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ABSTRACT
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MESOSCOPIC TRANSPORT AND CONTROL OF LIGHT THROUGH

DISORDERED NANOWIRE MATS

by Thomas I. Strudley

In this thesis the transport of light through disordered, densely packed semiconductor

nanowire mats is studied. It is found that the extremely high photonic strength of these

samples leads to corrections to the traditional diffusion picture of light transport due

to mesoscopic interference. Such effects are characterised by large intensity fluctuations

and correlations, and it is found the transport is dominated by only a few indepen-

dent transmission channels, close to the Anderson localisation regime. In addition to

the strongly scattering nanowire samples, comparatively weakly scattering samples of

ZnO are investigated, demonstrating mesoscopic effects in a less exotic, isotropic multi-

ple scattering material. Control is obtained over the transmission by a combination of

shaping the incident wavefront and harnessing the intrinsic nonlinearity of the semicon-

ductor with ultrafast optical excitation.Through these techniques, a bright focus at an

arbitrary point through the nanowires is created which can be modulated by up to 60%

in a demonstration of a reconfigurable photonic switch.
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Chapter 1

Introduction

1.1 Disordered Photonics

According to the United Nations, 2015 will be the ’International year of light and light-

based technologies’ [5], recognising the increasingly important role of photonics to soci-

ety. Our understanding of how light interacts with matter underpins a whole range of

applications including medical imaging, telecommunications and photovoltaics. Under-

standably, the vast majority of devices are based on precisely designed, ordered struc-

tures through which the propagation of light is predictable. The presence of disorder in

such systems is considered detrimental to performance, and great advances have been

made minimise or compensate for naturally occurring randomness. While this approach

has been the basis of many technological advances so far, there is growing interest in

harnessing the effects of disorder instead of fighting against it [6].

So why is disorder interesting? While light can pass through random multiple scattering

media such as skin or a layer of white paint, they appear opaque because over several

scattering events any information about objects behind or within the layer is scrambled.

Consequently, the most recognisable feature of coherent light propagating through such

a medium is the seemingly chaotic distribution of intensities known as a ’speckle pat-

tern’ arising from the interference of many light paths of different lengths. Originally

considered a limiting factor in the use of lasers for imaging, speckle in fact conserves a

surprisingly large amount of information. One example of this is the so called ’memory

effect’ [7], a short range correlation in which the original direction of the incident light

is remembered even after a large number of scattering events. Recently this property

has been used to image objects concealed behind an opaque screen [8, 9].

The ability to image and focus light through disordered media is of great interest, espe-

cially the prospect of using lasers for medical diagnosis and treatment. This is possible

because the elastic multiple scattering process does not destroy information, and due

1



2 Chapter 1 Introduction

to reciprocity, it should be completely reversible. As long ago as 1966, this property

was exploited using optical phase conjugation to retrieve an image transmitted through

a diffusive medium [10]. More recently, considerable advances have been made in time

reversal experiments using acoustic [11, 12], electromagnetic [13, 14] and even water

[15] waves. In these studies the complex wavefront generated by the multiple scattering

process is recorded, inverted, then played back to recreate the original source.

A closely related approach is to find the transmission matrix coupling the incident and

outgoing fields to the medium. If the transmission matrix is known it is, in principle, pos-

sible to compensate for the scrambling effect of the medium by controlling the incident

wavefront. Naturally, calculating the transmission matrix of a real multiple scattering

sample is a daunting task. However, great advances have been made in recent years us-

ing spatial light modulators to control the transmission through random media without

prior knowledge of the transmission matrix. By monitoring the outgoing light from the

medium while iteratively changing the incident wavefront, it is possible to create a sharp

focus at an arbitrary point that can exceed the diffraction limit for traditional optics

in so called ’perfect focusing’ [16, 17]. By the same approach the total transmission

can be increased by coupling only to modes with high transmission coefficients [18, 19]

and the transmission matrix itself can be measured [20, 21]. The ability to measure the

transmission matrix means that the disordered photonic media hold great promise as

reconfigurable optical devices [22, 23].

Due to the random walk like nature of diffusion, light can be trapped within a disordered

structure for a relatively long time. This property is of considerable interest in the

development of photovoltaics, as the trapping of light close to the active material in

solar cells can improve efficiency [24]. Another notable developing field harnessing this

property is that of random lasers, in which a disordered collection of scatterers is used

to confine light within a gain medium instead of a traditional cavity [25]. The principle

advantage of this technique is the potential to easily and cheaply create small, robust

lasers. While the initial output from such devices is random, it has been shown that

by applying wavefront shaping techniques to the pump light it is possible to control the

selection of both spatial and spectral lasing modes [26, 27].

As well as the relatively recent interest for applications, the effect of disorder on wave

propagation has long been a subject of more fundamental studies. For sufficiently high

scattering strength, the classical diffusion picture of wave transport breaks down and

several new interesting phenomena can occur. Perhaps the most well known of these

mesoscopic effects is that of Anderson Localisation, in which diffusion is completely

halted by disorder. The term ’mesoscopic’ refers to physics at the interface between the

classical and quantum worlds, and it is more commonly encountered in the field of solid

state electronics. Indeed, Anderson Localisation was first proposed as a new conductor-

insulator transition for electrons propagating in disordered conductors in 1958 [28].
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The underlying physics of mesoscopic effects is that of interference, which is equally

applicable to classical wave propagation [29]. Anderson Localisation has been observed

in many different classical systems including acoustic waves [30], microwaves in quasi-

one dimensional (Q1D) waveguides [31], cold atom systems [32], and light in one and

two dimensions [33–35]. However, conclusive demonstration of Anderson Localisation of

light in 3D remains somewhat of a holy grail of mesoscopic physics. Several pioneering

studies have reported its observation [36–38]. However, effects such as absorption can

mimic those of localisation [39] and some debate remains of the interpretation of the

results and whether localisation of light is even possible [40] in three dimensions.

1.2 Thesis outline

In this thesis, light propagation through densely packed disordered mats of semiconduc-

tor nanowires is investigated. Such samples exhibit two properties of interest: they are

amongst the strongest optically scattering materials available, and are intrinsically non-

linear due to their semiconductor composition. In the last section of this chapter the

theoretical background of multiple scattering in random media is introduced, while the

growth and optical characterisation of the nanowire samples used is detailed in chapter

2.

In the presence of strong scattering, it is expected that the traditional diffusive picture

of light transport breaks down due to mesoscopic interference effects. In chapter 3, it

is demonstrated that the transmitted light through strongly scattering nanowire mats

exhibits relative fluctuations in intensity greater than predicted by diffusion. By ex-

amining the full statistical distribution of intensities, it is found that the transport is

governed by a minimum of only 4 transmission channels on average [2]. This is a record

low for a 3D photonic medium and close to the Anderson Localisation transition. In

agreement with this interpretation, long range correlations are found in the transmission

in Chapter 4.

The non-linearity of the nanowires offers an opportunity to achieve an additional degree

of control over the transmission using optical pumping in combination with wavefront

shaping techniques. In chapter 5 a digital micro-mirror display (DMD) based spatial

light modulator (SLM) is used to focus through the nanowire mat by binary amplitude

modulation of the incident wavefront. The non-linearity of the nanowires is then ex-

ploited using pulsed laser excitation to achieve control over the optimised spot in chapter

6. It is found that the intensity of the optimised spot can be modulated by up to 63%

due to a combination of induced absorption and dephasing. It is also found that the

effect of the dephasing can be reversed to give an enhancement in the peak to back-

ground intensity of 18%. A summary of the work undertaken in this thesis is then given

in Chapter 7.
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1.3 Theoretical Background

In this section, the aim is to provide an introduction to the theory of multiple scattering,

and how so called ’mesoscopic’ interference effects can modify classical diffusion in the

presence of strong scattering. Here the term mesoscopic is a consequence of the origin of

the theory in solid state electronics. For an electron, such interference is a truly quantum

effect as it arises due to its wave-like properties. However, for classical waves there are

no quantum implications unless single photons are considered, and the term refers to

the interference of propagating light paths that is negligible in the diffusive limit. The

treatment of the theory is brief with an emphasis on highlighting the parts relevant to

this thesis. For readers desiring a more thorough analysis, the author recommends the

book of Akkermans and Montambaux [41] as an excellent reference.

1.3.1 Multiple scattering

When considering the propagation of waves through a disordered collection of scatterers,

the concept of a scattering mean free path, ls, is important. This is defined as the average

distance a wave travels before being scattered, which is related intuitively to the average

scattering cross-section of the scatterers σs and the scatterer density ρ:

ls =
1

ρσs
. (1.1)

Throughout this thesis, it will be assumed that scattering is purely elastic (ie no mo-

mentum is transferred from the light to the medium) and absorption is negligible. The

probability of a wave being traveling for a distance L through such a medium without

being scattered decays exponentially as per the Lambert-Beer law (Equation 1.1). As a

result, for a medium more than a few mean free paths thick the coherent transmission

Tc is vanishingly small:

Tc = e−L/ls . (1.2)

In the weak scattering limit (L > ls > λ), light takes paths that can be approximated

as a set of random walks. As shown in Figure 1.1 (a), the path taken depends upon the

exact position and angle of incidence of the incoming wave. Typically many such paths

are available to an incident wavefront such as a plane wave. Due to the variation in

propagation lengths, the relative phase between each path is randomised. As the result,

the outgoing wavefront either in transmission or reflection is a complex interference

pattern known as speckle (Figure 1.1 (b)).
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(a) (b)

Figure 1.1: (a) Examples of light following random walks within a medium. (b)
Image of a transmitted speckle pattern

The mean free path ls defines the length scale of the random walk. However, it is

important to note that this is only strictly true in the case of isotropic scattering.

Otherwise, the transport mean free path l∗ should be used:

l∗ =
ls

1− < Cos[θ] >
, (1.3)

which includes the average of the cosine of the scattering angle θ. This accounts for the

effect of the existence of a preferred scattering direction upon the transport, and can be

considerably greater or smaller than ls in the cases of strongly preferential forward or

backward scattering respectively [42]. In this thesis, scattering will largely be assumed

to be isotropic meaning ls and l∗ can be considered to be equivalent and the mean free

path will be referred to simply as l.

A speckle pattern can be considered as a unique fingerprint of a specific sample re-

alisation, as small changes in the position of scatterers can dramatically change the

resulting interference pattern. Even if the exact form of the scattering potential of a

diffusive medium is known (unlikely for real samples), precisely calculating the speckle

is a daunting task. However, the average properties can be calculated formally using

Green’s functions. Otherwise known as intensity propagators, Green’s functions describe

the evolution of a wave between two points (r and r′) as the product of the complex

amplitudes aj and ai∗, where the subscripts indicate the path taken. The complex con-

jugate ai∗ represents the amplitude of the time reversed path i. These amplitudes can

be represented diagrammatically as in Figure 1.2.

Even without knowing the exact form of the intensity propagator, which depends upon

the details of the scattering medium, it is still possible to gain some insight into the

problem of multiple scattering through this approach. To asses the overall probability

of diffusion between two points, the contribution of all possible paths must be considered.

By taking the average after summing over all paths, the average probability P(r, r′) can

be defined:

P (r, r’) ∝
∑

i,j

a∗i (r, r’)aj(r, r’). (1.4)
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r r’
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(a)

(b)

Figure 1.2: (a) Examples of light following random walks within a medium. (b)
Image of a transmitted speckle pattern

It is instructive to split this sum into the contributions of when the paths are different

(i 6= j) and identical (i = j), corresponding to the cases shown in Figure 1.2(a) and (b)

respectively:

P (r, r’) ∝
∑

j

|aj(r, r’)|2 +
∑

i 6=j

a∗i (r, r’)aj(r, r’). (1.5)

The first term of Equation 1.5 survives averaging over disorder as the phases are equal

and therefore cancel out. In the classical diffusion picture it is assumed that, on aver-

age, the contribution from the second term vanishes because of the random dephasing

between different paths. This approximation results in the purely classical probability

PCl:

PCl(r, r’) ∝
∑

j

|aj(r, r’)|2. (1.6)

This probability is otherwise known as a ’Diffusion’, and under this approximation light

transport follows the well known diffusion equation:

[
∂

∂t
−D∇]PCl(r, r’, t) = S(r, r’, t). (1.7)

Here the source is represented by S(r, r′, t), and the diffusion constant D = vl/d is intro-

duced where v is the group velocity of the propagating light and d is the dimensionality

of the medium. For a finite system of volume Ld, the characteristic time for light to

diffuse from one boundary to another is given by the Thouless time τD = L2/D. This

illustrates one of the key properties of diffusion- it is much slower than ballistic transport

(which scales with L instead of L2). This means that even in thin layers of material such
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as white paint, light can be trapped for surprisingly long times. As a rough example,

a layer of white paint 1 mm thick may have a mean free path of 1 µm, resulting in a

typical transport time of the order of 10 ns (depending on the effective refractive index).

This is orders of magnitude greater than the 3 ps required for light to transverse this

distance in free space.

1.3.2 Transmission channels and conductance

It is helpful at this point to introduce the concept of channels. In this thesis we are

interested in a slab geometry of width L and area A = W 2, where W is the length of

one side. In a transmission experiment, any medium can be described as a transmission

matrix t with elements tab coupling ingoing mode a to outgoing mode b. This situation is

shown in Figure 1.3(a). The number of ingoing and outgoing modes is simply defined by

the number of degrees of freedom at the respective interfaces. The number of transverse

modes, N , in the slab is given by N ≈ Ak2n. Here the refractive index dependent

wavevector kn = 2πn/λ has been introduced, meaning that there is approximately one

mode per square wavelength in the slab.

Ingoing
channels ‘ ’a

Outgoing
channels ‘b’

(a) (b)

Figure 1.3: (a) Ingoing and outgoing channels to an infinite slab. (b) Bimodal
distribution of transmission coefficients

The concept of a transmission channel is an independent way for light to get from ingoing

mode a to outgoing mode b. Formally, these are the Eigenchannels of the transmission

matrix. A key result from random matrix theory is that the distribution of transmission

channels τ follows a bimodal distribution [43], given by P (τ) ∝ 1/(τ
√
1− τ) [44] as

in Figure 1.3(b). A large number of channels are ’closed’ with negligible transmission,

meaning the transport is dominated by ’open’ channels with close to unity transmission.

Consequently, the number of open channels g′ is approximately equivalent to the optical

analogue of the dimensionless conductance: g′ ≈ g =
∑

a,b

tab [45]. Throughout this thesis,

the number of open transmission channels will be referred to simply as ’g’. However,

readers should be aware that this is only an effective conductance, and in particular the

definition of the true optical conductance through a three dimensional slab is a difficult

problem for the reason that increasing the area of the slab will always increase the
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number of transmission channels. As a result, much of the theory has been developed

for quasi-1D waveguide geometries, in which the analogy between the transport of light

and electrons is well defined.

By applying appropriate boundary conditions to the diffusion equation (Equation 1.7)

the average transmission from a to b, < Tab >, can be obtained:

< Tab >=
l

NL
. (1.8)

Following from this, the average total transmission from one incident mode < Ta > can

be found by summing over all outgoing degrees of freedom b:

< Ta >=
∑

b

< Tab >= N
l

NL
=

l

L
. (1.9)

This dependence of the total transmission on l/L is well known, and is a form of Ohm’s

law. In effect, a multiple scattering medium acts as an optical resistor, a further demon-

stration of the strong analogy between wave transport and electronics. Similarly, the

average conductance can also be derived by summing over all outgoing degrees of freedom

b:

< g >=
∑

a,b

< tab >= N2 l

NL
= N

l

L
. (1.10)

From this it is possible to find the average number of open transmission channels through

the slab:

< g >≈ N
l

L
=

Ak2nl

L
. (1.11)

This result is only strictly correct for a waveguide geometry (W > L). In a typical

optical experiment, light is incident on a small portion of the overall area of a slab,

and spreads transversely due to diffusion. This point is addressed further in chapter 3.

Typically diffusive media have a large number of open transmission channels due to a

low scattering strength, characterised by values of knl >> 1.

1.3.3 Mesoscopic interference

The diffusive picture of light transport in disordered media presented so far is a theory

that is extremely successful in describing the majority of multiple scattering effects.

However, it is based upon the assumption that the second term in Equation 1.5 goes
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to zero when it is averaged over disorder. This term contains the interference between

different paths. Contrary to the argument that the phase differences between these

different paths are large and random, it is quite easy to see that there exists a possible

set of paths which are similar but not identical. An important example is the case of

a Diffusion crossing with itself, shown in Figure 1.4, in which the paths share the same

scattering events but propagate in opposite directions around a loop.

r r’

aj

ai*

Figure 1.4: Scattering loop in which propagators share scattering events but
travel in opposite directions.

Due to time reversal symmetry the two paths in Figure 1.4 will have identical phases, in-

terfere constructively and survive averaging over disorder. As a result the ’mesoscopic’

interference term in Equation 1.5 would not go to zero, and light transport could no

longer be described purely by the classical diffusion process. As the interference is con-

structive, there is a reduced probability of diffusion away from the point of interference.

This provides a negative correction to the conductivity, and in extreme conditions leads

to Anderson localisation as the probability of diffusion goes to zero. A system can be

said to be localised for g < 1, corresponding to an average of less than 1 open transmis-

sion channel. This is the point of transition between a conductor and insulator induced

by disorder, as per Anderson’s original proposal.

