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Disordered photonic networks provide a unique environment to explore light scatter-
ing on the mesoscopic scale. The physical description of multiple scattering in strongly
scattering random media is an ongoing field of research, with many theoretical and
numerical models exploring the phase transition of light from the diffusive to the lo-
calised regime. Experimental verification of these theories is necessary to determine
the validity of these results. In this thesis, a novel experimental spatio-temporal pump
probe technique is used to characterise anisotropic scattering in GaP nanowire mats
to determine the diffusion constant in the transverse and longitudinal directions. Co-
herent backscatter and total transmission and reflection spectroscopy are used to deter-
mine optical characteristics such as the transport mean free path and absorption length.
Results corroborate previous independent measurements and promote the use of the

pump probe technique for studying anisotropic diffusive light transport.

The multiple scattering process also forms an obstruction to optical imaging through
disordered media, such as in clouds or biological tissue. The existence of correlations
in the speckle of coherently transmitted or reflected light provides an opportunity to
detect information of the target object through seemingly opaque media. Previous
works focus on the optical memory effect and its application in such environments.
The Lorentz reciprocity of scattered light in the time reverse optical memory effect al-
lows for detection of a specific signal unique to the scattering target; which presents the
opportunity for advancement in the field of imaging through scattering media. This
phenomenon is explored experimentally, a phase based modulation of the process is
characterised, and the principle is then demonstrated in a pulsed optical system.
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Chapter 1

Introduction

Random scattering in disordered media has been the subject of physical study for cen-
turies, from thermodynamics, to electronics, to quantum mechanics, all manner of in-
teractions require the study of particles, objects, or waves scattering off of one another.
The incorporation of electromagnetism into this broad picture gives rise to the study of
the scattering of light. The single scattering of light waves from single small particles,
mesoscopic spheres, and larger geometric objects is well described by predicting the
electromagnetic field as it propagates and is perturbed by the object. The progression
from single to multiple scattering creates a new mathematical environment in which
the classical description of light no longer accurately depicts the physical processes,
and with the advent of quantum mechanics a more detailed picture evolved. This was
researched extensively in the latter half of the 20th century up to today, leading to a
number of discoveries and advancements.

Disordered light scattering is a physical phenomena which is currently being imple-
mented across many areas of research, including improving solar cell efficiency (1)(2)(3),
designing random lasers (4), and creating random lenses (5). Alongside its industrial
and practical scientific applications, there are areas of theoretical research that are yet
to be verified experimentally with regards to disordered light scattering. The most
prominent of these is Anderson localisation of light in three dimensions. This elusive
scattering regime has been the focus of many research groups in the past few decades,
both experimental and theoretical, however it has yet to be demonstrated experimen-

tally with certainty, leading to an ongoing debate of its likelihood of realisation (6)(7).

More recently, a promising outlook is presented by Yamilov et al. (8), where a review
of the mechanisms inhibiting the manifestation of three dimensional light localisation
is performed and a new system is presented in which these are negated, resulting in a
numerical simulation of a localised state of electromagnetic waves in a slab of perfect
electrically conducting spheres. Hallmarks of this localisation include the existence of

extremely long light paths inside the material, deviating from the diffusive description
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of light propagation. Another is the reduced transverse spatial extent of the light at the
exit surface of the material. The novel methodology shown in this thesis allows for the
direct measurement of the spatial extent of the transmitted light from such scattering
materials, as well as ultrafast detection of the transmitted intensity allowing for the
determination of the decay of the long light paths.

One highly active field of research within the umbrella of disordered scattering is the
correlation of fields produced by multiple scattering of coherent sources. The speckle
pattern, a randomised spatial or spectral distribution of intensities produced by waves
propagating through disordered media, is found to contain rich information about the
system through which it passes, and retains information from its source. For this reason
it is termed the optical memory effect (OME). This is exploited in modern practices for
medical and sensing applications, and research is ongoing for new applications and

improvements.

The time reverse memory effect (TRME) is a specific contribution to the correlation
of speckle patterns due to the time reversal symmetry of scattered light, thus it is in-
herently specific to the target. If it were possible to implement the specific signal of
the TRME it would present a stable signal which could reduce the noise contribution
from environmental sources. The OME has been well established and studied in the
transmission geometry, as this is often the case for practical applications, however a
limited number of studies have examined the reflection geometry and the TRME since
its discovery by Freund et al. (9) in 1988. A more detailed study of the effect and the
correlation is therefore required, especially regarding the phase dependence as it is the
phase stability under multiple scattering which enables the application of the memory
effect.

In this thesis a number of established and novel experimental techniques are used to
investigate the scattering of light on the mesoscopic scale. A modified pump probe
technique is used to measure anisotropic scattering in strongly scattering gallium phos-
phide nanowire samples. This technique combines ultra-fast laser pulses and lock-in
detection to measure a non-linear response in the semiconducting nanowires, giving
time of flight information across the exit surface of the sample without the use of inter-
ferometry. Finally, an experimental investigation into the phase dependence of speckle
correlation is undertaken, utilising the TRME in both continuous wave and pulsed op-

tical systems.

There is a vast range of opportunity for discovery in the field of disordered light scat-
tering, recent theoretical progress has once again outstripped experimental studies and
there remains a number of unsolved, and possibly unseen, experimental challenges
to overcome in order to realise the predicted physical manifestations of strong An-
derson localisation of light. Anisotropic scatterers remain an avenue of possibility for

quasi-one or two dimensional localisation, and the interplay between this effect and



the transverse diffusion of photons should be taken into account. It has been recently
experimentally demonstrated that near the mobility gap produced by strong Anderson
localisation, the effect of anisotropic scattering by individual scatterers reduces, leading
to a less ellipsoidal transmittance at the output (10). To begin this process, a determina-
tion of the anisotropic diffusion of light in strongly scattering samples is undertaken.

The aim of this project is to investigate the propagation of light through disordered
strongly scattering media on the mesoscopic scale. This is done by developing new
methodologies to characterise strongly scattering materials within the theoretical de-
scriptions established in literature. Specifically the main areas of study will be diffusive

light propagation, scattering anisotropy and speckle correlation:

* Measure the transport of light in a strongly scattering disordered photonic net-
work and compare this with the diffusive model of light propagation.

¢ Investigate anisotropic light diffusion in a strongly scattering sample and com-
pare this with the diffusive model of light propagation.

* Measure the phase dependence of the time reverse memory effect, verifying the
conservation of phase throughout the multiple scattering process via cross corre-
lation of speckles.

The diffusive description of light transport in scattering media is well established, re-
cent works have made significant progress in determining both the theoretical and ex-
perimental limits of this approximation, i.e. where the diffusive picture should break
down. This project aims to certify that the diffusive model continues to describe the
strong scattering seen in strongly scattering samples which have been characterised
using a range of separate techniques.

Anisotropic light scattering is an area of significant interest of the report. The anisotropy
exploited in liquid crystals and nanomaterial design has opened new pathways in the
development of optical displays and metamaterials. It has been recently experimen-
tally demonstrated that near the mobility gap produced by strong Anderson localisa-
tion, the effect of anisotropic scattering by individual scatterers reduces, leading to a
less ellipsoidal transmittance at the output (10). The development of new techniques to
measure the anisotropy of random, multiply scattering materials may help to provide
further avenues of research and hence enable development of useful optical properties.

(11)

Finally the correlation of speckles produced by coherent waves is a useful tool in mea-
suring the properties of scattering media, and for interrogating features or objects hid-
den behind or inside them. Experimental investigation of the phase dependence of
the time reverse memory effect and the proposal of a new technique could lead to the

improvement of signal stability in future experiments.
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1.1 Thesis Structure

Chapter 2 provides the theoretical background of the work, comprising of a review
of literature pertaining to the topics discussed. A foundation of understanding is es-
tablished in light scattering and disordered light-matter interactions, before a more in
depth mathematical description is provided of the diffusive propagation of light in
strongly scattering environments. This is presented in terms of transmission and time
of flight, and then further in terms of speckle correlations and reflection based geome-

tries.

Chapter 3 details optical characterisation measurements of samples to be used in later
chapters. Various experimental techniques are used, including total transmission and
reflection spectroscopy, coherent backscatter spectroscopy and dark field spectroscopy.

Chapter 4 presents an all optical pump probe experiment which allows stroboscopic
microscopy of extremely scattering samples. The methodology and experimental tech-
nique are discussed, as well as an explanation of some of the effects which can be detri-
mental to obtaining a measurement and how they can be mitigated. Time of flight
measurements as well as spatial distributions are obtained and fitted using theoreti-
cal descriptions developed in chapter 2, culminating in a comparison of the diffusion
constants of samples which have undergone mechanical compression.

Chapter 5 is the third experimental chapter, presenting an experimental exploration
of the time reversal symmetry of the optical memory effect, developing from the an-
gular and spatial correlation of time reverse speckle patterns, to the control of phase
difference in the Sagnac interferometer geometry and finally to application to a pulsed

regime.

Concluding remarks and future works are discussed in chapter 6.



Chapter 2

Theoretical Background

2.1 Mesoscopic Light Matter Interaction

Mesoscopic scattering of waves in disordered media continues to be an area of keen
research in a variety of fields due to both its broad applications and use cases, as well as
its complex theoretical basis. This drives a theoretical and experimental motivation to
understand these complex interactions and a practical desire to apply this knowledge
in new technologies and methodologies. This section of the report will discuss the
progress that has been made in the former, explaining the physical concepts which

form the basis of this investigation.

The scattering of a wave can occur when it interacts with a scattering object or encoun-
ters a change in the medium of propagation. For optical scattering, the refractive index
of the material is a key parameter in determining the strength of the interaction between
the light wave and the material, hence higher index material contrasts are preferable

for strong light scattering.

The size of the scatterer has a strong effect on the way light will interact with the object,
relative to the wavelength of the incoming wave. When the scatterer is much smaller
than the wavelength of the incoming light, the scattering occurs in the Rayleigh scat-
tering regime:

Iy
A%
in this regime there is an inverse power law dependence of the scattered light intensity

Ise

2.1)

on wavelength, and it is well known that it is this dependence which gives rise to the

rich colours of the sky during the day as well as at sunrise and sunset.

In mesoscopic systems where the size of the scatterer is of the same order as the wave-
length of the light, the scattering interactions tend to be stronger and thus are more

likely to give rise to multiple interactions. Continuing with the example of atmospheric
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phenomena, it is this regime which gives rise to the whitish grey colouration of clouds.
Water droplets which condense in clouds are spheres with diameters of the order of
nanometers to microns, overlapping with the visible and near infra-red spectrum. Due
to their relatively strong interaction and variety in size, light rays over a broad spec-
trum from the sun are scattered multiple times inside the cloud before they escape and
propagate to us on the ground. This causes any spatial coherence in the waves to be
lost, thus obscuring what is beyond the clouds and giving rise to a relatively uniform
distribution of intensity. This scattering regime is called Mie scattering and is well de-

scribed for spherical objects (12).

Mie theory encompasses the interaction of electromagnetic waves with spherical and
cylindrical objects which incorporate a form of radial or angular symmetry. In most
cases it is applied to objects of size comparable to the wavelength of the incident light.
The solutions are obtained by solving Maxwell’s equations at the surface of the object
and gives absorption and scattering cross-sections for the particle. This is caused by
the charge carrier density currents that arise due to the electric and magnetic field in-
teracting with charges on the surface of and inside the sphere (13). As the size of the
sphere increases, these resonances shift towards higher wavelengths, meaning that by
tuning the size of these spheres it is possible to control the wavelength dependence of

the scattering cross Section (14).

However, this sensitive size dependence can also be a significant challenge because
a small distribution in sizes leads to a significant broadening of the resonant peaks.
Another issue to contend with is that larger spheres also produce higher order polar
responses which reduces the intensity of the dipole and quadripole resonances and
can lead to a flattening of the response. Although Mie theory only explicitly applies
to spheres, the concept is similar for antenna-like structures as well as nanowires,
whereby the size, shape and orientation of the mesoscopic object is strongly related

to its optical properties (13).

Mie resonators with highly controllable dimensions have been used to great effect to
produce metamaterials with predetermined optical properties. By adjusting the diam-
eter and length of ordered arrays of silicon nanocylinders, Seo et al. (15) were able
to produce tunable absorption patterns in the observable optical frequencies, produc-
ing mats of varying colours. Other optical properties which are difficult or possibly
impossible to achieve using other techniques have also been realised using structured
metamaterials, such as a negative index of refraction (16). This enabled further break-
throughs such as the development of the theory of a perfect lens (17). Ordered arrays of
silicon nanodisks have also been shown to produce an effective anti-reflection coating,
allowing strong coupling into the substrate, with applications again in light harvest-
ing (18). Although the highly ordered structure of metamaterials does not exactly fit

within the area of interest of this project, the strength of the Mie resonances and thus
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the changes in the optical properties of the material exemplifies what can be achieved
with such devices.

Dielectric materials, such as silicon, produce not only electric Mie resonances but also
magnetic ones. These magnetic dipole and multipole resonances can greatly enhance
the scattering efficiency of the material (19)(20) and can produce strong nonlinear re-
sponses (21) such as the Kerker effect (22). In such a case the overlap of the electric and
magnetic resonances can lead to complete forward or back scattering. Tunable elec-
tric and magnetic dipoles have recently been measured separately in colloidal silicon
nanospheres by using linearly polarised light and altering the polarisation of the de-
tected light (14). This is possible since the dipole resonances are orientated according
to the polarisation of the incident light. By tailoring the density of the scatterers within
the colloid (or fill fraction of the meta-fluid) and the diameter of the scatterers (and thus
the wavelength dependence of the resonant scattering), the fluid exhibits a highly con-
trollable effective refractive index. Spherical silicon nanospheres have also been used
to create micro-resonators which have a wavelength dependent absorption coefficient,

which leads to more efficient absorption in the infra-red region (23).

Metals with free charge carriers can also produce strong interactions with light, due to
the induced oscillation of the free charge carriers within the metal. The name given to
the quantum of these oscillations is a plasmon and it has a resonant frequency again
dependant upon the material properties. Plasmonic devices have proved to be very
efficient tools in electronic and optical devices, with applications ranging from en-
hanced Raman spectroscopy to biochemical sensing. One downside to using metallic
resonators however is that they often have large losses at and around their peak scat-
tering resonances. This is significant since inelastic scattering losses cause a breakdown
of the scattering process and therefore inhibits light localisation, as will be explained in
Section 2.2.

The main samples studied in this thesis are a strongly scattering mat of gallium phos-
phide nanowires. Gallium phosphide is a semiconducting material with a high refrac-
tive index in the infarred region (~ 3.1 in the region of interest) and a relatively low
absorption coefficient. The band gap is situated at ~ 582 nm in the bulk material. The
nanowires are grown using metal-organic vapour phase epitaxy (MOVPE)(24). The
nanowires are grown using two different substrates with crystal lattice structures (111)
and (100). The different substrates lead to growth preferentially along the vertical in
the case of the 111 substrate, or distributed across a larger range of angles showing a
perpendicular component to the growth in the case of the 100 substrate. In the course of
this thesis the samples will be referred to by the crystalline structure of the substrates,
100 and 111.

The role of disorder in the propagation of light in scattering environments has been dis-

cussed for decades. Seminally, (25) proposed the complex interference of waves leading
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to a phase transition in the material, arising from the disordered nature of the structure
itself. Highly ordered structures such as photonic crystals exhibit well defined proper-
ties and can give rise to photonic band-gaps, spectral regions in which light transport
is prohibited (26)(27). The transition from ordered to disordered and hyperuniform
structures has been subject to great study (25)(29).

2.2 Multiple Scattering: Diffusion and Localisation

2.2.1 Diffusion Approximation

In a multiply scattering system, whereby multiple interactions lead to a rapid randomi-
sation of the direction of propagation, a diffusion approximation can be introduced
which describes the transport as a differential equation in time and space. For an opti-
cal system the scattering centres may be realised as particles in a surrounding medium
with a contrast in the refractive index. In classical terms, and taking the scattering to
be elastic such that there is no energy loss over time, light can be treated in this case as
analogous to a single scattering particle traversing the space with a fixed velocity.

The picture becomes more complex when the scattering object is treated as a wave
or wavefunction, as the intensity or observable characteristics such as position and
velocity, become subject to self interference and, in the case of transverse vector waves,
polarisation dependence. The effect of polarisation dependence is largely ignored in the
theoretical treatment of the diffuse propagation of light in a random media as discussed
in Chapter 4, however it becomes much more significant in the context of coherent back

scatter, the subject of Section 2.2.2.

2.2.2 Coherent Backscatter

If a material is sufficiently scattering, light which is incident on the material may also
become scattered back towards its direction of entry, or back-scattered. This can lead
to light paths inside the material which are symmetric under time reversal as shown in
Figure 2.1, and if the incident light is coherent this can produce interference effects due
to the reciprocal paths inducing the same change in phase, and therefore constructive
interference and a positive enhancement of the intensity called a coherent back scatter
(CBS) cone (30).

When light follows these two paths simultaneously, and exits the sample at the same
angle, their contribution to the specular intensity as a result of their superposition is
dependent upon their phase difference, which is a function of the length of their path
through the sample. The sum of contributions from the many paths which can be ex-

plored by light within the sample tends towards an enhancement of the intensity as the
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difference in angle, and phase, approaches zero. As the difference in angle increases
away from the exact back-scatter direction, the phase of the light along the two paths
begins to separate also, returning to the randomisation of phase which averages away
to no significant contribution, thus giving a cone of higher intensity of light centred
around this exact backscatter direction(31).

