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Abstract

Exciton-polaritons are quasiparticles arising from the strong coupling between quantum
well excitons and photons in semiconductor microcavities. Polaritons have been shown
to exhibit rich physics resulting from the polariton-polariton interaction such as non-
equilibrium condensation and superfluidity. At present, quantum polariton processes such
as polariton blockade and the Mott insulator transition, which rely on the strong single
polariton-polariton interaction, have not been experimentally observed. This is due to the
requirement of submicron lateral confinement in the polaritonic system which, using cur-
rent fabrication methods, leads to degradation of the polariton linewidth. In this thesis a
novel form of lateral polariton confinement is demonstrated through the use of micrometer
sized hemispherical cavities. This introduces lateral photonic confinement with no degra-
dation of the polariton linewidth and allows confinement sizes approaching the diffraction
limit. In Chapter 2 the development of a fully tunable hemispherical microcavity is pre-
sented where nanopositioners are used to independently position two distributed Bragg
Reflectors and form a microcavity where the cavity spectral resonance is tuned in-situ
through control of the mirror separation. Strong-exciton photon coupling between quan-
tum well excitons and cavity photons is demonstrated in Chapter 3 and submicron beam
waists are presented. In Chapter 4 evidence for polariton condensation in the strongly
confined system is presented where transverse modes show complex spin vortices and tex-
tures due to an effective spin-orbit coupling between the polariton pseudospin and angular
momentum. Finally, fully tunable polaritonic molecules are presented in Chapter 5. Full
tuning of the coupling strength is demonstrated through control of the centre-to-centre
distance between adjacent cavities. In-situ tunability is performed through tuning of the
exciton-photon detuning, as well as tuning of the two individual cavity resonances by

introducing a relative angle between the two mirrors using goniometer stages.
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Chapter 1

Background

This thesis is concerned with the study of polaritons in a fully tunable microcavity sys-
tem with embedded gallium arsenide (GaAs) quantum wells (QWs). In this Chapter a
self consistent review of microcavities is presented with particular emphasis on the polari-
tonic effects relevant to the experimental work carried out in later chapters. Polaritons are
quasiparticles arising from the strong coupling between QW excitons and photons in semi-
conductor microcavities. Their part-matter, part-light composition gives polaritons unique
characteristics such as a large non-linear interaction inherited from their exciton compo-
nent and direct access to their spin and dispersion through the outcoupling of polaritons
to the far photonic field. Since their initial observation in 1992 [6], a rich research field has
emerged due to their composite bosonic nature with notable experimental achievements
including Bose-Einstein condensation of polaritons [7], and more recently hydrodynamical
studies of polariton superfluidity [§]. Recently, many theoretical proposals based upon
strong single polariton interactions have given rise to the prospect of quantum polaritons,
such as single photon sources based upon polariton blockade [5] and novel states of matter
such as the Tonks-Girardeau gas [9] or the Mott insulator transition [L0] in polariton lat-
tices. In this Chapter we will begin with a discussion of low dimensional semiconductors

which provide the matter component of polaritons.
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Figure 1.1: Figures taken from [II]. Band structure of (a) GaAs, (b) InAs (c) AlAs.

1.1 Low Dimensional Semiconductors

In this thesis semiconductor samples composed of GaAs and its alloys such as InGaAs and
AlGaAs are studied. In this section a brief summary of the band structure is provided
before discussing free Wannier-Mott excitons and QW excitons, which provide the matter

component of the polaritonic system.

1.1.1 Semiconductor Band Structure

The band structures of the direct band gap semiconductors GaAs, InAs and the indirect
band gap semiconductor AlAs are shown in Fig. GaAs has a zinc-blende structure
and has a direct band gap of 1.52 eV at 4K, marked by the shaded region, compared to
0.43 eV in InAs and 2.25 eV in AlAs. Alloys based upon these semiconductors such as
In,Gaj_,As and Al,Gai_,As, allow control of the band gap energy through the choice
of . The bands below the shaded region correspond to the valence band. These lie
below the Fermi level so are full of electrons and have p-type character. The two valence

bands degenerate at k = 0 correspond to the light-holes (lh) and heavy-holes (hh). The

2
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lifting of the degeneracy between these two bands and the third band at lower energy is
due to spin-orbit splitting between hole bands and is known as the split-off band, where
the energy difference is denoted by A. The bands above the shaded region correspond
to the conduction bands and are formed from the s-antibonding electron orbitals. The
band symmetry changes as a function of wavevector and is only well defined at the high
symmetry points in the Brillouin zone such as I'; X and L. Optical absorption occurs for
incident photons with an energy larger than the band gap. An electron is excited from
the conduction band to the valence band leaving behind a hole. The mutual coulomb
attraction between the excited electron and hole leads to the form of a quasi-particle

known as an exciton.

1.1.2 Wannier-Mott Excitons

The elemental excitation of a semiconductor is known as an exciton. These are quasi-
particles arising from a conduction band electron and valence band hole bound by their
coulomb interaction. Typically, an exciton is formed through the absorption of a photon
with an energy larger than the band gap. Here, an electron is lifted from the valence band
into the conduction band leaving behind an empty state. This empty state in the valence
band has an effective positive charge so it is attracted to the excited conduction band
electron. This mutual coulomb attraction causes the two to bind, forming an exciton with
a structure comparable to that of a hydrogen atom. When the Bohr radius exceeds the
lattice constant the excitons are described as Wannier-Mott excitons. Here the exciton
can be described in the effective mass approximation where the periodic crystal poten-
tial is neglected and the electron and hole dispersions are described by effective masses.
This is the case in the GaAs based structures studied in this thesis. An exciton can be

well described by the Bohr model where the binding energy of the coulombically bound

3
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electron-hole pair is given by

B=-L S _ (1.1)

where n is the principle quantum number and Ry is the Rydberg energy of 13.6 eV.

The quantity Rx = (1/moe2) Ry introduced here is the exciton Rydberg constant, where

W= (mle* + %ﬂ)_l is the reduced mass of the electron-hole system. The binding energy
of the exciton determines its stability. If the thermal energy kpT is larger than the
binding energy given by Eq the excitons thermally dissociate into free electrons and
holes. In GaAs the exciton binding energy is around 8 meV in contrast to the room
temperature thermal energy of around 25 meV. As such, excitons in GaAs are unstable
at room temperature. Instead the thermal energy must be lowered through the use of

cryogenic cooling in order to exploit excitons in GaAs based devices. The electron-hole

separation ry, in the effective mass approximation, is given by the Bohr model to be:
m
Ty = —OernQ(zH =nlax (1.2)
I

where ap is the Bohr radius of the hydrogen atom and ax = (mge,/u)ag is the exciton
Bohr radius. The exciton Bohr radius determines the overlap between adjacent exciton
wavefunction for a given density. At high enough densities, this overlap causes dissociation
of excitons into an electron-hole plasma due to the screening of the coulomb interaction.
This density is known as the Mott density, nasoi, and is approximately given by the inverse

volume of the exciton:

1
NMott & 7= (1.3)
g'ﬂ'?"n

For GaAs the Mott density has a value of 1.1 x 10%® m™3, which is easily achieved at high

pump powers.
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Figure 1.2: Typical GaAs quantum well heterostructure with AlGaAs barriers. The
dashed lines indicate the increase in n = 1 energy level due to confinement.

1.1.3 Semiconductor Quantum Wells

Semiconductor QWs are heterostructures grown through molecule beam epitaxy (MBE)
or metal-organic chemical vapour deposition (MOCVD) which allow for atomic precision
in semiconductor growth. Fig. shows a typical quantum well consisting of a thin
layer of GaAs in-between AlGaAs barrier layers. The difference in band gap between the
quantum well and barrier region leads to confinement of the excitons in the directions
perpendicular to growth. In order to introduce quantum confinement, the height of the
quantum well must be comparable to the exciton Bohr radius. This significantly alters
the density of states compared to the three-dimensional case. The confinement leads to a
decreased electron-hole separation which leads to increased binding energies. For a truly
2-dimensional exciton the binding energy is four times the bulk value. In AlGaAs/GaAs
quantum wells, if the crystalline growth direction is along the [001] crystal axis, confine-
ment then leads to a lifting of the degeneracy of the heavy and light hole bands due to
a difference in confinement energies. Therefore, only holes from the heavy hole valence
band and electrons from the conduction band determine their optical properties. Em-
bedding QWs in optical resonators known as microcavities in regions of high electric field

significantly increases the interaction between the QW excitons and cavity photons.
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N

Figure 1.3: Three physical rates which determine the dynamics of an emitter-cavity system.
The photon decay rate of the cavity x, the non-resonant decay rate v and the emitter cavity
coupling parameter g = Qpgapi/2.

1.1.4 Microcavities

In order to confine photons, optical cavities consisting of a planar Fabry-Perot cavity
formed between two parallel mirrors can be used. Successive reflections between the two
mirrors leads to interference and the formation of standing optical waves within the struc-
ture. In recent years optical microcavities have become widely utilised in order to explore
the effects of cavity quantum electrodynamics (CQED). In microcavities two physical
regimes exist which depend upon the magnitude of the emitter-cavity coupling strength,
Qr/2, the cavity mode decay rate, s, and the non-resonant emitter decay rate, 7. In
the weak coupling regime the losses are much greater than the emitter-cavity coupling
(Kyy > QRrabi/2). In this regime the cavity alters the local optical density of states and
the emission rate can be enhanced or suppressed, this is known as the Purcell effect. In
the strong coupling limit (2rapi/2 > k,7) the energy is reabsorbed before it escapes the
cavity and the energy oscillates between the emitter and cavity. This cyclic transfer of en-
ergy is known as a Rabi cycle and the associated splitting in energy leads to the formation

of half-light half-matter quasiparticles known as polaritons.

The resonant wavelength of the cavity is determined by cavity mirror separation and is

6
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given by Ac = 2neprLesy/m where nerp, Less are the effective cavity refractive index
and length and m is the longitudinal mode index, and is chosen to be close to resonance
with the transition of the active region in the cavity. In a microcavity L.sy ~ A leading
to micron sized cavity lengths. Typically high reflectivity distributed Bragg reflectors

(DBRs) are used to form the microcavity.

Distributed Bragg Reflectors

DBRs consist of A\/4n thick alternating layers of high and low refractive index materials.
Successive reflections between adjacent layers introduces a m phase shift of the beam
causing constructive interference of reflection leading to very high reflectivities (R > 99%)
over a wavelength range called the stopband. The reflectivity of a DBR is dependent upon
the refractive index of the materials used and the total number N of pairs of high and low

- ()

where n, and n; are the external media refractive indices and n; and n; are the refrac-

index layers,

FiZE

nH

tive indices of the high and low index materials. The spectral width of the stopband is

determined by the refractive index contrast of the high and low index materials used,

2)\SbAn

TNeff

Asb =

(1.5)

where nepr = 2(% + %)*1 is the effective refractive index.[I2] A typical reflectivity
spectrum of a microcavity is shown in Fig[l.4l The cavity resonance is at 750 nm and is

set by the cavity region thickness.

Quality Factor

The ability of a cavity to confine light between its constituent mirrors is quantified by the

quality-factor (Q-factor). This is a measure of the decay of the confined cavity mode due

7
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Figure 1.4: (a) Microcavity electric field profile for a cavity formed with a top (bottom) 28

(31) paired AlGaAs/GaAs DBR with a A GaAs cavity region calculated using a transfer
matrix approach. (b) Reflectivity showing the cavity resonance at 840 nm.
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to the escape of photons through the mirrors due to non-perfect reflectivity. The Q-factor
of an optical resonator is defined as the ratio between the energy stored within the cavity

divided by the energy dissipated each reflection cycle multiplied by 27:

U

Q= Wcm (1.6)

where w, is the cavity modes angular frequency, U is the electromagnetic energy stored in-
side the cavity and dU/dt is the energy loss rate. Solving Eq gives the time dependence

of the stored electromagnetic energy:
U(t) = er_wct/Q = er_t/T (1.7)

where the constant Up is the initial energy stored within the resonator and 7 = Q/w, is
defined as the average lifetime of a cavity photon. Since Uy o |E()|? the electric field

inside the cavity be expressed as
E(t) = Eoe_wct/2Q€_iwct (1.8)

where Ej is the initial electric field corresponding to the initial energy density Uy. The

Fourier transform of Eq gives the expression in the frequency domain:

1
(w - WC)Z + ("‘)C/ZQ)2

Uw) = | Ew)l*ox (1.9)

Hence the energy density of the stored cavity mode is expressed by a Lorentzian distri-
bution where the full-width-half-maximum (FWHM) dw = w./Q. This gives the most

commonly used expression to calculate the cavity Q-factor of

(1.10)

where E. and A, are the cavity photon energy and wavelength.



1.2. LIGHT-MATTER INTERACTION 1.2

The physical interpretation of the photonic Q-factor in terms of Fabry-Perot resonators
used to confine light is that it is a measure of the ability of a cavity to confine the photonic
mode. Better confinement is realised when the photonic lifetime is increased leading to
larger Q-factors. In a typical resonator the photonic lifetime is governed through cavity
losses which can be caused by the non-unitary reflectivity or by other loss mechanisms
such as scattering at rough interfaces or absorption. In an ideal cavity, only the mirror
losses due to non-perfect reflectivity determine the cavity Q-factor. In realistic cavities
such as the hybrid semiconductor-dielectric cavities presented in this thesis, the loss terms
due to scattering by to interface roughness play a role in the maximum achievable Q-

factors.

1.2 Light-Matter Interaction

This section provides a brief overview of the light-matter interaction in semiconductor
microcavities. The strong coupling regime and the physics describing polaritons most
relevant to the work presented in this thesis is discussed in depth, while the weak coupling

regime is discussed briefly.

1.2.1 Weak Coupling Regime

In the weak coupling regime a photon escapes the cavity before being resonantly reab-
sorbed by the active medium. Here the effect of the radiation field can be treated as a
perturbation on the dynamics of the spontaneous emission in its excited state. Since the
spontaneous emission from an excited state is due to the interaction with the vacuum
field, if the energy of the transition is resonant with the cavity mode, the optical density
of states increases the emission rate into the optical mode relative to the case in a vacuum
and the emission rate is enhanced. In contrast if the dipole transition is placed out of

resonance in a photonic gap, the photonic density of states is significantly reduced and the

10
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emission rate decreases in comparison to the case in a vacuum. The spontaneous emission

rate of a dipole emitter is characterised by Fermi’s golden rule:
27 9
7= o [PE(r,)"p(we) (1.11)

where p. is the photonic density of states at energy hw. and |p.E(r,t)|? is the matrix
dipole element. In a vacuum the photonic density of states is given by:
w?Vn?

Pvac = B

3 (1.12)

where V' is the mode volume, w the angular frequency and n is the vacuum refractive index.
By placing the emitter into a single mode cavity, the photonic density of states becomes

significantly altered and the density is best described by a Lorentzian function:

2 dwe

7 4(w — we)? + 6w? (113)

Pec =

where w, is the cavity frequency and dw, is the cavity linewidth (FWHM). The altered
photonic density of states allows the enhancement or suppression of spontaneous emission
through design of an appropriate cavity. This enhancement or suppression factor is known
as the Purcell factor and is calculated through the ratio of spontaneous emission rates

inside a cavity and outside a cavity.

To + 5(")0 ’Emax|2 pE

2
Lo 4m2Vess 4(we — we)? '

The first term describes the figure of merit for enhancement of the spontaneous emission

rate in the cavity and is known as the Purcell factor, Fp:

_ 3Q0\e/n)’

11
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where Q is the cavity quality factor, n is the reactive index, A. is the cavity wavelength
and V¢ is the effective mode volume. This value is often quantified by Q/V,¢; in which
maximum Purcell enhancements are expected for cavities that display large quality factors
combined with small mode volumes. The second term describes the effect of detuning
from the cavity resonance where maximum enhancement occurs, due to the decrease in
the photonic density of states. The final terms are related to the placing of an emitter
exactly at an electric field maximum (antinode) in order to maximise the coupling along
with orientation of the dipole relative to the cavity field. In the ideal case where we have a
dipole placed in resonance with the cavity at an electric field antinode orientated parallel
to the electric field the enhancement is described fully by the Purcell factor. In reality,
slight variations in the dipole placement and detuning from the cavity mode lead to a

reduction from this value.

1.2.2 Strong Coupling

The strong coupling regime between an emitter and cavity is achieved if cavity photons
are reabsorbed by the active medium at a faster rate than they escape the cavity. In this
regime the interaction between the emitter and the cavity is reversible as an emitted photon
is reabsorbed by the emitter before it escapes the cavity. The coherent reversible transfer
of energy between emitter and cavity mode when close to resonance causes an energy
splitting called the vacuum Rabi splitting. Experimentally, the strong coupling regime
is demonstrated through the observation of this splitting between cavity and emitter in
either absorption or reflectivity as a function of detuning and is known as an anticrossing.
The Hamiltonian that describes the exciton-photon interaction in a microcavity is given

by:
h&2 Rabi

5 (b + afbr)) (1.16)

H = E(EX(k)[;L(;k + Eph(k)&Lak +
k

where excitons are regarded as bosons with a low enough density to avoid fermonic con-

tributions. 3}; and by, are the exciton creation and annihilation operators with in-plane

12
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wavevector k and &L and aj, are the photonic creation and annihilation operators. Qpgup:
is the vacuum Rabi splitting and for the case of quantum wells placed at the antinode of

the electric field is given by:

Now (he)?

B Ravi =
Rabi 2€m0L6ff

Josc (1.17)

where Ny is the number of QWs, L.y is the effective cavity length taking into account
penetration into the mirrors, and f,s. is the oscillator strength of the transition. Diago-
nalising the Hamiltonian leads to two eigenenergies known as the upper polariton branch
(UPB) and lower polariton branch (LPB). The eigenenergies, neglecting dissipation, are

given by:

+ F
Eypwy = Zpht) © X0 ) Xk \/A2 + (" Rabi)? (1.18)

Ephy + Exry 1
Erpr) = % - 5\/Ai + (AQ2Rabi)? (1.19)

where the detuning between the exciton and the cavity mode is given by Ay = Epp,)— Ex.
Fig. [L.5(a) shows the anticrossing between the bare cavity mode and exciton energy as a
function of detuning leading to the formation of the UPB and LPB. The energy separation
between the two branches is at the minimum when E,;, = Ex and is given by the Rabi
splitting Qpgqpi- Experimentally weak and strong coupling can be differentiated through
the characteristic anticrossing of the photon and exciton eigenenergies when tuned through
resonance. Fig. (a) shows the typical crossing behaviour between the cavity energy in
the weak coupling regime (dashed line) and the characteristic anticrossing in the strong

coupling regime (full lines).
The polariton operators can be written in the systems constituent exciton-photon ba-

X C b
Pr| _ k % k (1.20)
qk —Cr Xy ag

where p};, pr and q,t, qr are the creation and annihilation operators for the lower and
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Figure 1.5: (a) Anticrossing between cavity mode (black dashed line) and QW exciton (red
dashed line) showing the formation of the UPB (blue line) and LPB (navy blue line) as a
function of exciton-photon detuning at k = 0. The Rabi splitting is 3 meV. (b) Hopfield
coefficients of the LPB as a function of detuning corresponding to the photonic fraction
(red line) and the exciting fraction (black line).

upper polariton. X and Cy are the Hopfield coeflicients which describe the excitonic and

photonic content of the polariton and are given by

A+ \/AQ ﬁQRabi)z Ap — \/Az + (hQRabi)2
X2 = O — (1.21)
2\/A2 (R Rabi )2 2\/Ai + (RQRapi)?

with the condition that X?+C? = 1 [13]. Fig. (b) shows the two coefficients for the LPB
as a function of detuning. At resonance, 6 = 0 meV, the polariton is half-light half-matter
while at large detunings the polariton can have much more photonic or excitonic character
dependent on whether the detuning is positive or negative. The finite linewidths of both
the exciton and photon can be introduced as imaginary components in the Hamiltonian

for exciton and photon energies:

Ex ) = Exg — ivx (1.22)
Epnie) = Epn(ey — ph (1.23)
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This can be incorporated into the Hamiltonian that describes the strongly coupled system

(Eq|1.16) and leads to the following expressions for upper and lower polariton eigenener-

gies:
Exw + Ephry  vx +n 1 )
Evpw) = ® 2 b 5 2+ 5\/(Ak —i(yx — pn))? + (MQgapi)?  (1.24)
Exw + Epnry  vx +vpn 1 .
Erpuy = ®) 5 i) _ 5 2 5\/(Ak —i(vx = n))? + (hQRrai)?  (1.25)

At resonance (Ag = 0), this gives us the following condition to observe strong coupling:
(hQRavi)?> > (V& — Ypn)? which gives rise to real energy splitting and polariton branches.
When (AQpgapi)? < (72 — Ypn)? the energy spitting is imaginary and the system is in
the weak coupling regime. Further discussion on the linewidths required to observe the
anticrossing is given by Savona et al [I4]. Here the expression to observe the splitting in

absorption was shown to be

LUSNES \/(ﬁQ)2 —2(v% +2) (1.26)

and provides a more stringent requirement to observe strong coupling. When ,.44;/2 >
’& + 7;3}1 the system is in the strong coupling regime and when €,4;/2 < 'y§( + ’ygh
the system is in the weak coupling regime. In between these two the system lies in
the intermediate coupling regime where the Rabi splitting can be estimated from the
coupled oscillator model but cannot be resolved in the experimental absorption spectrum

4.

1.3 Microcavity Polaritons

The first observation of microcavity polaritons is credited to Weisbuch et al. (1992) who
measured the energy shift of two peaks in reflectivity as a function of detuning [6]. This

characteristic anticrossing was correctly attributed to the formation of the upper and

15



1.3. MICROCAVITY POLARITONS 1.3

A

Energy

Figure 1.6: Optical transitions in zincblende semiconductor QWs for electrons, light-holes
and heavy-holes. Absorption of ¢, ¢~ and linear polarised photons are shown by the
red, blue and green arrows.

lower polariton branches due to strong coupling between the GaAs QW exciton and the
microcavity photons. Since the pioneering work of Weisbuch et al. significant progress
has been made in the field of solid state polaritons with the observation of Bose-Einstein
condensation [7], superfluid like behaviour [15, [§], and the formation of bright solitons
[16]. In this section the basic properties of polaritons will be reviewed, concentrating on

the work relevant to the experimental results presented in this thesis.

1.3.1 Polarisation Properties

In GaAs conduction band electrons with s-symmetry have a spin angular momentum
m; = +1/2 while valence band holes with p-symmetry have a spin angular momentum of
mj = +1/2,£3/2 for light-holes and heavy-holes. Hence the total angular momentum J,
for an exciton can have projections of +1 and 4+2 along the growth axis, depending on

whether the composite structure is an electron-light-hole or electron-heavy-hole.