However, due to the success of diffusion in describing multiple scattering, the correction

must be small for everyday phenomena. The probability of this happening in a system

of volume Ω is strongly connected to the probability of return Z(t) of a diffusion to the

same point:

Z(t) =

∫

drPcl(r, r, t) =
Ω

(4πDt)d/2
. (1.12)

It can be seen from Equation 1.12 that both dimensionality and scattering strength have

an impact on the likelihood of return. In three dimensions the probability of a Diffusion

returning to the origin is small, whereas in one and two dimensions the probability is high

given a large enough system. For this reason, strong disorder is not a requirement for the

observation of Anderson localisation in one and two dimensional disordered mediums,
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which can be considered to always be localising if of sufficient size. However, in order to

observe mesoscopic interference effects in three dimensions it is expected that the mean

free path must be smaller than optical wavelengths to trap light sufficiently close to the

origin. This can be understood intuitively by considering that scattering several times

over the space of one wavelength results in the wave description of light losing some

meaning. This expectation leads to the Ioffe-Regel criterion for localisation of kl ≈ 1.

There are other possible sets of paths that survive averaging over disorder, resulting in

corrections to classical diffusion. In these ’crossings’, two Diffusions share a scattering

event and exchange amplitudes. Examples containing 1 and 2 such crossings are shown

in Figure 1.5.

a

a’

b

b’

a

a’

b

b’

(a) (b)

Figure 1.5: Two diffusions interacting through (a) 1 and (b) 2 crossings, ex-
changing amplitudes.

Again, in order for the dephasing between the two paths to be smaller than 2π, a mean

free path shorter than optical wavelengths (l < λ) is required. The probability of such

crossings occurring, p×, is closely related to the probability of return. By assigning a

characteristic volume to a diffusion λd−1vδt as it explores a medium of volume Ld, this

probability can be expressed as the ratio of volumes:

δp×(t) =
λd−1vδt

Ld
≈ 1

g

δt

τD
. (1.13)

By integrating over the Thouless time, the probability of a crossing in the time it takes

for light to diffuse through the medium can be obtained:

p×(τD) =

∫ τD

0
δp×(t) ≈

1

g
. (1.14)

As long as the crossings are independent, it follows that the probability of two crossings

is of the order 1/g2. In the weak scattering limit (λ < l), the contribution of meso-

scopic interference to light transport can then be considered to be a power series in

1/g depending on the number of crossings. As the conductance is typically large the

classical diffusion picture is retained, with small corrections due to mesoscopic interfer-

ence. These crossings serve to correlate transmission channels, resulting in an overall

reduction in the number of independent transmission channels.

Both the crossing of a diffusion with itself and the crossing of two Diffusions can be

considered to have the same effect of lowering the dimensionless conductance g. The
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overall probability of transmission with one crossing p0(τD) is a combination of both

effects, given by Equation 1.15:

p0(τD) ≈ p×(τD)

∫ τD

0
Z(t)

dt

τD
=

1

g

Z(τD)

τD
. (1.15)

Experimentally measurable consequences of such crossings include increased correlations

[46, 47] and relative fluctuations in transmission [48–50], discussed further in chapters 3

and 4. Such measurements have been made for light in three dimensions, generally using

samples consisting of Titanium Dioxide powder. These studies found typical values of

g′ in the range of 100-1000 [51–53], and as a result the effect of mesoscopic interference

was measurable but subtle. This approach was also adopted in the demonstrations of

localisation of ultrasound and microwaves, demonstrating that such effects survive the

localisation transition. Assessment of transmission fluctuations and correlations to find

g′ is a useful tool to characterise mesoscopic effects, and is the approach adopted in this

thesis.

1.3.4 Anderson Localisation

As may be expected for a phase change between a conductor and an insulator, Anderson

localisation results in behaviour markedly different from that of diffusion. One key

difference is the dependence of the transmission on sample thickness. While for diffusion

the total transmission decays linearly with L as in Equation 1.5, when localised it decays

exponentially.

Ta = e
−L

ξ (1.16)

Here the localisation length ξ has been introduced, which is the characteristic distance

required for a wave to become localised within the medium. For L > ξ the average

number of open channels is less than 1 and the medium becomes a perfectly reflecting

insulator in the absence of absorption. As this is a clear, measurable effect, the first

report of Anderson localisation of light was based on the observation of an exponential

drop in transmission through layers of Gallium Arsenide powder [36]. However, it has

been suggested that absorption could have been responsible for this effect [39].

This reflects the problem of conclusively demonstrating Anderson localisation of light in

three dimensions. It is difficult to make samples with sufficient scattering strength, and

other phenomena have effects that can mimic localisation. Other studies have shown

anomalously long dwell times of light in a thick layer of Titanium Dioxide [37], recently

backed up by the observation of a halt in the diffusive spread of light at long times [38].
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While seemingly strong evidence of localisation, it has been suggested that florescence

could have similar effects [54].

As a result, the current state of the field is that there is no undisputed demonstration

of Anderson localisation of light in three dimensions, despite several pioneering studies.

There is even some debate over whether it is even possible due to the vector nature of

light as much of the theory considers the case of scalar waves [40]. Other studies have

demonstrated localisation of both acoustic [30] and matter waves [32] in 3D, as well as

localisation of microwaves and light in lower dimensional systems [31, 34, 33].

The fundamental nature of mesoscopic transport and the ongoing theoretical develop-

ment is what makes the field exciting. However, in the experience of the author it also

leads to some confusion due to the interplay between precisely defined theory and exper-

iments which are by their very nature less controlled but at times equally complex. To

a newcomer to the field it is not immediately obvious that Anderson localisation of light

in three dimensions is still an open question, and as in this section a certain amount

of caution is often employed in its discussion. By no means does the work presented in

chapters 3 and 4 of this thesis settle the issue. However, the strong mesoscopic effects

found show that it is at least possible to get close to the localisation transition in a 3D

photonic medium.



Chapter 2

Nanowires

2.1 Nanowire materials

Semiconductor nanowires are a material of great technological promise, with a host of

potential applications including the important area of light harvesting and photovoltaics

[1, 55–60]. State of the art methods can grow high crystal quality nanowires over a

large area with a high degree of homogeneity. Some of the benefits of using III-V

semiconductor nanowires include compatibility with current silicon based semiconductor

technologies, precise control over the composition and crystal structure, high surface area

to volume ratios and access to the interesting physics of nanoscale structures.

Of particular interest here is the effect of a nanowire diameter comparable to optical

wavelengths on its light scattering properties. It has been shown previously that dis-

ordered, densely packed mats of Gallium Phosphide (GaP) nanowire are amongst the

strongest scattering materials available [61]. Optical mean free paths as low as 0.2 µm

can be achieved due to a combination of a high refractive index (around 3.5 in the

visible), tuning the diameter to achieve resonant scattering and high volume packing

fraction. This is of obvious interest for studies of mesoscopic effects in three dimensions

which depend on light being scattered on a length scale smaller than the wavelength, and

such nanowire mats form the basis for the work in this thesis. The intrinsic nonlinearity

due to the semiconductor material used is also of interest, as it offers the possibility of

optically controlling the scattering properties of the nanowires.

13
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2.2 Growth of nanowire mats

2.2.1 MOPVE

The nanowires in this project were grown using metal-organic vapour phase epitaxy

(MOPVE) by Tilman Zehender in the group of Erik Bakkers at the University of Eind-

hoven during two visits by the Author. Here a brief overview of the process described

in Ref. [1] is presented. Firstly the GaP wafer to be used as a substrate was prepared

for insertion into the MOPVE reactor. A 200-300 nm SiO2 layer was deposited on the

back side of the wafer in order to protect it during the rest of the process. The substrate

was then etched using Aqua Regia for 2 minutes in order to remove the surface oxide

layer from the front of the wafer. Immediately after this step, a thin layer of gold was

evaporated onto the exposed GaP surface.

The substrate was then placed into the MOPVE reactor chamber, which is heated to

cause the gold film to melt and form randomly distributed droplets over the surface

in the first stage of the process. The precursor gasses TriMethylGallium (TMGa) and

Phosphine (PH3) were then passed over its surface while the substrate was rotated. The

gold droplets absorb Gallium and Phosphor from the precursor gasses. Once a droplet

becomes saturated, a single layer of GaP is deposited on the substrate, and in this way

a nanowire is grown upwards with the gold remaining on its tip. This growth process is

illustrated by Figure 2.1.The direction of the nanowire growth is controlled by selection

of the crystal orientation of the substrate. A [100] orientation was used in order to

achieve nanowires in a ’crossed’ configuration, growing at an angle to the surface normal

in order to create a 3D disordered medium. This occurs because the preferred growth

direction is [111] direction, roughly at 35 degrees to the [100] orientation.

Figure 2.1: Cartoon representing nanowire growth scheme.

It is possible to switch between this axial growth to a radial growth by increasing the

temperature in the reaction chamber, altering the chemistry of the interaction of the

gasses with the gold. By iterating between axial and radial growth schemes, arrays of

long, thick wires with precisely controlled diameters can be grown over a large area. In

growing nanowire samples for this project, the intention was to use different numbers

of cycles between axial and growth to produce nanowire layers of different thickness

but otherwise similar properties. This is of interest for the study of mesoscopic effects,
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specifically whether the Anderson localisation transition in three dimensions can be

reached by increasing the thickness of a strongly scattering material. The samples used

fall into two groups: those grown using a 1 nm thick gold film, and those using a 2 nm

thick layer. The use of a 2 nm gold film was due to an issue with the gold evaporator

on the Authors second visit. Despite this being unintentional, these samples displayed

some interesting behaviour, as seen below.

The samples grown using a 1 nm gold film form the basis for most of the investigations

in this thesis. Three different nanowire layer thicknesses were grown: 1.5, 4.5 and 6 µm

corresponding to 1, 2 and 5 growth cycles respectively. The 1 and 2 cycle samples were

grown before the start of the project, and correspond to the samples numbered 10 and

11 in Ref. [61]. Scanning electron microscope (SEM) images of the 5 cycle sample are

shown in Figure 2.2.

(a) (b)

Figure 2.2: (a) side and (b) top view scanning electron microscope images of
the 6 µm thick 5 cycle nanowire sample.

It can be seen from Figure 2.2 that the growth process produces a very densely packed

disordered nanowire mat, 6 µm thick with a nanowire diameter of approximately 200

nm. This diameter is slightly larger than that of the 1 and 2 cycle samples (around 120

nm), as a consequence of a larger number of radial growth cycles. This is also likely to

be the cause of the porous layer that can be seen at the base of the wires. The top view

image shows that a uniform layer is produced over a large area, which is important for

optical experiments.

Samples were also grown using the same growth parameters but with a 2 nm gold

film, with 1.5, 10 and 15 growth cycles used. The intention was to create very thick

layers of nanowires to investigate the possibility of Anderson localization of light in

such samples. Figure 2.3 shows SEM images of these nanowires. Dramatically different

results are seen for the 10 and 15 cycle samples, which appear extremely chaotic with a

range of wire diameters from 500-1000 nm. Some exceptionally long nanowires can be

seen protruding from the more densely packed body of these samples. It is the denser

region that is expected to give the thickness of these layers once pressed against glass,

as the longer nanowires will break off. The depth of these layers was estimated to be 25

and 30 µm respectively. However, the difference in diameter to the 1 nm film samples
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means that the scattering behaviour of the two sets of samples is not expected to be

directly comparable.

10 microns 10 microns 10 microns

Figure 2.3: Side view SEM images of nanowires grown using a 2nm gold film
with (a) 1 (b) 10 and (c) 15 growth cycles.

The large difference in nanowire properties seen using the same growth recipe with gold

films differing by only 1 nm highlights the sensitivity of the growth process. An overview

of the dependence of the thickness of the nanowire layer with number of growth cycles

is given in Figure 2.4.
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Figure 2.4: Dependence of sample thickness on number of growth cycles for
both the 1 and 2 nm gold seed layer.

While the number of data points is too small to make concrete conclusions about any

trends, it appears that the layer growth using a 1 nm gold film slows dramatically after

2 cycles. This, along with the porous layer of GaP seen on the 5 cycle sample,s is

an indicator the limit of this specific growth recipe has been reached. The 2 nm gold

film appears to support much longer layers. While the 1.5 cycle sample is relatively

ordered, the nanowire growth for the 10 and 15 cycle nanowires appears essentially

random indicating that control over the growth process has been lost. From the samples

grown for this project, it appears that in order to produce thicker nanowire layers with

high scattering strength in a controlled fashion a new growth recipe may be needed.
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The nanowire samples used in this thesis are summarised in Table 2.1. In order to

facilitate further discussions, the samples are assigned a reference number.

Label Gold thickness Growth cycles Nanowire diameter Layer thickness

1 1 nm 1 120 nm 1.5 µm

2 1 nm 2 120 nm 4.5 µm

3 1 nm 5 200 nm 6.0 µm

4 2 nm 1.5 250 nm 1.3 µm

5 2 nm 25 500-1000 nm 25 µm

6 2 nm 30 500-1000 nm 30 µm

Table 2.1: Summary of nanowire samples.

2.2.2 Pressing against cover slip

Before use in optical experiments, the 2 inch wafer the nanowires were grown on was

cleaved into sections of approximately 1 cm2, and the nanowires were then pressed

against a 170 µm thick glass cover slip. This serves the function of slightly compacting

the nanowire layer, increasing its homogeneity and also protecting the nanowire sample.

The pressing was done by hand until a colour change was observed indicating good

contact between the nanowires and the glass, after which the sample was glued in place.

1 mm

Substrate

Glass

Figure 2.5: Nanowire sample after pressing against a glass cover slip.

An image of sample 3 after pressing is shown in Figure 2.5. This image may not be

representative of the entire sample as the nanowires along the edge may also have been

broken by the cleaving process.

2.3 Optical characterisation

The scattering properties of samples 1 and 2 were previously extensively characterised

in Ref. [61], finding a minimum optical mean free path of 0.2 µm. Figure 2.6 shows the

dependence of the mean free path, diffusion constant and group velocity on wavelength
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of sample 2 measured by Dr O.L. Muskens using the broadband spectroscopy methods

detailed in [61].

Figure 2.6: Optical properties of sample 2 measured by Dr. O.L. Muskens.

While the nanowires grown for this thesis were grown using nominally the same recipe,

the results differed by varying amounts to samples 1 and 2 grown previously using the

same recipe. Sample 3, grown with 5 growth cycles using a 1 nm thick gold film, is

similar and expected to have similar scattering properties. In contrast samples 5 and 6,

grown with 10 and 15 growth cycles using a 2 nm gold film, are clearly very different.

Further optical characterisation is required in order to see how the behaviour of the

nanowire samples compare.

2.3.1 Total transmission

A good starting place for the optical characterisation of the nanowire mats is by in-

vestigating their total transmission as a function of wavelength. By comparing the

total transmission of layers with different thicknesses, it is possible to check that the

scattering mean free paths are roughly consistent between samples. The setup used to

measure the total transmission is shown in Figure 2.7. A variable wavelength coherent

light source was obtained using a Fianium supercontinum laser in conjunction with a

prism based monochrometer. An integrating sphere collected a large proportion of the

transmitted light, which was then detected by either a Silicon (Si) or Indium Gallium
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Arsenide (InGAs) photodiode mounted on the sphere. An optical chopper and lock-in

detector were used to increase the signal to noise ratio. By scanning the slit in the

monochrometer (mounted on a computer controlled stage) the spectral dependence of

the total transmission was obtained, normalised to a reference scan with the sample

removed.

Supercontinum

=400-2000 nml

P1 P2

L1 L2

L3
Integrating
Sphere

Chopper

Sample

Slit

Monochrometer

Figure 2.7: Experimental setup for measuring the spectral dependence of the
total transmission through the nanowire samples.

The total transmission of the nanowires grown using a 1 nm gold film (Figure 2.8 (a))

shows broadly similar features for all the samples. The effect of absorption due to the

bandgap around 550 nm can be seen clearly, and the transmission increases towards

the infrared as the Rayleigh scattering regime is approached. The transmission drops

as the layer thickness increases. As discussed in Chapter 1, this is consistent with the

prediction of Ohms law, and suggests the scattering properties of the samples are similar.

However, it should be noted that absorption will also result in a drop in transmission

with an exponential dependence so this cannot be taken as conclusive evidence that the

mean free path of sample 3 is similar to that of samples 1 and 2. In order to investigate

this further, coherent backscattering experiments are carried out later on in this chapter.

(a) (b)

Figure 2.8: Total transmission measured through nanowire samples grown using
(a) 1nm and (b) 2 nm gold films.

In contrast to the nanowires grown using a 1 nm gold film, samples 5 and 6 show a

remarkable drop in transmission around 730 nm. Additionally, the transmission of these

samples around the bandgap is significantly higher that of the much thinner sample 4 also
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grown using a 2 nm film. Both behaviours are unexpected and repeatable over several

sample positions. The large dip in transmission around is interest as these samples

were grown with the intention of seeing if the Anderson localisation regime could be

reached by increasing the thickness of the nanowire samples. However, as discussed in

Chapter 1, a drop in transmission is not sufficient evidence of Anderson localisation due

to the similar signature of absorption. Indeed, in such thick nanowire mats for which the

growth process appears to have been relatively uncontrolled, the presence of absorption

is a real possibility.

2.3.2 Coherent backscattering

Another characterisation technique of interest is that of analysing the coherent backscat-

tering (CBS) cone in order to obtain information about the scattering mean free path

l of the medium. CBS is a universal and robust phenomenon seen in multiple scatter-

ing of coherent light in which reflected light paths interfere constructively in the exact

backscattering direction to give a cone higher than the expected diffusive intensity. It is

often referred to as a weak localisation effect due to its dependence on the interference

of time reversed paths [62, 63].

J J

Figure 2.9: Diagram showing the geometry of the coherent backscattering ef-
fect. The counter propagating paths indicated by the red and blue arrows
constructively interfere resulting in a cone of enhanced reflected intensity in the
backscattering direction.