The interference is possible due to the polarisation of the scattered light being retained
throughout the scattering process. For light which enters the material vertically po-
larised and exits the material vertically polarised, light following the reciprocal path
will interfere, whereas for light which enters in the same fashion but exits the material
horizontally polarised, the light paths are no longer symmetric under time reversal and
thus will not cause interference. The strong vector dependence of the localisation effects
thus provides an easy method for detecting the coherent back-scatter, as a polarised co-
herent light source may be directed onto the sample and the diffuse background and
coherent back-scatter can be measured by observing the scattered light in parallel and

cross polarisation orientations respectively.

FIGURE 2.1: Illustration of the random walk of light rays in a multiply scatter-

ing medium. Incoming and outgoing wave vectors are labelled k, k/, scattering

paths between positions r; and r; are shown for co-propagating (above) and counter-
propagating (below) transport directions. Figure reproduced from reference (32).

This approach using polarisation to measure the normalised coherent backscatter (CBS)
is valid for point like particles in the Rayleigh-Gans or Rayleigh limit, however does
not describe mesoscopic scattering well (33). For this reason the CBS cone is also nor-
malised to a reference scattering material with a relatively Lambertian diffuse reflection
and extremely narrow CBS cone, corresponding to a very long transport mean free path

inside the material.
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The enhancement factor of CBS from a disordered slab of finite thickness is limited by
the size and thickness of the slab. When measuring the coherent backscatter, since the
very tip of the CBS cone is formed of the longest light paths and these paths are most
likely to escape or become attenuated in the material, this can lead to a rounding in the
cone. The angular dependence of this CBS cone is given by a function of the transport
mean free path, I}, for polarised light as

0.7
OrwHM ~ kol (2.2)

where Orw g is the full width half maximum of the cone of coherent back scatter and
ko is the wavenumber of the light (34).

Another limit to the experimentally measured enhancement factor is due to the choice
of reference. An ideal reference material produces a purely diffuse scattering profile
over all wavelengths, with no enhancement in the exact backwards direction, yet with
a transport mean free path sufficiently short to be practically workable. So far no such
ideal material has been found, however polytetrafluoroethylene (PTFE) produces a
broadly diffuse scattering profile across a wide range of wavelengths from the visible
to near infrared while having a very narrow CBS cone over this range. The alternative
is to polarise the incident light and measure the CBS cone in the parallel channel, then
measure the perpendicular channel as the reference. As mentioned previously, this
is possible due to elastic scattering interactions and the preservation of polarisation.
When measuring over a wide range of wavelengths, it is important to ensure that any

polarising optical device used in this method has a uniform performance.

The measurement of the mean free path of the scattering gallium phosphide nanowires
used in this thesis was originally characterised in 2009 (35). It was surmised that the
strong light-matter interaction exhibited was caused by resonant scattering occurring
along the radial axis of the nanowires, as opposed to the longitudinal (or length-wise)
direction. Resonant scattering may also lead to a resonant behaviour in the transport

mean free path, and hence the energy transport velocity through a diffusive medium

(56).

In their 2017 paper, Schertel et al. (37) were able to measure coherent back-scattering
and speckle correlations in mixtures of cerium fluoride (CeFs), titanium oxide (TiO),
and glycerol. Due to the Faraday rotation which can be induced by magnetic fields,
they were able to break the reciprocity of the material and thus measure a reduction
in the central coherent back-scattered cone. Another important point to be made when
considering these findings is that the weak localisation is still present when the scat-
tering nanoparticles are dispersed in a medium with relatively high refractive index

(~1.46) compared to air.
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It is also possible to alter the refractive index of the material on short timescales within
the dwell time of the light within the sample in order to break the reciprocity of the
time reverse paths. This was demonstrated in porous GaP substrates in 2012 (35), in a
process similar to that which is used in the experiments shown in Chapter 4. A high
intensity pump pulse causes a change to the refractive index via photoinduced absorp-
tion of a probe pulse, which is then measured using lock-in detection.

2.2.3 Anderson Localisation of Light

The theory of Anderson localisation predicts that in a sufficiently disordered electri-
cally conducting material, strong scattering of the electrons due to impurities and im-
perfections in the crystal lattice would lead to a reduction of the mean free path of
the electrons, ultimately causing a phase transition from a conducting to an insulating
phase, as the electron transport transitions to a localised state (25). Inside a metal or
semiconducting material, sufficiently disordered defects in the crystal lattice can act as
such scattering centres, and this effect has been demonstrated in electronic conductance

fluctuations (39) and using sound waves in a three dimensional scattering medium (40).

It was postulated that since this is a general wave based phenomenon it could be ex-
tended to acoustic and electromagnetic (EM) waves among others, and has since been
uncovered in several of these areas (39). In 2016 Cobus et al. (41) were able to demon-
strate Anderson localisation in ultrasonic waves in three dimensions using a dynamic
coherent backscattering method. The fits to the self consistent theory of localisation
demonstrated a localisation length smaller than the sample thickness over a range of
frequencies. Several key differences between other models an and the electromag-
netic model exist however, such as the existence of electron-electron interactions due to
coulomb repulsion which can result in Mott localisation, a distinct effect. Weak local-
isation has been identified in many disordered photonic media and transverse strong

localisation has been shown in disordered two dimensional photonic lattices (42).

The dimensionality of the problem significantly affects the likelihood of this occurrence.
It has been shown that for 1 and 2 dimensional infinite scattering systems, localisation
of states is guaranteed, yet in 3 dimensions there exists a phase transition at a given
degree of randomisation in which the extended states become localised. This phe-
nomenon is termed the scaling theory of localisation and defines the dimensionless
parameter, g, the conductance of the material. The theory was developed from the

works of Edwards and Thouless (43), from whom it takes its name.

The key comparison used to determine whether a wave becomes localised in a system
with a given number of dimensions is the scale of the localisation length, ¢, relative to
the system size. In a 1 dimensional system the localisation length scales as the mean

free path and in a 2 dimensional system the localisation length scales with its exponent
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(44). In a three dimensional system, a critical point exists where a transition is expected

from the largely extended to the localised regime.

There are several factors which make producing strong localisation in three dimen-
sional photonic materials exceedingly difficult. One of the difficulties that has been
identified when trying to produce strong localisation effects in 3D photonic materials
is the near field interaction between scattering particles. The high field amplitudes in
the space around the particles can cause losses through coupling between dipoles ex-
cited in the particles(45), as well as through evanescent waves (46). The strong inelastic
interactions between scatterers contributes positively to the diffusion without enabling
interference, thus counteracting the localisation effect. In their 2017 paper for example,
Escalante and Skipetrov (47) discuss the effect of longitudinal EM waves which gen-
erally decay in the far field but which can cause significant coupling in the near field
(47). They present theoretical works which indicate hollow or coated nanospheres may
be more suitable for coherent multiple scattering, and subsequent experimental works

provide interesting results (48).

Further to this there is another complication, the likelihood of forming a ”closed loop”
is strongly dependant upon the number of degrees of freedom of the wave. In a three
dimensional system there are a large number of possible paths (or channels) available,
on top of this for electromagnetic waves polarisation plays a role, since light of op-
posing polarisations will not interfere. This extra degree of freedom due to the vector-
like nature of light makes observation of localisation in three dimensions increasingly
unlikely (49). An exciting development however is the discovery of anomalous light
transport in a strongly scattering titania sample by Cobus et al. (50). As previously
stated, titania samples are susceptible to fluorescence and absorption in long time trail

experiments, however these findings were made in very short (~ ps) timescales.

Another of the identified experimental constraints is the low effective refractive index
of scatterers in current strongly scattering materials. This is where it is hoped that Mie
resonances in dielectric materials could lead to a breakthrough (51). Fluorescence is a
significant inhibitor to localisation, since it detracts from the scattering of the waves,
and can give indicators due to an apparent delay of the transmission and reduction of
the beamwidth, similar to the expected hallmarks of localisation. These complications
and others have led researchers to question the feasibility of observing 3D localisation
in photonic networks (49)(52). In spite of this, theoretical works continue to probe the

localisation limit in three dimensional photonic systems (53) (54) (29) (8).

In the 2004 book ‘Mesoscopic physics of electrons and photons’, Akkermans and Mon-
tambaux (32) present a detailed theoretical analysis of the diffusion of light and elec-
trons in the multiply scattering regime, incorporating experimental results into their
discussion, and highlighting the significant contributions to the theoretical works. They

describe the limitation of the diffuse scattering model in the high confinement regime
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and present mathematical descriptions of the quantum effects which can arise in such

cases.

Coherent light which is transmitted through such a material produces a far-field speckle
pattern; a two dimensional interference pattern at a distance far from the exit plane
which is a result of the constructive and deconstructive interference over the many
light paths. The difference in phase due to the variation in length of the many light
paths, as well as the randomisation of the direction of exit causes a variation in the
intensity of the speckle at a distance away from the exit surface. This variation can be
described statistically and is not apparent in the classical diffuse model of light trans-
port because the speckle pattern is a coherent effect and the standard diffusion model

does not deal explicitly with the phase of the wave.
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FIGURE 2.2: Speckle pattern produced in a disordered medium when illuminated with

coherent light. The variation in spatial intensity is due to interference from multiple

light paths. The speckle pattern is shown both for an in focus (a) and out of focus (b)

illumination which shows how the number of illuminated channels affects the speckle
variation. Figure reproduced from reference (11).

An important concept in this theory is that of a quantum crossing, a point in space
where two paths overlap. This leads to a complex amplitude contribution to the to-
tal intensity of the transmitted light. When considering a multiply scattering medium
there are long range contributions in which one or more quantum crossings among
multiple paths in the material can give rise to correlations in the speckle pattern. The
likelihood of these crossings occurring is inversely proportional to the conductance,
1/¢" where g is the dimensionless quantity equivalent to the conductance of a ma-
terial, and n is the number of crossings. These correlations can be measured using

transmission spectroscopy and thus determine the scattering strength of the material.
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2.2.4 Diffusion Through a Finite Slab

When applying the diffusion equation to a slab of finite thickness and size we must
introduce boundary conditions to incorporate the edges of the medium into the mathe-
matical description. For the thickness of the sample we shall consider the air-scattering
medium interface to occur at a position z = 0. For a sample of thickness L the back
surface of the medium is then positioned at z = L.

For a sufficiently scattering material with a relatively large mismatch of the refractive
index of the scattering medium to the surrounding, internal reflections at the front and
back surface of the sample become non-negligible and thus reflection at the boundary
becomes subject to imposed boundary conditions. If we present the example of a co-
herent source being incident on the front face of the sample at z = 0, we can imagine
that a given scattering path inside the sample may eventually return to the front sur-
face after a number of scattering events. This path may then be reflected back into the
sample due to total internal reflection, and the same is true for paths reaching the end
face. This can be accounted for by considering an extrapolation length, z,,,. The ex-
trapolation length can be considered a plane outside the sample at a position z = —z,
and z = L + z,; at the front and back of the slab respectively where the intensity pro-
duced from this diffuse source is zero, constraining the diffusion equation to Dirichlet
boundary conditions. Light which is incident on the sample is assumed to be a coherent
source that upon entering the sample converts from ballistic propagation to diffusive
propagation over a series of scattering events. There is therefore a source of diffusive
intensity which is described as a negative exponential of the diffusive source injection
depth, z,, which scales as the mean free path of the sample. In most treatments the

injection depth and the extrapolation lengths are assumed to be equal.

The extrapolation length z, can be calculated from the reflectivity of the slab at each

2l; (1+Rq»
S Y i 2.
Zel,z 3 (1 . Rl,Z ( 3)

interface as follows (55):

Where R is the averaged reflectivity at the boundary for all angles and polarisations,
which can be calculated using the Fresnel equations. In the case of a scattering layer
in contact with a substrate of higher refractive index, we can define two boundaries,
the boundary between the scattering layer and the substrate, ab, and that between the
substrate and the surrounding medium, bc, in most cases this medium will be air. The

total reflectivity at the rear interface is then found using the equation (56)

Tab (Gl)RbC(GZ)Rba (gz)e—Zah/cos(Gz)
1 — Rpc(602) Rpq (67) e~ 20/ cos(02)

R(0) = Ryp(01) + (2.4)
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where 0 is the angle of incidence from the scattering layer a to the normal of the bound-
ary, and 6, is the angle of a refracted light ray travelling in the substrate b. The absorp-
tion coefficient of the substrate and the substrate thickness are given by « and /, and
T(0), R(6) represent the transmitted and reflected light at each boundary respectively.

Absorption length in the diffusing medium can be represented in two ways, either
in terms of the average distance light propagates along its path before its intensity is
reduced by a factor e, I,, or the average depth into the material which a diffusive source
propagates before its intensity is reduced by a factor e, L,. The two are related via the
transport length as (57)

Lo =/ 2t (2.5)

In the static case, the total transmission of the sample is given by (55)

1 (L Zp
=1 /O Ta(zy) exp (- ?)dzp, 2.6)
where
oy o Rl L) -1+ 2
d(Zp 2(1+ )smh(L ) +4(L Yz, cosh(LL) 2
lex p<—— S Ly -3
2(1 + *52) sinh () + 4(Li 1)z, cosh()”
and the total reflection is given by
R—l/LR( Jexp (- )d 2.8)
d = lt 0 d Zp exp lt Zp, .
where
Roes) Lo L) foxp(— £ — L) —1][1+ 3]
T (14 F) sinh(£) + 4(Lq )z, cosh(f) .
L fexp(f — L)~ 1)1 - 3]
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These equations simplify in the case of a thick absorbing sample (L > L,) to give the

exponential decays (59)

2L,(1 L
= a(le + z¢,) exp(——),
LZ + La(ze, + Ze,) + ZeyZe, Lq (2.10)
and
Lo(Lg + 2e,) Zp
Ry = ! exp( —— ).
! L3 + (ze, + LaZe,) + Ze, Ze, P < La) (2.11)

Thus by measuring the thickness and total transmission of the sample and calculating
the extrapolation lengths from the angular and polarisation averaged Fresnel equa-
tions for reflectivity at an interface, it is possible to calculate the absorption length L,
inside the sample for a given effective refractive index, approximated using a relative
fill fraction of the nanowires. From this value, a corresponding total reflectivity can be

calculated from a fixed injection depth z, and compared.

The solution of these equations to obtain L, is non-trivial, therefore when it comes to

solving for L, we shall do so numerically.

2.2.5 Anisotropic Scattering and Time Dependent Diffusion Equation

Anisotropic scattering where energy is preferentially scattered into transverse modes
of transport has been shown to be advantageous for Anderson localisation of light, and
in extreme limits could create quasi-one or two dimensional materials, thus increasing
the return probability (60). It is therefore pertinent to ensure an accurate depiction of
the mathematics of anisotropic scattering. The diffusion constant, D, energy transport
velocity, v,, and transport mean free path, I;, creating a codependency which is difficult

to disentangle using macroscopic measurements alone.

Anisotropy can be introduced through the structuring of random materials or through
direction dependent scattering of single scatterers. Since the transport mean free path,

I, is related to the scattering mean free path, [ as:

l

lf:q

(2.12)
where the asymmetry coefficient, § = (cos(0)), describes the average deviation in di-
rection of propagation (expressed in terms of the angle, 0) expected from a single scat-

tering event. It then becomes clear that the value of g becomes a vector in the case
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of a material where the scattering strength is dependent on the direction of incidence.
Therefore a significant determination must be made whether to assume the asymmetri-
cal scattering coefficient is constant irrespective of the direction of transport, and there-
fore that the transport mean free path is not direction dependent. In the case of the
samples studied and the measurements presented in this work, it is logical to reduce
the transport mean free path vector to a single scalar quantity, assuming that the coher-
ent backscatter measurements taken give an average of the transport mean free path
in all directions, and certainly along the perpendicular component, 7, due to rotational
averaging of the cone, I; = 1;. This then leaves the diffusion constant, D, as a vector
quantity, which will incorporate any significant difference in the scattering asymmetry
of the individual scatterers of the system, as well as any structural asymmetry of the

system itself.

When considering the time resolved transmission, the effect of absorption is introduced
via an exponential decay with characteristic decay constant 7;, the absorption time. The
absorption time can be calculated from the absorption length L, as

3L2
i 2.1
= 2D, +D, 213)
This is found using the relations
L= (2.14)
VBl —a) '
I
= —— 2.1
fa ve(l —a) @15)
where oD+ D
op = ==+ s (2.16)
I
is the energy transport velocity of the material, and
g = 2 (2.17)

Oext

is the albedo, a ratio of the scattering and extinction coefficients of the single scatter-
ing interaction, which does not appear in equation 2.13 and thus does not need to be

explicitly calculated in order to obtain T,.

The energy velocity, vg, calculated in equation 2.16 is a calculated as a function of the
diffusion over three degrees of freedom, both the forward and perpendicular direc-
tions. When considering a purely isotropic diffusing medium, the rate of diffusion in
all three dimensions would intuitively be constant i.e. D, = D, = D,. However if we
wish to examine an anisotropic sample where D, and D, may take on different values

we must incorporate this into the diffusion model.
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By incorporating the extrapolation length into the time and space dependent transmis-
sion obtained from the diffusion equation, a full equation of the transmission at the
back surface of the sample can be obtained according to diffusion theory

B So r2 (2D, + D)t
T(xy,t) 167343 DZD:Z-exP <_4Drt> P <_3L§
A, m 2 B/ m 2
() ()]

where A’'(m) = (2m +1)(L + 2z,) — l;2z, and B'(m) = (2m + 1)(L + 2z,) + I;.

(2.18)

This is of the form given in reference (61). Previous studies have used this relation to
explore diffusion using interferometric experiments, measuring photonic glasses (62),
liquid crystals (61), PTFE and paper (63), titania nanoparticles (64) as well as micro-
porous (65) and particulate (59) gallium phosphide. These measurements provide a

comprehensive basis for the interpretation of such measurements.