Due to angular momentum conservation the absorption of a photon creates an exciton with

a spin projection of &1, since the photon spin angular momentum is 0 or +1. Excitons
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with spin J, = +£1 are referred to as ‘bright states’ as they couple to photons. Excitons
with J, = £2 are referred to as ‘dark states’ since they do not couple with photons. The
bright J, = 41 exciton states couple to the light field emitting and absorbing o+ and o~
polarised photons. The overall polarisation of the macroscopic polariton system can be
any superposition of these states and its polarisation is fully represented by the Poincare

sphere and Stokes vector formalism. The Stokes vector is defined as

So
S1

S = (1.27)
Sa

S3

where Sy is the normalised total intensity. S is the degree of linear polarisation in the
vertical and horizontal basis defined by:

Iy-1Iy

Sy =2V
T

(1.28)

where Iy and Iy are the intensities of horizontal and vertically polarised light. So is the
degree of polarised light in the diagonal basis:

Ipi —1Ip-

Sy =
2 Ip+ +1Ip-

(1.29)

where Ip+ and Ip- are the intensities of +45° and -45° linearly polarised light. Finally,
S3 is the degree of circular polarisation.

J

S pu—
T I +1,-

(1.30)

where I+ and I, are the intensities of o™ and o~ circularly polarised light. The Poincére
sphere, shown in Fig. is a vectorial representation of the polarisation where each

orthogonal axis corresponds to S1, So and S3. Fully polarised light corresponds to a unit

17
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Figure 1.7: Poincare sphere. Each point on the sphere consists of a fully polarised state
in the linear (5), diagonal (S2) and circular (S3) basis. Points which lie within the surface
correspond to a partially polarised state.

vector starting in the centre of the sphere and ending at a point on its surface. Partially
polarised light is a vector that begins in the centre of the sphere and ends within it, with

completely unpolarised light being a zero length vector at the centre of the sphere.

1.3.2 Cavity Dispersion Relation

The presence of a microcavity introduces quantisation of the photon wavevector in the

direction of growth. As such the cavity dispersion takes on a 2-dimensional character

he hek ke
E neA  ne  neV bz 1K (131)

where n. is the refractive index of the cavity and k, is the light wavevector in the growth

direction and k|| is the light wavevector in the perpendicular direction and is given by

]{7” = /{JSiHO (1.32)
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where 6 is the angle between the emitted light and the normal of the cavity surface. Since

we have quantisation in the growth direction we can write the dispersion relation as:
Eg) = \/ B2 + —50 (1.33)

Since this is parabolic at low k) vectors, we can introduce an effective mass to describe

the curvature of the dispersion relation at k) = 0:

neh
Mphoton = ﬁ (134)

*

ol which is inherited from the photon and exciton is also

The polariton effective mass m
approximately quadratic in the low momentum limit and can be written as
h2k:ﬁ

pol

Fig. shows the bare photon and exciton dispersions (dashed lines). Strong coupling
between the two leads to the formation of the UPB and LPB (solid lines) with a separation
at k = 0 given by the Rabi splitting. The polariton effective mass is typically ~ 10~*m,
due to the low inherited effective mass of the cavity photon. This low effective mass, along
with the low density of states is a key reason polariton condensation can be observed at
relatively high temperatures and low densities. Polariton condensation is discussed in

more detail below.

1.3.3 Polariton Relaxation

The dispersion relation of polaritons introduces complicated relaxation dynamics due to
the variation in density of states as well as a change in the interacting excitonic compo-
nent as a function of wavevector and detuning. Non-resonant excitation of a microcavity

produces a population in the electron-hole continuum at high energies above the UPB as
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Figure 1.8: Plotted dispersion for photons (upper dashed line) and exciton (lower dashed
line) in a microcavity in resonance. The full lines show the UPB and LPB formed in the

strong coupling regime with Qg.p; = 3 meV.
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shown in Fig. These electron-holes relax to the UPB branch through LO phonon scat-
tering before scattering with acoustic phonons to high momentum exciton states on the
exciton dispersion. Further relaxation through acoustic phonon scattering occurs along
the dispersion to the LPB. At low momentum states the excitons enter the strong coupling

region and form polaritons.

Under low excitation powers, in the strongly coupled region, the dominant relaxation
mechanism of polaritons is polariton-polariton scattering in contrast to the relaxation
along the dark region where polariton acoustic-phonon scattering dominates. The dark
region of the polariton dispersion is characterised by the area in which the in-plane polari-
ton momentum kﬁoz is greater than that of a free photon within the microcavity k‘ﬁh"t. In
the dark region conservation of momentum dictates that the exciton states cannot emit a
photon and the relaxation time of ~100 ps is much shorter than the exciton-like lifetime
of around 1 ns [I7]. Excitons and polaritons at high wavevectors must undergo relaxation
in order to reach the strongly coupled bright region. In order do so the excitons must
dissipate around 5-10 meV. A comprehensive theoretical description of relaxation of non
resonantly pumped microcavities can be found in Tassone et al. (1997) where a semi-
classical treatment describes scattering events through rate equations. The main result of
this is that the main polariton-phonon scattering event is most efficient when the energy
of the phonon is around 1 meV which corresponds to a phonon wavelength of 10 nm, the
typical size of a QW in the growth direction, and has a scattering time of around 10 ps.

As such several of these events are required to allow relaxation from the bottleneck region

to the ground state.

The larger photonic character of the polaritons with decreasing in-plane momentum sig-
nificantly reduces the polariton lifetime. In the strongly coupled region at low momentum
states the opposite is true and the polariton lifetime in this bright region becomes com-
parable to the polariton-phonon time. At a particular in-plane momentum, Kkp., the

polariton leakage rate is faster than acoustic phonon scattering (= 10 ps) preventing ther-
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Figure 1.9: Figure taken from [I7]. Schematic representation of the polariton dispersion.
Non-resonant laser excitation excites the electron-hole continuum which scatter to high
k-states on the LP branch through acoustic phonon emission. Relaxation along the LP
branch then occurs in the thermal region (TR) until the bottle neck region (BR)is reached
where the lifetime is less than the scattering time preventing large accumulation at low
k-states in the strong-coupling regime (SCR).

modynamic equilibrium from being reached and the efficient relaxation of polaritons to
k = 0. Simultaneously, at low in plane momentum states the LPB energy density of states
decreases steeply slowing the relaxation of polaritons through acoustic phonon emission.
The two mechanisms combine to cause build-up of the polariton population at kp,; and
is known as the bottleneck effect [I7, [I§]. The shorter lifetime of the polariton in this
region prevents this relaxation to the ground state from occurring. Instead, relaxation
to the ground state must occur through a small number of high energy scattering events,
which are much less efficient. This effect is amplified in negatively detuned microcavities
where the steeper LPB dispersion requires a larger number of scattering events to reach

the ground state.

At higher excitation power the polariton density becomes much higher and inter-particle
scattering mechanisms begin to determine the relaxation dynamics. In polariton-polariton

scattering a 2-body polariton interaction leads to one polariton gaining energy and mo-
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mentum and scatters further into the dark region while the second polariton loses this
energy and momentum and relaxes down the polariton dispersion to a lower momentum
state eventually to the ground state. Alternatively polaritons can relax via polariton-free
carrier scattering. Here a free carrier removes energy and momentum from the polariton
allowing it to move to lower momentum states on the dispersion. This process is 10x
more efficient than polariton-polariton scattering and occurs on much shorter timescales

7).

A number of methods exist to suppress the bottleneck effect and will be briefly discussed
here. Positively detuned samples do not exhibit the bottleneck effect due to the increased
polariton lifetime caused by the higher exciton component of the LPB. This leads to a
very shallow LPB so significantly less scattering events are required to reach the ground
state. Alternatively, high power non-resonant excitation can be used to inject a large ex-
citon density leading to significantly increased scattering to the ground state. When the
system is pumped strongly under non-resonant excitation, rather than observing stimu-
lated scattering to the ground state, a saturation effect can be observed. Carriers that
have not relaxed to the optically active region form an electron-hole plasma as the Mott
density is reached. This causes a screening of the coulomb interactions between electrons
and holes. Consequently, these states become ‘bleached” and the strong coupling is lost
[19, 20]. Above this saturation density the emission is primarily via the weakly-coupled
cavity mode. If the excitation density is high enough, population inversion can occur
leading to conventional stimulated emission and photonic lasing. In many cases the po-
lariton condensation occurs at exciton densities smaller than the Mott density, followed
by bleaching of the strong coupling regime and photonic lasing at high power.[2I] Finally
resonant excitation can inject polaritons at any required k-vector or can be used to in-
ject polaritons into the ground state through optical parametric oscillations (OPO) which

relies on stimulated polariton-polariton scattering [22, 23].

The strong polariton-polariton interactions are 3-4 orders of magnitude larger than the
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photon-photon interaction in for example silicon due to a Kerr nonlinearity. This inter-
action has led to the observation of a number of nonlinear effects such as solitons [16],
superfluid-like behaviour [8] and OPO at moderate excitation power. Potentially this
strong polariton-polariton interaction can be applied to study quantum correlated gases
such as the Tonks-Girardeau and Mott insulator states. In this case structures which

laterally confine polaritons are required.

1.3.4 Low Dimensional Polaritons

The introduction of lateral confinement in microcavities leads to discretisation of the
polariton energies and dispersion. Several systems have been developed to achieve lateral
confinement based on excitonic or photonic confinement. In this case the dimensionality
of the polaritons can be reduced from 2-dimensional to 1-dimensional in microwires and
0-dimensional in polariton boxes. This removes the translational symmetry and quantises

the polariton dispersion in the confined directions.

Spatial modulation of the polariton potential can be introduced using single or cross
propagating surface acoustic waves (SAWs) leading to 1 and 2- dimensional confinement.
Currently the lateral size is limited to around 8 um by the small penetration into the
microcavity at higher SAW frequencies [25], [26]. The application of controlled stress can
be used to spatially localise the exciton wavefunction through using a tip pushing on the
backside of the microcavity creating a potential trap. Here the energy dispersion spectra
remains a quasi-continuum due to weak confinement [27, 28]. Alternatively, polaritons of
reduced dimensionality can be achieved through confinement of their photonic component.
This has been demonstrated through depositing and patterning a thin metal strip on the
top of a cavity. Metallic strips or discs modulate the cavity mode energy through inducing
a shallow potential on the polariton states [29, B0]. Alternatively, mesa structures can
be defined by etching the cavity layer before depositing the top Bragg mirror. The mesa

region has a larger cavity thickness and forms a O-dimensional cavity with full discretisation
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Figure 1.10: Figure taken from [24]. (a) SEM image of an array of micro wires and
micropillars etched from a planar microcavity. (b) Polariton emissions from a microwire
showing the formation of 1-dimensional subbands. (c) 10 pm micropillar dispersion (d)
2.8 um micropillar dispersion.

of the photon and thus, the polariton energies [31]. Interestingly, these systems offer the
coexistence of both 0-dimensional discrete polariton states in the mesa and a 2-dimensional
polariton continuum in the planar surrounding region. Lateral photonic confinement can
also be achieved through fully etching a planar cavity into wires or pillars where polariton
discretisation is obtained through total internal reflection at the sidewall - air interface.

In this case the translational invariance of the polariton states is lost and the in-plane

b
Ly

wavevector, k,, becomes quantised by k, = where L, is the lateral length in the x-
direction and p is an integer. In one direction this leads to the splitting of the polariton
states into 1-dimensional subbands in the y-direction as shown in Fig. [1.10] (b). Etching
in 2-dimensions leads to the formation of micropillars where the in-plane wavevector is
quantised in both x and y-directions [32]. As a result micropillar polaritons form discrete
states with a mode spacing that depends upon the micropillar size. The mode degeneracy

is determined by the micropillar geometry which can be square or circular leading to

different eigenmode profiles. Finally, full photonic confinement can be employed through
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the use of photonic crystals [33]. Typically micropillars and photonic crystal microcavities
suffer from increased losses due to surface recombination and increased sidewall scattering
as the dimensions are reduced and in all mentioned cases the spectral tuning of the cavities

is extremely limited.

1.4 Tunable Cavities

Conventionally, microcavities are grown via Molecular Beam Epitaxy (MBE) leading
to planar Fabry-Perot type cavities. In order to control the exciton-photon detuning,
rotation-stop is used during the cavity region growth before the top DBR is grown. This
leads to a gradient in the cavity thickness across the sample allowing the detuning to be

varied by simply measuring a piece from different locations on the wafer.

Recently, in situ spectral tunability in microcavities has been demonstrated based upon
open cavity systems. Here, the top and bottom DBRs are grown separately and mounted
onto nanopositioner stacks as shown in Fig. The separation between the two mirrors
is then controlled, allowing full spectral tunability. The top mirror in these systems is a
concave DBR in order to introduce lateral photonic confinement and limit the effect of
beam walk-off due to poor parallelism between the mirrors. To date the concave DBRs
have been fabricated using two main methods; laser ablation and focused ion beam (FIB)

milling.

In laser ablation a high power COs laser is focussed onto the surface of either an optical
fiber or flat substrate [35, 36, 37]. The strong absorption of the 10.6 pm laser light
within the first few microns of the surface allows controlled melting of the sample. At
high laser intensity, the removal of the material is dominated by evaporation and shapes
the depression with very low surface roughness due to surface tension in a thin molten
layer on the surface [38]. Using this approach cavities were developed that demonstrated

strong coupling with single quantum dots (QDs) [39]. To date, the minimum RoC, which
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Figure 1.11: Figure taken from [34]. Schematic of an open cavity system with QDs em-
bedded in the cavity region. (a) The top DBR is a dielectric concave feature. The bottom
DBR is a semiconductor DBR with a cavity region containing Stranski-Krastonov QDs at
the antinode of the E-field. The bottom sample can be tuned using XYZ-nanopositioners
allowing full spatial and spectral tuning. (b) Profile of concave DBR before DBR coat-
ing. Fabricated using laser ablation. The RoC of the spherical section is 120 pum. (c)
Microscope image of the concave DBR.

determines the degree of photonic confinement, achieved using laser ablation is 10 um

0.

Focused ion beam (FIB) milling, in contrast to laser ablation, allows concave features to
be milled into silica substrates with much smaller radii of curvature [41]. In this thesis,
the smallest RoC used is 5.6 wm as this is close to the limitation imposed by the stability
condition that L < RoC for stable resonator modes, although smaller RoCs of 3 um have
been demonstrated in literature [41]. The ability to fabricate small features, arises from
the small lateral size of the gallium beam of ~ 5 nm. To create the concave feature a
gallium beam is used to mill the silica substrate. By varying the dwell time per pixel
concave depressions with surface roughnesses of 0,,s = 0.7 nm can be milled. Due to
the small radii of curvature, mode volumes down to 2 — 4 um? could be achieved. The
flexibility of this fabrication method lends itself nicely to the fabrication of more complex

cavities such as coupled cavities which are studied in this thesis and has the potential to
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fabricate 1-dimensional chains and 2-dimensional arrays of coupled cavities.

A number of alternative fabrication methods have been demonstrated such as using wet
etching approaches where arrays of concave mirrors are fabricated in silicon substrates
by isotropically wet-etching through circular apertures in a lithographic mask using a
mixture of HF and HNOg in acetic acid. In this case the RoC remained relatively large
~ 185um [42]. Steinmetz et al. (2006) deposited mirrors onto silicon micro lenses before
transferring them to fiber tips using a lift-off technique [35]. Finally, Cue et al. (2006)
used trapped bubbles in glass to produce spherical surfaces before coating with dielectric

layers achieving radii of curvature of ~ 50pum [43].

1.5 Polariton Condensation

Polaritons are composite bosons and as such obey Bose-Einstein statistics in the low
density regime. In the case of integer-spin bosons, the wavefunction is symmetric under
particle exchange, causing constructive interference between probability amplitudes of par-
ticles in the same state. This leads to an enhanced probability that two different particles
will be found in the same quantum state. This is known as bosonic stimulation where the
transition rate of a bosonic particle in a quantum state is proportional to N + 1 where N
is the number of particles already in the state. In the low density limit excitons have been
shown to act as good bosons and this is inherited by their polariton counterparts. Hence it
is possible for polaritons to undergo bosonic stimulated scattering leading to macroscopic
occupation of the ground LPB state at k = 0, known as polariton condensation.This sec-
tion provides an overview of Bose-Einstein (BEC) in a historic context before reviewing

the more recent developments in polariton condensation.
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1.5.1 Bose-Einstein Condensation

The demonstration of BEC in dilute atomic gases in 1995 [44, [45] has led to a flurry
of interest, both theoretically and experimentally, in highly degenerate quantum gases
in both atomic and solid state systems. The initial studies of the quantum mechanical
properties of massless Bose particles were carried out by S.N. Bose in 1924 [46], leading
to the development of the field now known as photon statistics. This work was extended
by A. Einstein in 1925 to a system of non-interacting massive Bose particles where the
basic idea of BEC was presented [47]. The BEC phase transition arises from the quantum
statistics of Bose particles and leads to the macroscopic occupation of the lowest quantum
energy state at high particle densities. The energy distribution of N non-interacting bosons
at a temperature T in a volume R¢ where R is the system size and d is the dimensionality

is given by the Bose-Einstein distribution function:

[k, T, p) = ﬁ (1.36)

e kBT —1

where p is the chemical potential and is the energy required to add a particle to the system.
By defining a temperature, T, we have assumed that the system is in thermal equilibrium

and has a finite density.

The total particle number can be written as

N, ) =3 fTop) = —— + 5" F05 T, ) (1.37)
k

e*sT —1 k20

where the particles in the ground state E,k = 0 are separated from the uncondensed

particles.

The particle density is then given by integrating over reciprocal space

N(T, 1) = ng + (271r)d /Ooof(k’T7 1) dk (1.38)

) = i =t
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where the ground state density is given by

1 1
T.) = lim ——— 1.39
no(T, 1) Jim 3 o (1.39)

For nonzero pu, there is no ground state occupation and the ground state density is zero.
Increasing the chemical potential also increases the particle density. The maximum particle
density that the system can accommodate before occupation of the ground state is known

as the critical density and is given by

ne(T) = l%@;)d/ooof(k,n dk (1.40)

Analytical solutions of this equation reveal that there is convergent behaviour for d > 2 and
divergent behaviour for d < 2. This tells us that in a system with two or less dimensions
the system can accommodate an infinite number of particles, while for a system with
3 dimensions, the chemical potential becomes zero when the critical density is reached.
Increasing the density above this leads to accumulation of particles in the ground states.

The ground state density is finally given by
no(T) = n(T) — ne(T) (1.41)

This is characterised by a phase transition where increasing the particle density leads to
macroscopic occupation of the ground state and can be described by a single coherent

wavefunction.

For over ten years, the proposal by Einstein remained an entirely theoretical phase tran-
sition for a fictitious system of non-interacting Bose particles. Independently in 1938 P.
L. Kapitza [48] and J. F. Allen and A. D. Misener [49] discovered superfluidity in liquid
helium-4. In the same year F. London presented the intuitive idea that superfluidity could

be a manifestation of BEC. [50] Linking the superfluidity of strongly interacting helium-4

30



1.5 1.5. POLARITON CONDENSATION

with the BEC of a non-interacting ideal gas studied by Einstein was carried out in 1947 by
N. N. Bogoliubov who presented the first microscopic theory of interacting Bose gases in
the context of BEC [51]. At a similar time, L. D. Landau developed a phenomenological
theory of superfluidity in terms of the excitation spectra of the helium-4 liquid [52] which
was later supported both experimentally and by the full microscopic theory developed by
R. P. Feynman [53]. Despite the initial successful development of a theoretical under-
standing of superfluidity, it was not until the experimental realisation of atomic BEC in
1995 that the theoretical concepts proposed by A. Einstein [47] and N. N. Bogoliubov [51]

were confirmed.

1.5.2 Polariton Condensation

In 1996, A. Imamoglu proposed that exciton-polaritons, as composite bosons, should un-
dergo a form of BEC [54]. Due to very low effective mass inherited from their photonic
component, polaritons were expected to undergo the BEC phase transition at cryogeni-
cally accessible temperatures. Furthermore, polaritons overcome problems associated with
achieving an exciton-BEC such as localisation and inhomogeneous broadening via their
spatially extended wavefunctions. By increasing the number of QWs inside a microcavity,
the exciton density per QW can be significantly reduced while keeping the same polariton
density allowing large particle densities to be reached without undergoing a transition to
an electron-hole plasma. Due to the photonic component of polaritons the effective mass
is very small ~ 10~*m, which results in a critical temperature of ~ 10K . These tempera-
tures are easily achieved using conventional liquid helium cryogenics and hence polaritons
provided the first observation of condensation behaviour in the solid state [7]. As dis-
cussed in the previous section it is forbidden for a 2-dimensional non-interacting bosonic
system to undergo Bose-Einstein condensation. Instead, a weakly interacting Bose gas
such as a polaritonic system can undergo quasi-condensation at temperature below the

Berezinskii-Kosterlitz-Thouless transition temperature Tpr7. In this case the condensate
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Figure 1.12: Figure taken from [7] (a) Momentum space distribution of the LPB as a
function of non-resonant excitation power in a 16 CdTe QW microcavity. (b) Angular
resolved spectra showing the accumulation of ground state polaritons above threshold.

wavefunction does not exhibit macroscopic coherence that is infinite in extent, as is the
case of a BEC, but instead decays slowly according to a power law rather than exponen-
tially [55]. The first non-ambiguous demonstration of polariton BEC was carried out by J.
Kasprzak et al. [7] using a 16 QW Cd-Te microcavity. The authors directly measured the
ground state occupation as a function of non-resonant pump power, deduced from angular
resolved spectroscopy. Above a threshold power P, the emission becomes confined to a
narrow angular range centred at k = 0 as shown in the famous plots of Fig. [[.12] Other
signatures of polariton condensation were observed such as a phase transition from unpo-
larised emission below Py, to linearly polarised emission above Pij,.. Long range spatial
coherence over the entire pump spot was observed above P, whereas below threshold

the spatial coherence only extended over the thermal de Broglie wavelength. Polariton
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BEC has since been observed in GaAs based microcavities [56, 57] as well as at room
temperature in wide bandgap materials such as ZnO [58, (9] and GaN [60, 61] and or-
ganics [62] [63]. However, a polariton condensate is not strictly a standard BEC for two
main reasons: It is generated by final-state stimulation through phonon and polariton-
exciton scattering and is not necessarily in thermal equilibrium with the phonon bath.
Secondly, the polariton condensate is non-equilibrium in nature due to the finite polariton
lifetime, since polaritons couple to the external photonic field due to leakage through the

microcavity mirrors.