As illustrated by Figure 2.9, due to time reversal symmetry each light path in reflection

has an equal chance of propagating in the opposite direction, accumulating the same

phase and interfering constructively to give twice the expected intensity in the exact

backscattering direction. As the angle ϑ between the counter propagating paths increases

from zero, the dephasing between the two paths grows and the interference effect reduces

towards the expected value of the diffuse reflection, creating a cone. The width of the

cone itself is proportional to 1/kl [64], meaning strongly scattering materials exhibit

a wider cone due to the reduced dephasing between light paths. This makes CBS a
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useful tool for characterising multiple scattering media [1], indeed the mean free paths

of samples 1 and 2 in Ref. [61] were measured using this technique.

Supercontinum

=400-2000 nml

P1 P2

L1 L2

L3

Chopper

Sample

Slit

Monochrometer

P1

Pinhole
P2

BS

Lock-in amplifier

Photodiode Motorised
stage

Rotating
mount

Beam
block

Figure 2.10: Experimental setup of CBS experiment.

The experimental setup used to measure CBS in the nanowire samples is shown in

Figure 2.10. As for the total transmission experiment, light is taken from the output

of a Fianium Supercontinum laser filtered by a prism based monochrometer. Light

polarised by polariser P1 is directed onto the sample by a beam splitter BS (5 cm

long), and the reflection is analysed by a 200 µm pinhole and second polariser P2 before

being collected by a photodiode. The backscattering angle is scanned by displacing

the computer controlled motorised stage the components are attached to. In order to

obtain a large angular range, the distance between sample and pinhole is kept as small as

possible, which in this case is 5 cm. A lock-in amplifier and optical chopper are used to

improve the signal to noise ratio. The sample is mounted on a downwards tilted rotating

mount. The tilt served to direct the coherent reflection from the sample surface away

from the pinhole, while the rotation averages out the speckle to allow the enhancement

over the diffusive background to be measured. The exact backscattering direction is

found using a mirror aligned to be normal to the incoming beam in place of the sample

and moving the pinhole to obtain the highest intensity.

In this experimental setup, the CBS cone exists in the polarisation parallel to that of the

incident polarisation. In order to divide out the diffuse background, sequential scans are

taken with the detected polarisation parallel and crossed with the incident polarisation.

The data for the parallel polarisation is then normalised to that taken with the crossed

polarisation in order to obtain the enhancement to the backscattering caused by the

constructive interference. As the beam splitter transmits S and P polarisation differently,

the choice of detection polarisation angle is important. P polarisation corresponds to a
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vertical polarisation with respect to the optical bench, whereas a horizontal polarisation

is a combination of S and P polarisation. The desired situation is that there is no

difference in transmission through the beam splitter for the detection of the parallel and

crossed polarisations. This is achieved by arranging the polarisers so that the parallel

and crossed cases correspond to angles of ±45 degrees to the vertical for the detecting

polariser P2.
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(a) (b)

Figure 2.11: Experimental CBS cones for (a) sample 2 and (b) sample 3. Lines
are fits from the theory of Ref. [1] with a mean free path of 0.13 µm

The experimental results for samples 2 and 3 using light at 633 nm are shown in Fig-

ure 2.11. A clear enhancement in the backscattering direction is observed, and due

to the high scattering strength of the samples the CBS cone is extremely broad. The

peak enhancement in this case is above 2, which is due to experimental factors as the

theoretical maximum enhancement is 2. This could likely be avoided if it were possible

to normalise to the wings of the cone as is common in other studies, however, in this

case the range of the measurement is not wide enough to do this. The reflected angular

intensity normalised to the diffuse background, I(ϑ), is fitted by the theory from Ref.

[1]:

I(ϑ) = [γl + (E − 1)γc]/γl. (2.1)

Here γl gives the contribution of the ladder diagrams resulting in the diffusive reflection

and γc the contribution of the crossed diagrams leading to the constructive interference

in the backscattering direction. These are defined as follows:

γl = 3cos[ϑ]

(

ze
l
+

cos[ϑ]

1 + cos[ϑ]

)

(2.2)

γc =
3

1/cos[ϑ] + 1

1

(k0lsin[ϑ] + 1/2(1/cos[ϑ] + 1))2 + cos2[ϑ]

(

1 +
(1/cos[ϑ] + 1)ze
l + zek0lsin[ϑ]

)

.

(2.3)
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Here the extrapolation length ze has been introduced, accounting for the effect of internal

reflections and taken to have a value of 2l/3 [65] in this instance. The factor E in (2.1) is a

correction for the experimental enhancement of the cone. Ideally this should take a value

of 2, however, as discussed earlier in this section in reality the measured enhancement

is different from this. For the fitting of the experimental CBS cones E is set to the be

equal to the peak intensity of the cone in order to get good agreement.

Both samples are reasonably described by fits with l=0.13 µm. This is slightly lower

than the previous findings for sample 2. It can be seen that the shape of the CBS cone

are asymmetric, with the wing at positive angles showing a shallower slope. This is again

an experimental artifact, possibly due to spurious reflections from the edge of the beam

splitter since a cut off in the observed cone due to this edge was observed at a positive

angle of 26 degrees. In effect, the fit has averaged between the two wings, explaining

the slightly lower than expected value of l obtained. However, the fact that the same

value describes both samples reasonably indicates that sample 3 has similar scattering

properties to samples 1 and 2 grown previously using the same recipe.
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Figure 2.12: Measured CBS cone at 633 nm for the sample 6 (solid points)
compared to that of sample 2 (open points). Values have been normalised to
the peak intensity.

Figure 2.12 shows a comparison between the CBS cone of the 15 cycle nanowire sample

grown using a 2 nm gold film and the 2 cycle nanowire sample at a wavelength of 633 nm.

In order to compare the cones they have been normalised to the peak value. It can be

seen the shallow slope at positive angles is similar for both samples. As discussed above,



24 Chapter 2 Nanowires

this is likely to be an experimental artifact and should be disregarded. At negative

angles the 15 cycle cone is noticeably narrower than the 2 cycle sample, indicating

reduced scattering strength. This is perhaps not surprising as the growth of this sample

was much less controlled than that of the 2 cycle sample grown specifically to have a

high scattering strength. It does not explain the large dip in transmission at 730 nm,

however, the behaviour at 633 nm is not necessarily representative of that at higher

wavelengths. In order to investigate whether there is a scattering resonance around 730

nm contributing to the dip in transmission, CBS cones were measured over a series of

wavelengths.

(a)
(b)

Figure 2.13: (a) Spectral dependence of CBS cone measured for sample 6. (b)
Half width of the CBS cone from peak to 75% (-1.25 dB) of the peak value as
function of wavelength.

In Figure 2.13 (a) it can be seen that the width of the CBS cone increases with wave-

length, indicating that the scattering strength 1/kl increases with wavelength. However,

there is no clear sharp increase in width around the wavelength region for which the dip

in transmission was previously observed for this sample around wavelengths of 740 nm.

In order to examine this more closely, a measure for the width of the cone is required.

Considering only negative angles due to the anomalous slope at positive angles, the

angle between the peak and the point at which it drops by 75% was measured as a

function of wavelength and plotted in Figure 2.13 (b). No large increase in width is

seen around 740 nm over the general increasing trend, in fact in this region the width of

the cone appears to be relatively constant. Therefore this particular investigation shows

no evidence of a scattering resonance that may lead to Anderson localisation, although

there is clearly room for further refinements of the experimental setup to eliminate the

artifacts observed.

2.4 Conclusion

Disordered semiconductor nanowire mats were grown in order to create strongly scatter-

ing samples, and their optical transport properties investigated through examining the

total transmission and coherent backscattering of the nanowires. Sample 3, grown with
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5 cycles of axial and radial growth using a 1nm gold film, was found to be thicker but

have similar characteristics to samples grown previously using less growth cycles. This

is of great interest for investigating mesoscopic effects, as it is expected that increasing

the thickness of a sufficiently strongly scattering sample may approach the Anderson

localisation condition. Nanowires were also grown using a 2 nm gold film, resulting in

very thick chaotic layers with a range of nanowire diameters. While this was not the

desired result samples 5 and 6, grown using 10 and 15 growth cycles respectively, show

an interesting dip in the total transmission at 740 nm. However, from the coherent

backscattering experiment these samples appear to be less strongly scattering at 633 nm

than the samples grown with a 1 nm film, and no evidence of a scattering resonance at

740 nm. This appears to suggest the dip in transmission is not a localisation effect and

may instead be attributable to absorption, although further investigation is required.
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Mesoscopic fluctuations

Under sufficiently strong scattering conditions, the classical diffusion description of light

transport is expected to break down due to mesoscopic interference resulting from cross-

ing light paths [41]. As the nanowire mats detailed in chapter 2 are amongst the strongest

optically scattering materials available, they are promising candidates for probing the

regime close to Anderson localisation. In order to do this, inspiration was taken from the

studies investigating localisation of microwaves [31] by investigating the relative fluctua-

tions in transmitted intensity. This approach has the advantage of being robust against

the effects of absorption [66], as it only serves to reduce the overall transmission without

increasing intensity fluctuations. Indeed, absorption acts to selectively attenuate longer

light paths, reducing the probability of mesoscopic interference. As well as the nanowire

mats, layers of Zinc Oxide (ZnO) were investigated using the same method. Such sam-

ples of ’white paint’ are typically used in scattering experiments and have a significantly

higher mean free path than the nanowire samples used.

3.1 Transmission statistics theory

Before discussing the experiment, it is helpful to discuss the theory used to assess the

results. In this section a summary of the relevant theory is presented, however, it is

by no means exhaustive and readers interested in further details should consult the

corresponding papers.

3.1.1 Diffusive limit

As a speckle pattern is created by the interference of different light paths through a

disordered medium, its appearance is that of a random distribution of intensities with

a rough grainy structure due to short range correlations. The average transmission

27
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from ingoing channel a to outgoing channel b, Tab, can be calculated as in chapter 1.

In the diffusive limit (g′ → ∞), the central limit theorem applies as the transmitted

intensity is obtained by summing over many different uncorrelated paths. In this case,

the probability distribution of intensities in a speckle pattern is described by a negative

exponential with a slope of unity. This is the well known ’Rayleigh law’ (Equation 3.1):

P (Tab) =
1

< Tab >
Exp[

−Tab

< Tab >
]. (3.1)

The N th moment < Tab >N of this distribution can also be calculated in order to

characterise its features [49]:

< TN
ab >= n! < Tab >

N . (3.2)

A simple measurement of the fluctuations in Tab is obtained by considering the second

moment of the distribution, which defines the characteristic width of the distribution.

Rather than using the raw moment given in Equation 3.2, it is more usual to use the

central second moment, the variance V ar[Tab]:

V ar[Tab] =< T 2
ab > − < Tab >

2 . (3.3)

By substituting Equation 3.2 into Equation 3.3, it can be seen that the fluctuations in Tab

are of the order of the average value < Tab >. In order to decouple the statistics from the

average transmission, which is vulnerable to effects such as absorption, Tab is normalised

to its average value, obtaining the normalised transmission Sab = Tab/ < Tab >. The

expectation in the diffusive limit is then that the relative fluctuations in speckle intensity

are unity, i.e. V ar[Sab] = 1. In this regime, the variance of the normalised total

transmission, Sa = ta/ < ta > goes to zero.

3.1.2 Speckle contrast

The discussion above assumes that the transmitted speckle is fully developed, i.e. the

illuminating light has a bandwidth much lower than the spectral width of the transmis-

sion modes and that the imaging is perfect. In the diffusive regime the V ar[Sab] can

be used to characterise the contrast, with a value of 1 indicating completely developed

speckle. In real experiments a contrast of 1 is difficult to obtain. While using a narrow

line width laser normally avoids problems with bandwidth, invariably some light is lost

in the imaging system.

The effect of a reduced contrast is to ’wash out’ the fluctuations in the speckle. In the

extreme case of a contrast of 0, speckle is replaced by a diffuse distribution of light.
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This corresponds to the disappearance of speckle when a random medium is illuminated

by a broadband light source, and is a result of the superposition of many independent

speckle patterns. In this thesis, the contrast is typically close to 1, and its effect is often

neglected. When it is treated, the contrast is included as a factor affecting the average

transmission < Tab >. Equation 3.4 shows how Equation 3.1 is modified to include the

effect of the experimental contrast, C:

P (Sab) =
1

Sab
Exp[

−Sab

C
]. (3.4)

This approach relies on the deviation of the contrast from 1 being small, as it does

not fully describe the probability distribution for very low values of contrast. However,

this approximation is suitable for our experiments for which the contrast is taken into

account. In order to see the effect of a reduced contrast, Equation 3.4 is plotted for a

range of contrasts in Figure 3.1. The moments of these distributions are also plotted,

and compared to the expectation of Equation 3.2 modified to contain a reduced contrast

in the same way.

Figure 3.1: Left:Rayleigh law distributions of Sab with three different values of
contrast. Right: Moment distributions calculated from the probability distri-
butions (data points) and from Equation 3.2 with an adjustment for contrast
(lines).

As one might expect intuitively, the contrast has the effect of reducing the width of the

distribution. While this appears to be a small effect on the probability distribution for

the contrasts shown, even a 5% change in contrast has a dramatic effect on the moment

distribution. The prediction of diffusive theory is that the moments < SN
ab > /N ! = 1

for a ’perfect’ contrast of 1. Therefore moments beyond the first moment (which just

gives the average) below unity are a good indication of a reduced experimental contrast.

The other experimental factor that can result in moments below unity is a limited data

set size- as each moment gives the width of the distribution at a certain probability, if

there is not enough data to capture the behaviour beyond that point the corresponding
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moment can go below 1. However, this predominantly effects higher order moments and

with careful analysis the two effects can be decoupled.

3.1.3 Mesoscopic fluctuations

While g may be large for diffusive samples, it is nonetheless finite. This alters the

relative fluctuations seen in transmission, as a lower number of independent transmission

channels will result in greater relative fluctuations in the transmitted intensity. This is

because as more independent random variables are combined, the relative impact of 1

channel on the transmission reduces. Consequently a correction of the order 1/g may

be expected to both V ar[Sab] and V ar[Sa], while the correction for V ar[S] would be of

the order of 1/g2.

The theory for this was developed mainly in the 1990’s, and is closely connected with the

appearance of increased correlations in speckle pattern due to interference contributions

as discussed in Chapter 1. At first distributions were derived from correcting the second

moment only [67]. Equation 3.5 gives the Kogan & Kaveh distribution for P (Tab) derived

under this approximation [49]:

P (Tab) ≈
∫ ∞

0
dv Exp[− (v− < Tab >)2

2(< T 2
ab > /2− < Tab >2)

]
1

v
Exp[−Tab

v
]. (3.5)

It is possible to express this distribution in terms of g by using the following identity for

a waveguide geometry:

g ≈ < Tab >
2

< T 2
ab > −2 < Tab >2

. (3.6)

By definition < Sab >= 1, so the distribution of P (Sab) in terms of g takes a relatively

simple form:

P (Sab) ≈
∫ ∞

0

dv

v
Exp[−g(v − 1)2 − −Sab

v
]. (3.7)

As the second moment has been corrected, Equation 3.7 is wider than the Rayleigh

distribution with V ar[Sab] ∝ 1/g. The effect is seen predominantly in the tail of the

distribution, which has the form of a stretched exponential for Sab >> g. This can be

considered to be a second order approximation of the true distribution, while Rayleigh

statistics gives the first order behaviour. The full distribution was derived by Nieuwen-

huizen & van Rossum [50], given by Equation 3.8 for an incoming plane wave:
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P (Sab) =

∫ ∞

0

dv

v

∫ −i∞

−i∞

dx

2πi
Exp[−Sab

v
+ xv − gln2(

√

1 + x/g +
√

x/g)]. (3.8)

As this is obtained by summing over all of the correlated Green’s functions it is very

general and applies to a three dimensional geometry. It also results in a stretched

exponential tail, given by Equation 3.9. As corrections to higher order moments are

considered, this tail is heavier than that obtained from Equation 3.7:

P (Sab) = Exp[−2
√

gSab], Sab >> g. (3.9)

It is therefore possible to measure the number of transmission channels by fitting the

distribution of the speckle intensity. A low number of independent transmission channels

leads to a distribution with a much heavier tail than the Rayleigh distribution. Due to

the equivalence between independent transmission channels and effective conductance

discussed in Chapter 1 and invoking the Thouless criterion for Anderson Localisation of

g < 1 [68], the statistics of the transmitted intensity is a strong tool for experimentally

investigations of the localisation transition. Consequently this approach has been used

to demonstrate localisation of microwaves in waveguides [31] and acoustic waves in a 3D

slab geometry [30]. While it is mainly the statistics of the speckle intensity that have

been discussed above, those of the total transmission are closely related and can also be

used to find g.

From an experimental perspective it is sometimes cumbersome to fit the full probability

distribution of every data set in order to detect a trend. It can be useful in the first

instance to calculate a single moment of a distribution, such as the variance. There

are a set of simple predictions from the theory that experimental results can be easily

compared to. For the speckle intensity fluctuations:

V ar[Sab] = 1 +
4

3g
. (3.10)

Additional fluctuations due to a finite g occur on top of the classical fluctuations of

order unity. This holds generally as it is purely a result of the number of transmission

channels contributing to the speckle. For the total intensity fluctuations:

V ar[Sa] =
2

3g
. (3.11)

This is for single channel illumination (plane wave), and does not hold if there are more

than one incident channel. In the limit in which all incident channels are excited and

the ’total transmission’ becomes the conductance, which is expected to have fluctuations



32 Chapter 3 Mesoscopic fluctuations

of the order 1/g2. For a single incident channel experiment, V ar[Sab] can be related to

V ar[Sa] in order to give a simple measure of the consistency between the two approaches:

V ar[Sab] = 2V ar[Sa] + 1. (3.12)

While these results were first derived using a diagrammatic approach to finding corre-

lated Green’s functions as in Chapter 1 [41], they have since been obtained under the

framework of random matrix theory [69].

