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Abstract

This thesis investigates exciton polaritons in GaAs microcavity. Exciton polaritons are the
eigenstates of the microcavity in strong coupling regime. In this thesis, we realize polariton
lasing in a high Q microcavity and micropillars; and to manipulate polariton condensate flow
along a 1D waveguide by using optical/spin method.

A high Q microcavity is investigated at low temperature and high temperature. Polariton lasing
is observed only at low temperature. Micropillars are etched from the high Q microcavity.
Polariton lasing threshold decreases with reducing pillar size due to strong lateral confinement,
which favors polariton energy relaxation, thermalization and avoidance of exciton diffusion. A
monotonic increase of the polariton lasing threshold with temperature is found which is
consistent with the relation between the critical density of polariton condensate and temperature
in quasi-thermalization regime.

By using polariton lasing at high wave vector states observed in the planar microcavity, we
realize a polariton condensate flow along a microcavity ridge. The propagation of the
condensate occurs due to polariton exciton reservoir interaction. In addition, we can manipulate
the polariton condensate flow through a much weaker gate beam.

The above transistor switch could be employed to make spin devices. Firstly, we observe spin
polarization oscillation of the polariton condensate flow due to the effect magnetic field
generated by the TE-TM mode splitting. Secondly, a polariton condensate flow without spin
polarization oscillation is found when the laser is in pulse mode. Finally, a spin dependent
blueshift is introduced by making the gate beam circular polarized. The polariton condensate in
different spin polarization could be reflected or transmitted through the gate spot. The gate beam
acts as a spin filter to separate the polariton condensate with different spin polarization.

All these work paves the way to the application of polariton circuits or spin circuits. The spatial
control of the polariton condensate flow in the waveguide allows the implementation of
polariton transistors or spin filters suitable in both optoelectronic and all-optical/spin schemes.
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Chapter 1

Introduction

We work on GaAs quantum wells in this thesis. GaAs is a direct band-gap semiconductor with
mature growth and fabrication techniques nowadays. The electrons and holes in GaAs can form
a weak bound pair called excitons. The excitons couple with the electromagnetic field, creating
a new quasi particle, exciton polariton. These polaritons are stationary states and only couple
out until they reach the surface.

Low dimensional GaAs based material such as quantum well has an enhanced exciton binding
energy and oscillator strength compared with the bulk material. To realize coupling between
the excitons and photons, we need to insert the quantum wells into a semiconductor
microcavity which confines photons along the growth direction. For example, the spontaneous
emission rate of excitons in quantum well can be greatly enhanced or suppressed in weak
coupling regime [1]. This is Purcell effect [2]. Exciton polaritons develop when the energy
exchange rate between the excitons and cavity photons is faster than the decay rate of the
excitons and out coupling rate of the cavity photons. In this regime, strong coupling holds. The
first observation of 2 dimensional exciton polaritons is reported around 20 years ago in
reference [3].

Polaritons are composite bosons at low density regime. This is demonstrated in reference [4]. A
threshold-less polariton laser is proposed in reference [5]. Exciton polaritons can condense in a
single state when final state stimulation occurs. The decay of the polariton condensate emits a
coherent light. This kind of laser does not need the “population inversion”, and has a much
smaller threshold.

The observation of polariton laser is realized around 10 years ago. The reason is that exciton
polaritons have a relaxation time which is larger than their lifetime. Polaritons decay at the
so-called “bottle-neck” region before they relax to the ground state [6].

When GaAs quantum wells are inserted in a high Q microcavity grown by MBE [7], the
lifetime of exciton polaritons is longer. They relax to the ground state before decaying out of
the microcavity. In this case, polariton condensate can be formed spontaneously [8]. Polariton
lasing is also realized in zero dimensional high Q microcavity pillars [9], which confine
exciton polaritons in all three dimensions.

However, detailed comparison of polariton lasing and photon lasing is still needed. Especially
temperature dependent polariton lasing threshold is necessary, which indicates the direction
towards room temperature polariton lasing in GaAs based semiconductor microcavity. In this
thesis, exciton polaritons lasing in a high Q planar GaAs microcavity and micropillars are
studied. This thesis’s focus is to compare polariton lasing at low temperature and photon lasing
at high temperature, and to discuss polariton lasing threshold with temperature and detuning.
We find the polariton lasing threshold increases monotonically with temperature in a
micropillar, which is consistent with the critical density of polariton condensate with
temperature.



