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Abstract

Disorder is generally considered an undesired element in lasing action. However, disorder
plays a significant and critical role in random lasers (RLs), whose feedback mechanism is
based on random scattering events. Even though some unique properties in RLs such as
large-angle emission, lasing from different surfaces, large area manufacturability, and
wavelength tunability can be advantageous in specific applications, the applicability of RLs has
been limited due to the chaotic fluctuations and instability of the lasing modes. The instability
issue of RLs has resulted in fluctuating sources whose properties could not be controlled.
Therefore, even though RLs, unlike other lasers based on traditional Fabry-Pérot cavities, are
much simpler and cost-effective sources to fabricate, because of the chaotic fluctuations and

instability of the lasing modes, controlling their lasing properties is challenging.

In this dissertation, using random arrays of IlI-V nanowires as the disordered medium, it is
shown that mode localisation could reduce the spatial overlap between the various lasing
modes, thus preventing mode competition and improving stability, leading to laser sources with
high-quality factors and very low thresholds. We present the experimental evidence of strong
light localisation in multi-mode random nanowire lasers, which are temporally stable, leading
to controllable emission. We further demonstrate that by changing the design parameters of
the nanowire array, such as filling factor, dimensions of the nanowires, degree of randomness,
and array size, the properties of the lasing modes, including the number of modes, lasing

wavelengths, and lasing threshold can be controlled.

To localise and decouple the lasing modes, the disorder in the medium should support modes
that have a resonant type of feedback where there is a chance for the scattered light to create
cavities or closed loops. If the scattering efficiency is not strong enough, the modes are
coupled which are not conducive to supporting closed-loop paths. In these types of RLs, the
feedback mechanism becomes non-resonant (non-coherent) without creating any cavities. In
other words, light just gets amplified, and the emission becomes amplified spontaneous
emission without any coherency. We show that by aligning the nanowires, the modes'
scattering efficiency and quality factor can be increased, thereby favouring the resonant
feedback lasing. Besides, practical methods for managing the type of feedback mechanism
are also shown and discussed. Switching between resonant and non-resonant lasing modes

opens up new opportunities to use these lasers in many applications.

In this thesis, different issues of RLs such as lasing mode instability, challenges of controlling

the RLs emission properties and feedback mechanisms were investigated and addressed. The
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practical methods introduced to solve these challenges could open up the realisation of
broadband nanoscale lasers for the next-generation photonic devices, with all the advantages
offered by RLs.
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Chapter 1: Introduction and background

1.1 Motivation

Light Amplification by Stimulated Emission of Radiation (Lasers) are devices that produce light
with properties very different than those of other light sources, e.g., incandescent bulbs or light-
emitting diodes (LEDs). For example, laser light can travel large distances as a narrow beam
without diverging (collimation property), and the light can also be focused to a very tight spot.
Besides, in lasers, the electric fields at different locations across the beam profile have a strong
correlation, and fixed phase relationship (spatial coherency property), and also these phase
relationships are maintained over a long enough time (temporal coherency property). Finally,
laser light can have a very narrow spectrum of singular colour (monochromatic property)

emission.

Due to these unique characteristics, laser technology has found important uses in industry
(cutting and welding materials, semiconducting chip manufacturing, etc.), information
technology (optical communication over optical fibres or free-space), data storage (optical disk
drives), medicine (DNA sequencing instruments, surgery, hair removal products, and skin
treatments), defence (laser guidance, defensive countermeasures, etc.) and security (law

enforcement devices), and have become an integral part of modern life.

Usually, lasers have three basic components [1, 2]: (I) lasing material or gain/active medium,
(II) external energy source, and (lll) optical resonator. The active medium is excited by the
external energy source (pump source) in lasers to produce the population inversion. In the
gain medium, spontaneous and stimulated emission of photons takes place. If the photon
mainly generated by the stimulated emission balances the loss mechanisms, the system could
have optical gain leading to light amplification. The optical resonator (or laser cavity), allows
the laser radiation to circulate and pass the gain medium which compensates for the optical
losses and builds up the light intensity in the beam. Besides, the resonator fulfils two functions:

it restricts the direction of propagation and also selects the emission wavelength.

In lasers with conventional cavities such as Fabry—Pérot, the cavity consists of two mirrors
separated by a distance, L. One mirror can be fully reflective, and the other partially reflective.
Both the mirrors are set up on the optic axis, parallel to each other. The active medium is used
in the optical cavity between these mirrors. This arrangement only filters those photons that

came along the axis and are reflected by the mirrors back into the medium, where it may be



amplified by stimulated emission. In these systems, designing and fabricating proper mirrors,
especially for some range of wavelengths and smaller dimensions, is challenging. Unlike these
traditional lasers with cavities supporting Fabry-Pérot (FP) modes that need a precise

fabrication, random lasers’ cavities do not require mirrors.

A random laser (RL) is a non-conventional laser whose feedback mechanism relies on multiple
scattering induced by random scatterers rather than defined optical cavities [3]. Unlike
conventional lasers with well-defined cavities, these lasers could be formed in much simpler
structures/platforms, thus reducing cost and fabrication complexity. Furthermore, RLs' very
broad angular emission and large-area manufacturability properties can be used efficiently for
display applications [4, 5]. Additionally, due to their low spatial coherence and bright
illumination, RLs can be utilised for speckle-free laser imaging [6] and laser sources formed

on flexible substrates [7, 8].

Due to the simple structure and unique properties of RLs, they have become an exciting
research field. However, their practical application is hindered because of the following
problems. First, because of the chaotic fluctuations and instability of the lasing modes, the
emission spectrum changes rapidly and is not stable in both intensity and emission
wavelength. Secondly, because of this instability, controlling and engineering the emission
spectra are challenging. This has impeded the application of these sources where tunable
sources or sources emitting at particular wavelengths are required. Finally, as the disordered
media cannot provide an optical cavity (in RLs with non-resonant feedback), the emitted light
is practically Amplified Spontaneous Emission and non-coherent. Because of these issues,

the practical applications of RLs are somewhat limited.

In this thesis, the issues related to mode instability, non-tunability, and incoherent nature of
the beam are investigated for a RL system made of InP nanowires. After a short review of the
development of the RLs and theoretical background (this chapter) as well as the numerical
and experimental techniques (second chapter) used in this thesis, Chapter 3 presents the
design, modelling, and experimental results of InP random nanowire arrays to generate highly
localised modes which have stable multi-mode lasing. In Chapter 4, the tunability and further
control of the laser properties of these random nanowire lasers are investigated. In Chapter 5
methods for switching between resonant and non-resonant lasing modes in GaAs-AlGaAs,
random nanowire arrays are presented and discussed. Finally, a summary of the key findings
from this dissertation is presented in Chapter 6, together with some suggestions for future

work.



1.2 History and background of random lasers

As opposed to the reflective feedback by the mirrors of a conventional laser, the feedback
mechanism of a RL is based on multiple random scattering resulting from fluctuation of the
dielectric constant in disordered materials [3, 9]. This alternative feedback mechanism has
important application to lasers where an efficient reflective element is not readily available,
e.g., in UV and x-ray lasers. This unconventional feedback mechanism in RLs leads to
properties interesting from both fundamental aspects and practical applications, such as
imaging [6], sensing [10], and medical diagnostics [11]. For example, RLs represent a new
class of light sources with high photon degeneracy/spectral radiance and low spatial
coherence, which make these sources ideal for full-field imaging purposes [6]. Besides,
because of shape flexibility and substrate compatibility, low cost, and small size, RLs could be
used in machine vision to verify manufactured parts, document encoding and material
labelling, high-speed multicolour displays, photodynamic therapy, tumour detection, and

photonic integrated circuits [12].

The story of RLs started with a group led by laser pioneer and Nobel laureate N. G. Basov in
1966 [13]. The first RL was introduced just by replacing one mirror of the FP cavity with a
scattering surface. The feedback of this laser was used simply to return part of the energy, or
photons, to the gain medium. Unlike conventional FP cavities in which light returns to its origin
and the type of feedback is the field or amplitude feedback, here, there are no standing waves,
and the feedback type is energy or intensity feedback. Thus, the feedback is phase insensitive
(i.e. incoherent) and frequency independent (i.e. non-resonant). In 1968, Letokhov took one
step further and proposed self-generation of light in an active medium filled with scatterers
[14]. He solved the diffusion equation for the photon energy density W(r, t) in the presence of
a uniform and linear gain for the diffusive regime where the photon transport mean free path,
k, is much smaller than the dimension of scattering medium, L, but much longer than the optical
wavelength, A (L >k >A). He found out that if the generation length, Lgen, is smaller than the
mean path length Loat (Lpat >Lgen), ON average, every photon will generate another photon
before escaping the scattering medium. This triggers a ‘chain reaction’ leading to the photon
number increasing with time. Nearly 20 years after Letokhov’s pioneering work in this area,
intense stimulated radiation was observed in NasLai-x\Ndx(MoQOs)s powder under resonant
pumping at low temperature (77 K) [15]. They observed when the pumping intensity exceeded
a threshold, the Nd** emission spectrum was narrowed to a single line, and the emission pulse
duration was shortened by approximately four orders of magnitude. They observed similar
phenomena in a wide variety of other laser crystal powders [16]. To explain this phenomenon,

three reasons were proposed. First, diffusion of light was the explanation behind the intense



stimulated emission. In other words, the photons spontaneously emitted by neodymium or
titanium ions are multiply scattered and bounced by particles before leaving the scattering
medium. So, the chance of hitting the doped ions has increased, leading to stimulated emission
[17]. The other explanation was attributed to the total internal reflection of the light inside the
particle. That is to say, since the particles were much bigger than the light wavelength, the
particles were acting as coupled microcavities supporting lasing modes [18]. Finally, because
stimulated emission was weak at low doping levels of active ions, the burst of intense radiation
was said to result from synchronized spontaneous emission, namely superradiance and

superfluorescence [19, 20].

To clarify the case, in 1994, Lawandy et al. separated the scattering (titanium dioxide
microparticles) and gain media (Rhodamine 640 perchlorate dye) in a liquid (methanol)
solution [21]. Besides, the particles had a mean diameter of 250 nm, which was much smaller
than the wavelength of the light and too small to trap the light. Interestingly, they observed the
same emission spectrum narrowing above the pumping threshold. Besides, the system
showed a lasing behaviour with non-resonant feedback, and the emission spectrum was
highest at the peak of the gain spectrum. So, the origin of lasing was attributed to light diffusion.
The discovery of Lawandy et al. has triggered many experimental [22-24] and theoretical [25-

27] studies of RLs with non-resonant feedback.

In 1998, Cao et al. introduced another type of RL in disordered semiconductor powders and
polycrystalline films with resonant and coherent feedback [28]. In this work, ZnO nanoparticles
with an average diameter of 100 nm were deposited onto an ITO-coated substrate. A coherent
backscattering experiment was conducted, and I was obtained around the probe beam
wavelength (A=410 nm), indicating the system is a very strong scattering medium. Due to this
strong scattering, recurrent light scattering events arose, i.e., after multiple scattering, the light
was returned to the starting point where the scattering was started. So, constructive
interference can happen in those frequencies, and the system can show lasing behaviour at
certain frequencies. Unlike the non-resonant, or incoherent, feedback RLs, these lasers
showed very narrow discrete spectral peaks (the linewidth of these peaks was less than 2 A)
at particular frequencies. The frequencies of these peaks were depended on the position of
the sample. In other words, by changing the illuminated light spot, the resonant frequencies
could be changed, indicating the feedback is “field” or “amplitude” type and not “intensity” or
“energy” type. It has been seen that by increasing the density of scattered particles in an
amplifying medium, the system emission might change from amplified spontaneous emission
to lasing with coherent feedback [29]. In these coherent RLs, the dependence of the lasing

threshold and the number of lasing modes on the relevant length scales such as I, the gain
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length, Iy, and L have been studied [30]. The spatial profiles of lasing modes were mapped by
using the spectrally resolved speckle technique [31]. It was found that the decay lengths of
modes are independent of the pumping rate and the excitation area. Besides, it was observed
that as the random system moves toward the localisation threshold (ki = 1), the size of the
lasing modes can be as small as a few microns and can approach that of the optical
wavelength. In these micro-RLs, the scattering is so strong that it provides coherent feedback
and confines the light in micrometre-sized volumes [32]. Other than making up random media
with discrete scatterers and strong short-range disorder, it is possible to form a different type
of laser cavity [33-35]. In weakly disordered media such as a conjugated polymer or organic
dye-doped gel films, the thickness variation can change the area refractive index and create
regions with a relatively higher refractive index to trap light by total internal reflection. The
cavities are formed by smooth long-range inhomogeneity, and the size of these cavities is quite

large (on the order of hundreds of micrometres).

1.3 Theoretical background
1.3.1 Different light scattering mechanisms

In various situations, light can be scattered, i.e., sent into other directions, usually in random
directions. There are two main scattering processes [36]: (I) elastic scattering and (ll) inelastic
scattering. Elastic scattering means that the wavelength of the scattered light is not changed,
apart from a possible Doppler shift due to the movement (Figure 1-1). That implies that the
inner energy of the scattering particles is not changed; there is no electronic excitation or de-
excitation involved. In other words, here, there is not a permanent exchange of energy between
the light and the scattering particle. This restriction of energy exchange does not prohibit a

change in direction, but according to Planck's law, it does prohibit a change in frequency.

On the other hand, in the case of inelastic scattering, the inner energy of the scattering particles
changes. In the inelastic process, permanent energy exchange happens, and the energy
content of the matter after the interaction is either higher or lower than that in the original state.
Due to the conservation of total energy, the energy of the emitted radiation is changed as well,
resulting in a change of frequency. Raman, Brillouin, and Compton scatterings are examples

of inelastic scattering processes.



elastic inelastic

Figure 1-1: Elastic and inelastic scattering processes.

In RLs, where the scattering is mainly because of the randomly oriented particles,
elastic scattering mostly happens. Depending on the size of the scatterers relative to
the wavelength of the light, two scattering processes mainly occur in the disordered

media: Rayleigh scattering and Mie scattering.

Rayleigh scattering: This scattering happens for very tiny particles when the size of
the particles is much smaller than the wavelength of the incident electromagnetic
radiation (about a tenth of the wavelength). As shown in equation (1.1), the scattering
intensity depends very strongly on the particle's wavelength and size.

(1.1)
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In equation (1.1), ais the polarizability, Ns is the number of scatterers, 6 is the scattering angle,
n is the refractive index, and R is the distance from the scatterer. In this type of scattering, the

scattering is almost isotropic (Figure 1-2), and the anisotropy factor is almost zero.

Mie scattering: When the particle size is larger than the incident wavelength, Mie scattering
becomes predominant. This scattering, unlike the Rayleigh scattering, is wavelength-
independent. The anisotropy factor in Mie scattering is non-zero, and as the scattering particle

gets bigger, the anisotropy factor increases.

Mie scattering Mie scattering
for small particle for big particle

e =

Figure 1-2: Light scattering pattern in Rayleigh and Mie scatterings for small and big
particles.

Rayleigh scattering

Direction of incident light



1.3.2 Characteristic length scales for random lasers [9]

Correlation radius, Rc: In disordered media, the dielectric constant, ¢, is a function of space
and fluctuates randomly in space. The autocorrelation of the dielectric constant (i.e., K(4r) =
<g (r)e(r + Ar)>, where <...> represents the ensemble average) decays exponentially within the
random media. The decay length of this exponential function [37] is called the correlation
radius, Rc, which quantifies the range of the disorder. When R.>> A, light is scattered through
long-range disorder, and if R is less than or comparable to the wavelength, the light is

deflected by the short-range disorder.

Scattering mean free path, /;, and transport mean free path, /: The transport mean free path is
defined as the average distance a wave travels before its direction of propagation is
randomised. This length scale is related to the scattering mean free path, /s, defined as the

average distance that light travels between two successive scattering events, through

! (1.2)

where g = <cos 6> is the anisotropy factor, and 6 is the scattering angle. The anisotropy factor,
g, is also known as the asymmetry factor or scattering phase function asymmetry. It has a
value from -1 (total backscattering), O (isotropic scattering) to 1 (total forward scattering) and

is defined as:
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In the above equation, F(6, ¢) is the angular scattering function which can be obtained through

1(6,p)k*r? (1.4)
I
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where [y is the intensity of incident light at A, and /(6,¢) is the intensity of light scattered into a
direction defined by 6 and ¢.

Scattering efficiency, Qs, is defined as the ratio of the scattering cross-section to the averaged

projected area (shadow) of the particle [38]. Mathematically, it is defined as:
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where os is the scattering cross-section and Ap is the shadow of the particle. The scattering
cross-section is obtained by integration of the differential scattering cross-section (dos). The
differential scattering cross-section is the probability that a photon impinging on the sample is
scattered into a unit solid angle in the given direction [39], that is, the number of particles
scattered into a unit solid angle in a given direction per second divided by the flux of the incident

beam.

The scattering cross-section is an important length scale in RLs. It can be used to calculate
the scattering mean free path through
1 (1.6)
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and using equations (1.6) and (1.2), it is possible to calculate the transport mean free path.

Gain length, Iy, and amplification length, l.mp: The amplification of light by stimulated emission
in disordered media is described by the gain length, /y, and the amplification length, lamp. The
first length scale is defined as the path length over which the intensity of the light, /o, is amplified
by a factor e (Figure 1-3), and the latter length scale is defined as the root mean square
distance between the beginning and ending points for different paths of length ;. In a
homogeneous medium, where there isn’t any light scattering, light travels in a straight line, so
lamp = lg. However, for diffusive samples, lamp= (DTamp)"?= (D ly/v)"2, where D and v are the
diffusion coefficient and the speed of light, respectively. In 3D diffusive systems, D = vi/3,
leading famp = (klg/3)"2.

Figure 1-3: Gain length, I, and the amplification length, famp, in diffusive systems

Dimensionality, d, and size, L: The transport of light in disordered media depends on the
system dimensionality, d, and size, L, where for d > 1, L refers to its smallest dimension. In

passive diffusive random media, the average trapping time of photons is 74 = L?/D. In an active
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random medium, the gain volume is generally smaller than the volume of the entire random
media because usually, only part of the disordered medium is pumped. The gain volume is

quantified by its dimension Lg, and L >> Lg.

1.3.3 Classification of random lasers based on feedback mechanisms
1.3.3.1 Non-resonant (incoherent) random lasers

Unlike conventional lasers where scattering uncouples the photons from the lasing mode, in
RLs, multiple scattering increases the path length or dwell time of light in the active (gain)
medium, thus enhancing light amplification by stimulated emission. Considering the
phenomenon of diffusive motion for the photons, Letokhov, in 1968 [40], theoretically predicted
lasing action in these media. It took around 26 years for the first experimental observation of
random lasing using laser dye solutions with TiO; particles as the scatterers [41]. In these
random media, scattering events only increase the path length of light but not in the formation
of closed-loop cavities, the lasing behaviour is referred to as RLs with non-resonant or

incoherent feedback [3].

