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Abstract

The possibility of having low-threshold, inversion-less lasers, making
use of the macroscopic occupation, of the low density of states, at the
bottom of the lower polariton branch, has intensified polariton research
in the last two decades. State of the art devices based on this admixed
quasiparticle have already been realized using GaAs and CdTe active lay-
ers, although the accomplishment of room temperature lasers has been
limited by their relatively weak exciton binding energy. The high exciton
binding energy and oscillator strength, as well as the advantageous relax-
ation dynamics of wide bandgap semiconductors, such as GaN, are well
suited for room temperature polariton operation. The up to date demon-
strations of GaN based polariton lasers have used as the active layer bulk
GaN, GaN quantum wells (QW’s), and GaN nanowires. In the latter
approach, individual nanowires are positioned in a microcavity showing
remarkable polariton characteristics, but questions remain on the scalab-
ility of the approach, as well as on how to turn these nanowire-based
structures into real electrically-injected devices. The former two cases
are technologically viable, but are currently limited by the relatively poor
quality of the active region, due to the structural disorder introduced by
the bottom GaN based Distributed Bragg Reflector (DBR) mirrors.

In this thesis, a very straightforward processing technique is used to
etch away an InGaN sacrificial layer, using photo-electrochemical (PEC)
etching, creating ultra-smooth membranes containing GaN/AlGaN QW’s,
which are then embedded between high quality dielectric DBR mirrors,
on which polaritonic studies are performed. The GaN membrane or the
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active region is carefully engineered, ensuring superior optical properties,
both prior to and after etching. At room temperature, the QW emission is
state of the art, with a linewidth of ~ 28meV, and a corresponding lifetime
of ~ 275ps. The PEC lateral etching parameters are optimised in such
a way, that the rms roughness of the membranes, measured by Atomic
Force Microscopy (AFM), is as small as 0.65nm, very close to epitaxial
quality. A temperature dependent study on the full-microcavity struc-
ture, unveils the strong coupling regime, exhibiting a robust Rabi split-
ting as large as 64meV at room temperature. The non-linear properties
are examined, under non-resonant quasi-continuous excitation, with po-
lariton lasing demonstrated at an ultra-low, average threshold of ~ 4.5W
/ cm2 (~ 594μJ / cm2), the lowest ever reported for a 2D GaN based
system, accompanied by a spectacular condensation pattern in k-space.
The latter is attributed to a site-specific polariton trapping mechanism,
where polaritons accumulate in discrete levels within the trapping poten-
tial, helping to escalate the polariton density locally. This, along with the
high optical quality of the all-dielectric microcavity (Q-factor ~ 1770), ex-
plains the obtained ultra-low threshold. It should be noted that the use
of ultra-smooth GaN membranes in microcavities is fully compatible with
the realisation of electrically injected GaN polariton devices.

In the direction of obtaining even more robust polaritonic devices, the
basic optical properties of high quality, strain free, GaN nanowires are
studied. However, to make the most out of this novel system, the ab-
sorption coefficients are extracted from as-grown GaN nanowires, on sil-
icon<111> substrates, developing an all-optical method, analysing merely
the reflectivity spectra, which is demonstrated for the first time. It should
be noted that the absorption coefficients (directly proportional to oscil-
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lator strengths) corresponding to the excitons, provide a glance into the
appropriateness of the respective GaN nanowire system, as optimal can-
didates for hefty polaritonics. However, the nanowires studied here, failed
to shown an enhancement of absorption, which can be mainly attributed
to the nanowire dimensions. The new method demonstrated here, can be
extended to any family of nanowires, provided they are grown on a sub-
strate having considerable difference in permittivity with the nanowire-air
matrix.
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Introduction

Conventional lasers

LASER’s are one of those key devices you can find in every walks
of your life, from high-speed optical local area networks to conventional
DVD players at home. Semiconductor lasers based on III-V compounds
are the most popular ones found in the commercial market. One of the key
requirements of lasing operation is population inversion i.e. there should
be more number of electrons in the conduction band as opposed to the
valence band, which is achieved by optically or electrically pumping the
active region. In such a scenario a single photon can create an identical
second photon, by stimulating the recombination of an electron-hole pair,
such that the wavelength and phase of the second photon is identical to
the first one, thereby doubling the amplitude of the monochromatic wave.
A series of such processes leads to strong light amplification. However, a
certain number of photons are a prerequisite in the system, in order to
trigger the stimulated emission. This leads to the necessity of having op-
tical feedback and confinement, which is provided by two reflecting facets
at the ends of an optical waveguide in an edge-emitting laser, whereas
in a surface emitting laser the active layer is embedded between mirrors
possessing very high reflectivity [1].

However, one of the fundamental limitations to conventional laser sys-
tems is that the carrier injection density required to create population
inversion, at threshold, is of the order of 1013/cm2 and 1020/cm3, corres-
ponding to quantum well (QW) and bulk material based active regions,
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respectively (true for GaN based systems). Towards this direction, polari-
ton lasers have a significant advantage, since the injection density required
to trigger stimulated scattering accompanied by a macroscopic occupa-
tion of the final state, as will be discussed next, is at least more than two
orders of magnitude lower.

What is a polariton laser ?

Before entering into the core of polariton laser, it is better to have a
nice overview, how the idea of polariton lasing evolved. The long road
to polariton lasers began back in 1925, when Albert Einstein proposed
the idea that in the case of an ideal Bose gas, non-interacting bosons will
condense in the lowest quantum state, below a critical temperature [2],
referred to as Bose Einstein Condensation (BEC). This proposal however
was not initially accepted by the scientific community based on Uhlen-
beck’s thesis, where he argued that it is impossible to observe BEC in
a finite system [3]. The idea of BEC finally made a comeback with the
observation of superfluidity in He-4 [4, 5], and with London proposing
the theory to be related to BEC [6]. However, the highly interacting
nature of He already in the liquid phase, was far from Einstein’s idea of
an ideal Bose gas. It should be noted that critical temperature, which
is an important criterion for the observation of BEC, bears an inversely
proportional relation to the effective mass. Taking into account the high
effective mass of dilute atomic gases, extremely low temperatures are re-
quired for the realisation of BEC, which hindered its observation for a long
time. Finally the breakthrough came in 1995, when BEC was observed in
Rubidium [7] and Sodium [8] atoms, where the critical temperature was
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of the order of 6μK.
Meanwhile the idea of observing BEC in solids was suggested by Moskalenko

[9] and Blatt [10] in 1962, since the excitons of the system could be con-
sidered as a dilute Bose gas. The low effective mass of the excitons, of the
order of mo (electron mass), compared to that of the dilute atomic gases,
of the order of 104mo, offered significant advantage, since BEC could be
observed at higher temperatures. The main limitation for excitonic sys-
tems was their short lifetimes, such that they failed to reach the lattice
temperature, before recombination. Moreover, the weak binding energy
resulted in a rapid loss of excitonic behavior, as the carrier density injec-
ted into the system was increased. In this field, a couple of works have
been published, on different materials, where the results were positive to
BEC, however failed to be conclusive [11, 12].

Exciton-polaritons are a type of polariton quasi-particles formed from
the coupling of excitons to photons, usually referred to as composite bo-
sons, since the fermionic part of the excitons, the electron and hole, do
maintain their fermionic character. They are profusely found in bulk
semiconductors, where they follow wavevector conservation i.e. an ex-
citon that recombines to produce a photon, can couple strongly only to
another exciton having the same wavevector, first suggested by Hopfield
[13]. The attractive thing about polaritons was their extremely small
effective mass, of the order of 10−5 mo, which could then help BEC real-
isation, at much higher temperatures. However, the lack of ways to engin-
eer exciton polaritons remained as a barricade. The breakthrough came
in 1992, when Weisbuch et al. [14] pointed out a way of engineering
polaritons, by embedding an active GaAs semiconductor layer between
Distributed Bragg Reflector (DBR) mirrors, forming microcavities. They
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observed strong interaction between QW excitons and the cavity mode,
resulting in an anti-crossing of the exciton and cavity mode dispersions
[15], forming new polariton branches, corresponding to lower polariton
branch (LPB) and upper polariton branch (UPB). At low wavevectors,
the LPB (UPB) followed a more cavity (exciton) like behaviour, whereas
at high wavevectors, the LPB (UPB) followed a more exciton (cavity)
like behaviour. The newly formed, half-light half-matter quantum quasi-
particles, were referred to as cavity polaritons. The cavity polaritons
undergo polariton-polariton, and polariton-phonon scattering, and relax
along the lower polariton branch, trying to reach the bottom of the trap.
The most innovative thing in the design, was the ability to alter the prop-
erties of cavity polaritons formed, by engineering the active region, which
in turn varied the cavity energy, the coupling strength and several other
parameters. İmamoğlu and Ram in 1996, tried to harness this bosonic
nature of polaritons, in a 2D microcavity system, in the presence of stim-
ulated scattering, which then tends to accumulate at the bottom of the LP
dispersion curve (trap), forming condensates [16]. The polaritons eventu-
ally recombine acting as a coherent source of monochromatic light, which
is usually referred to as the polariton laser. However their observation for
BEC was misleading, since the system was not in thermal equilibrium,
and moreover they were in the weak-coupling regime – the operating re-
gime of a vertical cavity surface emitting laser (VCSEL). Nevertheless
their speculation based on the preliminary results initiated the idea of
inversionless lasing, which has since then gained tremendous popularity,
especially in the last two decades. It has to be noted that, since 1996,
several works have been reported, successfully demonstrating polariton
BEC in semiconductor microcavities [17, 18].
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Why GaN membranes ?

Towards this direction, state of the art devices, based on this admixed
quasiparticle has already been realised using GaAs [17, 19] and CdTe [20]
active layers, although the accomplishment of room temperature polariton
lasers has been limited, by their relatively weak binding energy. The high
binding energy and oscillator strength, as well as the advantageous relaxa-
tion dynamics of wide bandgap semiconductors, such as GaN and ZnO, are
well suited for room temperature polariton operation, demonstrated effi-
ciently by [21–24]. Among the two materials systems, GaN is clearly more
mature technologically, based on the availability of both types of doping.
The current GaN based polariton lasers that rely on optical pumping use
bulk GaN [21], GaN quantum wells (QW’s) [22] and GaN nanowires [24],
as the active layer. In the latter approach, individual nanowires posi-
tioned in a microcavity show remarkable polariton characteristics, but
remains unclear how to turn them into real electrically-injected devices.
The former two are currently limited by the relatively moderate quality
of the active region, due to structural disorder introduced by the bottom
GaN based Distributed Bragg Reflector (DBR) mirror. The relatively low
quality of the DBR mirrors can be attributed to the large difference in
lattice constants between III-nitride binaries, resulting in buildup of mis-
match strain and cracking of the epitaxial structures [25, 26]. On the other
hand, the use of lattice-matched binaries resulted in a very low stopband
width comparable to the Rabi splitting of the polaritonic system [26–28].
In this context, the use of strain and structural disorder free, high qual-
ity, GaN membrane based active region, could be a very nice alternative.
Moreover, GaN membranes also provide the feasibility of incorporating
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high quality dielectric DBR mirrors into the microcavity system, having
several advantages over semiconductor based DBR mirrors, which are as
following: (1) relatively easy growth techniques like evaporation, Atomic
Layer Deposition (ALD) and sputtering,rendering extremely high quality
mirrors, (2) a large variety of materials to choose from, having a consid-
erable difference in refractive indices (more the refractive index contrast
between the two materials of a DBR stack, less the number of pairs of
DBR stack required, to produce very high reflectivity mirrors, and (3)
minimal absorption around the stopband region. These factors signific-
antly boost up the Q-factor, as well as the β of a microcavity system.
In addition, the use of ultra-smooth GaN membranes in microcavities is
fully compatible with the realisation of electrically injected GaN polariton
devices [29, 30].

Issues related to creating ultra-smooth GaN mem-
branes

Ultra-smooth GaN membranes are usually prepared by conventional
etching techniques. However, the fascinating robustness and chemically
inert nature of the material makes processing of GaN a rather tedious
task [31]. As a result, dry etching methods [32–35] are usually preferred
over conventional wet etching [36], bringing along issues of ion induced
damages as well as the inability to obtain very smooth side wall etches
[36]. In this context, photo-electrochemical (PEC) wet etching of GaN,
has recently turned out to be a very successful technique, yielding high
quality surfaces [37–41]. Along this line, Trichas et al. made use of
PEC etching in the lateral direction, selectively etching away an InGaN
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sacrificial layer, creating very smooth GaN membranes [26], where the rms
roughness was of the order of 6nm, measured by Atomic Force Microscopy
(AFM).

About this work

The GaN membrane / active region containing GaN / AlGaN quantum
wells (QW’s) is carefully engineered, by keeping the aluminium content (~
5%) in the barriers very low, ensuring superior optical properties. PEC
lateral etching is further optimised, etching away an InGaN sacrificial
layer that separates the membranes from the GaN template, creating
ultra-smooth GaN membranes. The etched out membranes are embedded
between dielectric mirrors, forming a full microcavity structure, on which
polaritonic studies are performed, thereby leading to the development of
a polariton laser. The work is basically divided into four chapters with
an additional chapter at the end, which focuses on the study of GaN
nanowires as a potential candidate for polaritonic studies.

The first chapter starts off discussing about the design and growth of
samples, where the basic structure consists of the active region that is sep-
arated from the GaN template by an InGaN sacrificial layer that ought to
be etched using PEC lateral etching. Some basic optical characterisation
is performed on the sample, from low temperature to room temperature,
studying the various excitonic properties. The phenomenon of localisa-
tion of quantum well excitons is studied as a function of temperature. At
room temperature however, the QW excitons have state of the art emis-
sion with a homogeneous linewidth of the order of 28meV and a lifetime
of ~ 275ps, quite suitable for polaritonic studies.
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The second chapter initially describes the photo-electrochemical etch-
ing process, with a detailed description about the setup used. The PEC
etching parameters are further optimised in the lateral direction, so as to
achieve ultra-smooth 200nm-thick GaN membranes, with a ‘near-epitaxial’
rms roughness of ~ 0.65nm, as measured by AFM, approximately one or-
der of magnitude lower than the previously reported values, where they
used a very similar technique [26]. The evolution of photocurrent as etch-
ing progresses is analysed on the basis of oxide formation and dissolution
during the process. The free-standing GaN membranes are subsequently
transferred to a double-side polished sapphire substrate, on which op-
tical characterisation is performed at cryogenic temperatures. Very sharp
excitonic features are observed in both photoluminescence (PL) and trans-
mission experiments, based on which the absorption coefficients for GaN
are deduced, which turn out to be 30% higher than previously reported
values [42].

The third chapter firstly discusses about the growth and properties
of the subsequent top and bottom DBR mirrors that are eventually used
in the full microcavity structure. The photo-electrochemical etching para-
meters used for creating ultra-smooth GaN membranes are then examined.
The membranes are transferred to the bottom DBR / sapphire, forming a
half-microcavity structure, on which optical characterisation is performed.
Very sharp excitonic features are observed, along with the cavity mode,
where the Q-factor is estimated to be ~ 85. Some basic optical character-
isation results from a half-microcavity structure, formed by transferring
GaN membranes to the bottom DBR / sapphire is discussed, where the
room temperature Q-factor is around 85. In addition, some simulations
are performed as well, justifying the experimental results. The top DBR
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is deposited on to the half-microcavity structure, in order to form the
full-microcavity sample. Initially the full microcavity structure is studied
based on simulation, where the coupling effects between the excitons and
the cavity mode are not considered. This is followed by the demonstra-
tion of strong coupling, where a temperature dependent study unveils the
strong coupling regime, giving a robust Rabi splitting as large as 64meV,
at room temperature. The Q-factor of the system is estimated to be ~
1770, very close to the theoretical prediction.

The fourth chapter investigates the non-linear properties, in a GaN
membrane based full-microcavity structure, under non-resonant quasi-
continuous excitation. Initially the theory of polariton lasing / condens-
ation is discussed, followed by experimental evidence, supported by mod-
elling. Polariton lasing is confirmed, under the strong coupling regime,
where the average power density at threshold is ~ 4.5W / cm2 (~ 594μJ
/ cm2), the lowest ever reported for 2D-GaN based systems [22]. A beau-
tiful condensation pattern is observed in the k-space, above threshold,
which is attributed to a site specific polariton trapping mechanism, in
a square-like pocket. Taking into account this scenario, the non-linear
properties are further analysed.

The fifth chapter is an additional work, investigating the suitability
of GaN nanowires, as a potential candidate for polaritonic studies. The
enhanced absorption in nanowire systems has recently gained popular-
ity, where lots of research is being reported everyday [43–48]. Since the
absorption coefficients are directly proportional to oscillator strengths,
nanowires may find tremendous applications in the field of polaritonics,
especially GaN nanowires, where the advantage of using GaN has already
been discussed. Recently Das et al. have shown a very large Rabi split-
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ting value [49] and an ultra-low threshold [24, 49] for their GaN nanowire
based system, where a single nanowire is positioned at the antinode of
the filed distribution within the microcavity structure. In this context,
a better understanding about the basic optical properties as well as ab-
sorption coefficients of GaN nanowires, might unravel its real potential.
The chapter thus initially concentrates on the basic optical properties of
high quality, strain free, GaN nanowires, which is followed by the demon-
stration of a new direct method, to extract absorption coefficients from
as-grown GaN NWs grown on Si<111> substrates, using an all-optical
method, merely by analysing the reflectivity spectra. This method can
be extended to any family of NWs, provided they are grown on a substrate
having considerable difference in permittivity with the nanowire-air mat-
rix.
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1
The active region

1.1 Introduction

The growth of the samples, consisting of GaN / AlGaN quantum wells
(QW’s) in the active region is initially discussed, where the aluminium
content (~ 5%) of the barriers is carefully selected, so as to ensure en-
hanced optical properties, which is confirmed by performing basic optical
characterisation of the samples using photoluminescence (PL) and re-
flectivity measurements. Very sharp excitonic features are observed at low
temperature, with superior QW excitonic emission up to room temperat-
ure (RT), where the homogeneous linewidth is ~ 28meV. The phenomenon
of localisation of QW excitons is studied as a function of temperature. A
further understanding of the quality of the samples is obtained by per-
forming some time resolved photoluminescence measurements, where the
RT lifetime of the dominant QW excitonic peak is ~ 275ps.

1.2 Samples studied

The GaN layers are grown along the [0001] direction by plasma-assisted
molecular beam epitaxy (MBE), on a c-axis n-doped GaN template, ~
9μm thick, which in turn is grown on sapphire by metal organic chemical
vapour deposition (MOCVD), as shown in Figure 1.1. All the samples
studied in this work are based on two main samples, named as parent ‘A’
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CHAPTER 1. THE ACTIVE REGION

Figure 1.1: The active region corresponding to the two parent samples: (a) parent ‘A’, and (b) parent
‘B’. (c) The possible structure of children samples, based on the two parent samples, separated from
the template by an InGaN sacrificial layer, that ought to be etched using PEC lateral etching.

and parent ‘B’, where the active region is 200-nm thick, as shown by red
brackets in Figure 1.1 (a and b). Parent ‘A’ consists of 10 pairs of 2.7nm
thick GaN/Al0.05Ga0.95N quantum wells (QW’s), with 2.7nm thick barrier
layers, embedded between 70nm thick layers of GaN, whereas parent ‘B’
has 33 pairs of similar QW’s and barrier layers, with a 25nm thick GaN
spacer layer in the bottom. The child sample has a similar active region
like parent ‘A’ or parent ‘B’, the only difference being that the active
region is separated from the template by a 25nm thick InGaN sacrificial
layer as shown in Figure 1.1 (c), that ought to be etched using photo-
electrochemical (PEC) etching, creating ~ 200nm thick GaN membranes,

18



CHAPTER 1. THE ACTIVE REGION

which will be described later in chapter 2. A number of such samples are
grown, based on the active region from each parent, with different indium
content in the sacrificial layer, hereby referred to as children samples. A
complete summary of the samples studied are tabulated in the following
table.

Table 1.1: A complete summary of the samples studied.

The aluminium content in the QW barriers (~5%) is carefully chosen
such that, confinement as well as a reduction in the strain and piezoelectric
field, within the active layer can be achieved. The aluminium composi-
tion in the active regions as well as the indium content in the sacrificial
layers, of the subsequent samples, are accurately determined by X-ray dif-
fraction measurements, which very well adheres to the growth condition
values. Moreover, the measurements also confirm that the full structure
in all samples, is coherently strained on the GaN template. Samples 3,4
and 5, where the indium content varies from 9 to 14.4%, are used to
optimise PEC etching conditions whereas, Sample 6 having an indium
percentage of ~ 11.5%, tailored to suit the optimised etching conditions,
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is used for creating ultra-smooth GaN membranes, which are then em-
bedded between dielectric mirrors, forming full microcavity structures, on
which polaritonic studies are performed.

1.3 Basic optical characterisation

This section discusses some basic characteristics of the samples, indic-
ative of its quality, by analysing PL / reflectivity data. Most of the results
presented here are based on the parent samples: sample 1 and sample 2,
since they are very identical to the data from the children samples (See
Table 1.1).

1.3.1 Photoluminescence and Reflectivity with temperature

The PL/reflectivity measurements are made using the setup described
under subsection A.2.1. He-Cd laser laser, at 325nm is used as a source
for PL excitation whereas Xenon lamp is used for reflectivity. The grating
used is the 2400 grooves/mm, for high resolution. See section A.1 for more
information.

1.3.1.1 Low temperature results

The PL (black) and reflectivity (red) from sample 1 (left) and sample
2 (right), at 23K, are shown in Figure 1.2. The ‘A’, ‘B’ and ‘C’ excitons of
GaN substrate are denoted as AGaN , BGaN and CGaN respectively whereas
those of QW are denoted as AQW , BQW and CQW . In Figure 1.2 (a), the
three excitons of GaN can be easily identified in the reflectivity spectrum,
based on the energy difference between the corresponding peaks, which
is well know for MBE grown GaN layers on sapphire. Moreover their po-
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Figure 1.2: A comparison of PL (black) and Reflectivity (red) at 23K from (a) sample 1, and (b)
sample 2, exhibiting various excitonic features.

sitions are confirmed by comparing with the reflectivity data of the sole
GaN template. In the PL, AGaN is clearly visible although the emission
corresponding to BGaN appears to be strangely superior than AGaN . This
dominance in emission thus leads to the attribution of the respective peak
to localised QW emission (LQW ) apart from BGaN , thereby naming the
peak as BGaN + LQW . This assignment is further supported by temper-
ature dependent PL measurements which will be discussed later. On the
higher energy side of this peak, we see another dominant emission peak in
the PL, close to the energy position of CGaN , as seen in reflectivity. The
peak has an intensity similar to AGaN , ruling out the possibility of having
decisive contributions from CGaN , instead this peak is attributed to AQW .
The CGaN peak in reflectivity is therefore named as CGaN + AQW . BQW

is visible in the reflectivity at a higher energy, though at low temperature
(LT), is not visible in the PL. CQW is relatively very weak in the PL as
well as reflectivity.

In Figure 1.2 (b), similar to sample 1, the three GaN excitons are
located on the reflectivity spectrum. AGaN and BGaN can be uniquely
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identified on the PL, although CGaN is hardly visible. The dominant PL
peak can be attributed to localised QW emission (LQW ), similar to sample
1. At a higher energy from LQW , two other peaks are visible in the PL,
named as AQW and BQW , with corresponding peaks in the reflectivity as
well. CQW is visible in reflectivity, though not very clear in PL, at LT.
In both samples, the PL from the QW is quite superior to that of GaN,
with a line-width of ~ 5.5 meV and 6.5 meV, in sample 1 and sample 2
respectively, estimated from the dominant peak (LQW ). They compare
very closely to 2.3 meV and 3.4 meV, which are the linewidths of the
corresponding GaN donor bound excitonic (DBE) peaks, confirming the
high quality of the QW’s and the minimal inhomogeneous broadening,
attributed to the low aluminium content in the QW barriers of ~ 5%.
Although the QW’s in both samples are very identical, the difference in
the number of QW’s, causes a shift in the QW peak emission energies,
confirming the fact that quantum confined stark effect (QCSE) cannot be
neglected even in shallow QW’s or to say that the internal field profile
in the two samples is different. The GaN emission peak energies as well
as line-widths from the two samples, as seen in Figure 1.2, are slightly
different, originating from the two different GaN template series used (see
Table 1.1).

1.3.1.2 Delocalisation of quantum well excitons with temperature

The localisation of excitons in GaN QW’s is a quite well known phe-
nomenon [1–4]. The fluctuations in the well or barrier width as well as the
variation of aluminium content in the barriers, in the subsequent MBE
grown QW layers, are the main cause of in-plane disorders in GaN/AlGaN
QW’s, causing localisation of excitons resulting in large inhomogeneous
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Figure 1.3: Evolution of QW excitons with temperature, based on PL, for: (a) sample 1, and (b)
sample 2, where the delocalisation behaviour is evident.

broadening of the QW peaks [1, 3, 4]. In the samples studied here, the ef-
fect seems to be minimal although cannot be neglected completely. As the
temperature is increased, the excitons are seen to red-shift and broaden,
in line with excitonic behavior, as shown in Figure 1.3. A very quick
reduction in intensity of the BGaN + LQW peak is seen in Sample 1, as
shown in Figure 1.3 (a), with AQW excitons getting dominant already
at 60K. Considering the high binding energy and oscillator strength of
BGaN excitons, the strong reduction in intensity can only be correlated
to delocalisation of QW excitons. Moreover BQW excitons also start get-
ting visible around 80K. With further increase in temperature, both AQW

and BQW red-shift, with BQW slowly gaining importance, which can be
attributed to the stronger oscillator strength and the relatively smaller
broadening of BQW , as opposed to AQW . At around 240K, AQW and BQW

merge together and continue to red shift and broaden, up to room tem-
perature. The dotted lines in Figure 1.3 (a) guide the eye to follow the
evolution of AQW and BQW , with temperature.

The behaviour of sample 2, with temperature, as shown in Figure 1.3 (b),
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is again similar to sample 1, with a subsequent red-shift and broadening
of excitons. The localised peak LQW quickly loses its prominence, already
at 40K, with AQW gaining dominance at around 60K. BQW follows a red-
shift along with AQW , right from 23K, achieving a relative gain in intensity
with temperature, which can again be attributed to the stronger oscillator
strength and broadening effects, as explained earlier. CQW starts to be
visible around 80K, after which it starts to follow a red-shift similar to
AQW and BQW . At around 140K, AQW and BQW completely merge with
each other, with CQW seen as a weak shoulder on the higher energy side.
With further increase in temperature, the merged AQW and BQW , dom-
inantly continue to red-shift along with CQW up to room temperature,
although it is very hard to distinguish the CQW line. Figure 1.3 (b) shows
the temperature dependence only up to 160K, for a better dynamic view
of the QW excitonic behavior at lower temperatures. The dotted lines
guide the eye to follow the evolution with temperature, of mainly AQW

and BQW peaks, with CQW seen as a very weak shoulder.

1.3.1.3 Room temperature results

Figure 1.4: A comparison of PL (black) and Reflectivity (red) at 280K from (a) sample 1, and (b)
sample 2, exhibiting various excitonic features.
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Figure 1.4 shows the PL (black line) and reflectivity (red line), of
sample 1 (left) and sample 2 (right), at RT. In Figure 1.4 (a), two peaks
are visible in the PL as well as reflectivity. The dominant peak in PL, cor-
responds to a peak in reflectivity that has contributions from AQW , BQW

and CGaN . The relative intensity of CGaN in comparison to the merged
AQW + BQW peak, as mentioned in the previous subsection, should be
very weak, due to which the dominant PL peak is named at AQW + BQW

+ (CQW ). The weak shoulder in the PL, corresponds to merged AGaN

+ BGaN peak, with a clear signature in the reflectivity as well. In line
with the discussion under subsection 1.3.1.2, at around 220K, as seen in
Figure 1.3 (a), AGaN merges with BGaN , clearly visible up to RT.

In Figure 1.4 (b), a dominant PL peak with a hardly distinguishable
shoulder on the higher energy side is the merged AQW + BQW peak and
CQW peak respectively, as described in the previous subsection. In re-
flectivity, corresponding to the position of CQW , a peak is visible though
it also has contributions from AQW and BQW , due to which it is named
as AQW + BQW + CQW . The peak in reflectivity on the lower energy side
has contributions from AGaN , BGaN and CGaN . The corresponding peak
in PL, is due to merging of individual AGaN and BGaN peaks as seen in the
LT spectrum of Figure 1.2 (b), The CGaN is not observable in the PL even
at high temperatures (See Figure 1.3 (b)), although their contribution to
the merged AGaN + BGaN peak at RT cannot be completely neglected,
due to which the PL peak is named as AGaN + BGaN + (CGaN) as shown
in Figure 1.4 (b). The linewidth of the dominant QW peak from both
samples, at RT, is around 28 to 30 meV, comparing very closely to GaN
linewidths at RT, and much larger than their respective LT linewidths.
In other words, the QW emission at RT can be safely assumed to be
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homogeneous.