We observe polariton lasing occurs at high k states in the high Q planar microcavity, this could
be used to investigate the propagation of the polariton condensate along the waveguide. In one
dimensional microcavity wire [10], the polariton condensate can be formed spontaneously. The
trapped state for the condensate exists between the wire end and the pump spot. This one
dimensional microcavity wire provides a platform to study the propagation of polariton
condensate. To manipulate the polariton condensate, more work is needed through optical
method. In this thesis, a polariton condensate transistor switch [11] is realized when two laser
beams are employed in a quasi one dimensional microcavity ridge. The key requirement is the
polariton-exciton reservoir interaction at the gate beam spot. This kind of all-optical technique
has been used to realize interesting potential landscape such as harmonic oscillator potential
[12], or vortex lattices formation [13].

Polaritons in the semiconductor microcavity with a large Rabi splitting has also been studied
recently. For example, a CeTd semiconductor microcavity is used to realize Bose Einstein
condensation [14]. Quantum physics of the polariton condensate such as quantized vortex [15]
is investigated.

Exciton polaritons inherent spin from the exciton part and cavity photon part. We observe
spin-related phenomenon and realize a spin filter based on the work of the transistor switch in
Chapter 4. Exciton polaritons experience an effective magnetic field generated by TE-TM
mode splitting. From this, Optical Spin Hall effect is observed in reference [16]. In addition,
exciton-exciton interaction when their spin is in singlet configuration is much weaker than the
triplet configuration [17,18]. Based on this, an exciton polariton spin switch is demonstrated
[19]. When a circular polarized laser is focused on a microcavity, it excites different population
of polaritons and excitons with circular polarization ¢+ and o-. This leads to spin dependent
blueshift and affects the propagating polariton condensate. The condensate with different spin
polarization could be separated into two regions. In the Chapter 5 of the thesis, a spin filter is
realized [20] based on this idea.

Thesis outline

This thesis includes mainly four parts.

The first one is about the discussion of the basics of exciton polaritons. Starting from quantum
well and microcavity, strong coupling between excitons and cavity photon modes is described.
Fundamental property of exciton polaritons is reviewed, such as dispersion curve, decay rates
and effective mass. Special focus is about condensation and spin of exciton polaritons.

Second part of the thesis is addressed about exciton polariton lasing in planar microcavity and
micropillars. Polariton lasing is investigated in the strong coupling regime. The difference
between polariton lasing and photon lasing is discussed. The polariton lasing threshold with
pillar size, detuning and temperature is investigated.

The third part is about the experimental realization of a polariton condensate transistor switch.
This work is carried on a microcavity ridge, which is etched from the high Q planar
microcavity. Firstly, a polariton condensate flow is formed along the microcavity ridge towards
the end. This results from polariton-exciton interaction at the center of the pump spot. Then a
second laser is introduced, which leads to a local blueshift between the ridge end and the pump
spot. This blueshift modulates the propagation of the polariton condensate flux. In addition,
relaxation of the polariton condensate flow along the ridge is studied.



Finally, the spin of exciton polaritons is investigated. The TE-TM mode splitting in the
microcavity ridge, results in an effective magnetic field. This magnetic field lies in the plane of
the quantum well in the microcavity, and leads to spin procession of the polariton condensate.
However, the polariton condensate flow without spin polarization oscillation appears when a
pulse, circular polarized laser is employed. Mostly importantly, we realize a spin filter by using
two laser beams. A non-resonant, linearly polarized laser forms a polariton condensate flow.
The second circular polarized laser at the same wavelength introduces spin dependent blueshift.
The polariton condensates with spin polarization o+ and o — behave differently when
they encounter the gate spot. Specifically, the polariton condensate with the same circular
polarization with the second laser beam is mostly reflected back, while as the polariton
condensate with the opposite circular polarization mostly transmits through the gate spot. The
gate beam acts as a spin filter and separates the polariton condensate with the efficiency of
around 45%.






Chapter 2

Fundamentals of exciton polaritons

As discussed in the introduction part, exciton polaritons result from strong coupling between
the excitons in quantum wells and cavity photon modes. Behaving as bosons at low density,
exciton polaritons can form a condensate and emits a coherent light, called polariton laser. In
the Chapter 3, polariton lasing is realized in a planar microcavity and micropillars. A detailed
description of exciton polaritons is provided in this Chapter. Here we discuss from the excitons
and empty microcavity. Then weak coupling and strong coupling between the excitons and
cavity photons is addressed. Finally, basic property of exciton polaritons is reviewed such as
dispersion, lasing, condensation and spin.