In non-resonant feedback lasers, scattering only returns part of the photons to the gain media
but not to the original position; thus, any spatial resonance is absent. Here, a large number of
low-Q resonances spectrally overlap and form a continuous spectrum. As a result, the
spectrum from such systems does not contain discrete components at specific resonant
frequencies and is solely determined by the gain curve of the active medium (Figure 1-4).
Thus, this process is essentially the amplification of spontaneous emission whereby lasing
occurs at the frequency where the gain is maximum, and the emitted light is not coherent.
However, because the modes are coupled, the photon loss rate is lower and usually occurs at
lower pumping thresholds. Due to the relationship between optical gain and cavity loss, as the
volume of the resonator is reduced, the gain volume is also reduced. This may lead to an
increase in lasing threshold and even in some cases unattainable lasing [42]. Thus, in non-
resonant lasers where the threshold is relatively low, small volume lasing could be achieved

much more easily.

1.3.3.2 Resonant (coherent) random lasers

Later on, in the late 90s, it was shown experimentally that scattering not only could increase
the dwell time of the light, but could also increase the probability for the light to create a closed-
loop path and allow its return back to its origin, thus forming a scattering-based cavity (Figure

1-4) [43]. These recurrent scattering events could result in minimal leakage for the resonant



wavelengths owing to the destructive interference of light leaking out of the cavity. As such,
under certain conditions lasing action in a RL can be of a resonant nature with coherent
feedback.

In the resonant feedback RLs, scattered light is trapped in a closed loop where the interference
effect occurs. Unlike the broad spectrum of non-resonant lasers, here, some resonant peaks
appear in the spectrum. Because of the nature of the feedback, the emitted light is more
coherent and can lase at different (resonant) wavelengths. This is an advantage of resonant
feedback RLs since it enables the tuning of the lasing wavelength. The main characteristic of
the resonant feedback lasers is the sharp laser peaks in the spectral emission, which is the
fundamental difference between the features of a RL with coherent feedback and that with

incoherent feedback.

Non-resonant mode Resonant mode

Pin(2)
Pin(2)

;A ;A

Figure 1-4: Resonant mode vs non-resonant mode (Pin(2) > Pin(1)).
1.3.4 Different regimes in random lasers

Three regimes for light transport have been identified for random media: (1) ballistic, (II)
diffusive, and (lll) Anderson localisation regimes. These regimes are defined in terms of |, A,

or the wavevector, k=2m1/ A, and the size of the system contributing to scattering, L.

Ballistic (L = k): Ballistic regime is where photons travel through a scattering (turbid) medium
in a straight line. The ballistic light is the fraction of light that does not experience scattering
and preserves the characteristics (polarisation, coherency, and directionality) of the incident
light [44]. In the ballistic regime, if any photon experiences scattering, the transport regime will
no longer be ballistic. So, in this regime, the scattering mean free path is the most important

parameter [45].
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Diffusive (L >>/>>A): In the diffusive regime, unlike the ballistic regime, the propagation of
the light is affected by multiple scattering, and photons experience multiple scattering before
being detected. Since multiple scattering happens in this regime, the scattering mean free
path, which quantifies the distance between successive scattering events, becomes less
important. On the other hand, the scattering angle becomes more significant. Therefore in this

regime, the transport mean free path is the length scale describing these systems.

Localisation regime (k-I=1): The idea of localising a wave in a random structure was first
proposed by Anderson for localising electrons [46], but due to the nature of these Fermion
particles, it was not practical. So, the idea of Anderson localisation was extended to the
photons resorting to the wave nature of photons [47]. However, the first experimental work to
show the Anderson localisation took place about 20 years after the idea of shifting from

electrons to electromagnetic waves [48].

It is shown that, in strong scattering media, where kis small enough, the scattering path can
create closed loops leading to spatial localisation of light. From a mathematical viewpoint,
Anderson localisation means that the eigenmodes of the wave equation decay exponentially
from their centre, and the size of these modes is 2¢, where £ is the localisation or decay length
[49]. As mentioned, to achieve localisation in RLs, /; should be small enough. A large index
contrast between scatterers and background medium would lead to bigger os according to the
Mie theory [39], which according to equations (1.2) and (1.6), would lead to smaller /.. So, a
high refractive index contrast is necessary for the disordered media to lase in the Anderson

localisation regime.

1.3.5 Different lasing parameters in random lasers
1.3.5.1 Quality factor and mode volume

Two characteristic parameters, which figure prominently in the physics and device applications
of cavities, quantify the ability of the cavity to boost light-matter interactions, i.e. the quality
factor Q and the mode volume V [42, 50]. Q governs the enhancement due to temporal
confinement, and V is an important notion, that determines the enhancement due to spatial
confinement and is directly related to the mode normalisation, which prefigures how much a
mode is excited by an external source. Cavities with high Q-values and small mode volumes

provide enhanced light-matter interaction and are of fundamental and technological interest.
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Quality factor: Quality (Q) factor, Q, of an optical cavity is a quantity that measures how well
the cavity can store energy. It is proportional to the ratio of the energy stored by the standing

wave and the energy loss per cycle and can be calculated through [51]

E 14
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(1.8)
loss per cycle
where vy , T, and év are the resonator frequency, photon lifetime and resonance linewidth,

respectively. The Q factor also has a relation with threshold gain, gn. Assuming a small

spontaneous emission factor, Bsp, these two parameters are related through

2rv (1.8)
I'g, = >,

v, 0

where I and vy are the confinement factor and group velocity, respectively. So, according to

the above equation, cavities with high Q factors are required [52] to fabricate low threshold

lasers.

Effective mode volume: It is customary to define the effective mode volume for normal
modes, Verr, as [53, 54]

e(N|EC) - [em|EC) ar (1.9)
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where r; is the position where the field is maximum, e{r) is the relative permittivity, and E(r) is
the electric field of the mode. It is no exaggeration to say that this equation has been the
workhorse for cavity physics for decades, but it turns out to be incorrect for any cavity with
dissipation and hence a finite Q value. The problem with this equation, especially when applied
to leaky cavities, is that the mode diverges in space. In the case of modes with high Q factors,
the leakage is much smaller, and the divergence as a function of integration volume is relatively
slow. It has been shown for high Q factor cavities, calculating the mode volume by introducing

a cut-off has provided values with good agreement with experimental results [55].

1.3.56.2 Gain, modal gain, and confinement factor

Gain: Optical gain of a material is the most important requirement for the realisation of

semiconductor lasers because it describes the optical amplification in the semiconductor
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material. Optical gain in semiconductors occurs because of stimulated emission of the photons
created by the recombination of electrons and holes. In other words, optical gain in
semiconductors is caused by photon-induced transitions of electrons from the conduction band
to the valence band. While in other laser materials like gas lasers or solid-state lasers, the
processes associated with optical gain are rather simple, in semiconductors, this is a complex
many-body problem of interacting photons, electrons, and holes. To calculate the optical gain,
using Fermi's golden rule and the k-selection rules, equation (1.10) can be derived for a bulk

material [56].

gh0)=——(je.n,,[}) [ p, (E)[/.(E) = (E)|L(E, + E~h@)dE. (1.10)

2
n,CE, My @

where f,)(E) is the Fermi-Dirac distributions for valence (conduction) band, kg, /i, and q are
the Boltzmann, reduced Planck constants, and elementary charge, respectively, p(E) is the
three-dimensional joint density of states, ¢ is the speed of light in free space, n is the refractive
index of the material, & is the permittivity of the free space, my is free electron mass, Eg is the

material bandgap, L(Eg+E-hw) is the lineshape broadening function, E is related to the

electron-hole recombination energy (Ez1) by E=Ez-E,, and <|apcy|i> is the average of the

momentum matrix element of the bulk semiconductor.

Three-dimensional joint density of states, p{E): The 3D joint density can be calculated through

3
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where m: is the reduced mass dependent on the electron (m: ) and hole (mZ) effective

mass. The density-of-state effective mass of the valence band is used for the hole effective

mass [57].

Fermi-Dirac distributions: Fermi-Dirac distributions relates the carrier density to the optical gain

and can be calculated using the following relations.
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In equations (1.12), N¢ (N,) is the effective density of states in the conduction (valence) band,
F: and F, are the quasi-Fermi levels, which are dependent on the level of doping concentration
and carrier injection, N is the carrier density in the conduction band, P is the carrier density in
the valence band (for an un-doped material, charge neutrality requires P = N) and T represents
temperature. To calculate the quasi-Fermi levels, an approximate formula for the Fermi-Dirac

integral is used [56, 58].

Momentum matrix element of InP and the Lorentzian function: In practice, an energy

parameter, E,, for the matrix element of a semiconductor is defined as [56]:

_ 2
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where Ep is taken from experimental data. The lineshape broadening function can be

approximated by a Lorentzian lineshape function through
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where y is the FWHM and 1, is the intraband relaxation time [59], which is the time constant
associated with the exponential decay of the electron. The temperature and the y parameter
in the previous equations could be obtained by fitting the spontaneous emission spectrum. The
theoretical spontaneous emission spectrum for a semiconductor, based on the band-to-band

recombination model, is given by
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where h is the Planck constant.

Modal gain: In a laser cavity, the mode volume may not completely overlap with the gain
region. Hence, only the mode's overlap with the gain region will contribute to gain in the cavity.
The modal gain, <g>, is thus defined as the net gain of an optical mode. Since the stimulated
emission rate is proportional to the square of the electric field, the electric field pattern of the

mode of interest can act as a weighting function through equation (9) to calculate the net effect

of g(x.y,2)

__[E*(x.y.z)g(x,y,Z)E(x,y,z)dV (1.17).
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where V is the volume of the medium.

For lasing to occur, the modal gain should be positive, i.e. the effective gain of the mode can

overcome the cavity losses.

Confinement factor: In semiconductor lasers, because the cavity volume occupied by
photons, V,, is usually larger than the active region volume occupied by electrons, V, the
photon density generation rate will be [V /V,]Rst, not just Rs, where Ry is the net stimulated
recombination rate. This electron-photon overlap factor, V/Vp, is generally referred to as the
confinement factor, I". To calculate the confinement factor, I', after calculating the modal gain,

equation (1.18) below is used

r-- (g)
;jg(x,y,z)dv

(1.18).
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Chapter 2: Numerical and experimental techniques

In this chapter, the numerical and experimental techniques used to conduct the projects are
presented. The numerical methods were used to design the random media to satisfy the
modes' localisation and achieve high-quality factor modes. Besides, these numerical methods
also allow a deeper understanding of the fundamental mechanism happening in the disordered
media. Different experimental techniques were used to fabricate and characterize the

structural and optical properties of the random nanowire (NW) arrays.

2.1 Electromagnetic modelling

To design and understand the random media behaviour, the essential part is to understand
the interaction of light with the system. As the light enters the random media, it interacts with
the optical and material properties of the system. Light is an electromagnetic field that has both
electric and magnetic fields, which are related to each other by Maxwell's equations. So,
solving Maxwell's equations will give the light components as a function of position and
wavelength. Calculating these fields in the random media will help better understand the

electromagnetic field's interaction with the material.

Analytical methods can be used to solve the Maxwell equations. However, analytically
calculating these coupled equations is not straightforward in complex media, such as
disordered systems. Therefore, numerical methods such as the finite element and Finite-
Difference Time-Domain (FDTD) methods are usually used to solve Maxwell’s equations and
calculate the electromagnetic field. Obtaining the electromagnetic field would lead to the
calculation of different system parameters, including carrier generation, modal gain, material
gain, and lasing mode parameters, including Q factor, wavelength resonance, and mode

volume.

In this thesis, Lumerical FDTD Solutions was used to solve Maxwell's curl equations in three

dimensions. In the next section, this method is described in more detail.

2.1.1 Finite Difference Time Domain (FDTD) solver

To solve Maxwell's equations in complex geometries (such as disordered media) [49, 60], the
Finite-Difference Time-Domain (FDTD) [61, 62] method is used. As this method solves
Maxwell’s coupled equations in both time and space domains, it can provide a deep and unique

insight into different problems in optics and photonics. Using Fourier transforms, it is possible
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to obtain the frequency solution; therefore, different useful quantities such as lasing modes,

cavity properties, and complex Poynting vector could be calculated.

The FDTD solves the coupled Maxwell's equations (equation (2.1)) in non-magnetic materials:

Ga_D =Vx ﬁ,

o B} 2.1)
D(w) = ¢.¢, (0)E(w),

a—H = —LVX E

ot Hy

In the above equation, H, E, and D are the magnetic, electric, and displacement fields,
respectively, while ggand o are the permittivity and permeability in free space and &(w) is the
complex relative dielectric constant and depends on the dispersive refractive index through

e(w)=n?(w).

In 3D structures, Maxwell equations have three field components for the electric and magnetic
fields: Ex, Ey, E; and Hy, Hy, and H,. Assuming the structure to be infinite in the z dimension,

the fields would be independent of z, which means

Sr(a),x,y,z)—>8r(a),x,y), (22)
GE_ol_,
0z Oz

Under this condition, the Maxwell equations will split into two sets of equations, with each of
these two sets having three components in the transverse plane (x-y plane). In one set termed
as transverse electric (TE) modes, there is no electric field in the direction of propagation.
These are sometimes called H modes because there is only a magnetic field along the
direction of propagation. However, in the other set termed as transverse magnetic (TM) modes,
which are also called E modes, there is only an electric field along the direction of propagation.
Considering these two waveguide modes, the two sets of Maxwell equations will have the

following components for each of the modes: TE: E,, Ey, H,, and TM: H,, Hy, E..

For example, in the TM case, Maxwell's equations (equation (2.1)) reduce to:
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The FDTD method grids the structure and solves these equations on these grids, which are
discretized in spatial and temporal domains. As shown in Figure 2-1, each field component is
obtained at slightly different positions inside the grid cell (Yee cell [63]), and then these values

are interpolated to the origin of each grid.
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Figure 2-1: 3D Yee cell showing the positions of different field components on the grid. The
image is taken from [64].

2.2 Nanowire synthesis and growth

2.2.1 Epitaxial growth

In the semiconductor industry, epitaxial growth is commonly used to grow semiconductor films
on semiconductor substrates/wafers. The term epitaxy comes from the Greek roots epi,
meaning "above", and taxis, meaning "an ordered manner". Unlike amorphous growth or multi-
crystalline growth, in epitaxial growth, the new crystalline layers are formed with one or more
well-defined orientations with respect to the crystalline substrate. The relative orientation(s) of
the epitaxial layer (or the deposited crystalline film) to the crystalline substrate is defined in
terms of the orientation of the crystal lattice of each material. For epitaxial growth, the new
layer must be crystalline, and each crystallographic domain of the overlayer must have a well-

defined orientation relative to the substrate crystal structure. For semiconductor technology,
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single domain epitaxy (in which the overlayer crystal has one well-defined orientation with
respect to the substrate crystal) is preferred. In epitaxial growth, the grown material can have
the same chemical composition of the substrate (homo-epitaxy [65]; for example, growth of
InP on InP substrates) or can have a different chemical composition (hetero-epitaxy; for

example, growth of GaAs on silicon substrates) [66].

There are two main epitaxial growth techniques: (i) Metalorganic vapour phase epitaxy
(MOVPE) and (ii) molecular beam epitaxy (MBE). In MOVPE, also known as organometallic
vapour phase epitaxy (OMVPE) or metalorganic chemical vapour deposition (MOCVD), the
growth of the crystalline layers is by chemical reaction and not a physical deposition, unlike
MBE. Here, the deposition usually occurs in gas-phase reactions at reduced pressures (10 to
760 Torr). In MOVPE, the gaseous form of the materials to be grown are mixed, and the
chemical reactions of these gases on the surface of the substrate lead to the epitaxial growth

of the layer.

To grow llI-V semiconductors, the metalorganic precursors, usually in liquid or solid forms, and
group V-hydrides, usually in gaseous form, are typically used as group Il and V sources. To
mix the precursors, usually, H, carrier gas is bubbled through the metalorganic source. It picks
up some of the metallic vapour, and this vapour is carried to the reaction chamber and mixed
with group V-hydrides. Then, the reaction happens between these two precursors on the
surface of the substrate, and crystalline growth occurs. During growth, the pressure and total
flow rate of the gases into the reactor are usually kept constant and are not changed from the
optimized value to achieve uniform growth. Usually, other growth parameters, such as
temperature, the molar flow rate of each reactant gas, and their ratio (V/Ill ratio), are changed

to control the layer's growth rate, composition, and doping level.

2.2.2 Different IlI-V nanowires growth mechanisms

[lI-V nanowires can be synthesized mainly by two methods: (i) top-down and (ii) bottom-up
approaches. In the top-down method, like carving a statue from a block of marble, the bulk of
the material after patterning is removed through an etching process to create the NWs. In this
method, the etching process may introduce surface defects and deteriorate the optical and
electrical properties of the NW, hindering their application for light sources such as lasers. In
the bottom-up method, using chemical synthesis, molecules are assembled one by one and
scaled up to produce structures orders of magnitude bigger than the initial molecule. The
bottom-up method itself can be separated into two main categories: (i) with catalyst and (ii)

catalyst-free processes. The former uses nanoparticle catalysts and gas-phase precursors and
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includes the common vapour-liquid-solid (VLS) [67] and vapour-solid-solid (VSS) [68]
techniques. In the latter, NWs are grown without the help of catalysts and consist of selective-
area epitaxy (SAE) [69] and oxide-assisted growth (OAG) [70].

VLS is a much easier method than SAE to grow NWs. However, it could have the following

problems:

- Catalyst atoms may be directly incorporated into the NWs, especially in Si [71], thereby
affecting the structural, electrical and optical properties of the NWs

- Growing larger diameter NWs and removing the catalyst contamination [72] add

complexity to the growth
- NWs grown with the VLS method usually face tapering issues [73].

On the other hand, the SAE-grown NWs can mitigate these problems, but preparing the SAE
substrate is a more time-consuming and less cost-effective procedure. Besides, patterning
holes or openings with very small sizes is challenging and hence growing very thin NWs is
difficult with this technique. Furthermore, it is more challenging to obtain ultra-sharp axial

heterostructures using SAE [74].

In this thesis, to grow the InP NWs used in chapters 3 and 4, the substrates were prepared for
the SAE method, and the core-shell GaAs-AlGaAs NWs used in chapter 5 were grown by the
VLS method. In both cases, an MOVPE reactor was used to grow the NWs.

2.2.2.1 Vapour-liquid-solid growth of nanowires

In the VLS method, metal nanoparticles such as gold nanoparticles (Au-NPs) are usually used
to grow the NWs. This method is commonly used to grow IlI-V semiconductor nanowires. As
shown in Figure 2-2, the first step of the process includes placing the catalyst on the growth
substrate, whether by randomly dispersing them or by defining their position using lithographic
techniques. Then the substrate with nanoparticles is placed in the MOVPE reactor. After the
source materials are introduced in the vapour phase and the growth temperature is ramped
up, the metallic Au-NP first forms a liquid eutectic. Then once supersaturation is achieved, the
precursor precipitates at the particle interface and substrate, forming a solid NW. The diameter
of the NP controls the diameter of the NW. A shell layer could also be grown to increase the
diameter or/and passivate the NW or to form a heterostructure by changing the growth

conditions.
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Figure 2-2: Schematic showing epitaxial VLS growth of GaAs nanowires using Au-NP catalyst,
including lateral growth to achieve a core-shell structure. The figure has been taken from [75].