Figure 1.5: A comparison of the integrated intensity between QW emission from sample 2 and GaN
emission from bare GaN template, where the fall in intensity from LT to RT is ~ 6 times better for
sample 2 as opposed to bare GaN template.

Figure 1.5 shows the integrated intensity as a function of temperature.
A comparison is made between QW emission from sample 2 and the GaN
emission from the bare GaN template used to grow sample 2. The fall in
QW intensity from LT to RT is around 25 times as opposed to GaN, which
is like 146 times, clearly confirming the superior temperature behaviour
of the QW’s, making them excellent candidates for polaritonic studies.

1.3.2 Time resolved photoluminescence with temperature

All TRPL measurements are made on sample 2, from 5K to 300K, using
the setup described under subsection A.2.2, where the excitation power
density is very low i.e. a regime where the exciton-exciton interaction
can be neglected. At 5K, being limited by the grating used, only one
dominant QW peak is resolved, unlike the three shown in Figure 1.2 (b),
which is the peak studied up to RT, in order to extract the QW lifetimes
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Figure 1.6: (a) Lifetimes extracted as a function of temperature from the dominant QW peak of sample
2, where the excitation power density is very low. (b) TRPL response at RT, for similar experimental
conditions, from which the lifetime is extracted to be ~ 275ps.

as shown in Figure 1.6 (a). At 5K, the lifetime is around 230ps, which
gradually increases up to 40K, after which it shows a decreasing tendency
up to 140K, before increasing again and turning out to be more or less
stable after 265K. The lifetime of an exciton τexc is given by the relation:

1

τexc
=

1

τR
+

1

τNR
(1.1)

where τR is the radiative lifetime and τNR is the non-radiative lifetime
of the exciton. Usually in QW’s, τR increases with temperature whereas
τNR decreases. The effective lifetime (τexc) as a function of temperature
thereby shows the following behaviour: first, an increase in the lifetimes,
which is usually seen at LT’s followed by a more or less constant life-
time regime, and finally a decrease in the lifetimes. The temperatures at
which these different regimes are observed depend strongly on the mater-
ial system under study along with its optical and structural quality. In
good quality GaAs/AlGaAs QW’s, the stabilised regime is usually around
150K. The behaviour in our sample is very much in line with this explana-
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tion after 140K, where the lifetimes show a gradual increase up to ~ 265K,
after which they seem to stabilise up to RT. At even high temperatures
most probably a fall in lifetimes will follow. However the erratic beha-
viour up to 140K could only be attributed to the delocalisation of LQW

excitons as presented in subsection 1.3.1.2. As shown in Figure 1.3 (b),
the LQW line can be probed only up to ~ 80K, though complete delocal-
isation might be occurring at ~ 140K. The ‘inconsistent’ region is marked
in Figure 1.6 (a), as the region towards the left of 140K - blue dotted line.
Figure 1.6 (b) shows the very long QW lifetime at RT ~ 275ps, once again
confirming its high optical quality and suitability as an active layer, for
polaritonic studies.

Now in order to estimate τR and τNR from τexc, at RT, a procedure
described in detail in [5], is followed. The time integrated photolumines-
cence intensity (IPL) as a function of temperature is given by the relation:

IPL(T ) =
Io
ηo

τexc(T )

τR(T )
=
Io
ηo
η(T ) (1.2)

where η(T ) is the radiative efficiency as a function of temperature, I0 is
a normalisation factor depending on the number of photoexcited carriers
and η0 is the radiative efficiency associated with I0. Usually IPL measured
at very low temperatures (low T ) like 2K or 5K, can be safely assumed
to be completely radiative (proportional to the number of photoexcited
carriers) in a good quality sample, considering the fact that the thermal
energy is too small for the formed excitons, to move around and find a
non-radiative trap. In such a scenario I0 = IPL(low T ). At this particu-
lar temperature used to estimate I0, although assumed to be completely
radiative, the situation might differ based on the quality of the sample.
To account for this uncertainty in the radiative efficiency, η0 (η(low T ))
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is varied from 0.1 to 1. These values are used in equation 1.2 to calcu-
late η(T ) for different values of η0, which in turn is used in equations 1.3
and 1.4 to estimate τR(T ) and τNR(T ) for different values of η0.

τR(T ) =
Io
ηo

τexc(T )

IPL(T )
=
τexc(T )

η(T )
(1.3)

τNR(T ) = τexc(T )

(
1

1− ηoIPL(T )
Io

)
= τexc(T )

(
1

1− η(T )

)
(1.4)

Generally τNR(T ), estimated for different values of η0 tends to converge
towards RT, giving a proper estimate for τNR(300K), which is used in
equation 1.1 to calculate τR(300K). This approach is now applied to
analyse the lifetimes from sample 2, by initialising I0 = IPL(5K) and by
varying η0 (η(5K)) from 0.1 to 1. However τNR(T ) estimated for differ-
ent η0, shows a converging behaviour already around 160K, rather than
towards RT, quite contrary to what is expected. This can be attributed
to the erratic behaviour in the lifetimes up to 140K, as visible in Figure
1.6(a). In order to correlate free excitonic behaviour to lifetime rather
than localisation effects, I0 is considered equal to IPL(140K), with η0

(η(140K)) varied from 0.1 to 1. Now using equations 1.2, 1.3 and 1.4,
τR(T ) and τNR(T ) are estimated for different values of η0, as shown in
Figure 1.7. It is evident from Figure 1.7 that τR increases with temper-
ature whereas as τNR follows a decrease, in line with the usual quantum
well behavior. Moreover from Figure 1.7 (b), τNR converges towards RT,
for all the values of η0 (η(140K)) from 0.1 to 1, returning an estimate of
around 333ps at RT. Putting this value in equation 1.1, gives a radiative
lifetime τR of ≈ 1.6ns, at RT.
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Figure 1.7: Evolution of (a) radiative lifetime (τR), and (b) non-radiative lifetime (τNR) with tem-
perature, for different values of η(140K), which is varied from 0.1 to 1.0.

1.3.3 Confirmation of indium percentage in the sacrificial layers
based on photoluminescence

Figure 1.8: (a) PL from the InxGa1−xN sacrificial layer: (a) for samples 3, 4 and 5, at 25K, and (b)
for sample 6 at 25K and 295K, where the PL peak energy shifts according to the variation in the indium
concentration.

This section confirms the indium percentage in the InxGa1−xN sacri-
ficial layer of the children samples, estimated from XRD, based on PL
from the corresponding layer. The measurements are made on sample 3,
sample 4, sample 5 and sample 6, using the setup described under the
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subsection A.2.1. See Table 1.1 for further information on the samples
studied. For the first three samples, He-Cd laser, at 325nm is used as a
source for excitation whereas for the last sample, considering the high ab-
sorption in the 33 pairs of GaN/AlGaN QW’s, the pulsed Nd-YAG laser,
at 266nm is used. See section A.1 for further information on the lasers
used. Figure 1.8 (a) shows the PL from the InxGa1−xN sacrificial layers,
for samples 3, 4 and 5, at 25K whereas Figure 1.8 (b) shows the PL from
sample 6, at 25K and 295K. The energy position of the PL peaks, in all 4
samples, are exactly in line with the In % determined from XRD i.e. the
PL peak with the highest energy corresponds to the least In %.

1.4 Conclusion

A clear understanding of the quality of the samples is obtained, based
on optical characterisation results. The aluminium content (~ 5%) in the
barriers is found to be optimal, resulting in state of the art QW emission
at RT, where the homogeneous linewidth is estimated to be ~ 28meV,
confirming the suitability of the samples for polaritonic studies. The
delocalisation of QW excitons is understood as a function of temperature,
where most of the delocalisation occurs below 100K, in line with the low
linewidth of the dominant QW peak, at RT. Moreover the lifetime of the
respective peak is estimated to be ~ 275ps, further confirming the quality.
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2
Ultra-smooth GaN membranes by

photo-electrochemical etching

2.1 Introduction

The principles of photo-electrochemical (PEC) etching are examined
along with a detailed description about the setup used. The PEC lat-
eral etching parameters are further optimised, to achieve ultra-smooth
200nm-thick GaN membranes, with a “near-epitaxial” rms roughness of
~ 0.65nm, as measured by Atomic Force Microscopy (AFM), approxim-
ately one order of magnitude lower than the previously reported values,
where they used a very similar technique [1]. The evolution of photo-
current as etching progresses is analysed on the basis of oxide formation
and dissolution during the process. The free-standing GaN membranes
are subsequently transferred to a double-side polished sapphire substrate,
on which optical characterisation is performed at cryogenic temperatures.
Very sharp excitonic features are observed in both photoluminescence
(PL) and transmission experiments. Moreover, absorption coefficients
are deduced from the transmission spectra, based on which absorption
coefficients of GaN excitons, turned out to be at least 30% higher than
previously reported values [2].
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2.2 Samples studied and initial processing

Figure 2.1: Mask pattern used for RIE, where the dimensions range from 45x45 to 155x155 μm2.

The samples on which PEC lateral etching is undergone, to create
ultra−smooth membranes are tabulated in Table 1.1, although sample
3, 4 and 5 are used for optimising the etching conditions. The three
samples have the same active region, separated from the GaN template,
by an InGaN sacrificial layer, although the indium content in the sacrificial
layers corresponding to the three samples are different (Refer section 1.2
and subsection 1.3.3 for more details). The samples are initially patterned
into 1μm-high square mesas of various dimensions ranging from 45x45 to
155x155 μm2, using Reactive Ion Etching (RIE), so as to expose laterally
the InGaN sacrificial layer, for selective PEC etching. The mask pattern
used for RIE, is depicted in Figure 2.1. The 200nm GaN membranes
etched out from sample 5 are used for optical characterisation.
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2.3 Photo-electrochemical (PEC) etching setup

Figure 2.2: (a) PEC lateral etching setup, where the etching is shown to take place on a single MESA,
under the application of a reverse bias, accompanied by a light source. (b) Band alignment during the
etching process, under similar experimental conditions.

PEC lateral etching is carried out in an electrochemical cell at room
temperature, using KOH electrolyte with the sample acting as cathode
and a platinum electrode as anode, as shown in Figure 2.2 (a). The sample
shown here is just a single mesa, for simplicity, whereas in reality a large
number of mesa’s can be etched simultaneously, limited by the illuminated
/ wetted area on the sample, which is ~ 0.0078 cm2. The structure of the
sample shown here is a replica of the samples used for PEC lateral etching
optimisation (See Table 1.1). The 1μm deep mesa’s enable the bias to be
applied on to the n-type GaN template (n-type) layer, on which the active
region consisting of QW’s is grown, using an ohmic indium contact as
shown in Figure 2.2 (a). The electrolyte-semiconductor interface behaves
like a metal-semiconductor (n-type) Schottky junction [3], resulting in
band bending at the interface, where the holes are held towards the surface
whereas the electrons are drawn inside, similar to Figure 2.2 (b). The
etching is initiated by applying a reverse bias on the sample accompanied
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by a light source having an energy greater than the bandgap of InGaN
whereas less than the bandgap of the other subsequent layers. The n-type
GaN template further favours the application of field in the structure with
the reverse bias intensifying the Schottky band bending at the interface
as shown in Figure 2.2 (b), confining the holes more towards the surface
[3]. The lateral etching process can be described by the following chemical
reactions:

2InGaN + 6h+ + 6OH−→(In,Ga)2O3 + 3H2O +N2 ↑ (2.1)

(In,Ga)2O3 + 6OH−→2(In,Ga)O−3
3 + 3H2O (2.2)

The first equation describes the oxidation procedure of InGaN where
the dissociated OH−ions from the electrolyte react with the holes held
towards the sample surface forming oxides with water and nitrogen as the
by-products. The oxides formed further undergo a dissolution process as
described by equation 2.2.

The etching quality is determined by several factors such as the energy
of light source used, the bias voltage applied and finally the molarity of
electrolyte which are referred to as etching parameters. A 405nm diode
laser is used to excite the InGaN sacrificial layer, close to resonance,
below the bandgap of GaN, which was shown to have enhanced etching
rates by Trichas et al. [1, 4]. A Keithley 6517A electrometer is used
as a voltage source and electrometer simultaneously where the voltage
is varied from -10V to +10V. The in-situ measurement of current as a
function of time provides an insight into the etching quality as well as
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the progress of etching. All current measurements under reverse bias
condition are positive due to the configuration of electrometer as shown
in Figure 2.2 (a).

2.4 Optimising PEC lateral etching for ultra-smooth
GaN membranes

In order to study the correlation of various etching parameters with
the smoothness of GaN membranes, two sets of experiments with the
following conditions are performed: (1) constant dc bias of 4V, average
laser power of 4mW, and various concentrations of electrolyte from 0.1M
down to 0.0004M, and (2) pulsed dc bias of 4V, average laser power of
4mW, and a fixed concentration of electrolyte at 0.0004M. Figure 2.3 (a)
shows the IV characteristics of the electrolyte-semiconductor interface,
where the voltage is varied from -10V to +10V, measuring both the dark
and light currents, for an average laser power of 4mW and an electrolyte
concentration of 0.0004M. The inset of the figure, depicts a magnification
of the positive bias regime . The general response is quite indicative of a
Schottky behaviour with the magnitude of light current being higher than
that of dark current. In the region of interest i.e, the positive bias (reverse
bias) regime, the dark currents are almost zero as visible in the inset of
Figure 2.3(a), confirming that etching rate is minimal in the absence of
light. However, in the presence of light, it is evident from the figure that
using higher bias voltages, of the order of 8V or 10V, can help in achieving
higher etching currents and thereby reducing the overall etch time. But
nevertheless, higher bias voltages do create excessive bubbling as etching
proceeds, inhibiting the uniform exposure of the sample surface, resulting
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in bad etching. Low voltages in turn, of the order of 2V, result in a very
low etch current, increasing the etching time to large extents, like hours,
although extremely smooth membranes could be achieved. Thus a bias
voltage of 4V is a trade-off between etching times and smoothness. The
laser power chosen is the maximum output of the laser at hand, as the
higher is the excitation, the more numerous are the photo-carriers which
can actively participate in the etching process, thus increasing the etch
current and reducing the overall etch time.

Figure 2.3: (a) IV characteristics of the electrolye-semiconductor interface, at dark and light condi-
tions, where the average laser power is 4mW and the electrolyte concentration is 0.0004M. The inset
depicts a magnification of the positive bias regime. (b) 10x10 μm2 AFM image from a GaN membrane
transferred to double sided tape exhibiting very low roughness, on the bottom N-face GaN surface.

Firstly PEC is carried out according to the etching conditions described
in the first set of experiments, by varying the concentration of KOH from
0.1M down to 0.0004M, on sample 4 having a moderate indium content as
compared to samples 3 and 5, which is ~ 12%. At higher concentrations,
the etch currents are higher with lower overall etching time, and vice
versa at lower concentrations. The overall etching time varies between 30
minutes for 0.1M to 150 minutes for 0.0004M. Inspection of the corres-
ponding spots on the sample after etching, with an optical microscope,
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clearly reflects the much better quality of membranes etched with the
lowest concentration of electrolyte, i.e. 0.0004M, which required further
confirmation through AFM measurements. In order to facilitate this, the
membranes are transferred to a double sided tape and AFM measurements
are undergone on the bottom N-face GaN surface. The measurements re-
turned an rms roughness of ~ 0.65nm, as shown in Figure 2.3 (b) for the
lowest electrolyte concentration used, over an area of 10x10μm2. This is
approximately one order of magnitude lower than the 6nm reported by
Trichas et al. [1], using electrolyte concentrations of the order of 0.01M.
The very high quality of our membranes can be attributed to the very
low etching rates, made possible by using 0.0004M, KOH electrolyte. The
same experimental conditions along with a KOH molarity of 0.0004M are
further used to perform PEC lateral etching on samples 3 and 5, having
an indium content of 9 and 14.4% respectively. In the former, the excit-
ation of the InGaN sacrificial layer is very resonant whereas, it is a bit
off-resonant in the latter, as visible in Figure 1.8 (a), where the excitation
energy is denoted by violet dashed lines. In sample 5, the same quality
of extremely smooth membranes, with a similar AFM rms roughness of ~
0.65nm, is achieved for an overall etching time of just 30 minutes, as op-
posed to 150 minutes taken by sample 4. However, in the case of sample
3, even after an etching period of ~ 180 minutes, the sample still remained
unetched. This variation in etching times can directly be attributed to the
different absorptions in the InGaN layer of the three samples, at 405nm,
which in turn corresponds to their respective indium content i.e. high
indium content sacrificial layer sample, more absorption at 405nm, less
etching time, and vice versa. All further experiments and results, will be
based on sample 4, etched using 0.0004M KOH solution, which produces
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ultra-smooth membranes with etching times of ~ 150 minutes.

Figure 2.4: (a) SEM lateral view of a GaN membrane detached from substrate after PEC lateral
etching. (b) Optical microscope image of an etched region clearly depicting regions with and without
GaN membranes.

A SEM analysis is undergone on such a spot, with Figure 2.4 (a) show-
ing the SEM lateral view of a GaN membrane, detached from the sub-
strate. The InGaN sacrificial layer has been ‘eaten’ away by PEC. The
wavy membrane edges cannot be attributed to the etching process, as they
are also visible on the underneath mesa, where effectively etching does not
take place. Instead, they are rather produced during the lithographic pro-
cess, either by mask roughness or by RIE. Figure 2.4 (b) shows the optical
microscope image of the etched spot, which clearly depicts regions with
etched membranes lying on the substrate, as well as regions, where the
membranes are completely removed, leaving an uncapped mesa behind. In
the bottom-middle region, a membrane can be seen to be clearly displaced
from its position, giving us a view of the mesa below as well. The black
spots that are visible around the etched membranes are indium/gallium
oxides formed as PEC etching progresses according to equation 2.1. Most
of the oxide gets removed according to equation 2.2, as replenishment of
hydroxyl ions to the sample surface takes place, although, a small portion
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of it accumulates on the sample surface. Optical microscope image of
the etched region, without cleaning the sample with deionised (DI) wa-
ter, evidently indicates black oxide traces all around the etched region in
contrary to the few spots seen in Figure 2.4 (b). Thus, cleaning of the
sample with DI water is essential after etching, which however may result
in the loss of few membranes. Moreover, a few membranes could also be
seen sticking to the Teflon ring, which isolates the etching area from the
rest of the sample. This may be due to the high tendency of Teflon to
gather electrons on its surface and become negatively charged, thereby
attracting the etched membranes to it.

Figure 2.5: (a) Variation of photocurrent produced as etching progresses, under a constant dc bias
of 4V. The dashed line through the experimental curve is a fitting with a double exponential. (b)
Variation of photocurrent with etching time, under a pulsed dc bias of 4V. The inset shows the variation
of photocurrent during a pulse period.

Figure 2.5 (a) shows the etching current (green line) as a function of
time, at a constant dc bias of 4V, along with its fitting (black dashed
line). The evolution of current follows a double exponential decay, with
a very quick decay at the beginning of the order of 44 seconds, followed
by a slow decay, of the order of 300 seconds. Initially, fresh electrolyte
attacks the sample surface, where there are no oxides at all. Etching
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takes place very efficiently, quickly forming oxides on the attacked sur-
face, which gradually slow down the etching process, visible as a steep
decay of the etching current. In parallel, the oxides also undergo a re-
moval procedure according to equation 2.2, as replenishment of hydroxyl
ions to the sample surface takes places. In short, the overall etching rate
critically depends on the interplay between oxide formation and removal,
processes that we define as internal etching parameters, to distinguish
from the external parameters such as bias voltage, laser power and elec-
trolyte concentration. As PEC commences, rapid oxide formation on the
unexposed surface reduces swiftly the available sites, bringing the oxide
formation and removal rates into an equilibrium, and leading to the slow
decay regime of the etching current in Figure 2.5 (a). The slow decay re-
gime reflects the gradual decrease of the amount of material to be etched,
as the etching progresses.

To study this further, PEC etching is performed on sample 5, as per
the etching parameters described in the second set of experiments. Ac-
cording to this setup, instead of 4V constant dc bias, a pulsed 4V dc
bias is applied with an OFF period of around 10.9 seconds per pulse,
providing some time for the additional replenishment of hydroxyl ions
to the sample surface apart from the usual supply under PEC etching
conditions, which also results in a simultaneous removal of formed oxides
according to equation 2.2, after PEC etching takes place for a certain ON
period. The overall current pattern, for pulsed 4V dc bias, as shown in
Figure 2.5 (b), is almost similar to its constant counterpart. The inset
of Figure 2.5 (b) zooms at the etching current variations during an OFF
and ON period of a single 4V dc pulse. As soon as the voltage turns 0V
during the OFF period, there is a steep fall in the etch current, followed
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by a small exponential increase. The latter can be interpreted as due to
removal of oxides, as replenishment of hydroxyl ions to the sample surface
takes place. As soon as the voltage becomes 4V during the ON period,
there is a small overshooting of current, followed by a sharp decrease cor-
responding to the rapid re-establishment of equilibrium, following which
the etch current converges to values as if the OFF period never occurred.
This characteristic seems to repeat during every pulse, although at longer
times, it is gradually suppressed due to less available InGaN material.
Overall, providing an OFF period does not make much of an impact on
the etching quality and effective etching time, since similar RMS rough-
ness with the same etching time of 30 minutes could be achieved in both
cases.

Figure 2.6: Optical microscope image of: (a) GaN membranes transferred to double sided tape, and
(b) GaN membranes transferred to double-side polished sapphire substrate.

Figure 2.6 (a) shows an optical microscope image of the ultra-smooth
membranes, transferred to a double-sided tape. The uniform colouration
of the membranes with well-defined edges, further confirms the quality
of etching in addition to the AFM measurements. Transferring the GaN
membranes on double-sided tape has several drawbacks, such as the inab-
ility of performing optical characterisation at low temperatures, as paper
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is a very bad thermal conductor, as well as transmission experiments,
as paper is opaque in the UV region. Other possibilities such as carbon
tape, used by Trichas et al. [1], also face similar issues. To solve this,
we have developed a procedure to transfer the ultra-smooth membranes
to a suitable substrate like double-side polished sapphire, as shown in
Figure 2.6 (b). The GaN membranes are clearly visible, with uniform col-
ouration and well-defined edges. AFM measurements further confirmed
that the transfer process did not alter the quality of the membranes, as
they returned similar RMS roughness of 0.65nm.

2.5 Optical characterisation

The PL/Reflectivity measurements on the sample before etching are
made using the setup described under subsection A.2.1. The PL/transmission
measurements on the membranes transferred to sapphire are made using
the setup described under subsection A.2.3, which allows simultaneous
measurement of PL and transmission from the same membrane. He-Cd
laser, at 325nm is used as a source for PL excitation whereas Xenon lamp
is used for transmission and reflectivity. The spectrometer grating used
is the 2400 grooves/mm, to facilitate high resolution measurements. See
section A.1 for more information.

2.5.1 Sample before etching

Before discussing the optical properties of membranes from sample 4
transferred to sapphire, PL and Reflectivity from bare sample 4 (blue
lines), prior to processing, at LT, is compared with the PL of its parent
sample: sample 1 (red line), as shown in Figure 2.7 (refer to Table 1.1 for
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Figure 2.7: A comparison of PL and Reflectivity from bare sample 4 (blue lines), prior to PEC lateral
etching, at LT, to the PL of its parent sample: sample 1 (red line), exhibiting various excitonic features.

more details on the samples). The basic PL from sample 4 is expected to
be very similar to sample 1, considering the fact that the only difference
in the structure being an additional InGaN sacrificial layer, in sample 4.
However a small shift between the PL spectra, at least in terms of GaN
excitonic positions, corresponding to the two samples is expected, taking
into account the fact that the GaN template series used for either samples
are different (see Table 1.1). The origin of the different peaks, in the PL
from sample 1, has already been discussed under subsection 1.3.1, and so
has been named accordingly. The ‘A’, ‘B’ and ‘C’ excitons of GaN can be
easily located on the reflectivity spectrum based on the energy difference
between the corresponding excitons which is well known for GaN grown
on sapphire, being named as AGaN , BGaN and CGaN respectively, as shown
in Figure 2.7. The AGaN peak seems to be a bit blue-shifted as opposed
to parent sample 1, in line with the previous discussion. However corres-
ponding to its position, in the PL of sample 4, no evident peak is visible.
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Taking into account the blue shift, and by comparing the respective PL of
sample 4 to that of sample 1, a few peaks like DBEGaN and AQW , can be
easily identified, and thereby named accordingly. Approximately 4meV
on the lower energy side of AGaN reflectivity peak, in the corresponding
PL a peak can be observed whose origin is unknown, which is thereby de-
noted as X. Corresponding to AQW PL peak of sample 4, a weak peak is
observed in the reflectivity at a position similar to CGaN excitons, thereby
renaming it as CGaN+AQW . On the higher energy side of this peak, in the
reflectivity, two more peaks are observed, which are named as BQW and
CQW respectively. BQW is also observable in the reflectivity spectrum of
sample 1 (see Figure 1.2 (a)) whereas CQW is hardly visible. In between
X and AQW peaks in the PL from sample 4, two relatively strong peaks
are visible, which can be attributed to localised QW emission. The peak
around 3.49eV might have minimal contributions, from GaN ‘B’ excitons
as well, based on the corresponding BGaN peak in the reflectivity, thereby
renaming it as BGaN+LQW . However, the BGaN peak in the reflectivity is
not renamed since the contribution of localised QW excitons is expected
to be small. The peak around 3.495eV in the PL of sample 4 is named
as L2QW . Considering the blue-shift of GaN as well as GaN QW excitons
in sample 4, as opposed to sample 1, it is not clear why the energy of
BGaN+LQW alone remains unchanged. Moreover an additional localised
QW emission is visible as well, which has absolutely no traces in sample
1. To conclude, the general behaviour of sample 4 is very similar to its
parent: sample 1, although the quality might be slightly compromised by
the 25nm thick InGaN sacrificial layer, which is reflected by the presence
of an additional localised QW emission peak. However the evolution of
PL from sample 4, as well as the fall in QW emission intensity with tem-
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perature is very similar to sample 1, assuring its suitability for polaritonic
studies.

2.5.2 Ultra-smooth GaN membranes on sapphire

Figure 2.8: (a) Comparison of PL from sample 4 membrane, transferred to a double side polished
sapphire substrate, to that of bare sample 4, prior to PEC lateral etching, showing the variation in
intensity as well as energy position, corresponding to different peaks at LT. (b) Comparison of PL and
transmission from a GaN membrane on sapphire substrate, etched out from sample 4, at LT, showing
various excitonic features.

The high quality of the extremely smooth GaN membranes, on sap-
phire substrate is further testified through optical characterisation. Fig-
ure 2.8 (a) shows the PL from a sample 4 membrane (black line), com-
pared to the PL from bare sample 4 (red line) before processing. The
peaks in both spectra have a one to one correspondence, marked with
blue dashed lines, except for a single peak which is denoted by a green
dashed line on either spectra. The agreement in the peak positions of the
main excitonic peaks like DBEGaN , BGaN+LQW and AQW , prior to and
after etching once again confirms that the whole structure including the
InGaN sacrificial layer are coherently strained on the GaN template and
rules out the possibility of any kind of strain induced in the structure by
the InGaN sacrificial layer. Figure 2.8 (b) shows the PL and transmis-
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sion spectra from membranes on sapphire, at LT. Basically four peaks are
visible in the transmission spectrum from the lower energy side towards
the higher energy. The first peak around 3.4850±0.0002 eV has a very
similar energy position to AGaN excitons of sample 4, visible in the re-
flectivity spectrum of Figure 2.7, thereby naming the peak as AGaN . The
second peak corresponds to BGaN+LQW peak in the PL, although it is
named as just BGaN , since the contribution of localised QW excitons to
oscillator strength is small. Moreover its position is very similar to BGaN

peak, visible in the reflectivity spectrum from sample 4, in Figure 2.7.
The third peak seems to be relatively broadened with an energy position
lying in between CGaN+AQW and BQW peaks, as visible in the reflectiv-
ity spectrum of Figure 2.7. The peak can therefore be safely assumed
to be a convolution of two peaks, naming it as CGaN+AQW+BQW . The
fourth peak can be attributed to C excitons of QW, thereby naming it as
CQW , having an energy position very similar to CQW peak, visible in the
reflectivity spectrum of Figure 2.7. Slight variations in the QW excitonic
positions in Figure 2.7 and Figure 2.8 (b) are acceptable considering the
fact that the signal is probed from different areas of sample 4. An initial
PL mapping of all the samples, consisting of QW’s, tabulated in Table 1.1,
showed a maximum energy difference up to 7meV for the same QW peak,
on different areas of the sample, being more uniform in the centre as
opposed to the periphery.