Since the initial demonstration of polariton condensation the field has blossomed with the
advent of superfluid hydrodynamics in these systems [I5]. Further significant experimental
achievements followed, such as Josephson oscillations [64], Bogoliubov excitations [65 66],
quantised vortices [67], dark solitons [68], [69] and bright solitons [16]. The above effects
can be theoretically described by mean field approximations, whereas quantum effects are
yet to be addressed experimentally. Significantly, quantum polaritonic effects based upon
the interaction of single polaritons have not yet been observed due to the small single

polariton-polariton interaction strength of around 9 peV.um? [32].

1.6 Polariton Blockade

Polariton blockade is a nonlinear optical process where a microcavity emits a stream of
nonclassical single photons due to the nonlinear polariton-polariton interaction preventing
the injection of a second polariton into the cavity. The first prediction of a single photon
nonlinear process was by Imamoglu et al. (2007) [70] and is known as ‘photon blockade’,

in analogy with the Coulomb blockade effect [71] [72].

Consider a a single mode cavity with an optical nonlinearity U and cavity linewidth
~ where, U > . Under resonant excitation when the cavity is in a two-photon state

the cavity mode is spectrally shifted by U which moves out of resonance with pumping
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resonant laser frequency wg. Hence only a single photon can be injected at a time, i.e the
presence of a single photon within the cavity prevents the injection of a second photon. In
transmission this leads to a strongly antibunching single photon source. The experimental
demonstration of polariton blockade depends strongly on the magnitude of the polariton-
polariton interaction strength, which arises from the coulomb interaction between their

constituent excitons.

1.6.1 Polariton-Polariton Interaction

Polaritons interact with each other through their exciton component which causes polariton-
polariton scattering in resonantly pumped microcavities. The polariton-polariton inter-
action comes from the coulomb interaction between their constituent exciton components
[73]. Ciuti et al. (1998) have shown that the scattering of excitons is strongly spin de-
pendent where the scattering between excitons of the same composite spin is allowed, and
the scattering between excitons of opposite spins is only possible via the dark exciton
states [74]. The spin dependent interaction was then shown to be repulsive for polaritons
with the same spin and attractive for polaritons with opposite spins, where the attractive
interaction is significantly weaker than the repulsive [73]. Overall this leads to a repulsive
interaction for polaritons which is experimentally manifested as a blueshift in the LPB
energy at high polariton densities. The polariton-polariton interaction has a theoretical
value of around 3 peV.um?, given by ~ 3a,FEp, where a;, and Ep are the exciton Bohr
radius and binding energy [74]. Experimental estimates of the interaction strength in

micropillars yield a value of 9 ueV. um? [32].

1.6.2 Conventional Polariton Blockade

Conventional polariton blockade describes polariton blockade in a single cavity. Verger et
al. (2006) proposed a nonclassical light source based upon the nonlinearity in polariton

systems that arises from the polariton-polariton interaction. In this theoretical proposal

34



1.6 1.6. POLARITON BLOCKADE

10

bunching

(0)

(2)
gphot

anti-bunching

L -05 -04 -03 -0.2 -01 0 0.1

Figure 1.13:  Figure taken from [76]. Second-order coherence function g(®(0) plotted
versus resonant laser pump detuning for three difference cavity-exciton detunings. Solid
5 meV; dashed 0 meV; dotted-dashed -5 meV.

3-dimensional polariton confinement is introduced into the photonic component leading to
a polariton dot. Such confinement increases the polariton-polariton interaction due to the
increased overlap of their exciton wavefunctions. This small interaction is in contrast to the
comparatively large inhomogeneously broadened lower polariton linewidths of v = 80 ueV
that can be experimentally achieved [75]. The large discrepancy between the interaction
and the linewidth make it difficult to experimentally achieve U > v and demonstrate a

polaritonic single photon source.

1.6.3 Feshbach Blockade

In recent years significant advances have been made in the field of strongly correlated
atomic gases due to the Feshbach resonance effect in atomic collisions [77]. The Feshbach
resonance is the increase in scattering cross-section observed when the energy of two

interacting atoms is resonant with a molecular state.

The possibility of utilising an analogous Feshbach resonance to increase the polaritonic
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Figure 1.14:  Figure taken from [79]. (a) The solid lines display the UPB and LPB
dispersions. The dashed lines indicate the bare cavity and exciton energies. The detuning
is set so that the ground state of the LPB is in resonance with the biexciton energy
(horizontal dotted line). (b) Schematic diagram of the energy states at the Feshbach
resonance depicted in (a).

optical nonlinearity in microcavities was proposed where the intermediate molecular state
is provided by the biexciton state [78]. When the LPB is in resonance with the biexciton
state a nonlinear shift of v/2G ~ hQQrap/L is expected, as shown in Fig. [79]. This
interaction can be used to generate a source of antibunched photons. Recently, the po-
laritonic Feshbach resonance was observed in GaAs/AlAs microcavity containing a single
8 nm Ing04GaggsAs QW [80]. In this work, a o pump and o_ probe were applied with
zero delay. The transmitted probe beam was measured to reveal the energy shift and
amplitude variation of the lower polariton resonance due to the presence of the polariton
pump population, as a function of exciton-photon detuning. When the energy of two
lower polaritons passes through the biexciton resonance a characteristic dispersive shape
is observed in the energy shift, a feature of resonant scattering. The energy shift is shown

to switch from a redshift to a blueshift, demonstrating the modification of the interaction
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Figure 1.15: Figure taken from [5]. (a) Optimal nonlinearity U,y and detuning AE,,
as a function of coupling strength .J. Perfect antibunching is obtained J > v/v/2. (b)
Transition paths between states in the coupled cavity configuration. The direct excitation
path from |10) to |20) is forbidden due to interference with the path drawn by the dotted
arrows.

between pump and probe polaritons from attractive to repulsive.

1.6.4 Polariton Blockade in Coupled Cavities

The previous sections on blockade require that the nonlinearity U exceeds that of the
loss rate given by the lower polariton linewidth vz p. Recently, an analytical study of a
resonantly pumped cavity coupled to a non-pumped auxiliary cavity showed that strong
antibunching can be obtained with only a weak Kerr nonlinearity U << v [81] due to a
subtle quantum interference effect. The underlying mechanism for the nonclassical photon
statistics was revealed using a wavefunction amplitude approach by Bamba et al. (2011)
[B]. Fig. b) shows the cavity energy levels with tunnelling between two coupled
cavities where |mn) represent the Fock state with m particles in the pumped cavity and n
particles in the second cavity. Perfect antibunching can be achieved for an optimal set of
parameters. Assuming equal energy and loss rates of the two coupled cavities are in perfect

resonance and have the same linewidth, the authors calculate the optimal parameters of
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the interaction strength U and the pump laser detuning AE = E — Jw, to be [5]:

27
3v/3 J?

AE, ; ~
opt 2\/3

Uopt ~ (142)

For J > =, this directly implies that U,y /vy < 1. This is due to destructive interference
between the amplitudes of the two transition paths as shown in Fig. [I.15] This quantum
interference is between the two-photon injection path (|10) — |20)), and the tunnelling
transition between the two cavities (|10) <» [01) — (|11) <> |02)) — |20)). For certain
values of the U and AFE, the two above transition paths have opposite phases and equal
amplitudes, leading to full destructive interference. The relaxation on U/~ required to
observe photon blockade comes at the expense of an oscillatory g(z)(T) function. The
characteristic scale of the oscillations is determined by the cavity-cavity tunnelling rate
J > 7. As a result of the fast timescales involved, a streak camera with a temporal
resolution of around 2 ps will be required to observe the antibunching along with coupled

cavities with tunnelling times that exceed this resolution.

In this thesis a tunable open access cavity is presented where 3-dimensional confinement of
the photonic mode is introduced from the hemispherical cavity geometry with open optical
access for both real and k-space imaging. This system is suitable for the observation of
polariton blockade based upon the proposal of Bamba et al. (2011), combining strong
lateral confinement, in order to increase the polariton-polariton interaction, with high
Q-factors and tunable photonic molecules with tunnelling times that allow experimental

measurement of the photon autocorrelation function.
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Chapter 2

Development of an Open Cavity

System

2.1 Introduction

This Chapter outlines the development of a tunable cavity system. The open cavity
consists of two independent nanopositioner stacks that allow the positioning of two mirrors.
When the two mirrors are brought together a microcavity is formed where full tunability
of the spectral resonance is achieved through control of the separation along with full
xy-spatial positioning of the mirrors. The formed cavity is a hemispherical resonator. A
complete review of the Gaussian optics required to fully describe the optical modes within
the hemispherical cavity is presented. Finally, two 10 paired SiO2/TiO dielectric DBRs
were fabricated and used to form a hemispherical cavity where the top mirror has a concave
shape with a radius of curvature of 25 pm. Reflectivity studies are then performed at low
temperature demonstrating the formation of stable modes with Q-factors of up to 7,000

and a mirror separation of around 1 pum.
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2.2 Motivation

The open cavity system was designed to meet a number of criteria:

e Free space coupling of optical excitation and collection.

Spectral tuning of the cavity resonance through fine control of the cavity length.

Spatial tuning through translational positioning in the xy-directions of both mirrors.

Operation at cryogenic temperatures (4K).

High Q-factor and small mode volume.

Isolation from mechanical vibration.

The application of such a system in the field of polariton physics comes from the ability
to arbitrarily select the exciton-photon detuning along with the strong lateral photonic
confinement which is present in hemispherical microcavities. This confinement increases
the exciton wavefunction overlap for a given excitation density, increasing the polariton-
polariton interaction. Furthermore, the versatility of the system allows the incorporation
of unconventional emitters simply through placement of a foreign emitter on the surface
of the planar mirror such as exfoliated metal dichalcogenides [82] and colloidal quantum

dots (QDs) [83].

A goal of this thesis was to demonstrate a system with strong lateral confinement of exci-
ton polaritons and high Q-factors. As such a demonstration of strong coupling along with
submicron beam waist sizes is required. As discussed in Section [1.6.2]in order to observe
polariton blockade a significant increase in the single polariton-polariton interaction is
required. This can be achieved through increasing the overlap of the exciton wavefunc-
tion through lateral confinement - leading to a stronger interaction. Conventional systems
which have lateral confinement include micropillars, mesas and photonic crystals. In all
cases the ability to decrease the dimensions below a few microns is limited by surface

recombination and quenching of the QW exciton which leads to significant degradation of
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the polariton linewidth. Furthermore, the ability to select a particular detuning in-situ
through tuning of the cavity resonance is limited to the growth of a cavity wedge in mi-
cropillars and mesas and limited to temperature tuning and gas absorption in photonic
crystals. A truly tunable system, where the exciton-photon detuning can be selected with
ease, would allow the excitonic component to be selected arbitrarily. Both of these crite-
ria are achieved by using a tunable open cavity with a hemispherical geometry. The open
nature allows full tunability of the spectral resonance through control of the mirror sepa-
ration, while the hemispherical geometry introduce lateral confinement into the photonic
component which is then inherited by the polaritonic wavefunction. Using this method
unprecedented lateral sizes can be achieved using radii of curvature below 15 pum where
the confinement is submicron and approaches the diffraction limit for decreasing radii of

curvature.

2.3 Cavity Housing Design

The open cavity system allows independent nanopositioning of both top and bottom mir-
ror in the xyz-directions. The top piezo stacks consists of three Attocube Ltd closed
loop nanopositioners, ANPx51/RES for xy positioning and ANPz51/RES for z position-
ing. The bottom piezo stack consists of two ANPx101/RES for xy nanopositioning and an
ANPz101/RES for z-movement. The tilt of the bottom mirror can also be controlled using
two goniometer stages (ANGpl101/RES and ANGt101/RES). All of the piezo nanoposi-
tioners have resistive readout that allows their position to be known to an accuracy of
+200nm. The range of travel of ANP51 and ANP101 nanopositioners is 3mm and 5mm
respectively and the ANGt and ANGp goniometer nanopositioners have travel ranges 6.6°
and 5.4°. Applying a DC voltage (0-70V) across the nanopositioners allows sub-nm po-
sitioning of the piezos for fine tuning of the mirror position. The system is presented
in Fig. showing the assembled insert (a) that corresponds to the schematic shown in

Fig. along with the bottom sample holder (b), the custom mounted objective (Thor-
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Figure 2.1: (a) Open cavity insert with two independent nanopositioner stacks. (b) Bottom
nanopositioner stack with custom titanium sample holder. (c) Height adjustable lens tube.
(d) View along optical path showing the top sample holder.

labs NA=0.55 aspheric B-coated) with tunable height (¢) and the optical path with the
lens removed showing the top sample holder (d). The nanopositioners are fixed in a
rigid titanium housing to isolate the cavity from mechanical noise. These low frequency
noise-induced vibrations are minimised to ensure that the cavity length is not changed
through longitudinal vibrations. Furthermore the rigidity of the cavity insert ensures that
it has a high resonant frequency so there is a minimal response to mechanical vibration.
Both the piezo nanopositioners and the sample holders are also made from titanium to
minimise any difference in thermal contraction during cool down to cryogenic tempera-
tures. Finally, a small titanium platform (11mm) is used beneath the bottom piezo stack
to raise the bottom sample holder into the range of movement of both sets of the piezo

positioners.
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Figure 2.2: Schematic diagram of the open cavity system. Independent xyz-movement of
the two mirrors is performed using two separate Attocube nanopositioner stacks. Two
goniometer ¢ and @ nanopositioners allow control of the tilt angle of the bottom sample.
The system is housed in a titanium enclosure to minimise differences in thermal contraction
when cooled to low temperature. Optical access to the cavity is provided through a 0.55NA
objective lens.
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2.4 Hemispherical Cavities

In an open cavity system the two mirrors are grown separately before being brought
together to form a tunable microcavity. Such a system is not limited to a standard
monolithic planar-planar Fabry-Perot microcavity since the cavity is no longer fabricated
by molecular beam epitaxy (MBE). Instead the cavity can be formed by a planar bottom
mirror and a concave top mirror which forms a hemispherical microcavity. This section
briefly outlines the mode profiles in such a resonator and how lateral photonic confinement

can be introduced. This lateral confinement also allows higher Q-factor cavity modes to
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be used as the resonator quality is not as dependent on perfect parallelism between the

top and bottom mirrors as in the planar case, as beam walk-off is minimised.

2.4.1 Gaussian Modes

In order to describe the electric field profile within a hemispherical resonator the full wave
nature of light must be considered. The scalar wave equation for an electric field in a

vacuum is written as
1 02

2
V E(T,t) — 0*2@

E(r,t) =0 (2.1)

where E(r,t) is the E-field and ¢ is the speed of light. The most trivial solution to Maxwells

equations is a monochromatic plane wavefunction with an angular frequency w

E(r,t) = E(r)e”™! (2.2)

Inserting this into the the scalar wave equation leads to the scalar time dependent Helmholtz

equation:
V2E(r) + k*E(r) =0 (2.3)
where the wavevector is given by
2
w
k= (2.4)

A number of solutions exist for the Helmholtz equation such as E(r) = Ege'®T for a uni-
directional plane wave or E(r) = %eik'r for a spherical wave with r = /z2 + y2 + 22.
Assuming a trial solution of the form E(r) = Ey(r)e’** for small divergence angles the

paraxial wave equation can be shown to be

DE(r)

z

V3 E(r) + 2ik =0 (2.5)

. . : 2 2 2 . oL
Here Vi is the transverse Laplacian given by Vi = % + 8872 + %. A rigorous derivation

of the paraxial wave equation can be found in Laser Physics (1986) [84]. The complete
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solution of this partial differential equation takes the form:

ikz ip(z
B(r) = A< €)@ ) 2R() (@) () (2.6)

\/1+22/2%
which describes a Gaussian beam characterised by the beam waist, w(z), the radius of
curvature of the phase profile R(z) and the Guoy phase shift ¢(z) = tan=!(z/2r). The
beam waist has a minimum value wg at the focus of the Gaussian beam. The distance zg
is defined such that w(zg) = wov/2. This E-field distribution describes freely propagating

waves without the influence of confinement due to the formation of cavities.

In the case of a hemispherical cavity consisting of a planar mirror and a concave mirror the
E-field profile must satisfy Gaussian mode profiles modified from the freely propagating
case due to confinement. Here the mirror radius of curvature imposes boundary conditions
on the mode where the beam phase front must match the curvature of the mirror. In this
case the minimum beam waist of the mode will lie on the planar mirror so long as the
stability condition L < RoC' is met, where L is the mirror separation. This can be

generalised to the case of different types of resonators through the resonator parameter

g:
L
ROCZ‘

gi=1 (2.7)

which defines the stability condition for a cavity consisting of two mirrors ¢ = 1,2 as
0 > 9192 < 1. For a hemispherical cavity the second mirror is planar so for this case

g2 = 1. The dependence of the beam waist on each of the mirrors can be written as

AL 1/2 R —1/4
m Leff

1/2
AL
wo = (ﬁ> (LessR— Ligp)"* (2.9)

where w; is the beam waist on the curved mirror and wy the beam waist on the planar
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Beam Waist (um)

Cavity Length (um)

Figure 2.3: Gaussian beam waists for a hemispherical cavity as a function of cavity
length. The radius of curvature of the concave mirror is 10 pwm.

mirror. Fig. 2.3] shows the simulated beam waists on the mirrors as a function of cavity
length for a concave mirror with RoC = 10 um. The beam waist on the planar mirror
is approximately constant at around 1 pm while wy diverges as the length approaches
the unstable resonator regime I. = R and modes become unstable. For very short cavity
lengths L < 3 um there is very little divergence between the two beam waists and wy ~ ws.
The degree of photonic confinement in a hemispherical microcavity is determined by the
beam waist size, which is in turn determined by the radius of curvature and the cavity
length. In the study of polaritons, the degree of lateral confinement is determined by the
beam waist size on the quantum well, which is located in a cavity region on the planar
mirror. Therefore, the degree of polaritonic confinement is determined by wg. Fig.
shows the planar mirror beam waist at a cavity length of 1 pm as a function of the concave
mirror radius of curvature. For radii of curvature of less than 15 um the expected beam
waist size on the planar mirror is submicron in size, with significant reduction in wq for
small RoC down to ~ 0.5 um for a hemispherical cavity with a 2 um radius of curvature

top mirror. As discussed in Section [1.6.2] in order to increase the polariton-polariton
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Figure 2.4: Beam waist on the planar mirror in a hemispherical cavity as a function of
concave mirror radius of curvature. The cavity length is set to 1 um. The submicron
lateral confinement regime is achieved for R < 15 pm.

interaction, lateral polariton confinement can be used. Here, by using a hemispherical

microcavity with a concave mirror with a radius of curvature of less than 15 pm, submicron

lateral photonic confinement can be achieved. Since in a polaritonic system the QW lies

in a cavity region near the surface of this mirror, the photonic confinement is inherited by

the polariton, leading to submicron polariton confinement. By using a system based upon

a hemispherical cavity, one avoids any etching of the QW which can lead to degradation

of polariton linewidth due to surface recombination and quenching of the exciton as seen

in micropillars.

Cavity Eigenfrequencies

The eigenfrequencies of a cavity resonator are given by:

c

Vgmn =
e 2Neqn L
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where ngq, is the cavity refractive index, ¢ is the longitudinal mode index, m and n are the
transverse Gaussian mode indices. For a hemispherical cavity, as presented in this thesis,
the second mirror is planar so go = 1. The longitudinal and transverse mode spacings

then follow and are given by:

—1
c c Cos L\/g
Av = A Avp = A A 2.11

v 2Meqv L 4 vr 2Meqo L T (Am + An) ( )

where Agq, Am and An are the differences in longitudinal and transverse Gaussian mode

indices.

2.4.2 (Gaussian Mode Profiles

The previous Section presented the mathematical description of Gaussian beams and its
application to hemispherical resonators. The final discussion presented the idea of trans-
verse Gaussian modes appearing for certain resonances which are quantified by the trans-
verse indices m and n. These higher order modes can be accounted for in the solution to
the paraxial wave equation through the inclusion of additional structure in the x-y plane.
The general solution in the xy basis is given by

i Y

wo

E(r) = AF, | — | F, | = | PGk +v%)/2(2) (2.12)

wo

where F,, and Fy are functions of w% and w%, and A is a constant. After some manipulation

and separation of variables we get the second order differential equation [84]:

d’F dFF ¢

where the variable u is a function of x or y and w(z), and c is a constant. The solutions
of this second order differential equation are given by the Hermite polynomials H,,,. We

can then write the electric field of the Hermite-Gaussian modes as:
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Figure 2.5: E-field profiles for the first 9 Hermite-Gaussian beams HG .

[N

Em,n (T‘) = Eo

. — z i i _r_
wo - [ﬂx] H, [ﬂy] ez(kz—(m—n—l)tan 1(%)) ( k(2R<Z)) wg) (2.14)

w(z) M) | @) ‘

where the transverse indices m and n indicate the Hermite polynomial order. The electric
field profile of the first 9 T EM,,, modes are plotted in Fig. [2.5] Transverse modes with
equal |m + n| are degenerate. In physical systems this degeneracy is often broken due to

a slight asymmetry in the cavity structure.

If we choose to solve the paraxial wave equation in cylindrical coordinate basis instead
of choosing the Cartesian xy-coordinate basis, we can obtain alternative transverse mode
profiles based on cylindrical symmetries. Using a suitable trial solution gives us the second

order differential equation:

2 10 1 0
gty ok LBy, = 2.1
(87"2 + r or + 7r2 + Zk@z) roz =0 (2.15)
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Figure 2.6: E-field profiles for the first 9 helical Laguerre-Gaussian modes LGy

The solutions are given by the associated Laguerre polynomials Lé. The E-field of the

Laguerre-Gaussian modes is given by:

12 2 2 o
_ wo il rv2 ul 2r 7 aer —i(2p+i+1)tan~1(£)
E ,2) = E "l —= | L) | ——5|ev?e?EE z 2.16
(7, 0, 2) ow(z)e (w(z) P | o) e e e 0 (2.16)

The first 9 Laguerre-Gaussian mode profiles are plotted in Fig. Transverse modes
with equal |2 + p| are degenerate in energy. For LGj, modes with [ > 1 the transverse
mode carries orbital angular momentum with a phase rotation given by 27l leading to

phase vortices.

Both the Hermite-Gaussian and Laguerre-Gaussian modes provide a complete set of trans-
verse modes in their respective basis and can be written in terms of each other. Experi-
mentally the boundary conditions of the photonic structure determines the observed mode

profiles; for a cylindrically symmetric cavity such as a cylindrical micropillar or mesa,
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Figure 2.7: E-field distributions for a selection of even Ince-Gaussian beams.