2.1 Excitons in semiconductors

Excitons are basic excitation in semiconductors due to the Column attraction between an
electron and a hole. In this thesis, we study excitons in quantum wells inserted in a
semiconductor microcavity. In the following section we discuss about basic property of
excitons. In section 2.5, we will review the TE-TM mode splitting of the excitons in quantum
wells.

2.1.1 Excitons in bulk semiconductors and quantum wells

GaAs semiconductor is a compound of Gallium and Arsenic elements. GaAs has a Zinc-Blende
lattice structure, which consists of two interpenetrated diamond lattices, as shown in Figure 2.1.
The direct band gap of the bulk GaAs is around 1.424 eV at OK [21].

Figure 2.1: GaAs Zinc-Blende crystalline structure. The lattice points in different colors represent two
different atoms Gallium and Arsenic. This is plotted by Diamond 3.1d.

Excitons in bulk semiconductors

The ground state of a perfect semiconductor is both the completely filled valence bands (for
electrons) and the completely empty conduction bands (for electrons). When an electron is
excited from the valence band to the conduction band by a laser, a hole is left at the valence
band with the same wave vector and a positive electron charge. The Coulomb interaction



between the excited electron and the created hole pushes them to form a bound pair like a
hydrogen atom or a Positronium,

The energy of excitons is determined by:

Me*  n%k?

E (k)=E, - + 2.1

)=, 2n°e’n*  2M @D

M :ﬂ (2.2)
m,+m,

The first part in (2.1) is the band gap of the semiconductor, the second one corresponds to the
binding energy, and the third part is the kinetic energy of the excitons. The excitons’ effective
mass is determined by the electron effective mass and the effective mass of the hole. The 1s
heavy hole exciton’s effective mass is around 0.3 time electron mass in GaAs [21].

There is big difference between an exciton in solid and a hydrogen atom in Vacuum. For
example, the Bohr radius of excitons is much larger than a hydrogen atom with about several
nanometers. There exists large dielectric screening in solids. So the electron is just loosely
bound to the hole, with a binding energy of around several (4 for 1s excitons) meV in bulk
GaAs [22]. Due to small binding energy, excitons are weak and not stable.

Wannier excitons and Frenkel excitons

Usually excitons can be classified by two kinds: the Wannier exciton and Frenkel exciton, as
shown in Figure 2.2. The former one is the exciton which covers many unit cells in
semiconductors. This kind of excitons’ wave-function is delocalized in the crystal and they can
move freely. In other solids such as NaCl or polymer semiconductors, excitons can also be
formed in a single unit cell. This kind of excitons cannot move freely in the crystal. In this
thesis, we just deal with Wannier 1s heavy hole (sometimes light hole) excitons in GaAs
semiconductors.
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Figure 2.2 Wannier excitons and Frankel excitons in a semiconductor.

Excitons in quantum wells
In bulk GaAs semiconductors, excitons are weak. It is necessary to confine the excitons in



smaller structures. For example, we can put very narrow semiconductor slice (10nm) between
two larger-band-gap semiconductor layers. We call this a quantum well. In quantum wells, the
center-of-mass motion of an exciton is quantized along the direction perpendicular to the
quantum well plane. The motion of the excitons along the planar quantum well is free due to
translational invariance. The excitons become 2 dimensional quasi-particles, as shown in
Figure 2.3 [23].

Exciton in bulk GaAs Exciton in quantum well
300 A m
-

Figure 2.3 Excitons in bulk GaAs and placed in a quantum well, reprinted from [23].
The quantum confinement changes the valence bands and the conduction bands of the quantum

well layers. The electrons and holes are distributed at discrete energy levels in the quantum
well. See Figure 2.4.

AlGaAs GaAs AlGaAs

2D exciton

Energy

Figure 2.4 A GaAs quantum well placed between two AlGaAs barriers, the bands of the electrons and holes
become into discrete levels in the quantum well.

In addition, the wave-function of the electrons and holes in the quantum well is also changed
compared with the bulk materials. The overlap between the electron and the hole
wave-function is larger in a quantum well. Exciton radius becomes smaller, which increases the
excitons’ binding energy [23]. When the interaction between the excitons is small compared



with the binding energy, excitons are bosons. If the density is increased larger the saturation
density, the interaction between the excitons makes them to dissociate into electron-hole
plasma [24].