The depth of the three peaks in the transmission spectrum clearly
reflects the high oscillator strength of the related excitonic transitions,
which is quite typical of GaN. In Figure 2.9 (a), temperature dependent
transmission spectra are depicted up to 160K. The exciton lines clearly
follow a red shift with temperature, along with a reduction in the oscillator
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Figure 2.9: Optical characterisation of a GaN membrane transferred to double-side polished sapphire
substrate: (a) temperature-dependent transmission spectra, and (b) optical density at 20K and 120K.

strength due to broadening, in line with previous reports for GaN [5]. The
first two peaks, AGaN and BGaN , start merging with each other, due to
broadening, at around 160K. The optical density of the membranes can
be easily derived from the transmission spectrum using Beer Lambert’s
law as follows:

I = Ioe
−OD (2.3)

where I is the intensity of transmitted light, Io is the reference intens-
ity including the various reflections at the air/GaN, GaN/sapphire and
sapphire/air interfaces, and OD the optical density. Assuming that the
various reflections do not vary much around the GaN energy gap, we can
estimate Io from the transmittance signal just below the band gap of GaN.
The derived optical density spectra for the GaN membrane at 20K and
120K are shown in Figure 2.9 (b). At 20K, the first peak AGaN , which
is interpreted as GaN ‘A’ excitons, has an optical density of around 2.9,
whereas the second peak BGaN , which is attributed to GaN B excitons,
has an optical density of 2.8. With temperature, the BGaN line seems
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to persist better having an OD of 2.4 at 120K, compared to 2.2 for the
AGaN line. Usually B excitons of GaN have a faster broadening than A
excitons [5], which would have resulted in a quicker fall of the OD correl-
ated to BGaN , quite contrary to the observation here. This can only be
explained by an additional contribution to the BGaN oscillator strength
from localised QW excitons, as depicted by BGaN+LQW peak, in the PL
of Figure 2.8 (b). The optical density can be correlated to the absorption
coefficient according to the following relation:

OD = αd (2.4)

where α is the absorption coefficient and d the thickness of the layer. As-
suming the thickness of GaN in the sample 4 membrane to be ≤ 140nm
(Refer Table 1.1), the absorption coefficient corresponding to the A ex-
citons turns out to be higher than 207,000cm-1 at 20K. This is about
30% higher than the α value reported by Muth et al. [2], which is around
95,000cm−1 at 295K and about 150,000cm−1 at 77K, for bulk GaN. Please
note that this increase cannot be attributed to some error in estimating
the GaN thickness, considering that the MBE nominal thicknesses are
accurate to within ±5%, and more importantly that the thickness of this
particular membrane was independently confirmed using a Veeco Dektak
150 profilometer, which returned a value of around 190nm. Even assum-
ing an uncertainty of 10% in the measured thickness by the profilometer,
the estimated absorption coefficients of GaN A excitons would be still 20-
25% higher than those reported by Muth et al. [2], further supporting our
results. A possible explanation for this increase could be the ultra-smooth
PEC lateral etching technique used to prepare the membrane in our case,
where the sacrificial InGaN layer is selectively etched away, isolating the
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GaN membrane from the template in such a way, that the GaN surface
above the sacrificial layer is completely intact, unlike the chemical and
mechanical methods used by Muth et al., in their sample preparation.
The rms roughness of 0.65nm, measured on the bottom N-face of GaN
surface, clearly reflects the high quality of the intact GaN surface, after
etching.

2.6 Conclusion

To conclude, by optimising the PEC etching parameters, the quality of
freestanding GaN membranes produced by selectively ‘eating’ away the
InGaN sacrificial layer, can be improved substantially. Extremely smooth
membranes are produced by using very low concentration of KOH, as low
as 0.0004M, along with constant excitation power and a constant / pulsed
dc bias voltage. The AFM rms roughness of the membranes is estimated
to be ~ 0.65nm, over an area of 100 μm2, which can be termed as “near-
epitaxial”. The behaviour of etching current as PEC progresses is carefully
studied and interpreted taking into account the dynamics of oxide forma-
tion and dissolution during the process. Absorption coefficients have been
deduced from low temperature transmission experiments, performed on
these amazingly planate membranes transferred to a sapphire substrate,
based on which absorption coefficients of GaN excitons, turned out to be
at least 30% higher, compared to previous reports in the literature [2].
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3
Polaritonic studies on GaN membranes

3.1 Introduction

The various design procedures, eventually leading to a GaN membrane
(GaN / AlGaN QW’s) based full-microcavity structure, that demonstrates
strong coupling, are discussed in this chapter. The design of top and bot-
tom DBR mirrors are initially examined, with the aid of modelling. This
is followed by the discussion of some important PEC lateral etching para-
meters, used to create ultra-smooth GaN membranes, by etching away
the InGaN sacrificial layer. The etched membranes are transferred to the
bottom DBR / sapphire, thereby creating a half-microcavity structure,
on which optical characterisation is performed. Very sharp excitonic fea-
tures are observed, along with a relatively broad cavity mode, where the
Q-factor is estimated to be ~ 85, at RT. Moreover the reflectivity response
from the structure is carefully analysed, with the help of simulations. A
full-microcavity stucture is formed by depositing the top DBR mirror on
to the half-microcavity structure. Initially the structure is studied based
on simulation, without considering the coupling effects of excitons to the
cavity mode. This is followed by the experimental verification of strong
coupling, which is further confirmed by fitting the dispersion curves. The
Q-factor of the system is estimated to be ~ 1770, very close to the the-
oretical prediction. The various polariton branches are carefully studied,
understanding the contributions of spacer GaN as well as GaN QW ex-
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citons, with the derived Rabi splitting of the system being ~ 64meV.

3.2 Design of a microcavity

Figure 3.1: Schematic of a basic planar full-microcavity structure, where the cavity layer encapsulating
the active layer, is embedded between the top and bottom mirrors.

A basic planar full-microcavity can be divided into two main regions:
(1) the cavity layer which encapsulates the active layer and (2) the mirrors
which comprise both the top and bottom mirrors, as shown in Figure 3.1.
A microcavity which just consists of the cavity layer and the bottom mir-
ror can be referred to as a half-microcavity. The active layer is usually
a light emitting semiconductor which can either be 3D, 2D, 1D or a 0D
structure. The mirrors can be either metallic, spherical or stacks of Dis-
tributed Bragg Reflectors (DBR’s). According to design principles the
thickness of the cavity layer (dcav) is given by the following relation:

dcav =
qλo
2ncav

(3.1)

where λo is the resonant cavity wavelength, at a certain angle, ncav is
the effective refractive index of the cavity layer at the resonant cavity
wavelength for a certain angle, and q is the cavity order, which takes
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values - 1, 2, 3, 4, ... etc. The thickness (dmirror) of each layer in the
mirror is given by:

dmirror =
λo

4nmirror
(3.2)

where nmirror is the refractive index of the specific layer in the mirror, at
the resonant cavity wavelength for a certain angle. In this work the cavity
layer is made of 3λo

2n thick GaN membranes, where λo ~ 360nm, created
by PEC etching of the InGaN sacrificial layer separating the membranes
from the thick GaN buffer on sapphire. The top and bottom mirrors
are based on dielectric materials, again designed for λo ~ 360nm. A de-
tailed description and design principles would be discussed in the next
subsections.

3.2.1 Distributed Bragg Reflectors (DBR’s)

A DBR stack is composed of two different materials having a relative
difference in their refractive index, where the thickness of each layer cor-
responds to λo

4n (see equation 3.2). A number of such stacks/pairs can be
referred to as a DBR mirror. The reflectivity (RDBR) from a DBR mirror
at the stopband centre is given by [1]:

RDBR =

1− no

ni

(
nlow

nhigh

)2N
1 + no

ni

(
nlow

nhigh

)2N


2

(3.3)

where ni and no are the refractive index’s of the incident and transmitted
media, nlow and nhigh are refractive indices of the two materials that form
a single DBR stack and finally N is the number of stacks/pairs that form
the DBR mirror. It is very clear from the equation that a higher refractive
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index contrast is required to achieve maximum reflectivity with minimal
number of pairs. The stopband width (∆λ) is also highly dependent on
the refractive index contrast, which is given by:

∆λ =
4λo
π
sin−1

(
nhigh − nlow
nhigh + nlow

)
(3.4)

where nhigh and nlow are the refractive index of the respective materials
at λo. The equation precisely depicts that, higher the refractive index
contrast, more is the stopband width and vice versa. For the realisation
of high-Q microcavities, it is very important for the stopband of the DBR
mirror to have a very high reflectivity (~ 98%) with a width greater than
the Rabi splitting of the system, which is usually of the order of 50-100meV
in GaN based microcavities. Moreover, high quality, crack-free individual
layers, with minimal interface losses and negligible absorption around the
stopband region are also crucial for achieving very high Q-factor’s. The
choice of dielectric DBR stacks in this work very well adheres to all the
prerequisites of a high quality mirror suitable for polaritonic studies.

Figure 3.2: (a) Schematic of top DBR mirror, which consists of 10 pairs of HfO2 / Al2O3 layers, on
sapphire. (b) Experimental reflectivity response from top DBR mirror, along with its simulation, at
300K, where the angle of incidence is ~ 6o.
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Figure 3.2 (a) shows the structure of the top DBR mirror used in the
full-microcavity structure. It consists of 10 pairs of HfO2 / Al2O3 DBR
stacks on sapphire, where each individual layer is λo

4n thick (see equation
3.2), forming the top dielectric DBR mirror. To ensure the quality of
the mirrors, they are grown at an extremely slow rate using atomic layer
deposition (ALD), taking an overall time of around 24 hours. The order
of the individual layers is such that the lower refractive index material-
Al2O3, as opposed to HfO2 is just above the high refractive index GaN
cavity layer, in the full-microcavity structure, in order to ensure phase
matching. The same holds for the bottom DBR mirror. Figure 3.2(b)
shows the experimental reflectivity response (black line) from the top
DBR using the setup described in subsection A.2.5, at 300K, where the
angle of incidence is ~ 6o. Deuterium / halogen lamp is used as a source
of excitation and the spectrometer grating used is 150grooves/mm. See
section A.1 for more details. The violet dashed lines denote the stopband
width which is around 0.773eV, centred ~ 3.4573eV. However at an angle
of incidence ~ 0o, the stopband is centred ~ 3.4695eV, a bit blue-shifted in
comparison to the energy corresponding to the design wavelength (360nm)
~ 3.44eV. This shift can be attributed to an error of around -0.75% in the
thickness of the individual layers. The experimental data is simulated
using transfer matrix model as described in detail in appendix B. The
refractive index of HfO2 / Al2O3, as a function of incident wavelength, is
estimated from ellipsometry measurements, made on a 200nm thick, bare
HfO2 / Al2O3 film on silicon, where the individual thickness of either
layers are further confirmed from cross-sectional SEM images. However,
the refractive index of sapphire, as a function of incident wavelength, is
calculated using Sellmeier equation, where the Sellmeier coefficients are
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taken from [2]. At the design wavelength of 360nm (3.44eV), the refract-
ive index of the materials constituting the DBR stacks, is thus estimated
to be: nHfO2

= 2.1283 and nAl2O3
= 1.6516 respectively. The simulation

(red line) as seen in Figure 3.2 (b), precisely follows the experimental
data in terms of the energy position of the stopband, as well as the other
interference fringes, for an individual thickness very close to λo

4n - 0.75%,
corresponding to the respective HfO2/Al2O3 layers. The deviation in in-
tensity between the experimental and simulated data can be attributed
to the fact that the reflectivity measurements are not absolute and suffers
from scattering losses, in addition to fibre coupling losses (see subsection
A.2.5 for more details). However the overall reflectivity at the stopband
centre, estimated from simulation is ~ 98.5%, very close to the experi-
mental value.

Figure 3.3: (a) Schematic of bottom DBR mirror, which consists of 11 pairs of SiO2 / Ta2O5 layers,
on sapphire. (b) Experimental reflectivity response from bottom DBR mirror, along with its simulation,
at 300K, where the angle of incidence is ~ 18o.

Figure 3.3 (a) shows the structure of the bottom DBR used in the mi-
crocavity system. It consists of 11 pairs of SiO2/Ta2O5 DBR stacks, on
sapphire, where the individual thickness of the layers correspond to λo

4n
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(see equation 3.2), forming the bottom dielectric DBR mirror. The DBR
stacks are industry grown by Helia photonics using a relatively fast de-
position technique such as evaporation, without compromising the overall
quality of the mirror, confirmed by the optical quality of the mirror. In
line with the discussion above, the order of the layers forming the DBR
mirror is such that the lower refractive index material-SiO2, as opposed
to Ta2O5, is just beneath the higher refractive index GaN cavity layer, in
the full microcavity structure. Figure 3.3 (b) shows the experimental re-
flectivity response (black line) from the bottom dielectric mirror using the
setup defined in subsection A.2.1, at 300K, where the angle of incidence
is ~ 18o. Xenon lamp is used as the source of excitation and the spectro-
meter grating used is 150 grooves/mm. See section A.1 for more details.
The dashed violet lines correspond to the width of the stopband which is
around 0.819eV, centred ~ 3.371eV. However at an angle of incidence ~ 0o,
the stopband is centred around 3.267eV, quite red shifted in comparison
to 3.44eV, which is the energy corresponding to the design wavelength of
360nm. This shift can be attributed to an error of around +5% in the
thickness of the individual layers, as reported by Helia photonics. The ex-
perimental data is simulated using transfer matrix model as described in
detail in appendix B. The refractive indices of SiO2, Ta2O5 and sapphire,
as a function of incident wavelength, are calculated using Sellmeier equa-
tion, where the Sellmeier coefficients are taken from [2–4] respectively.
The estimated refractive index values of the materials constituting the
DBR stacks, are further corrected based on the calibration data provided
by Helia photonics. At the design wavelength of 360nm (3.44eV), the re-
fractive index of the respective materials is thus given by: nSiO2

= 1.5099
and nTa2O5

= 2.0442. The red line in Figure 3.3 (b), precisely simulates
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the experimental data below 3.542eV in terms of the energy position of
the stopband as well as the other interference fringes. The discrepancy
above 3.542eV can be attributed to the lack of accurate refractive index
values of Ta2O5 in that range. However the values used in the simulation
above 3.542eV is just a mere approximation derived from an extended
version of the initial Sellmeier equation used for Ta2O5. The individual
thickness of SiO2 / Ta2O5 layers forming the DBR stacks, derived from
simulation is very close to λo

4n + 5%, in line with the shift observed in the
stopband centre. The deviation in intensity between experimental and
simulated data can be attributed to the fact that the reflectivity meas-
urements are again not absolute and suffer scattering loses. However the
overall reflectivity at the stopband centre, estimated from simulation is ~
98%, again very close to the experimental value.

Figure 3.4: The effects on maximum stopband reflectivity as well as its width are studied as a function
of: (a) refractive index contrast between subsequent layers of the top DBR stack, where the number of
pairs are kept constant at 10, and (b) the number of pairs of the top DBR stack, where the refractive
index contrast of the corresponding subsequent layers is kept at 0.48, very similar to actual top DBR
design configuration.

In order to verify the adequacy of the dielectric mirrors in high-Q mi-
crocavities, a few simulations are performed based on the top dielectric
DBR configuration as shown in Figure 3.4, studying the effects on the
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maximum stopband reflectivity as well as its width. 3.4 (a) studies the
effect of the refractive index contrast between the subsequent layers of
a DBR stack. In order to keep the picture simple, the dispersion of the
refractive index as a function of incident wavelength is ignored using the
value at the design wavelength. Moreover the error in thickness (-0.5%),
as mentioned earlier for the subsequent layers, has also been ignored.
The number of pairs is kept constant at 10 and the angle of incidence
is assumed to be 0o. The refractive index of each subsequent layer of a
DBR stack is varied, in order to produce a contrast between the layers,
accompanied by a change in thickness as well corresponding to λo

4n . The
simulation precisely shows an increase in the overall reflectivity as well
as the width of the stopband, as the refractive index contrast increases.
The choice of dielectric materials for the DBR mirrors in this work is
thus very well justified as they have the highest refractive index contrast
compared to semiconductor based DBR mirrors, which is limited by the
requirement of lattice matched binaries or ternaries. However the refract-
ive index contrast even among dielectric materials is restrained by the
choice of materials available, that can be combined to form a DBR stack.
A fine tuning of the overall reflectivity response can be further achieved
by varying the number of DBR stacks as shown in Figure 3.4 (b), where
the refractive index contrast is kept constant at 0.48, very similar to the
actual top DBR mirror design. It is very clear from the figure that as
the number of pairs increases from 4 to 15, the stopband reflectivity in-
creases although the width reduces to a certain extent, or to say that the
response becomes more box-like with sharper cut-off’s. Moreover higher
stopband reflectivity also adds to the Q-factor of the cavity mode, when
incorporated in a microcavity system. Much care is not required in terms
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of stopband width, when selecting the number of pairs, as it is very large
compared to the Rabi splitting of GaN based systems, as visible in Fig-
ure 3.2 (b) and Figure 3.3 (b). The number of DBR stacks in the top
should be chosen in such a way that the overall reflectivity should be
less than 100%, considering the fact that light has to come out of the
microcavity system. This is justified by using 10 pairs in the top giving
an overall stopband reflectivity of 98.5%, as seen in Figure 3.4 (b) and
Figure 3.2 (b). The bottom dielectric DBR mirror can have a reflectivity
~ 100%, by using an infinitely large number of pairs, which will also en-
hance the Q-factor of the system, although the improvement in Q factor
is limited, more like getting saturated, after a certain number of pairs.
Moreover a multitude of pairs also reduces the overall cost efficiency. As
a trade off, 11 pairs is chosen for the bottom DBR mirror which gives an
overall stopband reflectivity of around 98%, as seen in Figure 3.3 (b).

3.2.2 The cavity layer using PEC lateral etching

Figure 3.5: (a) Schematic of Sample 6, where the cavity layer is separated from the template by an
In0.115Ga0.885N sacrificial layer, that ought to be etched using PEC lateral etching, forming 3λo

2n thick
GaN membranes. (b) 5x5 μm2 AFM image from a GaN membrane transferred to double sided tape
exhibiting very low roughness, on the bottom N-face GaN surface.
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The cavity layer is 3λo

2n thick, where λo is 360nm, consisting of 33 pairs
of 2.7nm thick GaN / Al0.05Ga0.95N QW’s, with 2.7nm thick barrier layers
and a 25nm spacer layer in the bottom, separated from the thick GaN
template by a 25nm thick InGaN sacrificial layer (Sample 6), that ought to
be etched using PEC lateral etching, forming 3λo

2n thick GaN membranes.
The structure of the sample is as shown in Figure 3.5 (a), with additional
details described under section 1.2. The optical properties of the sample
are very similar to its parent sample - sample 2, taking into account the
fact that the only difference in the structure being an additional InGaN
sacrificial layer, in sample 6. Moreover both samples use the same GaN
template series (see Table 1.1).

The sample requires initial processing as described in section 2.2, after
which can be subjected to PEC lateral etching. The PEC etching para-
meters are as follows: (1) constant dc bias of 4V (2) average laser power
of 4mW at 405nm (3.061eV) and (3) KOH concentration of 0.0004M. The
whole procedure takes place in an electrochemical cell, where the etching
is governed by a couple of chemical reactions, which are clearly outlined in
section 2.3. The etching takes around 30 minutes, very similar to Sample
5, producing extremely smooth membranes. See section 2.4 for more de-
tails. A few membranes are then transferred to double sided tape, to
facilitate AFM characterisation, returning an rms roughness of 0.65nm as
shown in Figure 3.5 (b), on bottom N-face GaN surface, very similar to
the other etched samples described under section 2.4.

3.2.3 The process flow for a full-microcavity structure

The basic processing steps leading to the formation of half and full mi-
crocavity structures are discussed here, with the help of an algorithm, as
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Figure 3.6: An algorithm summarising the various processing steps leading to the formation of a
full-microcavity structure.

shown in Figure 3.6. Firstly PEC lateral etching is performed on RIE pat-
terned sample 6, according to the conditions described under subsection
3.2.2, in an electrochemical cell, creating ultra-smooth GaN membranes
~ 3λo

2n thick. A couple of these membranes are transferred to the bot-
tom DBR mirror, consisting of 11 pairs of SiO2 / Ta2O5 layers, grown
by evaporation on sapphire, forming a half-microcavity structure. The
transferred membranes have an orientation such that the etched bottom
N-face GaN, lies on the bottom DBR mirror. This is followed by the de-
position of another 10 pairs of HfO2 / Al2O3 layers, using ALD technique,
forming the full-microcavity structure.
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3.2.4 Half microcavity

Figure 3.7: (a) Schematic of a half-microcavity structure formed by transfering the etched out GaN
membranes, to the bottom DBR mirror on sapphire. (b) Reflectivity response from the half-microcavity
structure, at 23K, where the angle of incidence is ~ 22o, clearly depicting the broad cavity mode and
various excitonic features. The inset shows the optical microscope image of a GaN membrane lying on
the bottom DBR mirror / sapphire - half-microcavity structure.

The structure of the half-microcavity is as shown in Figure 3.7 (a),
where the 3λo

2n thick GaN membrane lies on the bottom DBR mirror, com-
prising 11 pairs of SiO2/ Ta2O5 layers, on sapphire. An optical microscope
image of a membrane lying on the bottom DBR mirror is shown in the
inset of Figure 3.7 (b). All optical characterisation results are based on
reflectivity measurements made using the setup described in subsection
A.2.4. A Xenon lamp is used as the source of excitation and the spec-
trometer grating used is 600 grooves/mm, unless specified elsewhere. See
section A.1 for more details. The reflectivity response of the half mi-
crocavity structure is depicted in Figure 3.7 (b), at 23K, where the angle
of incidence is ~ 22o. Comparing with the reflectivity (see Figure 1.2 (b))
of sample 2 (parent sample of sample 6), the various peaks can be easily
identified, although the reflectivity peaks from the half microcavity seems
to be a bit blue-shifted. In line with the discussion in subsection 2.5.2,
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strain relaxation due to the removal of InGaN sacrificial layer, by PEC
lateral etching is firstly ruled out here. The A and B excitons of GaN
are visible around 3.487eV and 3.495eV respectively, named as AGaN and
BGaN , approximately 4meV and 6meV blue-shifted as compared to the
parent sample 2. The blue-shift of GaN excitons after etching, can be
attributed to compressive stress on the GaN layers [5], caused by the Al-
GaN layers which form 45% of the total membrane thickness. In keeping
with this explanation, a similar shift is not seen in the case of sample
4 after etching, as per the discussion under subsection 2.5.2, since the
AlGaN layers there, form only 14% of the total membrane thickness, as
opposed to the 45% in the case of sample 6. The C excitons of GaN
named as CGaN , as well as the A excitons of the QW - AQW are hardly
visible in Figure 3.7 (b), although B and C excitons from the QW, named
as BQW and CQW respectively, are observed around 3.515eV and 3.534eV.
BQW and CQW are blue-shifted as well, around 2meV and 12meV respect-
ively, as opposed to parent sample 2. The difference in blue shift between
BQW and CQW is quite large, around 10meV, which cannot be simply ex-
plained on the basis of strain [5] but involves a more complex scenario,
that can be attributed to piezoelectric strain [6]. At around 3.469 eV in
Figure 3.7 (b), the cavity mode denoted by ‘cavity’ is visible, having a
linewidth ~ 0.039eV.

To understand the behaviour of the cavity mode and the excitons with
temperature, a study is made from 23K up to 295K as shown in Figure 3.8.
The excitons follow a red shift with temperature in line with the usual
excitonic behaviour. On the other hand, the red shift of the cavity mode
is slower compared to excitons and the shift can be attributed to the
increasing effective refractive index of the cavity layer, with temperature.
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Figure 3.8: Behaviour of cavity mode and excitons with temperature, based on reflectivity response
from the half-microcavity structure.

Moreover, as the temperature increases, excitons start interacting with
LO phonons, resulting in broadening which weakens the excitonic peaks,
precisely depicted in Figure 3.8. The LO phonon interaction of BGaN is
greater than that of AGaN [7], which results in a more rapid weakening of
BGaN , visible already at 80K. Around 160K, AGaN and BGaN completely
merge with each other, and the new entity merges with the cavity mode, at
around 295K. The QW excitons on the other hand are relatively stronger
with temperature than the GaN excitons. At LT, BQW seems to have
a higher oscillator strength than CQW , although with temperature, BQW

broadens much faster than CQW , merging with CQW at around 240K.
At RT, two main peaks are observed, around 3.426eV and 3.482eV. The
former peak, in addition to the contributions, from the cavity mode, AGaN

and BGaN , might also be supplemented from CGaN (mentioned in brackets
in Figure 3.8), as per the discussion about sample 2 in subsection 1.3.1.3.
Similarly the latter peak might also have contributions from AQW , in
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addition to BQW and CQW .

3.2.4.1 Cavity mode inhomogeneities

Figure 3.9: The variation in cavity mode energy for: (a) different membranes, at 25K, where the
maximum shift observed is ~ 8meV, denoted by pink dashed lines, and (b) a single membrane, cor-
responding to different positions on it, at 300K, where the maximum shift observed is ~ 10meV. The
variation in cavity mode energy can be strongly correlated to the variation in thickness, on different
membranes for the former, and at different positions on a single membrane for the latter.

The fluctuations in the cavity mode energy along the sample surface,
can be directly correlated to thickness variations on the sample, which
in turn is attributed to the following factors: (1) the effect of in-plane
disorders (see subsection 1.3.1.2 for more details), (2) a gradient in the
MBE fluxes, leading to a thickness variation of ~ 1-2%, and (3) the effect
of PEC lateral etching. All measurements reported here are based on the
same setup described above, except for mapping of a single membrane,
where an additional magnifying lens is used in the collection path. The
spectrometer grating used is 150 grooves/mm and the angle of incidence
is kept constant for each set of measurements. Figure 3.9 (a) shows the
variations in the cavity mode position for different membranes, at 25K,
where the maximum shift observed is ~ 8meV, denoted by pink dashed
lines. The position of AGaN and BQW transitions is denoted by dashed
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lines to compare the GaN as well as QW excitonic positions in different
membranes, which are very identical clearly stating that the strain state,
after etching is quite similar in different membranes. 3.9b, shows the effect
of thickness variations on a single membrane, on the cavity mode, at 300K.
The different regions on the membrane are numbered from 1 to 5, showing
a shift in the cavity mode position, where the maximum shift observed is
~ 10meV, denoted by pink dashed lines again. In other words, a shift of
10meV in a single membrane points out to the fact that the cavity mode
of each membrane in Figure 3.9 (a), is a convolution of different cavity
modes corresponding to different regions of that membrane, resulting in
an averaged cavity mode position as well as an increase in linewidth. In
a half-microcavity structure, this may not effect the Q-factor to a large
extent although might be critical in full microcavity structures, where
the homogeneous linewidth of a cavity mode is of the order of a few
meV. Taking into account the necessity of having high-Q microcavities
for polaritonic studies, one of the ways to achieve very high Q-factor’s,
for a cavity layer involving GaN, would be by the use of extremely small
spot sizes. In line with this discussion, Christmann et al. [8] have shown a
considerable increase in Q-factor, with a reduction in spot size, reporting
a Q-factor as high as 2800 for a spot size having a diameter as small as
8μm, in GaN based microcavity systems.

It could be surprising to the reader that in-plane disorders (see sub-
section 1.3.1.2 for more information), which is cited as one of the reasons
leading to a thickness gradient on the membrane surface, thereby shifting
the cavity mode from one region of the membrane to another, does not
seem to have any effect on the excitons. The extend of the effect of in-
plane disorders on excitons is usually in the range of ~ 100nm [9], whereas
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the subsequent cavity mode inhomogeneities scales a few microns. Con-
sidering the area probed here, to collect the reflectivity response, which
is a few tens of microns, it is obvious that the effect on excitons could
be averaged out, returning a single excitonic position as opposed to the
cavity mode, which shows fluctuations along the membrane surface. This
explanation holds in the case of different membranes as well.

3.2.4.2 Q-factor

Figure 3.10: Reflectivity response from the half-microcavity structure at 295K, where the angle of
incidence is ~ 22o and the Q-factor is depicted to be ~ 85.

The Q-factor (Q) of a system is simply defined as the ratio of resonant
cavity energy (Eo) to the linewidth (ΔEo) of the cavity mode, given by
the relation:

Q =
Eo

∆Eo
(3.5)

The Q-factor of the half microcavity system at 295K is estimated to be
~ 85, as shown in Figure 3.10, in comparison to a 95, observed at LT in

74



CHAPTER 3. POLARITONIC STUDIES ON GAN MEMBRANES

Figure 3.7 (b). Usually a variation in Q-factor is not expected from LT
to RT, although the slight variation over here can be attributed to the
effect of GaN excitons that have merged with the cavity mode, adding to
the linewidth, as depicted in Figure 3.8.

3.2.4.3 Modelling the reflectivity response

Figure 3.11: Experimental reflectivity response (black line) from the half-microcavity structure at
300K, where the angle of incidence is ~ 22o. The other lines correspond to simulated data, without
including excitons, although a residual absorption is defined around the cavity region, varying from
0cm−1 to 6600cm−1.