Laguerre-Gaussian modes would be expected, while for a square micropillar, Hermite-
Gaussian modes would be expected. In reality perfectly cylindrical systems are difficult
to fabricate and Laguerre modes are often not observed. Instead elliptically symmetric
Mathieu- or Ince-Gaussian modes are observed which are the solution to the paraxial
wave equation in an elliptical basis, as seen in mesa structures [85]. A selection of the

Ince-Gaussian modes are plotted in Fig. in the elliptical basis.

2.4.3 FDTD Models

In the previous discussion on Gaussian modes, perfectly reflecting mirrors were assumed.
In reality the cavities studied in this work consist of DBR mirrors where there is significant
penetration of the E-field into the DBR mirrors. In this section the hemispherical cavity
is modelled using MEEP, an open FDTD software package, in order to extract expected
values for photonic Q-factors and beam waist sizes on the planar mirror. Fig. (a) shows

the geometrical structure used in the FDTD analysis. The top mirror is a concave feature

o1
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with radius of curvature of 5.6 um and a diameter of 4 um. Simulations were calculated
in a cylindrical geometry where the 2-dimensional grid presented in Fig. [2.8(a) has com-
plete rotational symmetry. This significantly reduces the computational requirements in
comparison to a full 3-dimensional simulation. The grid resolution was chosen to be 5 nm
in order to accurately model the concave mirror curvature and the DBR layer thicknesses.
The refractive indices of the DBR layers were chosen to be 1.4 for the low index SiOy and
2.05 for the high index T%0s. The silica substrate refractive index was chosen to be 1.54.
Fach DBR has 10 repeats of alternating high and low index quarter wave stacks. These

values are representative of the values used in the fabricated mirrors.

For the initial simulation, the separation between the two mirrors was chosen to approxi-
mately set the longitudinal mode within the cavity stopband at a distance of around 1 um.
A single simulation with a broadband excitation source placed at the surface of the planar
DBR was used to excite the cavity modes and a harmonic inversion technique used to
output the mode energy and Q-factors [86]. The simulation was then performed a number
of times with a narrow energy source to individually excite the modes to identify the lon-
gitudinal resonance. The resonances of the cavity have relatively high Q-factors so decay
at a much slower rate then the transient electromagnetic field from the excitation source.
Once sufficient time has passed for these transient fields to decay, typically around 2 or
more decay times (7 = Q/w), the electromagnetic field within the cavity can be assumed
to have single frequency harmonic time dependence and the field profile fully represents
the excited single cavity mode. Once identified, simulations were then run iteratively to
fine tune the cavity mode resonance close to the centre of the stopband at 650 nm. A final
simulation with a small grid size of 5 nm was used to output the electromagnetic field of
the longitudinal mode. Fig.[2.8(b) shows the z-component of the E-field with narrow band
excitation of the longitudinal mode. The Q-factor of the mode is 8031 and was extracted
using Harminv [86] after the E-field at the surface of the planar mirror had decayed to
1072 from its initial value. The profile shows the focusing effect introduced by the hemi-

spherical geometry where the wavefront at the surface of the concave feature matches the
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Figure 2.8: (a) Dielectric structure of the hemispherical cavity with 5.6 wm radius of
curvature and 4 pm diameter. The separation between the mirrors is 1.05 um. The
resolution of the simulation was set to 5 nm. (b) Electric field component in z-direction
after excitation of the longitudinal mode close to the centre of the cavity stopband at 649.1
nm. The Q-factor of the mode is 8031. (c) Electric field intensity (E.E*). (d) Electric
field density for the longitudinal mode plotted on a logarithmic colour scale (log1o(E.E*)).
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Figure 2.9: Lateral extent of electric field intensity at the surface of the bottom DBR.
The FWHM of the Gaussian fit is 0.823 pm.

curvature of the concave DBR. This is focused to a smaller lateral extent on the bottom

planar mirror where the wavefronts become parallel to the planar DBR layers.

The electric energy density is plotted in Fig. (c) on a linear scale showing the strong
localisation of the electric field within the cavity and emphasises the strong lateral con-
finement introduced in the cavity. Fig. (d) shows the energy density plotted on a
logarithmic scale. Clear leakage of the electric field is occurring into the cavity formed
between two planar mirror areas. This is attributed to the sharp discontinuity between the
concave region and the planar region leading to scattering into side propagating modes.
In the experimental cavities it is currently unclear how the interface forms between the
planar and concave regions but can be reasonably expected to play a role in the maximum
cavity Q-factors that can be reached in open hemispherical cavities. The beam waist of the
electric field at the surface of the planar DBR extracted from the FDTD model is shown
in Fig. The profile can be fitted with a Gaussian function and has a FWHM = 0.831
pum. The Gaussian beam waist, wg = FWHM/ v21n2, has a value of 0.7057 um which
is comparable to the value of 0.7 um calculated in the previous section in the Gaussian

beam approximation.
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2.5 Cavity Design

The tunable cavity consists of two separately grown DBR mirrors. The top concave
structure is a dielectric DBR fabricated with A/4n alternating layers of SiOy and TiO2
with refractive indices of 1.4 and 2.1 respectively. The layer thickness is controlled to give
maximum reflectivity at a particular wavelength. For the initial demonstration of the open
cavity in reflectivity this was at 650 nm and 10 DBR pairs. In the later Chapters in this
thesis discussing work with polaritons the QW material varies between InggsGag.geAs
and GaAs so concave DBR mirrors with stop bands centred at 840 nm and 780 nm were

fabricated to match the QW exciton energy.

2.5.1 Concave Mirror Fabrication

The fabrication of the concave mirrors was performed by Dr A. Trichet of the Photonic
Nanomaterials Group at the University of Oxford. Fabrication of the concave DBR struc-
tures consists of a two step process [41]. Firstly, an array of concave mirrors is produced
using focused ion beam (FIB) milling of a silica substrate. A gallium ion beam is focused
onto a silica substrate to eject material and mill into the surface. By varying the dwell
time as a function of position, the ion beam mills concave features into the surface of the
silica substrate. The ability of the FIB approach to produce high quality - low surface
roughness templates for DBR mirrors relies on the ability to focus the gallium ion beam
down to 5 nm. The rms surface roughness of the uncoated concave depressions is <0.7
nm. On a single chip, multiple concave mirrors are produced with varied parameters of
radii of curvature. The radii of curvature of the concave depressions are measured using
AFM after the milling process. The planar fused silica substrates have lateral dimensions
of 5xbx1 mm. This leads to a large area of redundant surface since the milled array is
only around 400x400um. This redundant portion of the substrate can be detrimental in
achieving very small mirror separations of a few microns as the edges of the substrate

can come into contact with the bottom sample first. A large surface area also increases
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Figure 2.10: Microscope image of the concave depression after DBR coating. The radius
of curvature of the two sizes is 12.5 um and 25 um.

the probability of large particulates being in the cavity which prevent small mirror sepa-
rations from being reached. The solution to this was to utilise a silicon dicer to remove
these large planar areas and create a plinth around 500x500x500 pwm at the centre of the
sample. A microscope image of the fabricated sample is shown in Fig. showing the
array of concave features on a 500x300 pwm plinth. A full description of the fabrication

can be found in Dolan et al. (2010) [41] and in the thesis of Dr. P. R. Dolan [87].

2.6 Low Temperature Demonstration

The initial demonstration of the tunable open cavity was carried out at low temperature -
ensuring the maximum stability of the attocube nanopositioners. Fig.[2.10]shows an optical
image of the top sample consisting of multiple 3x3 arrays of concave mirrors with radii of
curvature of 25 um and 12.5 um. The bottom mirror was a planar dielectric mirror leading
to a hemispherical cavity. The DBR mirrors have a coating of 10 pairs of SiO2/TiOs.
The two mirrors were mounted on the two independent attocube nanopositioner stacks.
Before being placed in a bath cryostat dipstick, a room temperature alignment procedure
was performed. The tube was then pumped to vacuum before being flushed with a small
amount of He exchange gas. Finally the system was cooled in a He Dewar lowering the
system temperature to around 4K. A small optical table was then attached to the top of the

system allowing optical access to the tunable cavity through a glass window. White light
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White Light M,/ M2 O |_ SMF2

Figure 2.11:  Low temperature reflectivity experimental set-up. White light coupled
through a single mode fiber (SM1) before being collimated and sent to the cavity using
a 50:50 beam splitter (BS). The reflected signal is collected by a single mode fiber (SM2)
before being imaged onto the slits of a spectrometer. The inset shows the open cavity
insert.

reflectivity was performed using a Bentham WS100 white light source which is coupled to
a single mode fiber. The white light was fibre coupled to the optical table before being
collimated and sent down the optical path to a 0.55NA aspheric objective using a 50:50
beamsplitter and focused onto one of the 25 pum RoC concave mirrors as shown in Fig.[2.11
The spot size was around 2 pm and centred on the concave mirror in order to maximise the
coupling into the longitudinal resonance of the cavity. The reflected signal was collected
using a single mode fibre before being focused onto a 0.75m spectrometer with a spectral
resolution of 50 ueV. The reflected signal was optimised at 700 nm, rather than at the
centre of the stopband of 650 nm, since the white light source intensity decreases sharply
below 700 nm. The initial focus of the excitation was set by moving the top mirror using

the top z-nanopositioner.

In order to form the cavity, the bottom mirror is brought up towards the top mirror. Ini-

tially this is done using the continuous movement control of the bottom z-nanopositioner.
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Figure 2.12: Normalised white reflectivity spectra of cavities formed with RoC = 25 um.
(a) L =20.0 pum (b) L = 13.6 um(c) L = 12.7 u(d) L = 2.1 um. A single longitudinal
resonance is present within the spectral window.

When the mirror separation becomes small (L &~ 30 um) a number of fringes become
visible across the planar region of the top mirror. These correspond to the Fabry-Perot
resonances of the planar cavity where the fringes appear due to the relative angle between
top and bottom mirrors. In order to reach small mirror separations, the two mirrors must
have a high degree of parallelism between them. These fringes provide an indication of
this relative angle and can be corrected for by using the two goniometer stages, which
allow the bottom sample to be tilted in ¢ and 8. When the relative angle between the two
mirrors is removed, the fringes are no longer present and instead the entire planar area

local to the pump spot lights up with a symmetrical spatial distribution. Once a high de-
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gree of parallelism is achieved, the mirror separation is reduced until the stability criteria
L < RoC is reached. At this point stable resonator modes exist within the concave-planar
cavities. The cavity lengths in this case are estimated using Eq from the longitudi-
nal mode spacing. Further fine tuning of the angle can then be performed to minimise
the cavity length through incrementally changing both # and ¢ and measuring the mode
spacing when the mirrors are touching. The cavity length is then reduced by ~ A/2 so
that the mirrors are no longer touching and the full tunability of the longitudinal mode
is possible. Fig. shows the reflectivity spectra of the hemispherical cavity formed
with a RoC = 25 um concave DBR for various cavity lengths. The white light spectra is
significantly distorted from the use of aspheric lenses as an objective along with fiber col-
limation and collection lenses. This introduces three sources of chromatic aberration. At
a cavity length of L. = 20.0 um a number of longitudinal resonances are present within the
spectra (Fig. (a)) where the cavity length has been estimated using the mode spacing
and Eq As the mirrors are brought closer the mode spacing decreases until a single
longitudinal mode is present within the spectral window (Fig.|2.12[(d)) at a cavity length
of 2.1 um. The Q-factor is around 3,000 at L = 2.1 um and around 7,000 at L. = 20.0 um.
This is attributed to the increased photonic lifetime due to the much larger cavity length.
This is in contrast to the expected value of around 8,000 at L ~ 1 um from the FDTD
simulations in Section [2.4.3] This can be attributed to a combination of being off the
centre of the DBR stopbands by 50 nm along with broadening of the cavity resonance due
to acoustic vibrations. The cavity length is estimated from a reference reading from the
closed loop piezo readout, where the cavity length can be estimated from the longitudinal
mode spacing. This mode spacing is shown clearly in Fig. (a) and gives a value for
the effective cavity length including the penetration into the DBR mirrors Lppgr. For
the dielectric DBRs used here, this penetration is small due to the large refractive index
contrast and can be estimated, using a transfer matrix simulation, to be ~ 1.2 um for both
top and bottom mirrors. The first transverse mode associated with the longitudinal mode

is present in the spectra, but the drop in intensity is weak due to the poor mode matching
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with the excitation spot. Higher order transverse mode resonances are not revealed due to
even poorer mode matching between the resonant white light and the higher order modes.
This is because the the pump spot is a T E Myy Gaussian beam with a lateral size of around
2 pum, while the higher order modes have transverse Gaussian profiles that do not match

this profile leading to poor transmission of the resonant excitation into the cavity.

These experimental results demonstrate that the open cavity system achieves all of the
motivating criteria presented in Section such as spectral and spatial tunability, free
space optical access, and operation at cryogenic temperatures. The relatively low Q-
factor measured at L = 2 um can be attributed to instabilities in the system, most likely
introduced by acoustic vibration. In the next chapter on strong coupling in the system
a number of dampening mechanisms and isolation systems are introduced in order to
significantly increase the photonic Q-factors due to increased stability against acoustic

vibrations.

2.7 Summary

The open cavity system was developed from initial design considerations to the exper-
imental demonstration of stable cavity modes at low temperature. This included the
construction of a custom housing for the cavity and a homemade bath cryostat system.
The Gaussian mode structure of the hemispherical cavity was discussed theoretically and
shown to allow for submicron beam waists for radii of curvature below 15 um. An FDTD
study was performed showing the electric-field profile of the confined longitudinal mode
and revealed that the interface between planar and concave DBR regions is likely to result
in an increase in photonic losses in the system. A low temperature demonstration of the
tunable cavity was performed using two dielectric DBR mirrors to form a hemispherical
cavity. Q-factors of up to 7,000 and cavity lengths down to 2 um were achieved. Further
work in this thesis builds upon this initial demonstration where the developed tunable

cavity system is used to study strongly confined exciton-polaritons.
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Chapter 3

Zero Dimensional

Exciton-Polaritons

In this chapter strong exciton-photon coupling is demonstrated in the tunable cavity sys-
tem presented in the previous chapter. The hybrid cavity consists of a bottom semiconduc-
tor DBR with a cavity region containing 6 InggsGaAs QWs and a top dialectric concave
DBR. Using the nanopositioners to independently position the two mirrors, the cavity
resonances were tuned through the QW exciton energy. When close to resonance a char-
acteristic anticrossing was observed demonstrating strong coupling with a Rabi splitting of
up to 5.8 meV. The combination of both longitudinal and lateral confinement creates pho-
tonic confinement in 3-dimensions and leads to the formation of 0-dimensional polariton
dots. For the smallest radii of curvature concave mirrors of 5.6 um and 7.5 pwm, real-space
polariton imaging revealed submicron lateral confinement due to the hemispherical cavity

geometry.
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3.1 Introduction

As discussed in Section the strong coupling between a QW and cavity photons in
a semiconductor microcavity lead to the formation of quasiparticles known as exciton-
polaritons. Such systems are of significant interest due to their part-matter part-photon
nature - leading to both a large nonlinearity arising from exciton-exciton interactions and

the ability to out-couple to the photon field.

In recent years polaritonic systems have attracted significant attention as they exhibit
topical phenomena such as non-equilibrium BEC [7], superfluid-like behaviour [8] and
bright soliton [16] and dark soliton [69] formation. Conventional microcavity systems
are monolithic systems consisting of two semiconductor DBRs separated by an mM\/2
cavity region containing one or more QWs located at electric-field antinodes. The cavity
resonance in these systems is fixed during fabrication and in-situ tuning of the cavity
energy is limited to the incorporation of a tapered cavity region across the MBE grown
microcavity. As discussed in the previous chapter, by using an open cavity system full

tunability of the cavity resonance can be performed.

3.1.1 Lateral Confinement

The photonic component of polaritons leads to a low in-plane effective mass of around
10~* me. Due to this, micrometer sized lateral confinement causes discretisation of the
polariton energies. This lateral confinement also increases the polariton-polariton inter-
action strength for the equivalent excitation power due to the increased overlap of the
excitonic component of their wavefunction. As discussed in Section combining very
narrow polariton linewidths with strong submicron lateral confinement has the potential
to lead to the observation of polariton blockade. A number of systems have been de-
veloped to laterally confine polaritons based upon confinement of either their excitonic

or photonic component. Spatial modulation of both excitonic and photonic components
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can be introduced using cross propagating surface acoustic waves (SAWs) but the con-
finement size is currently limited to around 8 wm due the small penetration of the SAWs
at high frequency [88]. Controlled stress has been applied to a monolithic microcavity in
order to introduce a stress potential which spatially localises the exciton wavefunction. In
this case the confinement is relatively weak and the polariton energy spectrum remains
a quasi-continuum and not strong discretisation [27, 28]. Mesa structures have been fab-
ricated within monolithic microcavities through patterned regrowth which confines the
photonic component in 3-dimensions [3I]. These mesa structures act as polariton traps
forming areas of 0-dimensional confinement within a 2-dimensional microcavity due to a
slight variation in cavity length. Micropillars, fabricated through post growth etching,
introduce lateral confinement through total internal reflection at the sidewalls [32]. Typi-
cally, reduced lateral dimensions lead to significantly larger losses and degradation of the
polariton linewidth due to surface scattering and recombination. Linewidths are around
4 meV for micron sized etched micropillars, which for one QW is comparable to the Rabi
splitting. As such, the strong coupling cannot be fully resolved and a Kerr nonlinearity
cannot be achieved. Finally, post growth etching can be used to fabricate photonic crystal
cavities with small lateral dimensions [33]. Significantly, in all the above cases, the ability

to perform in-situ tuning of the cavity mode energy is extremely limited.

3.2 Cavity Mirrors

The formed cavity consists of two mirrors mounted on two independent nanopositioner
stacks which allows full spatial and spectral tuning of the cavity, as discussed in the
previous Chapter. Fig.|3.3(a) shows the set-up of the open cavity system. This consists of
a top dielectric concave DBR array and a bottom semiconductor DBR with a cavity region
containing QWs that are separated by a micron sized gap. The top mirror is an array of
dielectric concave DBRs with various radii of curvature which are fabricated using FIB

milling, before coating with dielectric layers as discussed in Section In contrast to
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Figure 3.1: Concave mirror array consisting of various radii of curvature.

fiber based open microcavities, where the concave feature is fabricated using laser ablation
into the end of an optical fibre [36], 89,90, 39] FIB milling on a planar substrate allows both
the fabrication of smaller RoCs and allows multiple concave mirrors with different RoCs to
be fabricated in an array on the same sample. A microscope image of the concave mirror
array is shown in Fig.[3.1] The radii of curvature of the different concave mirrors is 19 pm,
16 um, 12 pm, 10 wm, 7.5 um and 5.6 um with a corresponding decrease in the feature
diameter. The lateral confinement of the Gaussian beam waist is smaller for decreasing
radius of curvature. The required concave mirror is then selected by placement in the
optical path using the xy-nanopositioners. The dielectric DBR is formed with 9 pairs of
Si02/T109 quarter wavestacks, terminating with a high index TO5 layer. The substrate
is a double sided polished silica substrate. The bottom sample is a semiconductor half-
cavity consisting of a 27 paired GaAs / Alyg;Gag.15As DBR grown via MBE on a GaAs
substrate. On top of the planar DBR a 3\/2 GaAs active cavity region was grown. This
contains two sets of 3 10nm Ingo5GaAs QWs placed at adjacent electric-field antinodes
as shown in Fig.[3.2] For the semiconductor mirror the piezo stack also consists of two tilt

goniometer stages allowing full control of the parallelism between the mirrors.
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Figure 3.2: Theoretical E-field profile in formed cavity. The concave top mirror has been
modelled as a planar mirror in order to use a transfer matrix approach. (a) Full cavity
with a 9 paired SiO2/TiO9 top mirror, a 11A/4n air gap and a bottom 27 paired GaAs /
Alp g5Gap.15As DBR with a 3A/2 GaAs cavity region at the surface containing Ing osGaAs
QWs. (b) Close up of the QW containing region. Two sets of three 10 nm IngosGaAs
QWs are placed at E-field antinodes in a cavity region at the surface of the semiconductor
DBR.
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3.3 Cavity Characterisation

The cavity characterisation was performed at low temperature by placing the open cavity
insert inside a vacuum bath cryostat which is securely fastened inside a liquid He Dewar.
A small amount of He exchange gas is used to assist in thermalisation before the cryostat
is cooled. Optical access to the cavity is provided by the attachment of a small Thorlabs
optical table on the top of the cryostat with free space optical access down to the cavity

though an optical window.

Stable modes are formed within a hemispherical cavity when the stability condition Ly, <
RoC is satisfied, where RoC is the radius of curvature of the concave mirror and Ly, is
the physical cavity length and must take into account the field penetration into the DBRs.

[84] For the hybrid cavity here the physical length is defied by

Lynys = L+ Lppr1 + Lpr2 + Low (3.1)

where L is the tunable mirror separation distance as indicated in Fig. a), Lppr; and
Lppre are the physical field penetration depths into the dielectric and semiconductor
DBRs and Lgw is the physical length of the cavity-QW containing region. The longitudi-
nal spectral resonances of the cavity are determined by the condition that the round trip

phase in the cavity ¢(k, L) is an integer multiple of 2.

o(k,L) =2kL + ¢ppr(k) = 2mn (3.2)

where m is an integer, & is the vacuum wavenumber and L is the mirror separation distance.
The structural constant ¢ppr(k) is the sum of the reflection phases of the top DBR and
combined bottom DBR and cavity region and may be calculated using a transfer matrix
technique. This formula may be rearranged to allow extraction of the mirror separation L
from the free spectral range AX = A(;;,_1)— () between adjacent longitudinal modes. The

usual expression becomes modified to account for the difference in DBR reflection phase
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Figure 3.3: (a) The open cavity system formed by an array of dielectric concave DBRs and
a semiconductor DBR containing QWs. The inset shows the formed hemispherical cavity
with the mirrors separated by a small gap. (b) Typical photoluminescence (PL) spectrum
at large negative exciton-photon detuning showing the formation of a longitudinal mode
and higher order transverse modes due to lateral confinement (c¢) The longitudinal mode
at large negative detuning shows an orthogonal polarisation splitting of 110 peV due to
birefringence. (d) Photonic Q-factor as a function of mirror separation for concave mirror
RoCs of 19 um, 16 um, 12 um, 10 um, 7.5 pm and 5.6 pm.
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A¢pBr = ®pBR,(m—1) — PDBR,(m) at the two wavelengths of the adjacent longitudinal
modes.