2.3 Speckle Correlation and the Optical Memory Effect

2.3.1 Correlations in Wave Propagation

The Optical Memory Effect (OME) finds its theoretical foundations in mesoscopic elec-
tronic conductance fluctuation and experiments of the 1980’s. It was found that the
fluctuations observed in the conductance through a material due to mesoscopic inter-
ference of the coherent electron in the randomly scattering environments of materials
could be generalised to other wave-like phenomena, such as light or sound, in sim-
ilarly random scattering environments. The deviations in the electronic potential of
conducting materials present a scattering medium which enables the crossing of trans-
mission channels which, with the scalar nature of the electron wavefunction, causes
them to interfere as they traverse the sample. This can be compared to coherent light
which is transmitted through a sample consisting of a number of scattering centres dis-
persed throughout the medium. The caveats to this are that the sample must be thick
enough that the light undergoes multiple scattering (L, W >> [; where L is the sample
length in the direction of propagation, W is the sample width/cross-section, and I; is
the transport mean free path).

When observing the intensity of light in the far field produced by coherent light trans-
mission (or reflection) from a scattering sample, the interference of multiple contribut-
ing paths of light within the sample leads to an angular distribution of intensities called
a speckle pattern. The contributions from multiple paths inside the sample would usu-
ally average out to a randomisation of the phase and thus have no significant contri-

bution to the outputted intensity when averaged over many realisations of the sample,
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(I). This would result in a retrieval of the diffuse intensity distribution following a
Lambertian envelope in the expected intensity.

However, as mentioned in Section 2.1, when undergoing multiple scattering, it is pos-
sible for light which is incident on the sample from separate positions on the surface,
or angles, to explore the same regions of the sample. This contributes to a correlation in
the outputted amplitude of the transmitted (or reflected) signal, in the same way as the
crossing of channels in the exploration of the electronic wavefunction in the conduc-
tance experiments. When these paths cross and the phases are no longer completely
uncorrelated with one another, the contribution to the intensity becomes correlated
over many realisations of the speckle. The same is true for optical paths which are
symmetric under time reversal, since they inherently explore the same regions of the
sample.

This description explains the physical phenomenon that when a small deviation of the
angle of incidence is introduced, the outgoing correlated signal is also shifted by a
comparable slight change in angle. These contributions to the speckle pattern, which
seem to retain information from before interacting with the sample, are hence described

as the optical memory effect.

C=Ccl4c® 4l (2.19)

These represent the short range, long range, and universal correlations respectively. an
illustration of these contributions are shown in Figure 2.3.

FIGURE 2.3: Three contributions of short range C M (a), long range C (2) (b), and uni-
versal C®) (c) to the correlation function. g refers to the mesoscopic conductance fac-
tor. Figure reproduced from Akkermans and Montambaux (66).

The discovery of the optical memory effect led to significant progress in signal imaging
in disordered scattering environments, as produced by fog and clouds, or in medical
applications such as in biological tissues.

2.3.2 The Time Reverse Optical Memory Effect

The contribution of the crossed paths to the speckle correlation are described as the
c®, €@, and C® correlation functions. This was put forward by Feng et al. (67)
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and further expanded by Berkovits and Kaveh (65) to include the contribution from
time reverse paths. The distribution of the correlation as a function of the angle of
separation, 6 (or by direct comparison the transverse component of the wave vector,
Ag) from the incident and outgoing beams is given by the sum of these contributions.
Experimental verification of the C(!) correlation in laser speckle was first demonstrated
by Freund et al. (V) in transmission and reflection.

FIGURE 2.4: An illustration of the time reversal geometry showing Lorentz reciprocal
paths, k, k" and —k, —k'.

In Figure 2.4, an illustration of the time reverse geometry for reflection is shown with

two incoming wave vectors, k and —k. The two outgoing wave vectors are k’ and —k'.
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FIGURE 2.5: An illustration of the reflection geometry is shown in (a), showing that
the angle of incidence or reflection, 0, is defined relative to the normal of the surface
of the slab. An example of correlation in the speckle intensity is shown in (b) for
reflection (upper) and transmission (lower). Maximum correlation is centred around
the region where the incident and reflected light follow time reversed paths (7 = —¢).
Feynman diagrams for the four contributions to the intensity correlation in the time
reverse geometry are illustrated in (c). (b) and (c), reproduced from reference (65)

When undergoing a change in the angle of incidence, the change in the transverse wave
vector, Ag is found trigonometrically to be

Aq = ksin(A0)
2
A

(2.20)
k
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In the reflection geometry the correlation between the speckles takes the form

F& (Aga) + F (g + g + Aga)]?

(DR
Caparr = 98g.09 , (2.21)
1+ B (g0 + a0)] 1+ B (90 + 9 — 200,)]
where Flgl) is of the form
Plgl)(q) _ Lsinh(gq(L — 1)) smh(qlt). 2.22)

(L —1;)qly sinh(qL)

First order dependence of the correlation of the speckle as a function of the transverse

spatial displacement of the wavefront relative to the sample is given by (69)

. 2
c(Ar) = <Smk(Akfr)> exp(—Ar/l). (2.23)

This short range contribution is the dominant factor when considering weak scatterers,
as the C?) and C® contributions fall off, as before, as 1/g and 1/g? respectively. (70)

This relation presents two peaks in the correlation, one where Ag is zero, i.e. where
the direction of incidence and reflection are the same and g, = ¢}. The second is the
time reverse geometry which centres around Ag, = g, + q;, where g, = —g; and vice
versa. The correlation of the time reverse optical memory was shown in 1991 (71). The
practical applications of this phenomenon are many, the detection of a reflective object
through a thin multiply scattering obstruction is a common problem in a number of
fields. The use of amplitude, phase, and frequency modulation of coherent sources to
generate correlated signals has been described (72), and further innovations have led
to significant advancements (73)(74)(75).

2.3.3 Speckle Generation and Rayleigh Statistics

The fundamental role of phase in the generation of spatial speckle patterns raises the
possibility of controlling this property to alter the intensity distribution. This has been
used experimentally in optical wavefront shaping to produce focusing through multi-
ple scattering media (76)(77). In a time reversible reflection geometry, the spatial corre-
lation between speckles is due to the angular distribution of field amplitudes. The field
amplitude in a speckle spot, A, is given by

N
A=Y a, (2.24)
=1
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where
a; = ae'd: (2.25)

is the field produced by a single transmission channel between an input and the speckle
position, a being the absolute amplitude of the field and ¢; the phase for light travelling
along a specific path i. N is then the number of channels. These contributions are

vectors due to their wave vector polarisation.

In a sufficiently random medium, the average of the field amplitude at the exit surface
of the sample is zero, since the phase is completely randomised. This arises an assump-
tion that there is a sufficiently large number of open transmission channels of varying
path lengths, leading to a randomisation of the complex value of the amplitude at the
output.

(a)) =0 (2.26)

The contribution to the intensity from two possible channels is then given as the prod-
uct of the complex amplitude of one channel and the complex conjugate of the second

channel

aja;‘ = aiajéij (2.27)

giving a scalar contribution under the condition J;, i.e. where the phase difference
between the two paths is zero. This means that the average intensity obtained for a
complete speckle pattern is given as

N
(I) =) aa; = Na?, (2.28)
i

when all possible paths are taken into account.

If we examine the expected value of the square of the intensity (I?) we obtain:

N N
<12> = < Z aia}kakaf> = Zﬂ4(5i,j5k,l + 51‘,[(5]',]() = 2N?g* (2.29)
Y ik

This means that the variance of the fluctuations in the intensity distribution, 0'12 = AJ?
of the speckle can be shown to be

AI? = (I?) — (I)* = 2N?a* — (Na*)* = Na? = (I)? (2.30)



2.3. Speckle Correlation and the Optical Memory Effect 23

for a speckle pattern which exhibits a statistical Rayleigh distribution of intensity. The
Rayleigh distribution of intensities can be shown to exhibit a negative exponential de-
pendence where the mean is equal to the standard deviation:

1
P(I) = +~e® (2.31)
{I)
The effect of polarisation dependence is an important factor when determining the sta-
tistical representation of the speckle if there is significant depolarisation upon scattering
and if there is polarisation dependence in the detection (78).
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Chapter 3

Static Optical Characterisation of
Strongly Scattering Disordered
Media

3.1 Introduction

In this Section a number of established experimental techniques are used to charac-
terise the properties of the samples used in the optical pump probe experiments. These
parameters are required to give an accurate calculation of the scattering properties mea-

sured in chapter 4.

The experiments include total transmission and reflection measurements, to determine
the absorption properties of the samples, and coherent backscatter spectroscopy (CBS),
thus determining the transport mean free path. The absorption of GaP nanowires has
been measured before using nanowire samples of various lengths, showing an expected
fall in the transmission. These experiments then look to corroborate these measure-
ments and provide an exact value for the samples to be measured in this thesis. The
same is true for the CBS measurements, the transport mean free path determined in
these experiments should agree with previous experiments, which showed very strong

scattering in the nanowire mats.

The experiments are also performed on two depositions of mono-disperse strongly
scattering Titania nanospheres, in order to validate the results. Experimental method-
ologies are presented, followed by the characterisation of the Titania nanospheres and

then the gallium phosphide nanowires.
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3.2 Experimental Methodologies

3.2.1 Total Transmission and Reflection Experimental Set Up

The total transmission and reflection measurements are achieved using a broadband
supercontinuum pulsed laser source. This produces a coherent source of light over a
wavelength range of 400 nm to 1750 nm. The light is focused through a plano-convex
lens of focal length 100 mm onto the sample at an angle of approximately 8 degrees
to the normal of the surface. The angle of incidence is chosen such that in the reflec-
tion geometry, the specular reflection is captured within the sphere. taking the beam
width at the lens to be 5 mm, the numerical aperture of the lens is found to be approxi-
mately 0.03, making the acceptance angle at the surface of the sample 3.4 degrees. Since
cos(8+3.4) ~ 0.98 it is safe to calculate the extrapolation lengths as though the angle of
incidence were normal to the surface. The spot size and focal length of the beam at the
surface of the sample is also subject to chromatic dispersion across the visible and near-
infrared. The size of the spot is largely irrelevant in measuring the total transmission,
given that the spot size is large enough to average over a number of transmission chan-
nels, thus averaging any spectral speckle. The variation in the focal length of the lens
due to the chromatic dispersion of the lens is small enough that it does not significantly
impact the angle of incidence of the light onto the sample.

Broadband Supercontinuum
White Light Source

E "D Reflective
Cap
L1

Integrating Sphere

Scattering
Sample

Optical Fibre
Coupler

FIGURE 3.1: Experimental set up for measuring the total transmission. A coherent

white light laser source is focused onto the surface of the sample using a 10cm fo-

cal length convex lens. The transmitted light is then collected using an integrating

sphere. An optical fibre collects the scattered light from the integrating sphere and
this is passed to a visible and an infrared spectrometer.
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Broadband Supercontinuum
White Light Source

E ’_D L Scattering
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L1

Optical Fibre
Coupler

Integrating Sphere

FIGURE 3.2: Experimental set up for measuring the total reflection. A coherent white

light laser source is focused onto the surface of the sample using a 10cm focal length

convex lens. The sample is placed at the rear aperture of an integrating sphere. The

incident light is at an approximately 8 degree angle such that the specular reflection

is incident on the internal surface of the integrating sphere. An optical fibre collects

the scattered light from the integrating sphere and this is passed to a visible and an
infrared spectrometer.

The transmitted and reflected light are collected using an integrating sphere as shown
in figures 3.1 and 3.2. This is then split via a dual output multimode optical fiber to
two spectrometers, an Andor iDus InGaAs infrared spectrometer and an Andor iDus
CCD visible spectrometer. This allows simultaneous measurement of the visible and
infrared transmission or reflection over a range from 400 nm to 1750nm. A reference
measurement is taken for both transmission and reflection measurements by closing
the rear aperture of the sphere and measuring the total incident intensity from the laser
without a sample in place. A dark measurement without illumination from the coher-
ent white light source serves as a background, accounting for spectrometer noise and
ambient light, which is subtracted from both sample and reference measurements.

3.2.2 Coherent Backscatter Spectroscopy Experimental Set Up

The coherent backscatter (CBS) spectroscopy experiment utilises the same Fianium broad-
band laser source and Andor spectrometers as the total transmission and reflection mea-
surements. This allows for measurement of the CBS cone over the same wavelength
range of ~400nm to ~1750nm. The high intensity coherent white light source is re-
flected by a glass slide beamsplitter onto the surface of the sample which is angled
such that the specular beam reflection is directed away from the detector. The sample
is placed on a rotating stage which radially averages the coherent backscatter and thus
removes the speckle effect. The backscatter is measured using a multimode dual output
optical fiber which is mounted on a rotating arm such that the point of illumination of
the sample is on the central axis of rotation. An optical diffuser and linear polariser are
used in the detection arm to improve signal capture by the optical fibre while reducing
background. The optical diffuser was incorporated to remove an experimental artifact
due to the focusing of the light into the multimode fiber, leading to unequal splitting of
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the optical intensity between the visible and infra-red spectrometers. The experimental
set-up is shown in Figure 3.3:

Broadband

Supercontinuum E"A
White Light Source Rotating
Detection

Arm

A 4

Rotating
Diffuser Pol. BS Mount

Y H’
Optical
L1 Rotating

Fibre Coupler Iris

Diffuser Pol.

Detection Arm
Side View Top View

FIGURE 3.3: Coherent backscatter (CBS) spectroscopy experimental set up. Light from
a pulsed Fianium supercontinuum white light source is directed onto the sample and
the diffuse reflected visible and infrared light is measured across a wide range of an-
gles using an optical fibre mounted on a rotating arm. An iris and polariser are used
in the detection arm to eliminate sources of noise, and a f = 1.5 cm focal length plano-
convex lens (L1) is used to focus the light into the multimode, dual output optical fibre
coupler. A ground glass diffuser is used to optimise collection into the multimode fi-
bre. The beam splitter and laser source are fixed in their angle of incidence to the
sample.

Fringe-like behaviour is seen in the infra-red for the GaP nanowire samples. Several
possible causes for this behaviour were investigated including Fabry-Perot type inter-
ference in the substrate of the sample, wavelength dependence of transmission and
reflection of the beamsplitter or polarisers, or the reference sample used. All of these
suggestions have been discounted, several different beamsplitters have been trialled
and samples with a variety of substrate thicknesses have been measured. Using po-
larisation channels to differentiate the signal from the background or using various
thicknesses of PTFE reference material also have no effect. The overall trend of the
CBS spectrum reflects that expected from the total transmission and reflection mea-
surements, it is therefor determined that the oscillations are an experimental artifact

and are not representative of a true material property.
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3.3 Titania Nanospheres

3.3.1 Total Transmission and Reflection

Titania Reflectivity
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FIGURE 3.4: Reflectivity of a thin slab of mono-disperse 1um diameter TiO;
nanospheres, of thickness L = 11 ym.

The total reflection measurement for a thin slab of the titania nanospheres is shown in
Figure 3.4. The measurement shows a high reflectivity in the visible region, decreas-
ing linearly towards the near infrared. This corroborates previous studies of titania

nanoparticles (79), which are shown to be strongly scattering in the visible region.

3.3.2 Coherent Backscatter Spectroscopy

By measuring the coherent backscatter across a wide range of angles the transport mean
free path can be determined following equation 2.2.
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FIGURE 3.5: Titanium dioxide coherent backscatter (CBS) cone normalised to a PTFE

reference sample. The enhancement factor is reduced by half due to the polariser elim-

inating half of all the time reversed paths which would contribute to the backscattering

cone. The wavelengths have been plotted in reverse to more clearly show the profile of

the cone as it extends to the near infrared. Colour bar indicates CBS con enhancement
factor.

The CBS cone for a dropcast sample of titania nanospheres is given in Figure 3.5. In
this figure the fringe like behaviour is visible in the infrared wavelengths. The plot has
been reversed (moving from longer wavelengths in the foreground to shorter wave-
lengths) so that the fringe pattern can be seen more clearly. The enhancement factor
also reaches a maximum of 1.5 in the visible region as is expected from our experimen-
tal constraints discussed in Section 3.2.2. The enhancement factor reduces steadily as
the cone progresses into the infrared, likely due to the finite size of the sample. The
sample thickness as measured is approximately 30 microns in thickness, however light
of longer wavelengths are more likely to reach the rear surface of the sample, thus re-
ducing the number of available longer light paths and thereby the enhancement factor.
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FIGURE 3.6: Plots of the fitting of titanium dioxide coherent backscatter (CBS) cone
normalised to a PTFE reference sample for a dropcast of TiO, nanospheres. The plots
show the theoretical fits of the experimentally obtained CBS cone over a range of wave-
lengths. Here the angle is given in radians.

An example set of CBS cone fits are given in Figure 3.6. The CBS cones are shown to

reduce both in their width and relative height towards larger wavelengths.
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FIGURE 3.7: a) The wavelength dependence of the transport mean free path, I;, for

a dropcast of TiO, nanospheres calculated using the CBS measurement and b) the

photonic strength denoted ki, the product of the transport mean free path /, and the
wavenumber k.
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In Figure 3.7, in particular the transport mean free path measurement, the resonant scat-
tering from the titania particles becomes visible at longer wavelengths (A >~1200 nm).
At wavelengths shorter than this there is a power law dependence which is fitted in
Figure 3.8. The fit to the transport mean free path in the range 450 nm < A < 1100 nm
follows the equation I; = 2.86 x 107°(1)?* + 331. The value for the exponent matches
other non-resonant multiply scattering materials (35) being in the range 2-2.5.
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FIGURE 3.8: Power law fit of the mean free path obtained for titanium dioxide

nanospheres from coherent backscatter (CBS) cone normalised to a PTFE reference.