2.2.2.2 Selective-Area Epitaxy of nanowires

In the SAE method, a patterned mask is used to define areas where the NWs are grown.
Usually, an oxide layer is first deposited on the desired substrate, then using lithographic and
etching techniques, some holes/openings are transferred to the oxide mask. Then the
patterned substrate is placed at the MOVPE chamber. The openings on the mask exposed the
underlying substrate, which acts as the growth seeds for the NWs. The diameter of the NW, in

this case, is determined by the diameter of the holes/openings.

Figure 2-3 shows the schematic of the SAE method used to grow the NWs used in Chapters
3 and 4. A 30 nm-thick SiOy layer is first deposited on the substrate using plasma-enhanced
chemical vapour deposition (PECVD). Then, using a spin coater, an electron resist layer
(diluted ZEP) of 70-80 nm thick is deposited on the sample, followed by electron beam
lithography (EBL) to write the desired pattern on the resist. After writing, a developer (AR 600
546 (n-Amyl Acetate)) is used to remove the exposed regions of the resist. Then using
reactive-ion etching (RIE), the pattern is transferred to the oxide mask. The residual electron
resist layer is then removed by Di-Methyl Acetate. Finally, after removing the native oxide layer
on the exposed regions of the substrate within the etched holes through trim etching (using
phosphoric acid solution), the sample is immediately loaded into the MOVPE reactor for
growth.

Prior to growth, an annealing step with PHjs is used to desorb any impurities on the patterned

substrate. Growth of the NWs can then proceed using the appropriate growth conditions.
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Figure 2-3: Schematic showing SAE growth of InP NWs.

2.3 Patterning substrate for Selective-Area Epitaxy

Randomly positioned holes were created on the SiOx layer using EBL and RIE to prepare the
sample for the SAE growth. Considering the unavoidable lateral growth of the NWs and the
filling factor of the system, the hole’s diameter was chosen in a way to reduce the possibility
of NWs merging after the growth. Besides, considering the fabrication process and limitations,
the randomness of the NW position distribution was chosen so that the NWs do not overlap
greatly. It is first assumed the system has a square photonic lattice, and to create a random
system, the NW positions can deviate randomly from their periodic positions (Figure 2-4). The

value of this deviation from the centre of the NW, o, is between 0 and 50 nm.

Figure 2-4: Defining randomness of hole patterns on SiOx layer for the SAE growth.
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2.4 Characterization of the random nanowire arrays

Semiconductor characterisation is generally initiated immediately after the synthesis of a
crystal. We can distinguish three types of characterisation techniques: structural, optical, and
electrical. The following sections briefly explain the methods used in this thesis to characterise

the disordered NW arrays.

2.4.1 Structural characterisation

To characterise the size and morphology of the NWs, electron microscopy techniques are

used.

2.4.2 Scanning Electron Microscopy

A scanning electron microscope (SEM) (Figure 2-5) is a kind of electron microscope that uses
a focused electron beam to raster scan the surface of the specimen. The electrons interact
with atoms at various depths within the sample, producing various signals that contain
information about the surface topography and composition of the sample. Different kinds of
signals are produced, including secondary electrons (SEs), reflected or back-scattered
electrons (BSEs), characteristic X-rays and light (cathodoluminescence, CL), absorbed current
(specimen current), and transmitted electrons. The most common signals used to take images
are the first two signals: SEs and BSEs. SEs have very low energies on the order of 50 eV, so
they can only escape from the top few nanometers of the sample surface. Hence, by detecting
SEs, a high-resolution image of the sample surface can be generated, which can be used for
characterizing the size and morphology of the sample. The intensity of SE emitted from the

surface of the sample depends on the shape and topography of the sample surface.

BSEs are the reflected beam electrons from the specimen by elastic scattering. The energy of
the BSE is higher than the SE, so they come from deeper locations within the sample and have
lower resolution. The intensity of BSE depends on the elemental composition (atomic number)
rather than the surface morphology. So the image formed by detecting BSE highlights the

different elemental compositions of the sample.
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Figure 2-5: (a) Basic components of an SEM, (b) The electron—matter interactions and the
various signals generated at different depths. The figures have been taken from [76] and
https://www.azom.com/.

2.4.3 Transmission Electron Microscopy

SEM could only give images from the sample's surface; however, photos from the specimen’s
internal structure could not be obtained by SEM. Besides, the resolution of a typical SEM is 10
nm and could not be used to obtain higher resolution images. So, to get morphological pictures

from the interior part of the samples, transmission electron microscopy (TEM) is usually used.

In the conventional TEM (CTEM), the sample is illuminated with an electron beam within a
high vacuum chamber. Two types of scattering can occur when electrons hit the specimen:
elastic scattering, which produces the diffraction patterns, and inelastic scattering, which gives
rise to a spatial variation in the intensity of the transmitted beam. The transmitted electrons are
collected using a phosphorescent screen or a camera. The regions where the electrons pass

the sample are lighter than regions where the electrons have been reflected [77].

Unlike CTEM, where the electrons pass the whole sample, in another type of TEM known as

scanning transmission electron microscope (STEM), the electron beam is focused on a very
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fine spot (~ 0.5-2 Angstrom) and then keeping the beam parallel to the optical axis the beam

is scanned across the sample.

The raster image created in STEM makes it suitable for analytical techniques such as Z-
contrast annular dark-field imaging and spectroscopic mapping by energy-dispersive X-ray
(EDX) spectroscopy or electron energy loss spectroscopy (EELS). In STEM, these signals can
be obtained simultaneously while taking images allowing direct correlation with the

spectroscopic data.

In this project, the SEM was used to see the NWs dimension, including the diameter and length
and the system's filling factor. However, STEM was primarily used in GaAs-AlGaAs core-shell

NWs to determine the thickness and composition of the core and shell.

2.5 Optical characterisation

Optical measurements are exciting because they are almost always non-contact, with minimal
sample preparation, the setups are commercially available and usually automated, and the

technique is highly sensitive.
Optical measurements could fall into three main categories [78]:

1- photometric measurements: amplitude of the reflected or transmitted light is
measured,

2- interference measurements: phase of the reflected or transmitted light is measured,
3- polarisation measurements: ellipticity of reflected light is measured.

The main optical techniques are summarised in Figure 2-6. In these techniques, it can be

observed that light is either reflected, absorbed, emitted, or transmitted.

Reflection
- Optical Microscopy
- Ellipsometry

- Reflection Spectroscopy Ab i
sorption

- Photoconductance
- Photoelectron Spectroscopy

W'

z

input light

Emission

- Photoluminescence (PL)

- Raman Spectroscopy

- UV Photoelectron Spectroscopy

Figure 2-6: Schematic showing the various optical processes and the associated
characterisation techniques.
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2.5.1 Micro-photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a contactless method used for probing the
optoelectronic properties of materials [79]. In this spectroscopy technique, light is focused onto
the sample, and then through the “photoexcitation” process, the incident photons are
absorbed. As a result of the excess energy caused by photo-excitation, electrons jump to
allowed excited states. When these electrons move back to their equilibrium states, the excess
energy is released through light emission with energy equal to the energy difference between
the equilibrium and excited states. This emitted light is then focused and collected by a photon
detector through a spectrometer. Different useful parameters could be extracted out through
photoluminescence spectroscopy, including bandgap determination, recombination

mechanisms [80, 81], material quality and impurity levels, and defect detection [81].

In micro-PL, the PL measurements are conducted on areas typically smaller than one
micrometre. Micro-PL can be useful for exciting small objects such as nanocrystals or a micro-
region of a bulk structure. For example, in the case of exciting NWSs, it can be used to
understand whether the broad emission from an ensemble of NWs is due to intrinsic emission
or due to inhomogeneous broadening. Or it can be used for exciting different regions of NW's

to estimate the type and level of doping [82].

Micro-PL is basically a PL spectroscopy setup combined with an optical microscope. So, the
spatial resolution, R, in micro-PL is similar to that of an optical microscope and depends on
the objective lens's numerical aperture, NA, according to the Rayleigh criterion R=0.61A/NA.
For a x60/0.7 NA objective lens, the spatial resolution is around 0.35 — 0.6 pm for wavelengths
in the visible range (400 — 700 nm). The micro-PL setup used in this study is shown in Figure
2-7(a), and the schematic diagram of different components of this micro-PL setup used in this
study is shown in Figure 2-7(b). A frequency-doubled solid-state laser (femtoTRAIN IC-Yb-
2,000, A = 522 nm, repetition rate 20.8 MHz, pulse width 300 fs) with a Gaussian profile beam
shape (FWHM~5 um) was used to pump the NW arrays. The NWs were excited through an
aberration-corrected 60x/0.70 numerical aperture, long working distance objective lens (Nikon
CFI Plan Fluor), and the resulting emission was collected through the same lens. Most of the
experiments carried out in this study were conducted in cryogenic conditions using Janis

cryostat connected to liquid He.

The luminescence from the sample (the dashed yellow line in Figure 2-7(b)) was collected by
the lens and guided to the spectrometer Acton 2750i. The spectrometer was connected to a

CCD camera used to obtain the PL spectrum and spatial near field emission profile of the RL.
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To get the PL spectrum, a grating in the spectrometer was used to spread the collected light
into a spectrum, which was then collected by the CCD camera. However, for obtaining the
emission profile, a mirror was used to direct the collected light to the CCD camera without

losing the spatial information of the emitted light from the sample.

(a) (b)
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Figure 2-7: (a) Photograph of the micro-PL setup used in this study. (b) Schematic diagram
of different components of the micro-PL system.
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Chapter 3: Random lasing in Anderson localisation regime

3.1 Introduction

Trying to trap light to increase the interaction of photons with the material is one of the main
challenges in many photonic devices, including lasers, photodetectors and solar cells [83]. For
this purpose, many different methods such as applying metallic nanoparticles (NPs) to excite
localised surface plasmon (LSP) [84], introducing textured surface, and using metal back

contact to convert light to surface plasmon polaritons (SPPs) have been employed [85].

One of the other novel ways that seem to help trap light is using disordered media where the
random scattering of light would increase the light path and allow the light to get scattered
within the material. Anderson first proposed the idea of localising waves in disordered media
for localising fermions, such as electrons [46]. Before Anderson’s theory, electrons were
treated as point-like particles and considering Brownian motion for the electrons, scientists
were modelling crystal disorders as perturbations that scatter electrons randomly. However,
by resorting to the wave nature of the electron, Anderson found that in disordered media under
a broad range of conditions, the wavefunction could show an exponential behaviour, and the
electron could be localised. However, due to the temporal variations in the potential (lattice
and disorder), temporal fluctuations induced by phonons, the Fermion nature of electrons
leading to the interaction of particles such as spin-exchange and Coulomb interaction,
scientists were not able to demonstrate Anderson localisation in practice for Fermions. So,
resorting to the wave nature necessity of particles in Anderson localisation, the idea of practical
localisation by disordered media shifted to other systems such as acoustic waves [86], cold
atoms [87] and photons [47]. De Raedt et al., around 30 years ago, theoretically shown the
possibility of transverse (optical system that is uniform in one (‘longitudinal’) direction but
contains disorder in the two directions) localisation of light [47]. However, it took around 20
years to experimentally observe transverse Anderson localisation of light in practice [48, 88].
After this, numerous research conducted in this field mainly focused on passive systems, such
as fibre optics [89, 90] and disordered dielectric multilayer [91], with only a few reports on
using Anderson localisation in the active media such as lasers, solar cells, and photodetectors.
For example, Aeschlimann et al. [92] demonstrated the possibility of enhancing the efficiency
of the solar cells using the Anderson localisation concept. On the other hand, Liu et al. [93]
used Anderson localisation to create cavities in state-of-the-art photonic crystal quantum well

waveguides to demonstrate random lasing behaviour.
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3.1.1 Anderson localisation in random lasers

As discussed in the previous chapters, RLs could occur due to multiple scattering events within
a gain medium, which provides the equivalent feedback mechanism. The unique features of
RLs such as angular free emission, tunability of lasing direction, low spatial coherence with
high photon degeneracy large area lasing, lasing from flexible substrates, facile fabrication
methods and lower cost, make them of great interest for various applications such as in
speckle-free laser imaging and display technologies. On the other hand, unlike lasers with
conventional cavities, the modes in RLs are coupled and interact with each other due to the
mirrorless cavities. This mode coupling would lead to unstable lasing modes, destabilising the
lasing behaviour leading to sources whose emission spectra change with time. One way to
overcome this issue is to localise the lasing modes, which are spectrally and spatially less

coupled. This localisation of the modes could lead to stable multi-mode lasing in RLs.

Localised and delocalised regimes in random lasers: The two essential conditions for
random lasing are: (i) multiple scattering of light, (ii) gain overcoming loss. The first condition
can occur if the size of the disordered medium, L, is bigger than the transport mean free path,
k (i.e., k< L). Depending on the scattering strength, i.e. the relative magnitude of /; and the light

wavelength (A), random lasing can be divided into two main categories [93]:

(i) Anderson-localised RLs: According to the loffe-Regel criterion, (kk=1, where k = 2m/A is the
wavenumber) [9], when | is smaller than A (strong scattering regime, k< A < L) closed paths
(resonant modes) could lead to strong interference where the modes are spatially localised
and spectrally decoupled due to the small linewidth of the lasing peaks. In the localisation
regime, the linewidths of the modes are less than the mode spacing; thus, the modes do not
overlap and are uncoupled, apart from the indirect coupling that occurs via the optical gain.
So, in this regime, different resonant modes supported in the system could be spatially non-
interactive, leading to stable and multi-mode lasing. In this regime, light can be well confined

inside the disordered media, leading to behaviour similar to conventional multimode lasers.

(i) Diffusive (or delocalised) random lasers: Most RLs generally operate in the delocalised
regime. In this regime, due to weak scattering, the transport mean free path remains larger
than the resonance wavelength (weak scattering regime, A < | < L), the optical modes are
broad and overlap spectrally and spatially, leading to the formation of extended optical modes

that cover the entire random medium (Figure 3-1).
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Figure 3-1: Spatial mode profile of the modes of RLs in the localised regime (a) and diffusive
regime (b). The figure has been taken from [93].

In most RLs operating in the diffusive regime, no sharp peaks are observed often due to
temporal and/or spatial averaging. Instead, an overall linewidth narrowing around a broad
lasing peak is observed. However, there are cases where sharp peaks have also been
observed in diffusive RLs owing to different reasons, such as the interaction of the lasing
modes through the spatial hole-burning or the strong amplification of certain optical paths [93-
97]; however, still, the resonance wavelength is generally larger than the transport mean free

path.

3.1.2 Strong localisation regime from InP random nanowire arrays

As mentioned, to achieve Anderson localisation in disordered media, the transport mean free
path should be smaller than the wavelength of the light. As discussed in chapter 1, in order to
decrease I, the scattering efficiency of the disordered media should be increased. For this
purpose, the scatterers' refractive index contrast relative to the background material's
refractive index should increase. It has been shown that high refractive index contrast is
essential for strong light scattering and localisation of high quality (Q) factor cavities in the
disordered media [49]. Although having high refractive index scatterers is essential to achieve
strong scattering and high Q factor cavities, it is insufficient for lasing. For lasing to occur, the
gain must also be present, and this can be achieved by incorporating scatterers with gain [98]

or adding a separate medium as gain [29].

Most compound semiconductors have a high refractive index compared to air, and due to their
direct bandgaps, are excellent candidates as a lasing gain media. In this regard, different

semiconductor nanostructures with bandgaps in the UV and visible regions such as ZnO [99],
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AlGaN [100], and SnO: nanowires (NWs) [101], GaN nanocolumns [102], and ZnS

nanospheres [103] have been used in RLs.

Considering the potential of the compound semiconductors, here, InP with a bandgap in the
near-infrared region (Eg=1.42 eV at room temperature) acting both as a gain material and the
scatterers is used. The high refractive index contrast of InP and free space (An=2.46) can lead
to disordered media with a high scattering efficiency. The disordered media is a random array
of InP NWs grown by the SA-MOVPE method and are vertically aligned (Figure 3-2). Using
numerical simulations, the array has been designed to support localised and high Q factor
modes. We show that our designed InP random nanowire arrays could provide that gain
required for lasing and strongly confine light in 3D. The lateral localisation (perpendicular to
the NW axial direction) is due to the random scattering, whilst vertical localisation (along the
NW axial direction) is provided by the refractive index contrast created by carrier generation at

the tip of the NW due to external optical pumping.

This 3D localisation increases the overlap between the gain media and the mode, resulting in
a relatively high modal gain and confinement factors, I (higher than 0.6). Due to the high
scattering efficiency of the designed system, the modes are spatially localised with relatively
small localisation lengths, &, of 200-500 nm. This localisation has led to stable multi-mode

lasing, both spatially and temporally.

Iii “Scmmskiii Z
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Figure 3-2: Schematic of the InP vertical random nanowires. The nanowires are illuminated
from the top by a pulsed laser with an intensity of lo(A).
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3.2 Design of the disordered medium

3.2.1 Localisation regime in a random nanowire array

According to the loffe-Regel criterion, the transport mean free path of the light should be
smaller than the wavelength of the light. For this purpose, the scattering efficiency of the
system should be big enough to make the transport mean free path small (equations (1.2)-
(1.6)). In this regard, the geometrical parameters of the disordered medium, such as the
diameter, length and density of the NWs (filling-factor of the system), are designed so that the

loffe-Regel criterion is achieved for the wavelength of interest.

To calculate I, the first step is to calculate the anisotropy factor, g, which according to equation
(1.3), depends on the angular scattering function, F(6, ¢). To calculate F(6, ¢), the forward and
backward scattering intensity fields are obtained. Since NW is not a completely symmetrical
object like nano-sphere and has two geometrical parameters - length and diameter, the fields
are calculated for an incident source with two directions: (i) axial direction (z-direction Figure
3-2) and (ii) radial direction (y-direction Figure 3-2). For each source, two polarisations are
used (for the z-direction source, the two polarisations are in the x and y directions, and for the
y-direction source, polarisations are in the z and x directions.) So, for each system with a
particular diameter and length, 2 (polarisation) x 2 (direction) = 4 different source setups are

used.

The average forward and backward scattering intensity fields are plotted for a NW with a
diameter of 140 nm and length 4 ym in Figure 3-3. It can be seen that when the source is in
the y-direction, the backward and forward fields are similar; however, when the source is along
the z-direction, the two fields become different. This is because of the smaller size of the NW
in the xy direction relative to the NW size in the zx (or zy) direction. That is to say, in the z-
direction (L=4 um), the NW is much bigger than the wavelength of the light (Asource=850 nm),
leading to Mie scattering (anisotropic scattering), but in the y (or x-direction), the NW diameter
is much smaller than the excitation wavelength leading to Rayleigh (isotropic scattering). After
calculating the far-field intensities, equations (1.3) and (1.4) are used to calculate the
anisotropy factor, g, for each direction. In the case of the source in the z-direction, the
anisotropy value is around 0.22; however, for the source in the y-direction because of isotropic
scattering, the g value is 0. After calculating the g value for each direction, equations (1.2) and

(1.6) are used to calculate the transport mean free path.
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Figure 3-3: The average far-field electric field intensities of the forward and backward
scatterings for a nanowire with d=140 nm and L=4 pym under excitation from two different
directions. (a) Forward scattering and (b) backward scattering when the light is perpendicular
to the NW axial direction, (c) forward scattering, and (d) backward scattering when the light is
parallel to the NW axial direction. The dashed circles with the corresponding number indicate
the azimuthal angle, 6. The polar angle, ¢, is shown by the black numbers around the circle.
The asymmetry factor, g, for each source direction is also calculated and displayed in the right-
hand column.