)\2
L= Z8 (1+ Apppn/2n) (3.3)

3.3.1 Photoluminescence

Fig.[3.3(b) shows a typical photoluminescence (PL) spectrum with the longitudinal cavity
mode at a large negative exciton-photon detuning of around -22.7 meV. In this regime
the lower polariton is largely photonic and the optical characteristics of the cavity can be
probed. Non-resonant excitation is performed close to a cavity reflectivity minimum using
a 685 nm laser diode. Spectroscopy is performed using a 0.75m monochromator with a
cooled CCD at —70°C. In addition to the ground longitudinal cavity mode a number
of higher order transverse modes (labelled II, III, IV, V) with equal energy spacing due
to lateral confinement are observed. This suggests that the transverse photonic potential
created by the curved top mirror is nearly parabolic. Fig. [3.3(c) shows that for a concave
mirror of 19 um the longitudinal mode exhibits a splitting between orthogonally polarised
modes of ~110 peV, which is likely to arise from birefringence in the bottom and/or
in the top mirror due to stress. Higher order transverse modes also split into doublets
with an energy splitting of the order of ~100-200 peV as seen in Fig. |3.3[(b) due to a
combination of birefringence and breaking of the cylindrical symmetry in the shape of the

top mirror.

Fig. [3.3(d) shows the photonic Q-factor as a function of L measured for mirrors with
different RoC, where L was deduced from white light reflectivity spectra using Eqn. [3.3]
The photonic Q-factor of the microcavity increases with cavity length due to the increased
photonic lifetime from around 25,000 at L = 1 wm up to a maximum value of = 35,000 at
L =9 um for the mirror with RoC = 19 um and 16 pm. The Q-factor then decreases as L
and hence Ly, increase further. This can be attributed to the diverging beam waist on the

concave mirror leading to larger losses as we approach the limits of the stability condition
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[41]. Furthermore, the increase in beam waist size on the concave mirror also leads to
increased out-coupling of the polaritons through the concave-planar mirror interface as
shown in Fig. The minimum mirror separation before touching that can be reached
is L ~ 1 um. This is only achievable as in-situ control of the mirror parallelism using the

goniometer stages to tilt the bottom mirror in ¢ and 6 is possible.

3.4 Strong Coupling

In order to spectrally tune the cavity resonance, a DC voltage was applied to the bottom
z-piezo nanopositioner which decreases the mirror separation L. By scanning the cavity
length in this manner, the cavity modes are tuned through resonance with the QW exciton
energy. Fig. [3.4(a) shows the characteristic avoided crossing in PL between the cavity
modes and QW exciton. It is clear that both the longitudinal mode and higher order
transverse modes all display an avoided crossing with the exciton resonance. Each photonic
mode is characterized by a specific field distribution in the plane of the QWs and couples
to an excitonic mode with the same in-plane distribution. As a result, different photonic
modes couple to spatially orthogonal exciton states. Polariton states from different photon
modes are therefore orthogonal and are well described by the coupling between a single
photon mode and a single excitonic mode for each of them. The Rabi splitting Q2 pgapi,
when mode-I is at resonance with the QW exciton at a mirror separation L ~ 5 um, is 4.4
meV and is comparable across all modes due to the negligible dependence of the coupling
strength with exciton wavevector. Fig. [3.4(b) shows a spectral slice at zero detuning
between the longitudinal mode and the QW exciton. The confined upper polariton has
a weaker PL signal as polaritons tend to relax towards the lowest energy states of the
trap. The upper polariton is significantly broader than the lower polariton branch due to
scattering with phonons and QW disorder potential to the lower polariton and the exciton
reservoir [91]. At zero exciton-photon detuning at the minimum effective cavity length we

measure a lower polariton linewidth of 260 peV. The bare QW exciton linewidth is 1.2
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Figure 3.4: (a) Typical avoided crossings as the cavity modes are tuned through resonance
with the QW exciton. The RoC of the concave mirror was 19 pm and the mirror separation
decreases with increasing piezo voltage. As well as the longitudinal mode we observe strong
coupling between the exciton and all observed higher order transverse modes. (b) Spectral
slice close to resonance between the ground Mode I and QW exciton. The blue dashed
and dotted lines indicates the lower (LPr) and upper (U Pr) polariton arising from exciton
coupling with mode I with a splitting of 4.4 meV at zero detuning. The red indicates
the lower (LPrr) and upper (U Pyr) polariton branches arising from transverse mode II.
The mirror separation L = 5 um. (c¢) Rabi splitting at zero exciton-photon detuning as a
function of mirror separation for concave mirror RoCs of 19 pm, 16 pm, 12 um, 10 pm,

7.5 um and 5.6 pm.
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meV and the photonic linewidth is around 78 peV. At the minimum cavity length, the
maximum observed vacuum Rabi splitting at resonance is 5.8 meV which is comparable
to the values obtained in monolithic 6 QW 3)/2 microcavities. In Fig. [3.4(c) we plot
the Rabi splitting at zero exciton-photon detuning as a function of L for cavities formed
with each of the concave RoCs. The splitting is expected to be inversely proportional
to the square root of the cavity effective length L.ys, which is given by the ratio of the
integrated electric energy density in the cavity divided by the density at the QWs [92].
At fixed energy L.y is proportional to L + C where L is the mirror separation and the
constant C' accounts for the fraction of the mode energy located in the DBRs and QW
region. The fit in Fig. [3.4[c) corresponds to Qrapi o 1/vI + Lpsrs with Lpprs ~ 7.6

pm.

3.5 Polariton Wavefunction

Since polaritons couple out of the cavity through the emission of a photon, the emission
intensity profiles directly correspond to that of the polariton wavefunction. By imaging
the emitted light from the hemispherical cavity the nature of the photonic confinement on

the beam profile can be assessed.

3.5.1 Imaging System

The open nature of the tunable cavity gives direct optical access to the intensity profile
of the emitted light. Since the system is based upon a bath cryostat system, a mechanism
is required to project the image from the optical table on top onto the slits of the spec-
trometer. Furthermore, added complexity is introduced since the system lies at the end of
a 1.2 m tube - hence requiring any fourier plane imaging to form a fourier image >1.2 m
above the primary plane. To enable imaging of the polariton modes, a wound fiber bundle

consisting of a 4x4 mm array of single mode fibers was employed. Each single mode fiber
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Real space imaging system. A wound fiber bundle (WF) is used to project

the real space image from the optical table placed on the open cavity insert onto an optical
bench where the image is scanned across the spectrometer slits to produce a tomographic

image.
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in the array acts like a single pixel, allowing the image focused on one end of the fiber to

be emitted from the other end.

Fig shows the real space imaging system used in the open cavity. A 0.55NA aspheric
objective collimates the emitted light before being focused onto the end facet of a wound
fibre bundle using a 50 cm lens. The total magnification in this set-up is 110X giving
an image size of the 1.1 mm for a concave mirror with 10 pm diameter and RoC = 19
um. If Fourier imaging is used a set of confocal lenses are placed within the cryostat
tube to project the Fourier plane onto the optical table above. This is discussed in depth
in Section when Fourier imaging is employed. The image incident on the wounded
fibre bundle is then imaged onto the spectrometer slits using a pair of confocal lenses. A
translational stage on the final lens is used to scan the image across the slits to produce
tomographic real space images. Reflected laser light is removed using a 700 nm long-pass

filter placed before the fibre bundle.

3.5.2 Gaussian Mode Profiles

Fig. 3.6 (a) shows position-wavelength images of cavity modes when longitudinal mode I
is negatively detuned with respect to the exciton. Here the emission intensities are plotted
for different wavelengths versus position across the line going through the middle of the
cavity. These spatial mode profiles correspond to the modes that we display spectrally
in Fig. |3.3(b) at slightly larger negative detuning of -4.7Qp.p; = -24.4 meV and provide
direct evidence of the micrometric sized confinement and spatial discretisation of modes.
Fig.[3.6|(b) shows the position-wavelength images of polariton modes when the longitudinal
mode is close to resonance with the QW exciton. Here we can clearly see the imprinting
of the photonic spatial distribution into the polariton modes U P; and LP; and U Py; and
LPr;. Modes UPr and LP; are characterised by Gaussian spatial distribution, whereas
modes U P;r and LPj; have two distinct maxima at +1 pm. For the longitudinal mode

we measure a Gaussian beam waist size of 1.16 um (FWHM = 1.36 um) on the concave
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Figure 3.6: (a) Position-wavelength images of cavity modes when longitudinal mode I is
at a very large negative exciton-photon detuning of around -5Q g = -26 meV. The black
vertical line indicates the QW exciton energy. The concave mirror RoC was 19 pm. Insets
I-IV: Real space PL images of photonic modes revealing profiles for modes I, II, III and IV.
(b) Position-wavelength images of cavity modes when ground mode I is close to resonance
with the QW exciton. The formation of both UP; /LPr at resonance and UPrr/LPry
at a positive exciton-photon detuning of approximately 1.5Qpr.p; = 7.8 meV are labelled.
At longer wavelengths we see a number of high order transverse modes associated with
another longitudinal mode at lower energy.
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Figure 3.7: (a) Real space image slice of longitudinal modes for RoC = 7.5um concave
mirror. The Gaussian beam waist is 0.85 um. The peaks either side of the main peak are
due to diffraction. (b) Real space image slice of longintudinal mode for RoC = 5.6 um
concave mirror. The Gaussian beam waist is 0.78 pm.

mirror with RoC = 19 um at L ~ 1.7 um. For the RoCs of 7.5 um and 5.6 pum the
Gaussian beam waist sizes are 0.85 pm (FWHM = 0.99 um) and 0.78 pm (FWHM = 0.92
pum) as shown in Fig This is comparable to, or better than the confinement achieved
in mesa [31, O3] or micropillar [32] structures. We note that the beam waist size on the
planar semiconductor mirror is slightly smaller than the beam waist on the concave mirror

when Lyp,s < RoC [84].

The inset in Fig. [3.6)shows the real space PL images of photonic modes revealing profiles for
modes-1, I, I and IV, which resemble helical Laguerre-Gaussian (LG) transverse modes.
Formation of such modes is expected in a system with perfect cylindrical symmetry [94].
Nevertheless, spectrally resolved images reveal that the LG modes in our system actually
are not the eigenstates and are split into a family of Mathieu and Ince-Gaussian modes

most likely due to breaking of the cylindrical symmetry of the top mirror [85].

In order to resolve the splitting of the circularly symmetric Laguerre-Gaussian mode pro-

files that we see in Fig. a higher order grating spectrometer of 1800 lines/mm was
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Figure 3.8: (a) The left hand side shows the real space image of the first transverse mode
when close to resonance with the QW exciton. The right hand side shows tomographic
images of the two peaks corresponding to this mode when resolved at large negative
detuning. The mode profile shows an orthogonal lobe structure identified with Mathieu-
Gaussian or Ince-Gaussian elliptical modes. (b) Second transverse mode corresponding to
the LG9 and LGy which are degenerate in energy.

used in conjunction with tomographic imaging. Here the spectral splitting of the modes
can be resolved and the mode profile is constructed by scanning the real space image
across the spectrometer slits. The spectrometer slit selects a y-slice through the image.
Post-processing of a particular CCD pixel then allows the construction of the real space
image from a series of y image slices. By selecting the CCD pixel which corresponds to a

particular mode energy, the mode profile may be constructed.

Fig (a) shows the splitting of mode-II observed at large negative detuning. Here,
the largely photonic polariton inherits the coherence from the cavity photon leading to
narrow linewidths of the modes. A splitting of the mode of around 1.3 meV is resolved and
the tomographic images of the two modes is plotted in the right hand side of Fig (a).
These modes show clear lobes along orthogonal axes indicating a breaking of the cylindrical
symmetry. This most likely arises due to a slight asymmetry in the concave mirror shape
and are described by Mathieu-Gaussian (MG) mode profiles. The MGi1e modes lobe

structure is not as pronounced as the M G110 modes. Fig (b) shows the splitting of
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Figure 3.9: PL emission from cavity with a negative exciton-photon detuning. Point A
corresponds to the tunable laser wavelength when pumping off resonance to extract the
laser and electric noise. Point B corresponds to the resonant pumping configuration for
extracting the electrical, laser and acoustic noise.

the 3rd transverse mode that consists of the superposition of the LGy and LG5y modes
which are degenerate in energy. The two resolved peaks on the right hand side correspond
to the two Mathieu-Gaussian modes M Ga1e and M Goi0. This mode splitting is discussed
in detail in Chapter 4, where the large decrease in polariton linewidth above the polariton

lasing threshold allows the underlying cavity structure to be fully revealed.

3.6 Open Cavity Stability

The open cavity is extremely sensitive to acoustic vibration. Vibrational amplitudes of
only a few 10s of picometres are sufficient to cause broadening of the cavity linewidth.
As such, this is most likely the limiting factor in the experimentally achieved Q-factors of
25,000 when L = 1 um. The main sources of vibration can be categorised into internal and
external sources. The external sources include environmental factors such as the acoustic
vibrations that are coupled through the floor from the building and local conditions in the
laboratory such as acoustic noise arising from laboratory equipment and fluctuations in

temperature. In order to isolate the system from these external sources the entire Dewar is
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housed in a thermal-acoustic chamber consisting of thermally insulating foam, lined with
acoustic dampening tiles with a noise reduction coefficient rating of 0.85. Furthermore,
the system sits on an small optical table with heavy duty passive isolation feet (Thorlabs
PWAOQ75) to isolate it from vibrations through the laboratory floor. The second sources
of acoustic vibration which are internal, arise from bubbling due to helium boil off and
pressure and vibration fluctuations travelling back along the helium recovery line. The
system was isolated from pressure fluctuations using a custom valve to keep the open
cavity Dewar pressure fixed at 1.5 psi - a pressure larger than that of the recovery line,
ensuring that pressure fluctuations from the line do not travel back into the Dewar. In
order to measure the frequencies of the acoustic vibrations, resonant excitation of the
cavity mode was performed. This experiment was carried out with a single GaAs QW
in a cavity region on the bottom semiconductor DBR. The resonant laser is first slightly
detuned from the cavity resonance and the reflected laser signal collected using a fast
photodiode corresponding to point A in Fig. [3.9] This signal was then processed using an
oscilloscope to extract the time trace of the laser and electric noise of the reflected signal.
A fast fourier transform (FFT) was then performed on the time trace in order to extract
the frequencies of the electric and laser noise. The FFT amplitude is plotted in Fig.
(a) showing resonances corresponding to the electric noise at 50 Hz and higher order
harmonics at multiples of 50 Hz. Next the laser is tuned into exact resonance with the
longitudinal mode at point B in Fig|[3.9] Here the noise in the reflected laser corresponds
to the electric and laser noise as before but now includes the acoustic noise arising from
the shift in the cavity mode due to acoustic vibrations. Fig.|3.10|(b) shows the traces with
on resonance excitation at point B with the longitudinal mode when the mirrors are not
touching. The cavity Q-factor was around 10,000. A number of broad features are present
at frequencies around 170 Hz and 220 Hz which correspond to the main acoustic noise in
the system. Fig.|3.10 (c) shows the FFT of the noise when the two mirrors are in contact
with each other, and the excitation is in resonance with the longitudinal mode at point B.

Previous experiments have shown that touching the mirrors slightly causes an increase in
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Figure 3.10: FFT amplitudes of reflected laser signal. (a) Non-resonant reflection showing
the electrical and laser noise. (b) Resonant reflection with the mirrors out of contact. The
trace reveals broad acoustic vibration resonances at 170 Hz and 220 Hz. (c) Resonant
reflection with the mirrors in contact. A huge reduction in the vibrational amplitudes is
observed with a broad feature at 260 Hz.

79



3.7. SUMMARY 3.7

the Q-factor which we attribute to synchronisation of the acoustic vibration of the mirrors,
dampening the independent vibrations. From this trace it is clear that the amplitude of the
oscillations moves to slightly higher frequencies of 260 Hz along with a huge reduction in
the FFT amplitude. This amplitude is directly proportional to the magnitude of the mirror
movements. Although difficult to quantify the origin of these vibrations, the most likely
source is the helium bubbling within the system, causing vibration of the bath cryostat
insert which is transmitted to the nanopositioner stacks. This causes the two stacks to
move out of phase with different frequencies and amplitudes. Putting the mirrors into
contact synchronises these oscillations, leadings to higher Q-factors and stability of the
system. It should be noted that when the two mirrors are in contact the system is still
fully tunable and the contact is produced through introduction of a slight angle between

the two mirrors.

3.7 Summary

In summary a system to achieve 3-dimensional polariton confinement with in-situ tun-
ing of the cavity modes was presented. The mode profiles were shown to be elliptical
Gaussian modes where an asymmetry in the concave mirror axes leads to a lifting of the
degeneracy. When close to resonance, tomographic imaging shows circularly symmetric
Laguerre-Gaussian mode profiles since the linewidth of the underlying mode structures is
broader than the splitting. When the cavity was formed with concave DBRs with RoCs of
7.5 pm and 5.6 pm, submicron Gaussian beam waist sizes were measured. Combining the
lateral confinement with very narrow lower polariton linewidths has the potential to lead
to strong nonlinear interactions between polaritons and the observation of the polariton
blockade effect [76] in single or coupled polariton boxes [5]. Finally, resonant excitation
was used to extract the frequencies of the low frequency acoustic vibration which is most

likely the limiting factor in observing higher Q-factors.
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Chapter 4

Spin Vortices in Polariton

Condensates

4.1 Introduction

Polariton condensation or lasing is a non-equilbilbrium process which leads to the emission
of a coherent light beam. In contrast to conventional lasers, where the gain mechanism is
stimulated emission and requires population inversion, polariton lasing is a spontaneous
process, arising from the coherent emission of condensed polaritons and does not require
population inversion between valance and conduction band electrons. As such, they have
significantly lower thresholds than conventional semiconductor lasers [95]. In a polariton
laser the coherence is determined by stimulated scattering to the ground state and by
interactions within the condensate itself. Potential applications include high-speed opti-
cal polarisation switches [96] and novel compact sources of terahertz radiation [97]. The
low threshold behaviour has the potential to a create a revolution in low power coher-
ent light sources required for photonic chip integration and in the field of energy efficient
optical devices. Besides the practical device applications, polaritons allow the study of

the fundamental properties of condensation in the solid state. In particular, polariton
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lasing is a phenomenon which lies in-between the extremes of full BEC, which is in ther-
modynamic equilibrium and the photon laser, which is completely out of thermodynamic

equilibrium.

Quantized vortices are topological defects occurring in many physical systems in optics,
condensed matter, cosmology and fundamental particles, characterized by a phase winding
of an integer multiple of 27 around a vortex core. In semiconductor microcavities, quan-
tized vortices [67, [75], 98] and vortex-antivortex pairs [99, 100} [I0T], 102] may form sponta-
neously in exciton-polariton superfluids and non-equilibrium polariton Bose-Einstein con-
densates (BECs). Much effort has been devoted to the development of methods to create
orbital angular momentum (vortices) in polariton condensates, providing ways to study
the fundamental physics of metastable currents or for potential use as quantum sensors
[103] or information encoding devices [104]. Optical imprinting [105] of vortices as well as
robust spontaneous vortices using chiral polaritonic lenses [I06] have been demonstrated.
Interestingly, the coherent coupling of the photon pseudo-spin (polarization) with vortex
orbital angular momentum has been shown to lead to new types of topological entities,
named spin vortices, characterised by quantised spin current instead of phase winding.
Uncontrolled spontaneous spin vortices were reported in atomic spinor BECs [107] and in
polariton condensates subject to structural disorder[108§], although the exact origin of the
polariton spin currents remains unclear. The degrees of freedom associated with both the
orbital angular momentum and the polarization of a photon may find useful applications

in quantum information processing [109, 110, [11T].

Recently, considerable attention has been focused on the investigation of polariton spin-
orbit (SO) coupling, i.e. the interaction between the polariton orbital motion and its spin
due to the effective magnetic field induced by the transverse-electric transverse-magnetic
(TE-TM) splitting characteristic of semiconductor microcavities [I12]. In condensed mat-
ter SO coupling has led to significant physical phenomena such as the spin-Hall effect

[113] and topologically protected conducting states [I14], whereas in optical microcavities,
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SO coupling of exciton-polaritons enables observations of interesting optical counterparts,
including the optical spin-Hall effect [115], magnetic-monopole-like half-solitons [116] and

possibly topological insulators [117, [11§].

The experiments carried out in Chapter |3| demonstrated that tunable open cavities are
suitable systems in which to study exciton-polaritons in the strong confinement regime.
The lateral confinement was shown to support phase vortex transverse modes with energy
spacings that are comparable or smaller than in competing confining systems such as mesas
or micropillars [31, 82]. In this Chapter, evidence for polariton condensation is presented.
Uniquely, in this system, the large mode spacing and tunability allows any arbitrary
transverse mode to be placed close to resonance with the exciton. Above threshold, the
increase in temporal coherence of the resulting coexisting polariton condensates allows
the underlying modal structure to be resolved. This reveals spin vortices and complex
spin textures in the coexisting polariton condensates. These spin vortices arise from the
coherent coupling of the polaritonic pseudo-spin with vortex-like orbital momenta arising
from the strong SO coupling in the open cavity system. These eigenstates are characterised
by quantised spin current instead of phase winding, as in the case of phase vortices. The
interplay between the the light-matter component of the polariton condensate (which
determines the strength of SO interaction) and the anisotropy of the confinement potential
is shown to significantly alter the condensate spin texture and leads to a transition from
spin vortices to linearly polarised eigenmodes for increasing exciton fraction. Finally, the
tunable cavity is shown to support the formation of stable 2-dimensional polaritons using
planar-planar DBR regions, which undergo polariton condensation at high power, with

full in-situ tunability of the exciton-photon detuning.

4.2 0-Dimensional Polariton Condensation

This section will present the experimental evidence for polariton condensation in the hemi-

spherical cavities and the underlying SO coupling which determines the complex polari-

83



4.2. 0-DIMENSIONAL POLARITON CONDENSATION 4.2

sation of the eigenmodes.