The plot shows the theoretical fit to the mean free path in the range before the fringe

like behaviour becomes a]gparent at A >1200nm . The theoretical fit is a power law of
the form y = ax? + c where a = 2.86 x 107°, b = 2.54 and ¢ = 331.

3.3.3 Dark Field Spectroscopy

Dark field spectroscopy allows for the measurement of the relative scattering strength
of a sample, in the case of a single scatterer, giving a representation of the scattering
cross-Section in a solid angle in the forward or backward scattering direction. This
is achieved by detecting only the scattered light from a sample in a range of angles
subtended by the detection apparatus, and rejecting light which is directly transmitted
or reflected. In traditional microscopy, absorption of light or the scattering of light
outside of the solid angle of detection results in a lowering of the intensity, giving rise to
a bright field image. In this case, the opposite is true, whereby the directly transmitted
light is blocked and the light scattered in the forwards direction is collected, thus giving
intensity only where there is scattering. A diffuse light source can give an image of
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the scatterers in the dark field and a coherent white light source can be used to give
polarisation dependent spectroscopic measurements of the scattering strength.

This experiment does not lend itself to large slab-like geometries such as the GaP
nanowires, since multiple scattering leads to a loss of the careful alignment required
to obstruct the transmitted light. However, it can be used to probe the scattering profile
of single nanoparticles, such as the titania nanospheres whose scattering cross Section
can be modelled effectively using Mie theory. It is then possible to compare the scatter-
ing strength obtained through dark-field spectroscopy and the mean free path obtained
through CBS spectroscopy.

The dark field spectroscopic measurement allows an indication of the relative strength
of the forward scattering of single scatterers, integrated over a solid angle encompassed
by the collection objective numerical aperture. In the case of this experiment, a 100x
infrared microscope objective is used with focal length, f = 2 mm and numerical aper-
ture, NA = 0.5.

IR CCD
Optical Camera
Fibre Optical
Coupler Diffuser 71,1 ==L2
M [ Q
U u o
BS
Diffuse WLS . Confocal Annulus
Microscope g Blocker
Beam - Objectives
. Sample
Expansion
)
Annulus
) [
Y] u
Supercontinuum BS Relay Lenses

Coherent WLS

FIGURE 3.9: Simplified experimental diagram of the dark field spectroscopy measure-
ment, showing the diffuse white light source (WLS), super-continuum laser source
(Fianium), confocal objectives which direct light onto the sample and then collect the
transmitted or reflected light. Images are then taken using an infrared camera and
spectroscopic information is collected using a visible and an infrared spectrometer in
the wavelength range of 450 nm to 1700 nm. Dark field images and forward scattering
coefficients are measured by using a spatial filter to create an annulus of light which is
focused onto the sample. The scattered light is then measured by blocking the ballisti-
cally transmitted light.
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Dark Field

FIGURE 3.10: Bright (a) and dark (b) field image of the R900 TiO; nanoparticles taken
using the dark-field spectroscopic apparatus using a diffuse white light source illumi-
nation. A reference scale is unavailable.

Using the diffuse white light source allows imaging of the sample to be measured and
identification of single scatterers.
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FIGURE 3.11: Spectroscopic measurement of the forward scattering strength of a single

TiO; nanosphere of ~ 1 um diameter. detected forward scattering is integrated over

the solid angle presented by an infrared microscope objective, NA 0.5. A similarity

to the reflectivity and coherent backscattering characteristics of the bulk material is
observed.
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The spectral measurement gives an indication of the scattering cross-section of the in-
dividual particle to be measured. This scattering cross Section is in the forward direc-
tion and does not encompass the large scattering angles or backscatter. The scattering
strength is shown to be highest in the visible region, decreasing towards the infrared.
This is in line with what is expected following the coherent backscattering measure-
ments, where the mean free path in the visible region is shown to be lower.

3.4 Gallium Phosphide Nanowires

The gallium phosphide nanowires measured in this thesis were grown using metal-
organic vapour phase epitaxy several years ago, produced as part of a collaboration
with the group of Professor Erik Bakkers of the University of Eindhoven. A large num-
ber of nanowire samples were developed of various lengths and diameters. Previous
studies of the strongly scattering nanowires included total transmission and coherent
backscatter spectroscopy, as well as spectral and spatial correlation statistics for char-
acterisation of the scattering strengths of the materials. Dynamic measurements have
shown that the nanowires induce an ultra-fast de-phasing response in the presence
of high power optical pumping. This results in an optical switching like behaviour
whereby wavefront shaping can be used to generate a focused intensity distribution
in transmission through the nanowires, and a pump pulse may be used to destroy the

constructive interference resulting in a defocusing of the intensity.

Previous experiments focused on the thinner nanowire mats which exhibited strong
scattering in the visible and near infrared regions of the light spectrum. The following
results explore the scattering produced by the thicker nanowire mats which were not
studied in depth until now. The longer nanowires enable the detection of the longer
time of flight light paths in the multiply scattered transmission, as seen in equation
2.18. Possible aging of the materials cannot be ruled out due to the lack of information
regarding the oxidation of the nanowires, however current total transmission measure-

ments show good agreement with those measured near to the time of fabrication.

3.41 SEM Imaging

Previously, scanning electron microscopy (SEM) images have been taken to determine
the nanowire growth orientation, thickness, and width. These images are reproduced
in figures 3.12 and 3.13.
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FIGURE 3.12: Cross-sectional (a) and top view (b) SEM images of the uncrushed 100
crystal lattice substrate nanowires, showing some preferential vertical growth in the
longest nanowires, but a generally very amorphous system.

FIGURE 3.13: Cross-sectional (a) and top view (b) SEM images of the uncrushed 111
crystal lattice substrate nanowires.

The images show that despite some preferential growth perpendicular to the substrate
for the 111 sample, the bulk of the medium is largely disordered. This would lead
us to expect some difference in the transport of light in the direction that is normal to
the substrate, but likely little difference in the propagation in the directions parallel to
the plane of the surface. The nanowire sample thickness in both cases is taken to be
approximately 30 pm.

3.4.2 Coherent Backscatter Spectroscopy

The coherent back-scatter (CBS) spectroscopy experiment allows measurement of the
transport mean free path by fitting the cone of enhanced backscatter relative to the dif-
fuse background. This can be found either by using a reference sample with a vary
narrow (or close to negligible) CBS cone, or by using polarisation dependent measure-
ments, i.e. using a polarised source and then selecting the parallel or orthogonal po-
larisations for the detection channel as described in Section 2.2.2. In the experiments
conducted below the former method was taken using a PTFE cap approximately three
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millimetres in thickness. One polarisation channel was chosen in the detection using a

broadband linear polariser.
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FIGURE 3.14: GaP sample coherent backscatter (CBS) cone normalised to a PTFE ref-
erence sample. The sharp peak at 500 nm is due to the onset of a normalisation error
with the PTFE reference as the signal begins to drop <500nm .
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FIGURE 3.15: Cross sections of the coherent backscatter cone of the GaP nanowire 100
sample as shown in Figure 3.14. Red lines are fits to the enhanced backscatter.

Cross sections of the CBS cone can be seen in Figure 3.15 along with fits shown in red.
From the fits to the measured CBS cone, the transport mean free path is calculated as
a function of the incident wavelength. The limited enhancement factor exhibited is a

result of the reduced signal detected in a single polarisation channel.
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FIGURE 3.16: a) Transport mean free path calculated using the CBS measurement for
GaP sample 11779 and b) the photonic strength denoted ki, the product of the transport
mean free path /, and the wavenumber k.

The transport mean free path shown in Figure 3.16 shows a strong resonant behaviour
in the infrared region, above 900 nm, which would indicate that the light is undergoing
resonant scattering. The value of the photonic strength k! continually decreases in the
infrared to a minimum value of ~ 3.5 at the edge of the detection window.
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3.4.3 Total Transmission and Reflection Measurements

The total transmission spectra of gallium phosphide nanowire samples are shown in
tigures 3.17 and 3.18.
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FIGURE 3.17: GaP nanowire samples total transmission measurement. The flatten-
ing of the spectrum above 900 nm is indicative of strong scattering. The features at
1100nm and 1150 nm are experimental artifacts due to large laser powers.

The total transmission measurements corroborate previous measurements of the trans-
mission of GaP nanowires of varying length and radial thickness. The transmission in
the near infra-red is used along with the thickness of the nanowire mat to estimate the

absorption length in the nanowire layer.
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FIGURE 3.18: GaP nanowire samples total reflection measurement. The flattening of
the spectrum above 900 nm is indicative of strong scattering.

The reflectivity of the nanowires is shown to be very high for all samples. The total
reflection measurement is dependent on the separation of the sample from the rear
aperture of the integrating sphere. A significant proportion of the scattered light is lost
due to scattering at high angles when the distance between the sample and the rear
surface is large. The integrating sphere itself is composed of a white scattering interior
with a finite thickness, estimated to be approximately 5 mm thick.
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FIGURE 3.19: Measurement of the reflectivity (blue dots) of a sample as a function of

the sample distance from the rear surface of the integrating sphere. A linear relation-

ship (black line) is shown up to the point where the sample passes into the aperture,

following the increasing solid angle encompassed by the projection of the diffuse re-

flectivity of the sample. An exponential decay is then seen (red line) which trends
asymptotically towards 60% reflection.

The reflectivity is shown to have a linear trend up until it passes the opening of the
aperture and begins to enter the integrating sphere, at which point the reflectivity is
measured as 0.57. The total reflectivity of the sample then tends towards a value of 0.6
as the sample is passed inside the aperture, shown using an exponential fit. This could
indicate that some of the light which is multiply scattered inside the sphere is able to
exit the sphere via the rear aperture, and that as the sample holder begins to block the
rear aperture its escape is stopped. This is possible since the sample is smaller than
the rear aperture, however the sample holder is closer in diameter. Ultimately this
measurement indicates that there is a minimum of 3% uncertainty in the reflectivity of
the samples, since not all the samples are small enough to pass into the sphere, and
since there is an uncertainty in the precise placement of the sample surface relative to
the aperture.
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FIGURE 3.20: GaP nanowire samples total absorption, calculated as A =1 —-T — R.
The large absorption peak at ~ 570 nm caused by the GaP bandgap can be seen.

The total absorption is given in Figure 3.20 and is calculated using the previous total
transmission and reflection measurements. It shows the strong absorption peak due to
absorption across the gallium phosphide electronic bandgap at ~ 580 nm.

3.4.4 Estimation of the Absorption Length

Taking the refractive index of GaP at A=1200nm as 3.1, and assuming a fill fraction of
~50%, an effective refractive index n,ss is approximated to be 1.5. This is calculated
using an average of the birefringent refractive index calculated parallel and perpendic-
ular to the nanowire growth following the methodology presented in reference (50).
The disordered orientations of the nanowires in the thick scattering slab enables this
multiple averaging. The value obtained is reasonable in comparison to similar GaP

samples of a lower density (81).

We can calculate the extrapolation length z.,, at the front and back interface of the
nanowires using equations 2.3, taking the front surface to be the air-nanowire inter-
face and the rear to be the nanowire-substrate, and using the Fresnel equations, along

with equation 2.4, to calculate the reflectivity at each. The transport mean free path,
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It = 1 um is taken to be that measured using the coherent backscattering spectroscopy
measurement. The extrapolation lengths at the front and back surfaces are then found
tobe z,, = 0.89 ym and z,, = 1.9 um.

The thickness of the nanowires is taken from previous SEM images and information,
given as L = 30 um. In literature, the injection depth z, is generally approximated to
be equal to the extrapolation length at the front surface of the slab, on the order of the
transport mean free path of the sample. In the case of the theoretical plots shown in
Figure 3.22, z; is fixed to a value of 1 um.

Due to the long length of the nanowires and their very small transport mean free path
there is a minimal ballistic component at the exit surface of the sample, indicating that
the majority of the light is converted into diffusive propagation.
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FIGURE 3.21: Total transmission, T, through the diffuse slab of nanowires as a function
of the absorption length L, following equation 2.10. The transport mean free path, I,
is taken to be 1 ym, as measured in Section 3.4.2.

A numerical solution is found by plotting the relation between the total transmission,
T = Tpy + T; and the absorption length, L,, given by equation 2.7. As mentioned, the
ballistic component of the transmitted light is of the order ¢~3*, making it negligible
in comparison to the diffusive transmission, however it is still included in the plot.
Using the mean total transmission value at 1200 nm we can find the diffuse absorption
length of the nanowires to be L, ~12 ym. Using equation 2.5, this translates to an elastic
absorption length, I,, of 432 um in a sample that is approximately 30 um thick.
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FIGURE 3.22: Total reflectivity, R, through the diffuse slab of nanowires as a function
of the absorption length L, following equation 2.11.

The total reflection, R, is calculated using the diffusive reflectance which is given by
equation 2.11, accounting for reflections at the rear surface of the sample, as well as

total internal reflection in the substrate.

3.5 Conclusion

In conclusion, a number of static optical characterisation techniques have been used to
determine parameters describing the transport of light through the nanowire samples
of interest. The effective refractive index is calculated as a function of the filling fraction
of the material (~ 50%) and the refractive index at 1200 nm, ~ 3.1.

The coherent backscatter measurement is used to determine the transport mean free
path, Iy = 1um at 1200 nm, also providing spectral information in the range of inter-
est and showing the photonic strength of the sample, kI ~ 5.5. Though still far from
the expected transition from purely diffusive to partially localised light transport, it
is nonetheless an indication of very strong scattering. The value obtained for /; is the
mean value for the vector transport mean free path which describes the propagation
in an anisotropic sample. This is due to the radial averaging of cone by rotating the
sample, thus reducing the angular speckle intensity.
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The total transmission and reflection measurements are used to estimate the absorption
length of the material, using a diffusive model of light propagation through a thick,
multiply scattering slab, giving an absorption length L, = 12 ym. This measurement
is strongly dependent on the transport mean free path. The total reflection measure-
ments were shown to underestimate the reflectivity of a sample in the visible region
of approximately 20%, accounting for which there is reasonable agreement between
the static reflectivity predicted by the diffusion approximation, and the experimental

results obtained.
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Chapter 4

Ultra-fast Pump Probe Measurement
for Direct Determination of the
Anisotropic Diffusion Constant

4.1 Introduction

The pump probe method for temporal measurement allows for the capture of ultrafast
processes which occur on the picosecond to femtosecond timescales. This is achieved
using two separate short pulses from a coherent light source which arrive at the sample
at a variable time delay. Initially a probe pulse is incident on the sample and is mea-
sured by a detector. Then a second pulse, commonly referred to as the pump pulse,
perturbs the system. Another probe pulse is then transmitted through the sample after
a short time and the changes to the sample caused by the pump pulse are encoded in
the properties of this second probe pulse. This provides what can be described as a
snapshot of the sample at the time, ¢, given by the separation of the two pulses. By
varying the time delay between the two pulses a description develops of the tempo-
ral evolution of the system, the resolution of which is determined by: the accuracy to
which one can control the separation of the two pulses, the duration of the pulses, and
the limit of the detection of the signal from the background.

For the case presented in this report, the system interrogated is a strongly scattering
finite slab which is perturbed by absorption of the pump pulse. The pump pulse is at
an energy above the bandgap of the material and causes changes to the real and imag-
inary part of the refractive index of the material; the real part of which, we assume has
a minimal effect on the transmission of the probe. The absorption leads to a localised
increase in the free carrier charge density, leading to a very sharp increase in the ab-
sorption coefficient (52). This has been demonstrated using dense layers of nanowires

in time resolved experiments (53), which show that the relaxation time of the electrons
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is of the order of tens of picoseconds. This change to the imaginary refractive index
means that the probe pulse, which remains at an energy below the band-gap of the ma-
terial, can now be absorbed through transient absorption in the pumped region. In a
finite slab of dielectric material it is assumed that the absorption of the pump happens
over a time scale much shorter than the length of the pump pulse, and that it occurs at,
or near to, the surface of the scattering region.

In the case of a strongly multiple scattering sample this process could be used to deter-
mine the diffusion constant of light through the sample by measuring the transmitted
intensity. The measured intensity reveals the relative path length distribution of the
material, or equivalently the distribution of path diffusion times, ¢;;¢. This can be en-
visioned quite clearly by fixing the time of incidence of the probe at time t = t; and
varying the time of incidence of the pump, t. If we consider the evolution of the probe
pulse according to this time difference, ty — ¢t, at positive times (g > t) the probe is
incident after the pump. Due to the long relaxation times of the excited electrons in
the sample, the probe is absorbed leading to a change in the measured intensity of the
transmitted probe. At negative times the probe is incident before the pump (ty < ¢)
and thus is transmitted freely through the material until the pump is incident. Only the
long scattering paths persist in the material long enough to arrive at the exit surface at

the same time as the pump in the negative time domain.

The measured time trail in such an experiment is in fact an integral of the diffuse trans-
mission, again due to the relatively long relaxation time of the electrons in the sample.
This can be shown analytically as at a given negative time, to —t < 0, the probe has
progressed through the sample such that the short time trails £ < t have escaped
the exit surface. At time ¢ the pump is then incident on the surface of the sample and
due to the long relaxation time of the material any light paths which arrive after this
time will be absorbed. The total change in the transmitted pulse is an integral of the

transmission through the slab given in equation 2.18,

T(x,y,t) —/t 50 ex <_r2 )ex (— (2D, + D:) >
V= Jo Teritig/D . D2 P\7ap,t ) &P 312
Ay m
X E [ exp< iD.t )—B( )exp< 4Dt>]dt'

mM=—0o0

(4.1)

where A'(m) = (2m +1)(L + 2z,) — 2l;z, and B'(m) = (2m + 1)(L + 2z,) + I;. The
extrapolation length z, given here is measured as the mean of the front and rear ex-
trapolation lengths z.,, and the diffuse injection source is replaced with a Dirac delta

function, Sy.