In order to model the half-microcavity response, transfer matrix model,
as described in detail in Appendix B is used. The excitons are included
in the model by defining the imaginary part of the refractive index of the
active layer, which is done by estimating the relative dielectric constant
of the medium as a function of incident energy (εEexc,o

r (E)), which in turn
is proportional to the oscillator strength and takes a Lorentzian shape,
given by:
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εEexc,o
r (E) = ε(E) +

f
QW
osc

S e2ℏ2

LQWεoM

(
1

Eexc,o
2 − E2 + iγE

)
(3.6)

εEexc,o
r (E) = ε(E) +

f bulk
osc

V e2ℏ2

εoM

(
1

Eexc,o
2 − E2 + iγE

)
(3.7)

for QW and the bulk case respectively, where ε is the background dielectric
constant, related to the real part of the refractive index, as a function of
incident energy, given by ε(E) = n(E)2, fQW

osc

S is the QW oscillator strength
per unit area, f bulk

osc

V is the bulk oscillator strength per unit volume, e is
the charge of an electron, ℏ is the reduced Planck’s constant, εo is the
vacuum dielectric constant, M is the total effective mass of the exciton
(M = m∗

e + m∗
h,where m∗

e = 0.2mo and m∗
h = mo are the electron and

hole effective mass), Eexc,o is the exciton resonance energy and finally
γ is the linewidth (FWHM) of the exciton. The in-plane disorders in
GaN/AlGaN QW’s of a microcavity system affects mainly the excitons,
causing localisation and thereby resulting in inhomogeneous broadening
of the excitons. In simple words, it can be picturised as a distribution of
exciton energies around a central value. Using a normal distribution, the
relative dielectric constant of the inhomogeneous medium as a function
of incident energy (εinhomr (E)) can be estimated as follows:

εinhomr (E) =
1

σ
√
2π

+∞∫
−∞

e
(E

′
exc,o−Eexc,o)

2

2σ2 ε
E

′
exc,o

r (E)dE
′ (3.8)

where σ is the standard deviation linked to the inhomogeneous linewidth
through γinhom = 2

√
2ln2.σ, E ′is the excitonic resonance energy around

the central value Eexc,o and ε
E

′
exc,o

r is the homogeneous relative dielectric
constant, as a function of incident energy, given by equation 3.4, estimated
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for the excitonic resonance energy E
′. The response takes the shape of

a Voigt line. The relative dielectric constant of the medium is related to
the complex refractive index, through the relation ñ(E) =

√
εr(E).

According to the discussion under subsection 1.3.1.2, localised excitonic
peaks are visible at LT, for sample 2 (parent sample of sample 6), confirm-
ing the presence of in-plane disorders at LT. With an increase in temper-
ature a quick delocalisation of these excitons takes place. At RT however
the dominating QW emission peak has a linewidth around 28meV, quite
similar to GaN linewidth, and much larger than its corresponding LT
linewidth of ~ 6.5meV (See Figure 1.4 (b)). In other words, the inhomo-
geneous broadening or the effect of in-plane disorders on excitons, at RT,
can be ruled out in this work. In GaN / AlGaN QW’s with higher alu-
minium concentration or in GaN / InGaN based QW systems, the effect
of in-plane disorders seem to persist even at RT, reflected by the very
high linewidth of the QW excitons.

The various parameters for the bottom DBR mirror and the sapphire
substrate, used in the model, are similar to what is described under sub-
section 3.2.1. The Sellmeier coefficients for GaN as well as AlGaN as a
function of incident wavelength, at RT, are taken from [10, 11] respect-
ively. The angle of incidence is set to ~ 22o, similar to experimental re-
flectivity data at RT, as visible in Figure 3.11. In order to define excitons
into the transfer matrix model, a knowledge of the excitonic emission
peaks, from the membranes, at RT is required. The room temperature
PL emission from sample 2 (parent sample of sample 6), as visible in Fig-
ure 1.4 (b) is dominated mainly by two peaks, corresponding to 3.422eV
and 3.453eV respectively. The former is attributed to AGaN + BGaN , with
some contributions from CGaN , whereas the latter corresponds to AQW +
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BQW . This scenario also applies to membranes etched out from sample
6, although as visible from Figure 3.8, the GaN excitons merge with the
cavity whereas AQW and BQW merges with CQW , making it impossible to
exactly estimate its excitonic position at RT. However at LT, the excitonic
positions of AGaN as well as BQW , as visible from Figure 3.7 (b), are not
very different from their corresponding excitonic positions, in the case of
sample 2 (see Figure 1.2 (b)). Taking this into account, the excitonic
positions of AGaN + BGaN as well as AQW + BQW , for the membranes,
are derived from their corresponding PL positions in the case of sample 2,
which are ~ 3.422eV and ~3.453eV respectively, at RT (see Figure 1.4 (b)).
Thus two excitonic peaks are initially described in the model, where the
oscillator strengths are kept varying. The linewidth of both excitonic
peaks are considered to be homogeneous and is fixed at 28meV, which in
turn is derived from the PL linewidth at RT, corresponding to the two
excitonic peaks, from sample 2 (parent sample of sample 6), as depicted in
Figure 1.4 (b). It should be noted that in the case of QW excitonic peak,
the RT linewidth which is ~ 28meV is considered to be homogeneous,
since it is much larger than the LT linewidth of ~ 6.5meV (see subsection
1.3.1.3 for more details). The cavity layer thickness is kept varying as
well in order to account for the thickness variations arising from in-plane
disorders, a gradient in the MBE fluxes and finally PEC lateral etching
(see subsection 3.2.4.1 for more discussion).

The initial simulation trial of the reflectivity response returned a spec-
trum highly dominated by the excitons, having a convolution with the
weak and broad cavity mode, although the cavity mode position precisely
matched the experimental data for a cavity layer thickness of ~ 208.5nm,
very close to the optimal 3λo

2n thickness. The results are reasonable con-
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sidering the fact that the cavity mode is just ~ 4meV away from the GaN
excitonic (linewidth of 28meV) peak position, on the lower energy side,
and moreover the oscillator strength of the excitonic peaks are not well
known. In order to have a better understanding about the cavity mode,
the reflectivity response is simulated again after the removal of excitonic
peaks completely, which is indicated by red line in Figure 3.11, where
the cavity mode is broad and very weak as compared to the experimental
data, and has a Q-factor of ~ 35. However the Bragg modes, denoted
by dashed violet lines, on the lower energy side match very well with the
experimental data, although the ones on the higher energy side are a bit
off, owing to the lack of accurate refractive index data for Ta2O5, which
is one of the layers of the bottom DBR stack, above 3.542eV. A tiny dis-
continuity in the simulated response can also be seen around 3.519eV,
corresponding to an undesirable halt in the estimated AlGaN refractive
index. The very weak and broad cavity mode can be completely correl-
ated to the absence of a highly reflective top mirror, which in turn reduces
the number of cycles that the incident light makes around the cavity, or
to say that the air / cavity layer interface determines the top reflectivity.
In such a scenario, a further modulation of the cavity mode can only be
achieved by including losses in the cavity layer. This is done by adding
some residual absorption, typically a flat response as a function of energy,
which is varied from 1000cm−1 to 6600cm−1, as depicted in Figure 3.11,
which is well justified considering that the cavity mode is just ~ 4meV
away from the GaN excitonic peak having a linewidth of ~ 28meV, on the
lower energy side. It is clear from the figure that as residual absorption
increases, an increase in the cavity mode depth is observed accompanied
by a decrease in Q-factor. For a residual absorption of ~ 6600cm−1, the
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depth of the cavity mode becomes very similar to the experimental data
although the Q-factor falls further to ~ 26, very different from the ex-
perimental data. The reason for this is not very well understood at the
moment, but is likely to be related to the fact that the model applied
here is rather simple, neglecting possible coupling effects with the exciton
lines. However in a full microcavity structure, the presence of a highly
reflective top DBR mirror, makes the cavity mode more pronounced with
higher Q-factor’s, and less dependent on the losses in the cavity layer,
making the modelling procedure simpler, allowing for precise polaritonic
simulations.

3.2.4.4 Angular dispersion

Figure 3.12: A simulation showing the angular dispersion of the reflectivity response, of a half-
microcavity structure, at 300K, from -39o to +39o, clearly depicting the cavity and the Bragg modes.
At around 28o, a splitting of the Bragg modes are visible, corresponding to their respective TE / TM
modes.

Figure 3.12 shows the angular dispersion of the reflectivity response
(simulation), of a half-microcavity structure, from -39o to +39o. The
excitonic peaks are excluded in the model although a residual absorption
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of ~ 6600cm−1, which mimics the depth of the experimental cavity mode,
as visible in Figure 3.11, is included despite the Q-factor being off. The
cavity mode angular dispersion which is more dependent on the GaN
based cavity layer thickness and refractive index, is seen to have a slower
dependence with angle as compared to the Bragg modes, whose dispersion
is more dependent on the bottom DBR mirror specifications. According
to transfer matrix model, as described in detail in appendix B, the angular
phase thickness inside the jth layer of a microcavity structure is given by:

βj =
2�
λ
ñjdjcosθj (3.9)

where ñj is the complex refractive index of the jth layer, dj is the thickness
of the jth layer, and θj is the angle of incidence to the jth layer, which can
be estimated from Snell’s law as follows:

ñjsinθj = nasinθa (3.10)

where na is the refractive index of air and θa is the external angle of incid-
ence from air. In accordance with equation 3.10, the angle of incidence to
the jth layer (θj) remains relatively smaller for a higher refractive index
(nj) material rather than a lower refractive index material, especially at
larger external angles of incidence (θa). The change in phase difference
as a function of angle thus remains lower for the higher refractive index
material (GaN cavity layers), according to equation 3.9, which in turn
produces a slower dispersion rate with angle, for the cavity mode as op-
posed to the Bragg modes. Even in the presence of excitons, a similar
behaviour should not be confused for strong coupling.

Moreover at around 28o, a splitting of the Bragg modes is observed,
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as visible in Figure 3.12, corresponding to TE and TM modes respect-
ively, although this splitting is not observed for the cavity mode. The
only difference between TE and TM modes, in line with the discussion in
appendix B, is that q = ñj.cosθj for TM mode and q = ñj

cosθj
for TE mode.

Since cosθj is not very different from 1
cosθj

for small angles, q starts to get
affected at relatively large angles of incidence (θj) to the jth layer, which
is true for the Bragg modes, for an external angle of incidence (θa) ~ 28o,
as per the discussion above, based on equation 3.10. At the same time,
for the GaN cavity layer, this splitting occurs at a much larger external
angle of incidence (θa), which is beyond the scale of this graph.

3.2.5 Full microcavity

Figure 3.13: (a) Schematic and (b) cross-sectional SEM image, of a full-microcavity structure, where
the 3λo

2n thick GaN membrane (‘m’) is embedded between top and bottom DBR mirrors, on sapphire
substrate. (c) Simulation showing the reflectivity response from a full-microcavity structure, without
considering excitons, at RT, where the angle of incidence is ~ 0o and the cavity layer thickness is ~
206.35nm.

The structure of the full microcavity is as shown in Figure 3.13 (a),
where the 3λo

2n thick GaN membrane etched out of sample 6, is embedded
between the top and bottom DBR mirrors, on sapphire substrate. A cross-
sectional SEM image of the corresponding structure is visible in Figure
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3.13 (b), where the GaN membrane is denoted by ‘m’. This subsection
mainly discusses the important properties of a full microcavity structure
based on simulation, using transfer matrix model, as described in detail
in appendix B. The various parameters for the top and bottom DBR
mirrors, and sapphire substrate, used in the model, are similar to what
is described under subsection 3.2.1. The Sellmeier coefficients for GaN as
well as AlGaN as a function of incident wavelength, at RT, are taken from
[10, 11] respectively. The excitonic peaks are not included in the model as
the strong coupling regime would be studied in detail in the next section,
including its experimental verification. All simulations in this subsection
are performed at RT, for a cavity layer thickness ~ 206.35nm, which in
turn positions the cavity mode at ~ 3.4154eV (363.02nm). Figure 3.13 (c)
shows reflectivity response from a full microcavity structure, at an angle
of incidence ~ 0o, where the actual stopband width is ~ 0.828eV, which
can be considered as a convolution of the top and bottom DBR response,
discussed independently under subsection 3.2.1. Since the stopband from
the individual DBR mirrors are centred differently, the convolution results
in two additional weak modes within the stopband, on either side of the
cavity mode. These modes along with the other modes formed as a result
of interference can be referred to as Bragg modes, marked by violet dashed
lines.

3.2.5.1 Electric field distribution within the structure

The round trip of the incident light around the cavity layer, results
in the formation of a standing electric field (black line), at the reson-
ant cavity energy (~ 3.4154eV), for an angle of incidence ~ 0o, within the
structure as shown in Figure 3.14 (a), along with the refractive index vari-
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Figure 3.14: Standing wave electric field (black line), at resonant cavity energy (~ 3.4154eV), for an
angle of incidence ~ 0o, along with refractive index variations (red line) are plotted for: (a) the entire
structure, and (b) the region around the cavity layer.

ations, denoted by the red line. The violet dashed lines on the right side
denote the top interface - air/top DBR mirror, whereas the one on the
left side denotes the bottom interface - bottom DBR mirror/substrate.
Figure 3.14 (b) is just a magnification of the region around the cavity
layer, from Figure 3.14 (a), where the electric field is adjusted in a way
that it overlaps with the refractive index variations. The procedure for
determining the electric field is discussed in detail in Appendix B. It is
very evident from the figure that interference peaks called antinodes are
formed inside the cavity layer, at specific positions, where the enhance-
ment is maximised. For a high refractive index cavity layer, as opposed
to the DBR mirror constituents, the number of antinodes in a qλo

2n thick
cavity layer is q − 1, along with one each at the interface, thus making
the number q + 1, where the interface is considered as the origin. The
spacing between the respective antinodes is λo

2n . Similarly in a lower re-
fractive index cavity layer, as opposed to the DBR mirror constituents,
the number of antinodes in a qλo

2n thick cavity layer is q, where the first
antinode is at a distance of λo

4n from the interface, which is considered as
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the origin, with the spacing between the antinodes being λo

2n again. In
the microcavity structure discussed here, the 3λo

2n thick GaN cavity layer
being the higher refractive index material, has thus 4 antinodes as shown
in Figure 3.14 (b), which are positioned in line with the discussion above.
In a well designed structure, the QW’s are placed only at the antinodes,
where maximum coupling between the excitons and the cavity mode takes
place, maximising the efficiency of the system. However in this work the
QW’s are distributed along the length of the cavity except for the bottom
GaN spacer layer, which facilitates things considering the fact that the
overall thickness of the membranes, as per the discussion under subsec-
tion 3.2.4.1, can possibly be affected by PEC lateral etching and in-plane
disorders, in addition to a gradient in the MBE fluxes, which in turn is
not suitable for QW’s specifically positioned at antinodes. In monolithic
GaAs QW based systems, where the thickness of individual layers are only
affected by a gradient in the MBE fluxes, realisation of such well designed
cavity layers are comparatively easier. It should be noted that an anti-
node is exactly positioned around the GaN spacer layer region, confirming
strong interaction of the GaN excitons with the photonic mode. This jus-
tifies the necessity of considering the contribution of GaN excitons, under
strong coupling regime, which will be discussed in the next section.

The negligible absorption in the dielectric DBR mirrors, results in more
penetration of light into them, depicted from the distribution of field into
the DBR mirrors, as shown in Figure 3.14 (a). The penetration length
into a DBR mirror (LDBR), having an infinite number of pairs is given by
[1]:

LDBR =
λo
2

nlow
(nhigh + nlow).(nhigh − nlow)

(3.11)
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where λo is the resonant cavity wavelength at a certain angle, nhigh and
nlow are the higher and lower refractive index of the respective materials,
of the DBR mirror, at λo for a certain angle. The penetration into the
mirrors further adds to the effective cavity length as well as the volume
of the cavity. The effective cavity length (d∗cav) is thus given by:

d∗cav = LtopDBR + LbotDBR + dcav (3.12)

where LtopDBR and LbotDBR are estimated from equation 3.11, and dcav is
determined from equation 3.1. For a resonant cavity energy of ~ 3.4154eV
(λo ~ 363.02nm), at 0o, as shown in Figure 3.13 (c), LtopDBR ~ 166.99nm,
LbotDBR ~ 145.03nm and finally the effective cavity length d∗cav ~ 518.37nm,
which is a reasonable value compared to the field distribution within the
structure, as visible in Figure 3.14 (a). The variation in the cavity length
from qλo

2n results in a deviation of the cavity order (q) as well, which gives
rise to an effective cavity order (q∗), given by the relation:

q∗ = q+

(
nlownhigh

(nhigh + nlow) (nhigh − nlow)

)
topDBR

+

(
nlownhigh

(nhigh + nlow) (nhigh − nlow)

)
botDBR

(3.13)
where nlow and nhigh are the lower and higher refractive index of the
subsequent materials, of the respective top or bottom DBR mirror. The
effective cavity order q∗, for a resonant cavity energy ~ 3.4154eV (λo ~
363.02nm) at 0o, is ~ 6.59.

3.2.5.2 Q-factor, lifetime and Finesse

The reflectivity/absorption response around the cavity mode region,
at an angle of incidence ~ 0o, is depicted in Figure 3.15. The absorption
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visible here just relies on some residual absorption within the structure,
which is as low as 50cm−1 in the mirrors and 100cm−1 in the cavity layer.
It has been included in the model to account for the unavoidable interface
losses. The Q-factor is determined using equation 3.5, which is around ~
1770. The lifetime of the incident light (τcav), before it decays away from
within the cavity, is related to the Q-factor (Q) as follows:

τcav =
Qλo
2πc

(3.14)

where λo is the cavity resonance wavelength and c is the velocity of light
in air. Considering λo ~ 363.02nm (3.4154eV), corresponding to a cavity
layer thickness of ~ 206.35nm, the estimated lifetime τcav is ~ 0.34ps. The
finesse (F ) of a microcavity is defined as the ratio of the difference in en-
ergy (δEo) between successive longitudinal cavity modes to the linewidth
(ΔE0) of a cavity mode, given by the relation [1]:

Figure 3.15: Simulated reflectivity / absorption response around the cavity mode region, at 295K, for
an angle of incidence ~ 0o. The Q-factor is estimated to be ~ 1770.
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F =
δEo

ΔE0
=

π 4
√
RtopRbot

1−
√
RtopRbot

(3.15)

where Rtop and Rbot are the reflectivity from the top and bottom inter-
faces of the cavity layer, calculated in such a way that the cavity layer
is considered to be the incident medium. In the case of the microcav-
ity structure discussed here, the finesse is estimated to be ~ 249. The
Q-factor and finesse of a microcavity system are related by the following
equation:

Q = q∗F (3.16)

Using the finesse value (~ 249) and the effective cavity order (~6.59) in
this equation, gives a Q-factor ~ 1640, very close to the value estimated
from the linewidth of the cavity mode.

3.2.5.3 Altering the cavity mode properties

Figure 3.16: The effect on cavity mode properties based on simulated reflectivity response, at 295K,
for an angle of incidence ~ 0o, by varying the number of DBR stacks corresponding to: (a) bottom DBR
mirror, where the number of top DBR stacks are kept constant at 10, and (b) top DBR mirror, where
the number of bottom DBR stacks are kept constant at 11.
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The properties of the cavity mode are determined mainly by the depth
of the mode as well as the linewidth, which in turn is inversely propor-
tional to the Q-factor. In order to have a further understanding, a study
is made on how the cavity mode properties are affected by the number of
DBR stacks, of the respective bottom (Figure 3.16 (a)) and top DBR mir-
rors, at an angle of incidence ~ 0o. When the number of the bottom/top
DBR stacks are varied, the respective number of top/bottom DBR stacks
are kept constant, with the number of stacks being according to prin-
cipal design, 10 and 11 respectively. It can be precisely depicted from
Figure 3.16 (a), that there is an improvement in Q-factor, along with an
increase in the depth of the cavity mode, as the number of DBR stacks
increases, which can be attributed to an increase in the overall reflectivity
of the bottom DBR mirror. However when the number of stacks are very
high, like 13, 15 or 20, as shown in Figure 3.16 (a), the improvement in
Q-factor becomes minimal, with the depth of the cavity mode becoming
more or less constant. In other words, by using an infinitely large number
of bottom DBR stacks, the Q-factor can be improved further, although
this reduces the overall cost efficiency. Thus as a trade-off, 11 pairs are
used for the bottom DBR mirror, incorporated in the microcavity struc-
ture, discussed here. A similar behaviour of the Q-factor is also seen in
the case of top DBR mirror, as the number of stacks are increased, visible
in Figure 3.16 (b), again attributed to an increase in the overall reflectiv-
ity of the top DBR mirror. However the depth of the cavity mode has
a different behaviour, which tends to increase first and then decreases,
with an increase in the number of top DBR stacks. The top DBR mirror,
unlike the bottom DBR mirror, serves an additional function of allowing
the light to come out of the system, at each round trip. So initially as
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the number of stacks are increased, the increase in the overall reflectivity
improves the depth of the cavity mode, but as the reflectivity is increased
beyond a certain limit, by using a larger number of stacks, like greater
than 8, as shown in Figure 3.16 (b), the overall reflectivity tends to de-
crease the amount of light that decays away from the cavity, at each round
trip, causing a reduction in the depth of the cavity mode, although the
Q-factor tends to improve. Therefore the number of stacks that can be
used for the top DBR mirror, incorporated in the microcavity structure
discussed here, is limited, and as a trade-off is chosen to be 10. Refer
to the discussion of Figure 3.4, for a better picture. An interesting fact
however that can be deduced from both graphs is a red shift of the cavity
mode in Figure 3.16(a) and a blue shift in Figure 3.16 (b). This is an
effect of the stopband centre of either DBR mirrors on the cavity mode.
When the number of bottom DBR stacks are minimum, lets say 4 as in
Figure 3.16 (a), the cavity mode position is ~ 3.42eV, whereas the centre of
the bottom DBR mirror stopband is ~ 3.267eV (see Figure 3.3 (b)). Thus
as the number of bottom DBR stacks is increased, the cavity mode tends
to red shift to lower energies, towards 3.267eV, although since the cavity
mode position is influenced by other factors like the stopband centre of
the top DBR mirror and the cavity layer thickness, the red shift is very
small and moreover gets saturated, when the number of stacks are in-
creased beyond 10. Similarly in Figure 3.16 (b), when the number of top
DBR stacks are minimum, lets say 4 again, the cavity mode position is ~
3.414eV, which tends to blue shift to higher energies, towards 3.4695eV,
which is the stopband centre of the top DBR mirror (see Figure 3.2 (b)).
But again the shift is minimal and tends to saturate as the number of
stacks are increased beyond 10. However, while designing microcavities,
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this influence of the DBR mirrors on the cavity mode position, which is
limited to a few meV’s can be neglected, in comparison to the thickness of
the cavity layer that is directly proportional to the cavity mode position.

3.2.5.4 Angular dispersion and effective mass of the cavity photon

Figure 3.17: A simulation showing the angular dispersion of the reflectivity response, of a full-
microcavity structure, at 300K, from -34o to +34o, clearly depicting the cavity and the Bragg modes.
At around 20o, a splitting of the Bragg modes are visible, corresponding to their respective TE / TM
modes.

Figure 3.17 shows the angular dispersion of the reflectivity response,
from -34o to +34o. The high Q-factor cavity mode has a reduced disper-
sion rate with angle, as compared to the Bragg modes, in line with the
discussion about Figure 3.12. The TE / TM mode splitting of the Bragg
modes can be clearly depicted as well, at ~ 20o, as compared to ~ 28o, in
the case of half-microcavity structure, visible in Figure 3.12. This can be
attributed to the high Q-factor of the full microcavity structure, which
not only explains the low linewidth of the cavity mode but also the Bragg
modes, making it easier to observe the TE / TM mode splitting, at much
lower angles. However, in the case of cavity mode, even at large angles,
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no TE / TM mode splitting is observed, very similar to the behaviour of
the half microcavity structure.

The cavity mode angular dispersion (Eo

(
k‖
)
), without considering the

dispersion of refractive index with wavelength, can be given by a relatively
simple relation as follows [12]:

Eo

(
k‖
)
=

ℏc
ncav

qπ

dcav

√
1 +

(
dcavk‖

qπ

)2

(3.17)

where ncav is the effective refractive index of the cavity layer, at resonant
cavity energy Eo (0), dcav is the length (thickness) of the cavity layer, q is
the cavity order and finally k‖ is the in-plane wavevector given by:

k‖ =
2π

λo
ncavsinθa (3.18)

where λo is the resonant cavity wavelength at 0o. Based on the approxim-
ation k‖ << qπ

ncavdcav
, equation 3.17 can be further reduced to the following

form:

Eo

(
k‖
)
=

qπℏc
ncavdcav

(
1 +

1

2

(
dcavk‖

qπ

)2
)

= Eo (0) +
ℏ2k‖

2

2m∗
cav

(3.19)

Eo (0) =
qπℏc
ncavdcav

(3.20)

m∗
cav =

qπℏncav
cdcav

(3.21)

where m∗
cav is the effective mass of the cavity photon. According to

the microcavity structure discussed here, the resonant cavity energy is
~ 3.4154eV, at 0o, based on which ncav is estimated to be ~ 2.659. Us-
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ing these values in equation 3.21, the effective mass of the cavity photon
(m∗

cav) is determined to be ~ 4.69 x 10−5mo.

3.3 Demonstration of strong coupling

A system in strong coupling is usually characterised by a pronounced
interaction between the corresponding excitons and the cavity mode, res-
ulting in an anti-crossing of their respective dispersions, leading to the
formation of new polariton branches, with dispersion relations possessed
neither by photons nor excitons alone. The newly formed quasi-particles
can be referred to as cavity polaritons. In the strong coupling regime, if
the number of excitonic peaks of the system is given by n, then the result-
ing number of polariton states are given by n + 1, where the lower most
and upper most polariton states are referred to as lower polariton branch
(LPB) and upper polariton branch (UPB) respectively. The energy split-
ting between LPB and UPB at the anti-crossing point, is referred to as
Rabi splitting of the system. It should be noted that the LPB (UPB)
exhibits a dispersion, which is more photon-like (exciton-like) at small
wavevectors and exciton-like (photon-like) at large wavevectors [13, 14].

This section mainly deals with the experimental verification of the
strong coupling regime, in the full microcavity structure, supported by
simulations performed using the transfer matrix model (appendix B) as
well as the linear Hamiltonian model (appendix C). The previous sec-
tions in this chapter describe the various steps involved in the realisation
of high-Q microcavities, the feasibility of which is confirmed by the ex-
tremely high quality, of the DBR mirrors and the ultra smooth GaN
membranes. However the large linewidths of the QW excitons as com-
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pared to the cavity mode, might reduce the likeliness of strong coupling or
induce erroneous identification of strong coupling. Thus before entering
into the further details, a brief study is made, going through the effects
of broadening, that has to be considered in the strong coupling regime.

3.3.1 Feasibility of strong coupling

Figure 3.18: The essential prerequisites for an exciton in terms of linewidth (γ) and coupling constant
(g), and for the cavity mode in terms of linewidth (γcav), in order for the system to be in the weak,
intermediate or strong coupling regime.

As per the discussion in appendix C, one of the requirements for the
system to be in strong coupling regime is that 4g2 > Δγ2, where g is the
coupling constant and Δγ = γ−γcav, γ being the homogeneous linewidth
of the exciton and γcav is the homogeneous linewidth of the cavity mode.
But the limitation of this condition is that, it does not state the maximum
allowable linewidth for either the cavity mode or the excitons, so that the
splitting between the lower polariton and upper polariton states is visible.
However Savona et al. [15], have obtained a new expression for absorption
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band splitting, based on coupled damped oscillator model, given by:

Ωabs
V RS = 2

√
g2 − 1

2
(γ2 + γ2cav) (3.22)

According to this equation when 2g2 <
(
γ2 + γ2cav

)
, the absorption band

splitting vanishes, although it satisfies the condition 4g2 > Δγ2, which
is then referred to as the intermediate coupling regime, as visible in Fig-
ure 3.18. The region within the blue line corresponds to strong coupling
regime whereas the region bound by the red lines correspond to weak
coupling regime. The expressions for the respective coupling regimes are
mentioned in Figure 3.18. Moreover, it can be clearly depicted from the
figure that the maximum allowable homogeneous linewidth, of the ex-
citon or the cavity mode, should be less than g

√
2, in the strong coupling

regime.
In reatively low-Q microcavities Savona et al. [15] and Houdre et al.