3.2 Experimental method

In the experiments, the light transmitted through the nanowire samples pressed against

a glass cover slip was collected using a high-NA transmission microscope, shown in

Figure 3.2. By displacing the sample across the focus using an computer controlled

motorised stage, the speckle from many different sample positions was collected to obtain

reliable statistics. This is an important point for such experiments, as distributions

calculated from a single speckle pattern are not necessarily representative and in general

do not contain enough information to calculate the higher moments corresponding to

rare events.

NA 0.9Camera

L3 P2 Sample P1

HeNe

=633 nml

NA 1.3

L1 L2

Immersion oil

Figure 3.2: Setup used to characterise the intensity fluctuations of transmitted
speckle patterns.

Polarisers P1 and P2 are used in the setup to investigate only 1 ingoing and 1 outgoing

polarisation channel. This reduces the number of degrees of freedom, increasing the

contrast of the transmitted speckle. Lenses L1 and L2 form a beam expander to fill the

aperture of the objective, while L3 (focal length = 200 mm) images the speckle onto the

camera (AVT Stingray F-033). A focal length of 200 mm was chosen for L3 in order for

the speckle pattern to be over-sampled (i.e. an individual speckle is the size of a few

camera pixels). This is an important point, as the contrast of a speckle pattern drops

dramatically if it is under-sampled. A Helium-Neon (HeNe) laser was chosen for use due

to its narrow line width and relatively good stability. Typically data sets consisted of
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images of the transmitted sample for between 500 and 10 000 separate sample positions,

which were analysed using a Matlab script.

As well as the sample stage being mechanised, the focusing objective was also mounted on

a computer controlled stage. By performing controlled displacements of the objective,

the size of the sample illumination could be varied. As the number of transmission

channels is expected to increase linearly with the illumination area, A, many and few

channel statistics were compared on the same sample positions. Examples of the typical

raw data obtained from the experiment are given in Figure 3.3 for the cases of the

smallest possible incident focus (’in focus’) and with the objective displaced 25 µm away

from this position (’out of focus’).
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Figure 3.3: Typical images of speckle patterns transmitted through sample 3
for the in (a) and out (b) of focus cases.

The experiment differs slightly from the angular geometry often considered in the theory

in that the speckle measured is in real space. However, this does not significantly alter

the probability distributions discussed above, only modifying the definition of ingoing

and outgoing channels (i.e. the subscripts a and b describe spatial rather than angular

mode) . In order to assess relative fluctuations in intensity, some processing of the raw

data was required. First a constant average background was subtracted from each image,

which were then normalised to an ensemble average image to obtain Sab = Tab/ < Tab >.

This required a choice of an area of interest (AOI) from the image for analysis, as towards

the edge of the speckle pattern the average intensity drops below the level of noise of

the camera, distorting the statistics. The radius of the AOI was decided by the distance

from the center of the average image corresponding to a drop of 50% in intensity for

investigating the spatial speckle fluctuations. A larger AOI out to an intensity drop of

1/e2 ≈ 13.5% was used for summing over in order to obtain the total intensity Sa. This

larger area is used because it is important to capture a large portion of the transmitted

light to reliably measure the total transmission, and by summing over many camera

pixels the effect of noise should cancel out.
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3.3 Mesoscopic statistics in nanowire mats

3.3.1 Spatial intensity fluctuations

As a first investigation, the probability distributions of the transmitted speckle intensity

Sab through samples 1, 2 and 3 (1.5, 4.5 and 6 µm thick respectively) were compared

using a tightly focused illumination, as shown in Figure 3.4.
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Figure 3.4: Histogram of P (Sab) for nanowire samples of different thickness.

As the thickness of the nanowire mats increases, the relative fluctuations in the speckle

intensity also increase. This is in agreement with the expectation for a disordered

waveguide that g ∝ 1/L as a larger system results in a higher probability of crossing

light paths. The distributions in Figure 3.4 are from scans over 1000 sample positions.

In order to get a reliable measure of mesoscopic fluctuations, it is desirable to take much

larger data sets. This is especially important for looking at effects in the tail of the

distributions which correspond to rare events. In Figure 3.5 P (Sab) is plotted for sample

3 for 12 000 sample positions separated by 1 µm in and out of focus.

Considerably greater fluctuations are seen in focus. This is in agreement with expecta-

tions, as a larger illumination size would result in more transmission channels, resulting

in lower relative fluctuations. While the out of focus data is reasonably close to the

prediction of diffusive Rayleigh statistics, the in focus data shows a large deviation from

this behaviour due a low number of transmission channels. It can be seen from the

moments of the distributions shown in Figure 3.5 (b) that moments 2-6 of the out of
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(a) (b)

Figure 3.5: (a) Histograms of P (Sab) transmitted through the 6 µm thick
nanowire sample 3. Lines denote the expected Rayleigh law with a reduced
contrast of 0.94 and fits to the mesoscopic theory of Nieuwenhuizen & van
Rossum (NvR) with g = 3.6 and g = 34. (b) Moments calculated from the
distributions in (a).

focus distribution are below 1. As discussed above, this is a signature of a reduced

experimental contrast. Furthermore, the out of focus distribution cannot be described

by Rayleigh statistics corrected for a contrast lower than one due to its higher moments.

The out of focus P (Sab) distribution was fitted with the mesoscopic theory of Nieuwen-

huizen & van Rossum (NvR) [50]with the contrast, C, and and number of independent

transmission channels, g, as fitting parameters. Values of c = 0.94 and g = 34± 2 were

found. A contrast of 0.94 is reasonable for this experiment, and the fit describes even the

higher moments relating to rare events in the tail of the distribution well. Fitting the

in focus distribution with the contrast fixed at 0.94, a much lower value of g = 3.6± 0.1

was found. This indicates that the transmission is described, on average, by less than 4

independent channels, a record low for a 3D disordered photonic medium and close to

the Anderson localisation transition as defined by the Thouless criterion.

While the first few moments of the in focus distribution are well described by the fit, the

theory clearly underestimates the tail of the distribution. While it is the lower moments

that have the higher statistical relevance, it is interesting to investigate the possible

causes of this effect. Similar behaviour was seen in a recent microwave experiment by

Höhmann et al. and attributed to rare events known as ’freak waves’ [70]. These are

analogous to the spontaneous appearance of rouge waves in the ocean [71], and have also

been observed in optical fibers [72]. Following the analysis of Höhmann et al. we find

that this anomalously large tail is attributable to a small number of sample positions

(< 1%) with high intensity speckles termed ’hot spots’.
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A hot spot is defined as a value of Sab greater than a threshold. The setting of this

threshold at a reasonable value is important, as mesoscopic effects also result in large

intensity fluctuations. Considering the number of individual speckles measured in the

experiment, a threshold of Sab > 20 was set for hotspots. The distribution of P (Sab) over

1000 sample positions is compared with the same data excluding positions with hot spots

and for the hot spot positions themselves in Figure 3.6 (a). It should be emphasised

that in this analysis the entire images containing the hot spots were excluded.

(a) (b)
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Figure 3.6: (a) Histogram showing the effect of hot spots on the distribution of
P (Sab). (b) Moments of the distributions shown in (a).

Excluding the hot spots from the distribution, a much better agreement with the theory

is obtained in the slope of the tail. It is clear from Figure 3.6 (b) that artificially trun-

cating at Sab = 20 has a considerable impact on the higher moments of the distribution.

The second moment is almost unchanged, however, showing that the comparison with

the mesoscopic theory for g = 3.6 is still valid. This analysis suggests that freak waves

are a plausible explanation for the observed behaviour, although it should be stressed

that they are still not well understood and a subject of ongoing research.

3.3.2 Focus dependence

Increasing the size of the illumination results in lower fluctuations due to the larger

number of transmission channels. Figure 3.7 shows the focus dependence of the crossing

probability 1/g obtained from fitting the moment distribution.



Chapter 3 Mesoscopic fluctuations 37

-20 -10 0 10 20
0.00

0.05

0.10

0.15

0.20

0.25

0.30

 

 

 5 cycle sample
 1 cycle sample

1/
g

Focus position ( m)

Figure 3.7: Dependence of 1/g on focus displacement (movement of focusing
objective away from focal point) for samples 3 and 1.

As expected, the crossing probability increases sharply as the focal spot decreases in

size, and is much lower for the thinner nanowire sample. It is of interest to compare g as

a function of illumination size with a theoretical expectation. However, the waveguide

prediction of g ∝ w2, is not suitable as it does not account for the transverse spreading

of light occurring in a slab geometry. An attractive solution for this problem is the

’expanding waveguide’ model of Scheffold et al. [52] in which considering as a series of

infinitesimally thin waveguides with a depth dependent width w(z).

w(0) w(L)

z

dz
Figure 3.8: Diagram of the expanding waveguide model.

In this approach, an effective probability of light paths crossing can be defined as a

function of z assuming a circular spot:



38 Chapter 3 Mesoscopic fluctuations

1/g(z) =
1

A(z)k2l
=

4

πk2nlw
2
. (3.13)

The interpretation of this statement is that as the light spreads within the slab, the

probability of light paths interfering drops sharply. As a result, unlike a waveguide,

increasing the thickness of the slab past a certain point has little effect and g is largely

defined by the size of the incident illumination. If the growth of w(z) with z is assumed

to be linear, this can be defined in terms of the initial beam waist w(0):

1

g(z)
∝ 1

(w(0) + z)2
. (3.14)

The dependence of the overall crossing probability for the slab on w and L can then be

found by integrating over z:

1

g
=

∫ L

0
dz

λ2

π3n2l(w(0) + z)2
=

4

πk2nl

1

w(0) + w(0)2

L

. (3.15)

It can be seen that for w(0) << L that a different dependence of the crossing probability

in the slab of 1/g ∝ 1/w(0) is obtained. However, this approach has the drawback of the

crossing probability going to infinity as the beam waist goes to zero, which is unphysical.

The full behaviour for a slab geometry was described by Garćia-Martn et al. [73] by

defining an effective waveguide length Leff ≈ w(0) in which the crossings take place.

The behaviour found is given in Equation 3.16.

1

g
=

3

4
(
9

8
)2

[1 + Leff/2]

[1 + 3/4Leff ]2
1

k2l2
(3.16)

The illumination size as a function of objective displacement was calibrated using a

camera monitoring the diffuse reflection. Although a high NA objective was used, it was

found that minimum the beam waist obtained was found to be around 1 µm, considerably

larger than the diffraction limit. The reasons for this are spherical aberrations in the

GaP substrate limiting the NA and the diffuse spreading of the beam waist due to

multiple scattering.

In Figure 3.9 the crossing probability, 1/g, of sample 3 is compared to the theory of í

et al. as a function of the size of the incident focus. It can be seen that the theory

reasonably describes the behaviour with an effective length of Leff = 0.29w(0), which is

close to the predicted value of Leff = 3/8w(0). However, the value of kl = 1.3 obtained

by the fit is low compared to an estimate based on the mean free path and effective

refractive index of kl ≈ 4. This reflects that the magnitude of the effect is greater than
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Figure 3.9: Comparison of crossing probability 1/g of sample 3, fitted by the
theory of í et al.

predicted by theory, possibly due to the theory not taking into account the problem of

a Gaussian beam waist.

3.3.3 Total transmission fluctuations

As discussed in the theory section, the total transmission Sa also exhibits fluctuations

due to a limited number of transmission channels that are closely related to those of

the speckle intensity Sab. By summing over the collected light, the total transmission

statistics through the nanowire samples were assessed simultaneously to the spatially

resolved transmission. Figure 3.10 shows the total transmission data obtained over 1000

sample positions.

Again, it is clear that a smaller illumination results in much greater fluctuations. It was

found that sample variations lead to fluctuations in the intensity over a longer range

than the fluctuations due to mesoscopic effects. Consequently, they were successfully

divided out using a moving average with a range of 10 µm. Figure 3.11(a) shows the

probability distributions of the total transmission obtained from the same data used to

obtain g from fitting P (Sab) sample 3 (Figure 3.5).

The variance of the both the in and out of focus distributions of Sa yields values of g

higher than those obtained from fitting the P (Sab) distributions. Using the relation for
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Figure 3.10: Total transmission as a function of sample displacement in and out
of focus. Data has been normalised to a moving average with a span of 10µm
to remove fluctuations due to the sample.

a single channel plane wave illumination V ar[Sa] = 2/3g, a value of g = 27 is found in

focus. While the contrast is not a consideration for the total transmission fluctuations,

this apparent discrepancy is likely due to differences between the theoretical picture and

the experimental situation. The first point to consider is that the illumination is not a

plane wave. A Gaussian beam profile is predicted to result in reduced fluctuations [50],

resulting in a different relation V ar[Sa] = 1/3g, giving a value of g = 13.5 from the total

transmission.

Additionally, due to the diffusive spread of the incident focus and the spherical aberra-

tions in the GaP slab the illumination is not diffraction limited and therefore can not

be considered to be a single channel. This changes the statistics as the total trans-

mission measured is summed both over outgoing and ingoing channels. If all possible

channels were excited (ie diffuse illumination) the optical conductance s would be ob-

tained, which has a characteristic variance of 16/45g2 [50]. The experimental case lies

in between these two cases with an intermediate variance. It can be seen that while a

Gaussian distribution describes the out of focus data well, the in focus data is clearly

skewed and resembles a log normal distribution, as predicted for the conductance when

approaching the Anderson localisation transition [74].
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Figure 3.11: Probability distribution of Sa for sample 3 in and out of focus,
with Gaussian fits of variance 0.025 and 4.2× 10−4 respectively.

3.4 Mesoscopic statistics in layers of Zinc Oxide

As has been shown in chapter 2, the nanowire mats are an exceptional material which at

the moment require an involved and relatively expensive manufacturing technique. This

is in contrast to the ’white paint’ which is commonly used to study multiple scattering

effects. Therefore it is of interest to also investigate the transmission statistics of such

samples in the same setup used for the nanowire investigations. The samples used

consist of spray painted slabs of ZnO nano-particles on glass cover slides produced by

Elbert van Putten and Duygu Akbulut at the University of Twente. The mean free

path of such layers was previously measured in Twente to be approximately 0.6 µm.

This is considerably higher than that of the nanowire samples used, consequently lower

fluctuations in the statistics are expected. 3 different layer thicknesses (6.8, 11.2 and

30 µm) were used to further investigate the expectation that crossing light paths occur

mainly in the first few mean free paths of a scattering medium.

As with the nanowires, it can be seen in Figure 3.12(a-c) that there is a difference in

behaviour in and out of focus for all of the ZnO layers tested. However, the effect is

noticeably smaller than that of the nanowires, as expected due to their comparatively

low photonic strength. The difference can be seen more clearly in the distributions of

the moments (Figure 3.12(d-f)). Fitting the histograms using the full mesoscopic theory

was inaccurate due to the relatively small weight of the tail, which is where the effect is
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(d) c=0.95
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Figure 3.12: (a-c) Histograms of the distribution of Sab for different thicknesses
L of ZnO both in (grey) and out (blue) of focus . (b-f) Corresponding moment
distributions. Dashed lines indicate expected diffusive behaviour with a contrast
of 0.95, while solid lines show the mesoscopic NvR distribution for the fitted
value of g.

seen. Instead, an approach of fitting the moments of the Kogan & Kaveh distribution

(Equation 1.6) [49] was adopted. By fitting the out of focus moments, a contrast of 0.95

was found. This is slightly higher than the value found in the nanowire experiments,

and can be attributed to small improvement in the setup (using larger optics to reduce

clipping). By fitting the moments of the in focus distributions, values for g of 42±5, 35±4

and 57± 7 were found for the 6.8, 11.2 and 30 µm samples respectively [4].

While the effective dimensionless conductance g of the ZnO layers is a factor of 10

higher that that measured with the nanowires, it is still considerably lower than typical

diffusive media. No clear dependence on the thickness of the layer was seen, supporting

the interpretation that mesoscopic effects are dominated by the first few mean free paths

inside the sample. As with the nanowire samples, the total transmission through the

layers was also assessed (Figure 3.13).

Using the relation V ar[Sa] = 2/3g, an average value of g = 73 is obtained from the

total transmission histograms. In comparison to the average value of g = 45 obtained

from the Sab histograms, the agreement between the two values is significantly better

that that seen for the nanowires. Indeed, using the relation for a Gaussian focal spot

V ar[Sa] = 1/3g [50] a value of g = 36.5 is found, at which point the difference between

the two is likely to be within the margin of error. This better agreement can be attributed

to being able to focus light directly on the ZnO layer without having to pass through
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(a) (b)

Figure 3.13: Histograms of the total transmission through ZnO layers for (a)
tightly focused illumination and (b) with the illuminating objective displaced
by 25 µm. Lines are Gaussian fits of the average histogram characterised by
variances of 9.1× 10−3 and 3.7× 10−4 respectively.

a substrate as with the nanowires, which caused significant spherical aberrations. This

would result in an illumination closer to the single incident channel case.

3.5 Statistics nanowires grown with 2 nm gold film

As the 25 and 30 µm thick samples 5 and 6 were found to have a large dip in transmission

around 740 nm in Chapter 2, it is interesting to investigate the transmission statistics

in this region. A tunable external cavity diode laser with a center wavelength of 770 nm

(Thorlabs TLK-780M) was used instead of the HeNe used previously. This allowed some

tuning of the laser wavelength over the long wavelength side of the dip in transmission,

with a minimum achievable wavelength of 760 nm. The distributions of Sab for samples

5 and 6 are shown in Figure 3.14.