The transmission at a given time, t, is given as the integrand of equation 4.1, and can

be found experimentally by differentiating the experimental data. The first component
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of the integral describes the temporal evolution of the transmitted diffuse intensity as
a function of time. The first exponential term describes the spatial extent of the trans-
mitted intensity as a function of time and is therefor a function of D,. The second
exponential term represents absorption in the sample and is thus a function of the ab-
sorption length, L,, and the diffusion in all three spatial dimensions. The infinite sum
incorporates the recurrent total internal reflection of the diffuse intensity at the front
and back surfaces of the sample.

Measurement of the transmitted probe beam can be analysed using lock-in detection,
i.e. measuring the response of the probe pulse at the frequency of the pump pulse, and
then comparing this with the unperturbed probe pulse. The pulse repetition rate is at a
much higher frequency (~ 80 MHz) than the laser noise bandwidth, allowing pulse to
pulse comparison.

By combining this temporal measurement with spatial mapping, it is possible to ex-
plore the diffusion of light simultaneously across three independent variables, x, y and
t, in a single measurement. This mapping can be achieved by keeping the position of
the probe fixed on the sample and translating the pump in space across the surface.
The diffusion of the probe through the sample to a given point can then be measured
for a series of points in space and time to develop a three dimensional description of
the light propagation.
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4.2 Ultra-fast Pump Probe Time of Flight Experimental Set Up

CCD 1200 nm

DM  Confocal Objectives

FIGURE 4.1: Experimental set up diagram of the pump probe measurement. Light
from a pulsed laser source is passed through an Optical Parametric Oscillator (OPO).
The input beam to the OPO, the pump pulse (dark blue), is then frequency doubled
in a Second Harmonic Generator (SHG) before being passed through a pulse select
(PS), an acousto-optical modulating Bragg cell is used to reduce the repetition rate of
the pump laser from 80 MHz to 10 MHz. The pump pulse is directed onto the sample
surface through a dichroic mirror (DM) and an objective lens. The second OPO output,
the probe pulse (red), is incident on the sample via a second objective lens. The two
beams can be observed by focusing the image of the transmitted and reflected spots
onto a CCD camera (CCD) using a focusing lens (L1). The probe beam passes through
the dichroic mirror to an avalanche photo-diode (PD) via a focusing lens (L2) and a
long pass filter (LPF).

In order to observe the ultra-fast dynamics of light propagation on a microscopic scale
we utilise a pump probe detection method and measure transmission fluctuations us-
ing a lock-in amplifier. The experiment is carried out using a tunable pulsed Ti:Sapphire
Coherent Chameleon Ultra II laser, with a repetition rate of 8S0MHz and set to a wave-
length of 800nm . This is fed into a Coherent Compact Optical Parametric Oscillator
(OPO) which is tunable in the wavelength range of 1000nm to 1600nm . This OPO
outputs both the 800 nm input beam as well as a down-converted beam, preserving the
repetition rate of the input beam in both. The 800 nm output is then passed through an
APE Harmonixx second harmonic generator (SHG) which outputs at 400nm . This is
then passed through an acousto-optic-modulator (AOM) which is driven by a function
generator at 10 MHz, allowing for the control of the repetition rate of the pulse from the
SHG output. The first order diffraction from the AOM is then used as the pump pulse,
and is directed using the convex lens L1. This is passed through a time delay line stage
which allows the time of incidence on the nanowires to be varied. The pump beam is
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then passed through a 50x objective with NA 0.55. The probe pulse meanwhile passes
through an extended fixed time delay such that it is coincident with the pump pulse on
the sample at a time #y. This too is passed through a 100x objective with NA 0.50.

The probe pulse then travels through the sample and the objective placed on the pump
side. It then passes through a dichroic mirror (DM), a focusing lens (L2) and a set of
long pass filters (LPF). The use of the dichroic mirror is to allow the pump pulse to
be directed onto the sample while simultaneously measuring the probe pulse using
an InGaAs avalanche photo-diode detector (PD). The long pass filters and the dichroic
mirror reduce the detection of any reflections of the pump pulse from the surface of
the sample. The alighment of the incident beams can be checked in real time using
the CCD cameras shown in Figure 4.1. Using these cameras we can check the focus of
both beams as well as their relative positions. The photo-diode is connected to a Zurich
Instruments UHFLI 600 MHz Lock-in Amplifier which measures both the transmission
of the unperturbed pulse at a frequency of 80MHz and the perturbed pulse at 10MHz.
By subtracting the 10MHz signal from the 80MHz signal, we obtain AT, a measure of
the change in transmission incurred by the pump pulse. To account for any drift in the

laser power this is then normalised to the transmission of the unperturbed probe.

Since the photo-luminescence caused by the excitation of electrons in the GaP nanowires
will have decay times typically on the scale of nanoseconds, the impact on the measure-
ment will be minimal since the time of flight for the light to transit the sample should
be on the order of picoseconds (84).

4.21 Thermal Background Excitation

One of the issues with this method of measurement is that a large portion of the en-
ergy imparted into the scattering structure will be converted into thermal energy as it
dissipates through the inelastic scattering of excited electrons. This relaxation will lead
to a thermal signal, as the slow reduction in the amount of excited electrons causes a
gradual decrease in the change in transmission of the probe (85). This thermal signal
will also have a temporal frequency matching that of the pump pulse which means its

effect on the probe will be detectable when using lock-in detection.

The thermal background becomes a significant problem when the effect of the initial
pump pulse on the probe signal is very small (i.e. at long negative times where only the
longer paths of the probe are present). Due to the time delay of this thermal effect from
the initial pump pulse, it is possible to isolate this thermal effect into a separate channel
by carefully choosing the phase of the desired signal relative to the unpumped signal.
This however cannot be done continually throughout the spatial mapping process, and

so to overcome this two possible solutions are presented in Section 4.2.1.
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Two different methods were investigated to try and reduce the effect of the thermal
background noise. The first involved focusing the probe signal through a pinhole
which isolates the area of the probe constrained within the pump pulse profile. This
negates the outer area of the pump where the inelastic transfer of energy can cause
thermal excitation, and hence absorption of the probe pulse. This method has a key
drawback however, since it is not easily adaptable for spatial mapping in the current
set up. Since the pump pulse is scanned across the surface of the sample by translat-
ing the pump objective, as the sample is scanned the transmission through the pinhole
would be constantly changing due to the small variation in the projected image of the
probe. Without the pinhole this effect is negligible due to the relatively large detec-
tion area afforded by the photodiode and focusing lens, however when the pinhole is

introduced the measured area is reduced significantly.

Pinhole Method

1200 nm

L1

840 nm
420 nm

Variable

Relay O I
Lenses

DM Confocal Objectives

FIGURE 4.2: Experimental set up diagram of the pump probe measurement featuring

the pinhole thermal background removal method. The experimental method is as

described in Figure 4.1, with the added inclusion of a pinhole at the foci of the relay

lenses in the detection path. This has the effect of removing the higher order spatial

frequencies from the detected signal, reducing the detection region to a small point at
the centre of the pumped region.

The second method investigated was to recombine the zero order output of the acousto-
optic modulator (AOM) with the first order pump pulse at a given time delay. The
thermal excitation would then occur at a repetition rate of almost 80MHz, with a mis-
step where the recombination occurs. By controlling the intensity of the zero order
component it was postulated that the thermal excitation could be maintained at a semi-
constant level and rather than oscillating at the sensitive detection frequency at 10MHz,
the thermal background could be shifted to the laser frequency. In order to recombine
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the two beams such that they are coincident on the sample at the same angle and posi-
tion, a polarising beamsplitter is used. The intensity of the zero order can be controlled
by varying the orientation of the half wave plate. This experimental set up is shown in
Figure 4.3.

Zero Order AOM Method

1200 nm

L1

Variable

Relay
Lenses

DM Confocal Objectives

FIGURE 4.3: Experimental set up diagram of the pump probe measurement featuring
the AOM thermal background removal method. The experimental method is as de-
scribed in Figure 4.1 however the pump beam is periodically diffracted in an Acousto-
Optic-Modulator (AOM). The zero order from the AOM (light blue) is then recom-
bined with the first order using a half wave plate (A/2) and a polarising beam-splitter
(PBS). The pump pulse train is directed onto the sample surface through a dichroic
mirror (DM) and an objective lens. The second OPO output, the probe pulse (red), is
incident on the sample via a beam-splitter (BS) and a second objective lens. The same
detection apparatus is used as in Fig. 4.1

Shown in Figure 4.4 are the time traces for the two methods of thermal background
reduction and the raw time trace. All are taken from the same position such that the
pulse and probe are overlapping and all have constant phase between the measured
signal and the thermal background, i.e. the phase has not been adjusted to shift the
thermal signal to the perpendicular channel. It can be seen that the raw signal tends to
a background measurement of 3 x 10~ whereas the time trace for the two scans using

the background reduction method tend to zero.
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FIGURE 4.4: Pump Probe time traces for the different thermal background reduction

techniques, the pinhole method (black), and zero order method (red dashed) show

very good agreement with each other and both show significant reduction of the back-
ground from the original signal (blue) at long negative times.

There is very good agreement between the pinhole and zero order measurements, with
both having nearly identical time traces. The absolute value of the background drops to
zero in the long-time trace, indicating a negation of the thermal contribution; however,
neither technique appears to reduce the inherent noise in the long time trace. The mean
and standard deviation in the region of 5 to 20 ps is given for the three methods below.

Method Mean (107%) | Standard Deviation (107°)
Spatial Filter -2.76 2.68
Acousto-Optic Modulator -2.76 5.08
No Reduction Method 0 2.10

TABLE 4.1: The mean and standard deviation in the long time background between

5 and 20 ps for two methods of reducing the thermal background contribution, com-

pared with the normalised signal. The mean value of the background signal is sub-
tracted before normalisation for the unmodulated signal (No Reduction Method).

By subtracting the mean of the thermal background before normalisation, as would

be done when analysing the time resolved transmission experiment, a comparison of
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the relative noise in the long time tails may be made. The standard deviations are
calculated over 15 ps and show that although the methods shown do reduce the thermal
background contribution to the signal, the noise is not improved and in fact, in the case
of the acousto-optic modulator, doubled when compared with the raw signal. It is
therefore reasonable not to implement these methods, since the measurement of the
decay of the long light paths is the key interest in the pump probe experiment.

4.2.2 Boxcar Lock-in Measurement

The boxcar integration method reduces the noise in the measurement due to frequen-
cies outside the signal trace. The signal from the avalanche photodiode is typically
~ 15ns long and oscillates as shown in Figure 4.5. When measuring a signal at a spe-
cific frequency it can be useful to look at the region encompassed only by a single trace
element within the region of interest and disregard background noise in the time out-
side of the pulse region. This is achieved by convoluting the signal with a square wave

function of the desired frequency and with a chosen duty cycle and phase to optimise

DAT
v

Time

the signal output.

Intensity

FIGURE 4.5: An example illustration of the boxcar region imposed around the
avalanche photodiode detector time trace. The orange region depicts the region over
which the signal is integrated.



Chapter 4. Ultra-fast Pump Probe Measurement for Direct Determination of the

58 Anisotropic Diffusion Constant
2) 5 53107
Demodulated Signal
2.0x10° J 1 ns Boxcar
3 ns Boxcar
e 1.5x107 1
~
S5
1 0x10%
5.0x10™ 4
0.0 H . . :
-3 -2 -1 0 1
b) Time (ps)
= Demodulated Signal .
107 4 e 1ns Boxcar ]

A 3ns Boxcar oA ]

107 ; . T
175 -15.0 -125 -100 -7.5 -5.0 25 0.0

Time (ps)

FIGURE 4.6: The pump probe time traces for two different boxcar integration times

compared to the raw signal plotted on a) a linear scale and b) a logarithmic scale. It

can be seen that as the boxcar interval becomes smaller, no boxcar > 3ns > 1ns, both
the signal and background noise increase.

A measurement of the pump probe response of GaP nanowires was taken for a single
point of zero separation of pump and probe, using two different boxcar settings and
once with no boxcar integration. The time traces of these measurements are given in
Figure 4.6 and statistical analysis is then used to determine the effectiveness of the

boxcar integration method.

By taking the standard deviation in the background noise region of -5ps to -3ps, we are
able to find the signal to noise as a ratio of the increase in signal, thus gaining a measure
for the effectiveness of this method.
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Boxcar Envelope (ns) | Background | 0psckgrouns | Maximum Signal | SNR | SBR
No Boxcar 2.99x107° | 9.80x10°° 4.38x107* 146.4 | 44.71

1 2.15x1075 | 4.60x107° 2.2x1073 100.55 | 46.98

3 1.16x107° | 2.75x107° 9.18x10~* 79.05 | 33.38

TABLE 4.2: Comparison of the background noise in the region of -20ps to -5ps to the
maximum signal measured for two different boxcar integration times as well as for the
raw pump probe signal. The Signal to Noise Ratio (SNR) is the ratio of the maximum
signal to the standard deviation in the background. The Signal to Background Ratio
(SBR) is the ratio of the maximum signal to the average value of the background noise.

This method of analysis indicates that while the boxcar integration does increase the
signal acquired, it also increases the sensitivity of the measurement to noise in the back-
ground. When considering both the signal to noise ratios and the signal to background
ratios outlined in table 4.2, it seems that the boxcar did not have a positive effect on the
pump probe measurement. However it is important to note that this measurement was
only carried out for a single time trace, averaging over many scans should reduce the
standard deviation in the background both with and without the boxcar. This becomes
significant when we consider the objective of the boxcar measurement. With the boxcar
we aim to see further back into the negative time domain, thus we need a large signal
to background ratio. In this respect the boxcar has provided some improvement and,
although it is difficult to say with certainty after a single measurement, with further

optimisation this may prove to be valuable for future measurements.

4.3 Temporal Response and Time of Flight Distribution

By differentiating the data temporally it is possible to obtain the transmission as a func-
tion of time and radial separation. This is done with a simple point to point differential.
Noise is reduced by oversampling the experiment and then performing a moving av-
erage of the measured data. It is important to note that the resolution of each measure-
ment of the change in transmission is limited by the temporal extent of the pump and
probe, corresponding to a convolution with two pulses which are 150 fs at minimum,
disregarding any dispersive effects induced by the SHG or other optics. This should be
considered when sampling the data and in each case the measurement is smoothed by

a moving average of 3 points, corresponding to a timescale of 150 fs.

In order to fit the data we must consider that the measured data is for the change in
transmission induced in the probe, not for the absolute value of the transmission pre-
dicted by equation 4.1. This, coupled with experimental losses such as through beam-
splitters, means that we must normalise our theoretical fits to our data in order to get
an accurate comparison of the temporal and spatial diffusion. This is achieved using a

variable fitting parameter representing the amplitude, 4, as a normalisation coefficient.
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The exact timing of incidence of the probe pulse into the rear of the scattering sample is
unknown in the experiment. The peak of the change in transmission due to the pump
pulse occurs at a time when there is maximal temporal and spatial overlap of the pump
and probe pulse, which according to the assumptions that the pump does not penetrate
deeply into the scattering sample before absorption, would mean that this peak indi-
cates the peak of the probe pulse intensity is overlapped with that of the probe. In other
words, if the probe arrived any earlier at the surface of the sample, electronic relaxation
would mean a lower number of excited states were available to induce absorption of
the probe, leading to a reduction in the change in transmission; any later and the lead-
ing edge of the probe pulse would have passed through the sample entirely before the
excitation of electronic states at the surface could induce absorption, thus also leading
to a reduction of the measured signal. It is possible therefore, when looking at the dif-
ferential of the measured signal, to take the zero time, fy, at an early time where the
gradient is relatively close to 0.

GaP Nanowire 100 Crushed AT/T

107 —gcan |
0.8 scan 2
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FIGURE 4.7: An example of the measured signal for the 100 orientation crushed gal-

lium phosphide nanowire sample for several scans over different sample positions. By

moving over several sample positions, the temporal speckle is averaged and the dif-

fuse intensity may be measured. The measurement highlights the problem of finding

the exact the zero time without having a reference for the time of incidence. The peak
measured intensity is normalised to 1 across all samples.
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GaP Nanowire 100 Crushed Transmission
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FIGURE 4.8: An example of the normalised transmission, measured as the differen-

tial of the measured AT /T signal for the 100 orientation crushed gallium phosphide

nanowire sample for several scans. The AT /T signal is normalised prior to differen-

tiation, leading to the normalised transmission shown. The The pump probe signal is
seen as a peak at f = 0 ps.

When measuring the time dependence the fitting function uses a variable parameter,
t., added to the time value, which allows closer fitting to the experimental data due to
the uncertainty in the exact position of the zero time. This variable parameter is of the
order of 10s of femtoseconds and leads only to a linear shift in the theoretical fit to the
data in time.

When measuring the transmission, we make the distinction of redefining the long time
trail from the negative times for AT /T, to the positive for the differential of AT /T. Thus
the data describes the transmission as a function of time from the moment of incidence

of the source.
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FIGURE 4.9: Time of Flight measurement for the 100 uncrushed nanowire sample at

the central position (r = 0wum), shown on (a) a linear and (b) a logarithmic scale.

Solid blue circles indicate an 11 point moving average to the data, corresponding to

a 110 fs window. Light blue shaded region shows the standard deviation across 6

different sample positions. Dashed black line shows the theoretical fit to the data with
a diffusion constant of D, = 92 + 1 m?2s~1

The transmission measurement for the uncrushed 100 nanowires sample is taken using
a much higher temporal resolution than the subsequent measurements, which leads to
a much lower uncertainty due to the variance of the intensity over the larger number

of time steps.