In Figure 3-4, the scattering efficiency, Qs, and transport mean free path, k, for NWs with
different diameters and densities (or filling factors) are plotted. It can be seen (Figure 3-4(a)
and Figure 3-4(b)) the scattering efficiency for incident light in the z-direction is generally larger

than excitation in the y-direction.

Additionally, in Figure 3-4(d)-(f), the product of the wavevector and transport mean free path
(k) for systems with different filling factors (FFs) and diameter of NW are shown. It can be
seen that generally, & is much bigger for incident light in the z-direction (Figure 3-4(e)) than
excitation in the y-direction (Figure 3-4(d)). This is because of two reasons: i) the value of
scattering cross-section is generally smaller in this case even though Qs is bigger because of
the smaller shadow, A,, of the particle in this setup (equation 1.5), ii) as shown in Figure 3-3,
the scattering is less isotropic in this case, leading to a bigger value for g (equation 1.2). In
Figure 3-4(c) and Figure 3-4(f), the average Qs and ki values, where different source directions

are taken into account are, plotted. As indicated by the red line in Figure 3-4(f), for Asource=850
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nm, the loffe-Regel criterion would be achieved for specific parameters, for example, when the
NW diameter is around 140 nm and the array filling factor is around 0.3. We can also see if
the NWs are too big or too small, this criterion could not be satisfied. As the diameter gets
bigger, the scattering cross-section also increases, and at the same time, the anisotropy factor
rises too. The increase of the scattering cross-section decreases the transport mean free path,
and the rise of the anisotropy factor increases this length scale. Therefore, the localisation

regime can only be satisfied at intermediate NW diameters.
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Figure 3-4: Calculated Qs as a function of NW length when the incident light direction is in the
y-direction (a) and z-direction (b), and the average value of the two directions (c). Calculated
kl as a function of filling factor when the incident light is in the y-direction (d) and z-direction
(e), and the average value of the two directions (f). The red line indicates the loffe-Regel
criterion is satisfied, assuming the NW length L=4 pm and Asource=850 nm.

3.2.2 Quality factor analysis to determine the optimum filling factor and
diameter

In RLs, two mechanisms contribute to the optical loss process: (i) internal absorption of the
cavity, which can be taken into account via the imaginary part of the passive cavity index of
refraction, (ii) out-coupling loss. In the first loss mechanism, energy is lost, usually as heat, in
the laser cavity; however, in the second mechanism, light is uncoupled from the cavity to the

non-active region, usually due to the cavity’s low Q factor.

Specifically, in RLs, the primary loss mechanism is usually out-coupling loss, where the light

leaves the active medium before the gain balances the loss. So, as discussed in chapter 1,
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getting low threshold lasers with high Q factor cavities is essential. It is known that the
formation of cavities with high Q values is related to the geometrical parameters of the system.
For example, it has been shown that the size [100], FF [104, 105], density [29], and also the
position [106] of the NWs can influence the scattering mean free path and hence the strength
of light localisation and Q in RLs. For example, arrays with a low density of NWs would not
support random lasing, and the scattering mean free path has to be optimised. In this section,
the NW array's geometrical parameters are optimised to obtain cavities with high Q factors.
For this purpose, a detailed 2D simulation is first performed to identify the possibility of getting

cavities with high Q factors in systems with different average NW diameters (dav) and FF.

3.2.2.1 Lateral confinement

For the simulation, Lumerical FDTD Solutions is used to solve Maxwell's curl equations.
Considering the hexagonal xy cross-section of the grown NWs, randomly positioned
hexagonal InP NWs are used. The random position of the NWs and different distances
between the NWs would lead to around 15% variation in the diameters of the NWs. So, in the
simulation, a uniform distribution between 0.85d,, and 1.15d,, is chosen for the NW diameters
(Figure 3-5(a)).

As discussed in chapter 1, to introduce the randomness in the position of the NWs without the
possibility of merging, a maximum deviation from the centre, o¢max, Of 50 nm was chosen (so

the deviation from the centre of the NW, o, is between 0 and 50 nm) (Figure 3-5(b)).

3 DometerDistrbution B TheWay of Defning Randomness
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Figure 3-5: Definition of the random system. (a) Diameter distribution of our system assuming
15% variation in the diameter of the NWs. (b) The way of defining randomness by deviating
randomly the positions of a periodic photonic crystal structure.

In the simulation setup, itis assumed the lateral size of the random media is 3 um with perfectly
matched layer (PML) boundary conditions. The effect of the lateral size of the disordered
medium has been analyzed in chapter 4. It has been shown, considering the modes’ sizes, 3

pUm lateral size is big enough to support the modes. That is to say, the size of the simulation
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area is chosen to be big enough so the system can support high Q factor cavities. If the area
of the array is smaller than a certain value, leakage of the electromagnetic field would be too
high, and the system would not be able to support high Q factor cavities. In the simulation, an
electrical dipole source whose electric field is perpendicular to the page is used. Magnetic
dipole source is also investigated but does not result in any cavity with high enough Q factors
in the system. A refractive index of n= 3.456 for the InP NWs is chosen without the imaginary
part, i.e. the NWs are assumed to be passive without any gain. It has been demonstrated in a
passive medium with strong scattering, modes with high Q factors would be similar to the lasing

modes in an active medium [49].

To optimise the average diameter of the NWs and the array FF, for each system with a
particular day and FF, 10 cases with the same d.y and FF but with different positions of NWs
are investigated. In this way, a statistical approach is carried out to investigate the random
systems. In the inset of Figure 3-6(a), the schematic of a case with day =130 nm and FF=0.3 is
shown. The red hexagons are the cross-section of the NWs where they are surrounded by air
(light green region). Figure 3-6(b) is the spectrum of the cavities supported in this system,
whilst the inset shows the magnified spectral region highlighted by the dotted box. It can be
seen from this figure many modes with different Q factors and wavelength resonances, A,
could be supported in this system. Even modes with a very high Q factor of 18,300 (A, =796
nm) can be supported. The mode profile of the mode with the highest Q factor is shown in
Figure 3-6(a).

Figure 3-6(c) shows the probability of finding Q factors higher than an arbitrarily defined
threshold value (Qi=3,000) with resonance wavelength near the NW bandgap energy (800 nm
< A< 850 nm). It can be seen that the system with FF=0.3 and d.,=120-130 nm has the highest
probability of finding high Q factor cavities. This is also in good agreement with the calculations
on transport mean free path above where Anderson localisation happens in NW array with

diameters around 140 nm and FF of around 0.3 at the wavelength of 850 nm.
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Figure 3-6: (a) Simulated 2D mode profile at the wavelength of 796 nm with a Q factor of
18,300 for a random case of a system with day =130 nm and FF=0.3. The structure of the
random array is shown in the inset. (b) Resonance spectrum of the structure shown in the inset
of Figure 3-6(a). The inset is the spectrum's magnified view around the mode's resonance
wavelength with the highest Q factor. (c) The probability of finding Q factors higher than a
threshold value (Q=3,000) in the wavelength region near the NW bandgap energy.

Using Lumerical FDTD Solutions, a 3D simulation is also carried out to investigate the cavities
formed by the NW arrays. Based on the results from 2D analyses, the optimum value for
FF=0.3 and da,=125 are chosen for 3D simulation. The NWs have a length of L=3 ym and
lateral array size of Lx= L,=5 ym (L is the length of the NWs, L, and Ly are the lateral sizes of
the random system in x and y directions). The NWs are randomly positioned with 0¢max=50
nm. In the simulation, the refractive index contrast created by the carrier generation and

temperature contrast discussed in the next section has also been included.

The resonance spectrum and the lateral profiles of three modes (Mode I: Q=1,182, A=829 nm;
Mode II: Q=949, A=791; and Mode Ill: Q=1,001, A=848 nm) with the highest Q factors are
presented in Figure 3-7. In the lateral profiles, the white dashed hexagons are the lateral cross-
section of the InP NWs. It can be seen most of the mode is localised inside the NWs. Higher
overlap of the modes with the NWs would lead to higher modal gain necessary for low

threshold lasing.

It can be seen that even though Mode | and Mode Il are spectrally uncoupled, they are spatially
coupled. On the other hand, Mode lll is both spectrally and spatially uncoupled to Mode | and
Il.
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Figure 3-7: The resonance spectrum calculated for a system with FF=0.3, da,=125 nm, and
L=3 pm. The insets show the 2D spatial profiles for the three high Q factor modes (Mode I:
A=829 nm, Mode Il: A=791 nm, and Mode Ill: A=848 nm) at a depth of 0.5 ym (i.e. at z=2.5
pm) from the tip of the nanowires (Figure 3-10), clearly showing strong localization in the x-y
plane.

3.2.2.2 Vertical confinement

When a semiconductor is illuminated by light whose energy is larger than the bandgap energy,
carriers are generated in the material. The optical generation rate is defined as the number of
carriers created per unit volume per unit time. If each absorbed photon creates one electron-
hole pair, the electron and hole generation rates are given by:

P

Gy = Gy =725 (3.1)

where Paps is the number of absorbed photons per unit volume and can be calculated through

1
Py == olE[ &", (3.2)

where ¢ is the imaginary part of the permittivity. The carrier density can be calculated from the
generation rate by multiplying the generation rate by the carrier lifetime. For example, for

electrons, the following equation can be used:

N=G,,T, (3.3).

To calculate the carrier generation, the previously designed random distribution of InP NWs
(dav=125 nm and FF=0.3) with the refractive index chosen at the excitation source wavelength
(n=3.72+ 0.44i, Aex=522 nm) [98]is illuminated by a plane wave whose direction is parallel to

the axial direction of the NWs (z-direction).

Figure 3-8 (a) and (b) show the optical generation and carrier density profile of the NW array

under a pumping fluence of 1,200 uJ cm per pulse, respectively. The array FF, day, length, L,
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and lateral size (Lx=Ly) are 0.3, 125 nm, 3 ym, and 5 pm, respectively (same as the system
used for cavity analysis). It can be seen the carrier generation occurs mainly at the top 300 nm
of the NWs. Assuming a carrier lifetime of 1 ns [107], the carrier density profile along the z-
direction, N(z), is shown in Figure 3-8(b). The maximum carrier generation occurs at z=2.92
um with N=1.16x10" cm™. Considering a diffusion constant of 700 cm? V' s' [108], the
diffusion length of the carriers is determined to be around 1.1 um. Averaging N(z) over the
diffusion length, an average carrier density, Nay of ~2.1x10'® cm™ is obtained. Figure 3-8(c)
shows the calculated average carrier density across the top 1.1 uym diffusion region for different
pump fluences.
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Figure 3-8: Modelling the optical generation and average carrier density of the random system
under the pumping fluence of ~1,200 uJ cm per pulse. (a) Optical generation from the NW
array in x-y (left) and z-y (right) planes at z=2.92 ym and x= 0 pm, respectively. (b) Photo-
generated carrier density profile along the NW length with and without the effect of carrier
diffusion. (c) Calculated average carrier density in the top 1.1 um of the NWs for different pump
fluences.
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Confinement factor and modal gain: After calculating the average carrier density, we
calculate the modal gain and confinement factor using equations (1.17) and (1.18). For this
purpose, the material gain is calculated using equations (1-10)-(1-15). First, the experimental
PL emission is fitted with equation (1-16) to obtain the temperature and y parameter. For this
purpose, the PL spectrum of the NW array taken at a fluence of about 424 pyJ cm per pulse
is fitted with equation (1-16) (Figure 3-9b). The parameters used for InP in equations (1-10)-

(1-16) are summarised in Table 3-1.

Table 3-1: Material parameters for InP.

Parameter value
m, | m, 0.08 [109]
m,, | m, 0.089 [109]
my, | m, 0.6 [109]
Ep 20.7 [56]
o T’

E E, = 1421-(4.9x10° +0.08 [110

¢ £ (49x107) T+327 [110]
i 3.45[111]

After fitting the PL emission with equation (1-16), T = 210 K and y = 3 meV are obtained (for
further details, see section 1.3.5.2). Then using equations (1.17) and (1.18), the material gain

for different carrier densities are calculated and plotted in Figure 3-9(a).
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Figure 3-9: Calculated optical gain and normalised spontaneous emission intensity of InP. (a)
The calculated optical gain for different carrier densities. The number labels next to the curves
are in units of 10'® cm™. (b) Normalised spontaneous emission intensity emitted from the NW's
at an excitation fluence of 424 uJ cm? (red) per pulse and the normalised calculated
spontaneous emission intensity (black) for bulk InP with T =210 Kand y = 3 meV.

After calculating the optical gain for different carrier densities, using the average carrier density
at the top 1.1 um of the NW at a particular pumping intensity (Figure 3-8) and considering the
resonance wavelength of the mode of interest, the average gain at the tip of the NW can be
obtained. For example, assuming a carrier density of 2.1x10"® cm™ calculated previously, it
can be seen for this value of carrier density, mode with resonances 820 nm < A, < 850 nm
would have a positive average gain. Considering this average gain for the top 1.1 um of the
NW and zero gain for the rest of the system, equation (1.17) and equation (1.18) can be used

to calculate the confinement factor and modal gain.

Refractive index contrast along the nanowire: The vertical confinement results from the
change in the refractive index along the NWs’ length as the carriers are generated at the top
of the NWs. The NWs are excited by a pulsed laser from the top, with photo-generated carriers
mainly within the top 300 nm of the NWs. Considering the effect of carrier diffusion, they will
be primarily confined in the top 1.1 ym of the NWs [108] (Figure 3-8b). Furthermore, due to
the increase in temperature [112] because of the thermal relaxation of carriers and the high
density of photo-excited carriers [113], a change in the refractive index in this segment of the
NWs is expected. That is to say, considering the average carrier density of 2.1x10'® cm™ at a
pump intensity of P =1,200 puJ cm calculated before, and a temperature difference of ~200
K obtained from fitting the PL emission with equation (1.16), this region would experience a
refractive index difference of ~0.087 compared to the rest of the NWs, resulting in mode

confinement in the z-direction.
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The 3D view of Mode | (from Figure 3-7) is shown in Figure 3-10. It can be seen that most of
the mode is localised at the top 1.5 um of the NW array leading to negligible leakage of the

mode to the InP substrate (note that the tip of the NW corresponds to z=3 um).
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Figure 3-10: The 3D view of the simulated mode profile, where confinement can be observed
in the vertical direction and confined predominantly in the NWs. The NW length is 3 um, and
the top of the NW corresponds to z=3 um. Only the top 2 um of the NW array is shown.

This refractive index contrast along the z-direction reduces the mode leakage to the substrate

and enhances the localisation of the light leading to modes with higher Q factors.

To sum up, the lateral and 3D mode profiles shown in Figure 3-7and Figure 3-10 confirm the
3D localisation of light within the random NW array. It can be seen that the lateral confinement
of the mode is due to the Anderson localisation, while the vertical confinement is due to the

refractive index contrast along the NWs created by the carrier generation and pumping.

3.3 Samples preparation

To prepare the InP NWs, the SA-MOVPE method was used to grow the NWs. As discussed
in detail in chapter 1, randomly positioned holes were patterned on the SiOx substrate. To
create the designed pattern, i.e. FF=0.3 and d.=125 nm, taking into account additional lateral
growth, a random array of hole openings with a diameter of ~ 90 nm was patterned onto a 30
nm-SiOy layer deposited on InP substrates as a growth mask. The randomly positioned holes
were created as the way defined in the simulation section with 0¢max=50 nm. After defining the
holes on the SiOy layer, using the MOVPE reactor and the following growth condition, the NW's
were grown on the substrates. The details of substrate preparation and growth conditions used

are discussed below.
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Substrate preparation: Before growth, a standard preparation process [69, 114] for patterned
substrates was used. Using plasma-enhanced chemical vapour deposition, ~30 nm-thick SiOx
was deposited on semi-insulating (111)A InP substrates as a mask, followed by electron beam
lithography to create the randomly positioned holes on the resist. The pattern was then
transferred to the SiOx mask through dry etching using CHF3 plasma. After removing the resist,
the patterned substrate was trim-etched in 10 % H3zPO4 to remove any native oxide layer[114]

and then immediately loaded into the MOVPE system for nanowire growth.

Growth condition: In this work, a close-coupled showerhead reactor (Aixtron CCS 3 x 2) was
used for the epitaxial growth. The reactor was operated at a low pressure of 100 mbar and
used ultra-high purity H, as the carrier gas with a total flow of 10 L.min"". Trimethylindium
(TMIn) and PHs were used as precursors for In and P, respectively. All substrates were first
annealed in a PH3; ambient at a surface temperature of 660 °C in the reactor. After a 10 min
annealing step, the reactor was ramped up to a (wafer) surface temperature of 680 °C.
Epitaxial growth was carried out by introducing TMIn into the chamber for 8 min. To reduce
the possibility of NWs merging (i.e. to minimise radial growth), the molar flow of PHz and TMin

was 1.25 x 102 and 2.1 x 107® mol min™, respectively, leading to a high V/IlI ratio of ~595.

3.4 Structural characterisation

Figure 3-11(a) shows the SEM image of the grown InP NW array, whilst Figure 3-11(b) shows
the statistical distribution of the NWs. It can be seen from the top-view SEM of the grown NWs
the xy cross-section of the NWs is hexagonal. The average diameter of the NWs is around 116
nm with a standard deviation of ~13 nm (~12% diameter variation according to the average
diameter). The FF of the fabricated system is ~ 0.25, which is quite close to the designed value.

The size of the fabricated array was around 8 ym (Ly=Ly=8 pym).
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Figure 3-11: (a) SEM image showing a tilted view of the nanowire array (scale bar 1 um). The
inset shows a top view confirming the random nature of the nanowires in the x-y plane (scale
bar 500 nm). (b) Diameter distribution of the NWs.

3.5 Optical characterisation

Measurement setup: For the photoluminescence (PL) measurements, a frequency-doubled
pulsed laser (femtoTRAIN IC-Yb-2000, Asource = 522 nm, repetition rate 20.8 MHz, pulse width
300 fs) with a Gaussian beam profile (FWHM~5 um) was used to excite the random NWs
through a long working distance objective lens (Nikon CFI Plan Fluor 60x/0.70 NA). The
resulting emission was collected through the same lens and passed through a long-pass filter
to remove the pump laser. Spectral measurements and near-field profiles were made using a
grating spectrometer (Acton SpectraPro 2750) and a CCD camera (Princeton Instruments,
PIXIS). As discussed in the section 2.5.1, for the spectral measurements a grating in the
spectrometer was used to spread the collected light into a spectrum, which was then collected
by the CCD camera. However, for obtaining the emission profile, a mirror was used to direct
the collected light to the CCD camera without losing the spatial information of the emitted light
from the sample. The schematic diagram of the micro-PL setup used for the optical
characterization of the random nanowire systems is shown in Figure 2-7(b). Low-temperature

experiments were conducted in a He-cooled cryostat (Janis ST-500).

