attenuation,
transducer design, and biocompatibility. Finally, the exploration of nanorods in
various sizes and media, as well as the development of flat Fresnel Zone Plate
(FR-FZP) lenses with nanorods oriented in two directions, will continue to refine

their optical and acoustic properties for imaging and sensing applications.
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Chapter 7

Conclusions

In conclusion, this thesis addressed a major problem in the field of time-resolved
Brillouin scattering (TRBS) by directly tackling the issues with lateral resolution.
Meanwhile, PLU-based TRBS technology enhanced the manipulation of sound
fields at higher frequencies (GHz), addressing challenges inherent in the nature
of sound for other acoustic microscopy techniques. At the heart of this research
lay the design, fabrication, and characterization of optoacoustic lenses, designed
to focus coherent phonon fields at GHz frequencies. These lenses, including flat
Fresnel zone plates and concave structures, were engineered to go beyond the
limits of optical diffraction. They opened the door to a new era of improved

lateral resolution in TRBS systems.

The substantial portion of this work was dedicated to the design, nanoscale fab-
rication, simulation, and characterization of these lenses. The thesis presented
proof-of-concept experimental results that not only demonstrated the lenses’ focus-
ing ability but also highlighted their importance for future use in high-resolution
acoustic/elastic imaging. The road to full-scale image integration is still long, but

the early results shown here were not only encouraging; they also showed how
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these lenses could change the game by making it possible to achieve unmatched

lateral resolution in TRBS.

In addition, the research carefully described in this thesis lays the groundwork
for future research that aims to add these optoacoustic lenses to TRBS systems,
which would make imaging better in fields like biological cell imaging that need

non-invasive, high-precision measuring methods.

7.1 Summary of thesis

Background and Modelling

This chapter started by the discussion of Brillouin scattering, its theory, and ap-
plication in elasticity imaging - Brillouin Microscopy, and then the integration of
detection and measurements using picosecond laser ultrasound, emphasizing im-
proved SNR and resolution in axial in Time Resolved Brillouin Scattering (TRBS)
based imaging techniques. A PLU model that explores both the optical and me-
chanical performance of multilayer thin film structure was introduced to modelling
expected time trace signal. After that, this chapter examined wave focusing mech-
anisms, covering both optical and acoustic focusing via lensing or other systems.
It started with an exploration of light and sound focusing through Fresnel zone
plates and concave lenses, then progressed to the Fourier-Bessel angular spec-
trum method (FBASM) for modelling of single frequency wave propagation, since
the detection nature of TRBS only select certain sound frequencies match the
Brag condition. Additionally, the significance of nano-fabrication techniques, par-
ticularly Electron Beam Lithography (EBL) and Focused Ion Beam (FIB), was

introduced for their application in creating advanced nano/micron structures.
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Methods

This chapter outlined the design and fabrication of optoacoustic lenses, includ-
ing flat transducers, concave lenses, and Fresnel Zone Plate lenses, using diverse
nano/micron fabrication techniques such as sputtering, thermal evaporation, EBL
and FIB. A series of GHz optoacoustic Fresnel zone plates, with the highest work-
ing frequency (~ 5 GHz) for acoustic FZPs, were designed, simulated, and tested
using picosecond laser ultrasonics-based time-resolved Brillouin scattering tech-
niques. Although concave-shaped acoustic lenses operating in the GHz range have
been studied for high-frequency acoustic scanning microscopy, this thesis proposes
for the first time the concave shape of the transducer itself, thus maximizing signal
efficiency. This chapter further details the experimental setup, especially the use of
the Asynchronous Optical Sampling System (ASOPS) for capturing TRBS signals
and the modification of optical configurations to meet the requirements of different
experiments. Additionally, it delves into the signal processing methods necessary
for eliminating thermal background noise, implementing digital filtering, and con-
ducting frequency domain analyses using both FFT and wavelet transforms. These
experimental setups and signal processing techniques ultimately enable the recon-
struction of GHz phonon wavefronts, thus facilitating the potential for further

applications in 3D elasticity imaging.

Results

This chapter presents a thorough analysis of simulation and experimental results,
marking the first demonstration of strong, measured focused TRBS traces achieved
through the manipulation of femtosecond laser-generated coherent phonons. It
explores the performance of various optoacoustic lenses, including multiple types

of Fresnel Zone Plates and concave lenses, each designed with different focuses.
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Lenses with a diameter smaller than 5 gm and a minimum feature size of a few
hundred nm were proven in simulation to be capable of producing a sound focus of
approximately 200 nm. A detailed demonstration of focused GHz acoustic fields in
water is shown in single-point scans, line scans, and 2D scans. The experimental
results align well with the simulated outcomes. FZP with a high acoustic numerical
aperture (NA) of 0.72 and concave optoacoustic lens with maximum NA of 0.62

were achieved and presented.

Furthermore, the chapter engaged in a discussion on the current limitations of
these measurements: Though a strong focusing was observed, the real acoustic
Point Spread Function (PSF) is still unknown due to the diffraction limit caused
by the optical measurement system. However, the strong focusing achieved by the
proposed optoacoustic lenses suggests potential solutions to the lateral resolution

problem faced by all the TRBS based imaging techniques.