Due to the thickness of the samples it was not possible to compare in and out of focus

cases as in previous experiments as the out of focus speckle pattern was too large to

be fully captured by the camera. However, unlike previous experiments, statistics at

different wavelengths could be compared. No significant difference is seen in the statistics

at 772 and 760 nm for either sample. As this is at the edge of the dip in the total

transmission, if there was a localisation effect, some difference between the two may

have been expected.

Fitting the distributions with the mesoscopic theory of NvR, it is found that the dis-

tributions can be described by g = 15 and g = 25 for samples 5 and 6 respectively.

These measurements have been taken over only 1000 sample positions so the uncer-

tainty on these values is larger than for the other studies in this chapter. However, the
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(a) (b)

Figure 3.14: Distribution of Sab for the (a) sample 5 and (b) sample 6. Solid
red lines show NvR fits, dashed lines indicate Rayleigh statistics.

distributions provide a strong indication that there is no Anderson localisation in these

samples since they are further from the localisation transition than sample 3, which is

much thinner. Interestingly, the 25 µm thick sample 5 shows stronger fluctuations than

the 30 µm thick sample 6. This may be an indication of absorption plays a role, as its

effect will be greater in the thicker sample. As discussed previously, absorption reduces

relative fluctuations in speckle intensity towards the diffusive case as long lived light

paths characteristic of mesoscopic effects are suppressed.

3.6 Summary

The statistics of the transmission through both disordered nanowire mats and layers of

ZnO were analysed for mesoscopic effects. The nanowire mats exhibited strong fluctu-

ations in transmission characterised by a minimum of only 3.6 ± 0.1 independent open

transmission channels, a record low for 3D photonic media and close to the Anderson

localisation transition occurring at g = 1. The fluctuations in the tail of the spatial

intensity distribution were stronger than predicted by theory, and possibly attributed

to the interesting phenomena ’freak waves’. It was found that the theoretical expecta-

tion for the relation between the fluctuations of the spatial and total transmission did

not hold, with the variance of the total transmission being a factor of 5.5 lower than

predicted. This was attributed to experimental limitation resulting in a non-diffraction

limited focal spot and consequently the illumination did not match the ’single channel’

picture considered in theory.

Weaker mesoscopic effects were found in the ZnO samples due to their lower photonic

strength, with an average of 37 ± 5 independent transmission channels found for the

three different samples considered. No dependence of g was found on the thickness of

the ZnO layers, despite a factor of more than 4 increase in layer thickness. This is in
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agreement with the prediction of Scheffold et al. [52] that in a slab geometry, mesoscopic

effects are determined by the first few mean free paths of the sample due to the diffusive

spreading of the light. Aside from testing this theoretical prediction, it was interesting

to demonstrate mesoscopic effects in a material which is commonly used in scattering

experiments due to its ease of manufacture and low cost.

The statistics of the thick nanowire samples found in Chapter 2 to have a striking

dip in transmission around 740 nm were also investigated. While a laser at 760 nm

rather than 740 nm was used, it was found that the fluctuations in transmission were

less than that of the the 6 µm thick sample 3 and marginally greater than that of the

ZnO samples. The lesser fluctuations for the thicker of these two samples is a possible

indicator of absorption. While these samples show interesting behaviour that requires

further investigation to understand fully, the evidence does not appear to support the

interpretation that the dip in transmission through these samples at 740 nm is a signature

of Anderson localisation.





Chapter 4

Mesoscopic Correlations

As well as resulting in large fluctuations in intensity, mesoscopic effects are also charac-

terised by long range correlations in transmission. A simple explanation of the origin of

these correlations is that the crossing of light paths results in two previously uncorrelated

paths becoming linked. As the transmission statistics indicate that the nanowire samples

investigated in Chapter 3 have a minimum of only 3.6 ± 0.1 independent transmission

channels, they should also exhibit strong correlations. In this chapter both the spatial

and frequency correlations of the nanowire mats are investigated. The demonstration of

strong mesoscopic correlations in a 3D photonic media may open the exciting possibility

of harnessing such effects in applications such as imaging through scattering media. The

correlations of light transmitted through random media are of current active interest,

with a new type of correlation ’C(0)’, dependent on fluctuations in the local density of

states [75, 76], recently having been demonstrated for acoustic waves [77].

4.1 Spatial correlations

4.1.1 Memory effect

While speckle is random in appearance, it is the presence of short range ’C(1)’ correlations

which give it its characteristic grainy appearance, which are a result of the speckle

pattern transmitted through random media having a characteristic spectral and spatial

width. This width is a small range of incident positions or frequencies over which the

induced dephasing is not enough to completely change the interference between different

light paths. This leads to the striking ’memory effect’, in which a small shift in the angle

of incident light to a diffusive medium does not destroy the speckle pattern but instead

shifts the transmitted speckle by an equal angle [7]. This occurs even after a large

number scattering events which would reasonably be expected to completely scramble

47
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any information about the incident light. The form of the C(1) correlation of transmitted

speckle for position shift ∆r is given in Equation 4.1 [41]:

C(1)(∆r) =

(

sin[k∆r]

k∆r

)2

e−∆r/l. (4.1)

This correlation is expected to be independent of whether the detector or source is

displaced by ∆r. The memory effect through the nanowire mats was assessed with the

same experimental setup used to measure intensity fluctuations in Chapter 3. Images

were taken of the transmitted speckle while the sample was shifted by small increments.

A large incident illumination was obtained by displacing the focusing objective by 25

µm in order to reduce the contribution of the mesoscopic effects found in Chapter 3,

and all images were normalised to the ensemble average. Several images from a typical

data set are shown in Figure 4.1 in which the sample was shifted in steps of 200 nm. It

can be seen that the speckle completely changes within 600 nm, evidence of the short

range nature of the C(1) correlation.

0 2 4 6 8

(a) (b) (c) (d) (e)

1 um 

Figure 4.1: Images of transmitted speckle through the 5 cycle nanowire sample
with a large illumination for sample positions separated by 200 nm. Arrows
indicate the direction of the displacement.

The experimental correlation between images I0(x, y) and I∆r(x, y) was calculated as

shown by Equation 4.2, where (x, y) is the spatial coordinate of the image and N is the

normalisation to the number of points:

Corr[I0, I∆r] =

∑

x,y (I0(x, y)− < I0(x, y) >)(I∆r(x, y)− < I∆r(x, y) >)
∑

x,y < I0(x, y) >< I∆r(x, y) >
. (4.2)

The experimental correlation is normalised to the average rather than the variance.

This is so that the ∆r = 0 value of the function returns the variance of the image

rather than unity, which is useful for comparison with the speckle fluctuations measured

in Chapter 3.The correlation of the speckle equivalent to shifting the detector rather

than the sample could be obtained using a Matlab script to calculate the correlation

between a speckle pattern and a displaced version of itself. Figure 4.2 compares the

experimental correlation obtained over 1000 sample positions separated by 100 nm using

an out of focus illumination for both source and detector displacement to the prediction

of Equation 1.1.
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Figure 4.2: Spatial correlation of transmitted speckle through sample 3 with an
out of focus illumination compared to the expected C(1) from theory.

It can be seen that, as expected, there is negligible difference between the correlation

displacing the source and displacing the detector artificially through post processing of

the images. As a result, correlations can be calculated from data sets with larger steps in

the displacement of the sample. The experimental correlation decays extremely quickly,

however, it is slightly longer in range than the theoretical prediction based on l=0.2 µm,

k = 10µm−1 and a contrast of 1. While in Chapter 4 a g of around 30 was found for

this sample with an out of focus illumination which is low for a 3D photonic media, this

is unlikely to be a mesoscopic effect. Instead, it is suggested that this broadening is due

to the diffraction limited detection.

4.1.2 Mesoscopic correlations

Additional correlations in speckle patterns arise due to crossing light paths, and are

closely related to the mesoscopic fluctuations discussed in Chapter 3. As in the analysis

of mesoscopic effects in Chapter 1, speckle correlations can be considered as corrections

to the classical correlation in the form of a power series in 1/g, at least in the weak

scattering limit. The overall speckle can then be expressed as:

C = C(1) +
2

3g
C(2) +

2

15g2
C(3). (4.3)

Here C(2) and C(3) are mesoscopic contributions resulting from the crossing of 1 and 2

light paths respectively, with amplitudes determined by the variance of the associated

speckle fluctuations. In the diffusive case, the C(1) correlation dominates the correlation
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of the spatial speckle pattern. However, if all outgoing paths are summed over to give the

total transmission the C(1) is averaged out and it is the C(2) contribution that dominates.

This is because after a crossing event propagating light paths are correlated and survive

averaging. Similarly, if all ingoing and outgoing channels are summed over the C(3) term

that dominates in the optical analogue of universal conductance fluctuations [47]. These

mesoscopic correlations are of longer characteristic range than the classical C(1) term.

Due to the dependence on g, it is expected that the C(2) and C(3) contribution would

be much larger for a small illumination. The experimental correlations obtained using

in and out of focus illuminations are compared in Figure 4.3(a).

(b)(a)

Figure 4.3: (a) Spatial correlation of the speckle transmitted through sample 3
for in and out of focus illuminations. (b) Difference between in and out of focus
spatial correlations, fitted by a 1/∆r decay as expected for a C(2) correlation.

From the y intercept of the speckle correlations, it is clear that the variance of the speckle

is much larger for the in focus illumination. The value of g obtained from this should be

comparable to that obtained for the same sample in Chapter 3. Again, the contrast of

the system should be taken into account, which can be done in this case by normalising

to the variance of the out of focus data. This value is 0.97, slightly higher than the

value for the contrast used in Chapter 3, which can be attributed to uncorrelated noise

gathering in the first data point of the correlation. The corrected variance in focus

is then 1.37, which using the relation V ar[Sab] = 1 + 4/3g returns g = 3.6. This is

in excellent agreement with the result from fitting the probability distribution of the

spatial speckle.

It can also be seen that the in focus correlation exhibits a significant long range com-

ponent compared to the out of focus data. In order to isolate this effect, the out of

focus data is subtracted in Figure 4.3(b). The assumption here is that the out of focus

data approximates the C(1) of the sample, which is acceptable as there is a factor of

≈ 10 larger g out of focus. The resulting plot has a different behavior to a C(1) type

correlation, and its long range decay can be reasonably described by C(∆r) ∝ 1/∆r, as

expected for C(2) type behavior [46]. The approach of subtracting C(1) to view the C(2)

behavior has previously been adopted in microwave measurements [78].
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While the evidence from the spatial correlations is reasonably strong that the nanowire

mats exhibit long range mesoscopic fluctuations consistent with the value of g found

from fitting the probability distribution of Sab, it is difficult to fully fit C2(∆r). As a

result it is also difficult to assess the potential contribution of C(3), which is expected

to have a small but possibly measurable amplitude of 10−2 in focus. The correlation of

the total transmission, which excludes the C(1) correlation, is investigated later in this

chapter.

4.1.3 Non-universal correlations

As well as mesoscopic terms, it has been suggested that there is an additional ’infinite

range’ contribution to the speckle correlation due scattering events in the vicinity of

the source [75]. This non-universal term, otherwise known as C(0), has been shown

to be equivalent to fluctuations in the local density of states (LDOS) [76] and has

recently been observed for acoustic waves around the Anderson localisation transition

[77]. In this case the LDOS refers to the number of available modes in proximity to

the source, determined by the local configuration of scatterers. The principle of the

C(0) correlation is that fluctuations in the LDOS between different sample realisations

result in additional correlations in the transmitted speckle when the source position is

scanned. These appear to be infinite in range as the LDOS at the location of the source

affects the entire transmitted speckle pattern. The expected value for C(0) is given in

Equation 4.4 for scalar waves in an infinite random medium with white-noise disorder:

C(0) =
π

kls
. (4.4)

Assuming an effective refractive index of n ≈ 2 for the nanowire mats and l = 0.2 µm,

the expected contribution of the LDOS from Equation 4.4 would be C(0) ≈ 0.8. Clearly

no sign of such a large contribution has been seen in the previous analysis of the spatial

correlations, however, as the value of kl for these nanowire layers is amongst the lowest

available for photonic materials it is of interest to investigate whether any signs of a

C(0) effect can be detected. Following the analysis of Hildebrand et al. [77], the C(0)

contribution can be isolated by taking the difference between the spatial speckle corre-

lation obtained scanning the source C(∆rs) to that obtained by scanning the detector

C(∆rd). This is because keeping the source fixed does not produce any fluctuations in

the LDOS in its vicinity, so this data contains only the information of the ’universal’

correlations. Figure 4.4 shows the result of such analysis using both in and out of focus

illumination for sample 3.

A small but clear difference can be seen between C(∆rs) and C(∆rd) which is greater

for the in focus illumination. This could be explained by fluctuations in the LDOS

being washed out for a larger illumination size. However, while there appears to be a
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Figure 4.4: Plots of C(0) obtained experimentally by taking the difference be-
tween the spatial speckle correlation with detector or source fixed obtained
through sample 3 for both in and out of focus illuminations.

long range component, the magnitude of this correlation is much lower than expected

from Equation 4.4. This could be a result of the assumptions made in the derivation of

the theory, specifically that of white-noise uncorrelated disorder. Additionally it could

be argued that even in focus, the illumination cannot be considered as a point source

resulting in an averaging out of LDOS fluctuations.

4.2 Spectral correlations

It is also of interest to characterise the spectral correlations C(∆ν) through the nanowire

samples in order to find further evidence of mesoscopic effects. The expected spectral

memory effect in the absence of internal reflections is given by:

C(1)(∆ν) =
(L/

√
2Lν)

2

cosh[L/
√
2Lν ]− cos[L/

√
2Lν ]

. (4.5)

where Lν =
√

D/2π∆ν gives a spectral coherence length scale [41]. C(1)(∆ν) has

a dependence on the thickness L as it determines the dwell time of light within the

medium, which can be inverted to obtain the spectral width. Given the high refractive

index of the GaP nanowires, it is unrealistic to exclude internal reflections in these

samples. It is well known that such reflections at both interfaces modify transport in

strongly scattering media [79], and can crudely be considered to increase the effective
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length of the medium. This can be accounted for by including an ’extrapolation length’

dependent on the reflection coefficient R at both surfaces [65], given by Equation 4.6:

ze =
2l

3

1 +R

1−R
. (4.6)

The C1(∆ν) correlation including the effect of internal reflections is given by Equa-

tion 4.7 in the absence of absorption [51]:

C(1)(∆ν) =
L2

z2e

cosh[
√
2ze/Lν ]− cos[

√
2ze/Lν ]

cosh[
√
2L/Lν ]− cos[

√
2L/Lν ]

. (4.7)

Experimentally, the spectral correlation of the transmitted speckle through the nanowire

samples was obtained using the same setup as used in the spatial speckle correlations.

A tunable external cavity diode laser (Thorlabs TLK-780M) with a central operating

frequency of 770 nm was used instead of the HeNe operating at 633 nm. While this entails

a change of the wavelength of the source, the behavior is not expected to be markedly

different as the total transmission measured in Chapter 2 is relatively constant in this

region. Figure 4.5 shows 3D plots of the spatial and spectral correlation C(∆ν,∆r)

obtained over 1000 sample positions for sample 3.

(b)(a)

Figure 4.5: Experimental speckle correlation C(∆ν,∆r) sample 3 with (a) in
and (b) out of focus illuminations obtained using tunable diode laser.

These plots show similar features to those found in the spatial correlations previously

in that the smaller illumination results in much stronger long range correlations. The

value of the variance is reduced compared to the investigations using the HeNe. This is

attributed to a loss in speckle contrast due to the increase in wavelength and subsequent

increase in the diffraction limit. It is clear that significant long range correlations also

exist in the spectral correlations of the transmission. The in and out of focus spec-

tral correlations are compared in Figure 4.6(a), with the spatial correlations plotted in

Figure 4.6(c) for reference.
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(a) (b)

(c) (d)

Figure 4.6: (a,c) C(∆ν) and C(∆r) obtained using tunable diode laser for
sample 3. (b,d) Difference between in and out of focus spectral and spatial
correlations CIF and COF .

Both the spectral and spatial COF can be reasonably well fitted by C(1) behavior,

obtaining values of l = 0.6 µm and D = 40m2s−1. These are reasonable considering the

increase in wavelength and are consistent with previous measurements on such nanowire

mats [61]. Consequently at a wavelength of 780 nm the nanowire mat is not as strongly

scattering as at 633 nm, as the key indicator of photonic strength knl ≈ 10 is roughly

a factor of 2.5 higher. However, this value is still low compared to other scattering

mediums such as the ZnO layers studied in Chapter 3. The extrapolation length used in

fitting the spectral correlation was ze = 1 µm, calculated from Equation 1.7 assuming

an effective refractive index neff ≈ 2 for the nanowire mat. The difference between

the contrasts used in the C(1) fits is due to all of the uncorrelated noise in the spectral

correlation accumulating in the first data point. As a result, the higher value of c = 0.85

used to fit the spatial C(1) conceals some mesoscopic fluctuations and the value found

for the diffusion constant is likely to be an overestimation.