4.2.1 Strong Coupling

In order to increase the Rabi splitting and reduce the exciton density for a given excitation
power, 12 GaAs QWs were used. The sample was grown by molecular beam epitaxy at
the EPSRC National Centre for III-V Technologies, Sheffield and consists of a 31 paired
Aly2Gag gAs/Alyg5GagosAs DBR with a stopband centered at 780 nm. Three sets of four
7 nm QWSs are embedded at electric field antinodes both in a cavity region and at E-
field antinodes in the semiconductor DBR. Full cavities based upon a similar design have
previously shown to have a Rabi splitting of 15 meV and have demonstrated polariton
condensation under cw excitation [57]. The top sample is a dielectric SiOy/TiOy 11
paired DBR with an array of concave features. Fig. shows the photoluminescence as a
function of z-nanopositioner voltage at a mirror separation of around 1 wm and a concave
mirror with a RoC of 20 um showing a clear anticrossing between the cavity resonances
and the exciton energy. Excitation is performed using a 630 nm laser diode coupled to
a multimode fibre at a power of 10 uW and a spot size of around 30 pm using the same
experimental set-up as in Fig. Assuming a linear relationship between piezo voltage
and change in cavity length, a fitting of the LPB using Eq. [[.19] cannot fully account for
the curvature of the LPB of the ground state longitudinal mode due to the wavelength
dependent phase shift and change in E-field overlap with the QWs as a function of air
gap. The Rabi splitting also cannot be estimated from the LPB-UPB energy splitting
at resonance since the UPB is not visible due to efficient relaxation. Instead the Rabi
splitting is estimated from the planar-planar cavity case that is discussed in Section [4.5
where the angular resolved spectra can be fitted with the expected Rabi splitting of 15

meV.
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Figure 4.1: Anticrossing between the cavity modes and the QW exciton energy. The bare
exciton energy is shown by the dashed horizontal line.

4.2.2 Power Dependence

Fig shows the power dependence of the longitudinal mode in a cavity with a concave
mirror with a RoC of 7 um and a detuning of around 6 = —8.3 meV. A linear polariser
was used in the collection path to select one of the orthogonally linearly polarised modes
presented in Fig (c). Non-resonant excitation was used at 630 nm close to a stopband
minima using a multimode fibre with a spot size on the sample of around 30 pm - larger
than the concave mirror diameter. Non-resonant excitation is often seen as a requirement
in order to observe polariton condensation as the coherence of the laser is lost during
relaxation and the polariton condensate is formed from an incoherent reservoir [7]. Here,
the concave mirror had a RoC of 7 pm (smaller radii do not form stable modes due to
the large penetration into the semiconductor DBR (Lypys > RoC')) and a diameter of 4
um, but similar threshold behaviour of the longitudinal mode is observed for RoCs of 20
um and 12 um. A clear non-linear increase in intensity is observed at a threshold power

of Py, ~ 40 mW associated with a buildup of coherence associated with a decrease in the
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Figure 4.2: Power dependence of the longitudinal mode at resonance for a 7 wm radius
of curvature cavity at a detuning of —8.3 meV. (a) Peak intensity showing a nonlinear
increase at a threshold power of around 40mW. This is associated with an increase in
coherence and drop in the linewidth from 300 peV to around 50 peV above threshold. (c)
Polariton emission energy as a function of power showing the blueshift as a function of
power. The bare cavity mode is 4.5 meV above the LP at low power compared with the
1 meV blueshift.

linewidth from 300 peV to around 50 peV - the resolution of the spectrometer. The total
blueshift of the polariton energy is around 1 meV in comparison to the lower polariton -
cavity mode splitting which is conservatively estimated to be around 4.5 meV. Very similar
blueshifts of 1 meV have been reported for polariton condensates in GaAs micropillars [21].
This provides strong evidence that the strong coupling regime is preserved and that the
observed nonlinearity is associated with polariton condensation. The laser power limited
the range of accessible pump powers so the nonlinear regime is not fully traversed and

prevented a second threshold associated with photonic lasing from being seen.

4.3 Spin-Orbit Coupling

The coupling between the spin of an electron and its orbital motion lie at the heart of
a number of physical effects such as the spin Hall effect in semiconductors [113] and
chiral edge states in topological insulators [119, 120]. Here, SO coupling of the polariton
spin and angular motion is studied in transverse Gaussian modes revealing spin vortex

and anti-vortex textures. Optically active microcavity polaritons inherit the spin of their
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Figure 4.3: Dispersion relation of the TE-TM split cavity modes in a microcavity caused
by the polarisation dependent phase reflection in the DBR mirrors.

excitonic components, which have total angular momentum of J = 4+1. These bright
J = +1 states give rise to the spinor nature of polariton condensates since the condensate
can consist of two components in the circular (c%/0~) polarisation basis. As we have
seen in Section the hemispherical cavity induces an almost harmonic confinement
potential and supports mode profiles with a degree of cylindrical symmetry. This gives
rise to transverse modes which carry a non-zero topological charge (I # 0) and have an
orbital angular momentum of +/A. This corresponds to a phase rotation of 27l which can
rotate clockwise (vortex) or anticlockwise (anti-vortex) around the mode core. We can
write the azimuthal part of the vector LG modes as ;s where the spin momenta of the
cavity polariton is denoted by s = 1 for o™ polarisation and s = —1 for ¢~ polarisation.
Considering the first excited manifold (FEM) associated with LGy, and neglecting SO

coupling, we can write the four degenerate eigenstates in the Jones vector formalism in
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polar coordinates as:

0
e
LG§ = C(r)en(6) = C(r)
0
o 0
LGE, = C(r)p-11(0) = C(r) 0
e’L
—1i0
O'+ €
LGi_y = C(r)e1-1(0) = C(r)
0
o 0
LGG , = C(r)p-1-1(0) = C(r) e
e—l
1
where 6 is the real space angle and the circular polarisation basis is given by and
0
0
representing ot and o~ polarisation respectively and C(r) is the radial part of
1

the normalized Laguerre-Gauss mode with [ £+ 1. Polarisation dependent splitting in the
cavity (TE-TM splitting) gives rise to an effective magnetic field [12I] which couples the
polariton pseudospin to its angular momentum, leading to an effective spin-orbit coupling.
An example 2-dimensional cavity dispersion is shown in Fig[4.3| where the phase dependent
reflection gives rise to two non-degenerate dispersions with different effective masses which
gives rise to an effective magnetic field. Transfer matrix simulations show that for open
cavities the large index contrast between the air gap and the semiconductor mirror gives
rise to significantly larger TE-TM splitting in comparison to monolithic cavities. Hence a
large SO coupling is expected. As discussed in Sala et al. [122], this SO coupling renders
the total momentum J = [+ s a conservative quantity and thereby breaks the degeneracy
among the ¢, states, generating spin vortices. For the first co-rotating spin and angular

momentum case, the total angular momentum is J = £2, while for the second case of
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Figure 4.4: The splitting of the helical LGp; mode due to spin-orbit coupling. The intro-
duction of TE-TM splitting in the cavity introduces SO coupling and lifts the degeneracy
of the modes leading to three energy levels corresponding to J = 1 radial and azimuthal
spin vortices, which are affected by the coupling, and the J = +2 hyper spin anti-vortex
which remains at the central energy.

counter rotating spin and angular momentum, J = 0. The introduction of a polarisation
dependent splitting in the cavity lifts the degeneracy of the J = 0 cases due to an effective
SO coupling [122] as shown in Fig. The physical description of this effect was first
presented by Foster et al. [123] where the mixing of LG phase vortices is caused by the

polarisation dependent phase reflection in DBR mirrors [112].

Analytical simulations of the confined polariton system were developed and carried out by
Dr. E. Cancellieri based upon the numerical solutions of a modified Gross-Piteavski equa-
tion (GPE). The modified GPE for the polariton wavefunction in a confinement potential

can be written as:

2
L OpLP R 5 1P LpP 9 _ .0 p i P

_ 9,9 LY 4.1
ih o Qm*LPV vi+ VYt + 8 Gx:FZ@y vy e Yy (4.1)
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where 9 is the polariton wavefunction corresponding to o™ /o~ circularly polarised light,

mJ p is the lower polariton effective mass, V' = %m*L PwQ(sz + By?) is the confinement

potential which is parabolic when A = B. The third term in Eq determines the
TE-TM splitting in the cavity and hence the strength of the SO coupling through the

parameter 3 = h%(1/miLF — 1/m3EM) /2. B can be positive or negative depending on

«T M *TE «TE *T M

whether m7p" > m7p” or mip” > mip where m*TE/TM

are the effective masses in TE
and TM dispersions. The final term adds birefringence to the model (TE-TM splitting
at k = 0). In the most simple case we set the potential to be parabolic (A=B=1) and
the birefringence to zero (2 = 0). The analytical solutions, treating the TE-TM splitting
term as a perturbation, reveal four eigenstates of the system that are associated with the

LGy eigenmode with eigenenergies given by:

2
By =Ey -2
o
Ey = By = E,
2
E4:Eo+é
o

where 0 = \/m and determines the size of the harmonic confinement potential and
Ey is the energy of the LGy; mode. The basic model of a parabolic potential with TE-
TM splitting predicts three energy levels with equidistant spacing for the first transverse
mode manifold. In the circular polarisation basis the corresponding eigenfunctions can be

written as:
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Figure 4.5: Figenmode energies as a function of . The energy separation is determined
by the complex interplay between 5 = 0.1, A/B = 1.15 and © = 0.05 as a function of o.
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The eigenfunctions v, and 14 are azimuthal and radial spin vortices respectively and
have counter-rotating spin and angular momentum (J = 0) and are shown in Fig
These eigenmodes correspond to the ‘TE’ and ‘TM’ equivalent in helical transverse modes.
Depending on the sign of 5 the position in energy of the radial and azimuthal spin vortices
can switch. The J = +2 case consisting of the degenerate eigenmodes 5 and 3, do not
feel the SO coupling since the total angular momentum is not conserved (J = £2). The

coherent superposition of the J = £2 modes then gives rise to a hyper-spin vortex if the
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initial phase between the two components is fixed.

The previous discussion applies only to the case of a perfectly circular cavity where the
confinement can be described by a harmonic potential. In reality, slight errors in fabrica-
tion will introduce an ellipticity into the potential which needs to be taken into account
along with an additional birefringent term. The eigenfunctions of the GPE in the presence
of an elliptical potential and birefringence become altered. The highest and lowest energy
eigenmodes remain the azimuthal and radial spin vortices but the eigenmodes which do
not feel the TE-TM splitting become mixed. This gives rise to two central hyper-spin
anti-vortices as shown in the inset of Fig Furthermore, the mode spacing becomes
significantly altered through the additional structure. Fig[4.5] shows the eigenenergies as
a function of 0. The energy spacing between the eigenmodes is no longer uniform as in
the parabolic potential case and depending on the potential size it is possible for modes
to switch position in energy. This non-uniformity in energy spacing is observed in Fig. [4.6
but only three spin vortices are observed experimentally. Detailed theoretical discussion
of the eigenstates in the presence of both an elliptical potential and birefringence can be

found in Appendix A.

4.4 Spin Vortices and Anti-vortices

In this section, the experimental observation of polariton spin-vortices is presented. The
reduction in linewidth due to polariton condensation is required to resolve the modes
presented in Fig [£.4 The same experimental set-up was used as for the case of the

longitudinal mode (Section |4.2.2]).

4.4.1 First Excited Manifold

The transverse mode spacing depends upon the degree of lateral confinement in the cavity.

In the case of hemispherical resonators studied in this work, the lateral confinement is
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Figure 4.6: PL spectrum of the first excited manifold below threshold at with a photonic
fraction of 64% (a) and above threshold (b). Three peaks become resolved due to the
increased temporal coherence.

quantified by the beam waist size on the planar mirror. This in turn, is determined by the
radius of curvature of the top mirror and the mirror separation. For the concave mirror
radii of curvature of 20 um and 7 um the transverse mode spacing is around 14 meV and
22 meV when the mirror separation is around 1 wm. As such it is possible to tune any
transverse mode close to resonance with the exciton and observe polariton condensation.
The first excited manifold (FEM) associated with the transverse mode LGy, carries a
topological charge of [ = 1, so corresponds to phase vortex or anti-vortex and as such,
is expected to show complex spin textures due to SO coupling in the underlying mode
structure as presented in the previous section. At low excitation power at a detuning
corresponding to a photonic fraction of 64%, two broad peaks are present within the
spectra as shown in Fig (a). At a power of around 40 mW, a nonlinear increase in
intensity is observed, which is associated with the build up in coherence as the linewidth
drops from 270 neV to the spectral resolution of the spectrometer of 50 neV. This increase
in coherence reveals further underlying structure as the low energy peak splits into a
doublet - giving rise to a triplet of modes labelled i, ii and iii, as shown in Fig (b).
The energy splitting of ~ 0.56 meV observed between modes i and iii indicates strong SO

interaction, consistent with transfer matrix simulations performed for the case of a planar
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IT-ii

Figure 4.7: Tomographic images of the FEM polariton modes above threshold for unpo-
larised, 0°, 45°, 90° and 135° linear polarisations. Rotation of the intensity distribution
with linearly polarised detection is present in all three of the modes. Scale bar is 1 pwm.

open cavity revealing values of TE-TM splitting at high momenta of ~ 0.56 meV. The
splitting between the three modes is not uniform, with modes i and iii having a splitting
of 560 peV compared to a splitting of 50 peV between modes ii and iii. As presented in
Fig. [4.5]this non-uniform spacing can be caused by the interplay between TE-TM splitting,
cavity ellipticity and material birefringence. The i-iii energy splitting of 0.56 meV, along
with ¢ = 0.65 pm obtained from the size of the spin-vortices indicates a SO coupling
parameter 3 = 0.06 meV. um?. This value is around 3 times larger than that reported for

monolithic cavities [116], 124, [115].

Tomographic Images

Fig. shows the tomographic images of the three modes corresponding to the three

modes of the FEM that are revealed above threshold. The pixel of the CCD selected to
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construct the images corresponds to the centre of each of the three emission lines in the
triplet. The unpolarised image of mode II-i displays perfect cylindrical symmetry and has
the expected intensity profile of the LGg; eigenmode. Modes II-i and II-ii, which have
a much smaller splitting of 50 pueV, show two lobes along orthogonal directions to each
other. This contrasts with the mode profiles observed in Fig. [3.8| where broader linewidths

prevent the underlying structure of the modes to be resolved.

Polarisation dependent collection, using a linear polariser and a quarter wave plate, was
then introduced, allowing the measurement of the intensity distribution in the horizontal
(0°) and vertical (90°) basis, the diagonal basis (45° and 135°) and the circular (0% /o)
basis. Fig[4.7shows the clear rotation of the intensity distribution as a function of linearly
polarised collection. Modes II-i and II-iii show orthogonally placed lobes as a function of
polarised detection with a rotation in the clockwise direction. The central mode II-ii
rotates in the anti-clockwise direction. The spatial polarisation can be further quantified

by the linear polarisation angle.

Polarisation Maps

The linear polarisation angle is defined by ¢ = arctan(S2/51), where S; and Sy are the
Stokes parameters for linear and diagonal polarisations as defined in Section This
is related to the real space polarisation angle by § = ¢/2. Fig. (a)(c)(e) show the
linear polarisation angle in real space of mode II-i, II-ii and II-iii respectively, constructed
from the Stokes parameters and (b)(d)(f) show the corresponding linear polarisation angle
plotted against winding angle around the circular slice given by the white dashed line. The
linear polarisation degree \/W ~ 0.95 is high for all modes. The 0° winding angle
corresponds to the vertical white lines and rotates clockwise. This is in parallel to the 0°
defined by the linear polariser axis. Hence, a clockwise rotation of the linear polarisation
angle as a function of winding angle corresponds to a spin vortex and an anti-clockwise

rotation corresponds to an anti-vortex.
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Figure 4.8: (a)(c)(e) Linear polarisation angle of modes II-i, II-ii and II-iii constructed
from the Stokes parameters. (b)(d)(f) Linear polarisation angle vs winding angle. The
winding angle is defined by the white dashed circle where 0° is defined as the vertical.
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Mode II-i and II-iii show a clear 27 clockwise rotation of the linear polarisation angle
around the core (Fig.4.8(a) and (e)) indicating that the spin current is quantised and the
eigenmodes are, in fact, spin vortices. The linear polarisation angle plots in Fig. (b)
and (f) show a m/2 shift in the value of A = ¢ — 0. These correspond to the azimuthal
and radial spin vortices which arise from the SO coupling of the J = 0 eigenstates. The
polarisation textures are sketched in the third column of Fig. The central mode of the
triplet shows an anti-clockwise winding (Fig. d)), corresponding to a spin anti-vortex.
The polarisation map reveals a hyperbolic-spin anti-vortex topography constructed from
the coherent superposition of the J = +2 eigenstates. As J = 12 states are degenerate in
energy, their phases can be pinned by structural defects inside the cavity or spontaneous
symmetry breaking above the condensation threshold. Furthermore, ellipticity in the
potential can couple the J = £2 eigenstates to form new spin anti-vortex eigenstates as
discussed in Section but here we only observe a single spin anti-vortex as expected

from the solutions of the GPE with a parabolic potential.

The tunability of the cavity allows full control of the exciton-photon detuning. When
mode-II is tuned to more excitonic detunings, increasing the excitation power leads to
condensation in the ground state mode-I, which is at a negative detuning. This limited
the range of detunings of mode-II in which the modal structure above threshold could be
studied. By using a smaller concave mirror radius of curvature of 7 um, the transverse
mode spacing is significantly increased, allowing threshold behaviour of mode-II to be

observed at more excitonic detunings.

4.4.2 Excitonic Component Influence

Fig. displays the spectra of the mode II components in a cavity with a 7 um RoC
concave mirror above condensation threshold. The mode splitting in the most photonic
detuning corresponding to a photonic fraction of 82% is 1.02 meV between modes I1-i and

I1-ii and 0.13 meV between modes II-ii and II-iii. In the most excitonic case where polari-
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Figure 4.9: PL spectra at P = 2Py, for three detunings above threshold. The three
photonic components are 42% (blue), 61% (red) and 82% (black).

ton lasing was observed, the splitting above threshold is reduced between modes II-i and
II-ii to 0.71 meV and 0.11 meV between modes II-ii and II-iii. This provides conclusive
evidence that the strong coupling is preserved above threshold as this reduction in the
photonic splitting between modes is a direct consequence of the excitonic component of
the polariton. The SO coupling is a photonic effect so becomes suppressed with increas-
ing exciton fraction of the polariton. The detuning of the modes also leads to different
preferential stimulated relaxation in either mode II-i, in the most photonic case, or into
modes II-ii and II-iii in the most excitonic case. At an intermediate detuning between the
two extremes, the three peaks have comparable intensities and no mode is preferentially

selected up to the maximum pump power of P = 2Py,.

The tomographic images of the three modes corresponding to modes II-i, II-ii and II-iii at
the largest photonic component of 82% above threshold (black trace Fig. are shown
in Fig. (a)(d)(g). These images are comparable to those shown in the case of a cavity
formed with 20 um RoC in Fig. [£.7] where the high energy mode shows a cylindrically
symmetric helical LGy and the low energy modes II-ii and II-iii have orthogonal lobe
profiles. As in the case of the 20 um RoC cavity, the three modes show a spatially
dependent linear polarisation. The linear polarisation angle is plotted in Fig4.10| (b)(e)(h)

along with the corresponding dependence on the winding angle (c)(f)(i). The high energy
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Figure 4.10: (a)(d)(g) Real space tomographic images of modes i, ii and iii corresponding

to the mode in the black trace in Fig. [4.9

(b)(e)(h) Spatial colourmap of the linear

polarisation angle for each mode and the corresponding angular windings (c)(f)(i) for the

the largest photonic component of 82%.
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member of the triplet again shows a clockwise rotation in linear polarisation angle with
an azimuthal spin vortex structure (J = 0). In contrast to the 20 um RoC case, the low
energy mode II-iii corresponds to the J = 42 hyper-spin anti-vortex while the central mode
I1-ii corresponds to the radial spin vortex (J = 0). The experimental observations show
that this mode is shifted relative to the central position in the case of RoC = 20 um and
shifted to an energy below the radial spin vortex for the RoC = 7 pm case. The shifting
of the relative eigenenergies is related to the interplay between SO coupling, ellipticity
of the concave mirror and birefringence as shown in Fig. which can change between
different concave mirrors due to fabrication imperfections. In all experimental cases only
three modes are present within the spectra as expected in the case of a parabolic potential
(Fig. , and not four as expected from the GPE solutions including cavity ellipticity
(Fig. , but the modes have a non-uniform energy spacing as expected from the latter
case. This discrepancy is not currently accounted for but may be related to the relaxation
competition between the different modes which preferentially scatter into the the observed

eigenmodes.

As discussed in the previous section, the increased mode spacing in the 7 um RoC cavity
of around 20 meV allows polariton lasing to be observed a photonic fraction of 42%.
This is because there is a particular range of polariton energies below exciton level where
polariton relaxation is the most efficient [125, [59]. The increased mode spacing places the
longitudinal mode at a very large negative detuning where relaxation is inefficient and
threshold behaviour cannot be observed. As such, a more excitonic polariton for mode II
can be studied above threshold. Fi.g (a)(d)(g) show the tomographic images of the
mode II peaks above polariton lasing threshold observed at the most excitonic detuning
with a photonic fraction of 42%. These correspond to the blue spectrum in Fig. As
seen in Fig. 4.11] (b) and (c), mode II-i remains an azimuthal spin vortex. In contrast
to this, modes II-ii and II-iii show non-trivial changes in comparison to the photonic
case. Instead the lobe structure of the mode is pinned vertically in the case of mode II-ii

(Fig.4.11)(d)) and horizontally in the case of mode II-iii (Fig. [4.11{(g)). Furthermore, the

100



4.4 4.4. SPIN VORTICES AND ANTI-VORTICES

n n N I ‘;(C)
] 21 ol
) 2 & L
c o | ®,
m© . > 0¥ &
3 2 ¥ N .
o 2 (X ]
c £ . o
= ve & o
.
O ) | S
0 0 -
n Winding angle
K - LIS Y La—
Q % (f) .
2 5
] -
— o} ~
2 2 B
< £ . e
0 S
0 e
Winding angle
7
n e T T T F
th) Zp o b (1)
% . 2 - L
c ©
© - . "‘ .
= ] Eff" - }%0_‘)_1_
a = L]
E " £ .
- .
0 %. 0 1 I 1

LY
Winding angle

Figure 4.11: (a)(d)(g) Tomographic images of modes II-i, II-ii and II-iii with a pho-
tonic component of 42% corresponding to the blue spectrum in Fig[4.9] (b)(e)(h) Spatial
colourmap of linear polarisation angle for the corresponding modes. (c)(f)(i) Linear po-
larisation angle for mode II-i, II-ii and II-iii showing where the polarisation is lost for the
case of II-ii and II-iii.
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Figure 4.12: (a)(b)(c) Theoretical intensity distribution of the radial spin vortex in the
presence of an elliptical potential for decreasing SO-coupling parameter (3). (d)(e)(f) Cor-
responding linear polarisation angle. A transition from spin vortex to linear polarisation
occur when the TE-TM splitting becomes reduced. Experimentally, this is observed when
at more excitonic detunings.

linear polarisation angles shown in Fig. [4.11] (f) and (i) show that the spatial rotation of
the polarisation angle is lost in the areas of maximum intensity and instead corresponds
to a flat angle of 0() for mode II-iii and 7/2 for mode II-iii (Fig. 4.11f (h) and (i)). Hence
the increased excitonic component of the polariton condensate leads to the formation of
linearly polarised states in the lowest energy states, which are the eigenstates of elliptical

cavities.