[16] have shown that there is a difference in the splitting, between reflectiv-
ity, transmission, absorption and PL or even an absence of the absorption
band splitting, when the homogeneous cavity mode linewidth and homo-
geneous exciton mode linewidth becomes comparable to the Rabi splitting
of the system. It is very possible in such cases to have a wrong interpret-
ation about the strong coupling regime. Nevertheless they showed that
for a similar coupling constant, in high-Q microcavities where the cavity
mode homogeneous linewidth is far less than the homogeneous exciton
linewidth and the Rabi splitting, the splitting in absorption and reflectiv-
ity, are more or less similar. Thus the former scenario can be completely
ignored, considering that the full microcavity structure discussed here
possess very high Q-factor. Another important parameter related to GaN
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based systems, that has to be considered in the strong coupling regime
is the inhomogeneous broadening of excitons. When the inhomogeneous
linewidth is much smaller than the Rabi splitting, it does not influence
the polariton linewidth [17], but instead the width is just governed by the
homogeneous linewidths of the exciton and the cavity mode. However
when this inhomogeneous linewidth of the exciton becomes comparable
to the Rabi splitting, it adds to the polariton linewidth, which then has to
be carefully considered under the strong coupling regime. In the case of
the microcavity structure studied here, as per the discussion under sub-
section 3.2.4.3, the RT linewidth of the dominant QW excitonic peak is
~ 28meV, which is much larger than its corresponding LT linewidth of ~
6.5meV, hence being considered as homogeneous ruling out the effects of
inhomogeneous broadening to the polariton linewidths.

Having looked into the different broadening scenarios, in the absence
of inhomogeneous broadening, the validity of the microcavity system dis-
cussed here can be checked for the strong coupling regime, based on equa-
tion C.18, described in detail in appendix C. The homogeneous linewidth
of the QW excitonic peak is assumed to be ~ 28meV at RT, and that
of the cavity photon to be ~ 1.93meV at RT, based on the simulation
results under subsection 3.2.5.2, which should not be very different from
the actual value, considering the high quality of the DBR mirrors and the
membranes . The vacuum Rabi splitting is considered to be ~ 50meV,
which is usually the expected value from strongly coupled GaN microcav-
ities [18, 19]. Substituting these values into equation C.18, gives an es-
timate for the coupling constant, which is ~ 28.18meV. This number also
satisfies the relation 2g2 >

(
γ2 + γ2cav

)
, which is the essential condition

for perceiving an absorption band splitting, clearly putting the system
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into the strong coupling regime. However such easy estimations are valid
only for a system that is governed by a single excitonic behaviour or
multiple excitons represented by a single lorentzian peak. When there
are more than one such peaks, corresponding to different excitons, the
scenario becomes more complex, which then requires accurate simula-
tions using Linear Hamiltonian model (see appendix C). This applies to
the microcavity structure discussed here as well, where the two excitonic
peaks corresponding to AQW + BQW , and AGaN + BGaN play their role
at RT, as per the discussion under subsection 3.2.4.3. Nevertheless, since
the major part of the membrane is composed of QW’s, it can be safely
assumed that the role of GaN excitons would be minimal as opposed to
QW excitons, thereby confirming the system to be in the strong coup-
ling regime, based on the above discussion regarding the derived coupling
constant, corresponding to the QW excitonic peak.

3.3.2 Membranes studied and experimental conditions

The full microcavity sample consists of several membranes, etched out
from Sample 6 (see section 1.2), using PEC lateral etching, of varying
dimensions, embedded between the two DBR mirrors. The length and
breadth of the individual membranes are determined by their respective
RIE pattern (see section 2.2), whereas the variation in thickness is attrib-
uted to in-plane disorders, a gradient in the MBE fluxes and PEC lateral
etching (see subsection 3.2.4.1 for more discussion). All the results in this
section are based on three specific membranes, which are tabulated as
follows:

Throughout the text, depending on the usage, ‘membrane 1’, ‘mem-
brane 2’ and ‘membrane 3’ may also refer to the full microcavity structure
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Table 3.1: A table summarising the different membranes studied, which are embedded between DBR
mirrors, forming a full microcavity structure.

based on these three membranes.
All PL measurements are performed using the setup described under

subsection A.2.6. A continuous wave He-Cd laser, at 325nm (see subsec-
tion A.1.1), is used as a source for all PL measurements including k-space
imaging. The excitation power densities are kept low, in order to avoid
the non-linear behaviour of excitons. The whole setup including the as-
pherical lens is aligned for the main emission wavelength, around 360nm,
as a result of which, the 325nm laser is focused down to a diameter of
only ~ 9μm. The spectrometer grating used is 600 grooves/mm (see sub-
section A.1.4). Availing the two operational possibilities provided by the
spectrometer, the setup can be operated in two modes: 1) spectroscopy
mode, where signal from only a few angles are probed and averaged, giv-
ing a single spectrum 2) imaging mode, where the entire k-space as a
function of angle, limited by the numerical aperture (NA) of the system,
is recorded in a single shot, giving an image.
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3.3.3 Models used

Two models are mainly used for simulating all the experimental data
at RT: transfer matrix model and linear Hamiltonian model, as described
in detail in appendix B and C respectively. The transfer matrix model
is more accurate as it takes into account the entire structure, in order to
estimate the reflectivity, transmission or absorption response. Moreover
in addition to the homogeneous broadening of excitons, also facilitates
the inclusion of inhomogeneous broadening. The only drawback of the
model being the computational time. It should be noted that the PL
based, experimental polariton dispersion curves at RT, are simulated us-
ing absorption response, estimated from the model, assuming direct pro-
portionality between absorption and spontaneous emission. The linear
Hamiltonian model on the other hand is much quicker although it does
not take into account the structure precisely (limitation 1). The cavity
dispersion (Eo

(
k‖
)
), used in the equation C.13, which in turn is used to

determine the polariton energies, is estimated from equation 3.17. How-
ever in order to estimate Eo

(
k‖
)
, the value of ncav used is usually an

approximation and moreover equation 3.18, does not take into consider-
ation the dispersion of the refractive index, with wavelength (limitation
2). The model also does not facilitate the inclusion of inhomogeneous
broadening of the excitons (limitation 3).

The last limitation can be easily ruled out, considering the fact that
the excitons studied here, have negligible inhomogeneous broadening (see
subsection 3.2.4.3). The second limitation can also be easily bypassed
by estimating Eo

(
k‖
)
, directly from the transfer matrix model, which

then takes into consideration the dispersion of the refractive index with
wavelength and also the structure to an extent, thereby making the model
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suitable for the simulation of the experimental data, observed from the
full microcavity structure, discussed here.

The initial parameters defined in the models are as follows: (1) two
excitonic peaks are defined around ~ 3.422eV and ~3.453eV, correspond-
ing to bulk GaN (AGaN + BGaN) and GaN QW (AQW + BQW ) excitons
respectively, (2) the linewidth of both excitonic peaks are considered to
be homogeneous and is fixed at 28meV (see subsection 3.2.4.3 for more
details), (3) the coupling constant (oscillator strength) of both excitonic
peaks are kept varying, and (4) the cavity length is kept varying. See
subsection 3.2.4.3, for more details on how the initial values are chosen.
Moreover both models, do not take into account exciton-exciton interac-
tion, due to which they can only be used to simulate PL experimental
data, measured at low excitation power densities. The thicknesses of
the membranes, in Table 3.1, are estimated by fitting the polariton dis-
persion curves (will be discussed in the next subsection), corresponding
to the three membranes, having fixed the coupling constants (oscillator
strengths) for the respective bulk GaN and GaN QW excitonic peaks. It
should be noted that most of the simulation, presented in this section are
based on linear Hamiltonian model, however care has been taken to verify
the results, by comparing it with the output obtained from the transfer
matrix model, for the same initial parameters.

3.3.4 Verification of strong coupling as a function of temperat-
ure

A PL temperature dependent study is performed on membrane 1, with
the setup operated in imaging mode. Figure 3.19 (a) shows the LPB dis-
persion at 20K, where the strong coupling behaviour is clearly evident.
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Figure 3.19: Demonstration of strong coupling behaviour in membrane 1 at: (a) 20K, and (b) 100K,
revealing the LPB dispersion, which clearly flattens out at large angles. The MPB and UPB are not
visible, however the uncoupled ‘QW’ excitons are visible as a straight line.

At large angles the LPB flattens out as the cavity mode interacts with
at least two excitons, corresponding to bulk GaN and GaN QW’s re-
spectively. The middle polariton branch (MPB) and the UPB, which
correspond mainly to spacer GaN excitons and GaN QW excitons are
not visible. It is very common in nitride based microcavity (MC) sys-
tems, that the UPB features are either weak [20] or not visible at all
[21]. The straight line around 3.5eV, corresponds to “uncoupled” QW
excitons, which should be localised at 20K. However the visibility of this
line is quite prominent in the case of the full microcavity structure dis-
cussed here, considering the fact that the QW’s extend along, almost the
full length of the cavity layer, with the exception of the 25nm GaN spacer
layer in the bottom. The QW’s, which are not at the antinodes of the
standing wave, are likely to couple weakly. See subsection 3.2.5.1 for a
more detailed discussion. In Figure 3.19 (b), a slight red-shift can be seen
in the excitonic as well as the LPB positions with temperature (100K), in
keeping with GaN excitonic behaviour as a function of temperature [22].
As temperature increases, the exciton approaches the cavity, resulting in
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an even flatter LPB dispersion curve that is red-shifted, following an LPB
to exciton red-shift ratio of around 2:3.

Figure 3.20: Demonstration of strong coupling behaviour revealing the LPB and MPB dispersions,
for: (a) membrane 1 at 230K, and (b) a less negatively detuned membrane at 80K.

Figure 3.20 (a) corresponds to 230K, where in addition to the red-
shifting LPB and uncoupled QW excitons with temperature, a new branch
is observed with angular dispersive characteristic, attributed to MPB.
However in order to confirm this dispersive behaviour, similar meas-
urements are performed on a less negatively detuned membrane, which
clearly shows the MPB at even lower temperatures, at ~ 80K, as visible
in Figure 3.20 (b). Moreover the cavity like behaviour attained by the
MPB after anti-crossing with the LPB, soon flattens out as it approaches
the uncoupled QW excitons. At RT, the uncoupled excitons lose intensity
while the dispersive nature of MPB and its anti-crossing with the LPB
becomes more obvious, although the splitting is hardly distinguishable, as
depicted in Figure 3.21. Moreover, the MPB flattens out as it approaches
the GaN QW excitons. An increase in the LPB linewidth is also observed
with temperature, in line with phonon-related broadening of excitons, as
temperature goes up [22].
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Figure 3.21: Demonstration of strong coupling behaviour in membrane 1 at RT, revealing the LPB
and MPB dispersions, however UPB is not visible. The solid and dashed lines correspond to simulated
data, which precisely follows the experimental data, in the case of LPB and MPB, and based on the
UPB dispersion as well, an estimate is made for the Rabi splitting which is ~ 64meV.

To account for the observed polariton branches and to estimate the
Rabi splitting of the system, the linear Hamiltonian model, as described
in detail in appendix C, is used to simulate the angle dependent PL data
at RT. The two excitonic peaks corresponding to bulk GaN and GaN QW
excitons, as defined in the model, are seen as dashed red lines, whereas the
green line represents the cavity mode, as depicted in Figure 3.21. Both the
excitonic lines interact with the cavity according to their respective coup-
ling constants, at different k‖’s, forming three polariton states: the black
line represents LPB, the magenta line corresponds to UPB, having most
of its contribution from the GaN QW excitons due to their high oscillator
strength as compared to GaN, and the violet line corresponds to MPB
having contributions mainly from the GaN excitons. An anti-crossing be-
haviour can be observed around 21o, after which the LPB clearly flattens
out gaining a more excitonic behaviour, whereas the MPB as well as the
UPB gain a more cavity like behaviour, as visible in Figure 3.21. However
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the MPB flattens out as it approaches the uncoupled GaN QW excitons,
gaining a more excitonic behaviour. The LPB and MPB are clearly vis-
ible in the experimental data, though not the UPB [20, 21]. At very large
angles, a splitting of the dispersion lines is seen corresponding to their
respective TE/TM modes. The coupling strengths of the GaN QW and
spacer GaN excitonic peaks are around 31.6 meV and 10meV respectively,
for a cavity layer thickness of ~ 206.35nm, all the values being estimated
from the model. The Rabi splitting of the system is estimated graphically
from Figure 3.21, which is ~ 64meV, rather than using the simple equa-
tion C.18, described in detail in appendix C. The equation can be used to
estimate the Rabi splitting based on the coupling constant of GaN QW
excitonic peak, under the assumption that the bulk of the membrane is
composed of GaN QW’s, which then does not take into account the in-
fluence of the spacer GaN excitonic peak, thereby reducing the accuracy
of the estimated Rabi splitting value.

Figure 3.22: Demonstration of strong coupling behaviour at RT, revealing the LPB and MPB disper-
sions, for: (a) membrane 2, and (b) membrane 3. The solid and dashed lines in either figures correspond
to simulated data, which precisely follows the experimental data, in the case of LPB and MPB, and
based on the UPB dispersion as well, an estimate for the Rabi splitting is made for both membranes,
which is not very different from 64meV.

It should be noted that basically three parameters, the two coupling
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constants and the cavity length, are derived from the model, whose pre-
cision then can be questioned. However, in order to ensure the accuracy,
two other membranes, membrane 2 and membrane 3, with different de-
tunings as compared to membrane 1 (see Table 3.1), are simulated using
the same coupling constants, corresponding to their respective excitonic
peaks, having only the cavity layer thickness varying. The model ac-
curately simulates the experimental data, corresponding to membrane 2
and membrane 3, for a cavity layer thickness of ~ 201nm and 213nm re-
spectively, as visible in Figure 3.22 (a and b) subsequently. Taking into
account the actual thickness of the membrane, according to design, which
is ~ 203.2nm, the cavity lengths for which the model is run corresponding
to different membranes seem reasonable, thereby confirming the accuracy
of the estimated coupling constants as well as the Rabi splitting of the
system.

3.3.5 Determination of Q-factor

In order to determine the Q-factor precisely, the linewidth of the LPB
at around a certain k‖, is simulated using transfer matrix method (de-
scribed in detail in appendix B), which actually takes into consideration
the real structure of the full microcavity system. Initially the paramet-
ers of the model i.e. the oscillator strength corresponding to spacer GaN
(AGaN + BGaN) and GaN QW (AQW + BQW ) excitonic peaks, and the
cavity length of the membranes are determined by fitting the room tem-
perature, angle dependent PL experimental data corresponding to mem-
branes 1, 2 and 3 respectively. For a constant oscillator strength of 4.6
x 1021/cm3 and 4.3 x 1017/cm2, corresponding to spacer GaN and QW
excitonic peaks, the simulation returns a cavity length of 206nm, 201nm
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Figure 3.23: PL experimental data (black line) from membrane 1, at around k‖ = 10o, at RT, where
the narrow LPB is visible having a linewidth of ~ 10.8meV and the uncoupled ‘QW’ excitons are seen as a
weak shoulder. The dashed red line corresponds to simulated data, precisely following the experimental
LPB curve and revealing the UPB as well, at a much higher energy.

and 213nm, for membranes 1, 2 and 3 respectively, very similar to the
values estimated in the previous subsection 3.3.4, thereby confirming the
accuracy of the model.

The room temperature PL experimental data (black line) at around
k‖=10o, from membrane 1 is visible in Figure 3.23, which is measured by
operating the setup in spectroscopy mode. The angles which are probed
and averaged to give a single spectrum are ~ 10o, due to a slight deviation
of the collection path from the centre of the spectrometer. The very nar-
row line, having a linewidth of ~ 10.8meV peaking at 3.402eV, corresponds
to LPB whereas the weak shoulder ~ 3.453eV represents the uncoupled
QW excitons, once again confirming the energy position of QW excitons
used in the models (see subsection 3.3.3). The model accurately simulates
(red line) the linewidth of the LPB, as visible in Figure 3.23, for a ho-
mogeneous cavity linewidth of ~ 1.93meV, at 3.4154eV (k‖=10o), giving
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a Q-factor of ~ 1770 using equation 3.5, taking into account the losses
in the DBR mirrors and active region, which corresponds to 50cm−1 and
100cm−1 respectively. It should be noted that the losses included are quite
minimal, especially for the active region, considering the fact that the neg-
ative detuning of the cavity mode from the GaN excitonic peak is just ~
6.6meV. Taking into account the theoretical prediction as well, which is ~
2350, without including any losses in the structure, the estimated Q-factor
thus corresponds to an extremely high quality full-microcavity structure.
The profile of the cavity mode is depicted in Figure 3.15, and further dis-
cussion on Q-factor and finesse, aided by modelling, can be found under
subsection 3.2.5.2.

3.4 Conclusion

A GaN membrane (GaN / AlGaN QW’s) based full microcavity struc-
ture is realised, which demonstrates strong coupling. The DBR mirrors
(top and bottom) are of extremely high quality, confirmed by optical char-
acterisation, and moreover the specifications like stopband width and po-
sition, and overall reflectivity response, are very close to the initial design.
The etched out ultra-smooth membranes, using PEC lateral etching, have
an RMS roughness of ~ 0.65nm, approximately one order of magnitude
lower than the previously reported values, where they used a very similar
technique [23]. The half-microcavity structure shows very sharp excitonic
features, giving a further insight into the quality of the etched membranes,
where the Q-factor is estimated to be ~ 85. The full-microcavity structure
has been carefully studied under the strong coupling regime, understand-
ing the contribution of both spacer GaN as well as GaN QW excitons,
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with the aid of modelling. The estimated Q-factor of the system is ~
1770, very close to the theoretical pediction, whereas the Rabi splitting
is ~ 64meV.
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4
A GaN membrane based polariton laser

4.1 Introduction

The non-linear properties of a GaN membrane (GaN / AlGaN QW’s)
based full-microcavity structure, under non-resonant quasi-continuous ex-
citation conditions, at room temperature, are discussed. The chapter be-
gins with a brief theoretical description about the mechanisms that even-
tually lead to non-linearities like polariton condensation / lasing, which
is followed by experimental verification, aided by modelling. The results
clearly confirm polariton lasing, under the strong coupling regime, where
the average power density at threshold is extremely low, of the order
of 4.5W / cm2 (~ 594μJ / cm2), the lowest ever reported for 2D-GaN
based systems [1]. Above threshold, a beautiful condensation pattern is
observed in the k-space, which is explained on the basis of polaritons get-
ting trapped in a site specific, square-like pocket. Taking into account
this picture, the non-linear properties are further analysed.

4.2 Theory

The basics of polariton condensation under non-resonant excitation [2,
3] is discussed with the help of a schematic as visible in Figure 4.1, where
the cavity is negatively detuned ~ 10meV, from the excitonic energy. A
pulsed laser ~ 4.66eV, is used as a source of excitation, well above the un-
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Figure 4.1: A schematic for understanding polariton condensation under non-resonant excitation, for
a system where the cavity is negatively detuned ~ 10meV, from the excitonic energy.

coupled excitonic energy, creating electron-hole pairs which quickly bind
to form excitons. These excitons initially undergo a quick thermalisa-
tion to an effective temperature by LO phonon emission, as a result of
exciton-exciton and exciton-phonon scattering. As the kinetic energy of
the excitons fall below 91meV, which corresponds to one LO phonon en-
ergy, the excitons continue to interact with the lattice through acoustic
phonon emission, helping the excitons to reach a temperature close to
the lattice, as depicted in Figure 4.1. The cavity mode interacts with
the excitons under strong coupling regime, resulting in an anti-crossing of
the exciton and cavity mode dispersions, forming new polariton branches
corresponding to LPB and UPB, as depicted in Figure 4.1. The new
quasi-particle formed as a result of the interaction can be referred to as
cavity polaritons. The energy splitting between the LPB and UPB at
the anti-crossing point, is referred to as the Rabi splitting of the sys-
tem, as visible in Figure 4.1. The LPB (UPB) follows a more cavity
(exciton) like dispersion at low k‖’s, whereas a more exciton (cavity) like
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dispersion at higher k‖’s. Due to this dispersive nature of the LPB, in
addition to the lower polaritons at ~ k‖ = 0, the polaritons at larger k‖’s
undergo polariton-polariton as well as polariton-phonon scattering, in or-
der to reach the polariton trap at the centre of the Brillouin zone. Before
discussing further about the distribution of polaritons in the dispersion
curve, it is very important to know how the lifetimes affect this distribu-
tion. The lifetime of the polaritons in LPB and UPB, denoted as τLPpol and
τUP
pol respectively, are given by the following relations:

1

τLPpol

=
| Ck‖ |2

τcav
+

| Xk‖ |2

τexc
(4.1)

1

τUP
pol

=
| Ck‖ |2

τexc
+

| Xk‖ |2

τcav
(4.2)

where | Xk‖ |2 and | Ck‖ |2 are indicative of the corresponding exciton
(photon) and photon (exciton) fractions, of the lower (upper) polaritons
respectively, for a given in-plane wavevector k‖, τcav is the cavity lifetime
and τexc is the excitonic lifetime. | Xk‖ |2 and | Ck‖ |2 can be determined
from equations C.9 and C.10 respectively, based on the corresponding de-
tuning (~ 10meV), which are discussed in detail in appendix C. For a small
negative detuning as discussed here, at ~ k‖ = 0, the lower polaritons have
a more cavity like nature, resulting in very low lifetimes as compared to
larger k‖’s. Nevertheless a dominant part of the lower polariton dispersion
curve, as visible in Figure 4.1, has states corresponding to wavevectors,
larger than that of cavity photons, where the excitons do not couple to
light forming an excitonic reservoir, whose lifetime is then determined by
τexc. The low lifetimes at ~ k‖ = 0 along with the steep dispersion, results
in a quick decay of the lower polaritons posing a serious competition to
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the scattering mechanisms trying to populate the polariton trap. This is
reflected by a lack of polaritons in the trap as opposed to the reservoir
region, which is often referred to as the relaxation bottleneck effect.

The electron-hole components of the excitons usually have a fermi-
onic nature, whereas the excitons exhibit bosonic properties. Taking
into account the bosonic nature of photons as well, exciton-photon quasi-
particles (polaritons) also behave as bosons. Unlike the fermions, bosons
are particles with integer spin that do not follow Pauli exclusion prin-
ciple, and hence they are allowed to occupy individual states in large
numbers. The rate of any quantum mechanical transition is proportional
to 1 + Nfinal, where 1 represents spontaneous processes, and Nfinal cor-
responds to a stimulation of transition accompanied by a macroscopic
occupation of the final state. In a conventional laser like VCSEL, photon
emission is stimulated, accompanied by a macroscopic occupation of the
photon modes of the cavity. However, a stimulation of scattering accom-
panied by a macroscopic occupation of the polariton trap, can be referred
to as polariton condensation / lasing.

Polariton condensates can be formed either in the thermodynamic equi-
librium regime (τLPpol >> τrel), also called as Bose-Einstein condensation
(BEC), or in the kinetic regime (τrel >> τLPpol ), where τrel is the time re-
quired for the lower polaritons to cool down from an initial temperature
to the lattice temperature. One of the most important factors that gov-
ern the formation of condensates is the LP critical density (ncrit) at k‖ =
0o, which is the minimum polariton density required to initiate polariton
lasing for a certain temperature, and detuning. It should be noted that
the LP critical density (ncrit), should be lower than the exciton saturation
density (nsatexc), so as to ensure that the system is in the strong coupling re-
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gime. The LP critical density (ncrit) can be related to the phase transition
temperature (Tcrit), for an ideal BEC, and the lower polariton effective
mass (mLP

pol ) by the following relation:

Tcrit =

(
ncrit

ζ(32)

) 2
3 h2

2πmLP
pol kB

(4.3)

where ζ is the Riemann zeta function and kB is the Boltzmann constant.
It is very clear from equation 4.3, that ncrit increases as Tc increases. How-
ever for a given temperature, the lower polariton critical density (ncrit)
can be reduced by decreasing the lower polariton effective mass (mLP

pol ).
The lower and upper polariton effective masses denoted as mLP

pol and mUP
pol

respectively, are given by the following relations:

1

mLP
pol

=
| Ck‖ |2

m∗
cav

+
| Xk‖ |2

M
(4.4)

1

mUP
pol

=
| Xk‖ |2

m∗
cav

+
| Ck‖ |2

M
(4.5)

where m∗
cav is the effective mass of the cavity photon and M is the total

effective mass of the exciton (M = m∗
e+m

∗
h,where m∗

e = 0.2mo and m∗
h =

mo are the approximate electron and hole effective masses, for a GaN
based system). Considering that the mass of the cavity photon ~ 10−5mo,
which is very less than M , equation 4.4 clearly states that the lower
polariton effective mass can be reduced by increasing the cavity fraction,
which in turn can be achieved by increasing the negative detuning, based
on equations C.9 and C.10, described in detail in appendix C. Thus from
a thermodynamic point of view, ncrit can be reduced by increasing the
negative detuning. However at large negative detunings, the reduced
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excitonic nature of the lower polaritons decreases the polariton scattering
rates i.e. it increases τrel. Moreover it also reduces the lifetimes at ~ k‖ =
0, based on equation 3.18, which results in a quick decay of the polaritons
reaching the trap, eventually leading to a relaxation bottleneck effect,
similar to the scenario described by the schematic in Figure 4.1. In such
systems where τrel >> τLPpol , the polariton distribution completely depends
on the relaxation dynamics of the particles. The polariton condensation
occurs at a critical density (ncrit), mainly influenced by the lifetime (τLPpol )
of the lower polaritons, which is usually very low, and moreover should
satisfy the condition of ncrit < nsatexc. However in the case of very low
excitonic lifetimes i.e. when the excitonic lifetimes are comparable to the
lower polariton lifetimes (τLPpol ), the scenario could be more complex.

A suppression of this bottleneck effect or a reduction in τrel is possible
by decreasing the negative detuning or in other words going towards pos-
itive detuning. This in fact increases the excitonic nature of the lower
polaritons according to equations C.9 and C.10, which in turn enhances
the polariton scattering rates. Moreover it also increases the lifetime of
the lower polaritons at ~ k‖ = 0, based on equation 4.1. Thus from a
kinetic point of view, positive detunings are favourable, although it in-
creases the polariton critical density (ncrit). As a trade off between ncrit

and τrel, very small negative detunings are usually favourable for BEC,
which then satisfies the condition of τLPpol >> τrel, where the polaritons ac-
quire a reasonable equilibrium with the lattice. The polariton BEC then
occurs at a critical density (ncrit), very close to the value predicted from
the thermodynamic theory, such that ncrit < nsatexc. It should be noted that
in either cases of polariton condensation, an initiation of lasing enhances
the polariton scattering rates due to stimulated scattering mechanisms.
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This is in particular important for systems characterised by a bottleneck
effect, as depicted in Figure 4.1.

4.3 Experimental conditions and models used

All the discussions in this section are based on a full microcavity struc-
ture, where a membrane having two regions of varying thickness: 205.4nm
and 201.8nm respectively, is embedded between DBR mirrors. The thick-
nesses corresponding to the two regions of the membrane are estimated
by fitting their respective polariton dispersion curves, which will be dis-
cussed below. Hereby the membrane may be referred to as ‘membrane
4’, however depending on the usage, ‘membrane 4’ may also refer to the
full microcavity structure based on the membrane. The PL measurements
are performed using the setup described under subsection A.2.6, at RT. A
Nd-YAG frequency-quadrupled, pulsed laser, at 266nm, with a pulse repe-
tition rate of 7.58 kHz and a pulse-width of 0.51ns (see subsection A.1.1),
is used as a source for all PL measurements including k-space imaging.
In line with the discussion before (see subsection 3.3.2), since the whole
setup is aligned for the emission wavelength ~ 360nm, the laser can be
focused down only to a spot size of ~ 60μm x 10μm, where the unequal
dimensions are related to its elliptical profile. The spectrometer grating
used is 600 grooves/mm (see subsection A.1.4). Here again the setup can
be operated in two modes: the spectroscopy mode which captures the
spectral data around k‖ = 0, and the imaging mode which extracts the
k-space images (see subsection 3.3.2 for more details).

The linear Hamiltonian model, as discussed in detail in appendix C,
is used for simulating all the experimental angular dispersion data, con-

119



CHAPTER 4. A GAN MEMBRANE BASED POLARITON LASER

firmed by the transfer matrix model (see appendix B). The initial para-
meters defined in the models are as follows: (1) two excitonic peaks are
defined around ~ 3.422eV and ~3.453eV, corresponding to spacer GaN
(AGaN + BGaN) and GaN QW (AQW + BQW ) excitons respectively, (2)
the linewidth of both excitonic peaks are considered to be homogeneous
and is fixed at 28meV, (3) the coupling constants (oscillator strengths)
corresponding to spacer GaN and GaN QW excitonic peaks are 10meV
(4.6 x 1021/cm3) and 31.6meV (4.3 x 1017/cm2) respectively, as estimated
from subsection 3.3.4 (3.3.5), which are kept constant, and (4) the cavity
length is kept varying in order to fit different regions of membrane 4, cor-
responding to contrasting thicknesses. Further information on modelling,
and how the initial parameters are chosen, can be found under subsections
3.2.4.3 and 3.3.3.