3.5.1 Single-mode lasing

Figure 3-12 shows the low temperatures (6 K) PL spectra from the random array of the NW as
a function of excitation fluence using the measurement setup mentioned above. The spectra

are offset vertically for clarity. It can be seen at low pump fluence, a broad emission is
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observed, and as the fluence is increased, the emission intensity increases with the
broadening of the spectrum because of the band filling effect. At the pump fluence of ~550 pJ
cm? per pulse, a shoulder appears at 843 nm. Increasing the intensity of the excitation fluence
further increases the intensity of the shoulder peak, leading to a narrow lasing peak. The inset
also shows PL spectral map indicating first a broadening of the spectrum with increasing
fluence and a sudden narrowing after a threshold fluence is reached, an indication that the

array is lasing.
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Figure 3-12: Emission spectra at 6 K from the nanowire array at various pump fluences. The
normalised spectral map (inset) shows a broadening of the spectrum with increasing fluence
up to the transition to the amplified spontaneous emission (550 uJ cm= per pulse) but then a
sudden reduction in the linewidth above Pi,=550 puJ cm per pulse.

The PL spectra could be fitted with 3 Lorentzian functions as equation (3.4) below:

I:ﬁ g +i e +£ Ys

T A L A (2] T (A ) ()

+d (3.4)

The PL spectra were fitted at two pumping intensities of Pi,=490 puJ cm per pulse (below the
threshold) and P,=693 pJ cm? per pulse (above the threshold), with the parameters
summarised in Table 3-2: Fitting constants of equation (3.4) for fitting the PL spectra shown in
Figure 3-13 for Pn=490 and 693 pJ cm per pulse. Figure 3-13 shows both the experimental

results and the fitted functions for the two spectra. Excellent fittings can be seen in both cases.
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For the spectrum at P= 693 uJ cm per pulse, the lasing peak and its FWHM are determined

to be 841 nm and ~2 nm, respectively, resulting in a Q factor of 420.

Table 3-2: Fitting constants of equation (3.4) for fitting the PL spectra shown in Figure 3-13 for
Pin=490 and 693 uJ cm™ per pulse

Pin (nJ cm?) A1 w1 21 A2 w2 22 A3 w3 3 d
490 1.21x10* | 21.79 | 830.2 - - - 803.01 | 13.02 | 874.7 | 2.964
693 1.68x10* | 24.72 | 829.8 | 3.19x103 | 2.27 | 841.2 | 604.13 8.1 876.6 | 1.597
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Figure 3-13: Fitting the PL spectra with equation (3.4) for two different pumping powers. (a)
P:n=490 ud cm per pulse. (b) Pn=693 udJ cm per pulse.

Figure 3-14: Light output vs. excitation fluence plotted on a log-log scale, showing an ‘S-like’
whilst the same data plotted on a linear scale (inset) shows a ‘kink-like’ threshold behaviour -
indications of lasing from the nanowire array. The shaded grey area is the region of amplified
spontaneous emission. The data points are the experimental results, and the red lines are just
a guide to the eye. This figure shows that the power-dependent output intensity of the NW
array on a log-log plot follows the typical “S”-curve shape where three emission regimes could
be observed clearly. Spontaneous emission dominates at low excitation intensities until the
transition to the amplified spontaneous emission at ~550 uJ cm™ per pulse, followed by a
super-linear increase indicative of amplified spontaneous emission (shaded grey region), and

finally, the emergence of lasing above 733 uJ cm™ per pulse [115-117]. A small emission with
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a peak centred at ~879 nm can also be observed in the spectra, which correspond to emission

from the underlying InP substrate (zincblende phase) [110].
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Figure 3-14: Light output vs. excitation fluence plotted on a log-log scale, showing an ‘S-like’
whilst the same data plotted on a linear scale (inset) shows a ‘kink-like’ threshold behaviour -
indications of lasing from the nanowire array. The shaded grey area is the region of amplified
spontaneous emission. The data points are the experimental results measured at 7=6 K, and
the red lines are just a guide to the eye.

3.5.2 Multi-mode lasing

Figure 3-15(a) shows the spectra of another random NW array with almost the same FF and
dav as the previously measured array but L,=L,=30 ym, at different excitation fluences, where
multi-mode lasing is observed. At excitation fluence (Pn=386 pJ cm™ per pulse) below the
threshold, two broad peaks are observed, corresponding to the substrate (zincblende phase
at 879 nm) and NWs (wurtzite phase at 832 nm) peaks, as discussed before. Similar to the
array above, which shows single-mode lasing, the long-wavelength peak increases in intensity
but remains broad with increasing input fluence, confirming lasing is not from the underlying
InP substrate. On the other hand, for the NW emission, sharp peaks can be observed clearly
in addition to a broad background above a fluence of 1,720 uJ cm™ per pulse. It can be seen
the number and intensity of these sharp peaks increase with excitation fluence. In other words,
by increasing the excitation fluence, more modes can reach the threshold and the PL intensity
of these modes increases. Figure 3-15(b) shows a log-log plot of three L-L curves
corresponding to the wavelength region | (769 < A < 787 nm), region Il (787 < A < 807 nm),
and the total spectrum of the NW region (725 < A < 850 nm) for comparison. The onset of

amplified spontaneous emission for the modes in regions | and Il occur at ~1,720 and ~1,937

47



uJ cm per pulse, respectively. The power intensity at which this transition has happened for
the entire spectral region of the NWs is almost similar to the value of the mode in region Il.
This is because emission from region Il is much higher than that from region |, and therefore

a higher excitation fluence is required for the latter region to achieve lasing.
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Figure 3-15: Multi-mode lasing from the random nanowire array. (a) Emission spectra from the
nanowire array at various pump fluences. Emission from the substrate is indicated, whilst
emission from the nanowires occurs below 850 nm. (b) Log-log plot of integrated light output
vs fluence from two spectral regions shown in (a): shaded red region | (769 < A <787 nm) and
green region Il (787 < A <807 nm). The results for total light output from the nanowire array
(725 < A < 850 nm) are also shown for reference. All measurements were done at 6 K.

In Figure 3-16, the near-field emission profiles as viewed from the top of the NWs at different
pumping intensities corresponding to the PL spectra in Figure 3-15 are shown. A broad profile
is observed at low pump fluence, but as the fluence gradually increases, spatially localised
peaks appear above the broad Gaussian-like emission profile. Line scans across the profile in
various directions confirm this observation. At Pi,=2,435 uJ cm per pulse, three high-intensity
spots appear, which can be correlated to the three predominant modes at A=788, 799, and
826 nm in Figure 3-15(a). Increasing the pump fluence further to P»=3,072 uJ cm per pulse

leads to the lasing mode at 799 nm becoming more dominant.
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Figure 3-16: Near-field emission profiles from the nanowire array at three different excitation
fluences: (a) Pn=386 uJ cm? per pulse, (b) Pn=2,435 uJ cm= per pulse, and (c) Pin=3,072 pJ
cm? per pulse. Corresponding line scan across the near field intensity profiles in (a), (b), and
(c) along three directions, AB, CD, and EF are shown in (d), (e) and (f). The cross-section
mode profiles indicate strong localisation above the lasing threshold as indicated in (e) and (f).
The calculated localisation lengths for the mode are indicated in the image (g). All
measurements were done at 6 K.

Random cavities decay exponentially [48] with an average characteristic length known as the
localisation length, . To calculate the localisation length, each of the three peaks in Figure
3-16 is fitted with an exponential function along the two lines connecting the mode to the other
two modes. For example, consider the cross-section mode profile along the AB direction
shown in Figure 3-17. The two peaks have been fitted with exponential functions leading to
localisation lengths of 248 and 274 nm. Besides, this figure shows the localisation length of
these two modes along the AB line is smaller than the distance between these two modes (i.e.

274 nm + 248 nm < 1450 nm). This means that the modes are spatially decoupled.

For each mode, we obtain two localisation lengths along each connecting line. One localisation
length is on the left-hand side of the mode, and the other one is on the right-hand side of the
mode. Since two lines are connecting each mode to the other two modes, we have four
localisation lengths for each mode in different directions. The localisation lengths are shown
in Figure 3-16(c) (é= 210, 492, and 508 nm) are the average value of these four localization

lengths for each mode along different directions.
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Figure 3-17: Fitting the two peaks on the AB line with an exponential function of y=Aexp(-
x/€)+B to calculate the localisation length for the two modes.

The number of nanowires in which the mode is localised, Nnw, can be calculated through Nnw=
m&2. FF/Aa, Where Aa, is the average cross-sectional area of the NW. This results in around 4,
20, and 22 NWs interacting with each of the three localised modes, respectively. Since ¢ is
much smaller in size than the area of the active scattering region (which is approximately the
pumped area whose FWHM is around 5 ym), this confirms the Anderson localisation effect in
these NW arrays. Besides, as shown in Figure 3-16 and Figure 3-17, the modes are spatially
isolated, i.e. the distance between the modes is higher than the sum of the localisation length
of the modes along the lines connecting them. These features are consistent with the
theoretical prediction for multi-mode random lasing in the Anderson localisation regime [118].
On the other hand, in diffusive RLs, the lasing wavelength is primarily determined by the
spectral peak of the gain medium [98], and only weak dispersion is incorporated into the
scattering medium, resulting in a significantly broader lasing peak. Here in our case where
localisation occurs, lasing modes even at wavelengths in the lower part of the gain spectrum
(758 and 778 nm) can also be observed, which agrees with the random lasing in the

localisation regime [93].

3.6 Stability of the lasing modes

Unlike RLs operating in the diffusive regime, where the single-shot emission spectrum is
unstable and changes from shot to shot [119], in our random NW system, the spectrum is
stable under successive pulsed excitation, as shown in Figure 3-18. This figure shows how
different modes evolve with increasing excitation fluence over numerous pulses for two
different locations on the sample. AN,use at a particular excitation fluence is defined as the
difference between the number of pulses at that excitation fluence and the lowest excitation

fluence. For example, ANpuse=375%10° at Pin=2,258 uJ cm per pulse in Figure 3-18(a) means
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the NW array has been subjected to an additional 375x%108 pulses after recording the spectrum
at P,=386 uJ cm? per pulse. It can be seen at both locations whose spectra are shown in
Figure 3-18(a) and Figure 3-18(b), even though lots of pulses have excited the sample, the
modes are stable and well defined even with increasing the excitation fluence with only a small

blue shift due to changes in refractive index with increased carrier density and temperature
[120, 121].
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Figure 3-18: Lasing stability. Emission spectra at different excitation fluences from two different
regions of the random nanowire array which support 3 (a) and 5 (b) lasing modes. With
increasing fluences, the nanowire array has been subjected to more excitation pulses. The
difference in the total number of pulses used to collect each spectrum from those used for the
lowest fluence is indicated by ANpuse. All measurements were done at 6 K.

3.7 Statistical distribution of several lasing parameters

Figure 3-19 shows the statistical distribution of several key parameters of the fabricated NW
RL. In Figure 3-19(a), the pump intensities at the onset of amplified spontaneous emission
show an almost normal distribution, with most of the modes having pump intensities between
1,500-2,000 pJ cm per pulse. As discussed previously, by calculating the optical gain for
different carrier densities (Figure 3-9), it is found that at Pi,=2,000 uJ cm per pulse, positive
gain is achieved for modes in the wavelength range of 790 - 850 nm. Figure 3-19(b) shows the
distribution of the experimental quality factor of the resonant cavities. The distribution of

simulated Q factors for different modes and their correlation with the mode confinement factor
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and lateral size are presented in Figure 3-20. The highest value for the calculated and
measured Q factor are 1,181 and 420, respectively. The median Q factor and wavelength
resonance are Qmexp=165, Anexp=790 nm, and Qunsm=380 and Amsm=819 nm for the

experimental and simulated results, respectively.
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Figure 3-19: Statistical distribution of several key parameters of the random nanowire laser.
(a) Measured pumping intensity distribution taken at the commencement of amplified
spontaneous emission. (b) Experimentally measured Q factor of the modes. (c) Calculated
distribution of the mode confinement factor. (d) Calculated distribution of the spatial lateral
mode size.

Figure 3-19(c) shows that our system’s calculated mode confinement factor is usually more
than 0.5, and some modes even have confinement factor values as high as 0.62. Although
these values are lower than in conventional nanowire lasers operating in the Fabry-Pérot mode
[122, 123], they are higher than those expected for those operating in the diffusive regime. In
the diffusive regime, the lower Q factor leads to more leakage of the field from the NWs and
consequently lower confinement factors. The correlation between the Q factor and I is
quantified by Spearman's rank correlation coefficients, rs, and is around 0.61, which shows a
good correlation between these two parameters, where modes with lower Q factors usually
show less localisation (Figure 3-20(c)). For example, in our simulation results, a mode with
Q=568 has a =0.62; however, another mode with Q=188 shows only a confinement factor of

0.48.
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Figure 3-20: Correlation between Q factor and other mode parameters. (a) Statistical
distribution of the simulated Q factor. Calculated Q factors versus (b) the lateral sizes and (c)
the confinement factors of the modes. The Spearman's rank correlation coefficients is rs=-0.45
(b) and 0.61 (c). The pink and red lines are fitted to the data.

Figure 3-19(d) shows the calculated size distribution of the lateral mode. The average,
minimum and maximum values for the lateral mode area are 1.67 (~29(n/A.)?), 0.24
(~4.7(n/A)?), and 3.74 um? (~62(n/A)?), respectively. Considering these values, the smallest
and the largest modes encompass 4 and 91 NWs, respectively. Besides, as shown in Figure
3-20(b), the poor correlation of rs= -0.45 between the Q factor and lateral mode size indicates
that a high Q factor does not necessarily lead to smaller modes. Indeed, high Q factor modes

could involve scattering between more NWs than a mode with a lower Q factor.

3.8 Conclusion

RLs can occur due to multiple scattering events within a gain medium, which provides the
equivalent feedback mechanism. The unique feature of RLs such as angular free emission,
tunability of lasing direction, low spatial coherence with high photon degeneracy, large area
lasing, lasing from flexible substrates, facile fabrication methods and lower cost, make them of
great interest for various applications such as in speckle-free laser imaging and display
technologies. However, because of the difficulty of localising and controlling the lasing modes,
the devices are spectrally less stable and have hindered applications where stable broadband

wavelength-controlled lasers over large areal sizes are required.

In this chapter, we demonstrated that our designed InP random nanowire arrays could provide
the gain required for lasing and strongly confine light spatially in 3D. We have designed and
experimentally demonstrated that Anderson localisation in RLs could be achieved by using InP
random NW arrays due to their high gain and strong scattering properties. Light is confined in
a 3D mode, where the lateral confinement is provided by scattering whilst vertical confinement
is provided by refractive index contrast. The near-field images of the mode profiles show

exponential decay of the localised modes. The strong spatial confinement of the modes results
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in the stable multi-mode operation of RLs. Mode control in RLs opens up new opportunities for
the facile fabrication of lasers over large areas (10s-100s um?) for application in the next

generation meta-optical systems.
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Chapter 4: Controlling the lasing modes in the localisation
regime

4.1 Introduction

As discussed in previous chapters, RLs, due to their mirrorless cavities, could have some
unique properties which are not seen in lasers with traditional cavities. For example, RLs do
not have the complexities associated with fabricating and designing mirror-based cavities,
such as Fabry-Pérot ones. Furthermore, due to the nature of the cavities in RLs, angle-
unrestricted emission could be achieved. The mirrorless cavities in RLs could provide large
area, tunable, and mechanically flexible lasers. On the other hand, the random scattering of
light and the nature of the modes in RLs make them difficult to be controlled. For example, as
discussed in chapter 3, in diffusive RLs, the emission spectrum changes from shot-to-shot due
to the delocalisation of the modes. There we demonstrated that by designing the RL
geometrical parameters, it is possible to make the transport mean free path smaller than the
wavelength for the RL to operate in the localisation regime. Therefore, making the RLs perform
in the Anderson localisation regime would make it easier to control the lasing mode properties

such as wavelength resonances, lasing threshold and number of modes.

To control the lasing behaviour of the RLs, different methods have been proposed. Here, some

of these methods are briefly discussed.

Changing the gain material: As discussed before, two main conditions need to be satisfied
to achieve random lasing: (i) multiple scattering of the light path, (ii) the presence of gain to
amplify the scattered light. The scatterers could also act as the gain medium in RLs, such as
the InP NWs discussed in chapter 3. On the other hand, it is also possible to separate the gain
and scattering media. This would give more freedom to control the lasing properties because
now both scatterers and gain media could be separately engineered. For example, Ziegler et
al. demonstrated that using different dyes with different emissions as the gain media (such as
rhodamine 6G, rhodamine 800, styryl 14, etc.) with gold nanostars (acting as the scatterers),

random lasing throughout the visible up to the infrared range [124], could be achieved.

Using multiple gain media: Wang et al. showed that by using R6G—-oxazine mixed binary
dye (where the absorption band of oxazine partially overlaps with the emission band of R6G)
and the suspension of gold—silver porous nanowires with plenty of nanogaps (with broadband

plasmonic resonance) simultaneous multi-coloured coherent random lasing through single
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excitation could be achieved. The lasing wavelengths of ~570-580 nm and ~630-640

corresponding to the emissions of R6G and oxazine were achieved, respectively [125].

Changing the pumping properties: It was shown by changing the spatial intensity profile of
the light with a spatial light modulator (SLM), single-mode lasing at any particular wavelength
within the spectrum of the gain medium can be achieved [126]. The scattering medium used
for this study was a one-dimensional (1D) disordered random distribution of rectangular pillars,

and a spectral selectivity down to 0.06 nm was achieved.

In another work, Leonetti et al. have shown that changing the pumping shape from a disc
shape to a stripe shape makes it possible to move from a system with non-resonant feedback

to a resonant one[127].

Using materials sensitive to external sources: If the material of the RL is sensitive to
temperature, magnetic field, applied voltage, etc., it may be possible to change these
parameters in order to change the properties of the medium and behaviour of the RL. For
example, a liquid crystal (LC) diffusion constant could show an abrupt increase around the
nematic—isotropic phase-transition temperature. This could enable the operation of the RL
above and below its threshold by temperature-tuning of the diffusion constant. Using these
properties [128] of LCs, a temperature-tunable RL was demonstrated. Using the temperature
dependence of refractive indices of LC, polarization-dependent temperature tuning of the
resonance wavelength was also demonstrated [129]. In that work, below 34°C, both lasing
modes corresponding to the ordinary (A,) and extraordinary light (Ae) polarisation were
observed. However, as the temperature was raised above 34°C, the birefringence property of

the LC disappeared, and both A, and A converged to a single wavelength.

Applying a voltage could also change the emission properties of the RLs. For example, it was
shown that by inducing an external voltage on LC-based RLs, the molecule direction of LCs

can be changed, leading to a blueshift in the emission wavelength [130].

These reports show that changing the temperature and external voltage can change the RLs
behaviour; however, most reported studies show that the rise in temperature or increase in
applied voltage would decrease the emission intensity, which can severely impact practical

application [131].

In another study, Naruta et al. have shown that using ferromagnetic nematic liquid crystals
(FNLCs), it is possible to change the intensity of the RL by an external magnetic field [132].