A sharp dip in the transmission is seen at a time of 1.5 ps for the 100 uncrushed sam-
ple. This reduction is not seen in any of the other samples. This represents physically a
lower than expected change in the transmission of the probe in the experiment. A num-
ber of possible non-linear effects can lead to a negative impact on the detected change
in transmission of the probe pulse. An overview of the nonlinear photo-electronic in-

teractions which cause the pump probe signal is given in (86). In order to correctly
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attribute this phenomenon a more detailed description of the dynamics of the non-
linear processes involved in the experiment is required which goes beyond the scope

of this thesis.
It is also of note that we are not including effects on the diffusion constant due to lo-

calisation or band edge transitions such as a renormalised, time or space dependent
diffusion constant. This is supported by the fact that we remain outside well outside

the Ioffe-Regel criterion for localisation (kol; ~ 5.5).
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FIGURE 4.10: Time of Flight measurement for the 100 crushed nanowire sample at the

central position (r = 0pm), shown on (a) a linear and (b) a logarithmic scale. Solid

blue circles indicate a 3 point moving average to the data, corresponding to a 100 fs

window. Light blue shaded region shows the standard deviation across 8 different

sample positions. Dashed black line shows the theoretical fit to the data with a diffu-
sion constant of D, = 71 + 3m?%s~1
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FIGURE 4.11: Time of Flight measurement for the 111 crushed nanowire sample at the
central position (r = 0pum), shown on (a) a linear and (b) a logarithmic scale. Solid
blue circles indicate a 3 point moving average to the data, corresponding to a 100 fs
window. Light blue shaded region shows the standard deviation across 8 different
sample positions. Dashed black line shows the theoretical fit to the data with a diffu-

sion constant of D, = 63 + 3m?2s~

1
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FIGURE 4.12: Time of Flight measurement for the 111 uncrushed nanowire sample at

the central position (r = 0 um), shown on (a) a linear and (b) a logarithmic scale. Solid

blue circles indicate a 3 point moving average to the data, corresponding to a 100 fs

window. Light blue shaded region shows the standard deviation across 8 different

sample positions. Dashed black line shows the theoretical fit to the data with a diffu-
sion constant of D, = 72 +2m?2s~1

By carrying through the assumptions that only a small region (D ~ 1um) is probed in
a single spatial point by the pump at the exit surface, it can be inferred that the shorter
time paths are measured more accurately, since longer paths have a greater chance to
explore a wider range of the sample. In this case the diffusion along all dimensions
would need to be accounted for, which is not well described by the analysis method
employed. For this reason the measured values given here for D, will need to be di-
rectly compared with the values measured simultaneously with the radial diffusion
constant D, in Section 4.4. The results of Section 4.3 are summarised in table 4.3.
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4.4 Spatial Mapping and the Transverse Diffusion Constants

The pump probe measurement gives a four dimensional parameter space, as we mea-
sure the normalised change in transmission over time as a function of separation in
both the x and y directions. In order to better visualise the data and reduce the ef-
fect of the background noise we will simplify the spatial coordinates (x,y) into radial

separation, 7, an example of which is shown in Figure 4.13.

y

FIGURE 4.13: Example illustration of the pump probe measurement surface plot show-
ing the measured separation r from the centre of the probe pulse, shown in red.

Although radially averaging the pump probe response allows the data to be depicted
more succinctly and increases the accuracy of the longer time trails, it also means we are
unable to differentiate the diffusion constants D, and D,.. These too become averaged
into a radial diffusion constant D,, thus we lose any information on the anisotropy of
the sample in the direction perpendicular to the light propagation.
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FIGURE 4.14: Measurements of the pump probe signal (AT/T) (colour-scale) across

the surface of a sample of GaP nanowires for a range of pump times t. The average

background signal over all separations from time f = —10 to —8 ps has been sub-

tracted. In the plot we see that the position of the centre of the peak measured inten-
sity is taken as the origin of the incident probe pulse.

Several example surface plots are shown in Figure 4.14 for different time delays be-
tween the pump and probe. The plots give a sense of the shape of the probe at the
exit face of the nanowires. Due to the detector being placed in the far field a speckle
pattern can be observed, this is especially clear at large separations  and longer times.
Through radial averaging, the effect of the speckle is somewhat diminished.

There are two approaches that can be taken to fitting the spatial mapping of the dif-
fusion of the light. The temporal response measured in Section 4.3 giving the trans-
mission diffusion constant, D, for each sample can be used as a fixed parameter in
the diffuse transmission equation. In this case the transverse diffusion D, is left as a

variable parameter to fit the experimental data, alongside an amplitude coefficient, a.
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The second approach leaves the diffusion constant D, as a variable parameter in the
fitting function. In both cases it is important that the time constant t,, which was in-
cluded in the previous measurement in Section 4.3 as a variable parameter, be kept as
a constant between the two fitting method. To this end, a series of initial fits were run
using a variable time constant, and a variable diffusion constant in both the transverse
directions and the direction of transmission. The initial values for the time constant
were then subtracted from the times to give t = t — ty — t., a value for the time which
would allow for the fitting of the data without the time constant as a variable. This
allows for the two fitting techniques to be used and compared without the relative shift

in the absolute time causing unnecessary discrepancy.
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FIGURE 4.15: a) Transmission through the crushed 100 GaP nanowires as a function
of both time, ¢, and radial separation from the source, r compared to b) theoretical fit
from equation 4.1, giving diffusion constants D,=74m?s~! and D,=44 m?s~!.
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FIGURE 4.16: a) Transmission through the uncrushed 100 GaP nanowires as a function
of both time, t, and radial separation from the source, ¥ compared to b) theoretical fit
from equation 4.1, giving diffusion constants D,=87 m?s~! and D,=56 m?s~!
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a) 111 Crushed Transmission Experimental Data b) 111 Crushed Transmission Theoretical Fit
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FIGURE 4.17: a) Transmission through the crushed 111 GaP nanowires as a function
of both time, t, and radial separation from the source, r compared to b) theoretical fit
from equation 4.1, giving diffusion constants D,=65m?s~! and D,=44 m?s~!.
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FIGURE 4.18: a) Transmission through the uncrushed 111 GaP nanowires as a function
of both time, ¢, and radial separation from the source, * compared to b) theoretical fit
from equation 4.1, giving diffusion constants D,=69 m?s~! and D,=50m?s .

The figures 4.15-4.18 show the theoretical fits to the transmission at the back surface of
the samples as a function of time and radial separation from the injection source. These
are obtained using least squares fitting method to the equation 2.18. The fits shown
utilise both D, and D, as variable parameters. There is little visible difference between

the fits shown and the fits where D, is fixed at the values measured in Section 4.3.

The residual of the pump probe experiment fit to theory are calculated as the subtrac-
tion of the theoretical fit from the data values, r(x,y) = I(x,¥)exp — I(x,Y) fit- The sum
of squares of residuals is then simply

SSres — Zr(x,y)z (42)
Xy
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The total sum of squares from the experimental data is taken as sum of the variance of

the values for each point,

SSiot = ) _[I(x,y) = I(x,y)]? (4.3)
e

The R? coefficient of determination is then calculated as

N Ssres
Sstot .

R?=1 (4.4)
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FIGURE 4.19: Residual plot for the 100 uncrushed GaP nanowire sample fit to the
diffusion theory of propagation of light in disordered scattering media.
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FIGURE 4.20: Residual plot for the 100 crushed GaP nanowire sample fit to the diffu-
sion theory of propagation of light in disordered scattering media.
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FIGURE 4.21: Residual plot for the 1 uncrushed GaP nanowire sample fit to the diffu-
sion theory of propagation of light in disordered scattering media.
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FIGURE 4.22: Residual plot for the 111 crushed GaP nanowire sample fit to the diffu-
sion theory of propagation of light in disordered scattering media.
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The residual plots show that across all the measured samples, there is a background
noise contribution due to low speckle averaging. This is also seen in the higher intensity
transmission period around t ~ 1ns, whereby the noise scales with the transmission
intensity. This is similar to the results shown in the time trace measurements, however
more statistical averaging would be required to determine with certainty whether this
is solely due to limited speckle averaging or is an inherent experimental limitation.
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Measured Diffusion Constants
Fixed D, Variable D,
Sample Name | D, (m?s~Y) | D, (m?>s™Y) | R*> | D, (m?>s~Y) | D, (m?>s™!) | R?
100 Crushed 71 43 43 0.9 70 45 0.9
100 Unrushed 92 +1 56 0.92 91 57 0.92
111 Crushed 63 £+3 43 0.9 67 44 0.91
111 Uncrushed 72 £2 49 0.85 70 53 0.93

TABLE 4.3: Experimental D, and D, values obtained using the optical pump probe
experiment. Associated errors due to the fitting procedure are presented for the D,
values measured using the single point time scans. R? values are given for the corre-
sponding fits using both fixed and variable D, values to indicate their relative accu-

racy.
D D
100 2 75 -
X spatial fits
o0 ] - 70 1 ® crushed
® uncrushed
65 1
801 60 -

70 £ i %] ¢ X
? 501 .

45 1 X
°

60 A

Diffusion Constant (m?s™1)

: : 40 : .
100 111 100 111
Substrate Orientation

FIGURE 4.23: Summary of the diffusion constants, D, and D,, obtained using the fits

to the transmission profiles of the 4 samples. Solid circles are results obtained using

the single position scans at r = 0, with fixed values for D, then used to obtain D, from

the spatial mapping. Crosses are fits obtained with both D, and D, as variable fitting
parameters.

The fits shown in figures 4.15-4.18 yield the diffusion constants given in Table 4.3. The
results are summarised in Figure 4.23 and show that for both substrates the diffusion
constant decreases in both the direction of propagation and the transverse direction
when the nanowires are crushed. It is not possible to compare the samples by substrate
crystal lattice structure since the nanowire growth orientation is not consistent over
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Sample Name | D fixed z (m*s~!) ve/c
100 crushed 53 +3 0.53 + 0.03

100 uncrushed 68 +1 0.68 = 0.01
111 crushed 50 3 0.50 £+ 0.03

111 uncrushed 56 +2 0.58 £ 0.02

TABLE 4.4: Calculated energy transport velocity as a ratio of the speed of light, v./c,

for the nanowire samples, showing a reduction in the energy transport velocity for the

compressed nanowire mats. Values for the diffusion constant, D, are calculated using

the results in table 4.3. Energy transport velocities are calculated using the average of
the two methods used to fit the pump probe data.

such long growth periods, and the exact geometries of the nanowires are not known
for the measured sample locations. It is likely that some remnant of the structure exists
since the diffusion constants are different for the two substrates before compression,
but are the same after compression, within error. That said, without supporting in-
formation such as an optical cross-sectional image of the exact regions to identify the
length, orientation, and thickness of the nanowires, or an independent measurement of
the diffusion constants and transport mean free paths in both directions, it is not pos-
sible to state definitively that their disparity is caused solely by the orientation of the

nanowires.

The anisotropy of the samples, measured D, /D, is measured to be 1.65 £ 0.07, 1.65 =
0.02 for the 100 crushed and uncrushed nanowires respectively, and 1.47 4= 0.07 and
1.47 £ 0.04 for the 111 crushed and uncrushed nanowires respectively. These results
indicate that although the nanowire compression reduces the overall diffusion constant
in both directions, the scattering strength appears to increase in both the longitudinal
and the transverse directions.

Using equation 2.16 it is possible to calculate the energy transport velocity vg of light
within the sample using the measured diffusion constants and the isotropic transport

mean free path, [y measured in Section 3.4.2.

Comparing this result with previous studies of similar GaP nanowire structures (87)(11),
shown in Figure 4.24, we see the diffusion constant we have measured and energy ve-
locity we have calculated agrees well within the wavelength range probed in our ex-

periments.
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FIGURE 4.24: Previous results obtained for gallium phosphide nanowire slabs of thick-

ness L ~ 5 um, showing the wavelength dependence of the transport mean free path,

I;, the diffusion constant through the slab, D (equivalent to D, in our measurement)
and the energy velocity, vg. Figure reproduced from reference (11).

The results shown in Figure 4.24 are measured using short range correlation of the fre-
quency speckle in the steady state, taken in a static transmission experiment(587). The
static diffusion constant measured in this experiment is dependent upon the absorp-
tion of the sample in the detection region, as shown by (88). This is not the case for the
dynamic diffusion constant measured in the time of flight optical pump probe experi-

ment.
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4.5 Conclusion

Utilising a new method of pump probe detection, anisotropic behaviour of strongly
scattering materials has been measured. The effect of thermal background contribution
to signal noise has been investigated and a number of mitigation techniques have been
trialled. In summation these techniques led to a reduction in the signal to noise ratio
and it was found that it was not necessary to implement these changes in the finalised

experiment.

The spatial mapping of time of flight distributions of a number of samples has shown
the diffusive model of light propagation to accurately describe the transport of light
through these disordered nanowire samples, and results obtained agree with previous
measurements made using independent methods. The reduction of the diffusion con-
stant has been demonstrated under mechanical compression in both the transverse and
longitudinal directions, resulting in a reduction of the energy transport velocity for all
samples measured. The results of this experiment confirm that the ultra-fast pump
probe technique can be used to differentiate the scattering strength of a material in the
transverse and longitudinal directions, thus investigating the anisotropy of the scatter-
ing system. In slabs of isotropic strong scatterers it is predicted that strong localisation
could manifest as the reduction of lateral expansion of the beam at the exit surface of
the sample, thus the methods shown in this chapter present an opportunity for direct
measurement of such a phenomenon. The system is applied to a semiconducting gal-
lium phosphide nanowire mat however the process should be applicable wherever a
significant transmission contrast can be incurred through photo-induced transient ab-

sorption.

The measurements shown would benefit significantly from further measurement of the
speckle in a statistical averaging over several sample positions. This in combination
with samples known to be asymmetrical in the orthogonal transverse directions would
allow a separation of D, into Dy and D,. This would be especially useful if a character-
isation of the vector dependence of 1; could be established, allowing a full description
of the energy transport velocity in all dimensions. This experiment could therefore be
combined with interferometric and spectroscopic measurements to help characterise
the localisation band edge in three dimensional photonic materials, exploring the devi-

ation from the diffusive regime.
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Chapter 5

Time Reverse Optical Memory
Effect

5.1 Introduction

This chapter aims to develop an experimental investigation of the phase dependence
of the time reverse optical memory effect. The optical memory effect refers to the cor-
relation of an output speckle when undergoing a small change in angle or position of
incidence, or in it’s spectral frequency. In a geometry in which two counter propagat-
ing waves would be Lorentz-reciprocal (i.e. symmetric under time reversal), there is a

contribution to the correlation which is termed the time reverse optical memory effect.

The motivation for this investigation arises from previous works which used a Sagnac
interferometer geometry to detect the three dimensional spatial information of a target
object through a multiply scattering medium. Seemingly opaque scattering medium,
such as rain, fog, bodily tissue or clouds, present significant environmental challenges
for object detection and imaging. The system produced in reference (89) utilises the
phase conservation under multiple scattering, and fast scanning of both beams of a
Sagnac interferometer, to measure the round trip path length across a number of points
thus mapping the spatial extent and depth profile of the target. We aimed to develop
this process to incorporate direct measurement of the time of flight of a pulsed light
source using a single photon counting detection method which would enable a large
increase in the detection efficiency. This led to the question of the phase stability of the
spatial speckle correlation function under multiple scattering in the time reverse optical
memory effect. In the time reverse geometry, the counter-propagating beams produce
mirrored speckle patterns which retain their phase information from prior to the multi-
ple scattering process. This may be exploited to produce a target specific signal which
is stable under small perturbations to the environment which may result in changes to
the relative phase of the time reverse beams.
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The experiments included within this chapter are associated with work which was
completed working as part of an external project, the nature of which is sensitive. It
is therefor noted that some of the aspects of the research, such as possible applications
or avenues of investigation were omitted in the interest of discretion and security.

Initial measurements aim to confirm the previous results of effective ranging of a target
signal in a time reverse geometry through a multiply scattering medium using phase
modulation in a fiberised pulsed system. This is then translated to a free space pulsed
optical regime which demonstrates the principle in a time of flight sensitive measure-
ment. A more thorough experimental investigation is then carried out using a free
space optical set up, in which the speckles of the two beams of the Sagnac interferome-
ter are measured independently, and then combined in a Mach-Zehnder interferometer
in order to characterise the phase dependence of the system.

5.2 Phase Modulation of the Sagnac Interferometer for Non-
Line of Sight Detection and Ranging

5.2.1 Fiberised Pulsed Laser Source Experimental Set Up

The experiment comprises a modified Sagnac interferometer which utilises a Mach-
Zehnder interferometer in the detection of the counter-propagating beams. A continu-
ous wave telecom laser pumps a 1 Watt Er-doped optical fibre amplifier, resulting in a
1550nm wavelength fiberised laser output of variable intensity. This fibre is first passed
through a high-power faraday isolator to prevent any damaging back reflections from
reaching the OFA. The beam is then split using a 75:25 fiberised splitter and the 25%
output is passed through the electro-optic modulator.

Both beams are then projected using graded-index collimator outputs (OZ optics), trans-
mitted through polarising beam splitters (PBS), where half-wave plates (A/2) are used
to optimise transmission through the beam splitters. The beams follow a common path
through two telecom-grade quarter-wave plates (A/4), which are aligned to rotate the
polarisation by 90 degrees over a full roundtrip.