4.4 Experimental verification of polariton condens-
ation aided by modelling

A power dependent study is made on membrane 4, as shown in the im-
ages of Figure 4.2 and the corresponding spectral data in Figure 4.3 (a),
in order to confirm polariton lasing / condensation. At low powers ~
0.39Pth, a dispersion similar to Figure 3.21 can be seen, revealing the
LPB and MPB contributions, which are fitted using the linear Hamilto-
nian model, returning a thickness of ~ 205.4nm . The respective lower
polariton branch is named as LPB1, which is also evident in the spec-
tral data. With increasing power, as visible in Figure 4.3 (a), the LPB1

peak undergoes broadening towards the higher energy side, giving an im-
pression of a blue-shift. However at around 0.81Pth, we start seeing a
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Figure 4.2: PL imaging data from membrane 4, at RT, for the following pump power densities: (a)
0.39Pth - only LPB1 is visible, (b) 0.96Pth - just below threshold where LPB1 and LPB2 are visible,
and (c) - (f) - polariton condensation above threshold with a k-space pattern, far below the cavity mode
energies corresponding to LPB1 and LPB2.

second peak, at a higher energy, which becomes clearly visible just below
threshold, at ~ 0.96Pth, while the LPB1 line reappears at more or less
the same position as at low powers. The second peak is also observable
in the corresponding imaging data of Figure 4.2 (b), showing a dispers-
ive behaviour, which is named as LPB2. Two dot dashed lines in the
spectroscopic data (Figure 4.3 (a)) is a guide to the eye showing the evol-
ution of the two LPB’s with power. Since the energy position of LPB1,
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hardly changes with excitation power, the exciton-exciton interaction in
the coupled QWs is assumed to be negligible, which allows the use of the
linear Hamiltonian model to fit LPB2, as visible in Figure 4.2 (b) (dot
dashed line), returning a cavity layer thickness of ~ 201.8nm along with
the fitting for LPB1 (solid line). Figure 4.3 (b) shows the evolution of
the spectrally integrated intensity (left) as well as linewidths (right) with
pump power. The integrated intensity is estimated for the region around
LPB1 and LPB2 at all powers, whereas the linewidth is estimated from
LPB1 below threshold, and level ‘1’ above threshold, where the origin of
level ‘1’ is discussed below. A clear onset of lasing is visible at extremely
low average power densities of ~ 4.5W / cm2 (Pth), marked with a brown
dashed line in Figure 4.3 (b). The corresponding energy density is ~ 594μJ
/ cm2. Above threshold, a quick narrowing of lines is observed with an in-
crease in intensity of ~ 50 times, revealing at least three peaks within the
energy range of LPB1 and LPB2, as depicted in Figure 4.3 (c), marked as
‘1’, ‘2’ and ‘3’. Level ‘3’ has the highest intensity at threshold, followed by
‘2’ and finally ‘1’. The corresponding image in Figure 4.2 (c), at 1.04Pth,
shows a spectacular pattern formed in the k-space corresponding to levels
‘2’ and ‘3’, while level ‘1’ remains relatively less visible. The system is
clearly in strong coupling regime as visible from the dispersion, which at
around k‖ = 0, is far below the cavity modes corresponding to LPB1 and
LPB2 (solid and dashed green lines). Moreover at large angles, the dis-
persion seems to flatten out as opposed to the cavity modes, confirming
polariton lasing vs. photonic lasing. The different levels follow an inter-
esting power dependent behaviour as seen in the images of Figure 4.2 (c
- f) and in Figure 4.3 (c). Level ‘3’, first blue-shifts and then follows a
red-shift with pump power, whereas ‘1’ and ‘2’ red-shift, with ‘2’ gaining
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maximum intensity already at 1.07Pth. At higher powers maximum las-
ing occurs from level ‘1’ followed by ‘2’ and ‘3’, a behaviour that will be
explained later. Above threshold, the integrated intensity and linewidths
follow a linear law with pump power. The overall shape of the integrated
intensity follows an S-like behaviour as a function of pump power (Fig-
ure 4.3 (b)), corresponding to 1

β ~ 50, comparing favourably to previous
works, that used dielectric DBR stacks just on one side [4].

Figure 4.3: A PL power dependent study is made on membrane 4 at RT, using spectroscopy mode,
discussing the following results: (a) spectral data from 0.28Pth - 1.04Pth, clearly depicting LPB1 and
LPB2 below threshold, and polariton condensation above threshold, (b) the integrated intensity (red)
for the region around LPB1 and LPB2, and the linewidth (blue), estimated from LPB1 peak below
threshold and level ‘1’ peak above threshold, as a function of pump power density, (c) the spectral data
above threshold, from 1.04Pth - 1.26Pth revealing the three levels within the energy range of LPB1 and
LPB2, and (d) occupation number as a function of pump power density, from 0.28Pth - 1.76Pth, where
the occupation shoots up far beyond unity above threshold.

The above discussion clearly confirms polariton lasing / condensation,
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although it is not obvious whether the condensation occurs in the ther-
modynamic regime or the kinetic regime. In order to have a better un-
derstanding about this, the occupation number as a function of angle, is
estimated for different pump powers, as depicted in Figure 4.3 (d). The
integrated PL intensity at different angles is normalised by the cavity frac-
tion of both LPB’s, in order to determine a joint occupation number. The
cavity / exciton fraction of LPB1 and LPB2, is visible in Figure 4.4 (a)
and Figure 4.4 (b) respectively, which are estimated using equations C.9
and C.10, discussed in detail in appendix C. The plot is normalised to
unity for the power just below threshold (0.96Pth) [5]. At lower powers
below threshold, the occupation numbers follow a similar slope, increas-
ing linearly with pump power, with higher occupations at large angles,
attributed to relaxation bottleneck effects [2, 6]. In line with the discus-
sion under section 4.2, the presence of a characteristic bottleneck effect,
confirms the system to be in the kinetic regime i.e. τrel >> τLPpol . In this
regime, it is the cavity like nature of the lower polaritons at ~ k‖ = 0, as
visible from Figure 4.4 (a) and Figure 4.4 (b), that reduces the efficiency
of the polariton scattering mechanisms in efficiently populating the polari-
ton trap. However, below threshold, this tendency seems to persist even
with increasing pump power, as suggested from the unchanged slopes,
in agreement with reduced polariton-polariton scattering, due to the low
polariton densities in the system. Just above threshold, in the polariton
lasing regime, the occupation at larger angles subside with a tremendous
increase around k‖ = 0 , pushing the occupation numbers far above unity,
quite characteristic of polariton condensation in the kinetic regime [1, 2,
4–6].
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4.4.1 Estimation of exciton density / QW at threshold

Figure 4.4: The exciton / cavity fraction corresponding to: (a) LPB1, and (b) LPB2. (c) A plot
showing the carrier density at excitation (blue) and the exciton / polariton density (red), per QW per
laser pulse, at threshold.

Polariton lasing can further be confirmed by estimating the exciton
density per QW (coupled) at threshold. Usually by following the blue-
shift (ΔELP

pol ) of the LPB at around k‖ = 0, with pump power, up to
threshold, an estimate for the exciton density / QW (N2D

exc), at around k‖

= 0, at threshold, can be made using the following relation [7, 8]:

ΔELP
pol = VpolN

2D
exc (4.6)

where Vpol is the matrix element of polariton-polariton interaction given
by Vpol = 6 | Xo |2 EB

x a
∗2
B , | Xo |2 being the exciton fraction at k‖ = 0, EB

x

the exciton binding energy and a∗B the exciton Bohr radius. However in
the case of membrane 4, as visible in Figure 4.3 (a), a blue-shift is hardly
observable in LPB1 up to threshold, underlining the ultra-low exciton
densities in the coupled QW’s of the microcavity system discussed here,
compared to previous works. Alternatively, in order to estimate exciton
densities in the coupled QW’s, at around k‖ = 0, at threshold, a simple
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system of equations is used as follows:

dN2

dt
= G− N2

τLPpol,2

− N2

τrel
(4.7)

where G is the carrier generation rate per QW per laser pulse at threshold,
N2 is the exciton density per QW per laser pulse at threshold in the reser-
voir, τrel is the time required for the lower polaritons to cool down from
an initial temperature to the lattice temperature, and τLPpol,2 is the lifetime
of polaritons in the reservoir, which should very much be influenced by
τexc~ 275ps. As per the discussion under subsection A.2.2, τexc is the
estimated QW exciton lifetime at RT, for sample 2, very similar to the
lifetime extracted from membrane 4, measuring independently. Since τrel
<< τLPpol,2, at steady state, equation 4.7 can be written as following:

G =
N2

τrel
(4.8)

The polariton density per QW per laser pulse (N1), at around k‖ = 0, at
threshold, can then be estimated using the following equation:

dN1

dt
=
N2

τrel
− N1

τLPpol,1

(4.9)

where τLPpol,1is the lifetime of the polaritons at around k‖ = 0. Substituting
equation 4.8 into equation 4.9, gives the following equation:

dN1

dt
= G− N1

τLPpol,1

(4.10)

Now G can be easily estimated from the energy density enumerated from
the average threshold power density of ~ 4.5W / cm2, depicted in Fig-
ure 4.4 (c), taking into account the 5% loss from the top DBR mirror,
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as directly determined from transmission measurements. τLPpol,1 for LPB1,
at ~ k‖ = 0, is estimated to be ~ 0.481ps, using equation 4.1, where τcav
~ 0.34ps, estimated from the Q-factor of the microcavity system studied
here (see subsection 3.3.5), using equation 3.14, and the exciton / cavity
fractions for LPB1 are determined from Figure 4.4 (a). Substituting these
values into equation 4.10, gives a precise upper estimate of the steady state
polariton density per laser pulse per QW (N1 / ncrit), at threshold, at ~ k‖

= 0o, for LPB1, which is ~ 2.1 x 1010 / cm2, as depicted in Figure 4.4 (c).
Now taking into account the exciton fraction (| X0 |2) for LPB1, at ~ k‖

= 0o, the steady state exciton density per laser pulse per QW (N exc
2D ), at

threshold, ~ k‖ = 0o, for LPB1, is given by:

N 2D
exc = N1 | X0 |2 (4.11)

Substituting for N1 and | X0 |2 (determined from Figure 4.4 (a)), N2D
exc is

estimated to be around 6 x 109/cm2, more than two orders of magnitude
below the exciton saturation density (nsatexc), which is ~ 2 x 1012 / cm2

[9]. The exciton saturation density is also independently estimated as
described in [9, 10], using a QW exciton binding energy (EB

x ) of ~ 30meV
[9, 11] and an exciton Bohr radius (a∗B) of ~ 2.7nm, which in turn is
enumerated from the binding energy. The corresponding threshold power
density of ~ 4W / cm2, is the lowest ever reported value for a 2D GaN-
based microcavity system. Since at threshold, most of the lasing comes
from level ‘3’, as opposed to level ‘1’, as visible in Figure 4.3 (c), an
estimate for the steady state exciton density per laser pulse per QW
(N exc

2D ), at threshold, ~ k‖ = 0, is also made for LPB2, having an energy
slightly greater than level ‘3’, which is not very different from the above
estimated value in spite of the smaller detuning. Now based on the steady
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state polariton density per laser pulse per QW (N1 / ncrit), at threshold,
~ k‖ = 0o, the possible blue-shift of LPB1 with pump power is enumerated
from equation 4.6, which turns out to be ~ 0.06meV, which is far below
the maximum resolution of the system ~ 0.2meV.

To further confirm the validity of the estimates, the exciton density in
the uncoupled QW’s is determined based on the following equation:

dN2D,uncoupled
exc

dt
= G− N 2D,uncoupled

exc

τexc
(4.12)

G is depicted from Figure 4.4 (c) and τexc ~ 275ps, as per the discussion
previously, thereby giving an estimate for the quasi steady state exciton
density (N 2D,uncoupled

exc ) per laser pulse per uncoupled QW, which is ~ 1012

/ cm2. Alternatively the exciton density is also estimated based on the
blue-shift (ΔEexc,o) of the uncoupled QW excitons, up to threshold, as
visible in Figure 4.3 (a), which is ~ 9meV, using equation 4.6, subjected
to slight modification as follows:

ΔEexc,o = VexcN
2D,uncoupled
exc (4.13)

where Vexc is the matrix element of exciton-exciton interaction given by
Vexc = 6EB

x a
∗2
B . The estimated exciton density per uncoupled QW ~ 7

x 1011 / cm2, which is very close to the density derived from the rate
equation model.

4.5 The k-space pattern

Having confirmed ultra-low threshold polariton lasing, the spectacular
pattern formed in k-space as visible in Figure 4.2 (c - f), correspond-
ing to different energy levels, can be attributed to polaritons trapped in
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Figure 4.5: An energetic picture of membrane 4, depicting the two regions corresponding to LPB1

and LPB2, and moreover highlighting the square-like pocket trap

‘in-plane’ natural pits [12, 13], arising from thickness variations on the
membrane surface due to various reasons, which are discussed in detail
under subsection 3.2.4.1. Such polaritons usually have a random pattern
in k-space due to the multitude of confinement sites over the entire region
being probed. However, only a single site-trapping, within the probed
region can lead to such ordered condensation pattern, like in the case
discussed over here, quite similar to the k-space imprint formed in the
case of engineered polariton landscapes [14, 15]. It should be noted that
the characteristic presence of such non-equilibrium condensate pattern
within the k-space, further confirms the system to be in the kinetic re-
gime i.e. τrel >> τLPpol . Moreover polaritons trapped in ‘in-plane’ natural
pits, usually at the critical polariton density (ncrit), undergoes a Bosonic
phase transition towards Anderson glass, before turning into superfluid
at larger densities.

However to explain the scenario of the k-space pattern observed here,
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different regions on the membrane corresponding to at least two differ-
ent thicknesses are assumed, having a difference of ~ 3.6nm, (equivalent
to 20.9meV, energy difference of the cavity modes corresponding to the
two LPB’s, as depicted in Figure 4.2 (c - f)), in the region of probing.
Uniformly etched flat regions, which form the major part, correspond
to LPB1, while flat valleys correspond to LPB2, with a relatively small
LPB1 hump (hereby referred to as a square-like pocket) acting as the site
of confinement. Energetically this picture of the membrane surface can
be transformed, as depicted in Figure 4.5. In order to verify this picture
of polaritons getting confined in a site-specific trap (square-like pocket),
Schrodinger’s equation for particle in a 2D box is used, which is given by:

(
−ℏ2

2mLP
pol

(
δx

2 + δy
2
)
+ V (x, y)

)
ψLP
pol (x, y) = EψLP

pol (x, y) (4.14)

where V (x, y) = V (x) + V (y), is the in-plane square-like pocket having
an overall depth of ~ 20.9meV (10.45meV in each direction), ψLP

pol (x, y) is
the polariton wavefunction and mLP

pol is the polariton effective mass (6.619
x 10−5mo, estimated using 4.1, for LPB1, at ~ k‖ = 0). The model is used
to simulate the discrete energy levels (‘1’, ‘2’, ‘3’), just above threshold
(1.04Pth), as depicted in Figure 4.6 (a), which returns four discrete energy
levels ‘a’, ‘b’, ‘c’ and ‘d’, for a pocket width of ~ 1.53μm. The simulated
levels, corresponding to different states, marked by a different colour, are
visible in Figure 4.6 (a), where the degenerate states have the same en-
ergy. The real-space wavefunctions corresponding to the three levels (‘1’,
‘2’, ‘3’), are plotted in Figure 4.6 (b - d), where the strip within the white
dashed lines gives rise to the respective k-space profiles, in Figure 4.6 (a).
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Level ‘a’ accurately simulates level ‘1’, which is relatively less visible in
the image, although spectrally resolved, as depicted in Figure 4.6 (a). The
corresponding wavefunction is ψLP

pol (1, 1), as shown in Figure 4.6 (b). Level
‘b’ precisely matches the energy position of the two modes corresponding
to level ‘2’, as visible in Figure 4.6 (a), with the respective wavefunc-
tion in Figure 4.6 (c), correlating to a superposition of degenerate states,
ψLP
pol (1, 2) and ψLP

pol (2, 1), clearly showing two distinct maxima along the
strip, within white dashed lines. Level ‘3’ corresponds to an average of the
simulated levels, ‘c’ and ‘d’, with the respective wavefunctions being de-
generate states [ψLP

pol (1, 3) and ψLP
pol (3, 1)], and [ψLP

pol (2, 2)] subsequently.
A superposition of the wavefunctions of degenerate states ψLP

pol (1, 3) and
ψLP
pol (3, 1) or the independent wavefunction ψLP

pol (2, 2) does not reproduce
the k-space modes corresponding to level ‘3’, but a superposition of all
three states ,ψLP

pol (1, 3), ψLP
pol (3, 1) and ψLP

pol (2, 2) are required, as shown
in Figure 4.6 (d), where 3 distinct maxima are visible in the strip within
white dashed lines, similar to the k-space modes of level ‘3’, as visible
in Figure 4.6 (a). This confirms the contribution of simulated level’s ‘c’
and ‘d’ to level ‘3’. The discrepancy of the model, giving two resolved
levels ‘c’ and ‘d’, instead of a single level, might be due to our assump-
tion of the polariton trap being a perfect square-like pocket, a speculation
made to simplify calculation complexities. However to verify this devi-
ation, the levels in Figure 4.6 (a), are simulated, considering the trap to
be an infinite supercircle [16], defined by a deformation parameter equal
to 1.85, from reference [16], returning the first four energy lines defined
by E (m,n), where m is the azimuthal quantum number and n is the
radial quantum number. E (0, 1) and E (1, 1) correspond to levels ‘1’ and
‘2’ with good precision, whereas the next two energy lines E (2, 1) and
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E (0, 2) have exactly the same energies corresponding to level ‘3’, in Fig-
ure 4.6 (a), justifying the simulation of Level ‘3’ based on contributions
from simulated levels ‘c’ and ‘d’, in the square well approach.

Figure 4.6: (a) PL imaging data from membrane 4 at RT, where the power density is 1.04Pth. The
corresponding spectral data is plotted within the image, marking the levels ‘1’, ‘2’ and ‘3’. The levels ‘a’,
‘b’, ‘c’ and ‘d’ are the respective simulated levels. A plot of the real space wavefunctions corresponding
to: (b) level ‘1’, (c) level ‘2’, and (d) level ‘3’. The strip within white dashed lines gives rise to the
respective k-space profiles.

4.5.1 Analysis of non-linear properties based on site-specific
polariton trapping

The power dependent data in Figure 4.3 (a), is reanalysed based on the
model, for polaritons trapped in a natural square-like pocket. At really
low powers, most of the polariton emission comes from LPB1, although
there could be simultaneous occupation of the lower confined states, in-
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side the square-like pocket, which remains unresolved. The polaritons
corresponding to LPB2, either fall into the flat humps of LPB1 having an
overall energy depth of around 20.9meV or into the square-like pocket,
from a potentially flat landscape, minimising its visibility at low pump
powers. With an increase in power, the polariton density increases, oc-
cupying higher states inside the pocket trap, which is seen as a broadening
of the LPB1 peak, towards higher energies. At higher powers (just be-
fore threshold), there is a subsequent filling up of the flat humps as well
as the square-like pocket trap, corresponding to a more broadened LPB1

peak, and thereby also results in a significant increase of the polariton
density corresponding to LPB2, visible as a second peak, exhibiting a dis-
persive behaviour. It should be noted that just below threshold, LPB2

peak is resolved while the confined states within the square-like pocket
remain unresolved, which can be attributed to the energy proximity in
the case of the latter, reflected by an unusual increase in the linewidth
of LPB1towards the higher energy side, with pump power, as depicted in
Figure 4.3 (a), whereas the former can be attributed to its 13meV blue-
shifted position, as opposed to LPB1. Just above threshold, at 1.04Pth,
level ‘3’ (see Figure 4.3 (c)) has the maximum intensity, followed by level
‘2’ and finally the lowest energy level ‘1’. This can be attributed to the
higher polariton lifetime of level ‘3’, closer to the excitonic reservoir, as
compared to lower levels, in line with the discussion under section 4.2. In
other words, it is easier for the polariton population to build-up in level
‘3’, followed by level ‘2’ and finally level ‘1’. This explanation holds only
up to threshold, or maybe a bit above threshold, but beyond that, stim-
ulated scattering [2, 6] takes over, efficiently scattering more polaritons
into the lower states, as visible in Figure 4.3 (c). In par with the dis-
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cussion, at 1.26Pth, level ‘1’ has the highest intensity, followed by levels
‘2’ and ‘3’. This behaviour can also be confirmed from the occupation
numbers, above threshold, as depicted in Figure 4.3 (d). Another factor
contributing to the high intensity of level ‘3’, just above threshold, is the
high occupation due to three degenerate states followed by level ‘2’ having
two degenerate states and finally level ‘1’ having just a single state [12].

The non-linear properties of polaritons getting trapped in a site-specific
square-like pocket is demonstrated in GaN based systems for the first
time, offering significant advantages over conventional systems, where ‘in-
plane’ natural pits do play their role unfavourably. In the case of the
microcavity system discussed here, the relaxation dynamics as well as
lifetimes of polaritons from at least two different sources, LPB1 and LPB2,
both having its own advantages and disadvantages, derived from a more
photonic behaviour of the former as compared to the latter, are used
to pump a square-like pocket, helping to escalate the polariton density
locally, resulting in an ultra-low threshold, as low as 4W / cm2 for the
system studied here. The overall efficiency of the trapping mechanism
lies in easily triggering-off lasing, at the highest level inside the square-
like pocket, where the build-up of polariton density is relatively easy, as
discussed earlier, acting as an avalanche for the lower levels, with the aid
of stimulated scattering.

4.6 Conclusion

To conclude, an ultra-low average threshold of ~ 4.5W / cm2 (~ 594μJ /
cm2), polariton laser in the kinetic regime, has been realised at room tem-
perature, based on GaN membranes containing GaN / AlGaN quantum
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wells, under non-resonant quasi-continuous excitation. The threshold re-
ported is the lowest ever for 2D GaN based systems [1]. Above threshold,
the system can be confirmed to be in the strong coupling regime due
to the following reasons: (1) a dispersive behaviour, indicative of polari-
ton dispersion, observed in the k-space images, (2) the estimated exciton
density per coupled QW, at threshold, is at least more than two orders
below the exciton saturation density. Moreover analysing the beautiful k-
space condensation pattern above threshold, based on polaritons getting
trapped in a site-specific square-like pocket, has revealed that the mech-
anism could lead to the escalation of polariton density locally, resulting in
an ultra-low threshold. The high quality of the all-dielectric microcavity
also contributes to the ultra-low threshold, reported here.
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5
Study of GaN nanowires as a potential candidate for

polaritonic applications

5.1 Introduction

It is widely accepted that semiconductor nanowires (NWs) have a po-
tential for low cost solar cell applications based on two main reasons: first,
their relaxed lattice matching requirements due to strain accommodation
at the NW free surface, providing flexibility in substrate selection and
band-gap engineering, and second, the possibility for lesser material util-
isation due to enhanced light absorption in NW arrays. On the latter very
important issue, there has been extensive literature in recent years report-
ing on enhanced absorption characteristics of NW arrays, as a consequence
of several physical effects such as their anti-reflective (AR) properties due
to natural refractive index matching and grading [1–3], increased light
trapping inside the NW array [3–5], and the excitation of resonant modes
[6–10]. This enhanced absorption along with the high quality of strain free
nanowires can find immense applications not only in the field of solar cells
but also polaritonics. Recently Das et al. have shown a very large Rabi
splitting value and an ultra-low threshold for their GaN nanowire based
polariton lasers, where a single nanowire is positioned at the antinode of
the filed distribution within the microcavity structure [11, 12]. Towards
this direction, a better understanding about the basic optical properties
as well as absorption coefficients of GaN nanowires, considering the fact
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that they are directly proportional to the oscillator strength of the ex-
citons, could bring into light a new generation of extremely efficient GaN
polaritonic devices.

However, in spite of the important role played by absorption coeffi-
cients in NW systems, most of the literature regarding nanowire absorp-
tion coefficients mentioned above, refers to theoretical predictions based
on solving wave propagation models of increasing sophistication inside
the NW array, whereas the corresponding experimental works claiming
increased absorption in nanowire systems have been relatively few, and
rely mostly on indirect experiments, such as photocurrent measurements.
More specifically, increased absorption has been observed in direct op-
tical transmission experiments on etched-down vertical Si nanowires, po-
sitioned on transparent [2] or semitransparent [3, 5] substrates, and was
attributed to reduced reflectance and enhanced light trapping effects in
the NW array. The effect of light trapping was also used to interpret
the enhanced I-V characteristics of Si nanowire solar cells [4]. Regarding
resonant effects, Cao et al. [6] observed distinct resonances in the spec-
tral response of single Ge nanowire photodetectors, that they attributed
to the excitation of leaky mode resonances formed at the nanowire/air
dielectric system. The excitation of resonant modes as a means to in-
crease the absorption of NW arrays was discussed in several theoretical
works [7–10] and was used to interpret the improved performance of single
Si nanowire photovoltaic devices [13], the very high 13.8% efficiency of
InP-based NW solar cells [14] as well as the single GaAs NW photovol-
taic device with η ~ 40% [15]. Although the above indirect measurements
clearly suggest a serious enhancement in the absorption process, neverthe-
less, direct absorption measurements in the same as-grown NW systems
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were not possible, mainly due to the fact that the substrates used were
opaque. In this work, a new direct method is demonstrated, to extract
absorption coefficients from as-grown GaN NWs grown on Si<111> sub-
strates, using an all-optical method, merely by analysing the reflectivity
spectra. This method can be extended to any family of NWs, provided
they are grown on a substrate having considerable difference in permit-
tivity with the nanowire-air matrix. Moreover the basic optical properties
of the GaN NW system are carefully studied.

5.2 Samples studied and experimental methods

Figure 5.1: (a) Top, and (b) lateral SEM view, of GaN (0001) nanowires on Si (111).

The GaN NWs studied here are grown along the [0001] direction on a
Si (111)-oriented substrate, by plasma-assisted molecular beam epitaxy
(PAMBE), at nitrogen rich conditions. Several samples are grown at vari-
able conditions, all however having similar diameters, heights and densit-
ies, typical of high quality GaN NWs grown on un-patterned substrates.
The Scanning Electron Microscopy (SEM) top and lateral view for one
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of the samples (G1643) are shown in Figure 5.1 (a) and Figure 5.1 (b)
respectively. The GaN NWs are upright and uniform, having average
heights (h) of ~ 450nm, diameters (d) of ~ 24nm, and a density of about
1010cm−2. A good fraction of the NWs possess on the top pitted tips or
step-like surfaces, while the rest have flat top surfaces. More information
regarding the possible morphologies of the top of GaN nanowires can be
found in [16], supported by high quality TEM images. The pitted tip of
nanowires is attributed to inversion domain boundaries while the step-like
surface is due to prismatic stacking faults or planar defects [16]. A separ-
ate two-dimensional (2D) GaN thin film used for modelling is grown using
the same technique along the [0001] direction on a Si substrate (111). The
thickness of the 2D film is ~ 810nm and possesses good crystalline quality.
Most of the experimental results presented in this chapter are based on
sample G1643, although very similar results are observed on the other
available samples as well.

All basic PL / Reflectivity measurements are made using the setup
described in subsection A.2.1. A He-Cd laser, at 325nm is used as a source
of excitation for PL measurements whereas a Xenon lamp is used for
reflectivity measurements. See section A.1 for more information. All high-
resolution PL / reflectivity spectra are taken using a 2400grooves / mm
grating, while the lower resolution spectra are taken using a 600grooves
/ mm grating (see subsection A.1.4 for more details). The absorption
coefficients reported in the paper depend strongly on a precise estimate
of the filling factor of the NW array. This is determined accurately by
simulating the Fabry Perot region, of the total reflectivity spectrum, (i.e.
specular + diffuse), acquired with a 150mm integrating sphere, equipped
on a Perkin Elmer LAMBDA 950 UV / Vis / NIR Spectrophotometer,
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as described in detail in subsection A.2.7. In this setup, apart from the
total reflectivity, the diffuse reflectivity is separately recorded.

5.3 Basic optical characterisation

Figure 5.2: Comparison of PL (blue) and reflectivity (red) from GaN NWs: (a) at LT, and (b) at RT,
showing pronounced excitonic features.