The loss of the spin vortex structure can be understood through a reduction of the SO
coupling. Since it is a purely photonic effect, increasing the excitonic component of the
polariton condensate reduces the splitting due to SO coupling allowing the ellipticity of
the harmonic potential to dominate and produce linearly polarised modes. Experimentally
we see this reduction in SO coupling from the i-iii splitting which decrease from 1.02 meV
at 82% photonic fraction to 0.71 meV at 42% photonic fraction. Fig. shows both
the theoretical intensity distribution (a)(b)(c) and corresponding linear polarisation angle

(d)(e)(f) of the radial polarisation vortex for decreasing SO coupling (/3) in the presence
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Figure 4.13: Mode III consists of the degenerate LGgo 47 phase vortex and the LG1g
non vortex. The superposition of the J = 1 states 0~ LGy spin vortex and the o™ LG1g
give rise to two new eigenstates with an azimuthal (radial) spin vortex in the outer core
with a radial (azimuthal) rotation in the central region.

of an elliptical potential. A reduction in SO coupling results in a clear transition from
a radial spin vortex to a linearly polarised mode mode, in agreement with experiment.
This indicates that the spin texture of the condensate is strongly linked to its polaritonic

nature, rather than being an entirely photonic effect.

4.4.3 Second Excited Manifold

One advantage of using a tunable system is the ability to arbitrarily select higher order
transverse LG modes. The 2" transverse mode in a cylindrically symmetric system con-
sists of two modes; LGoy and LG1g, which are degenerate in energy since 2p+|l| is the same
for both modes [126]. In this case, the LGy2 mode carries angular momentum with a topo-
logical charge | = |2, corresponding to a phase winding of +47, and LGy is azimuthally
uniform in phase (I = 0) but with a m-phase shift at the radial node. Similarly to the
LGo; case, modes which carry the same total angular momentum J, become coupled and
form new eigenstates due to SO coupling. We refer to these modes as the second excited

manifold (SEM). Fig. [4.13| plots this for the J = 1 case where the coherent combination of
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Figure 4.14: (a)(b)(c)(d) Tomographic images of the four modes resolved above threshold
for SEM. (e)(f)(g)(h) Corresponding linear polarisation angle colourmap for each mode.

ot LG1o(l = 0) and 0~ LGo2(l = 2) modes gives rise to a mode with a spin pattern which
consists of and outer linear polarisation winding which is offset by A = ¢ — 6 = 7/2.
In general, the new eigenmodes have an azimuthal (radial) spin vortex in the outer core
and a radial (azimuthal) spin vortex in the inner core along with elliptical and circularly

polarised components along their radii as shown in Fig.

Fig. (a)(b)(c)(d) show experimental tomographic images of the the four constituents
of mode-III above condensation threshold at negative detuning. Below threshold the
modes cannot all be resolved. Fig. 4.14] (a) shows the expected intensity profile for the
superposition of LGy and LG consisting of an outer ring and an inner maximum.
The second mode shown in Fig |4.14] (b) shows a slightly elliptical ring which appears
to correspond to LGpa. The two lowest energy modes show elliptical features of the
MG510 modes in (c) and the M G5 1e mode in (d) which is related to the elliptical cavity

potential.

The linear polarisation angle is plotted for each mode in Fig [1.14] (e)(f)(g)(h). Mode
ITI-i, plotted in Fig. 4.14] (e), shows two windings of the linear polarisation angle. The

outer rotation corresponds to the azimuthal spin vortex , while the inner shows a radial
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Figure 4.15: Linear polarisation angles around the outer core (blue trace) and inner core
(red trace) in Fig (a) Mode III-i. (b) Mode III-iii (¢) Mode ITI-iiii.

spin vortex as presented theoretically in Fig. The two linear polarisation angles are
plotted in Fig. where the blue trace corresponds to the outer winding and the red
trace to the inner. Fig. (f) shows the same plot for mode III-ii. Here there is no
rotation of the polarisation angle and the mode does not correspond to a polarisation

vortex.

Both mode ITI-iii and ITl-iiii (Fig. (g) and (h)) have the same outer linear polarisation
angle windings shifted by /2 in comparison to the high energy mode III-i. These profiles
are radial spin vortices. Interestingly, the central region of mode III-iii shows a linear
vertical polarisation while the central region of mode III-iiii shows a horizontally polarised
region (Fig. (b) and (c)). The imperfection of the spatial profile and polarisation
winding in the inner core compared to mode III-i is likely linked to the ellipticity of the
cavity since MG features are present in the spatial intensity distribution of mode III-iii

and III-iiii but not in ITI-i.

4.5 2-Dimensional Polaritons

The open cavity system supports the formation of 2-dimensional polaritons through use
of the area surrounding the concave mirror arrays. By removing the concave areas from
the optical path the planar-planar DBR areas of the top and bottom samples can be

used to form a planar Fabry-Perot type cavity with full tunability. There is translational
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Figure 4.16: Fourier imaging set-up. Two confocal lenses are placed within the cryostat
tube in order to image and project the Fourier plane onto the optical table above. A
second set of confocal lenses then form the k-space image onto the end facet of a wound
fibre bundle. The k-space image is then re-imaged on the other end of the WF and focused
onto the spectrometer slits.

symmetry in the direction perpendicular to the growth giving rise to 2-dimensional cavity
modes. The top and bottom DBRs are the same as used in the previous sections and
consist of a 12 GaAs QW bottom semiconductor DBR and a top dielectric concave DBR.
Typically, a very high degree of parallelism is required between the top and bottom mirrors
in order to form high Q-factor 2-dimensional modes where the beam walk off has been
minimised. This is achievable in the cavity system due to the ability to perform in-situ

tuning in the relative angle between mirrors (¢ and 6).

Fig. shows the Fourier imaging system used to perform angular resolved spectroscopy
on the planar-planar open cavity. Two confocal lenses are placed inside the bath cryostat

to first image the Fourier plane and then to project this image onto the small optical
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Figure 4.17:  Angular resolved spectra of lower polariton branches for detuning of (a)
d = =12 meV, (b) § = —9.4 meV, (c) 6 = —5 meV and (d) § = —1.5 meV. The Rabi
splitting is 15 meV.

table placed above. A second set of confocal lenses then re-image the Fourier plane onto
the end facet of the wound fibre bundle. A real space image of the opposite end facet is
then formed on the slits of the spectrometer which corresponds to the k-space polariton
dispersion. Non-resonant excitation is performed using a 630 nm laser diode with a spot

size on the sample of around 30 pm.

4.5.1 Polariton Dispersion

Fig. shows the angular resolved spectra of lower polariton branches for detuning of

(a) d = =12 meV, § = —9.4 meV (b), 6 = —5 meV (c) and (d) 6 = —1.5 meV at low
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pumping power. The mirror separation is around 1 um and the Rabi splitting is 15 meV
at zero detuning. The ability to select the exciton-photon detuning in-situ is performed
through applying a DC voltage to the bottom z-nanopositioner. This reduces the mirror
separation and shifts the cavity mode to higher energy; increasing the excitonic component
of the lower polariton branch. In Fig. [4.17| (a) (b) and (c) the accumulation of polaritons
occurs at an angle of 20 - 25°. This was discussed in Section [1.3.3| where the lifetime of
the polaritons becomes too short for efficient relaxation, leading to a bottleneck effect at
finite k-vector. This regime is known as the kinetic regime, where relaxation is difficult
due to the phonon assisted relaxation time being larger than the polariton lifetime. This
causes the system to be strongly out of thermal equilibrium. Crucially for condensation,
a larger photonic component of the polariton leads to a smaller polariton effective mass,
which lowers the required critical density required for condensation. In the case close
to resonance with a detuning of 6 = —1.5 meV shown in Fig. |4.17| (d), the bottleneck
effect is suppressed and relaxation towards k = 0 is more efficient since the relaxation
time approaches the polariton lifetime. This is due to the larger excitonic component,
which increases the polariton lifetime and reduces the depth of the LPB branch. Hence
fewer scattering events are required to populate the low k-vector states. In this regime,
quasi-thermodynamic equilibrium can be achieved where the polaritonic system can have
a well defined temperature which is not necessarily the same as the surrounding lattice

temperature [7].

The ability to observe 2-dimensional polaritons along with strongly confined 0-dimensional
polaritons on the same sample with complete spectral tunability significantly increases the
possible experimental applications of the tunable cavity system. In the next section strong

evidence for 2-dimensional polariton condensation is presented.
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Figure 4.18: Angular resolved 2-dimensional polariton dispersion at 6 = —9.4 meV. (a)

P = 0.1 Py,. (b) P = Pyy. (¢) P = 1.2 Pyp,. A condensate centred around k = 0 is
observed above threshold with some contribution form &k # 0 states. The horizontal line
outside of the condensate is an optical artefact arising from the CCD readout without a
shutter.

4.5.2 2-dimensional Polariton Condensation

The angular resolved spectra of the lower polariton branch is shown in Fig (a) at a
detuning of 6 = -9.4 meV (- 0.6 Qgapi)- The pump power in this case is 2 mW, which
corresponds to the low excitation density regime, so the bottleneck effect at an angle
of around + 25° is clearly evident as discussed in Section [1.3.3] As the pump power is
increased, polaritons begin to accumulate at 0° slightly blueshifted from the bare LPB
dispersion due to polariton-polariton interaction. Fig. (b) shows the angular disper-
sion at the threshold power of around 50 mW. Here the condensate is centred around
0 = 0° but extends out to the LPB dispersion, + 11°. It has been shown theoretically that
condensation can occur in momentum space with k£ # 0 due to a combination of excitation
spot size and localised states in disordered cavities [127] or due to ballistic propagation
of polaritons out of the high density region determined by the pump spot [128]. In our
case the condensate forms close to £ = 0 with some contribution at k # 0 states. Similar
behavior was observed in GaAs condensates at negative detunings and was attributed to
the weaker nonlinear interactions in more photonic condensates and the deeper trap, pre-
venting efficient relaxation to & = 0 [57]. The low intensity dispersion that is visible at

threshold has the same curvature of the dispersion observed at lower power in Fig (a).
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Crucially, the non-parabolic nature combined with the point of inflection at high angle
indicates that the strong coupling regime is preserved. Increasing the power further leads
to non-linear increase in intensity from the condensate and the polariton dispersion is no
longer observed. Fig[4.18| (c) shows the angular resolved spectrum at 1.2 Py, where only
the condensate is visible. It extends to an angle of + 11°, corresponding to the edges of
the bare polariton dispersion, shown in Fig. m (a). Similar condensation behaviour was
observed at more positive detunings of —55 and —1.5 meV as shown in where the increased
interaction strength due to the larger excitonic component allows efficient relaxation to

k = 0 giving rise to a narrow condesate in k-space.

Power Dependence

The power dependence extracted from Fig. is shown in Fig. At k = 0, clear
threshold behaviour is observed at a power of 50 mW and is associated with a nonlinear in-
crease in intensity. At threshold, the linewidth decreases from 1 meV to 200 peV. Finally,
the total blueshift of around 1.8 meV is much smaller than the LPB-bare cavity separa-
tion of 5.3 meV, providing further evidence that the nonlinear increase in intensity and
associated build up of temporal coherence is associated with polariton condensation. The
pumping laser limited the accessible powers so that the full non-linear intensity increase

could not be fully passed.

4.6 Summary

In this chapter, polariton condensation in strongly confined transverse modes was pre-
sented where the increased temporal coherence reveals the spontaneous formation of co-
existing spin vortices. These spin vortices and other textures arise from an effective SO
coupling which couples states of the same total angular momentum. This SO coupling is

a result of TE-TM splitting in the microcavity due to the difference in reflection phase for
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Figure 4.19: Power dependence at k = 0 with § = —9.4 meV. (a) Nonlinear increase

in intensity at around P = 50 mW. (b) Build up of temporal coherence corresponding
to a drop in linewidth from 1 meV to 200 peV at threshold. (c) Blueshift of LPB to a
maximum of 1.8 meV. In contrast to the 5.7 meV distance to the bare cavity mode.

different polarisations, which is increased in systems containing an air gap in comparison
to monolithic cavities. The exciton fraction of the polariton condensate was found to
significantly alter the spin texture, causing a transition from spin vortices/anti-vortices to
linearly polarised MG modes. The ability to flexibly manipulate the polariton condensate
through both the spin and angular momentum by changing the excitonic component in-
situ, will potentially bring rich physical insights when operating at the single particle level
[76, B]. Finally, evidence of polariton condensation in negatively detuned 2-dimensional

modes was also presented.
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Chapter 5

Tunable Polaritonic Molecules

5.1 Introduction

Photonic molecules are two or more coupled electromagnetically interacting microcavities.
To form a photonic molecule, two microcavities are brought together so that their photonic
modes interact, leading to a hybridisation and the formation of bonding (symmetrical)
and anti-bonding (anti-symmetrical) modes and the formation of a photonic molecule [I].
This splitting is analogous to the electronic states found in diatomic molecules such as
H,, where the coulomb interaction between the atoms causes a splitting of the degenerate
atomic orbitals into bonding and anti-bonding electron orbitals. In the atomic case, the
bonding strength is determined by the degree of the coulomb interaction between the
nuclei and the electrons. In photonic molecules, the interaction between the coupled
cavities is due to the electromagnetic field overlap. This is determined by the geometry of
the cavities themselves and can be controlled through the design of the coupling channel.
For the coupled open cavities described in this chapter, the coupling is due to modal
overlap which is determined by the centre-to-centre distances between adjacent cavities. To
date, applications in the field of polaritonics have been polariton condensation in diatomic

photonic molecules based upon coupled micropillars [2] and the observation of Josephson
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oscillations between two linked polariton condensates [129]. Furthermore, coupled cavities
which contain a weak nonlinearity are expected to show strong photon antibunching as

discussed in Section [1.6.4] [, 130].
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Figure 5.1: Lifting of degeneracy in a photonic molecule due to formation of bonded and
anti-bonded photonic modes with coupling strength J.

In this Chapter, tunable diatomic photonic molecules with strong lateral confinement are
studied. These cavities are in the strong coupling regime and are hence termed polaritonic
molecules. The cavity resonance energy of the individual coupled cavities can be arbitrarily
tuned through both the mirror separation and the relative angle between the top and bot-
tom mirrors. The transition from coupled to uncoupled cavities is demonstrated through
tomographic imaging, revealing a transition from bonding/anti-bonding modes to the in-
dependent longitudinal cavity modes. A large polarisation splitting is observed leading to
two non-degenerate linearly polarised pairs of bonding/anti-bonding eigenmodes when the
individual cavities are tuned into resonance. These linearly polarised states are the exper-
imental demonstration of the coupled cavity system in the theoretical proposal in Bamba
et al. (2010) where the polarisation degree of freedom in coupled cavities with a weak

nonlinearity is neglected in the theoretical explanation of photon antibunching.
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Figure 5.2: SEM images of photonic molecules. (a) Coupled square micropillars [I]. (b)
Coupled cylindrical micropillars [2]. (c¢) Honeycomb lattice of coupled micropillars [3]. (d)
Coupled L3 photonic crystal cavities [4].

5.2 State of the Art

In the most simple case, two microcavities are brought together so that their photonic
modes interact, leading to hybridisation and the formation of bonding and anti-bonding
modes with an energy splitting determined by the tunnelling strength J, as shown in
Fig. 5.1} The interaction between the photonic modes is determined by the geometry of
the constituent cavities, and for micropillars, can be conventionally controlled through the
centre-to-centre distance which determines the modal overlap between the cavities [131].
The initial demonstrations of lithographically fabricated photonic molecules coupled two
adjacent cavities, leading to a direct analogy with a simple diatomic molecule, shown in
Fig. (a) [1]. More complicated structures have since been developed such as a hon-
eycomb lattice, where the structure of the coupled cavity array supports confined modes

comparable to that of the molecular orbitals of its chemical counterpart (Fig. (c)) [3].
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Alternative typical configurations of photonic molecules exist such as cylindrical coupled
cavities (Fig. (b)) [2]; coupled defects in photonic crystal membranes (Fig. (d)) [4;
whispering-gallery microdisks, coupled via a small air gap [I132]; and planar Fabry-Perot
cavities, coupled through a partially transparent DBR [133]. In all the mentioned cases,
the cavity energy and the tunnelling strength is fixed through fabrication, limiting the
ability to tune the cavity modes into resonance with an emitter as well as in-situ tuning of
the cavity tunnelling rate. Moreover, it is not possible to simultaneously achieve submi-
cron confinement and narrow polariton linewidths in micropillars. In 3 wm micropillars,
15 quantum wells were required to obtain a lower polariton linewidth of 200 peV. Such
large numbers of quantum wells significantly reduce the nonlinear polariton-polariton in-
teraction strength which scales with 1/N. In open cavities with polariton confinement,
we are able to demonstrate polaritons with linewidths of 150 pueV in a sample contain-
ing a single quantum well. In this respect, the demonstration of polaritonic molecules
with open microcavities allows the achievement of both high Q-factors and strong lateral
confinement in a sample with a single quantum well, paving the way towards studies of

quantum polaritons.

5.3 Polaritonic Molecule Characterisation

As discussed in Chapters 2 and 3, the open cavity system consists of two individual stacks
of attocube xyz-nanopositioners, allowing full spectral and spatial control over the two
DBRs [134]. To reach submicron mirror separations, two goniometer nanopositioners are
used to control the relative angle between the two samples in both 6 and ¢ and achieve a
high degree of parallelism. In order to couple two microcavities, confinement is required
and is introduced by the hemispherical cavity geometry [134]. The planar semiconductor
mirror consists of a 31 paired AlygsGaAs/GaAs DBR with a single IngopGaAs QW
surrounded by GaAs barriers in a A cavity region at an E-field antinode as shown in

Figure 5.3
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Figure 5.3: (a) E-field profile in the open cavity consisting of a 11 paired SiOz/TiO4
top mirror and a bottom 31 paired AlygsGaAs/GaAs DBR. (b) Close up of GaAs cavity
region containing a single InGaAs QW (blue line) at an E-field antinode.
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Figure 5.4: (a) Schematic cross-section of the coupled cavity. (b) Microscope image of the
coupled cavity sample. The centre-to-centre distance incrementally decreases from 10 um
to 7 um. The diameter and RoC of the individual concave mirrors are 4.8 pm and 6 pm.

In-situ characterisation of the QW was performed by moving the top DBR sample out of
the optical path using the nanopositioners. At low excitation power of 10 W the inhomo-
geneously broadened exciton linewidth is 650 neV. The fabricated coupled cavity shape
is determined by reducing the centre-to-centre distance between two adjacent concave de-
pressions with textures defined by the isophase surface of a Gaussian mode profile. The
individual hemispherical cavities confine the photonic field giving rise to 0-dimensional
Gaussian modes. These couple as the distance between cavities them is reduced, leading
to modal overlap and the formation of new symmetric and antisymmetric eigenmodes.
The radius of curvature (RoC) of the single cavity concave feature was chosen to be 6
um and the targeted physical cavity length to be 3 pm, with an expected Gaussian beam
waist at the QW position of around 0.89 um. The top sample consists of a 13x13 array of
concave pairs with an incrementally decreasing centre-to-centre distance from 10 um to 7
um, transitioning from uncoupled to coupled cavities. An optical microscope image of the
array is shown in Fig.|5.4] (b). Fig.[5.4] (a) shows a schematic of the formed coupled cavity.

The concave mirrors are fabricated through FIB milling into a silica substrate before being
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coated with 11 pairs of SiO2/T10O2 quarter wavestacks [41]. In contrast to concave mirrors
fabricated using COs laser ablation, FIB milling allows full morphological control of the
milled sample and is inherently scalable to produce more complex photonic structures such
as the coupled cavities discussed in this work. The fabrication of the concave features was
carried out by Dr. A. Trichet at the Photonic Nanomaterials group at the University of
Oxford.

5.3.1 Polaritonic Molecule Hamiltonian

For coupled polaritonic cavities the Hamiltonian describing the exciton-photon coupling

Q) and the cavity-cavity coupling strength J can be written as

Ex Q/2 0 0
Q/2 E. J/2 0

e | / (5.1)
0 J/2 E. Q)2

0 0 Q/2 Ex

where Fx and FE,. are the exciton and bare cavity energies. The eigenenergies of the

Hamiltonian are given by

Ex + EA4J/2) 1
Bypyp = IRV fas T (5.2)

where A is the cavity-exciton detuning in each cavity. The red splitting is due to coupling
between the photonic modes and the blue due to the exciton-photon coupling. Equation[5.2]
is plotted in Fig. (a) with 2 =4 meV and J = 2 meV and Ex set to zero. The cavity-
cavity coupling strongly varies as a function of detuning due to the varying exciton/photon
fraction as shown in Fig. (b) which provides a degree of freedom in which to control

the coupling strength in-situ.
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Figure 5.5: Eigenenergies of the coupled upper and lower polariton modes as described
in Eqn. plotted against exciton-photon detuning A = E, — E,, setting 2 = 4 meV
and J =2 meV. (b) AB-B splitting as a function of detuning

5.4 Strong Coupling

Fig. shows the anti-crossing between the coupled cavity eigenmodes when tuned
through resonance with the QW exciton by applying a voltage to the bottom z-nanopositioner,
reducing the mirror separation. Excitation is at 630 nm, close to a minima of the top di-
electric DBR stopband. The spectra are measured using a 0.75m spectrometer with a
resolution of 50 peV. As discussed previously [134], the Rabi splitting is maximised when
the cavity mirror separation is minimised. Here the mirror separation is &~ 1 pm and at
zero exciton-photon detuning the Rabi splitting is 3.3 meV. In this case, for a coupled
cavity with a centre-to-centre distance of 7.7 wm, the tunnelling strength decreases as a
function of exciton-photon detuning from 1 meV in the photonic case, to 0 meV at very
positive detuning, consistent with Eqn[I.16] The bonding - anti-bonding energy separation
is plotted in Fig. (a) as a function of detuning. An approximately linear decrease in the
cavity-cavity coupling strength is observed as a function of detuning decreasing from 800
neV to zero spitting at a positive detuning of 3 meV. This is consistent with Equ. [5.2]where
the detuning, which determines the exciton/photon fraction of the polariton, changes the
cavity-cavity coupling strength and is approximately linear close to resonance as shown in

Fig (b). Since the detuning can be arbitrarily chosen in-situ in the open cavity system,
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Figure 5.6: Avoided crossing when the cavity resonances are tuned through resonance
with the QW exciton. A linear polariser was used to collect only the eigenmodes corre-
sponding to the modes linearly polarised along the long axis of the photonic molecule.
The mirror separation is around 1 um and the Rabi splitting at zero detuning is 3.3 meV.
The states labelled p-B and p-AB correspond to the bonding and anti-bonding modes that
arise from the coupling of the first transverse modes in the constituent cavities.
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Figure 5.7: (a) B-AB splitting as a function of detuning extracted from Fig. (b) The
tunnelling strength J of the longitudinal mode as a function of centre-to-centre distance
of the coupled cavities at a detuning of ~ —10 meV. In each case the angle between top
and bottom mirrors is adjusted so that the two cavities are in resonance. The splitting
varies from 50 peV for cavities with a centre-to-centre distance of 8 um to a splitting of
2.5 meV for cavities with a centre-to-centre distance of 7.4 pm.

this provides a basic method of tuning of the cavity coupling strength by increasing or

decreasing the excitonic fraction of the polariton.