FNLC is obtained by dispersing ferromagnetic nanoplatelets (MNPs) in nematic liquid crystals
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(NLCs). In MNPs, the spontaneous magnetisation is normal to the plate surface, and due to
the interaction between the plate surface and the nematic director, n, (The orientation of the
long axis of a nematic molecule is called its nematic director.) in the FNLCs, MNPs are oriented
in the same direction as the NLCs. Therefore, n of FNLCs can be reoriented by extremely

weak magnetic fields owing to the coupling between magnetisation and n.

Changing scatterers geometry and structure: Gottardo et al. showed that by exploiting the
resonances in scattering coefficients, known as Mie resonances, it is possible to tune the non-
resonant lasing wavelength [133]. In this work, the diameter of the monodisperse spheres was
modified to tune the lasing wavelength. To create the Mie resonances, the sizes of the
scatterers were made comparable to the wavelength of the scattered light. Using a photonic
crystal structure with a transport mean free path, k, of 2-3 um almost five times bigger than
their lasing wavelength, they managed to operate their lasing at the diffusive regime [93]. By
changing the diameter of the scatterers, the lasing wavelengths were tuned from 600 to 640

nm.

In chapter 3, we have shown that by designing the random system made up of InP nanowires,
localised multi-mode lasing could be achieved. There we have demonstrated by changing the
diameter and density of scatterers, it is possible to increase the probability of achieving high-
quality factor (QF) cavities in the desired wavelength region. By changing the diameter and
filling factor of the system, it is possible to change the scattering efficiency of the system and
make it stronger for particular wavelengths. In this chapter, it has been shown how it is possible
to tune the resonant wavelengths by changing the various geometrical parameters. For
example, by decreasing the average diameter, d, of the NWs, a blueshift of the average

wavelength resonance is reported.

Moreover, the effects of other geometrical parameters, including randomness degree,
nanowire length, L, and lateral system size on the lasing behaviour, are analysed. For
example, it is shown that the NW length should be bigger than the diffusion length of the InP
NW to reduce mode leakage into the substrate. Besides, by decreasing the lateral size of the
system, it is possible to manage the number of lasing modes, and even single-mode lasing

could be achieved.

4.2 Managing the lasing parameters of the random lasers

In this chapter, we show how it is possible to manage different lasing parameters such as
wavelength resonance of the modes, A, number of the modes and lasing threshold by

changing the different geometrical parameters of the InP NW RLs.
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4.2.1 Effect of density and size of the scatterers

As discussed in chapter 3, random lasing can occur when the gain is large enough to balance
the loss mechanisms and the sample size is larger than the diffusive critical volume, or in other
words, the sample size is bigger than | [3]. RLs have two main loss mechanisms: (l) out-
coupling loss to the surrounding media, (Il) internal absorption loss. To quantify the first
mechanism, the passive system's quality factor, Q, can be used. However, the second

mechanism is mainly due to material loss because of lower carrier generation inside the cavity.

Figure 4-1 shows the effect of FF and NW average diameter, dav on the carrier generation and
Q of the supported cavities in random NW systems. The inset of Figure 4-1a shows the optical
carrier generation, Go, of a randomly distributed InP NWs (n=3.73+i0.446, where n is the
refractive index on InP at the excitation wavelength) with FF = 0.3, dav = 125 nm, and length,
L = 3 ym. As for the excitation source, we assume a 522 nm laser similar to that used in the
experimental setup discussed in chapter 3. The pumping intensity of the plane wave source
was chosen to be 10* Wem™. Carriers are mainly generated at the top 0.3-1 um of the NWs,
depending on the diameter of the NWs and FF of the system, as shown in Figure 4-1a. The
average carrier density at different slices along the NW axis (along the xy-plane) is obtained

through:

N, (2)=7.[[ G, (x, y)dxdy (4.1)

where r1. is the carrier lifetime and is assumed to be 1 ns [107]. It can be seen decreasing the
FF spreads the carrier generation profile deeper into the NWs. However, decreasing the
diameter of the NW decreases the maximum generation and increases the generation depth.
Calculating the average carrier density over the top 1 um of the NWs (which is around the
diffusion length of the carriers in InP) for the three systems, we obtain values between
2.3x10"- 2.6x10" cm™ for the three systems, indicating that the average carrier density in the
three systems is almost the same over the top ~1 ym. However, the system with higher FF
has nearly three times higher carrier density inside the gain media (inside the NWs), leading
to higher photon generation and a lower lasing threshold. This shows, to obtain gain at a lower

pumping threshold, systems with a higher density of NWs are preferred (i.e. higher FF).

In Figure 4-1b and 4.1c, the probability of finding Qs higher than an arbitrary threshold value
of Qi = 3000 with resonance wavelength, A.near the NW bandgap energy of 725 nm < A, < 775
nm (Figure 4-1b) and 800 nm < A; < 850 nm (Figure 4-1c) are plotted as a function of FF and
dav. For analysing each distribution of nanowires with particular dav and FF, a statistical

approach, similar to the one discussed in chapter 3, based on a 2D simulation, was used.
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Therefore, for each system with a particular FF and d.,, ten different distributions were
analysed. It is further assumed the 2D systems have the same lateral size of 3 umin x and y
directions (Lx = Ly = 3 ym where Ly and L, are the lateral size of the system in the x- and y-
direction, respectively). It will be shown and discussed later these lateral sizes for Ly, and Ly
are bigger than the mode size, and therefore the modes are properly supported in the system

with low leakage.

The randomness of the NW position distribution was defined similarly to the way it was
described in chapter 3 (Figure 3-5), and o, was varied between 0 and 50 nm (0¢max=50 nm).
To consider the non-uniformity of the grown NWs (Figure 3-11b), it was assumed the NWs
have a 15% variation in diameter. As for the excitation source, an electrical dipole source with
an electric field along the NW axis (z-direction) was used. The system was assumed to be
passive, i.e. a system without gain, and the NWs were InP with a refractive index of n = 3.456.
It can be seen from Figure 4-1b at the higher wavelength range, arrays with FF = 0.2-0.3 and
dav = 118-130 nm have the highest probability of finding high Q cavities. However, as shown
in Figure 4-1c, arrays with FF = 0.2-0.3 and dav = 105-120 nm have the highest probability of
finding high Q cavities for the lower wavelength range. The results show that to tune the

emission of the random nanowire lasers to a lower wavelength, a smaller d., is generally

required.
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Figure 4-1: The effect of dav and FF on the designed random system. (a) Average carrier
density along the nanowire length for systems with different average diameters and FFs. The
inset shows the optical carrier generation at zy (top inset) and xy (bottom inset) planes. (b,c)
Probability of finding high Q (Q > 3000) for systems with different FF and average diameters,
for 725 nm < A< 775 nm (b) and 800 nm < A,< 850 nm (c).
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Using the same 2D simulation setup used for Figure 4-1, the effect of increasing d.yon Q and
Ar of the cavities is shown in Figure 4-2a and Figure 4-2b, respectively. By increasing da, of the
NW, a redshift to the resonance wavelength is observed. Besides, in systems with a smaller
NW diameter, the number of modes with Q > 3000 is higher, and the number of modes
decreases as the diameter increases. As d., of the NW decreases, keeping FF constant, the
number of scatterers increases, leading to higher scattering events. Therefore the number of

cavities also increases.

The effects of increasing FF on Q and A of the cavities are depicted in Figure 4-2c and Figure
4-2d. It can be seen that increasing FF of the arrays would result in a blueshift of the resonance
wavelength. Besides, in arrays with lower FF, the number of modes is low, and as FF
increases, the number of the modes and especially the possibility of getting low Q modes
decreases. Similar to the effect of decreasing dav, increasing FF increases the number of

scatterers, leading to higher scattering events, and therefore the number of cavities.

Comparing Figure 4-2a and Figure 4-2b with Figure 4-2c and Figure 4-2d, it can be seen that
the effect of changing da. is more pronounced than changing FF in shifting A.. For example,
increasing dav by 25% (from 120 to 150 nm) results in a redshift of 229 nm to the average A..
However, to obtain a redshift of 185 nm, FF needs to change by 100 % (from 0.4 to 0.2). This
effect is further exemplified in two different arrays (array A: day = 120 nm, FF = 0.25 and array
B: dav = 90 nm, FF = 0.15). As shown in Figure 4-2e and Figure 4-2f, even though the FF of
array B is slightly lower than that of array A, the effect of decreasing nanowire diameter on A:

is significantly higher, with a blueshift of the cavity resonance by about 60 nm.
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Figure 4-2: Effect of day, FF on the statistical distribution of Q and A.. (a,b) The effect of da, at
FF =0.3 and 0. = 50 nm on Q and A of the cavity mode. (c,d) The effect of FF at day = 130 nm
and o: = 50 nm on Q and A of the cavity mode. (e,f) The effect of FF and day at a fixed o¢ value
for two different arrays, A and B (array A: FF = 0.25, day = 125 nm; array B: FF = 0.15, da =
90 nm).

4.2.2 Effect of degree of randomness

Using the same 2D simulation setup, the effect of deviation from the NW centre, o, which also
quantifies the degree of randomness, is analysed for an array with day = 130 and FF=0.3. Ten
cases for four random arrays (o. = 10, 50, 70 nm, and completely random system) were
analysed. Note that in the completely random case, the centres of the nanowire positions were
generated by a random number generator without constraining it to a specific o. value. The
results in Figure 4-3 show that in the 3 ‘restricted’ random cases, the Qs of the cavities are
more than four times higher than that of the array where the NWs are completely random,
indicating that even for RL, some degree of engineering of the randomness could noticeably
improve the device performance. For example, it has been shown that increasing the Q of
lasing modes could make non-resonant lasing systems into resonant ones [134]. That is to
say, engineering the randomness could increase the Qs of the modes and reduce the coupling
and overlapping between modes, leading to RLs with highly localised modes [135] with
resonant feedback [134]. Indeed, there is only a very small probability of finding cavities with

high Qs in the completely random array.
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Furthermore, the results show that the amount of disorder can also significantly affect the
resonance wavelengths of the modes in addition to Q of the arrays. As the disorder strength
increases, the possibility of obtaining modes with lower A: increases together with the
wavelength resonance bandwidth. This is because as o is increased, the possibility of having
NWs closer together (i.e. denser) in localised regions is increased, so the possibility of getting
resonances with lower wavelength resonances is increased. In other words, increasing the
randomness degree would make the filling factor in localised regions more non-uniform, so
according to Figure 4-2c and Figure 4-2d, the bandwidth increases. Considering InP NWs have
gain in the wavelength region of 800 to 850 nm at low temperature, the array with oc = 50 nm

has the best overlap with the gain profile of the NWs.
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Figure 4-3: Effect of changing ocmax While keeping the d=130 nm and FF=0.3 constant on Q
(a) and A: (b) of the cavity modes.

4.2.3 Effect of the array size

To better quantify the effect of array size on mode leakage, a 3D setup similar to the one
discussed in chapter 3, with day = 125, FF = 0.3, and 0Ocmax = 50, was used. For each array
size, ten different cases were analysed. Unlike the 2D setup, where the mode is completely
confined in the z-direction, in the 3D setup, the mode can leave the disordered media through
the substrate in 3D, leading to lower Q factors. Using a 3D setup would result in more accurate
quantification of real systems. Here, the selected resonance modes have two criteria: (I) Q >
100 and (II) 750 nm < A, < 900 nm. A single electric dipole source was placed at the centre of
the random array, so only the modes in the middle of the systems were excited. Similar to the
setup discussed in chapter 3, the top 1.1 ym of the NWs was assumed to have a higher
refractive index than the rest of the NWs because of carrier generation and increased
temperature [135]. It can be seen from Figure 4-4 when the size of the array (Ly, Ly) is less
than 1 um, the system cannot support a mode. Mode leakage will not allow the system to

support cavities when the mode size is larger than the array size. In other words, the lateral
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size of the array should be much bigger than / to be in the localisation regime and not the
diffusive regime [9]. It can also be seen that at lateral sizes of around Ly, Ly = 2 ym, the system
has the highest confinement property. The lateral area of the mode in this system for modes
with Q > 100 is between ~0.05-3.75 ym?. Therefore the lateral size of Ly, Ly = 2 ym (area size
of 4 um?) is big enough to support a maximum number of the modes. At a larger array size,
the number of supported modes begins to decrease. This trend can be understood because
the array's surrounding region (air) acts as an optical ‘cladding’ layer for the modes. At 2 um
array size, the size of the modes is of the order of the array size, and hence the surrounding
region provides a good optical contrast to confine the modes. However, with increasing array
size, the modes are now further away from the surrounding air region, and because of the
presence of other NWs, the effect of optical contrast is now diminished, leading to reduced
lateral confinement strength. Figure 4-4a and Figure 4-4b show the statistical distribution of A
and Q of the modes in an array of size Ly, Ly =1 ym, where there are only a few modes that
are supported. Due to the small size, out of the 10 cases studied, only five of them can support
any modes with Q > 100. Furthermore, each system only supports a single-mode, implying

that single-mode lasing is possible from small systems.
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Figure 4-4: Effect of lateral array size on the cavity mode. (a-f) Statistical distributions showing
the effect of Ly, Ly with FF = 0.3, dav = 130 nm, and 0cmax= 50 nm on Q (top row) and A; (bottom
row). (g) Effect of Ly, L, on the number of modes with Q > 100 and Qmax.

4.2.4 Effect of the nanowire length

For optimising the length of the NWs, Lyw, a similar 3D simulation as the one used for the
analysis of the effects of array size was conducted. Figure 4-5a and Figure 4-5b present the
statistical distribution of A- and Q of the modes in two arrays with Lynw = 1.5 and 3 ym,
respectively, for a fixed Ly, Ly = 4 ym and FF = 0.3. For both systems, the same random
distribution of NWs was used. It can be seen for the system with the shorter NWs, the number

of supported modes is very low, and the Q of the modes is about one-fourth of the array with
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longer NWs. In Figure 4-5¢-f, the electrical field intensity profiles of a mode at A- ~799 nm in
the two systems are shown. The mode profiles along the length of the NWs (Figure 4-5¢ and
Figure 4-5d) and in the x-y plane (Figure 4-5e and Figure 4-5f) are very similar for both arrays;
however, the shorter NW sample shows a higher leakage into the substrate, resulting in lower

Qs and number of resonant modes as shown in Figure 4-5a.

Figure 4-5g and Figure 4-5h show the experimental emission spectra at different excitation
powers from the random arrays with the shorter (Lnw ~1.5 um) and longer (Lnw ~3 um) NWs,
respectively. The insets show the SEM images of the InP nanowires of the two arrays grown
using the SA-MOVPE [114] method, similar to the InP discussed in chapter 3. The substrate

preparation and growth conditions are as following:

Substrate preparation: Before growth, a standard preparation process [69, 114] for patterned
substrates was used. Using plasma-enhanced chemical vapour deposition, ~30 nm-thick SiOx
was deposited on semi-insulating (111)A InP substrates as a mask, followed by electron beam
lithography to create the randomly positioned holes on the resist. The pattern was then
transferred to the SiOx mask through dry etching using CHF3. The patterned substrate was
trim-etched in 10 % H3sPO4 to remove any native oxide layer[114] and then immediately loaded

into the MOVPE system for nanowire growth.

Growth condition: A close-coupled showerhead (CCS) reactor (Aixtron 3 x 2 in.) at a low
pressure of 100 mbar was utilised for the epitaxial growth. Highly purified H, with a total flow
of 10 litres/min was used as the carrier gas. Trimethylindium and PHs were used as precursors
for In and P, respectively. All substrates were first annealed in ambient PH3 at a wafer surface
temperature of 660 °C in the reactor. After a 10 min annealing, epitaxial growth was carried
out once the reactor reached the desired conditions. To reduce the possibility of merging the
NWs, the molar fraction of PHz was 1.25 x 1073 mol min' and for TMIn it was set to 2.1 x 107°
mol min™' leading to a V/IIl of ~595. Growth was performed at 680 °C for 8 and 4 min for the

longer and shorter systems, respectively.

Optical characterisation was carried out at low temperature (T = 6 K) using a 522 nm pulsed
laser using the same optical setup discussed in chapter 3 and shown in Figure 2-7. As shown
in Figure 4-5g and Figure 4-5h, the emission spectra of the two systems have two peaks at
the same wavelengths. The first peak at ~830 (FWHM ~22 nm) is due to emission from the
NWs (wurtzite crystal phase) and the second peak at ~875 nm (FWHM ~13 nm) is mainly from
the substrate (zincblende phase). It can be seen in the shorter NWs the intensity of the light

emitted from the substrate at the wavelength of 875 nm is much stronger than the one emitted
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from the nanowire. This is because the short array could not absorb light properly, and due to

the leakage of the light to the substrate, the emission from the substrate is high.

Interestingly in the system with longer NWs, we observe a small peak appearing at 843 nm at
the pump fluence of ~550 uJ cm per pulse, further amplified with increasing excitation fluence.
Beyond a lasing threshold of around 733 uJ cm?, a sharp lasing peak (FWHM = 2 nm) is
observed at 843 nm. The power-dependent output intensity (upper left inset of Figure 4-5h)
shows the typical “S”-curve shape and depicts all three PL regimes: spontaneous emission
dominates at low excitation intensities until the onset of amplified spontaneous emission at
~550 uJ cm2 (grey colour region) and finally, the emergence of lasing at ~733 yJ cm? [115-
117]. In the short system, since the mode leakage to the substrate is high, the Q factor of the

mode is low, leading to higher out-coupling loss and non-lasing behaviour.
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Figure 4-5: Effect of NW length on the cavity modes and optical profile. The top row is for an
array with NWs of length Lnw = 1.5 ym, whilst the bottom row is for Lnw=3 pm. (a,b) Statistical
distributions for Q and A: (inset) of the two arrays with shorter and longer NWs. (c-f) Electrical
field intensity profile of a mode at A: ~799 nm on y-z (c,d) and x-y (e,f) planes of the two arrays
with shorter and longer NWs. (g,h) Emission spectra of the two arrays with shorter and longer
NWs. The inset SEM images show the tilted view of the two NW arrays grown by MOVPE
(scale bar: 1 um). The upper left inset in Figure 4-5h shows the log-log plot of light output from
the random NW laser vs excitation power. The grey area is the region of amplified spontaneous
emission. All measurements were done at 6 K.

4.3 Shifting the random lasers lasing wavelengths

Figure 4-6 shows the experimental studies on the effect of the average NW diameter on the
modes for two different arrays corresponding to array A and array B mentioned before. As

shown by our simulation results in Figure 4-1 and Figure 4-2, decreasing day results in a
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blueshift of the resonance wavelength. This is because as the NW gets smaller, the scattering
cross-section decreases and also experiences a blueshift [136]. This blueshift leads to the
decrease of the A; of the modes. For example, it was shown average diameters of ~70-75 nm,
and filling factors of ~0.3 are suitable parameters for disordered AlGaN nanowire arrays to
lase at the ultraviolet UV-All band (~320-340 nm) at low temperatures [100]; however, as
shown in chapter 3 and Figure 4-1, for the wavelength of ~800 nm (near-infrared region) bigger

NWs with diameters of ~130 nm could lead to higher Q factor lasing modes.