The y intercept value of CIF (∆ν)/COF (∆ν) gives V ar[Sab] = 1.29. This gives a value

of g = 4.5, close to that obtained using the HeNe. In order to isolate the long range

contribution, the difference between CIF and COF is taken for both the spectral and
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spatial correlations in Figure 4.6 (b) and (c) respectively. Surprising behavior is found

for the spectral correlation, which exhibits a maximum in CIF (∆ν)−COF (∆ν) around

∆ν = 2.5 THz. This behavior is not replicated in the difference between the spatial

correlations, although a clear slowing of the decay of CIF (∆r)−COF (∆r) is seen around

∆r = 0.3 µm.
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The difference between in and out of focus spectral correlations may be explained by

different initial decay rates for the C(2) depending on the illumination size, as for small

∆ν and beam waist w < L a reduction in the beam waist is expected to flatten the

top of the C(2)(∆ν) correlation [51], giving an initial slower decay for the in focus

illumination. However, this result may also be simply an experimental artifact, and

further investigation is required. For a plane wave (w >> L), the expected C(2)(∆ν) is

given by Equation 4.8 in the absence of internal reflections [41]:

C(2)(∆ν) =
4

g
(
Lν√
2L

)
sinh[

√
2L/Lν ]− sin[

√
2L/Lν ]

cosh[
√
2L/Lν ]− cos[

√
2L/Lν ]

. (4.8)

For large ∆ν, it is expected that C(2)(∆ν) ∝ ∆ν−1/2 [51]. It can be seen in Figure 4.6(a)

that this reasonably describes the decay of the in focus correlation. One interesting

question is the effect of internal reflections upon the C(2) correlation, as the nanowire

mats have a significantly higher refractive index than the layers of TiO2 or ZnO in which

such effects are more commonly investigated. The importance of internal reflections can

be assessed by comparing the extrapolation length ze with the spectral coherence length

Lν =
√

D/2π∆ν.

The extrapolation length is estimated as ze ≈ 1µm from Equation 4.6, while using

D = 40 m2s−1 obtained from the C1(∆ν) fit results in Lν ≈ 2.5/
√
∆ν. It can be seen

that the two estimates are comparable, with ze > Lν for ∆ν > 6.3 THz, so it can be

argued that the effect of internal reflections should be strong. Conflicting theoretical

findings for the frequency dependence of C(2) in the presence of internal reflections exist

in the literature. For ze > Lν behaviors ∆ν−1/2 [80], ∆ν−1 [81] and ∆ν−3/2 [82] have

been predicted. The experimental correlation supports the proposed ∆ν−1/2 behavior

reasonably well, although the frequency scan range is limited to relatively low values of

∆ν.

It should be stressed that this is a complex topic with many subtleties, and while the

long range frequency dependence appears unchanged in the nanowire sample, it is likely

that other effects due to internal reflections are present. These include a reduction in

amplitude and a ’flattening’ of the short range behaviour [80]. Through a combina-

tion of internal reflections and non plane wave incidence, it is difficult to fully fit the

experimental data with a combination of a spectral C(1) and C(2).

4.3 Total transmission correlations

It is also of interest to investigate correlations in the total transmission of the nanowire

mats. Summing over the transmitted speckle would be expected to result in C(2) correla-

tions for single channel illumination, whereas for a few incident channels the correlation
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should be in between a C(2) and C(3), as proposed for the transmission statistics in Chap-

ter 3. Total transmission correlations should also provide important evidence about any

contribution of sample variations to the measured spatial correlations.

(a) (b)

Figure 4.7: (a) Spatial correlation of the total transmission through the 5 cycle
nanowire sample in and out of focus, obtained using a HeNe. (b) Spectral
correlation of the total transmission through the same sample, obtained using
a tunable diode laser with a center wavelength at 780 nm.

Figure 4.7(a) shows the spatial correlation of the total transmission in and out of focus

taken using the HeNe with sample displacements of 100 nm over a 600 µm range. As

expected, the in focus correlation initially decays to zero quickly over 1 µm, which is

the size of the illuminating beam. Interestingly, the experimental correlation then goes

negative, indicating that it is statistically more likely for a sample position with high

transmission to be followed by one with lower transmission (and vice versa). This is not

consistent with correlations that may be caused by sample variation as these would be

expected to take place over larger length scales and such an anti-correlation would not

be seen. It can be seen that the overall behaviour of the absolute value of the in focus

correlation decays as 1/∆r. The out of focus correlation has a much lower magnitude,

and since the beam waist is large no oscillations are seen.

The spectral correlation of the total transmission is given in Figure 4.7(b) from the

same data set used to find the spectral correlation of the transmitted speckle. The

oscillations seen in the correlation are likely to be an experimental artifact from the

external cavity diode laser used. The magnitude of the in focus correlation is 0.0054,

which if the relation for conductance fluctuations of V ar[S] = 2/15g2 is used returns a

value of g = 6.2, slightly higher than that found from the speckle correlation and likely

within the error of the measurement. This supports the interpretation that due to the

illumination not being single channel, the total transmission is a quantity closer to the

normalised conductance S rather than the single channel transmission Sa. The in focus

data can be fitted by a C(3) form derived by van Rossum et al. in ref. [47] with an
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extrapolation length of ze = 0.9 µm and a beam waist of 1µm, returning a value of

g = 5.0. However, it can be seen that the out of focus correlation is essentially flat,

likely indicating the noise floor of the experiment. As a consequence, the magnitude of

the out of focus correlation should be subtracted from that of the in focus, which returns

g = 6.2. Although the measured total transmission correlation appears to be close to

the expectation for the effective optical conductance, as it cannot be argued that all

ingoing channels are summed over it cannot be defined as the true conductance.

4.4 Conclusions

The correlations in the light transmitted through strongly scattering nanowire mats was

investigated, and found to exhibit long range spatial and spectral correlations incon-

sistent with the classical diffusive description of light transport. These correlations are

attributed to mesoscopic interference effects. As expected, the relative magnitude of

the correlations in and out of focus support the finding of Chapter 3 that the transport

through such mats is governed by only a few independent transmission channels. The

long range correlations decay as expected for the mesoscopic C(2) correlation which rep-

resents the correlations due to single light path crossing events. Due to the complex

dependence of C(2)(∆ν) on the beam waist and internal reflections, it was not possi-

ble to fit the full C(2) behaviour. In particular, internal reflections are expected to be

important for the nanowires which have a higher refractive index than other materials

commonly studied. It was found that the long range decay of the spectral correlation was

proportional to ν−1/2, supporting the finding of ref. [80] that while internal reflections

do alter the shape of the correlation, the long range behavior is unchanged.

Examining the spectral correlation of the total transmission, a correlation that could be

fitted by C(3) like behavior was found. This supports the suggestion made in Chapter 3

that as the experimental illumination is not single channel, summing over the transmit-

ted light returns a quantity between the single channel total transmission and the optical

analogue of conductance. The total transmission correlations also provide important ev-

idence that the fluctuations seen in transmission are due to mesoscopic effects rather

than sample variation, in particular the anti-correlation seen spatial total transmission

correlation is inconsistent with sample variation.

The transmission was also examined for the effects of a recently proposed non-universal

C(0) correlation arising from fluctuations in the LDOS near the source. A small differ-

ence was found in the spatial correlation depending on whether the source or detector

was displaced, however its value was far below the theoretically predicted value. An ex-

planation for this could again be that the illumination is not a point source, leading to

the averaging out of LDOS fluctuations expected between different sample realisations.

In conclusion, while C(2) and C(3) type correlations have been observed previously for
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3D photonic media, due to the low g of the nanowire mats these correlations are the

strongest reported. It is exciting to speculate that the demonstration of such strong

correlations may open the way to the harnessing of mesoscopic effects as an additional

tool for the many applications of disordered photonics discussed previously in Chapter

1.





Chapter 5

Wavefront shaping

In this chapter, the use of wavefront shaping techniques to focus light through disordered

nanowire samples is investigated. In order to shape the incident wavefront, a modified

commercial hand held projector was used which is attractive for its accessibility and low

cost. It is demonstrated that a sharp focus can be formed despite the low number of

transmission channels found through such samples in Chapters 3 and 4. Some of the

factors influencing the setup of a wavefront shaping experiment are explored. The field

of wavefront shaping is a rapidly expanding one and this chapter follows the pioneering

works of others in the field. The work presented here enables the experiments presented

in Chapter 6 on obtaining ultrafast control over a shaped wavefront.

5.1 Introduction

As discussed in the Chapter 4, the speckle pattern transmitted through random media

contains correlations which contain a surprising amount of information about the source,

even when mesoscopic correlations are removed from consideration. A closely related

information preserving property of random media is that the multiple elastic scattering

is in general a deterministic process. As a result, the principle of time reversal symmetry

should hold- if the wavefront scattered from a random medium can be recorded perfectly

then sent back, the source should be recreated. This holds regardless of the specifics of

the scattering medium. Successful time reversal experiments have indeed been performed

to recreate a sharp focus after propagation through a random scattering medium for

acoustic [11, 12], electromagnetic [13, 14] and water waves [15]. This is of great interest

as it shows it is possible to focus through diffusive media, which is an issue of importance

for the use of lasers in medical imaging and treatment. However, for applications the

time reversal approach has clear practical limitations due to the difficulty of recording

and playing back an optical wavefront and the requirement for a source to be placed at

the desired focal point.

61
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An alternative approach is to create the correct incident wavefront to create a focus

through a random medium by trail and error. It has been shown that by using a spatial

light modulator (SLM) to manipulate the incident wavefront to a medium to create so

called ’perfect focusing’ [16, 17]. In this pioneering work, Mosk et al. implemented an

iterative approach in which the effect of small changes to the incident wavefront on the

transmitted light was monitored in order to find the optimum input to create a single

bright focus. This approach amounts to altering the relative phase between transmission

channels in order to create a condition of constructive interference at a selected point.

Impressively, this method can beat the diffraction limit of traditional optics due to the

larger number of degrees of freedom available to a diffusive medium to form a focus

[83, 22].

It has subsequently been shown that by selectively coupling to open transmission chan-

nels, the overall transmission can be enhanced [18, 19], and that a large fraction of the

transmission matrix of a random medium can be measured [20]. In principle, knowledge

of the transmission matrix of a diffusive medium such as a simple layer of white paint

can be used to turn it into a versatile reconfigurable optical element. As well as the abil-

ity to create arbitrary focal points in space, it is also possible to configure the incident

wavefront to transmit a narrow frequency range of a broadband light source, creating a

reconfigurable spectral filter [84].

The maximum possible intensity enhancement of a speckle relative to the background is

given by the scenario of perfect constructive interference of all transmission channels at

that point.‘In the ideal case in which the transmission is dominated by open channels

with transmission unity, the limit to the enhancement is simply given by the number

of open transmission channels. In this chapter, wavefront shaping techniques are used

to focus through the nanowire mats shown to have transmission characterised by only a

few transmission channels. This is in contrast to typical optical experiments, and it is

of interest to see the enhancements possible through these samples. Experiments with

microwaves have demonstrated experimentally the dependence of enhancement upon

number of transmission channels [85].

5.1.1 Spatial light modulators

It is possible to manipulate both the phase and amplitude of an incident wavefront using

a spatial light modulator (SLM). These devices impart controllable spatial patterns onto

reflected or transmitted light, and are essentially specialised display devices. SLMs fall

into two broad categories: those based on liquid crystal (LC) technology and those based

on digital micro-mirror displays (DMD). The easy access to phase modulation using LC

SLMs has lead to their use in the majority of the pioneering investigations mentioned

above. However, there are some disadvantages associated with using LCs, namely the

relatively slow refresh rate of LC displays, low damage thresholds and high cost. DMDs
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consisting of arrays of micro-mirrors that can be individually programmed to send light

either to a target or a beam dump typically outperform LCs on these criteria, at the

cost of losing direct access to phase control. The high refresh rates of DMD devices is

of particular interest as it enables focusing through rapidly changing turbid media [86],

which is representative of the reality of applications in biological systems.

In this thesis a DMD based SLM was used. For first investigations a commercially

available micro projector (Acer C20 Pico Projector) was modified to allow direct optical

access to the DMD chip Figure 5.1. Patterns could be written to the DMD by using it as

a second screen for a PC. While this is a rudimentary technique, limiting the refresh rate

of the DMD to 60 Hz, it is nonetheless effective and considerably less expensive than

purchasing a dedicated research SLM (also shown in Figure 5.1 and used in Chapter 6).

Such modified projectors have a wide range of applications outside of controlling light

transmission through random media, including the fabrication of micro-structures [87].

Figure 5.1: Left: Image of commercial hand-held projector modified to allow op-
tical access to the DMD chip. Right: ViaLUX research DMD used for wavefront
shaping experiments in Chapter 6.

5.1.2 Binary amplitude modulation

The general principle of all wavefront shaping schemes is similar: changes are made to

the incident wavefront while the outgoing wavefront is monitored in order to find the

optimum pattern for the desired result. The exact details of each scheme depends on the

use of phase or amplitude modulation, the number of polarisation channels considered

and the detection method. Furthermore, there are several possible choices of algorithms

including controlling either single sequential elements or random subsections of the SLM

[18], generating a complete basis set of random patterns to measure the transmission

matrix [86] and genetic evolution of a series of random patterns in order to find the

optimum [88]. Each has advantages depending on the specific situation. One scheme
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which is particularly attractive for its simplicity is that of binary amplitude modulation,

as demonstrated by Akbulut et al [89]. This is the approach adopted in this thesis.

In binary amplitude modulation, the DMD surface is divided into a number of segments.

All segments are initially set to send light to the sample, and are then sequentially turned

off and on while the intensity on a selected area of interest (AOI) on a camera is moni-

tored. The state resulting in the highest intensity is retained and the process is repeated

for the next segment, resulting in a pattern that gives a bright focus in the AOI. Unlike

phase modulation schemes in which the phases of transmission channels are aligned,

this amounts to turning off transmission channels with a destructive contribution to the

intensity of the selected speckle. The principle of this scheme is shown in Figure 5.2.

Im(E)

Re(E)

DMD:

Before

Re(E)

Im(E)

After

Figure 5.2: Illustration of the binary amplitude modulation wavefront shaping
scheme.

As out of phase transmission channels are turned off, this approach suffers a penalty

in performance compared to phase modulation schemes. If the highest enhancement

attainable is the number of transmission channels N , then assuming an even distribution

of phases and a large number of channels, the highest enhancement possible using binary

amplitude modulation is approximately N/4. This is arrived at by expecting that half of

the transmission channels will be turned off, and the average phase difference between

the channels left on will be π/4. Of course this is an ideal case, and in reality it is

expected that the details of each optimisation will have a dependence on the initial

makeup of the speckle selected.

An important experimental consideration is noise, as this can mask the effect of turning

segments on and off. Consequently while it would be expected that increasing the

number of segments controlled on the DMD would increase the quality of an optimisation

towards the ideal case, there is a limit at which the signal associated with a single segment

falls below the noise floor. It has been shown that performing a pre-optimisation with

larger segments than the final optimisation increases the signal to noise ratio in the AOI
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resulting in better enhancements [90]. Another issue of great importance is stability,

as displacements of the beam or sample over distances greater than the typical speckle

correlation length will result in the formation of a completely new speckle requiring a

different pattern of illumination to create a sharp focus.

5.2 Experimental setup

The experimental setup used for focusing through the nanowire samples is shown in

Figure 5.3.

NA 0.9 NA 0.9Camera DMD

L1 L2

L3L4L5

P1

P2 IrisSample

Camera

HeNe

=633 nml

Figure 5.3: Diagram of wavefront shaping setup.

A Helium Neon (HeNe) laser was used for the initial investigations. The beam was

expanded by lenses L1 and L2 to a size larger than the DMD chip to obtain a reasonably

even illumination of its surface. The DMD was then imaged onto the pupil of the

microscope objective focusing the light onto the sample by lenses L3 and L4. A matching

pair of objectives with NA of 0.9 (Nikon CFI60 LU Plan BD) were used to image and

collect light from the sample. A 200 mm lens (L5) then images the transmitted speckle

onto a camera (AVT Stingray F-033). Polarisers P1 and P2 are used to select only

1 ingoing and outgoing polarisation channel, in order to improve the speckle contrast.

Controlling both incident polarisations separately would allow higher enhancements,

however, this would increase the complexity of the setup considerably and was not

adopted for these first experiments.

It should be noted that although the DMD is divided into spatial segments, these are

Fourier transformed into angular channels at the sample surface by the microscope

objective. Consequently, as these channels are turned off the size of the illumination on

the sample will increase as the number of angular channels available to create a focus

decreases in a manner analogous to reducing the NA of the objective. Unlike previous

experiments in Chapters 2-4 with these nanowires, the glass cover slip side of the sample

was illuminated and the speckle was imaged through the GaP substrate. This was in

order to reduce the effect of aberrations in the GaP slab on the optimisation. The sample

used is the 6 µm thick nanowire sample 3 investigated in Chapters 3 and 4.
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For the optimisations, an AOI is selected on the camera that is comparable in size

to the typical individual speckles. While individual segments on the DMD are turned

on and off, the intensity in the AOI normalised to the total transmission is monitored

and for each segment the state giving the highest value is retained. Normalising to

the total transmission has two benefits: it negates the effect of fluctuations in the laser

intensity, and accounts for the overall reduction in transmission that results from turning

off segments that do not contribute constructively to the intensity in the AOI. Without

this normalisation, changes which increase the contrast between speckle and background

but reduce the overall total transmission would not be accepted, resulting in a largely

ineffective optimisation. The choice of segment size has a significant impact upon the

optimisation process, and is investigated further later in this chapter. The imaging

objective is displaced a few microns out of focus for all optimisations in order to optimised

on the far field in which the transmission modes should be fully mixed.