All measurements in this section are made using the setup described
in A.2.1, where the initial experimental conditions are detailed in 5.2.
The GaN NWs are of high optical quality, as testified by comparing the
PL and reflectivity spectra, at LT and RT respectively, as depicted in
5.2. At LT, the A and B free excitons are clearly visible at ~ 3.4782 eV
and ~ 3.4825 eV respectively, denoted as AGaN and BGaN subsequently,
with the Donor Bound Exciton (DBEGaN) emission placed approximately
7 meV below AGaN excitons, at ~ 3.4713 eV. These positions are in ex-
cellent agreement with those reported for GaN films grown on bulk GaN
substrates [17, 18], underlining the absence of any residual strain in the
nanowires. The linewidth of DBEGaN peak is ~ 4.4meV, comparing closely
to the DBE emission linewidth from strain free bulk GaN films. The PL
spectrum highlights a double structure peak ~ 3.45 eV, which is typical

143



CHAPTER 5. STUDY OF GAN NANOWIRES AS A POTENTIAL CANDIDATE
FOR POLARITONIC APPLICATIONS

in N-polar GaN films, GaN samples with columnar structure, as well as
in self-induced GaN nanowires. Its origin has been a topic of debate, as
discussed by several groups [19–23]. A relatively weak peak ~ 3.42 eV
can be attributed to excitons bound to surface defects [19] or to stack-
ing faults [19, 20]. With increasing temperature, the excitons are seen to
red-shift and broaden, in line with excitonic behavior, as shown in Fig-
ure 5.3 (a). Both the DBEGaN emission as well as the doublet structure
peak at ~ 3.45eV “die” off quickly, becoming weaker than the free exciton
lines, already at ~ 80K. Above 80K, the PL spectrum is dominated by
free exciton emission all the way up to room temperature, a clear sign of
high optical quality. AGaN and BGaN excitons start merging around 100K,
and a weak shoulder appears on the higher energy side, ~ 23meV from
AGaN excitonic position, as depicted in Figure 5.3 (b). It is an energy
position reported for C excitons in bulk GaN films [17, 18], hereby being
denoted as CGaN . At around 180K, AGaN and BGaN excitons completely
merge with each other, whose evolution can then be followed up to RT,
as visible in Figure 5.3 (a). However the behaviour of CGaN excitons with
temperature is rather difficult to follow, due to its very weak signature in
the PL. At RT, AGaN + BGaN peak is centred ~ 3.422eV, very similar to
bulk GaN films, as visible in Figure 5.2 (b).

In order to confirm the excitonic positions and probe their oscillator
strengths, specular reflectivity measurements are undergone, at an angle
of incidence ~ 15o, as shown in Figure 5.2 . At low temperature, AGaN and
BGaN excitons are clearly visible, perfectly corresponding to their PL posi-
tions. A third peak is also observed at ~ 3.5007eV, matching very well with
the position of CGaN excitons reported in bulk GaN films [17, 18]. The
AGaN and BGaN excitons appear to have very similar oscillator strengths,
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Figure 5.3: (a) Evolution of GaN NW excitons with temperature, based on PL. (b) Comparison of
PL (blue) and reflectivity (red) from GaN NWs at 100K, where the weak shoulder corresponds to CGaN

excitons.

which is consistent with the picture of strain-free nanowires, considering
that in strained GaN films, the BGaN excitons tend to be stronger than the
AGaN ones [24, 25]. Interestingly, the oscillator strength of the CGaN ex-
citon is comparable to that of AGaN and BGaN excitons. This is somewhat
puzzling, considering that in small angle reflectivity experiments on c-axis
oriented GaN films, the CGaN excitons are strongly suppressed [17, 18] in
accordance with the well-known polarisation selection rules for GaN [26],
favouring the AGaN and BGaN excitons for polarisation perpendicular to
the c-axis, and the CGaN excitons for polarisation parallel to it. Possible
explanation for this is that, although the majority of NWs seem upright
in Figure 5.1 (b), there is a scarce population of tilted NWs, or small
deviations from verticality, relaxing the selection rule and enhancing the
CGaN exciton signature, in conjunction with the well-known anisotropy
of the nanowires amplifying the absorption cross section for polarisation
parallel to the c-axis [27]. In order to ensure that the 3.5eV peak behaves
indeed as a CGaN exciton, a polarisation-dependent reflectivity experiment
is carried out at large incidence angles (~ 65o), using a Glan Thomson po-
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lariser. Unlike the small angles, where all polarisation components are
essentially perpendicular to the c-axis, the large angles serve the purpose
of creating significant parallel and perpendicular to the c-axis polarisation
components depending on the polariser angle. The results are as shown
in Figure 5.4 (a). The angle 0o corresponds to p-polarisation whereas the
angle 90o to s-polarisation. As expected, the CGaN exciton line is much
stronger at angle 0o, where a significant polarisation component parallel
to the c-axis exists, whereas is significantly reduced at angle 90o, where
all polarisation components are perpendicular to c-axis. With increasing
temperature, the excitons start red shifting accompanied by broadening,
where AGaN and BGaN excitonic features merge together forming a single
peak at RT, whereas the CGaN excitons can be uniquely identified at RT,
by carefully following its evolution with temperature. The two peaks are
depicted in Figure 5.2 (b), corresponding very well to its respective PL
positions as well.

Figure 5.4: (a) Polarisation-resolved reflectivity measurements, at a large angle of incidence of ~ 65°,
where the polariser angle is varied from 0o to 90o, demonstrating the polarisation dependence of the
excitons. (b) Wide range reflectivity spectrum of GaN NWs showing transmission-like characteristics.

However, what is most interesting in the optical characterisation of
the NW samples is that the reflectivity spectrum looks very much like
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transmission. This is quite evident in the wide range reflectivity spectrum
of Figure 5.4 (b), where the characteristics of a transmission spectrum
can be clearly distinguished, with the low absorption region below gap
and the presence of exciton absorption peaks at AGaN , BGaN and CGaN

excitonic positions respectively [26]. Please note that the AGaN and BGaN

excitons appear to be merged into a single peak due to the lower resolution
grating used. The “transmission-like” characteristics of the reflectivity
spectrum can be understood by considering a very simple scenario. If
negligible reflectivity is assumed at the top GaN NW / air interface, then
the specularly reflected spectrum of Figure 5.4 (b) derives from the light
reflected at the bottom GaN NW / Si interface, after having traversed
twice the GaN NW array, containing thus important information about
the absorption characteristics of the NW array. In the rest of the chapter,
this simple picture is validated, which in turn is used to extract for the
first time, useful absorption coefficients for a NW system, grown on an
opaque substrate. The estimation of absorption coefficients can provide
an insight into the oscillator strength of the respective GaN NW excitons,
which then can be harnessed for robust polaritonic applications.

5.4 Total reflectivity measurements and modelling

A key observation, strongly suggesting the anti-reflective character of
the GaN NW/air interface, is the lack of any pronounced Fabry-Perot
oscillation in the transparent region of GaN, at RT, as shown in Fig-
ure 5.5. By contrast, very intense Fabry-Perot oscillations are observed
in the total reflectivity spectrum of the reference GaN/Si thin film, at
RT, as shown in Figure 5.6 (a), consistent with having two optically-flat
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Figure 5.5: Total (red), specular (blue) and diffuse (black) reflectivity spectra obtained from the GaN
NW sample, at RT.

top and bottom interfaces. By simulating the Fabry-Perot region of the
total reflectivity spectrum for the two types of samples, quantitative in-
formation can be extracted, and moreover allows for the demonstration
of very low reflectivity values, for the top GaN NW surface. Towards
this end, it is necessary to perform some high precision total reflectivity
measurements, taking into account the possible contribution of diffuse re-
flectivity. Thus, all measurements essential for modelling are taken with
the help of the setup described in detail in A.2.7, which is operated in two
configurations: 1) with specular white plate, 2) with specular light trap,
corresponding to total and diffuse reflectivity measurements, as depicted
in Figure 5.5. Subtraction of the diffuse from the total reflectivity gives
the specular reflectivity, whose shape is in close similarity with the one,
returned by measurements made with the setup described in A.2.1. In
addition, the diffuse reflectivity of the nanowires appears to be signific-
ant even in the long wavelength region where it amounts to 5%. With
decreasing wavelength, the NW diameter to wavelength ratio increases
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[28] and the diffuse reflectivity becomes more prominent, reaching values
over 20% near the GaN gap. Above the gap, the diffuse signal drops
down sharply, due to the abrupt onset of absorption, limiting the volume
for diffuse scattering to the very top part of the NW array. The 8.5%
plateau at short wavelengths can thus be interpreted as due to surface
diffuse scattering. Overall, however, it is clear from Figure 5.5 that the
diffuse reflectivity cannot be neglected, making it essential to compare
the modelling results with total reflectivity spectra, rather than specular
alone.

Figure 5.6: Simulation of the total reflectivity spectrum from: (a) GaN / Si thin film, and (b)
GaN NWs grown on Si, where the black and red lines correspond to experimental and simulated data
respectively.

In order to simulate the reflectivity in the transparent region for the
two types of structures, a transfer matrix model, described in detail in
appendix B is utilised. Several assumptions go along with the model: (1)
the film and substrate are optically isotropic and homogeneous, (2) the
surface of the film is flat and smooth, (3) there is no residual absorption
in the Fabry-Perot region, and (4) the back reflection from the substrate
/ air bottom interface can be neglected, which applies in the case of the
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samples discussed here since the Si substrate is strongly absorbing in the
wavelength range under consideration. In order to ensure the accuracy
of the model, initially the simulation is run for the reflectivity spectrum
from GaN / Si thin film, whose nominal thickness is ~ 810nm. All the
initial assumptions made for the model are applicable here. The Sellmeier
coefficients for GaN as well as Si as a function of incident wavelength,
at RT, are taken from [29, 30] respectively. The angle of incidence is
set to ~ 8o, similar to the incident angle used in the integrating sphere
setup (see subsection A.2.7). The thickness of the GaN layer is the only
adjustable parameter. The model precisely simulates the experimental
data, as depicted in Figure 5.6 (a), for a thickness of ~ 808.4nm, very
close to the nominal thickness of the film.

The transfer matrix model is now used to simulate the total reflectivity
spectrum from GaN nanowires on Si, as visible in Figure 5.6 (b), where
the nominal average height of the nanowires is ~ 450nm (from SEM lateral
view). However, the NW array does not meet the first two assumptions
of the model, i.e. they are not optically isotropic and homogeneous, nor
do they have a flat and smooth surface. Instead, the nanowires can be
compared to a set of anisotropic scatterers dispersed in a medium of air
forming a dielectric matrix that is not homogeneous [27]. In order to
turn the NW array into a homogeneous medium, with a flat and smooth
surface, an effective medium theory (EMT) [27, 31, 32] has to be ap-
plied. EMT calculates an effective permittivity for the dielectric matrix
provided the individual permittivities ε(λ) = n(λ)2, hereafter denoted as
ε , and the volume fractions of the constituents are known [32]. However,
a prerequisite for the validity of EMT is that the wavelength of incident
light must be much larger than the nanowire average diameters and inter-
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spacings (long-wavelength limit). This holds in the case of the nanowires
described here, since the wavelength range of interest is between 400 nm
and 845 nm, which is much larger than the nanowire average diameter (d
= 24nm) as well as the inter-spacing between them, which is around 50
nm in this sample.

5.4.1 Homogenising an anisotropic medium

If the nanowires are considered to be inherently anisotropic scatterers
[27], in the sense that light polarised parallel to the NW long axis is
scattered more efficiently than light polarised perpendicular to it, then
any effective medium theory homogenising the NW array, should take
into account this anisotropy by using an effective permittivity tensor [27].
If the scatterers are aligned along a given crystallographic direction, the
tensor can take the following form:

ε =


ε1 0 0

0 ε2 0

0 0 ε3

 (5.1)

where ε1, ε2 and ε3 are the effective permittivities along the three principal
axes. Such a medium is called birefringent and here it can be referred to as
form birefringence [13], in order to differentiate it from the birefringence
usually seen in certain types of crystals. For instance, if the nanowires
are grown along the c-axis, all directions perpendicular to the growth
direction can be expected to behave the same way i.e. ε1 = ε2 ̸= ε3 .
The tensor thus becomes that of a standard uniaxial birefringent material,
where ε1 and ε2 correspond to effective ordinary permittivity (polarisation
perpendicular to long axis) and ε3 to effective extra-ordinary permittivity
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(polarisation parallel to long axis) [13]. In the case of the nanowires
discussed here, such complex homogenising procedures are not required,
since the NWs are oriented along the c-axis, and the angle of incidence is
near to normal, implying that both s and p polarisation of the incident
light are practically perpendicular to the nanowire axis. As such, the
medium’s response is expected to be isotropic and can be described by a
single effective ordinary permittivity.

5.4.2 Estimation of effective ordinary permittivity using effect-
ive medium theory (EMT)

Figure 5.7: (a) An illustrative diagram showing how the nanowires are divided into two layers, intro-
ducing four parameters: h1 - height of top layer, f1 - volume fraction of top layer, h2 - height of bottom
layer and f2 - volume fraction of bottom layer. (b) Deduced power reflectivities from the simulation, at
different interfaces of the GaN NW array, such as top (blue), middle (dark cyan) and bottom (magenta)
interfaces.

There are two well-known effective medium theories for calculating the
effective ordinary permittivity of a dielectric matrix, based on Lorentz-
Lorentz Clausius-Mossotti equation [32]: (1) the Maxwell Garnett theory
(MGT), and the (2) Bruggeman effective medium approximation (EMA)
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[31, 32]. Between the two, the MGT is less adapted to describe a GaN
NW system, due to the large refractive index contrast between air and
GaN, condition for which MGT fails. Therefore, hereafter, the Bruggeman
EMA theory is applied, for which it is essential to know the permittivities
of air and GaN, as well as the volume fraction of the nanowires in the
dielectric matrix. To get an idea about the NW volume fraction, the SEM
images are carefully observed, where one can easily realise that although
most of the nanowires are upright, they have different heights, and as
mentioned earlier, a fraction of them have stepped surfaces while some
are pitted towards the top. In other words, the SEM images suggest that
the effective ordinary permittivity should be graded along the height of
the dielectric matrix. Accordingly, the dielectric matrix is divided into
two layers for simplicity, as depicted in Figure 5.7 (a), introducing four
parameters: h1 - height of top layer, f1 - volume fraction of top layer,
h2 - height of bottom layer and f2 - volume fraction of bottom layer.
The minimum height of most of the nanowires is determined by SEM
lateral view to be ~ 345.5nm and is assigned to h2. In order to estimate
volume fractions, a magnified version of the grey scale, top view SEM
image, of the nanowires, as visible in Figure 5.1 (a), is carefully analysed.
Each pixel on the image has a relative intensity corresponding to the
height of the nanowire in that particular spot. Next, an edge enhancement
technique is applied to the image, using an image processing software, so
as to highlight the nanowire boundaries, followed by the conversion of
grey scale into negative black and white (B/W) image using 2 different
thresholds: (1) by keeping the threshold high, such that the B/W image
contains information only about the tallest nanowires, and (2) by keeping
the threshold low, such that the B/W image contains information about
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all nanowires having the minimum height of 345.5nm. The dark regions
of the B/W image correspond to the boundaries confining the nanowires,
whereas the bright regions outside correspond to air. The ratio of area
confined by the nanowire boundaries to the total area, gives the volume
fraction of the nanowires. The high threshold and low threshold B/W
image, gives an estimate of ~ 0.108 and 0.1919 respectively, corresponding
to f1 and f2 subsequently. In the Bruggeman EMA [32], the effective
permittivity ε of the dielectric matrix is given by:

f

(
εn − ε

εn +Kε

)
+ (1− f)

(
εm − ε

εm +Kε

)
= 0 (5.2)

where εn is the permittivity of the nanostructure, εm the permittivity of
the surrounding matrix, f the volume fraction of the nanostructures, and
K=1 for an array of cylinders arranged such that the incident beam is
collinear to their long axis. Substituting for f in equation 5.2, with f1

and f2 respectively, and by using GaN and air permittivities, the effective
ordinary permittivity (ε) for either layers, corresponding to ε1 and ε2 are
determined.

5.4.3 Specular reflectivity to absorption

The transfer matrix model, as described in detail in appendix B, is
used to simulate the total reflectivity spectrum from the GaN nanowire
system, as visible in Figure 5.6 (b). The estimated values of ε1, h2 and ε2
are used in the simulation, where the height (h1) of the top layer is kept as
a sole adjustable parameter, in order to account for the irregular heights,
stepped surface and pitted nature of the NW array towards the top. The
simulation precisely follows the experimental data, for h1=120.1nm, thus
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returning an overall average height of ~ h = (h1 + h2) = 465.6nm, very
close to the nominal average height of the nanowires which is ~ 450nm,
estimated from SEM lateral view.

Now using n =
√
ε, as well as the basic relation for power reflectivity(R)

at a given interface,

R =

(
n− n′

n+ n′

)2

(5.3)

with n and n′ being the refractive indices above and below the interface,
an additional plot is made in Figure 5.7 (b) for the top, middle and bottom
power reflectivities of the GaN NW / air matrix, demonstrating that the
top and middle reflectivities are negligible (< 0.2%), while on the other
hand the bottom reflectivity at the interface with Si is as high as 35%.
These numbers strongly support the speculation that light incident on the
NW / air matrix hardly gets reflected from the nanowires, but instead
most of it gets transmitted through them, suffers reflection at the bottom
interface with Si, and gets transmitted back again, thereby travelling a
distance equivalent to twice the average height of the nanowires, i.e. ~
931.2nm for the sample discussed here. Thus, a modified Beer-Lambert’s
law can be applied for the specular reflectivity:

I = Io (1−Ds)
2Roe

−(α+Dv)d (5.4)

where Io is the intensity of incident light, Ds and Dv correspond to diffuse
scattering losses at the surface and volume of the NW array respectively,
Ro is the reflectivity at the NW array / Si interface, α the absorption
coefficient of the NW array, and d is the path length (= 2h). Neglecting
the spectral dependence of diffuse scattering (Ds = 0 and Dv = 0), and
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by considering a spectrally flat Ro (Ro= 1) , equation 5.4 gets reduced to:

I = Ioe
−αd (5.5)

By substituting for Io, which is easily estimated from the reflectivity signal
just below the bandgap of GaN, and for d = 2h, which is ~ 931.2nm for
the sample discussed here, the corresponding specular reflectivity spec-
tra discussed in Figure 5.2, Figure 5.3 (b) and Figure 5.4 can be easily
transformed into their respective absorption spectra.

5.5 Determination of absorption coefficients

Figure 5.8: (a) Absorption spectra from GaN NWs, as a function of temperature, from 25K to 295K.
(b) LT and RT absorption spectra, emphasising the exciton absorption lines, along with the phonon
assisted absorption peak.

Figure 5.8 (a) shows a set of temperature-dependent absorption coeffi-
cient spectra, obtained as described previously, from specular reflectivity
spectra between 25K and 295K, measured using the setup described in
detail in subsection A.2.1, where the initial experimental conditions are
described in 5.2. The spectra are upshifted between them by 4,000cm−1,
for clarity. At low temperatures, we observe the prominent AGaN , BGaN
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and CGaN excitonic features as two separate peaks, one for the AGaN and
BGaN excitons merged together, and one for the CGaN exciton. With
increasing temperature, the two peaks progressively merge into a single
excitonic peak containing contributions from all AGaN , BGaN and CGaN

excitons. However the CGaN exciton can be uniquely identified at RT,
using the high resolution grating (see subsection 5.2). About 100meV
above the AGaN excitons, a characteristic bump-like feature can be dis-
tinguished, which is attributed to exciton-LO phonon bound states, as
previously reported for bulk GaN [33, 34]. This bump is more visible
in Figure 5.8 (b), where a closer look at the 25K and 295K absorption
spectra, confirms its assignment further supported by the fact that with
increasing temperature it follows the trails of the other excitonic peaks,
thus justifying its excitonic character.

Next a discussion is made on the amplitude of the absorption coeffi-
cients α extracted as a function of temperature between 25K and 295K.
At low temperature, the -values refer to the maximum of the merged AGaN

and BGaN excitonic peak, while at high temperature to the single merged
AGaN , BGaN and CGaN excitonic peak. From Figure 5.8 (a), α is equal to
13,000cm−1 at 25K, and to about 10,500cm−1 at 295K. These values can
be corrected to about 17,000cm−1 at 25K and 14,500cm-−1 at 295K, by
considering the spectral dependence of diffuse scattering. This correction
is achieved as follows. As discussed in the context of Figure 5.5, surface
diffuse scattering seems to remain relatively constant in the range 300-
400nm, i.e. above and below the gap, while volume diffuse scattering has
a strong spectral dependence, reaching a maximum just beneath the gap
and dropping down sharply above the gap due to absorption by the NW
array. This implies that the observed specular reflectivity signal below the
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gap, which serves as the base line of absorption, is in actuality diminished
by the percentage of volume diffused photons. According to Figure 5.5,
this correction is about 14%, raising the base line level from around 28%
to about 42%. To compare now with the respective α-values reported in
the literature, which are about 140,000cm−1 at 77K and 95,000cm−1 at
295K for bulk GaN films [33], the deficit amount of material available for
absorption in the NW array compared to a thin film, has to be further
taken into account. Accordingly, an estimate is made for the film factor ,
which is the volume fraction of available GaN material in the NW array,
given by:

F =
h1 + h2

h1f1 + h2f2
(5.6)

Substituting in equation 5.7, the value of h1 returned by the simulation,
and the values of h2, f1 and f2 determined by SEM image analysis, an es-
timate for the film factor (F ) is made, which is ~ 5.88. Thus the corrected
absorption coefficient is given by:

αcorrected = αexperimentalF (5.7)

Using equation 5.7, the corrected α-values are estimated to be ~ 100,000cm−1

at 25K and ~ 85,000cm−1 at 295K, as depicted in Figure 5.8 (b).
The corrected absorption coefficients are still smaller than the values

reported by Muth et al. [33] for GaN thin films, in spite of prior claims
in the literature for enhanced absorption of NW arrays, due to AR prop-
erty, light trapping effects, and excitation of resonant guided modes. The
AR property of the GaN NWs is confirmed in this work by the very low
reflectivity values (< 0.2%), estimated for the top NW / air interface fol-
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lowing the discussion of Figure 5.7. However, this AR property should
not contribute to the deduced absorption coefficients, as it has been expli-
citly taken into account in the analysis leading to them. In addition, light
trapping effects are not favoured in the rather short ( ~ 450nm) and dense
(3 x 1010cm−2) NW arrays of this work. Similarly, resonant mode effects
should be negligible in the case of the very thin ( ~ 24nm) nanowires stud-
ied here. In other words, not much of an enhancement is expected for the
NW array at hand, anyway. On the other hand, the smaller, compared to
bulk, α-values could be possibly attributed to the large surface to volume
ratio of nanowires and the presence of surface defects. In GaN NWs, sur-
face states are formed by Ga or N dangling bonds, binding impurities on
the surface [35]. These surface states have been reported to cause Fermi
level pinning [35–38], drastically affecting the optical and electrical prop-
erties. Pfuller et al. [21] showed an enhancement in PL by continuous
UV exposure for a certain time, that they attributed to a photo-induced
desorption of oxygen from the NW sidewalls, unpinning the Fermi level
and enhancing the PL efficiency. Tuoc et al. [37] showed that core shell
nanowires perform better than bulk nanowires alone, again confirming
the adverse influence of surface defects in GaN nanowires. Evidence for
surface defects in the nanowires discussed here, is brought about by the
PL peak at 3.42eV, which is typically attributed to excitons bound at
surface defects [19]. Based on the above, it is quite reasonable to suggest
that 1-2 nm from the GaN surface, do not contribute to the absorption
process. Assuming just 1 nm of “dead” shell is sufficient to modify the
film factor from 5.88 to 7, and increase the α-values to 120,000cm−1 at
25K and to 100,000cm−1 at 295K, i.e. quite similar to the values reported
by Muth et al. [33] for bulk GaN.
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5.6 Conclusion

In summary, a new all-optical method to extract absorption coefficients
is introduced, from as-grown nanowire arrays, on opaque substrates. The
method is based on simple reflectivity measurements on the as-grown
samples, and can be extended to any family of nanowires, provided they
are grown on substrates with sufficient permittivity difference compared
to the nanowire-air matrix. The nanowires studied in this chapter are
strain free, with high optical quality, confirmed by the strong excitonic
features observed, both in the emission as well as absorption coefficient
spectra, right from low temperature all the way up to room temperature,
quite adhering to the prerequisites of a polaritonic system. However,
evidence of enhancement in the amplitude of absorption coefficients are
not observed, at least compared to bulk GaN [33]. This can be attributed
to the particular structural characteristics of the studied nanowire arrays,
not favouring light trapping effects, nor the excitation of resonant modes.
As of now, the GaN nanowires discussed here are already suitable for
polaritonic studies. Nevertheless, ongoing experiments focus on nanowire
samples, prone to show absorption enhancement effects, which could then
lead to the realisation of more robust GaN nanowire based polaritonic
systems.
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Conclusion

Most of the works on GaN based polariton lasers that rely on optical
pumping, reported until now, mainly use bulk GaN [1], GaN QW’s [2] or
GaN nanowires [3], as the active layer. In the latter approach, individual
nanowires positioned in a microcavity show remarkable polariton charac-
teristics, however the feasibility of electrical injection is not obvious. The
former two are currently compromised by the quality of the active region,
due to structural disorders introduced by the bottom GaN based DBR
mirror. The primary objective of this work was to improve the quality of
the GaN based active region, and thereby perform polaritonic studies on
them, eventually leading to the development of a GaN polariton laser. In
this context, strain and structural disorder free ultra-smooth GaN mem-
branes have been fabricated using PEC lateral etching, which are then
embedded between dielectric mirrors, forming full microcavity structures,
investigated for polaritonic as well as non-linear properties.

Prior to etching, focus has been given on on enhancing the optical
properties of the active region, by incorporating GaN / AlGaN QW’s,
where the aluminium content (~ 5%) of the barriers is carefully selected,
resulting in state of the art QW emission at RT, returning a homogeneous
linewidth of ~ 28meV. The delocalisation of QW excitons is investigated
as a function of temperature, where most of the delocalisation occurs
below 100K, in line with the low linewidth of the dominant QW peak,
at RT. Moreover the lifetime of the respective peak is estimated to be
~ 275ps. In short, the optical characteristics are found to be adhering
to the requirements of a polaritonic system. Having optimised the act-
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ive region, PEC lateral etching parameters are precisely fixed, so as to
produce high quality freestanding GaN membranes, by ‘eating’ away the
InGaN sacrificial layer. Extremely smooth membranes are produced by
using very low concentration of KOH, as low as 0.0004M, along with con-
stant excitation power and a constant / pulsed dc bias voltage. The AFM
rms roughness of the membranes on the etched face, is estimated to be ~
0.65nm, over an area of 100 μm2, approximately one order of magnitude
lower than the previously reported values, where they used a very sim-
ilar technique [4]. In order to have an understanding about the oscillator
strength of the excitons involved, which is crucial to a polaritonic system,
absorption coefficients have been deduced from low temperature trans-
mission experiments, performed on these amazingly planate membranes
transferred to a sapphire substrate. The oscillator strength of the GaN
excitons, turned out to be at least 30% higher, compared to previous
reports in the literature [5].

The half-microcavity structure, formed by transferring the ultra-smooth
membranes to a high quality dielectric based DBR mirror, exhibited
very sharp excitonic features, giving a further insight into the quality
of the etched membranes. The cavity mode observed is relatively broad,
where the estimated Q-factor is ~ 85. Optical characterisation of the full-
microcavity structure, formed by the deposition of the top DBR mirror on
to the half-microcavity structure, clearly demonstrated strong coupling,
where two polariton branches mainly LPB and MPB are observed experi-
mentally, whereas the UPB is determined with the aid of modelling. The
contribution of the two excitonic peaks: spacer GaN and GaN QW, to
the different polariton states are precisely analysed and the Rabi splitting
of the system is estimated to be ~ 64meV. The Q-factor of the system is
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determined to be ~ 1770, very close to the theoretical prediction. The
investigation of non-linear properties at RT, as a function of pump power
density, has unveiled a highly efficient polariton laser in the kinetic re-
gime, with an ultra-low average threshold of ~ 4.5W / cm2 (~ 594μJ /
cm2), under non-resonant quasi-continuous excitation. The threshold re-
ported is the lowest ever for 2D GaN based systems [2]. Above threshold,
the system has been confirmed to be in the strong coupling regime by
analysing the dispersive behaviour, as well as by determining the exciton
density per coupled QW, at threshold, which turned out to be at least
more than two orders below the exciton saturation density. The beau-
tiful k-space condensation pattern above threshold, has been interpreted
as polaritons getting trapped in a site-specific square-like pocket. Such
a mechanism has been found to escalate the polariton density locally,
resulting in an ultra-low threshold. The high quality of the all-dielectric
microcavity further contributes to the ultra-low threshold, reported here.
Thus to conclude, the primary objective of the project has been success-
fully implemented.