In Figure 4-6a, the SEM images of arrays A and B and their diameter distribution (inset) are
shown. The emission spectra from an arbitrary area of these two arrays are plotted in Figure
4-6b. In both cases, lasing occurs in the range of around 725-850 nm, corresponding to the
gain profile of InP NWs. The resonance wavelengths and threshold at which the amplified
spontaneous emission region starts in these two arrays are plotted in Figure 4-6¢ and Figure
4-6d, respectively. Unlike Fabry-Perot mode lasing [137, 138] and non-resonant RLs[134],
where the lasing wavelength is around the maximum of the gain with a narrow bandwidth of
around AA < 50 nm, in each of these two resonant RLs, the lasing bandwidth is broader (AA =
100 nm) and most of the lasing wavelengths are at wavelengths lower than the gain maximum.
In array A, the minimum, maximum, and average lasing wavelengths are 742, 735, and 787
nm, respectively. For array B, where the average diameter is smaller, the corresponding lasing
wavelengths are 725, 811, and 775 nm, respectively. So, decreasing the average diameter of
the NW results in an overall blueshift of the resonance wavelength, confirming the results
shown in Figure 4-2. As shown in Figure 4-6d, the lasing threshold in array B has generally
increased, which could be due to two reasons. First, there is a lower probability of finding high
Q modes in array B than array A (see Figure 4-2e) (higher loss due to out-coupling loss to the
surrounding media). Secondly, the emission intensity of the wurtzite NWs in array A is higher
than from the zincblende substrate (Figure 4-6b); however, in array B, the emission of the
substrate is higher than the emission of the NW array. As discussed in relation to Figure 4-1a,
this is because, in array B, the FF is lower, so the carrier generation inside the gain medium is
lower, leading to lower gain. Additionally, the smaller diameter can lead to a higher surface
recombination rate, resulting in lower carrier lifetime and higher optical loss. Higher emission
in array A means more photons could be created with lower excitation power so that the lasing

threshold would decrease.
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Figure 4-6: Experimental results showing the effect of average NW diameter on the emission
and threshold of two different arrays, corresponding to array A (top row) and array B (bottom
row). (a) Top-view SEM images. The insets show the diameter distributions of the two arrays.
(b) Emission spectra with increasing pump fluence around the threshold. (c,d) Statistical
distributions of the emission wavelength (c) and lasing threshold (d). All measurements were
done at 6 K.

4.4 Type of the cavities

Lasers could have different types of cavities such as whispering gallery (WGM)-cavity, Fabry—
Pérot (FP) cavity, and cavity based on random scattering of light in RLs. WGM is where the
light wave is resonantly trapped inside dielectric spheres or disks by total internal reflection
[139, 140]. In practice, the radius of a microsphere, R (typically, tens or hundreds of um’s), far
exceeds the optical wavelength of interest, and the typical value of the polar index, /,
(approximates the ratio of the optical length of the microsphere diameter to the mode
wavelength) is greater than 100. Thus, the radiative leakage of the mode energy outside the
cavity is negligible [141]. So, in our system, where the NW diameter is smaller than the
resonant wavelength, the possibility of WGM is ruled out. In addition, the possibility of FP
modes is also ruled out, and the cavities are based on random scattering of light because of

the following reasons:

First, earlier reports have shown that a GaAs nanowire lying on a low-index substrate, such as
SiOy, require diameters larger than ~ 200-250 nm to obtain both a good mode effective index
(i.e. to support lowest-order guided mode) and low threshold (for 6 um long nanowires)[142].
Considering the average diameter of the grown nanowires (less than 150 nm for both system
A and system B) and the shorter lengths (i.e. smaller gain volume) in this work, the possibility

of FP lasing can be ruled out.
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Secondly, the grown SA-MOVPE NWs are still attached to the growth InP substrate with a very
thin 30 nm SiOy in between the NWs. Therefore, due to the mode leakage into the substrate,
it is improbable that the cavity of the modes is FP. In other words, the modes reflectivities from
the bottom mirror are so low leading to higher loss and very high lasing thresholds for FP

modes.

Thirdly, in our experiments, we illuminated the NWs from the top, and considering the carrier
diffusion, the carriers are only generated at the top 1 um of the NWs. As this is the only region

that provides gain, it is unlikely FP mode lasing can occur.

Finally, considering the effects of the geometrical parameter change discussed in this chapter,
such as the blue-shift of the modes when decreasing the sizes of the NWs and the behaviour
of the modes by changing the NW length [115, 143], the cavities of these modes are due to

disorder-induced scattering.

4.5 Conclusion

In this chapter, we have shown the controllability of the lasing properties of random InP NW
laser designed in chapter 3. It was demonstrated by changing the design parameters of this
random laser, it is possible to change the lasing threshold, the number of lasing modes, the Q
factor, and the wavelength resonances of the modes. For example, changing the lateral size
of the array would lead to a change from multi-mode to single-mode lasing. It was also shown
by changing the density and diameter of the NWs, and the degree of randomness could
change the resonance wavelength of the modes. The ability to engineer the modes in random
lasers could expand the application of random lasers where stable broadband wavelength-

controlled lasers over large areal sizes are required.
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Chapter 5: Types of feedback in random lasers: Resonant
vs. Non-resonant

5.1 Introduction

As discussed in the previous chapters, random lasers (RLs) are non-conventional lasers
whose feedback mechanism is based on multiple scattering induced by random scatterers
rather than defined optical cavities [3]. Due to the nature of the cavities in RLs, these devices
could lead to mirror-less lasers with less fabrication complexity than lasers with conventional
cavities, such as Fabry—Pérot [144] and whispering gallery modes [140] cavities. Even though,
as discussed in chapter 3, it is challenging to obtain stable lasing modes and the Q factor of
the lasing modes in these devices is lower than the lasers with conventional type of cavities,
RLs could be used in thermal [145] and mechanical [7] tunable lasers and other applications,

such as spectrometers [146], speckle-free imaging [6] and display [147, 148] tools.

In conventional lasers, scattering is usually considered a detrimental process where it can
uncouple the resonant lasing modes. However, scattering is a necessary mechanism for
lasing, in addition to the gain of the system. In these systems, the photon is scattered in the
disordered media, increasing the optical path of the photon. If the disordered medium is
accompanied by gain medium, then the light gets amplified. In 1968 Letokhov theoretically
predicted this kind of diffusive motion of photons could lead to lasing phenomena [14], but it
took around 26 years to observe random lasing experimentally [41]. In these RLs, the
scattering events only increase the path length without forming closed-loop cavities and
showing resonant behaviour, so the lasing behaviour is referred to RLs with non-resonant or
incoherent feedback. Later on, using ZnO powders deposited on ITO [43], it was shown that
disordered medium not only could increase the optical path of the light, but could also increase
the chance for the light to create closed-loop paths which are resonant in nature. In other
words, if the scattering is strong enough, light can create a closed-loop path, and allow its
return back to its origin, thus forming a scattering-based cavity. Due to the resonant nature of
this feedback, the cavity will only support specific wavelengths, and the RLs are referred to as
RLs with resonant or coherent feedback. These two kinds of feedbacks in RLs are discussed

in more detail below.

Non-resonant feedback random lasers: In the non-resonant type of feedback,
spontaneously emitted photons undergo scattering in the disorder media, and if the disordered

medium is also active (medium with gain), then additional photons are generated through the
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stimulated emission process. In these RLs, the feedback provided by the disordered medium
only increases the dwell time of the photon in the medium and only returns parts of the photons
to the gain medium but not to the origin position, so any spatial resonance is absent. Therefore,
the spectrum from such systems does not contain discrete components at specific resonant
frequencies but is determined solely by the gain curve of the active medium. Thus, this process
is essentially amplified spontaneous emission (ASE), whereby lasing occurs at the frequency

where the gain is maximum, and the emitted light is not coherent.

Here, a large number of low Q factor resonances spectrally overlap and form a continuous
spectrum. However, because the modes are coupled, the photon loss rate is lower and usually
occurs at lower pumping thresholds. The photon exchange among the modes leads to a much
lower photon loss rate for a set of interacting modes than for a single-mode [3, 29]. In other
words, in the non-resonant modes, the eigenmodes interact with each other, so the photons
can hop between modes leading to a lower rate of photon loss rate and higher photon lifetime

in these coupled modes.

In addition, small volume lasing with a low threshold could be achieved in cavity-free non-
resonant lasers due to the relationship between optical gain and cavity loss, whereas the
volume of the resonator is reduced, the gain volume is also reduced. This may lead to an
increase in lasing threshold, and even lasing may not occur in some cases. Besides,
localisation of light in small volume in the cavities of resonant-based RLs might increase the
local temperature that might decompose materials such as InP (decomposition temperature of
InP is around T = 573 K [149]). In non-resonant RLs, however, since there is no cavity there

are no such issues.

Non-resonant lasing has been reported in different structures such as laser paints [150] and
powder lasers [151]. As shown in Figure 5-1, as the pumping intensity increases, only

narrowing of the PL spectrum at the peak of the gain spectrum is observed.
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Figure 5-1: RLs with non-resonant feedback mechanism: (a) Emission spectra from a laser
paint, a solution of R64 dye in methanol containing TiO2 nanoparticles, (b) Emission spectra
from Nd**(3%) LuVO, powder obtained at pumping intensities below (blue) and above (red)
the lasing threshold. The figures have been taken from [150, 151].

Resonant feedback random lasers: In resonant feedback RLs, scattered light is trapped in
closed-loop paths where interference occurs. Unlike the broad spectrum of non-resonant
lasers, resonant lasers are characterised by discrete resonant peaks at different wavelengths
with more coherent emissions. The behaviour of RLs with coherent feedback is very similar to
the lasers with conventional cavities. The wavelengths of resonant modes are determined by
the scattering efficiency of the system, which depends mainly on geometrical parameters, such
as size [100], fill factor, [102, 152] density,[29] and also the position [153] of the scatterers.
This is advantageous for resonant feedback random lasers since it enables the tuning of the
lasing wavelength. For example, by changing the scattering efficiency of RLs with resonant
feedback as discussed in chapter 4, it is possible to manage the lasing parameters such as
the number of modes [131], resonant wavelength and polarisation. Besides, RLs with resonant
feedback could be used in thermal [145] and mechanical [7] tunable lasers. Figure 5-2 shows
the emission spectra of different disordered media with resonant feedback behaviour where

above the threshold discrete resonant peaks at different wavelengths could be observed.
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Figure 5-2: RLs with resonant feedback mechanism: (a) Emission spectra from ZnO powder
where the excitation intensity is increased for the lower spectra to the upper one. Inset shows
the schematic of the formation of a resonant cavity and the return of the light to its origin. (b)
Emission spectra of a ZnO nanorod array at different pumping intensities. The figures have
been taken from [43] and [154].

In Table 5-1: Resonant feedback vs. Non-resonant feedback in RLs the properties of the
resonant and non-resonant RLs are summarised. Considering the advantages and
disadvantages of different feedback mechanisms, the ability to control the laser to lase either
in resonant or non-resonant mode is interesting. As discussed in chapter 4, different methods
have been introduced to control different lasing parameters; however, only a few methods are
shown to control the type of feedback mechanisms in RLs. For example, it has been
demonstrated that increasing the disordered medium's scattering efficiency would decrease
the transport mean free path of light and the coupling among the modes. In other words, this
would increase the cavities' Q factor, and the RL's chance to operate with resonant mode
feedback increases. In one study, to increase the scattering efficiency, the density of scatterers
was increased, and transition from ASE to lasing with coherent feedback was observed [29].
Other than increasing the Q factor of the modes in managing the type of feedback in RLs,
changing the number of interacting modes also could change the type of cavity. Increasing
the number of the modes would increase the chance of coupling between modes and the
photon lifetime, increasing the likelihood of lasing with non-resonant feedback. For example,
in one study, changing the conventional circular-shaped (or disc-shaped) pumping light to a
directional, stripe-shaped one, where a lower number of modes are excited and coupling
among the modes is reduced, the lasing transition from non-resonant to resonant mode was
demonstrated [127].
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Table 5-1: Resonant feedback vs. Non-resonant feedback in RLs

RLs with resonant feedback RLs with non-resonant feedback

1- Discrete and narrow peaks are observed | 1- Do not show sharp peaks in the emission
in the emission spectrum above the | spectrum.
threshold.

2- Narrowing of the emission spectrum
2- According to the structure of the pumping | around the wavelength where the gain is
area, the peaks could happen at different | maximum.

resonant wavelengths within the gain curve.
3- The emission spectrum narrows above
4- Modes are less coupled, leading to more | the threshold but is much broader than the
localised and stable modes peaks seen in resonant RLs.

5- Lasing wavelength could be tuned | 4- Usually, the lasing threshold is lower than
(chapter 4) and could be used in tunable | that of resonant RLs because of coupling
lasers. between modes.

6- Showing behaviour similar to the cavities | 5- Due to the coupling between modes, the
of conventional lasers. photon lifetime is higher.

In this chapter, we report RLs based on Au-catalysed GaAs nanowires (NWs) and provide
several practical methods for controlling the resonant and non-resonant modes in the system.
In the first sample, the nanowires were grown on Si substrates leading to randomly oriented
NWs. In this sample, both resonant and non-resonant modes were observed. The simulation
results show that aligning the NWs would improve the Q factor of the modes and increase the
number of high Q factor modes. In the second sample, to make the resonant mode dominant
and suppress the non-resonant mode, the NWs were grown on GaAs (111)B substrates,
leading to vertically aligned NWs. Here, as expected, the broader non-resonant peak was

suppressed.

On the other hand, to suppress the resonant mode in the second sample, the light was
defocused by moving the stage of the sample lower and tilting the stage. Defocusing the light
increases the size of the pumping area, which could increase the chance of non-resonant
modes in the system for two reasons: (1) increased pumping area can lead to a higher number
of modes interacting [127], (2) decreased excitation intensity reduces the chances of resonant
mode lasing as they usually have a higher threshold. This simple method used to switch
between the type of lasing modes provides a pathway for the realisation of nanoscale light

sources for the next-generation photonic devices.
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5.2 Samples preparation

The GaAs NWs were grown on either Si or GaAs (111)B substrates via the Au-assisted vapour-
liquid-solid (VLS) growth mechanism to prepare the samples. To minimise surface
recombination velocity [108] and Fermi level pinning [155], the NWs were then passivated with
a thin AlGaAs shell and further with a few nanometers thin GaAs cap to prevent oxidation of
the AlGaAs layer.

Growth condition: The NWs were grown in a horizontal flow MOCVD system using Au
seeded VLS growth. The Au particles were dispersed using nominally 20 nm colloidal solution
and poly-L-lysine. The growth was initiated with 10-minute annealing at 600 °C under AsHs
flow. The NW core was grown at 450 °C using a trimethylgallium (TMGa) flow of 11.6 pmol
min~ and V/IIl ratio of 46. After the core growth, the reactor temperature was increased to 650
°C under AsHjs flow. Then, by changing the TMGa flow of 23.2 pmol min"" with a V/IlI ratio of
46, radial growth was promoted to increase the diameter of the GaAs core. Next, the
temperature was increased to 750 °C under AsHs flow for AIGaAs shell growth using TMGa
(11.6 ymol min™), trimethylaluminum (11.6 pmol min"), and AsHs (1.52 mmol min'). Finally, a
nominally few nm-thick GaAs cap was deposited, and the reactor was cooled down to room

temperature under AsHs flow.

5.3 Structural characterisation

Figure 5-3 shows the SEM images of the GaAs-AlGaAs core-shell NWs grown on GaAs (111)B
(a,b) and Si (c,d).

Figure 5-3: SEM images showing (a) tilted and (b) top view of the NWs grown on GaAs (111)B.
(c) SEM image showing the top view of the NWs grown on Si. (d) Magnified top-view SEM
image of the NWs grown on Si.
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As seen from Figure 5-3a, the NWs grown on GaAs (111)B are vertically aligned. The length
of these NWs is around 3 um with the average diameter (dav) and filling factor (FF) of da,=140
nm and FF=0.26. However, from Figure 5-3c,d, the NWs grown on Si are randomly oriented

with an average length of ~4.5 um and diameters in the range of ~150-250 nm.

The STEM image and EDX elemental mapping of the core-shell NWs are shown in Figure 5-4.
It can be seen from the STEM image shown in Figure 5-4a the GaAs core region is surrounded
by a very thin AlGaAs shell, comprising only ~10% of the total NW diameter. In this structure,
GaAs core acts as the gain material, and AlGaAs shell mainly contributes to the passivation.
The EDX elemental mappings of the core-shell NW shown in Figure 5-4b confirm the core-
shell structure of the NW.

(a) (b)

Figure 5-4: (a) STEM image and (b) EDX elemental mapping of the core-shell GaAs-AlGaAs
NWs.

5.4 Design and simulation

Here, using numerical simulations, we show that aligning the NWs would increase the Q factor
of the cavities and improve the resonant nature of the modes. This could be used to favour the

formation of resonant modes in the disordered medium.

To understand better the effect of NW orientation on the resonant modes, we use Lumerical
FDTD Solutions to solve Maxwell's curl equations in three dimensions. Figure 5-5a shows the

Q factor and resonance wavelength, A, of the various modes for three different systems:

- System (I): randomly oriented NWs (polar angle, ¢, of the NW is a uniform random
number between -180° and 180°, and the azimuthal angle, 6, is 45°),
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- System (ll): tilted NWs (¢=0° and 6= 45°),
- System (lll): vertical NWs (¢=0° and 6= 0°).

Figure 5-5b shows the zy cross-section of the mode profile with the highest Q factor.
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Figure 5-5: (a) Q factor and A plot of three systems: (I) randomly oriented NWs, (ll) tilted NW's
(6= 45°), and (lll) vertically aligned NWs. (b) The zy cross-section mode profiles of the case
with the highest Q factors for each system. The modes have Q factor=58, 122, and 341 at
A=744, 704, and 808 nm, for system (I), system (ll), and system (lll), respectively.

In the simulations, the NW length, L, was 3 ym, and the lateral sizes of the random array along
the x and y axes (Lx and Ly) were both 4 ym, bigger than 3 uym, so that the disordered media
could support even leaky modes. The optimum filling factor, FF, and NW diameter, d, to
support high Q factor cavities for the system with the vertical NWs were FF=0.3 and d=140
nm. For the two other systems, because the NWs were tilted, the projected cross-sections of
the NWs were larger than in the case of vertical NWs, and this had been taken into account.
Because of the random nature of the systems, ten different cases (case 1 to case 10) were

used for each system. In each system, the cases had the same FF and d values, and only the
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NW positions (for all the three systems) and orientations (for the system (l)) were different.
Since the refractive index of Si (n= 3.69 at 800 nm) and GaAs (n= 3.68 at 800 nm) are almost
the same, we do not expect the type of substrate in the simulation setup to make any

difference.

Similarly, the refractive indices of AlGaAs and GaAs are very similar, and therefore we do not
expect a significant difference in the simulation results between bare and core-shell NWs. Also
shown by the STEM and EDX images in Figure 5-4, the thickness of the AlGaAs shell is very
small (10% of the diameter) and should have minimal effect on the simulation results. So
considering the mentioned points, it was assumed that the GaAs NWs (n=3.68 at A=800 nm
[156]) were positioned on GaAs substrate. As discussed in detail in chapter 3, considering the
temperature [112] and carrier generation [113], the top 1 ym of the NWs [108] (1 pm
corresponds to the diffusion length) were assumed to have a higher refractive index of 0.12
than the rest of the NWs.