Preliminary results, perspectives and future work

This chapter began by discussing improvement plans for the current transducer
design and more potential optoacoustic lens structures, including flat PR-FZP
made with nanorods and optoacoustic axicon lenses. Then to address the main
problem highlighted in the Results chapter, multiple pathways to identify the
real acoustic PSF were proposed, with advancements in experiments and some
preliminary results presented and discussed. These include the use of a 3D mi-
cron positioner, z-approaching in the ym range, and edge detection experiments.
Moreover, this chapter also discusses the future of sub-optical fibre-based phonon
microscopy, which offers greater accessibility for scanning and even the potential

for high-resolution endoscopy applications.
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7.2 Closing Remarks

To sum up, this thesis effectively addressed one potential direction to solve the
problem of limited lateral resolution in time-resolved Brillouin scattering (TRBS)
techniques through the development and characterisation of innovative optoacous-
tic lenses. By introducing flat Fresnel zone plates and concave structures capable
of focusing coherent phonon fields at GHz frequencies, this work stood at the
frontier of surpassing the optical diffraction limits in TRBS systems and the high
frequency (GHz) sound manipulation area. Together with the promising initial ex-
perimental results—the first wavefront reconstruction of a focused GHz acoustic
field in water—the thesis highlighted the careful design, nanoscale fabrication, and
comprehensive calculations that underscored the great promise these lenses hold
for developing high-resolution acoustic/elastic imaging. While full-scale imaging
integration was still some way off, the progress made thus far offered a strong basis
for future efforts to incorporate these lenses into TRBS-based Phonon Microscopy
systems, which might result in a significant improvement in imaging capabilities,
particularly for high-precision (substantial improvement in lateral resolution), non-
invasive applications such as biological cell imaging. This thesis paved the way
for future research to breach existing resolution barriers in TRBS, showcasing the
future implications of optoacoustic lenses in the realm of advanced sub-cellular

elastic imaging techniques.
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Appendix A

White light spectroscopy

A white light spectrometer, a convenient post-fabrication layer thickness assess-
ment tool, was used as discussed in Section 3.2.1. The wavelength of light, the
material’s optical characteristics, the qualities of the materials nearby, and the
thickness of the desired material are the only factors that can be specifically linked
to the optical resonances of a film or cavity. Light that is reflected or transmitted
through the material can be recorded and spectrally examined using a VISNIR
spectrometer (Ocean Optics USB2000+) when a broadband VIS light source is
shone onto the film as shown in Figure A.1. Then, by comparing the optical res-
onances recorded by the spectrometer software with theoretical calculations, an

equivalent film thickness can be determined.

The comparison of the expected and the detected traces is done in MATLAB
as explained in Figure A.2 (a). Theoretical calculation of the Au transmittance
T(N)moder Were calculated and plotted (blue lines in the top of Figure A.2 (b)),
then the script loads the measured trace T'(\)ey, (red in the top of Figure A.2
(b)), after that, fitting a curve (Bottom figure of Figure A.2 (b)) to compare the

experimental result with all the theoretical curves. A fitting score range from 0
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/ Camera

Figure A.1: White light spectroscopy design. (a) Picture of the spectrometer that
was built to measure reflection and transmission spectra of either planar or optical
fibre samples. White light is delivered to and from the microscope body via optical
fibre patch cables. (b) Schematic of the spectrometer optical design. Source light
is brought to the sample plane either by objective lens or optical fibre, and is
collected with an objective lens that relays the light for spectroscopy or imaging.
Image reproduced from [67].

to 1 is calculated and given for each theoretical trace according to its similarity
with the experimental trace (fittingscore = 1 — |T(N)model — T (N)exp| ). The
maximum value of that fitting curve is labelled as the fitting result for the layer
thickness. This spectroscopy also allows measurements of the thickness of ITO
for an Au/ITO/Au cavity structure, provided the thickness of the Au mirror is
known. This can be achieved by separate sputtering of a cavity from one run
to multiple runs, adding a measurement step after the first deposition of the Au

layer.
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Figure A.2: White light spectroscopy algorithm diagram and example fitting re-
sult. (a) Flow chart of the steps to calculate Au thickness H g4, based on the
proposed fitting method. (b) Example of the output measurement of an Au layer
thicknesses (blue lines). The closest match between experimental and theoretical
spectra (the bottom figure, the maximum matching number) is considered to be
the measures film thickness.
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Appendix B

GDSII design

GDSII library files are used to specify the layout of integrated circuits, MEMS
devices, nanostructured optics, etc. They are also the standard file format for
lithography designs. One of the initial steps in the fabrication process is the
design and creation of a GDSII pattern file for direct exposure via electron-beam
lithography. To make a GDSII file, two GDSII layout software options are explored
for this project: a script-based approach (Octave & MATLAB toolbox and Raith-

GDSIT MATLAB toolbox) and a graphical CAD tool (KLayout).