5.3 Focusing through nanowire samples

An example of an optimisation performed using binary amplitude modulation of the

incident wavefront is shown in Figure 5.4.
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Figure 5.4: Images before (a) and after (b) optimisation using the binary ampli-
tude modulation scheme. (c) Plot of cross-section through the AOI as a function
of optimisation step. (d) Comparison of cross sections of the initial and final
image.
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From the images of the transmitted light are shown before and after the optimisation

process in Figure 5.4 (a) and (b), it is clear that the wavefront shaping algorithm has cre-

ated a single intense focus as desired. The progress of the optimisation can be visualised

by the cross-sections through the AOI for each optimisation step shown in Figure 5.4

(c). From the cross-section of the final optimised spot in Figure 5.4 (d) it can be seen

that a ratio of the peak to the background of approximately 15 is achieved. To obtain

this result, an AOI with a radius of 2 pixels (0.2 µm on the camera) was used, with the

DMD divided into 640 segments.
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Figure 5.5: Plot of the AOI, total and AOI normalised to total intensity with
optimisation step for the optimisation shown in Figure 5.4

In Figure 5.5 the evolution of AOI and total intensity with optimisation step is shown. It

can be seen that there is a significant increase in intensity in the AOI over the optimisa-

tion and that the total transmission reduces by approximately a factor of 3. This means

that the reduction in the total transmission plays an important role. The expectation

was that approximately half of the segments on the DMD would be turned off, meaning

the contribution seen from the reduction in total intensity is higher by a factor of 1.5

than this prediction. This result is representative of the large number of optimisations

carried out using this setup. The reason for this larger decrease in total intensity is not

known, although it is possible to speculate about about turning off transmission modes

which do not fully extend to the specific point the optimisation is carried out at.

5.3.1 Effect of the number of segments

In order to assess the effect of changing the number of segments, optimisations were

carried out sequentially on the same sample position with different segment sizes. The

change in the intensity in the AOI normalised to the total intensity for this experiment is
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shown in Figure 5.6 (a), while Figure 5.6 (b) shows the final value achieved as a function

of number of segments.
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Figure 5.6: (a) Plot of the relative change in intensity in the AOI with optimi-
sation steps for different numbers of segments. (b) Final enhancement achieved
as a function of number of segments.

As expected, increasing the number of segments improves the quality of the optimisation.

The exception is the optimisation carried out with 160 segments, which shows a decrease

in enhancement towards the end of the scan indicating either a small shift in alignment

or a bad choice by the algorithm. While the optimisation process is in general reliable,

such events occur from time to time resulting in a reduced enhancement. It is clear that

as the number of segments is increased that the the final enhancement achieved appears

to converge towards a limiting value. This is because the signal associated with each

segment drops as the number of segments is increased due to the illuminated area of the

DMD being held constant. Consequently for a larger number of segments noise has a

greater influence, reducing the efficiency of the algorithm.

Increasing the number of segments also increases the time taken for the optimisation to

complete. This time ranged between around a minute for the lowest number of segments

to approximately 10 minutes for the highest. This introduces another experimental

factor in the stability of the setup. Even small relative changes between the pattern on

the DMD and the sample reduce the optimisation quality as the pattern formed on the

DMD is specific to the local configuration of the sample. Thus there is an advantage

to be gained by performing the optimisation quickly, and conversely if the time for

an optimisation to complete is greater than the decorrelation time of the system the

formation of a focus by shaping the incident wavefront is not possible. A drawback to

the use of the modified DMD controlled as a second screen, as presented here, is that

its speed of operation is a limited to typical display refresh rates of 60 Hz. In contrast,

dedicated research SLMs which have been shown to be able to perform optimisations

on the timescale of milliseconds, important for use in imaging through fast changing

biological systems [86].
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5.3.2 Assessment of optimisation

An enhancement of 15 between the peak and background is sufficient to form a single

bright spot, however, it is low compared to typical values of enhancements reported

in literature of between in the range of 100-1000. In part, this is due to the choice of

scheme, with phase control allowing much larger enhancements. Additionally, Akbulut

et al. found that the use of a modified DMD as used here has a performance penalty

compared to the implementation of the same binary amplitude modulation scheme using

a LC SLM [89], attributed to details of the commercial projector used. As discussed pre-

viously, a low number of transmission channels is also expected to limit the optimisation

quality. While the nanowire sample used was shown to only have a few transmission

channels for a tightly focused illumination, the loss of angular information to create this

focus by switching off incident channels is expected to increase the size of the illumina-

tion. Indeed, it is possible that the optimisation process works to increase the size of

the illumination allowing access to additional transmission channels contributing to the

intensity in the AOI. Consequently, no conclusion can be reached about the effect of a

low number of transmission channels on the optimisation from this experiment.

5.4 Summary

A DMD was used to create a focus through the nanowire mats shown in Chapters 3 and

4 to have a transmission characterised by only a few transmission channels for a tightly

focused illumination. Modest optimisations were found, with several possible factors

including the use of a modified commercial hand-held projector and the low number

of transmission channels. Further investigations are required in order to separate these

factors. Ultimately, the work presented in this chapter does not give any new information

about the nanowire mats used, however, the creation of a successful focus through them

opens the way for performing experiments on this optimised spot in the following chapter.





Chapter 6

Ultrafast control of shaped

wavefronts

As shown in Chapter 5, it is possible to create a bright focus through disordered nanowire

mats by shaping the incident wavefront using a DMD based SLM. In addition to the im-

pressive control over the transmitted light offered by wavefront shaping, it is interesting

to consider how the intrinsic nonlinearity of the nanowire samples used could be used

to gain an additional degree of control. In this chapter, ultrafast laser excitation is used

to achieve modulations of up to 63 ± 2% of a shaped wavefront, and it is shown that

the effect of dephasing can be reversed to rephase an optimised wavefront, enhancing

the peak to background ratio by 20± 2% [3]. The principle of a reconfigurable photonic

switch demonstrated here may be of interest for application in telecommunications.

6.1 Dephasing of a shaped wavefront

The basic concept of the proposed experiment is illustrated in Figure 6.1. First, a single

bright focus is created at a selected point on the outgoing face of the sample using the

wavefront shaping techniques detailed in Chapter 5. As a result the phases of separate

transmission channels are in phase at this point. The sample is then excited in the

form of an ultrafast optical pulse, which induces a series of random phase shifts between

transmission channels, destroying the constructive interference creating the focus. Given

the high contrast between the optimised speckle and the average background, such an

approach has the potential to achieve large modulations of light sent to an arbitrarily

determined position.

In this proof of principle experiment, a pump-probe scheme is used in which probe light

at 633 nm is shaped to create the shaped wavefront and pump light at 400 nm is used

to excite the nanowire sample. The pump light excites electrons above the indirect

71
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Figure 6.1: Illustration of the proposed reconfigurable photonic switch. Top:
A sharp focus is created by shaping the incident wavefront, and is destroyed
by excitation by an ultrafast optical pulse. Bottom: Sketch of phasor diagram
contributing to the optimised spot corresponding to the cases shown above.

electronic bandgap of GaP (which is at 550 nm). This results in induced absorption

of the probe by the pump, as these electrons are available to absorb the probe light.

Previous work by Abb et al. investigating the dephasing of frequency speckle through

similar samples identified two possible dephasing mechanisms: an induced change in

refractive index and a small change in scatterer size or position [91]. Although such

effects are small, the large average dwell time of light within the nanowires means the

resulting phase shifts can be relatively large.

Similar experiments have demonstrated that dephasing can break time reversal symme-

try in samples of porous GaP [92]. As the nanowire samples used have been shown in

Chapters 3 and 4 to exhibit strong mesoscopic interference effects [2], it is interesting to

consider whether these can be suppressed by dephasing. It is also interesting to consider

how the presence of the pump affects the optimisation process itself, and whether an

optimised spot which depends on the dephasing induced by the pump can be created.

This is similar in principle to the use of a wavefront shaped pump to control the output

of a random laser [26], another very exciting active field of research.
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6.2 Experimental details

6.2.1 Pump probe setup

Figure 6.2 shows the experimental setup for the pump-probe experiment. The wavefront

shaping part of the setup is similar to that used in Chapter 5.

Figure 6.2: Diagram of experimental pump-probe setup used to attain ultrafast
control over a shaped wavefront.

Probe light around 633 nm is obtained from the signal output of a regenerative ampli-

fier (Coherent RegA, 250 kHz, 150 ± 10 fs pulse duration) pumped optical parametric

amplifier (Coherent OPA 9400), while the pump at 400 nm is obtained from the second

harmonic. An interference filter (F) is used to reduce the bandwidth of the probe light

to 632.8 ± 1 nm, at the cost of increasing the pulse length (as seen in the following

section). Polarisers P1 and P2 are used to select a single ingoing and outgoing polar-

isation channel. Light is focused onto the sample and collected by a matching pair of

microscope objectives (Nikon CF160 LU Plan BD, NA=0.9), and imaged onto a 16 bit

monochrome camera (AVT Stingray F-033) by a 500 mm focal length lens (L5). A 250

mm focal length lens (L6) focuses the pump light onto the objective pupil, ensuring that

the illumination size of the pump is greater than that of the probe. This is important as

it means the effect of the pump is almost uniform for all the input channels accessible by

the DMD. In this chapter, a ViaLUX v7000 DMD was used, containing a Texas Instru-

ments DLP discovery chip-set. Compared to the modified projector used in the previous

chapter controlled as a second screen, the ViaLUX DMD is completely programmable

allowing faster, more controlled operation.

The relative delay between the pump and probe pulses is controlled by a computer

controllable mechanised stage that changes the length of the pump path. The maximum

effect from the pump is expected when the pump and probe pulses overlap. Defining
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this zero delay position is important to the experiment as it gives information about

the time dynamics of the effect of the pump, and is addressed in the following section.

A computer controlled shutter on the pump path (not shown in the diagram) allows

the pump to be blocked and unblocked allowing the relative change induced by the

pump to be measured. In order to observe the highest possible effects from the pump,

all experiments were carried out using a total pump power of 8 mW incident on the

sample. This is approximately 70% of the power for which slow degradation of the

sample was deserved. In comparison, the average power in the probe beam was less

than 0.1 mW. The use of higher pump powers did not result in reproducible results.

Due to the large illumination size of the pump light, the pump fluence was estimated to

be no higher than 15 Jcm−2.

For these experiments the nanowire sample used is the 4.5 µm thick sample 2. While the

bandwidth of the probe pulse is narrow (0.75 THz), it is comparable to the characteristic

spectral width of speckle transmitted through the nanowire mats [91, 2] and consequently

the contrast of the transmitted speckle is an issue. A measure of the spectral width is

given by the inverse of the Thouless time τD = L2/D [41]. As a result, sample 2 results

in a better speckle contrast than the 6 µm thick sample 3, and is more suited to this

initial investigation as mesoscopic effects are not expected to be as strong.

6.2.2 Calibrating pump probe zero delay

The zero pump probe delay position was found by replacing the nanowire sample with a

bare GaP slab and measuring the induced change in the transmission of the probe by the

pump as a function of the delay stage position. In order to measure this as accurately

as possible the setup shown in Figure 6.2 was modified by replacing the camera with a

silicon photodiode and using a chopper and lock-in amplifier. As the 300 µm thick GaP

slab absorbs all of the pump light, the signal detected by the lock-in when the pump is

modulated by the chopper is purely the effect of the probe upon the pump. This was

checked by placing an additional blue filter in front of the photodiode, and no change in

the signal was seen. This pump-probe signal is plotted in Figure 6.3 for both the GaP

slab and the 4.5 µm thick nanowire sample.

The pump-probe signal is a convolution of the response function of the material and

the probe pulse, with the pump pulse determining the resolution possible. In this case,

because of the filter reducing the bandwidth of the probe pulse, the pump is much shorter

than the probe. The response of the slab can be assumed to be a step function, with

no induced absorption when the probe arrives before the pump and a constant value of

absorption if the pump arrives before the probe. This is because excited charge carriers

in the GaP require a phonon to relax back to the ground state which typically occurs

on timescales of 10s to 100s of picoseconds compared to the 150 fs probe pulse. In this
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Figure 6.3: Comparison of the pump-probe signal ∆T normalised to the max-
imum value for the 2 cycle nanowire sample (black line) and a plain GaP slab
(red line).

case, with a Gaussian probe pulse, the zero delay position is defined as being halfway

up the rising slope of the pump-probe signal ∆T .

In Figure 6.3, the absolute value of ∆T is normalised to a peak signal in order to compare

the nanowire mat and the GaP slab. It can be seen that the response of the slab is not

a step function, however, the decay of the signal is slow compared to the rising edge

meaning the definition of the zero remains valid. The effect of reducing the bandwidth

of the probe can be clearly seen, as the probe pulse duration extends to approximately

5 ps. The response function of the nanowire sample is different to that of the GaP slab

due to the strong light trapping effect of the wires. In principle it is possible to extract

information about the light path distribution through this technique, however, as in

this case the dwell time is less than the probe pulse duration it is difficult to draw any

concrete conclusions.

6.2.3 Dephasing of plain speckle

Before investigating the switching of a shaped wavefront was investigated, the effect of

the pump on an unshaped plain speckle pattern was examined. The speckle transmitted

through the nanowires was captured by the camera with pump blocked and unblocked

for different relative delays between the probe and pump. The relative change in the

total transmission ∆T/T was calculated by taking the difference of the total transmission

with pump blocked and unblocked, normalised to the image with pump blocked, and

captures the effect of induced absorption Figure 6.3. The correlation between these
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images reveals any effect of dephasing, as the effect of absorption alone is expected

to only reduce the average transmitted intensity, not change the transmitted speckle

pattern. The correlation between images with and without pump I(x, y)P and I(x, y)NP

was defined as follows:

Corr[I(x, y)NP , I(x, y)P ] =

∑

x,y (I(x, y)NP− < I(x, y)NP >)(I(x, y)P− < I(x, y)P >)
√
∑

x,y(I(x, y)NP− < I(x, y)NP >)2
∑

x,y(I(x, y)P− < I(x, y)P >)2
.

(6.1)

The speckle correlation and ∆T/T are plotted as a function of pump-probe delay in

Figure 6.4.
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Figure 6.4: Plot of relative change in transmission ∆T/T (black line) and speckle
correlation function (red line) for an unshaped wavefront transmitted through
the 2 cycle nanowire sample.

The main effect induced by the pump is the absorption, which a decrease in around 40%

of the total transmission observed, with a maximum effect around 5 ps. The extension of

the effect into negative delays, in which the probe arrives before the pump, is a result of

both the long dwell time of the probe light within the nanowires and the duration of the

probe pulse itself. There is also a clear reduction in the correlation of the speckle with

a maximum around 3 ps that has a different behavior to that of the absorption. This

is attributable to the dephasing of different light paths by the pump, which results in

a change in the spatial speckle distribution rather than the average transmission. Both

effects are expected to be significant for the switching of an optimised spot.
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6.3 Switching shaped wavefront

The optimised wavefront was created using the binary amplitude modulation technique

outlined in Chapter 5. Optimisations were performed using 900 segments on the DMD

with the pump beam blocked, with a second optimisation being carried out immediately

afterward taking advantage of the increased signal to noise ratio to improve the focus

quality. Performing additional optimisations after this was observed not to improve the

quality of the focus further. Images of the transmitted speckle were then taken with

pump on and off for different delay positions. The details of one of the best results

obtained is shown in Figure 6.5.
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Figure 6.5: Images showing optimised spot with pump off (a) and on (b) with
a pump-probe delay of 2 ps. (c) Radially averaged cross-sections of image (a)
and (b) (black and red lines respectively). (d) Background ∆T/T (red line),
peak change (black line) and peak to background modulation (blue line) as a
function of pump-probe delay.

Figure 6.5(a) and (b) show images of an optimised spot with and without pump respec-

tively with a pump probe delay of 2 ps. It is clear that the pump causes a large reduction

in the amplitude of the optimised speckle. This is shown in more detail by the radially

averaged cross-sections of these images in Figure 6.5(c), with a change in peak intensity

of 63%. This is much larger than the average modulation of the background intensity

of around 35%, indicating that dephasing plays an important role.

In order to assess the roles of dephasing and induced absorption further, quantities

representative of these two effects should be defined. The relative change ∆T/T in the

background intensity, calculated by excluding an area of 1 µm in diameter around the

AOI of the optimisation, is expected to reflect the effect of induced absorption. If this

was the only effect, it would be expected that the modulation of the peak intensity

would follow that of the background. Consequently, changes to the peak to background

ratio are taken to be indicative of the effect of dephasing. These quantities are plotted

in Figure 6.5(d) as a function of pump-probe delay. The change in the background has

a smooth behavior similar to that seen for the plain speckle with a maximum change
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around 5 ps. In comparison, the change in the peak to background ratio has more

features and peaks earlier than the background. At the delay of 2 ps for which the

modulation of 63% is observed, the contribution of absorption and dephasing appears

to be equal.

The exact behavior of the change in the peak to background ratio is interesting, as it re-

flects the path distribution contributing to the optimised spot, and may be considered to

be a unique fingerprint of that individual speckle. To investigate this, experiments were

carried out on many different sample positions. This also provides an important mea-

sure of the typical result obtainable, in contrast to the best result shown in Figure 6.5.

Histograms of the distributions of results obtained are shown in Figure 6.6.

(a) (b)

(c) (d)

Figure 6.6: Histograms showing the experimental variation found in optimisa-
tion quality (a), peak modulation (b), maximum absorption (c) and maximum
peak to background ∆T/T .

Over 36 optimisations, there was a large variation in optimisation quality as shown in

Figure 6.6(a). The average peak to background ratio obtained was 10.4 ± 0.3. This is

worse than typical optimisations with peak to background enhancements of around 20

achieved using a HeNe in Chapter 5. This can be attributed to the higher bandwidth

of the probe light decreasing the speckle contrast and the increased noise present in the

OPA system, which relies on a series of nonlinear effects and is consequently extremely
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sensitive to small environmental changes. The few higher enhancements in peak to

background ratio correspond to times at which the experimental setup was at its most

stable. While the quality of the optimisations achieved was not high, most were sufficient

to test the principle of the switching of an optimised spot.
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Figure 6.7: (a-d) Radially averaged cross-sections of modulations above 55%
attained on four separate sample positions. Black lines and red lines represent
the situation with pump blocked and unblocked respectively.