An oscillating phase modulation is introduced in the common path of the interferom-
eter using an electro-optical modulator (EOM), creating a beat frequency due to con-
structive and deconstructive interference of the clockwise and anticlockwise beams at
the detector. The frequency of the phase modulation may be swept using a driving
voltage with variable frequency. A characteristic intensity modulation at a frequency
corresponding to the round trip time of flight can be measured to indicate the time of
flight of the detected signal.
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The return signals are then reflected by the PBS. An arrangement using a non-polarising
beam splitter (BS) is used to combine the beams and produce an interferometric signal
onto an InGaAs SWIR camera and the resulting images are analysed on a PC worksta-

tion.

Camera

75:25 Fiberised
Beamsplitter

InGaAs APD

CW 1550nm OFA Laser

FIGURE 5.1: A continuous wave telecom laser is used to pump an optical fibre am-
plifier (OFA) to produce a 1550 nm laser output. A Faraday isolator (not shown) is
used to prevent back-reflection into the fibre. A 75:25 beamsplitter divides the inten-
sity along two output fibres. one of which passes through an electro-optical modu-
lator (EOM). This is driven by a varying voltage output from a Zurich Instruments
UHFLI600 Lock-in amplifier. The two beams are output using graded-index (GRIN)
collimator outputs. Half-wave plates (A/2) are used to optimise transmission through
two polarising beam splitters (PBS). These then form a polarised Sagnac interferom-
eter. Collection is facilitated through two quarter-wave plates (A/4) which rotate the
polarisation of the two beams by 90 degrees, allowing them to be reflected by the two
PBS. The quarter wave plates may be removed to enable transmission at the PBS. The
return signal as collected through the optical fibre is measured using an InGaAs in-
frared high frequency APD detector. The signal is passed to the lock in amplifier for
demodulation with the driving frequency of the EOM.
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5.2.2 Experimental Determination of the Round Trip Time Using Phase Mod-
ulation

Utilising the fiberised system, as shown in Figure 5.1, a measurement of the Round trip
time is made by sweeping the frequency of the AC voltage supplied to the EOM. Inter-
ference between the two paths of the Sagnac interferometer is then detected using the
InGaAs APD by demodulating the signal using a lock-in amplifier with the reference
signal being equal to that supplied to the EOM. The EOM induces a 7 radians phase
shift in both arms of the interferometer. The detected signal is modulated by the rela-
tive phase difference of the two paths at the detector, which is determined by the round

trip time.
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FIGURE 5.2: Frequency sweep of the EOM and lock-in detection frequency in the
fiberised continuous wave set up, showing the round trip time of the set up of 18
ns without scattering medium, corresponding to a 5.4 m round trip distance.

The result presented in Figure 5.2 shows the round trip time of the common paths of
18 ns without scattering medium, corresponding to a 5.4 m round trip distance. This is
inclusive of the length of the optical fibres used in the detection system, which is com-
monly known. These results demonstrate the use of phase modulation and interference
in the continuous wave Sagnac interferometer to determine the range from the system

to the object of interest and repeat results presented in reference (89).
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5.3 Single Photon Counting and Time of Flight Detection

5.3.1 Free Space Pulsed Laser Source Experimental Set Up
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FIGURE 5.3: A Fianium SC450 pulsed laser source outputs a 1064 nm picosecond
source. This is passed through a second harmonic generation (SHG) crystal to pro-
duce a frequency doubled 532nm pulsed laser beam. A short pass filter is used to
isolate the visible pulses and the reflected infrared pulses are measured using a high
frequency InGaAs APD. This is passed to a trigger generator which produces a phase
locked output voltage at double the laser output frequency. This is passed through a
21 MHz band pass filter (BPF) before being amplified in order to to drive a free space
electro-optical modulator (EOM). The 42 M Hz visible laser pulse train is then split
using a non-polarising beam splitter before polarising beam splitters (PBS) to form a
polarised Sagnac interferometer. Collection is facilitated through two quarter-wave
plates (A/4) which rotate the polarisation of the two beams by 90 degrees, allowing
them to be reflected by the two PBS. They are then recombined to form a Mac-Zehnder
interferometer in the detection arm. One of the detection arms is measured using an
ID-Q ID100 single photon avalanche photodiode (SPAD). A single photon counting
data acquisition card (TCSPC) is used to measure the output from the SPAD, using
the frequency doubled trigger generator as the phase locked reference. The second
arm uses a high frequency silicon APD. The photodiode output is passed to a Zurich
Instruments UHFLI600 lock in amplifier for demodulation, utilising the same 21 MHz

reference to detect the signal.

The single photon counting measurement uses a 42 MHz pulsed 1064nm picosecond

light source and a SHG crystal to produce a 532nm visible pulse train. This is passed



82 Chapter 5. Time Reverse Optical Memory Effect

through a 950nm short pass filter and the reflected 1064nm beam is used to trigger
the Eksma TG10 Trigger Generator using an InGaAs APD detector. The TG10 trigger
generator acts as a phase locked frequency divider outputting a 2IMHz pulse train.

The frequency doubled trigger signal is passed through a 20-22 M Hz band pass filter
which converts this pulse train into a clean sinusoidal wave which is then used as
the reference for both the lock-in amplifier and the Becker & Hickl DPC-230 single
photon data acquisition card, as well as the driving voltage for the EOM. An electronic
amplifier is used to control the voltage applied to the EOM which modulates one arm
of the interferometer, changing the phase of every other pulse by 180°.

For pulses from the two arms to interfere they must be superposed in both space and
time, therefore a micrometre travelling stage and retroreflector are used to ensure the
path length of both arms of the interferometer are the same. Upon recombination at the
final beam splitter, one beam is incident on a Si APD detector and this signal is relayed
to the lock-in for demodulation, again using the trigger signal as a frequency matched

reference.

The second detection arm is collected by an optical fibre and passed to the IDQ SPAD
which allows for single photon detection. Quarter and half waveplates are used as
before to optimise transmission and reflection at each of the polarising beam splitters.

To detect the interference of the pulses, the two paths must be of exactly the same
length in order to arrive on the detector within a narrow time window set by the pulse
duration. For the 12 ps pulsed laser, path lengths need to be matched to within a few
millimetres. Note that this is only necessary for the paths that are not included in the
Sagnac loop, as any path length within the polarizing beam splitters are by default
exactly compensated. This is accounted for using the retroreflector shown in Figure
5.3.

5.3.2 Time of Flight Measurement of Speckle Interference in a Sagnac Inter-
ferometer Geometry

In this Section, experimental demonstration of the preservation of phase in the appli-
cation of time of flight measurement detection to the time reverse interferometry ge-
ometry are shown using a single photon counting detector with a high resolution time
binning acquisition card. Simultaneously, a lock-in detection apparatus is used to mea-
sure the target signal and the unmodulated laser source amplitude to examine signal

stability over longer detection times.
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FIGURE 5.4: Time resolved demonstration of the pulse modulation in the reciprocal

geometry caused by a change in phase of one arm of the Sagnac interferometer. The

deconstructive interference caused by the flipping of the phase of one arm of the in-

terferometer is realised at the zero order DC component of the spatial distribution of

the reflected light, due to focusing into the optical collection fibre. An iD-Q 1000 sin-

gle photon detector is used to measure the intensity. A target signal and a spurious
repetition of the signal is observed.

Modulation of the detected signal in the Mach-Zehnder geometry is shown in Figure
5.4. The focusing of the reflected light onto a collection fibre aperture isolates the zero
order of the spatial component of the signal, or in the spatial frequency domain, the DC
component. The time of flight of a single round trip is given by the time trace, mea-
sured against a reference pulse, giving a round trip distance of ~ 1.35m for the target
signal. The reference pulse is generated using second harmonic generation and is used
to synchronise an electronic trigger generator. The electronic trigger is passed through
a 21 MHz band pass filter to halve the frequency. This is then passed as a reference to
the EOPM, the lock-in amplifier, and to a DPC-230 TCSPC photon correlating module.
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Lock In Detection of EOM Beat Signal
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FIGURE 5.5: Lock-In detected signal demodulated from the reflection gathered using

the time reverse geometry. The lower harmonic, EOM modulated beat signal strength

(orange) is shown to oscillate with the laser intensity (blue). The normalised signal is
shown in green.

The lock-in detected signal over a period of time is shown in Figure 5.5. The 42 MHz
laser pulse intensity is shown to oscillate strongly over the measurement period of
20 s. Normalising the detected signal to this fluctuation increases signal stability. These
changes in the detected intensity are common in real world environments such as body
tissue, where motion of the sample may cause rapid de-phasing along the time-reverse
path caused by changes in the refractive index. This methodology which makes use
of the time reversal symmetry of the system, in conjunction with the active control of
the phase shown in the later Sections, could enable improvements to the signal strength
and stability in future measurements, as well as opening the door to quantum statistical
measurements, if the photon counting detection limit can be brought down to single

photon events.
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5.4 Phase Dependence of the Spatial Correlation Function in
the Time Reverse Optical Memory Effect

5.4.1 Free Space Continuous Wave TRME Experimental Set Up

T axis

7 axis
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Variable Phase Delay
Port 1

CCD Cainera

FIGURE 5.6: Experimental set up for measuring the phase dependence in the time re-
versal memory effect. A continuous wave HeNe laser output is separated into two
beams using a polarising beam splitter (PBS). These two beams, denoted as clockwise
and anticlockwise, form a Sagnac interferometer with a scattering sample in the com-
mon path. A phase delay is introduced into the clockwise beam before entering the
common path, inducing a phase delay relative to the anticlockwise beam. The speckle
produced is collected through polarisation selection using quarter wave plates (A/4)
and a pair of PBS. The beams are then recombined using a non-polarising beam split-
ter (BS) to form a Mach-Zehnder interferometer in the detection path. Extra bounces
are introduced into the anticlockwise beam in order to align the speckles at recom-
bination, and again for detection. Images are formed on a visible camera (CCD) by
focusing using two 7.5 cm lenses. The axis of sample translation (T), displacement (z),
and rotation (Rotation) are shown.

The experimental set up for the measurement of the optical memory effect comprised
of a 633 nm HeNe laser used in a modified Sagnac interferometer geometry. The laser
output is passed through an optical isolator (not shown in Figure 5.6) and a polaris-
ing beam splitter (PBS), which separates the beam into the horizontally and vertically
polarised components. One of the beams is passed through a half waveplate, in or-
der to rotate its polarisation 90 degrees; and a thin glass coverslip, which is removable
for measurements which are insensitive to the relative phase of the beams. The beams
are then each passed through a second PBS, aligned to transmit the beam. Each beam
then passes through a quarter waveplate which is aligned at 45 degrees to the angle of
polarisation of the beam, resulting in circularly polarised light.
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Both beams are incident on the same point on the sample and the scattered light (or
reflected, in the case of an alignment mirror) then follows the same return path as the
beam travelling in the opposite direction. After passing through the second quarter
waveplate, each beam returns to linear polarisation at an angle 90 degrees to its initial
state. This allows it to be reflected at the PBS, instead of being transmitted back towards
the laser source. upon returning to the PBS, the two beams are mirrors of each other.

To accommodate this the clockwise beam is then reflected using an extra mirror.

The two input beams are recombined (spatially overlapped) using a non-polarising
beam splitter into two mixed output signals which are detected on a CCD camera, in
the same way as a Mach-Zehnder interferometer. The separate beams follow a shared
path and it is therefore intuitive to describe these as clockwise and anticlockwise beams
(as shown in Figure 5.6).

In the reflection geometry where the speckle produced by two scattered wavefronts are
correlated due to the time reverse optical memory effect, the distribution of intensities
as seen in the far field are mirror images of each other. If the speckles were to be recom-
bined as in a Mach-Zehnder interferometric system, the speckles could be overlapped
by introducing an extra reflection in one of the detection paths, and not the other. When
recombined using a standard beam splitter, there is a 77 radians phase shift along the
reflected path, this leads to the constructive and deconstructive interference seen along

the two arms.

The output beams are spatially separated on the CCD camera, allowing the direct mea-
surement of both outputs simultaneously, and minimising detection defects and aber-
rations that may come from using two cameras, but unfortunately reducing the image
resolution for each beam. These are labelled as Port 1 and Port 2 to differentiate them.
As in the case of the paths of the interferometer, the two outputs are mirrored and so for
ease of analysis, an extra reflection is again introduced for one of the outputs. After re-
combination, both of the outputs (port 1 and port 2) are composed of both the clockwise
and anticlockwise beams. The difference in the relative phase between the clockwise
and anticlockwise beams in port 1 and port 2 is 7t radians due to the reflection during
recombination. This leads to the intensities of port 1 and port 2 being anticorrelated.
The angle of incidence of the light relative to the normal to the surface of the sample in

the time reverse geometry is measured to be 54 °, equivalent to 0.946 radians.

5.4.2 Wavefront Alignment and Speckle Interferometry

Using an alignment mirror instead of a scattering sample in the beam path produces
Gaussian laser spots on the CCD output. By rotating the non polarising beamsplitter,
the reflected and transmitted beam outputs may be separated spatially on the CCD as
shown in Figure 5.7.
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FIGURE 5.7: An example image of speckle patterns measured in the Mach-Zehnder

interferometer when spatially separated due to the tilting of the beam splitter. This

method can be used in alignment to identify regions of correlated speckle, thus indi-

cating the time reverse geometry. NB the images shown do not exhibit a correlation,
they are for demonstration only.

Through careful alignment it is possible to observe the interference of the recombined
beams in both ports, and overlap them such that they are co-propagating and the wave-
fronts are coplanar, resulting in an “on-off” configuration where the intensities of the
spots are anticorrelated. The interference signal at the Mach-Zehnder interferometer
detection arms can also be altered, as shown in Section 5.4.7, using the phase modula-
tion of one arm of the Sagnac interferometer to induce a phase shift in the two paths

relative to one another.

a) b) c)
Realign beam Coplanar
splitter tilt wavefronts
—_— —p

FIGURE 5.8: Measured speckles showing interference caused by a misalignment of the
wavefronts. The interference is overlayed with the speckle intensity, in this case along
the vertical axis.
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FIGURE 5.9: Illustration of the alignment of the wavefronts in the time-reverse ge-

ometry leading to constructive and deconstructive interference in the Mach-Zehnder

interferometer geometry. The anti-correlated intensity in the two arms of the inter-

ferometer is preserved under multiple scattering. As the relative phase between the

clockwise and anticlockwise beam paths changes, the intensity shifts from one output
port to the other (shown in optical images from left to right).

The scattering sample investigated in the following Sections is a Thorlabs NBK-7 1500
grit optical diffuse reflector. This is a ground glass, silver coated optical diffuser with a
substrate thickness of 2mm and a reflectivity of unpolarised light of ~ 96% at 633 nm.

5.4.3 Speckle Patterns and the Spatial Correlation Function

The speckle pattern as discussed in this chapter refers to the far field image of an angu-
lar distribution of intensities produced by scattering of light from a disordered sample.
The image of the speckle is generally measured over a limited aperture. Pixelation of
the speckle pattern separates the intensity into small finite Sections, generally this is
much smaller than the individual speckle as seen in Figure 5.10.
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FIGURE 5.10: Example images of the speckle pattern of intensities and the cross cor-

relation between them. Two different beams exhibiting time reversal symmetry are

shown (left and right) for two different realisations of the speckle. In this case the

phase shift between the two realisations is 7t radians. The cross correlation between

the left and right images when they exhibit the same speckle is shown and exhibits a
peak due to the time reverse optical memory effect.

The cross correlation between two 2-dimensional images can be simplistically described
as how similar they appear. It is measured as the convolution of the images normalised
to the product of the average of their intensities and as such the correlation function
itself is a function of the same dimensionality of the initial images. An example of the

speckle pattern and their convolution is shown in Figure 5.10.

The calculation of the cross correlation between two 2-dimensional intensity speckle

patterns, I (x,y) and Ix(x,y), is calculated as:

Sl %0,

2= )

(5.1)

where

0L = Li(x,y)— (L), 5.2)
0 = L(x,y) — ().
The ensemble average of the intensity distribution is measured as the mean of several
speckle patterns, denoted by (I). This is then subtracted from the given intensities of
the two speckle images to be measured (equation 5.2). The convolution is then taken of
the subtracted intensity speckle patterns, 6I; and 6. In order to expedite this calcula-
tion, the convolution theorem is used. The speckle patterns undergo a two dimensional
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fast Fourier transform (FFT) to produce the spectral intensity distribution, and the con-
jugate is taken of one of the two transforms:

51(x,y) L5 61(ky, ky) (5.3)

It is then possible to take the correlation of the two images by calculating the inverse

Fourier transform of their product.

-1 . *

The correlation is then normalised to the product of the ensemble average of the inten-
sity distributions.

In a speckle produced by strong scattering, the average intensity of the speckle is equiv-
alent to the standard deviation of the speckle intensity, as shown in equation 2.30. This
substitution leads to the final calculation

F YN (ky, ky) - 615 (ks ky) }

(5.5)
UleNl Nz

Cia(x,y) =

where Nj ; is the total number of elements in images 1 and 2 respectively.

In the case of the two speckle patterns being positively spatially correlated, a peak is
seen in the correlation at the centre of the overlap of the two speckles. Any disparity
between the two intensity patterns is shown as a reduction in this value for the corre-
lation.

5.4.4 Spatial Speckle Correlation Function and the Rayleigh Distribution of
Intensities

When a scattering sample is introduced into the common path of the Sagnac interfer-
ometer as depicted in Figure 5.6, a speckle pattern is produced in the far field and seen
in the output ports, the intensities measured in port 1 and port 2 present the inter-
ference of the two speckle patterns. When the beams are aligned such that they are
overlapped on the sample and the angle of incidence of one beam is equal to the angle
of reflection of the opposing beam, the intensities of the speckle patterns is correlated
according to the optical memory effect as shown in Section 2.3.