Comparing system (I) and system (ll) in Figure 5-5a, it can be seen that aligned NWs can
support cavities with higher Q factors. The constant FF in the z-direction for the aligned NWs
facilitates the localisation of light in the lateral (xy) plane. Comparing system (Il) and system
(11N in Figure 5-5a, it can be seen that vertically aligned NWs can support cavities with even
higher Q factor values. This is because, in vertically aligned NWs, the effective length of the
higher refractive index part becomes longer than that in tilted NWs, leading to lower leakage
into the substrate and better confinement of light. Considering the better confinement nature
of the vertically oriented NWs, the possibility to form high Q factor cavities increases leading

to a significantly higher chance for resonant lasing.

5.5 Optical Characterisation

Measurement setup: For the photoluminescence (PL) measurements, a frequency-doubled
pulsed laser (femtoTRAIN IC-Yb-2000, Asource = 522 nm, repetition rate 20.8 MHz, pulse width
300 fs) with a Gaussian beam profile (FWHM~5 um) was used to excite the random NWs
through a long working distance objective lens (Nikon CFl Plan Fluor 60x/0.70 NA). The
resulting emission was collected through the same lens and passed through a long-pass filter
to remove the pump laser. Spectral measurements and near-field profiles were made using a
grating spectrometer (Acton SpectraPro 2750) and a CCD camera (Princeton Instruments,

PIXIS). Low-temperature experiments were conducted in a He-cooled cryostat (Janis ST-500).

Figure 5-6a presents the emission spectra under different excitation intensities of the randomly

oriented NWs grown on Si substrate (system (l)). It can be seen the spectrum narrows in two
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different ways as the pumping intensity increases. Initially, with increasing pumping intensities,
the peak narrows at the wavelength corresponding to gain maximum. This peak is fixed in
wavelength at the gain curve peak of GaAs and is therefore attributed to lasing with non-
resonant feedback. With a further increase in the excitation intensity, additional peaks appear
with significantly narrower linewidth. These peaks are observed at various wavelengths, i.e.

they are not bound to gain maximum and are attributed to resonant modes. [93]

To further study the observed peaks' nature, near-field profiles of the emission spectra were
measured at the pump fluence, Pi, of 1051, 1400, and 1746 yJ cm per pulse (Figure 5-6b).
At P,=1051 puJ cm™ per pulse, only weak scattering occurs and results in many coupled
cavities. As shown in the simulation results (Figure 5-5a, system (l)), the modes in these
randomly oriented arrays typically have low Q factors. These low Q factor cavities interact with
each other, leading to photon exchange among the cavities, which prevents the stabilisation
of the photon to a single-mode and therefore results in non-resonant lasing[127]. As
demonstrated in Figure 5-6b, by increasing the pump fluence to Pi,=1400 uJ cm™ per pulse,
two localised regions become isolated from the coupled modes. The higher intensity region
corresponds to the sharp 801 nm peak in Figure 5-6a. The other lower intensity region
corresponds to the resonant mode at 813 nm, which emerges in the spectrum at 1746 pJ cm-
2 per pulse. The localised nature of these modes and their emission wavelengths outside the

gain maximum region indicate their resonant nature [96].

Comparing the thresholds of the non-resonant and resonant modes, the onset of the former is
much lower. As discussed before, this is attributed to photon exchange among the modes
resulting in a much lower photon loss rate for a set of interacting modes than for a single mode.
[3, 29] In other words, in the non-resonant modes, the eigenmodes interact with each other so
that the photons can hop between modes leading to a lower rate of photon loss. When the
optical gain increases, it first reaches the threshold for lasing for the modes coupled at the
frequency of gain maximum (the non-resonant mode) owing to the higher photon lifetime in
these coupled modes. As the optical gain increases further, it can coincide with a particular
single-mode with the longest lifetime among the resonant modes. Then, lasing occurs in this

mode in addition to the non-resonant mode.

When the pump fluence increases further from 1400 to 1746 uJ cm per pulse, the optical gain
increases and another localised mode appears at the wavelength of ~813 nm in the emission
spectrum (as shown in Figure 5-6a). Because of gain competition between lasing modes, the

increase in pump fluence results in a decrease in the intensity of the 801 nm peak.
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Figure 5-6: (a) Emission spectra of the GaAs-AlGaAs core-shell random NWs grown on silicon
(system (I)) at T=6 K. The resonant and non-resonant lasing behaviours are schematically
shown, and their corresponding lasing peaks are indicated by the arrows. (b) Near-field optical
profiles of the laser at the excitation fluence of 1051, 1400, and 1746 uJ cm™ per pulse. The
scale bars are 1 ym.

5.5.1 Suppressing the non-resonant mode

To suppress the non-resonant mode and to make the resonant lasing modes more dominant,
as discussed before, the NWs were grown vertically aligned so that the disordered media could
have the highest probability for high Q factor cavities. For this purpose, vertically aligned NWs
were grown on GaAs (111)B substrates with almost a similar average diameter and filling factor
(dav=140 nm, FF=0.26) as described in the simulation.

Figure 5-7 shows the emission spectra and near-field profiles from the GaAs NWs grown on
GaAs(111)B (vertically aligned and randomly positioned NWs). Comparison of Figure 5-7a and
Figure 5-6a shows clearly that the non-resonant peak has been suppressed. Comparing the
near-field emission of the two systems (Figure 5-6b and Figure 5-7b), the vertically aligned
NWs exhibit a more localised emission profile, and the PL background emission from the non-
lasing regions is suppressed. The emission spectra and near-field images of the random
system with the vertically aligned NWs show that as the excitation fluence increases from 175
to 349 uJ cm2 per pulse, the region with the highest intensity emission corresponds to the
localised mode at A=760 nm, and the mode profile results from the suppression of mode
coupling. As the excitation fluence increases further to 698 uJ cm2 per pulse, the intensity of

another mode at A=755 nm becomes dominant.
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Figure 5-7: (a) Emission spectra of the vertically aligned GaAs-AlGaAs core-shell NWs grown
on GaAs (111)B at T=6 K. Inset: Schematic of the vertical NWs and the focal plane of the
excitation source positioned on the tip of the NWs. (b) near field profiles of the NWs under the
excitation fluence of 175, 349, and 698 uJ cm= per pulse. The scale bars are 1 ym.

5.5.2 Suppressing the resonant mode

In the previous section, it was shown that resonant modes could be favoured by the design of
the nanowire system. Here, we show another method of tuning between resonant and non-
resonant modes within the same NW system and ways to suppress the resonant mode. As
discussed before, due to the coupling between modes, typically, the non-resonant modes have
lower thresholds than the resonant modes (see also Figure 5-6a)[29], which could be utilised
to select the type of modes. However, as shown in Figure 5-7a, generally reducing the
excitation fluence alone is not effective in suppressing the resonant modes. On the other hand,
it has been reported that mode coupling or overlapping could suppress resonances.[127] Here,
these two aspects are combined by defocusing the light, which both decreases the excitation
fluence and illuminates a larger area. As such, a larger number of modes are illuminated, which
increases the chances of non-resonant modes occurring. In other words, defocusing the

excitation source increases the possibility of the involvement of a higher number of low-Q

80



modes with lower thresholds. Therefore, in this scenario, resonant modes are suppressed and

non-resonant modes become dominant.

To defocus the light, two methods for defocusing the light were studied using the vertically
aligned NWs, where the resonant modes are naturally dominant. First, by moving the sample
stage lower, instead of focusing the excitation source on the tip of the NWs, the beam was
focused several micrometres above the NWs. Second, the stage was tilted by 45° to extend
the focal plane across different positions along the NW length. Figure 5-8 shows these

scenarios and the corresponding spectrum and near-field emission images.

In Figure 5-8a, b, the NWs tips were moved away from the focal plane, and in Figure 5-8c, d,
the stage was tilted 45°. It can be seen from the emission spectra that the resonant modes are
suppressed, and only the non-resonant modes have become dominant. It can be seen from
the near field images (Figure 5-8b and Figure 5-8d) that the pumping area has increased in
comparison to the area presented in Figure 5-7b, so a higher number of NWs are illuminated
(note the same 1 uym scale bars in near-field emission images in the two figures). Besides, the
near field images show the spatial mode profile is much less localised, and all the modes are
coupled, so no localised mode can be observed. As a result, the resonant modes are

suppressed, and the non-resonant mode is favoured.
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Figure 5-8: Emission spectra of vertically aligned NWs using defocused light by (a) moving the
sample vertically away from the focal plane of the excitation source and (c) tilting the sample
stage at T=6 K. Insets show the schematics of the NWs where the two different methods for
defocusing the light are used. (d) Near-field mode profiles of the system by (b) moving the
stage vertically and (d) tilting the stage at P, =698 uJ cm™ per pulse. The scale bars are 1 ym.
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5.6 Resonant vs. non-resonant lasing

We measured the integral spectral intensity as a function of pump fluence for both resonant
and non-resonant lasing modes (Figure 5-9a and Figure 5-9d) to compare their behaviour.
Figure 5-9a demonstrates the threshold knee behaviour in the L-L data plotted on a linear
scale for the NWs grown on GaAs(111)B (vertically aligned NWs) when the light is focused on
the tip of the NWs (i.e. in the resonant mode). The black squares represent the experimental
data, and the red lines are the lines fitted to the points below and above the lasing threshold.
Figure 5-9b shows that above the lasing threshold of ~617 uJ cm per pulse, a sharp peak
emerges at the wavelength of 811 nm, corresponding to the resonant mode. The inset in Figure
5-9a shows the power-dependent output intensity on a log-log scale which follows the typical
“S”-curve shape [157], where three emission regimes could be observed. At low excitation
intensities, spontaneous emission dominates until the transition to ASE at ~617 yJ cm™ per
pulse, followed by a super-linear increase corresponding to the ASE (shaded blue region), and
finally, the emergence of lasing above 1194 yJ cm™ per pulse. A plot of the FWHM of the
lasing peak at A=811 nm as a function of pump fluence is shown in Figure 5-9 (c). Below the
lasing threshold, the FWHM is bigger than 50 nm, while above the lasing threshold, it becomes

as low as ~3.8 nm.

The L-L data plotted on a linear scale is shown in Figure 5-9d for the vertically oriented NWs
where the light is defocused from the tip of the NWs when the stage is tilted at 45°. It can be
seen that the non-resonant lasing behaviour is similar to an ASE source or a thresholdless
laser. Figure 5-9e shows the PL spectra of this non-resonant laser, where the lasing intensity
increases much faster at A=819 nm than background emission and also gets narrower. The
FWHM of the non-resonant lasing peak is presented in Figure 5-9f, where it narrows by nearly
a factor of 4 to as low as ~7 nm above the lasing threshold, which is still much higher than that

of the laser operating in resonant mode.
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Figure 5-9: Integrated spectral intensity as a function of pump fluence for (a) the resonant (the
excitation source was focussed onto the tip of the NWs) and (d) non-resonant (the NWs were
tilted 45° from the focal plane of the excitation source) lasers. The PL spectra as a function of
pump fluence for the (b) resonant and (e) non-resonant lasers. The FWHM of the lasing peaks
as a function of pump fluence for the (c) resonant and (f) non-resonant lasers. All
measurements were done at 6 K.

5.7 Conclusions

The unique features of random lasers such as angular free emission, tunability of lasing
direction, low spatial coherence with high photon degeneracy, large area lasing, lasing from
flexible substrates, facile fabrication methods and lower cost, make them of great interest for
various applications such as in speckle-free laser imaging and display technologies. In random
lasers, light experiences multiple scattering, as a result, the optical path increases, leading to
the ampilification of light in the gain medium. If the gain balances the loss, non-resonant lasing
based on amplified spontaneous emission could happen in these disordered media. However,
the light passing through this scattering medium also can return to its origin and create
resonant cavities. If this lasing condition is fulfilled, resonant based random lasing could
happen. Both non-resonant and resonant lasing modes have some unique properties. For
example, in non-resonant mode, lasing could happen at lower lasing thresholds, and the lasing

frequency coincides with the gain maximum.
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On the other hand, in the case of resonant mode lasing, the emission frequency could happen
at any frequency within the gain spectrum. So, in the resonant mode random lasers, there is a
possibility of controlling the wavelength emission of random lasers. Furthermore, unlike non-
resonant mode lasing, the emitted light is coherent and similar to conventional mirror-based

lasers.

Here, we have shown both resonant and non-resonant lasing modes in the randomly oriented
GaAs-AlGaAs core-shell NWs. By making the NWs aligned, the chance of resonant mode
lasing can be increased whilst suppressing non-resonant mode lasing. Furthermore, we show
that changing the focal plane position relative to the NW array makes it possible to increase
the coupling among low Q factor lasing modes while decreasing the fluence of excitation light
can lead to the suppression of resonant modes. Interestingly, the non-resonant lasing modes
have extremely low threshold, near thresholdless lasing behaviour. Resonant mode lasing
shows stable sharp peaks in the spectrum with high spatial localisation. The practical methods
introduced to engineer the type of lasing modes provide a pathway for the realisation of
nanoscale light sources for the next-generation photonic devices, with the advantages of using

both resonant and non-resonant lasing behaviours.
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Chapter 6: Conclusions and outlook

Even though RLs have unique properties and are more cost-effective to fabricate, their broader
application is hindered because of challenges faced in stabilising the lasing modes and
controlling the lasing parameters. The chaotic fluctuations and instability of the lasing modes
in RLs result in rapid changes of the emission spectra where the intensity and emission
wavelengths fluctuate with time. These fluctuations in random lasers make tuning and
controlling the lasing parameters difficult. Furthermore, in many cases, light scattered in
disordered media does not form a closed loop (i.e. cavities), and the emitted light becomes
incoherent similar to that of amplified spontaneous emission observed in light-emitting diodes.
These issues have impeded the application of these sources where broadband wavelength-
controlled sources or single-mode sources emitting at particular wavelengths are required,

limiting the application of RLs in optoelectronic devices.

In this thesis, some of the issues mentioned above are investigated and addressed. In chapter
3, highly localised modes have been demonstrated in the InP random NW array, leading to
stable multi-mode lasing. We have designed and experimentally demonstrated that Anderson
localisation in RLs could be achieved using InP NW arrays due to the NWs’ high gain and
strong scattering properties. In chapter 4, novel methods to control the laser properties of
these stable lasers has been demonstrated. Unlike conventional methods such as changing
the materials and alloys which is used in llI-V semiconductor lasers to change the gain curve
and tune the emission wavelengths, here it was shown by changing the design parameters of
the NW array, it is possible to change the lasing threshold, the number of lasing modes, the
Q, and the wavelength resonances of the modes. In chapter 5, both resonant and non-
resonant lasing modes in the randomly oriented GaAs-AlGaAs core-shell NWs were
demonstrated. In addition, different practical methods for managing the type of mode were
also presented. It was shown that by aligning the NW orientation, non-resonant feedback could
be suppressed, thereby making the system behaved similarly to lasers with conventional

cavities with resonant lasing modes.

While substantial advancements have been made in the development of RLs in various
structures and material systems, there is still much more that is required to be done before
RLs can be commercially realised. Here, we have mentioned some ideas and suggestions for

opening up the application of RLs in next-generation devices.
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Electrically driven lasing: In this project, the NWs were optically pumped, but, ultimately,
RLs have to be electrically driven to be used practically. To date, there have been several
successful demonstrations of electrically-driven NW based RLs in different structures such as
Schottky diode [158], p—n junction [159], metal-insulator-semiconductor (MIS) [160, 161], and
quantum wells [162]. ZnO with large exciton binding energy was used in all these devices with
the emission wavelength in the UV region. However, electrically-driven infrared RL has not
been achieved yet. Generally, to achieve electrically driven lasing, there are challenges
associated with forming ohmic contacts on the small end facets of the nanowire and with

uniformly doping the nanowires with p-type and n-type dopants during the nanowire growth.

Moreover, there is a bigger issue with increased losses due to absorption in the metal contact.
To reduce absorption loss, the nanowire cavity with metal contacts has to be appropriately
designed, and the metal coverage on the nanowire has to be minimised. Transparent

conducting metal oxide can also be investigated as the contact material.

Single-mode lasing: Controlling the number of the lasing modes in RLs is very challenging.
In chapter 4, we have shown that decreasing the lateral size of the array could reduce the
number of supported modes in RLs. However, as the size gets smaller, the mode leakage
increases, leading to lower Q and higher thresholds. To solve these issues, using mirrors
surrounding the array could substantially decrease the mode's leakage, leading to higher Qs.
For example, Heo et al. have shown that using a two-dimensional 2D photonic crystal resonant
cavity makes it possible to obtain room-temperature lasing even using short NWs. So, photonic
crystals could be incorporated as mirrors in our designed RLs to increase the Q of the lasing

cavities in small arrays leading to single-mode lasing.

Flexible random lasers: Tunable lasers fabricated on flexible substrates are needed for
flexible optoelectronic devices. The cavities of RLs are based on multiple scattering of light
offering new functionalities inaccessible with conventional lasers, such as an alterable shape
and an easy integration with flexible optoelectronic devices. Different platforms for flexible RLs
have been reported. Lau et al. have reported flexible UV RLs using ZnO thin films and
nanoparticles on plastic substrates [163]. In another work, Lee et al. have experimentally
demonstrated a flexible random laser fabricated on a polyethylene terephthalate (PET)
substrate with a high degree of tunability in lasing emissions using Rhodamine 6G and silver
nanoprisms. It was shown by bending the device, the lasing wavelengths could be shifted to
lower values. Sun et al. showed tunable coherent loops from transferring unique ZnO
nanobrushes on top of polydimethylsiloxane (PDMS) elastomer substrate. It was

demonstrated by extending the substrate, the density of ZnO nanobrushes can be reduced,
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leading to more coherent loops for random lasing and gradually increase of the number of
coherent closed loops and lasing modes [131]. In our llI-V NW arrays, an epitaxial lift-off (ELO)
[164, 165] can be incorporated prior to NW growth. The NWs can then be embedded in a

polymer and lifted off from the substrate to make flexible RLs.

3D Anderson localisation: In our project, we have designed random arrays of InP NWs to
localise the modes and achieve stable multi-mode lasing. Since the disorder is only in the x-y
plane, perpendicular to the NWs, our systems show only 2D Anderson localisation (in the x-y
plane). Since we do not have any disorder in the refractive index profile in the z-direction, the
confinement of the optical field here is not related to Anderson localisation, but to refractive
index, contrast resulted from the carrier generation profile and increase in temperature. Here,
even though the mode is localised in three dimensions, 3D Anderson localisation is not
achieved in our results. 3D Anderson localisation of light is an exciting subject that can lead to
many fundamental and practical applications; however, up to now, it is still elusive. Using high
refractive index materials such as InP and applying disorder in 3D could lead to 3D localisation
of the light.

In conclusion, RLs have shown great potential for cost-effective, large area and flexible lasers.
Although further progress is still required to commercialise RLs, significant achievements have
been made in developing RLs in various platforms, material systems and structures. In this
dissertation, we have shown state-of-the-art stable multi-mode lasers based on 1lI-V NWs.
Different parameters of the random lasers were controlled using various methods and
techniques. Our work in RLs can help solve some of the problems in these devices and open

up the application of such lasers in future photonic devices.
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