Figure 6.6(b-d) show the distribution of the maximum peak modulation, absorption and

peak to background modulation effects observed for 24 separate data sets. The average

peak modulation achieved was 50 ± 2% with an average contribution from absorption

of 37 ± 1% and dephasing of 20 ± 2%. A significant reason for the variation seen in

results is likely to be attributable to the spatial overlap between pump and probe for

each data set, which remains a critical experimental factor despite the large size of the

pump illumination compared to that of the probe due to the pump illumination not

being entirely uniform. Additionally, variations in the peak to background modulations

are also expected to depend on the details of the speckle optimised on. Despite the

experimental variation apparent from the histograms, high peak modulations of above

55% were reproduced on 4 separate sample positions as shown in Figure 6.7.

The dynamics of the peak modulation, absorption and peak to background modulation

as a function of pump delay are shown in Figure 6.8. Similar traits can be seen to

Figure 6.5(d). The behavior of the absorption is smooth and relatively consistent, while

the modulation of the peak to background ratio shows additional features, and in general

peaks before the maximum absorption effect which corresponds with the position of

maximum switching of the peak. It can be seen that the behavior of the peak to
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(a) (b)

(c) (d)

Figure 6.8: (a-d) Plots of ∆T/T of the background (red lines), peak modulation
(black lines) and peak to background ∆T/T as a function of pump-probe delay
at the four sample positions shown in Figure 6.7 (a-d)

background modulation is different between all four sample positions, with the maximum

effect for pump probe delays between 2 and 4 ps. This is likely to reflect the individual

path distribution contributing to each speckle.

Aside from the peak to background modulation ratio, another quantity that reflects the

effect of dephasing is the speckle correlation. The speckle correlation functions corre-

sponding to the data in Figure 6.8 and Figure 6.7 are shown in Figure 6.9. In all cases,

the trends seen in the correlation plots resemble closely the features of the plots of the

modulations in the peak to background ratio of Figure 6.8. However, the maximum value

of the peak to background modulations seen are slightly higher than those seen in the

corresponding correlations. A possible explanation is that a frequency shift may also be

induced by the excitation of the sample which is not picked up by examining the spatial

correlations alone, but does act to reduce the constructive interference contributing to

the optimised spot.
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Figure 6.9: Speckle correlations as a function of pump-probe delay correspond-
ing to the data shown in Figure 6.8 and Figure 6.7 (a-d).

6.4 Rephasing of shaped wavefront

As an additional experiment, it is interesting to consider how performing an optimisation

with the pump on at different delay positions changes the optimisation process. If an

optimised spot can be created which depends on the phase shifts induced by the pump,

the opposite case to the previous experiment could be created. Instead switching off

the optimised spot, in this case the excitation by the pump would act to ’rephase’ the

created focus. Besides demonstrating beyond doubt the importance of dephasing to the

effects seen previously as the effect of absorption could not be reversed in this way, this

would also demonstrate that the phase shifts induced by the pump are stable over the

time period of an optimisation.

As seen in the previous section, the exact behavior of the dephasing observed varied

greatly between different sample positions. Therefore, the pump-probe delay at which

the maximum effect of the pump available for the desired rephasing effect was uncertain.

The experiment was performed by carrying out optimisations with the pump on at a

range of different pump probe delays on the same sample position, then scanning the

pump-probe delay taking images with pump on and off as for the previous experiment.

The results of this approach are shown in Figure 6.10.

Figure 6.10(a) shows the modulation of the background for each optimisation, with the

pump probe delay for each data set indicated by the black arrows. As expected. the

behavior of the background shows no dependence on the pump probe delay used for

the optimisation. In constant, increases in the peak to background ratio can be seen

at the pump-probe delay at which the optimisation was carried out in Figure 6.10(b).
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Figure 6.10: Plots of the background and peak to background ∆T/T as a func-
tion of pump-probe delay for optimisations carried out with the pump on with
different delays (indicated by black arrows). Black line shows an optimisation
carried out with pump blocked for reference. (c) Maximum rephasing effects as
a function of delay for which optimisation is carried out at. Radially averaged
cross-section (normalised to average background)of spot optimised at a pump-
probe delay of 2.2 ps as a function of pump-probe delay (d) and with pump
blocked (black line) and unblocked (red line) (d).

Figure 6.10(c) shows the rephasing effect attained for each optimisation probe delay.

The effect has a maximum of 18± 2% around a delay of 2 ps.

Figure 6.10(d) and (e) show radially averaged cross sections of the optimisation carried

out at a delay of 2.2 ps both as a function of probe delay and with pump on and pump

off. Both are normalised to the average background in order to show the effect on the

peak, as the effect of absorption is sufficiently strong to prevent the effect resulting in

an absolute increase in peak intensity. It is clear that the quality of the optimised spot

is increased by the presence of the pump in the reverse of experiments in the previous

chapter, and this improvement is dependent on the exact delay between pump and probe.

This is striking evidence of a rephasing effect, and the magnitude of the effect and its
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presence at a delay of 2 ps is consistent with the features seen for the dephasing effect

previously.

Similar effects were reproduced on four separate sample positions, as shown by the

cross-sections in Figure 6.11. In all cases, a rephasing above 17± 2 was achieved.

(a) (b)

(c) (d)

Pump on

Pump off

Pump on

Pump off

Pump on

Pump off

Pump on

Pump off

Figure 6.11: (a-d) Radially averaged cross-sections normalised to average back-
ground showing rephasing effects above 17% achieved on four separate sample
positions.

Examining the dynamics of this rephasing shown in Figure 6.12, it is again apparent

that the exact behavior depends on the local sample configuration. The delay resulting

in the peak rephasing effect varies between 1.1 and 4.2 ps for these 4 sample positions.
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(a) (b)

(c) (d)

Figure 6.12: (a-d) Plots of background ∆T/T (red lines), peak modulation
(black lines) and peak to background ∆T/T (blue lines) as a function of pump-
probe delay, showing the dynamics of the rephasing on different sample positions
of Figure 6.11 (a-d)

6.5 Conclusion

The switching of an optimised speckle created through wavefront shaping techniques was

achieved by harnessing the intrinsic nonlinearity of disordered semiconductor nanowire

mats with ultrafast optical excitation. Modulations in the peak intensity of up to 63±2%

were achieved, with induced absorption and dephasing found to have approximately

equal contributions. It was found that most of the dephasing effect could be reversed

in a striking rephasing effect in which an optimised spot was created which depended

upon the phase shifts induced by the pump light. Interestingly, the exact details of

the dephasing and rephasing effects were found to vary considerably between sample

positions, indicating that their exact behavior contains information about the exact

speckle optimised on.

The quality of optimisation achieved were relatively low compared to those in literature,

especially compared to results using phase modulation. However, it is exciting that such

a relatively simple and accessible method is sufficient to demonstrate the principle of a

reconfigurable photonic switch which may have applications in telecommunications. It

is anticipated that the use of more complex schemes such as off axis holography to allow
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phase modulation with the DMD [88] would result in much higher enhancements of the

optimised spot. While nanowire samples were used for this investigation, they are by

no means certain to be the best candidates, and it is likely that materials designed to

maximise the effects demonstrated here could achieve higher modulations.





Chapter 7

Summary

In this thesis the transport of light through dense disordered mats of nanowires was

investigated. The scattering strength of these samples is such that a 6 µm thick layer is

an impressive 30 optical mean free paths thick, allowing the fundamental properties of

light in the presence of strong disorder to be investigated. It was found that the trans-

port through such layers is described by only a few independent transmission channels,

indicating these samples are close to the Anderson localisation transition. While this

does not answer the question of whether localisation of light is possible in three dimen-

sions, it does show that it is possible to approach it. However, the fact that localisation

is not seen in a sample at the limit of scattering strength currently achievable once

more underlines the difficulty in chasing Anderson localisation of light. It should also be

noted that a tightly focused illumination was used to achieve this result, meaning the

spread of light within the medium plays an important role. While the expanding waveg-

uide model used to account for this is attractive, it poses a conceptual difficulty as the

number of transmission channels can always be increased by increasing the illumination

area. It could then be argued that in order to conclusively demonstrate localisation an

illumination larger than the width of the slab should be used.

The nonlinearity due to the semiconductor nature of the nanowire samples allowed the

switching of an optimised wavefront by ultrafast optical excitation to be investigated.

The maximum modulation achieved in the proof of principle experiment of around 60%

is promising, and it is exciting to consider how this could be combined with the exciting

possibilities offered by wavefront shaping for possible applications as a reconfigurable

photonic switch. It is expected that with the use of a phase modulation scheme a much

higher quality of optimisation could be achieved. It is also entirely possible that the

nanowire samples optimised for high scattering strength are not the ideal material for

this application and a larger effect is possible in a different system. The exact dynamics

of the excitation of the nanowires is also not fully understood, which is another potential

avenue for future investigations.

87
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In summary, the Author feels privileged to have had the opportunity to work with

samples with such interesting properties, allowing a variety of different physical effects

to be explored. The field of disordered photonic media is a fascinating one, addressing

both the fundamental properties of light transport and the advantages of harnessing

disorder for applications. There are many interesting potential avenues of investigation

following on from the work presented here, and it seems to the Author that three and a

half years has passed all too quickly.
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[74] K. Muttalib, P. Markoš, and P. Wölfle. Conductance distribution in strongly

disordered mesoscopic systems in three dimensions. Physical Review B, 72(12):

125317, September 2005. ISSN 1098-0121. doi: 10.1103/PhysRevB.72.125317. URL

http://link.aps.org/doi/10.1103/PhysRevB.72.125317.

[75] B. Shapiro. New Type of Intensity Correlation in Random Me-

dia. Physical Review Letters, 83(23):4733–4735, December 1999.

ISSN 0031-9007. doi: 10.1103/PhysRevLett.83.4733. URL

http://link.aps.org/doi/10.1103/PhysRevLett.83.4733.

[76] B A van Tiggelen and S E Skipetrov. Fluctuations of local density of states

and C0 speckle correlations are equal. Physical review. E, Statistical, nonlinear,

and soft matter physics, 73(4 Pt 2):045601, April 2006. ISSN 1539-3755. URL

http://www.ncbi.nlm.nih.gov/pubmed/16711869.

[77] W.K. Hildebrand, A. Strybulevych, S.E. Skipetrov, B.A. van Tigge-

len, and J.H. Page. Observation of Infinite-Range Intensity Correla-

tions above, at, and below the Mobility Edges of the 3D Anderson Lo-

calization Transition. Physical Review Letters, 112(7):073902, February

2014. ISSN 0031-9007. doi: 10.1103/PhysRevLett.112.073902. URL

http://link.aps.org/doi/10.1103/PhysRevLett.112.073902.

[78] P. Sebbah, B. Hu, A. Genack, R. Pnini, and B. Shapiro. Spatial-Field Correlation:

The Building Block of Mesoscopic Fluctuations. Physical Review Letters, 88(12):

123901, March 2002. ISSN 0031-9007. doi: 10.1103/PhysRevLett.88.123901. URL

http://link.aps.org/doi/10.1103/PhysRevLett.88.123901.

[79] Ad Lagendijk, Rob Vreeker, and Pedro De Vries. Influence of internal reflection

on diffusive transport in strongly scattering media. Physics Letters A, 136(1-2):

81–88, March 1989. ISSN 03759601. doi: 10.1016/0375-9601(89)90683-X. URL

http://adsabs.harvard.edu/abs/1989PhLA..136...81L.

[80] M.C.W. van Rossum and Th.M. Nieuwenhuizen. Influence of skin layers on speckle

correlations of light transmitted through disordered media. Physics Letters A, 177

(6):452–458, June 1993. ISSN 03759601. doi: 10.1016/0375-9601(93)90976-7. URL

http://www.sciencedirect.com/science/article/pii/0375960193909767.

[81] A. Lisyansky and D. Livdan. Influence of internal reflection on correlation

of intensity fluctuation in random media. Physical Review B, 47(21):14157–

14164, June 1993. ISSN 0163-1829. doi: 10.1103/PhysRevB.47.14157. URL

http://link.aps.org/doi/10.1103/PhysRevB.47.14157.

[82] L. V. Korolev and D. B. Rogozkin. Long-range correlations upon wave prop-

agation in random media under the conditions of strong internal reflection

from their boundaries. Journal of Experimental and Theoretical Physics, 86

http://link.aps.org/doi/10.1103/PhysRevB.72.125317
http://link.aps.org/doi/10.1103/PhysRevLett.83.4733
http://www.ncbi.nlm.nih.gov/pubmed/16711869
http://link.aps.org/doi/10.1103/PhysRevLett.112.073902
http://link.aps.org/doi/10.1103/PhysRevLett.88.123901
http://adsabs.harvard.edu/abs/1989PhLA..136...81L
http://www.sciencedirect.com/science/article/pii/0375960193909767
http://link.aps.org/doi/10.1103/PhysRevB.47.14157


98 REFERENCES

(1):164–176, January 1998. ISSN 1063-7761. doi: 10.1134/1.558486. URL

http://link.springer.com/10.1134/1.558486.

[83] Mathias Fink. Imaging: Sharper focus by random scattering. Nature Photonics,

4(5):269–271, May 2010. ISSN 1749-4885. doi: 10.1038/nphoton.2010.95. URL

http://dx.doi.org/10.1038/nphoton.2010.95.

[84] Eran Small, Ori Katz, Yefeng Guan, and Yaron Silberberg. Spectral control of

broadband light through random media by wavefront shaping. Optics letters, 37

(16):3429–31, August 2012. ISSN 1539-4794. doi: 10.1364/OL.37.003429. URL

http://ol.osa.org/abstract.cfm?URI=ol-37-16-3429.

[85] Matthieu Davy, Zhou Shi, and Azriel Genack. Focusing through random media:

Eigenchannel participation number and intensity correlation. Physical Review B,

85(3):035105, January 2012. ISSN 1098-0121. doi: 10.1103/PhysRevB.85.035105.

URL http://link.aps.org/doi/10.1103/PhysRevB.85.035105.

[86] Donald B Conkey, Antonio M Caravaca-Aguirre, and Rafael Piestun.

High-speed scattering medium characterization with application to focus-

ing light through turbid media. Optics express, 20(2):1733–40, Jan-

uary 2012. ISSN 1094-4087. doi: 10.1364/OE.20.001733. URL

http://www.opticsexpress.org/abstract.cfm?URI=oe-20-2-1733.

[87] Benjamin Mills, James A Grant-Jacob, Matthias Feinaeugle, and Robert W

Eason. Single-pulse multiphoton polymerization of complex struc-

tures using a digital multimirror device. Optics express, 21(12):14853–

8, June 2013. ISSN 1094-4087. doi: 10.1364/OE.21.014853. URL

http://www.opticsexpress.org/abstract.cfm?URI=oe-21-12-14853.

[88] Donald B Conkey, Albert N Brown, Antonio M Caravaca-Aguirre, and

Rafael Piestun. Genetic algorithm optimization for focusing through

turbid media in noisy environments. Optics express, 20(5):4840–9,

March 2012. ISSN 1094-4087. doi: 10.1364/OE.20.004840. URL

http://www.opticsexpress.org/abstract.cfm?URI=oe-20-5-4840.

[89] D Akbulut, T J Huisman, E G van Putten, W L Vos, and A P Mosk. Focusing light

through random photonic media by binary amplitude modulation. Optics express,

19(5):4017–29, March 2011. ISSN 1094-4087. doi: 10.1364/OE.19.004017. URL

http://www.opticsexpress.org/abstract.cfm?URI=oe-19-5-4017.

[90] Hasan Ylmaz, Willem L Vos, and Allard P Mosk. Optimal con-

trol of light propagation through multiple-scattering media in the

presence of noise. Biomedical optics express, 4(9):1759–68, Jan-

uary 2013. ISSN 2156-7085. doi: 10.1364/BOE.4.001759. URL

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3771846&tool=pmcentrez&rendertyp

http://link.springer.com/10.1134/1.558486
http://dx.doi.org/10.1038/nphoton.2010.95
http://ol.osa.org/abstract.cfm?URI=ol-37-16-3429
http://link.aps.org/doi/10.1103/PhysRevB.85.035105
http://www.opticsexpress.org/abstract.cfm?URI=oe-20-2-1733
http://www.opticsexpress.org/abstract.cfm?URI=oe-21-12-14853
http://www.opticsexpress.org/abstract.cfm?URI=oe-20-5-4840
http://www.opticsexpress.org/abstract.cfm?URI=oe-19-5-4017
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3771846&tool=pmcentrez&rendertype=abstract


REFERENCES 99

[91] Martina Abb, Erik Bakkers, and Otto Muskens. Ultrafast Dephasing of Light

in Strongly Scattering GaP Nanowires. Physical Review Letters, 106(14):143902,

April 2011. ISSN 0031-9007. doi: 10.1103/PhysRevLett.106.143902. URL

http://link.aps.org/doi/10.1103/PhysRevLett.106.143902.

[92] Otto Muskens, Paul Venn, Timmo van der Beek, and Thomas Wellens.

Partial Nonlinear Reciprocity Breaking through Ultrafast Dynamics in a

Random Photonic Medium. Physical Review Letters, 108(22):223906, May

2012. ISSN 0031-9007. doi: 10.1103/PhysRevLett.108.223906. URL

http://link.aps.org/doi/10.1103/PhysRevLett.108.223906.

http://link.aps.org/doi/10.1103/PhysRevLett.106.143902
http://link.aps.org/doi/10.1103/PhysRevLett.108.223906