By blocking either beam path between the first and second PBS, it is possible to isolate

either the clockwise or anticlockwise beam, eliminating any interference, and observing
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only the light returned from the sample from one angle of incidence. This can be seen
in figures 5.11 and 5.12. The images in figures 5.11 and 5.12 show the speckles detected
along port 1 and port 2 for the clockwise and anticlockwise beams. The set up is aligned
such that the clockwise and anticlockwise beam paths are coincident on the sample.
Along each port, the intensity is correlated such that peaks in intensity are seen in the
clockwise and anticlockwise speckles at the same points in the distribution.

Port 1
15.0 mm 16.0 mm 17.0 mm 18.0 mm

clockwise

anticlockwise

FIGURE 5.11: Example speckles for light scattered from an optical diffuser as a func-

tion of translation position across the sample for the clockwise and anticlockwise beam

paths. The beams follow a common path in opposite directions in a Sagnac interfer-

ometer like geometry. They are then recombined in a Mach-Zehnder like detection

path using a nonpolarising 50/50 beam splitter. The beams are isolated in this com-

mon detection path by blocking the beams before they enter the common beam path
region.
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Port 2
15.0 mm 16.0 mm 17.0 mm 18.0 mm

clockwise

anticlockwise

FIGURE 5.12: Example speckles for light scattered from an optical diffuser as a func-
tion of translation position across the sample for the clockwise and anticlockwise beam
paths in Port 2.

The spatial correlation of the light that is scattered from the sample is seen in the visual
similarity of the clockwise and anticlockwise speckle patterns. This is demonstrated as
the sample is translated perpendicularly (along the T axis as shown in Figure 5.6), i.e.
multiple realisations of the speckle may be interrogated without the loss of the coinci-
dent alignment. This requires careful alignment of the detection apparatus, since there
is a relatively small detection aperture, in order to observe the exact same projection
of the clockwise and anticlockwise scattered light. It is also seen in Section 5.4.5 that
the spatial correlation is very sensitive to the relative depth of the sample, since a small
displacement of the sample from the plane in which the two beams overlap causes a
relatively large change in the relative positions of the two beams on the sample. This
can be counteracted using spatial beam expansion to increase the beam width along the
counter-propagating paths, however this also leads to strong back-reflections due to the
lenses introduced, which significantly impacts the detection of the speckle patterns.

An example of the spatial correlation function is shown in 5.13. A peak is seen in
the centre of the spatial correlation function, where the two speckle patterns are most
correlated. By measuring the peak of this value within a small range, it is possible to
account for slight misalignment of the intensity distributions due to the selection of the
origin of the speckle images.
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Example Speckle Cross-Correlation Function
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FIGURE 5.13: Example of the two dimensional cross correlation calculated using the

Fourier transform of the speckle intensity patterns as presented in equation 5.5. As ex-

pected there is a sharp peak in the centre of the cross correlation, where there is max-

imum correlation in the speckle intensities. The measured cross correlation is taken

using a single realisation of the speckle for the clockwise and anticlockwise beams
along port 1 of the detection arm.

The speckle itself changes for the clockwise and anticlockwise beams as a function of
their displacement across the surface of the sample, as well as from the change in angle
from the sample illumination area to the detection point due to the translation of the
point of incidence. It is the former which gives the larger contribution to the overall
change in the correlation, since the change in scattering angle of the sample will be

very small when measured at a significant distance from the detector.

The Rayleigh distribution of intensities in a given speckle predicts an intensity proba-
bility density profile as follows equation 2.31. This is shown in Figure 5.14 as a dashed

line.
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FIGURE 5.14: Probability density function for the measured intensity over an ensem-

ble of 60 realisations of the speckle. The intensity is normalised to the mean intensity,

measured for each speckle pattern. The distribution is fit using equation 2.31, exhibit-

ing a variance, (I), of 0.71. This is in agreement with the expected value for an isolated

polarisation channel for speckles which undergo depolarisation under multiple scat-
tering.

An ensemble of 60 normalised speckles is measured in Figure 5.14 and the probability
density function is fit to theory according to a Rayleigh distribution with a standard
deviation, ¢ = 0.71 £+ 0.02. When normalised to the expected intensity, measured as
the mean intensity over the ensemble average of the speckle patterns, a contrast C =
0.71 is shown. The reduction in the contrast from unity is not due to the finite pixelation
of the image; as can be seen in figures 5.11 and 5.12, the individual speckle resolution
is seen to be much smaller than the CCD pixelation(90). The major contribution to this
reduction in the contrast is the depolarisation of light at the surface of the sample, since
the speckle is in each case measured in an isolated polarisation channel parallel to it’s
input. The measured intensity contrast can therefore be expected to reduce by a factor
of 1/+/2 or ~ 0.707 (91). This result is significant as it enables the substitution of the
ensemble average intensity for the standard deviation of the speckles when calculating

the cross correlation function (equation 5.5

5.4.5 Depth Detection Using Spatial Correlation

By measuring the spatial correlation function as a function of the sample displacement
from the plane of overlap of the clockwise and counter-clockwise beams, it is possible
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to show that the peak correlation occurs at the point of maximum overlap. The re-
sults of this measurement are shown in Figure 5.17. This is the equivalent of looking
at the sample depth relative to the source(s) along the z axis, which runs along the line
which bisects the incident beams (as shown in Figure 5.6). An illustration of the beam
displacement, Ar is given in Figure 5.15. The total correlation between the samples is
given by the double convolution of the beam profiles of the two sources with the cor-
relation function for two sources at a given angle of incidence and reflection separated

by a small distance, Ar, as described in equation 2.23.

- -
Ar

FIGURE 5.15: An illustrative example of the shift in the relative positions of the inci-

dent beams on the sample due to a change in the sample depth. As the sample moves

away from the exact point of coincidence, the beams shift by a given distance Ar, which
is given trigonometrically by the sample displacement and the angle of incidence.

The dependence of the correlation function upon the small displacement is a negligible
contributor to the correlation of beams of width ~ 0.5mm. Assuming the transport
mean free path to be of the order of several microns as measured using the angular
memory effect, the elastic mean free path is on a shorter length scale, meaning that
any correlation between realisations of the speckles falls off at a rate of at least e=2"/5.
The form factor is therefore analogous to a delta-dirac function in experiments on this
length scale. Thus the fits to the correlation as a function of the beam separation reverts

to that of a Gaussian distribution.
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FIGURE 5.16: The peak cross correlation is measured for various sample positions as
a function of sample “depth”, displacement as measured along the z axis shown in
Figure 5.6. The correlation is expected to be limited by the convolution of the beam
intensity profiles as they begin to overlap and then separate. Assuming a Gaussian
beam profile of the initial laser source, the fits are of a Gaussian distribution.

The cross correlation between the time reverse paths is shown as a function of the rel-
ative displacement Az along the z axis in Figure 5.16. This shows a distinctive peak
correlation at the point of maximum overlap of the two beams. The relative separation
of the beams at the sample is calculated trigonometrically as Ar = Az tan(6;), where 0;

is the angle of incidence relative to the normal of the surface.
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FIGURE 5.17: The peak cross correlation measured as a function of the relative dis-

placement of the centre of the beams on the surface of the sample (Ar). The correlation

is expected to be limited by the convolution of the beam intensity profiles as they be-

gin to overlap and then separate. Assuming a Gaussian beam profile the fits follow a
Gaussian distribution.

The Gaussian fits to the sample peak correlation merely describe the convolution of the

beam intensity profiles, their mean FWHM to be calculated as

FWHM = ZV%};Q)U = 2In(2), (5.6)

where ¢ is the standard deviation of the convolution, as measured from the time re-
verse set up. The FWHM of the is found to be FWHM = 0.73 £ 0.02 mm with a mean
amplitude of 0.55 £ 0.01 and an average background constant of 0.70 £ 0.01, as an aver-
age across both of the detection ports. This result illustrates the powerful nature of the
speckle correlation provided by the time reverse memory effect that, despite the rela-
tively weak scattering in the given sample, the spatial extent of the correlation function
as measured in the free space geometry is predominantly a function of the width of the

outgoing beams.

5.4.6 Angular Dependence of the Correlation Coefficient

The angular dependence of the spatial correlation function was also investigated. The
2D spatial correlation was measured as a function of the normal of the surface of the

sample to the line which bisects the counter-propagating beams. This was achieved
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by rotating the sample about the point of coincidence such that the position of the two
beams on the surface of the sample remained steady, thus probing the dependence of
the relative angle of incidence and reflection of the two beams. This effect is then shown

in Figure 5.18. A fit to the measured data is also shown, following equation 2.21

Speckle Correlation Angular Dependence
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FIGURE 5.18: Experimental measurement and theoretical fit to the angular depen-
dence of the peak of the spatial correlation function following equation 2.21, measured
as a function of the difference in angle of incidence and angle of detection relative to
one another. Plot shows a 10 point moving average of the data set with a standard

The data can also be expressed as a function of the transverse component of the wave
vector of the incoming light, relative to it's counter-propagating component. In this
case the peak is centred around the value which represents the geometry of the in-

terferometer, where the incoming and outgoing beams are co-propagating along the

deviation over 6 repeat measurements.

direction of detection.
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Speckle Correlation Angular Dependence
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FIGURE 5.19: Experimental measurement and theoretical fit to the angular depen-

dence of the spatial correlation function following equation 2.21, given as a function

of the absolute value of the transverse wave vector, g;, relative to the normal to the

surface of the sample. Plot shows a 10 point moving average of the data set with a
standard deviation over 6 repeat measurements.

The experimental data is fit to theory following equation 2.21, with the fitting parame-
ters Iy = 4.3 um, L = 8.6 ym, and with a background constant of 0.14.

5.4.7 Survival of Phase in the Time Reverse Memory Effect

The time reversal symmetry of the multiple scattering process is what gives rise to the
correlations given in the optical memory effect, as described in Section 2.3. It is there-
fore the preservation of phase during this multiple scattering regime which leads to a
constant phase difference between the counter-propagating paths, leading to the con-
structive and deconstructive interference seen in the speckle pattern produced when
recombined in a reflection geometry such as that shown in Figure 5.6. When the re-
flected speckles are combined so as to produce the signals detected in ports 1 and 2, it
is apparent that due to the change in phase induced by reflection at the non-polarising
beamsplitter, a constructive interference of speckles produced in the clockwise and
counter-clockwise beams in port 1 will lead to a deconstructive interference of those
same speckles in port 2. This presents a problem when attempting to use the time re-
versal symmetry of a system to determine information from the sample such as the
time of flight or intensity of signal, since two detectors are required to be analysed and
compared or combined simultaneously. There is also an issue of de-phasing during the
time of flight of the beams, an issue which is not present in an optical laboratory setup
(given there are no large convection currents to introduce a large flow of air along the
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beam-path), but which become non-negligible over practical distances, or when prob-

ing through dynamic systems.

A possible solution to this problem is to adjust the phase of one of the beams relative
to the other, such that the interference at the recombined region is always construc-
tive along one of the detection ports. Experimentally this is achieved using a simple
phase delay consisting of a thin glass slide (L ~ 150um) attached to a piezoelectric
motor which can be driven with a DC voltage in order to change the relative angle of
the glass, and therefore the relative phase of the beam. Refraction caused by the thin
glass and small change in angle lead to a very small change in the beam path which is

compensated for before measurements take place.

The relationship between the supplied voltage, and by direct association the relative
phase between the two beams, and the peak value of the two dimensional cross corre-
lation of the speckles produced along the two ports is given in figures 5.20 - 5.22.
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FIGURE 5.20: Measurement of the peak correlation between the clockwise and anti-
clockwise beams for a given relative voltage. Fits use a sinusoidal relationship, as-
suming direct proportionality between voltage supplied to the phase delay and the in-
duced phase change. Error bars represent averaging over 21 realisations of the speckle.
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FIGURE 5.21: Peak correlation as a function of the relative phase between the incident
beams. Error bars represent averaging over 21 realisations of the speckle. Fits are of a
sinusoidal relationship, representing the induced change in phase.
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FIGURE 5.22: Peak correlation as a function of the relative phase between the incident
beams. Error bars represent averaging over 21 realisations of the speckle. Fits are of a
sinusoidal relationship representing the induced change in phase.

The cross correlation between the speckle patterns in ports one and two are measured
in the time reverse geometry over 21 realisations of the speckle, achieved by translat-
ing the sample. Error bars are shown as the standard deviation of the peak correlation
across the 21 sample positions. The sinusoidal relationship shows agreement with the
change in relative phase induced in the arms leading to a constructive and deconstruc-

tive interference of each speckle across the entirety of the detection field.
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5.5 Conclusion

In this chapter, an experimental investigation of the phase dependence of the time re-
verse optical memory effect has been undertaken. The spatial and angular dependence
of the correlation of time reverse scattering geometry has been measured to a high
degree of accuracy and found to corroborate previous theoretical and experimental re-
sults. The phase of light has been shown to be preserved in the multiple scattering
time reverse memory effect, enabling active control of interference of the time reverse
paths using a phase delay, and corroborating previous spatial phase modulation ex-
periments undertaken predominantly in transmission. The active control is combined
with a Mach-Zehnder interferometer-like detection geometry to show the correlation
exhibited between reflected speckles within the Lorentz-reciprocal geometry when a 7t
relative phase shift is introduced.

Additionally, initial experiments are undertaken which show that the phase modula-
tion of the Sagnac interferometer may be extended to the high frequency pulsed regime
and combined with single photon counting detection methods, enabling high resolu-
tion time of flight measurement. The robustness of the effect is also demonstrated over
long time intervals, showing that perturbations to the phase delay due to environmen-
tal effects do not significantly impact the detected normalised signal. The system also
implements the use of a single photon counting device, locked to a trigger frequency
measured directly by the laser, which could enable a quantum statistical approach to
exploring these interactions in the TRME, as well as drastically increasing the detection

limit.
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Chapter 6

Conclusions & Future Work

6.1 Conclusions

The summary of outcomes of the thesis are as follows:

¢ The transport of light in a strongly scattering random environment has been char-
acterised using a novel experimental pump probe technique, which makes use of
photo-induced absorption to measure the spatial and temporal propagation of

near-infrared light.

¢ The pump probe technique was used to measure anisotropic scattering in thin,
strongly scattering nanowire mats, showing a significant deviation of the diffu-
sion constant in the longitudinal and transverse directions. This was corroborated
using mechanical compression to reduce the diffusion constant in all directions

across two different nanowire samples.

¢ The phase dependence of the time reverse memory effect was experimentally
measured in the Sagnac interferometer-like reflection geometry, by examining
the cross correlation of superposed speckles in a combined Mach-Zehnder in-
terferometer detection system. This system was then applied to a pulsed optical
system and the robustness of the effect was shown under time-resolved measure-
ments.

The results presented in this thesis demonstrate the application of an ultra-fast pump
probe technique to measure the diffuse propagation of light in random media. The sep-
aration of the diffusion constant into its vector components opens the way to a more de-
tailed study of anisotropic light matter interaction. The detection method has demon-
strated measurements of long light paths in strongly scattering nanowires. Utilising the
non-linear transient absorption demonstrated in GaP, a methodology was produced to
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identify and remove any contribution to the signal from thermalisation of the photo-
excited electrons. The measurement of the diffusion constant resulted in the determi-
nation of an anisotropy of 1.65 and 1.47 in the transverse and longitudinal directions.

The optical memory effect has been investigated and results were found to be in agree-
ment with established theory of the correlation of time reversal symmetry. A novel
Mach-Zehnder detection geometry has been introduced, allowing for the determina-
tion of interference effects on the speckles produced in the time reverse memory effect.
It is shown that the speckles produced become anti-correlated when recombined due
to the reflection at the sample. This can be altered by introducing a phase delay which
shows that the entire speckle may be switched between states. This effect is similar to
wavefront shaping experiments used frequently in transmission but not demonstrated
under time reversal symmetry until now. Finally the methodology was applied to the
pulsed regime, in which a demonstration of the effect in time of flight measurements
was shown using specular reflection, opening the door to further applications in tar-
get signal detection and ranging, as well as quantum statistical analysis thanks to the

implementation of single photon counting.

6.2 Future Work

The time of flight pump probe measurements will benefit greatly from larger statisti-
cal averaging, especially when combined with a subject sample which is anisotropic in
the dimensions transverse to the light propagation. This will likely lead to a greater
certainty of the presence or absence of mesoscopic interactions in the light transport
through such strongly scattering media. The system benefits from wavelength tunabil-
ity of both the pump and probe, although sufficient power was not able to be generated
at a low enough wavelength in order to study the titania nanoparticles.

In the search for Anderson localisation of light in three dimensions, this experiment
offers a powerful technique to measure the spatial and temporal mesoscopic evolu-
tion of light in strongly scattering media. Future sample systems, which may exhibit
properties of interest in the near infra-red or visible region, may make use of novel fab-
rication techniques to design materials with tunable anisotropy and scattering strength
(54) (8) (92). Ultimately this may enable further progress towards the elusive goal of
determining three dimensional Anderson localisation of light(60).

The optical memory effect is well established in transmission geometries, where most
applications are found in real world environments. However a full experimental in-
vestigation of the possible improvements that can be made thanks to the time reversal
symmetry introduced using the Sagnac interferometer geometry is still lacking. These
measurements establish a methodology which can be combined with techniques estab-

lished in previous works in the transmission geometry. The interference of the speckle
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subject to the spatial correlation also provides a powerful noise rejection tool in the es-
tablished long distance detection methods. A strongly scattering sample could also be
used to identify the higher order contributions to the correlation function, allowing for
confirmation of their phase dependence and the full description of this phenomenon.
The single photon counting implemented in the pulsed apparatus also demonstrates
the possibility of statistical measurement of the quantum interference in the time re-

verse optical memory effect.
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