Additionally, GaN nanowires have been studied as a potential can-
didate for polaritonic studies, taking into account the very large Rabi
splitting value [6] and an ultra-low threshold [3, 6], reported by Das et
al., for their GaN nanowire based system. In this context, strain free
GaN nanowires are studied, whose optical quality has been confirmed by
strong excitonic features, observed in PL and reflectivity measurements,
right from low temperature all the way up to room temperature, quite well
adhering to the prerequisites of a polaritonic system. Moreover, a new
all-optical method has been formulated, to extract absorption coefficients,
from as-grown nanowires, on opaque substrates. The method is based on
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simple reflectivity measurements on the as-grown samples, and can be ex-
tended to any family of nanowires, provided they are grown on substrates
with sufficient permittivity difference compared to the nanowire-air mat-
rix. Based on this method, absorption coefficients have been derived,
as a function of temperature. However at RT, the derived absorption
coefficients are comparable to bulk GaN [5], as opposed to an expec-
ted enhancement, which has been attributed to the particular structural
characteristics of the studied nanowire arrays, not favouring light trap-
ping effects, nor the excitation of resonant guided modes. Nevertheless,
taking into account the superior optical properties of the GaN nanowires
discussed in this work, they can already be considered optimal for polari-
tonic studies.

Future perspectives

The physics of polaritons in inorganic materials like GaAs [7, 8] and
CdTe [9, 10], have been deeply investigated in the last decade [11]. GaN
on the other hand, being a more promising material, in terms of high
binding energy and oscillator strength, has been hardly studied for hard-
core polariton physics, being limited by the quality of the active layer
and processing difficulties. The use of strain free, structural disorder free,
ultra-smooth GaN membranes, as the active region, unravels a new mater-
ial system for profound polaritonic investigation. In this context, firstly
it would be very fascinating to study the polariton lasing threshold as a
function of detuning, for which membranes of different thicknesses can be
employed. This would eventually lead to polariton lasing / condensation
in the thermodynamic regime (BEC), which requires membranes with very
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small negative detunings, that favours adequate polariton scattering rates
and lifetimes. Another interesting experiment, would be through reson-
ant excitation, which would unravel the prospects for directly investigat-
ing non-linear processes like parametric amplification [10, 11]. Moreover,
it would also lead to even lower polariton lasing threshold, than what
would have been possible by non-resonant excitation. Polaritons getting
confined in a site-specific trap, has been shown to escalate the polariton
density locally in this work. A further study in this direction, could open
up possible ways of reducing the polariton lasing threshold. A feasible way
of creating patterns or mesas on relatively large membranes, could lead
to studies based on engineered polariton landscapes, simulating complex
many-body phenomena [12, 13]. The ultra-smooth membranes, prior to
top DBR deposition, can also be spin-coated with adequate organic poly-
mers, which will unveil a whole new area of polaritonic research in the
visible region, based on organic exciton polaritons [14]. The last and
most important direction of research would be to create electrically in-
jected GaN membrane based polariton lasers and light emitting diodes
(LED’s). Towards this objective, GaN membranes are highly preferable
as contacts can be made directly on the membranes, eliminating issues
related to resistance of the DBR mirrors, a common problem faced in
GaAs based systems [8], that make use of DBR mirrors fabricated from
the GaAs family. Such an approach will lead to the development of highly
efficient, electrically injected, ultra-smooth GaN membrane-based polari-
tonic devices.
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A
Experimental equipments and setups

A.1 Building blocks

A.1.1 Laser’s

1. Kimmon IK series, continuous wave, He-Cd laser, at 325 nm, with a
maximum power output of 32mW and a beam divergence of 0.92mrad,
used as a source of excitation in PL experiments.

2. Nanolase, pulsed, frequency quadrupled, Nd-YAG (neodymium-doped
yttrium aluminium garnet; Nd:Y3Al5O12) laser at 266nm, with a
pulse-width of 0.51ns and a repetition rate of 7.58kHz. A quartz
prism is used to separate the laser components after which, the av-
erage power at 266nm ~ 0.4mW. It is used as a source of excitation
in PL experiments.

3. Mira-900 series, pulsed, tunable Ti:Sapphire laser, with a tuning
range of 700 - 1000nm and a pulsewidth < 2ps, where the repeti-
tion rate is 76MHz. It is used as a source of excitation in TRPL
measurements.

4. A 405nm diode laser, used as a source of excitation in PEC etching.
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A.1.2 White light source’s

1. A 150W Xenon lamp, in a high precision Hamamatsu lamp housing,
used as a source for reflectivity (RFL) and transmission measure-
ments.

2. A fibre coupled, collimated Mikropack light source, equipped with
a deuterium (for UV region) and halogen lamp (for visible and IR
region), is used as a source for reflectivity measurements.

A.1.3 Sample placement and temperature dependent measure-
ments

The sample is placed in an APD helium closed-circuit cryostat, equipped
with a Scientific Instruments, series 5,500 temperature controller, which
enables the variation of sample temperature right from 20K to 310K.

A.1.4 Spectrometer

All PL, RFL and transmission measurements are made on an Ac-
ton SpectraPro, 0.5 meter focal length, triple grating and imaging spec-
trograph, with a resolution of 0.02nm at 435.8nm and an accuracy of
±0.02nm. The three gratings are the following: (1) 150grooves/mm,
blazed at 300nm (2) 600 grooves/mm, blazed at 300nm and (3) 2400
grooves/mm, blazed at HUV (holographic UV). Moreover it is equipped
with a liquid nitrogen cooled charge-coupled device (CCD), having a
width of 1024 pixels and a height of 256 pixels.
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A.1.5 Streak camera

All TRPL measurements are made on a Hamamatsu M5675 streak
camera, equipped with four different time range options, based on the
sweep voltage used to deflect the light. Time range ‘1’ corresponds to the
highest resolution whereas time range ‘4’ to the lowest one. Based on the
MIRA (see subsection A.1.1) used with the streak the temporal resolution
is estimated to be ~ 2ps. Further information on the working of streak
camera can be found in the following link.

A.2 Optical setups

A.2.1 Basic PL / Reflectivity setup

Figure A.1: Basic PL setup.

The schematic of the PL and Reflectivity setup are as visible in Fig-
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Figure A.2: Basic Reflectivity setup.

ure A.1 and Figure A.2 respectively. Both setups are very identical except
for two instances: (1) A collimating lens is used just after the source, in
the reflectivity setup, which is absent in the PL setup due to the minimal
divergence of the laser beam (2) In the PL setup, the collection involves
a large number of angles around k‖ = 0o, limited by the NA of the collec-
tion lens, whereas in the reflectivity setup the collection angle is identical
to the incidence angle, which in turn depends on the requirement of the
experiments. However taking into consideration the size of the optics
used, the angle of incidence is limited to a minimum of at least 10o in
both setups, where the incident beam is focused onto the sample placed
in the cryostat, and the response from the sample is focused onto the
spectrometer using a collection lens. It should be noted that in the case
of reflectivity measurements, in order to correct for the lamp’s spectral
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response, a Newport 5108 UV-Vis mirror is used as a reference, which has
a nearly flat response and the reflectivity is ~ 90%, in the range of 300 -
600nm.

A.2.2 Time resolved photoluminescence (TRPL) setup

Figure A.3: Time resolved photoluminescence setup.

The schematic of the TRPL setup is as shown in Figure A.3. The
source used is always a pulsed laser due to the nature of experiments,
which is a MIRA over here (see subsection A.1.1 for more details). A
small portion of the laser beam is fed to the photodiode using a beam
splitter, which acts as a trigger to the streak camera. The pulse from
the laser marks the beginning of the time resolved measurements, which
in fact is the same instance at which the sample is excited as well. The
incident beam is focussed on to the sample placed in the cryostat, where
the angle of incidence is ~ 15o. The PL signal is collected from the sample
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in such a way that a large number of angles around k‖ = 0o is captured
(limited by the NA of the first collection lens), using a (1:1) two lens
imaging system, which in turn focuses the beam into the monochromator
on the other end. The spatial resolution of the TRPL image depends
on the grating used, which is equipped within the monochromator (see
subsection A.1.4 for more details). The collected beam that undergoes
wavelength dispersion within the spectrometer, exits through a slit on
the back side of the monochromator, which is then aligned into the streak
camera, that decides the temporal resolution of the TRPL image, based on
the time range chosen. It should be noted that the input slit to the streak
camera is horizontal, as depicted in the inset of Figure A.3, whereas the
exit slit of the monochromator is vertical. In other words, the intersection
of the two slits creates a very small window that allows the light to enter
the streak camera. Thus great care should be taken while aligning the
collected PL signal into the monochromator, ensuring that it is exactly
at the centre of the vertical slit.

A.2.3 Simultaneous PL and Transmission setup relying on the
principle of magnification

The schematic of the setup is as shown in Figure A.4, which allows sim-
ultaneous measurement of transmission and PL, although PL is collected
from the back side of the sample. A collimating lens is used in combina-
tion with the white light source whereas the laser source does not require
it due to minimal divergence of the laser beam. The beam from either
sources is aligned into the same path using a beam splitter in such a way
that the laser beam, having a smaller diameter is positioned exactly at
the centre of the white light beam. In order to allow magnification in the
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Figure A.4: Simultaneous PL and Transmission setup relying on the principle of magnification.

collection path from a large area of the sample, a focusing lens is not used
in the incident path, where the angle of incidence is ~ 0o. The collection
lens having a focal length (f) of 50mm, is positioned at a distance d from
the sample such that the magnification (M) that can be achieved by the
single lens system is as follows:

M =
f

d− f
(A.1)

where d > f and the image is formed at the spectrometer slit. It should be
noted that, the use of a single lens system allows for a large magnification
in a relatively simple way, as opposed to the two lens system. The inset
of Figure A.4 shows the magnified image just before the pinhole, from a
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sample containing GaN membranes on sapphire. The white region cor-
responds to white light transmission, whereas the blue spot, visible at the
centre of white light transmission, on the membrane, corresponds to PL
from the membrane. This particular membrane can be isolated using a
100μm pinhole, which is then aligned into the spectrometer, allowing the
extraction of PL / Transmission from the single membrane. In the case of
transmission measurements, in order to correct for the lamp’s spectral re-
sponse, a bare piece of sapphire is used as a reference, which has a nearly
flat response and the transmission is ~ 85 - 90%, in the range of 0.3 - 4μm.

A.2.4 Reflectivity setup relying on the principle of magnifica-
tion

The schematic of the setup is as shown in Figure A.5, where the basic
working principle is very similar to the previous setup (A.2.3), the only
differences being the following: (1) the angle of incidence is not fixed
at ~ 0o, but instead should be greater than at least 10o (limited by the
size of the optics), whose value is finally decided by the requirements of
the experiment (2) the collection is the reflected beam path rather than
the transmitted path. Here again in order to allow magnification in the
collection path from a large area of the sample, a focusing lens is not used
in the incident path. The collection lens (lens ‘a’), having a focal length
(fa) of 50mm, is positioned at a distance (da) from the sample in such a
way that the magnification that can be achieved by the single lens system
is given by equation A.1 and the image is formed at the spectrometer
slit. The spatial selection of individual features in the image is made
possible with the help of a 100μm pinhole, which is then aligned into the
spectrometer. In a scenario that requires further magnification, a second
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Figure A.5: Reflectivity setup relying on the principle of magnification.

lens (lens ‘b’) is used in the collection path as visible in Figure A.5. It
should be noted that the system used here is not a usual two lens system
for magnification, but instead lens ‘a’ is positioned at a distance (da) from
the sample in such a way that an image is formed in the collection path,
where the distance (db) between this image and lens ‘b’ is greater than the
corresponding focal length (fb ~ 100mm) of lens ‘b’, which then provides
further magnification of the image formed by lens ‘a’ alone, given by the
equation A.1. Moreover the distance db should be in such way, that the
final image is formed at the spectrometer slit. In order to correct for
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the lamp’s spectral response, a Newport 5108 UV-Vis mirror is used as a
reference, which has a nearly flat response and the reflectivity is ~ 90%,
in the range of 300 - 600nm.

A.2.5 Simple Reflectivity setup using optical fibres

Figure A.6: Simple Reflectivity setup using optical fibres.

The schematic of the setup is shown in Figure A.6, which is a relatively
very simple setup for quick reflectivity measurements. The core of the
setup is a multicore fibre from Ocean optics (QR400-7-SR-BX), where
the fibre diameter is 400μm designed for a wavelength range from 200-
1100nm. The fibre tip aligned normally with the sample is depicted in
the inset of Figure A.6, which basically consists of 6 fibre bundles around
1. The outer fibre bundles are used for excitation whereas the one in
the middle is used for the collection of the reflectivity response from the

184



APPENDIX A. EXPERIMENTAL EQUIPMENTS AND SETUPS

sample. On the other end, the fibre is divided into two: (1) the outer
fibre bundles form one arm which is attached to the collimated white
light source and (2) the central fibre bundle forms the other arm which
is aligned with the spectrometer using a collimator. Light is incident on
the sample at various angles, however only a small portion of light at
an angle of incidence ~ 6o, gets collected by the central fibre bundle, as
visible in the inset of Figure A.6. The distance d between the sample and
the fibre tip, just above the sample, is positioned in such a way that the
reflectivity response is maximised. It should be noted that in order to
correct for the lamp’s spectral response, a Newport 5108 UV-Vis mirror
is used as a reference, which has a nearly flat response and the reflectivity
is ~ 90%, in the range of 300 - 600nm.

A.2.6 PL Imaging setup

The schematic of the setup is shown in Figure A.7, which allows PL
imaging. The incident beam is focused on to the sample at normal incid-
ence, using an objective having a numerical aperture (NA) of ~ 0.63. In
other words the range of the objective is from -39o to +39o. The collection
path is same as the incident path, which is made possible by using a beam
splitter. The whole setup is aligned for ~ 360nm, which is close to the
emission wavelength of the samples studied in this thesis. In the absence
of the imaging lens, the PL collected from the sample is collimated by
the objective, which is focused into the spectrometer by the final collec-
tion lens. In order to facilitate imaging, the Fourier plane of the sample
which is formed at a distance of fo from the objective, where fo ~ 8mm is
the focal length of the objective, has to be imaged into the spectrometer,
which is achieved by using an imaging lens at a distance d from the ima-
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Figure A.7: PL Imaging setup.

ging plane. The distance d is actually equal to the focal length (fa) of the
imaging lens which is around 200mm. The setup further allows spatial fil-
tering, which is made possible by installing an iris on a translational stage
at a distance d = fa from the imaging lens, which in theory is the region
where the Fourier plane would be focused by the imaging lens, as visible
in Figure A.7. It should be noted that the focal length (fb ~ 100mm) of
the final collection lens solely depends on the final magnification required
in order to utilise the CCD dimensions completely. Figure A.8, shows the
imaging setup on a breadboard, which allows the measurement of PL /
Reflectivity, made possible by the use of a flipping mirror.
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Figure A.8: An imaging setup on a breadboard, which allows the measurement of PL / Reflectivity,
by the use of a flipping mirror.

A.2.7 Reflectivity measurements using integrating sphere

A Perkin Elmer LAMBDA 950 UV/Vis/NIR spectrophotometer, equipped
with an integrating sphere is used for measuring the total reflectivity
(specular + diffuse) spectrum from the sample, at RT. The setup can
be operated in two configurations: 1) with specular white plate, 2) with
specular light trap, as depicted by the schematic of Figure A.9, where
the angle of incidence is ~ 8o. With the first configuration, the total re-
flectivity response from the sample can be measured, whereas with the
second, the specular reflection is trapped providing an accurate estimate
of the diffuse reflectivity. The subtraction of the diffuse from the total re-
flectivity gives the specular reflectivity response of the sample. A detailed
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Figure A.9: Different integrating sphere configurations, used for measuring total and diffuse reflectiv-
ity.

description of the entire setup can be found in the following link.
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B
Transfer matrix model

The matrix calculating method as described by F. Abeles (1950), is
used to calculate the effective characteristic matrix of a multilayer system,
which is then linked to its respective spectral coefficients using a transfer
matrix. The model is described in detail, in [1].

B.1 Matrix calculating method

Figure B.1: A multilayer system consisting of homogeneous, isotropic layers, where the number of
layers are assumed to be m, numbered from the substrate to air.

A multilayer system consisting of homogeneous, isotropic layers, is con-
sidered as shown in Figure B.1. The total number of layers are assumed
to be m, numbered from the substrate to air, such that the right boundar-
ies of each layer is denoted by z1, z2, ....., zm where zm=za. za represents
the coordinate of the outer boundary of the system, as well as the overall
thickness of the multilayer system. The individual thickness of the layers
are denoted by d1, d2, ....., dm and their complex respective refractive
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index are given by ñ1, ñ2, ....., ñm. The refractive index of the substrate
is denoted by ns (can be absorbing as well, then can be replaced by ñs)
and that of air by na. The complex refractive index of any given layer is
as follows:

ñ = n− ik (B.1)

where n is the real part of the refractive index and k is the imaginary
part, also called as extinction coefficient, related to absorption coefficient
(α) of the layer by the following equation:

k = α
ℏc
2ℏω

(B.2)

where ℏ is the planck’s constant, c is the velocity of light in air and ω is
the angular frequency. The real part of the refractive index as a function
of wavelength n(λ) can be calculated using Sellmeier equation given by:

n (λ)2 = 1 +
B1λ

2

λ2 − C1
+

B2λ
2

λ2 − C2
+

B3λ
2

λ2 − C3
(B.3)

where B1, B2, B3, C1, C2 and C3 are the Sellmeier coefficients for the
material under consideration and λ is the wavelength of incident light.

According to this method, the incident beam is assumed to be propagat-
ing from the air towards the substrate as shown in Figure B.1, at an angle
of incidence θa, suffering multiple reflections/transmissions at each inter-
face, interfering either constructively or destructively at the output, which
can be either be at the reflected side or the transmitted side. The tangen-
tial components of the electric and magnetic vectors of the field, at some
arbitary point of the jth layer are given by:
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u (z) = u (zj−1) cos [kñjcosθj (z − zj−1)]+

(
i

qj

)
v (zj−1) sin [kñjcosθj (z − zj−1)]

(B.4)

v (z) = iqju (zj−1) sin [kñjcosθj (z − zj−1)]+v (zj−1) cos [kñjcosθj (z − zj−1)]

(B.5)
Assuming z = zj in equations B.4 and B.5, the following equations are
obtained:

u (zj) = u (zj−1) cosβj +

(
i

qj

)
v (zj−1) sinβj (B.6)

u (zj) = iqju (zj−1) sinβj + v (zj−1) cosβj (B.7)

where βj is the angular phase thickness inside the jth layer given by:

βj =
2�
λ
ñjdjcosθj (B.8)

where ñj is the complex refractive index of the jth layer, dj is the thickness
of the jth layer given by dj = zj − zj−1, and θj is the angle of incidence to
the jth layer, which can be estimated from Snell’s law as follows:

ñjsinθj = nasinθa (B.9)

where θa is the external angle of incidence from air, as shown in Figure B.1.

qj = ñjcosθj (B.10)
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for S-case and

qj =
ñj
cosθj

(B.11)

for P-case, being the only difference in the extraction of spectral coeffi-
cients for the two respective cases. The equations B.6 and B.7 can also
be written in the matrix form as following:

(
u

v

)
z=zj

=

 cosβj

(
i
qj

)
sinβj

iqjsinβj cosβj

( u

v

)
z=zj−1

(B.12)

The matrix introduced can be defined as the characteristic matrix of the
jth layer given by:

Mj =

 cosβj

(
i
qj

)
sinβj

iqjsinβj cosβj

 (B.13)

The tangential components of the electric and magnetic field of the
incident wave are continuous at the individual boundaries due to which the
effective characteristic matrix of the multilayer system (M) is a product
of the characteristic matrix (Mj) of each individual layer, numbered from
j = 1.....n, given by:

M =Mn.Mn−1.....M1 (B.14)

where j = 1, corresponds to the layer adjacent to the substrate and j = n,
adjacent to air.
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B.2 Relation between transfer matrix and effective
characteristic matrix

The amplitude transmittance and reflectance of the multilayer system,
in the forward (air to substrate) and reverse (substrate to air) direction
can be related to the effective characteristic matrix of the system using a
transfer matrix denoted by C. The reflection, transmission and absorption
amplitudes in the forward direction are denoted by r, t and a, and in the
reverse direction by r�, t� and a� , as shown in Figure B.2.

Figure B.2: Relation between effective characteristic matrix (M) and the different spectral amplitudes
such as reflection, transmission and absorption, which in turn are represented by the transfer matrix
(C).

C = Q−1
a MQs (B.15)

where C =

[
1
t

−r�
t

r
t

1
t+

]
, t+ = t

tt�-rr� ,

Qa =

[
1 1

qa −qa

]
, qa = nacosθa (S-case) and qa =

na

cosθa
(P-case)

Qs =

[
1 1

qs −qs

]
, qs = nscosθs (S-case) and qs =

ns

cosθs
(P-case)

Considering the incident beam to be propagating in the forward dir-
ection i.e. from air to substrate, equation (1.10) can be solved for the
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reflectance amplitude r and transmittance amplitude t. Therefore for the
S-case, with q = ñcosθ, the spectral coefficients are as following:

Rs =| r |2 (B.16)

Ts =
qs
qa

| t |2 (B.17)

Similarly for P-case, with q = ñ
cosθ , the reflectance is denoted by Rp and

transmittance by Tp. The overall reflectance and transmittance of the
multilayer system is given by:

R =
Rs +Rp

2
(B.18)

Now the absorption of the system can be calculated from:

A = 1−R− T (B.19)

B.3 Application of the model to a microcavity sys-
tem

Figure B.3: A multilayer system divided into three regions: (1) bottom DBR1, (2) cavity layer, and
finally (3) top DBR2, collectively forming a microcavity system, where the effective characteristic matrix
of the corresponding regions are M1, Mcav and M2 respectively.
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Consider a microcavity system as shown in Figure B.3. It is very similar
to the multilayer system defined in subsection B.1, with substrate at the
bottom and light incident from air, except that the system is divided
into three regions: 1) bottom DBR1 2) cavity layer and finally 3) top
DBR2. The effective characteristic matrix of the corresponding regions
are given by M1, Mcav and M2. According to equation B.14, the effective
characteristic matrix of the entire system is then as follows:

M =M2.Mcav.M1 (B.20)

Now M can be related to the spectral coefficients using equation B.15,
which thereby can be solved for the reflectance, transmission and absorp-
tion response of the system.

Moreover the equations B.4 and B.5 can be used to estimate the field
distribution within the microcavity structure, by expressing u(zj−1) and
v(zj−1) through the amplitude of the incident wave. If E is considered
as the electric vector of the incident wave, then u(0) = tE and v(0) =

qsu(0) = qstE. Applying these boundary conditions to equations B.4 and
B.5, gives the respective electric and magnetic field distributions within
the structure. It has to be noted that the solution is valid for both S-case
and P-case, the only difference being q = ñcosθ for S-case and q = ñ

cosθ

for P-case.
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C
Linear Hamiltonian model

The linear Hamiltonian of a system using rotating wave approxima-
tion, in the low density regime, where exciton-exciton interaction can be
ignored, can be written in the second quantisation form as following:

H =
∑
k‖

Hk‖ =
∑
k‖

Eexc,o

(
k‖
)
b†
k‖
bk‖ + Eo

(
k‖
)
a†
k‖
ak‖ + gb†

k‖
ak‖ + ga†

k‖
bk‖

(C.1)
where ak‖, bk‖ are the annihilation, and a†

k‖
, b†

k‖
are the creation operators,

of the cavity photon and an exciton respectively, for a given in-plane
wavevector k‖, Eo and Eexc,o are the corresponding cavity photon and
exciton energies and g is the coupling constant given by:

g = ℏ

√
2ΓocNQW

ncavd∗cav
(C.2)

where c is the velocity of light in air, NQW is the number of QW’s, ncav is
the effective refractive index of the cavity layer, d∗cav is the effective cavity
length including the penetration into the mirrors and finally ℏΓo is given
by:

ℏΓo =
πe2ℏ

4πεoncavmc

fQW
osc

S
(C.3)

where e is the charge of an electron, εo is the vacuum dielectric constant,
m is the mass of an electron and fQW

osc

S is the QW oscillator strength per
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unit area. It should be noted that the expression for coupling constant
(g) is an approximate formula, derived under the following assumptions:
(1) the cavity layer has a higher refractive index as opposed to its DBR
constituents and (2) the QW’s are placed exactly at the antinodes of the
field distribution within the cavity layer, estimated for a resonant cavity
photon energy (Eo). Hk‖ of equation C.1, can be represented in the form
of a matrix as following:(

Eexc,o

(
k‖
)

g

g Eo

(
k‖
) ) (C.4)

For a given in-plane wavevector k‖, the matrix can be diagonalised to
determine the eigen energies, corresponding to the eigen states of the
coupled excitons and photons, given by:

ELPB(k‖) =
1

2

(
Eexc,o

(
k‖
)
+ Eo

(
k‖
)
−
√(

Eexc,o

(
k‖
)
− Eo

(
k‖
))2

+ 4g2
)

(C.5)

EUPB(k‖) =
1

2

(
Eexc,o

(
k‖
)
+ Eo

(
k‖
)
+

√(
Eexc,o

(
k‖
)
− Eo

(
k‖
))2

+ 4g2
)

(C.6)
ELPB(k‖) and EUPB(k‖), can be referred to as the energies, corresponding
to the lower and upper polariton states, for a given in-plane wavevector
k‖. The corresponding normalised eigen vectors are as following:(

Xk‖

Ck‖

)
(C.7)
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and (
Ck‖

−Xk‖

)
(C.8)

where Xk‖ and Ck‖ are the Hopfield coefficients, given by:

| Xk‖ |
2=

1

2

1 +
ΔEdet

(
k‖
)√

ΔEdet

(
k‖
)2

+ 4g2

 (C.9)

| Ck‖ |
2=

1

2

1−
ΔEdet

(
k‖
)√

ΔEdet

(
k‖
)2

+ 4g2

 (C.10)

where | Xk‖ |2 and | Ck‖ |2 are indicative of the corresponding exciton
(photon) and photon (exciton) fractions, of the lower (upper) polaritons
respectively, for a given in-plane wavevector k‖, ΔEdet

(
k‖
)

is the detuning,
for a given in-plane wavevector k‖, given by ΔEdet

(
k‖
)
= Eexc,o

(
k‖
)
−

Eo

(
k‖
)
. The Hopfield coefficients satisfy the following relation:

| Xk‖ |
2 + | Ck‖ |

2= 1 (C.11)

So when the detuning is 0, | Xk‖ |2 and | Ck‖ |2 equals 0.5 i.e. the lower
polaritons (LPB) and the upper polaritons (UPB) are 50% photon like
and 50% exciton like. The corresponding energy splitting (ℏΩV RS) is
called vacuum field Rabi splitting, given by:

ℏΩV RS = 2g (C.12)

The interaction of the excitons with phonons or the presence of absorp-
tion / interface losses in the microcavity structure, leads to homogeneous
broadening of the excitons and cavity photons respectively. This ho-
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mogeneous broadening can be included in the model, by modifying the
matrix in equation C.4 slightly, as follows:(

Eexc,o

(
k‖
)
− iγ g

g Eo

(
k‖
)
− iγcav

)
(C.13)

where γ and γcav are the linewidths (FWHM) of the exciton and cavity
photon respectively. The eigen energies thereby gets modified as following:

ELPB(k‖) = Eavg

(
k‖
)
− iγavg −

√
g2 +

1

4

(
ΔEdet

(
k‖
)
− i∆γ

)2 (C.14)

EUPB(k‖) = Eavg

(
k‖
)
− iγavg +

√
g2 +

1

4

(
ΔEdet

(
k‖
)
− i∆γ

)2 (C.15)

where Eavg

(
k‖
)
=

Eexc,o(k‖)+E(k‖)
2 , γavg = γ+γcav

2 and Δγ = γ−γcav. At zero
detuning i.e. when ΔEdet

(
k‖
)
= 0, equations C.14 and C.15, gets reduced

to the following:

ELPB(k‖) = Eavg

(
k‖
)
− iγavg −

√
g2 +

1

4
Δγ2 (C.16)

ELPB(k‖) = Eavg

(
k‖
)
− iγavg +

√
g2 +

1

4
Δγ2 (C.17)

The vacuum field Rabi splitting from equation C.12 thus gets modified
as:

ℏΩV RS = 2

√
g2 − 1

4
Δγ2 (C.18)

The polariton linewidth (γpol) is thus given by the relation:
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γpol =
γ + γcav

2
(C.19)

Thus it can be concluded from equation C.18 that 4g2 > Δγ2, in order
for the system to be in the strong coupling regime.

In order to include more than one excitons in the model, the matrix in
equation C.13, can be modified as follows:



Eexc1,o

(
k‖
)
− iγ1 0 · · · · · · 0 g1

0 Eexc2,o

(
k‖
)
− iγ2 0 · · · ... g2

... 0 . . . 0
... ...

... ... 0 . . . 0
...

0 · · · · · · 0 Eexcn,o

(
k‖
)
− iγn gn

g1 g2 · · · · · · gn Eo

(
k‖
)
− iγcav


(C.20)

The matrix includes n excitons, defined by a matrix of dimension (n+ 1)

x (n+ 1). The matrix can be diagonalised, as described before in order
to calculate n + 1 eigen energies, corresponding to different polariton
states. Further discussion about the model can be found in the following
references [1, 2].
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