5.5 Photonic Cavity Coupling

The coupling strength of the coupled longitudinal modes is plotted against centre-to-centre
distance in Fig. (b). Due to the very small lateral beam waist of the longitudinal modes
of the uncoupled cavities, the transition between uncoupled and coupled cavities occurs
abruptly when the centre-to-centre distance is smaller than 8 pm. Here the splitting be-
tween the bonding and anti-bonding modes, when tuned into resonance using the angle
between the top and bottom mirrors, is at a minimum value of 50 pueV. As we decrease
the centre-to-centre distance, we see a rapid increase in the coupling strength reaching
a maximum value of 2.5 meV when the centre-to-centre distance is 7.4 wm. This non-

linear increase at intermediate separations is attributed to the Gaussian beam profile of
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Figure 5.8: (a) Typical spectra of the coupled cavity emission under non resonant exci-
tation and a large negative exciton-photon detuning. The asymmetric structure leads to
a large linear polarisation splitting in the coupled bonding and anti-bonding eigenmodes.
(b) Exemplary bonding eigenmode at large negative exciton-photon detuning of -10 meV.
The lorentzian fit to the mode yields a linewidth of 26.7540.03 pm (60 peV) corresponding
to a photonic Q-factor of 31,500. (c¢) Spectrum at zero exciton-photon detuning. A fit to
the lower bonding polariton yields a very narrow polariton linewidth of 150 peV.

the bare cavity mode which leads to a rapid increase in coupling as the degree of wave-
function overlap increases through the Gaussian profile of the electric-field on the concave

DBR.

5.6 Coupled Cavity Photoluminescence

A typical spectrum of a coupled cavity is shown in Fig. (a). Two sets of bonding and
anti-bonding modes are present due to a polarisation splitting in the cavity due to the
elliptical shape. The black and red spectra correspond to the linearly polarised photolu-
minescence for the orthogonal polarisations of 0° and 90°. We now turn our attention to
the linewidths that can be achieved in the current system. Fig. (b) shows the bonding
state at large negative detuning of —5 meV with a mirror separation of around 1 pm. A
Lorentzian fit yields a FWHM of 60 peV corresponding to a photonic Q-factor of around
31,500. This is most likely limited by the stability of the system due to low frequency

acoustic vibrations [40], as discussed in Section and by leakage of the cavity mode
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Figure 5.9: Tomographic images of the lowest 8 energy modes of the photonic molecule
with centre-to-centre distance of 7.46 um. (a) s-bonding (RHS) and s-anti-bonding (LHS)
modes due to the coupling between the ground state longitudinal modes. (b) p-bonding
(RHS) and p-anti-bonding (LHS) modes due to the coupling of the first transverse modes.
(c) due to the coupling of the second transverse modes. (d) due to the coupling between
the fourth transverse modes. Scale bar is 2 pum.

through the interface between concave and planar regions on the top DBR [82]. Fig.
(c) shows the lower polariton bonding and anti-bonding states at zero exciton-photon
detuning. Fitting the bonding LP state reveals very narrow polariton linewidths of 150
pneV. Significant improvement of this value is expected for a semiconductor half cavity

containing a QW with less inhomogeneous broadening.

5.7 Mode Profiles

The hemispherical cavities support transverse modes as discussed in Section The
spatial extent of these modes is larger, leading to increased cavity-cavity coupling. Fig.
shows tomographic images of the pairs of bonding and anti-bonding of the lowest energy
eigenmodes when the coupled cavities are tuned into resonance. In Fig. (a) the coupled

longitudinal modes are visible corresponding to the ground state bonding and anti-bonding
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modes as discussed in the previous section. Fig. [5.9| (b) shows the bonding/anti-bonding
modes due to the coupling between the first transverse mode corresponding to LGp;.
Higher order bonding/anti-bonding modes are shown in Fig. |5.9| (¢) and (d). Fig. [5.9
(c) shows spatial lobes in the horizontal direction corresponding to the coupling between

py-type modes.

5.8 Angular Tunability

The reproducibility in the fabrication of adjacent cavities is within around 1 nm in the
depth of the concave depressions. This is significantly large to shift the modal wavelength
by a few meV, shifting the two cavities out of resonance when the mirrors are perfectly
parallel. The ability to tune the relative angle between the two mirrors introduces another
degree of freedom in which to tune the cavity mode as a small angle between the two
mirrors causes a shift in the resonance energy of adjacent hemispherical cavities. The
tunnelling strength J’ can then be further controlled through the cavity-cavity detuning
0 = E.1 — E. where

J =62+ J? (5.3)

Fig. |5.10| (a) shows the energy of the ground state bonding and anti-bonding modes as
a function of angle of the goniometer nanopositioner where 0° is defined as the angle
which puts the two adjacent cavities in perfect resonance i.e. E. = FE.. This angle
introduces a relative gradient in energy across the two samples as the mirror separation is
varied, in the same fashion as the incorporation of a wedged cavity region in monolithic
cavities. Therefore the inherent detuning between the adjacent cavities due to fabrication
procedure can be compensated for. This allows the two adjacent cavities to be put into
exact resonance to form a photonic molecule. Fig.|5.10|(b)(c)(d) show tomographic images
of the ground state bonding and anti-bonding states corresponding to various angular

detunings from Fig. |5.10| (a). The spatial intensity distribution of the modes reflects
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Figure 5.10: (a) Anticrossing between the low energy bonded mode (black) and the higher
energy antibonded mode (red) as a function of goniometer nanopositioner angle. Angle
= 0° is defined when the bare cavity energies are in resonance. The scale bar is 2 pm.
(b) Tomographic images of bonded (RHS) and anti-bonded (LHS) modes at an angle of
—0.1°. (c) At resonance. (d)At an angle of +0.08°.
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the degree of detuning between the adjacent cavities. A transition was observed from a
decoupled state at negative angles where the maximum intensity of the s-B and s-AB lies
in the separate cavities, to a fully equal intensity distribution in bonding and anti-bonding
states at resonance and back to an asymmetric intensity distribution as we tune through
resonance to positive angles. This provides a unique ability to perform in-situ tuning of

the cavity coupling strength.

5.9 Summary

In summary coupled polaritonic cavities with strong lateral confinement were presented.
Full tunability of the cavity coupling strength was carried out through controlled fabri-
cation of the centre-to-centre distance, angular tuning of the relative parallelism between
the top and bottom mirrors and controlling the exciton-photon detuning. We speculate
a number of applications where this tunability is of practical use; such as the coupling
of both the exciton and biexciton line of a single QD to the optical modes of the pho-
tonic molecule in an efficient manner, leading to an ultra bright source of entangled photon
pairs [135]. This is advantageous in comparison to other systems such as coupled micropil-
lars, since this tunability is combined with very high photonic Q-factors and submicron
lateral confinement which cannot be achieved in micropillar systems due to surface re-
combination effects when the diameter is reduced. In polaritonics, there are a number of
possible applications of the coupled tunable cavity system. These include polariton AC
Josephson oscillations [129] and the potential to observe the polariton blockade effect in
coupled polariton boxes [5]. Finally, the strong lateral confinement combined with the
inherent scalability in fabrication has the potential to realise photon fermionisation [9]
and the polariton Mott insulator transition in 1-dimensional and 2-dimensional coupled

cavity arrays.
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Chapter 6

Conclusions and Outlook

6.1 Summary

The main goal of this thesis was to develop and demonstrate a fully tunable microcavity
with strong lateral photonic confinement. By separating the two mirrors, independent
fabrication of the mirrors was performed. This allowed the fabrication by FIB milling of
a concave feature before coating with dielectric quarter wavestacks. The bottom semi-
conductor DBR was fabricated by conventional molecular beam epitaxy and contained a
cavity region grown on top of the DBR. This cavity region contained one or more QWs at
the electric field antinodes of the formed microcavity. Crucially, the concave-planar cav-
ity introduces lateral photonic confinement, since the wavefronts must match the concave
mirror radius of curvature. The beam waist is at its minimum when intersecting the QWs
leading to submicron 3-dimensional polariton confinement. As seen in Chapter [3] this
allowed unprecedented lateral confinement on submicron scales with very high photonic
Q-factors of 31,000 at micron size mirror separations (Chapter . In contrast to alterna-
tive fabrication methods such as laser ablation, the use of FIB milling allows much smaller
dimensions of the concave mirrors where the confinement is significantly increased. In this

thesis, radii of curvature from 20 pwm to 5.6 pm were demonstrated, where the latter is the
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limit imposed by the stable resonator condition due to the large penetration into the semi-
conductor DBR. In Chapter 4 strong evidence of polariton condensation was presented
using a bottom DBR containing 12 GaAs QWs. The large transverse mode spacing, due
to the strong lateral confinement, combined with the ability to perform in-situ tuning of
the cavity resonances, allowed the observation of condensation in transverse modes which
carry orbital angular momentum. The coherence of the condensate allowed the underly-
ing spin-orbit coupling of the mode to be revealed where complex spin and phase textures
are imprinted into the polariton system from their photonic component. Tomographic
imaging of the modes revealed the formation of radial and azimuthal spin vortices and
hyper-spin anti-vortices. The light-matter nature of the condensate was shown to signif-
icantly effect the spin texture and cause a transition to linearly polarised eigenmodes for
more excitonic condensates. Nonlinear emission was also demonstrated in planar-planar
cavities where angular resolved PL revealed threshold behaviour consistent with polariton
condensation. In the final experimental chapter, coupled cavities were formed through
FIB milling of concave features with varying centre-to-centre distances. Full control of the
coupling strength was performed through control of the centre-to-centre distance between
coupled cavities. Furthermore, in-situ tuning of the cavity coupling strength was demon-
strated through control of the exciton-photon detuning via the mirror separation and the
cavity-cavity detuning through the ability to introduce a relative angle between the top

and bottom mirrors.

6.2 Future Directions

The work presented in this thesis paves the way for future studies of strongly confined
polaritons in tunable optical cavities. The following sections present the future research

directions which build upon the experiments performed in the previous chapters.
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Figure 6.1: Figure taken from [5]. (a) Schematic of coupled cavities with coupling strength
J. (b) g?(t = 0) plotted as a function of nonlinearity.

6.2.1 Polariton Blockade

As discussed in Section [L.6] polariton blockade remains a theoretical proposal where the
presence of a single polariton in a cavity prevents the resonant injection of a second
polariton due to the polariton-polariton interaction [76]. This leads to single photon
emission at GHz rates due to the short polariton lifetime, which is significantly faster
than competing systems such as micropillar QDs where the lifetime is around 1ns. The
main experimental requirement to observe blockade is that the lower polariton linewidth be
smaller than the single polariton-polariton interaction induced blueshift. This blueshift
is estimated to be around 9 peV.um? in micropillars [32]. In comparison, the lowest
recorded polariton linewidths at zero exciton-photon detuning are around 80 peV, which
are significantly larger than the interaction. As previously discussed in Section
one way to increase the polariton interaction strength is to increase the overlap of the
exciton wavefunction by decreasing the lateral size of the cavity through the fabrication
of micropillars, mesa or photonic crystals. However, the polariton linewidth becomes
significantly degraded due to issues with surface recombination, scattering and quenching
of the QW exciton when the lateral size is reduced to around 1 wm. This is the main

technological obstacle preventing the observation of blockade.
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As presented in this thesis, the use of a hemispherical cavity allows unprecedented lateral
photonic confinement of the polariton without any degradation of the polariton linewidth.
In this case the main factor limiting the polariton linewidth is the inhomogeneously broad-
ened QW linewidth, and the photonic Q-factor which is limited by the stability of the
tunable cavity. Furthermore, the stringent linewidth criteria is significantly reduced when
utilising a subtle quantum interference effect in coupled polariton boxes.[5] In this case al-
most perfect antibunching is expected when the nonlinear interaction, U = 0.0428~, where
v is the lower polariton linewidth. This reduction in the required linewidth comes at the
price of oscillations in the ¢(® function with a period determined by the cavity coupling
rate J. Experimentally, a streak camera is required to resolve the photon antibunching in
the ¢® function and coupled cavities with coupling times exceeding 2 ps are required.
In this thesis, the system of photonic molecules demonstrated in Chapter [5] fulfil all of
the requirements in order to observe unconventional polariton blockade in coupled cavities
such as; enhanced polariton-polariton interaction due to submicron lateral confinement;
tunable cavity coupling times controlled through cavity centre-to-centre distance and an-
gular tunability; and narrow polariton linewidths at zero detuning currently of 150 pueV.
Recently, Xu et al. [I30] extended the theoretical discussion of photon antibunching in
coupled cavities to photonic molecules, where photon antibunching can be expected in
both the bonding and antibonding eigenmodes under resonant excitation due to a sim-
ilar quantum inteference effect as presented in [5]. Further reduction of the polariton
linewidth is expected for QW samples with reduced inhomogeneous broadening. Photon

autocorrelation measurements under resonant excitation are currently planned.

6.2.2 Surface Acoustic Waves

The fabrication of interdigital transducers (IDTs) on the surface of monolithic microcav-
ities allow the modulation of both the exciton and cavity energies through the formation

of propagating surface acoustic waves (SAWs). Confinement can be introduced in a sin-
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Figure 6.2: Figure taken from [25]. (a) Schematic of optical parametric oscillator (b)
Sample schematic with SAWs propagating along the y[010] direction. (c) Folding of the
LPB dispersion due to SAW. (d)(e) LPB dispersion under weak optical excitation without
and with the presence of a SAW.

gle direction using a single propagating non piezo-electric SAW [136] as shown in Fig
or in 2-dimensions through the use of cross-propagating SAWs.[I37] To date, the SAW
wavelength is limited to around 8 pwm due to the poor penetration through the top DBR
at higher frequencies. In the open cavity, the mirrors are grown separately, allowing
the IDTs to be directly fabricated onto the cavity region on the bottom semiconductor
DBR. This will allow significantly larger frequencies of > 2 GHz to be applied. By us-
ing cross-propagating SAWs a 2-dimensional confinement lattice can be formed where the
polariton-polariton interaction is greatly increased. If the nonlinear interaction, U becomes
greater than the tunnelling between potential minima, J, a transition from a superfluid to
the polaritonic Mott insulator state may be achievable where each potential minima has
single polariton occupancy. Such transitions are described by the Bose-Hubbard model

and have been reported in atomic physics using optical lattices.[10]
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Figure 6.3: (a) Schematic of the tunable cavity. Inset: MoSes monolayer on hBN film.
(b) PL as a function of piezo voltage for the single monolayer. The Rabi splitting of the
longitudinal mode is 20 meV. (c¢) Double QW heterostructure longitudinal mode peak
energy as a function of piezo voltage. The Rabi splitting is 29 meV.

6.2.3 Monolayer Heterostuctures

Monolayer films of transition metal dichalcogenides (TMDCs) are direct band gap semi-
conductors where excitons with large binding energies (300 meV) and small Bohr radius (1
nm) give the materials an enormous oscillator strength. Such thin films have great poten-
tial for development of novel flexible optoelectronic devices. In studies not included in this
thesis we report strong exciton-photon coupling with these materials using a tunable mi-
crocavity. TMDCs can be embedded into the cavity via standard transfer methods of me-
chanically exfoliated monolayer sheets on to the bottom planar DBR. A single monolayer
of molybdenum diselenide (MoSez) was placed on a 3 monolayer thick sheet of hexagonal
boron nitride (hBN) at an electric field antinode at the planar DBR surface (Fig[6.3) and a
double quantum well (QW) heterostructure was produced by placing a second monolayer
of MoSes, separated by 3nm thick hBN, on top of the first monolayer sheet. A charac-
teristic anticrossing between the tunable cavity mode resonances with the neutral exciton
energy for both the single and double QWs at 4K was observed. For a single monolayer
a vacuum Rabi splitting of 20 meV was recorded, which is increased to around 29 meV
for the double QW heterostructure displaying the expected 2.qp; \/]W dependence,
as shown in Fig (b) and Fig (¢). This work opens a new avenue in the field of
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polaritonics in a new material system of van der Waal crystals.

6.3 Final Remarks

The work included in this thesis has set the ground work in tunable microcavity systems
with strong polariton confinement. This paves the way for future studies of strongly

interacting polaritonic systems where there is further exciting work to be done.
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Chapter 7

Appendices

7.1 Appendix A: Theoretical Model of Spin Vortices

Here the theoretical calculations performed to interpret the experimental data presented
in Chapter 4 are presented. Degenerate perturbation theory is used to find the eigenmodes
of the polariton system in the case of low polariton densities, where nonlinearities play a
negligible role, in the presence of SO coupling, elliptical shape of the top concave mirror

and birefringence from the anisotropy of the refractive index of the top mirror. Taking

1 0
the eigenvectors and to represent o /o~ circularly polarised polaritons, the

0 1

2x2 Hamiltonian describing the LPB in the linear regime can be written as:

2
m2v? 3] - 9 i0
H— _2,771Lp2+ %4 /8 (% - Zyy) + Qel /2 7 (71)
B(&+iL) +ae)2 B

where mp,p is the lower-polariton effective mass. The terms depending on 3 = h?(1/mrp—
1/mrar)/4 [138], where mp g rps are the lower-polariton masses in the TE/TM polariza-
tions, describe the TE-TM splitting. As pointed out in [I34] the top concave mirror induces

a strong near-harmonic lateral confinement potential. V' = imppw?,[2?(1+6)+y?(1-4)],
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where wgo is the strength of the harmonic confinement. The terms +a = i%m L pw%m5
account for an elliptical asymmetry of the top circular mirror with the long axis either
aligned along the x or y directions. As birefringence may arise in both the top and bottom
mirrors due to strain, the terms Qe* /2 account for a birefringence that induces a shift
at k = 0 between the TE-TM branches and tends to align the field polarization along the

direction 6.

Due to the strong harmonic confinement the theoretical approach treats the SO coupling,
birefringence and the asymmetry as perturbations. To study a 2-dimensional harmonic
oscillator several equivalent eigenvector bases can be used: Laguerre-Gauss modes LGZZi
(where p and [ are radial and azimuthal quantum numbers) and Hermite-Gauss modes
H G‘s’f (where r and s are quantum numbers along the z and y axes). While the basis of
LG modes allows a more intuitive understanding of the shape of the spin vortices, the basis
of the HG modes allows an easier evaluation of the matrix elements needed to determine
the perturbed eigenenergies and eigenmodes. For this reason, and since the perturbed
eigenmodes and eigenenergies do not depend on the basis of the Hilbert space used to
evaluate them, we use the basis of the HG modes to apply perturbation theory. In the

case of the first transverse mode the four relevant HG modes are:

z2+y2 1 z2+y2 0
xre 202 xre 202
Yi(z,y) = Yo(z,y) =
1(e:9) otr/2 | o 2(7:9) otr/2 \4
2,2 2.2
¢ ( ) ye_r2z:g 1 /(/} ( ) ye_T2j2y 0
3\Z,Y) = 4\T,Y) =
oir/2 \ olr/2 |1

Using these modes as basis, the new perturbed eigenenergies and eigenmodes of the system

are obtained by diagonalising the following matrix:
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Figure 7.1: Case for no mirror ellipticity and birefringence equal to zero. (a) Simulated
energy levels: mode i (black), mode iia (blue), mode iib (green), and mode iii (red), the
energy is evaluated with respect to the unperturbed mode. (b) Simulated polariton density
(first row) and angle of linear polarization arctan(S2/S1) (second row). To obtain both
the spectra and the eigenmodes the following parameters are used: 8 = 0.06 meV - um?,
o = 0.65 pm. All graphs are 3um x 3um in size.
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where o = \/m. For the case of zero birefringence and no asymmetry in the
harmonic confinement, the energy spectra, the polariton density and the polarization
angle for the four eigenmodes are plotted in figure As expected, the higher (black)
and the lower (red) eigenmodes are azimuthal and radial spin vortices. The two remaining
central modes (green and blue) are spin anti-vortices in agreement with the experimental

observations in Fig 4.8 in Chapter 4.

The case of non-zero asymmetry and birefringence is plotted in Fig.[7.2] These additional
terms lift the degeneracy among the two central spin anti-vortex modes, thus breaking the
symmetry of the spectra and inducing polaritons to polarise along a preferred direction.
This is consistent with experimental observations, although in the experiments the shape

of the high-energy mode is generally less deformed by the asymmetry and birefringence
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Figure 7.2: Case with mirror ellipticity and birefringence different from zero. (a) Sim-
ulated energy levels: mode i (black), mode iia (blue), mode iib (green), and mode iii
(red), the energy is evaluated with respect to the unperturbed mode. (b) Simulated po-
lariton density (first row) and angle of linear polarization arctan(Ss/S1) (second row).
The following parameters are used: § = 0.06 meV - um?, o = 0.65 pm, Q = 0.125 meV,
0 = 0.01m, and a = —0.25 meV'to obtain both the spectra and the eigenmodes. All graphs
are 3um X 3um in size.

than the low-energy modes. A possible explanation for this is that our theoretical model
is based on the approximation of quadratic dispersion while in the polariton system the
dispersion is strongly dependent on k. Since the modes are strongly confined, high &
vectors are likely to play an important role. In addition exciton-exciton interactions and
pump-decay mechanisms, both of which are not included in the model, may also lead to

experimental /theory differences in the details of the patterns.
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