The Octave & MATLAB toolbox and the Raith-GDSII toolbox are used to gen-
erate all the EBL-readable design files in this thesis. These toolboxes provide a
simple, versatile, and scriptable means of generating patterns for both focused ion
beam (FIB) and electron beam lithography (EBL) tools using MATLAB. They are
particularly useful when a layout results from design through numerical modelling,
e.g., for the nanorods, FZP pattern presented in this thesis. Both toolboxes are
open source and can be downloaded from GitHub [197, 198|. Layouts produced
can then be inspected with an open-source layout viewer KLayout, which offers

more freedom for minor error correction and pattern reconstruction for the final
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design file.

KLayout is an open-source GDSII viewer and editor and available for free down-
loading from the internet. It can be easily downloaded and installed from [199]. In
this project, KLayout was mainly used for both its viewing and editing functions,

thanks to its highlights in:

Capabilities for overlays: several layouts can be loaded into a single window.

Advanced layer display features include the ability to name layers, apply ad-
ditional transformations, choose specific hierarchy levels, and choose shapes

based on specific properties.

Explore the hierarchy by showcasing a cell within its larger context.

Support for external libraries is available. Bound to a layout in a dynamic

manner, making it particularly useful for libraries generated by MATLAB.
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Appendix C

Water refractive index

Taking into account both the wavelength and temperature dependence of wa-
ter refractive index is very important for understanding the relationship between
Brillouin frequency shift and environmental temperature. According to literature
[179], the following Cauchy formula with temperature-dependent coefficients (C.1)
and approximated Cauchy coefficients (C.2) are used to calculate the refractive

index vs temperature data.

n(\T) = A(T) + + + (C.1)

where )\, is the wavelength in nm; and A(T), B(T),C(T), D(T') are the Cauchy

coefficients presented as a function of the temperature; T' is temperature, °C.
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A(t) = 1.3208 — 1.2325 - 10°¢ — 1.8674 - 107 ¢* + 5.0233 - 10~7¢*
B(t) = 5208.2413 — 0.5179¢ — 2.284 - 10~ %t* + 6.9608 - 10°¢*
C(t) = —2.5551 - 10® — 18341.336t — 917.2319¢* + 2.7729¢

D(t) = 9.3495 + 1.7855 - 107°¢ + 3.6733 - 10 °¢* — 1.2932 - 10~ "#*
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Appendix D

Transforms

D.1 Fourier transform

The Fourier transform for time ¢ and frequency w is:

Fw) = /OO f(t)e ¥t dt

and the reverse transform is:

f(t) ! /00 F(w)e'tdw

:% .

which are continuous valued and vary from —oo to oo.

Fast Fourier transform (FFT)

The numerical grid for real space and frequency space for a FFT is defined as:
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FFT is used for signal that is finite in duration & discrete in time, f[0], f[1],..., f[N—
1], f[N]. The DFT F[0], F[1],..., F[N — 1], F[N] is also finite in duration & dis-

crete in time. The forward transform is define as:

N
Flk] =) flnle7* " k=0,1,...,N—1 (D.3)

n=0

and the inverse transform is:

N
1 .
flnl = % S Fle™™ n=01,...,N -1 (D.4)
k=0
where
2

Note that to prevent aliasing in the sampled function, the function must be sam-

pled above the Shanon-Nyquist limit.

2D Fourier transform

The 2D Fourier transform between the functions f(x,y) and F (k,, k) is given by:

F (kg ky) = /_00 /_00 f(x,y) exp [—ik,x — ikyy| dzdy (D.6)

The FFT algorithm can be used to numerically evaluate this by running it first

along the elements in one dimension and then along the elements in the other one.
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D.2 Hankel Transform

The Hankel transform is a radial equivalent of the Fourier transform that can be
applied to any function: F(r,0) = A(r)B(f). This is useful for optical systems as
it enables us to simulate beams that exhibit either radial symmetry or a consistent

azimuthal phase: U(r,0) = A(r) exp(ind).

Hankel Transform demotivated from Fourier transform

The Hankel transform may be derived directly from the two dimensional Fourier
transform (D.6). By assuming radial co-ordinates r and 6 in real space and k, and

¢ in frequency space. These are related to the Cartesian co-ordinates as:

xr=rcosf k,=k.cos¢p
(D.7)

y=rsind k, = k,sin¢g

where r € [0,inf] and 6 € [0, 27|. Equation (D.6) may then be re-written as:

[e9) 2w
/ / exp [—irk,(cos 0 cos ¢ + sin @ sin ¢)] rdrdf (D.8)
o Jo

oo 2
/ / exp [—irk, cos(6 — ¢)| rdrdf (D.9)
o Jo

One can derive the Hankel transform directly from the Fourier transform by con-

sidering functions that have radial symmetry:

A(r,0) = f(r)exp(ind) (D.10)
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The Hankel transform pair now can be written as:

H{f(r)} = F (k,) = /000 f(r)yrd, (r.k;)dr (D.11)

and

HLF (b))} = f(r) = /OOOF(k;T)rJn (k- ) by (D.12)

where J,, is the n'" Bessel function. Note that, the Hankel transform and Inverse

Hankel transform are identical, unlike the Fourier transform.
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