2.1.2 Exciton optical absorption

Excitons gain angular momentum from the electrons and holes. In the center of the Brillouin
zone of the bulk GaAs, the conduction band has an s-symmetric structure, while the valance
band owns p-symmetry. Thus the conduction band has a two-fold degeneracy, and the valence
band has a six-fold degeneracy. The electron in the conduction band has an orbital angular
momentum L=0 and spin angular momentum S=1/2. The electron in the valence band has an
orbital angular momentum L=1 and spin angular momentum S=1/2. So in bulk GaAs, the total
angular momentum of the electron in the conduction band is J=1/2. While as to the valence
band, the two split-off band states with J=1/2 have an energy lower than (as to the electrons)
the light hole and the heavy hole states which have total angular momentum J=3/2, as shown in
Figure 2.5 (left).

When placed in a quantum well, the degeneracy between the light holes and the heavy holes at
k=0 is broken because the translational symmetry in the growth direction disappears. The

heavy holes’ total angular momentum projection onto the growth axis is J.™"" = +3/2.
They are closer to the band edge. The total angular momentum projection onto the growth axis

. lighthole
is J,"°

of the light hole =11/2, which is further away from the band edge, as shown in

Figure 2.5 (right).

f /\?

N N

l=11/2
Figure 2.5 Energy band structure of Zinc-Blende crystal in bulk (left) and quantum wells (right).

Excitons are formed when an electron is bound by a hole with specific angular momentum, as
shown in Figure 2.6. Usually the heavy-hole excitons can be described by the spin states that

have projection onto the growth axis of SZ =11,£2; while the light-hole excitons’ spin

projection onto the growth axis is 9, =11,0[25].



electron electron

Heavy hole Heavy hole

Light hole

Figure 2.6 Spin states of heavy-hole exciton and light-hole exciton in a GaAs semiconductor quantum well.

The heavy-hole excitons with spin momentum projection onto the growth axis of Sz =12 are

called dark excitons. They cannot be excited optically. In most cases, we ignore their
contribution. However, the dark excitons can come into play when polariton-polariton
interaction occurs| 26,27].

2.2 Semiconductor microcavity

To realize strong coupling between excitons and photons, we need to insert the quantum well in
a microcavity. The microcavity provides wavelength-scale (Integer multiple 0.51 ) confinement
for the photon modes. The photons in the cavity are reflected backwards with large number of
round-trips between the two high-reflectivity mirrors and can couple with the cavity material
more efficiently. Here we discuss just the planar Fabry-Perot semiconductor microcavity
without quantum well firstly. Figure 2.7 shows the structure of a microcavity which does not
contain quantum wells. The semiconductor microcavity is composed of a top distributed Bragg
reflector, a cavity layer and a bottom distributed Bragg reflector. The distributed Bragg
reflector consists of alternate semiconductor layers with the thickness of a quarter light
wavelength in the cavity. The semiconductor layers in the DBR have different refractive index.

3.6
34
=

3.2

AlAs/GaAs DBR  Cavity AlAs/GaAs DBR 30

I T T T T 28
0 2000 4000 6000 8000

Depth (nm)

Figure 2.7 Structure of a semiconductor microcavity, right axis shows the refractive index distribution
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This refractive index difference in the DBR leads to a high reflectivity region, which is called
stop band, shown in Figure 2.8. The dip in the stop band is the cavity mode.

o | |

0.6-

reflectivity

0.4r

0.2

700 750 800 850 900
wavelength (nm)

Figure 2.8 Simulated reflectivity of the microcavity, the dip is the cavity mode.

As to a semiconductor microcavity, which has equal number of the period in the top DBR and
the bottom DBR, the reflectivity in the stop band is given by [28]

R=1- 4& (nlﬂ)2N
I’]cav nhigh (23)

where Ny Ny, Ng,and - are the refractive index of the air (environment), cavity layer,

low refractive index layers and high refractive index layers, N is the number of the period in
the DBR.
The electric field of the light in the cavity can penetrate into the DBR with the length of:

A

cav

nn,

LDBR =

2ncav nz - nl (2'4)

So the total length for the light in the cavity should be

Leﬁective = I‘cavity + I‘DBR (2. 5)
The cavity mode frequency in Figure 2.8, if simply expressed, is given [29]:
o) - a0+ s 0100

effective( ) (26)
where L ... IS effective cavity length, @ is the center of the stop band, & is the

incident angle of the light in the cavity, the @, is the Fabry-Perot frequency, which is
determined by:
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Deay = L (27)
cos(6)

cav cav

m is the number of half wavelength contained in the cavity layer, when there is no phase delay
in the DBR.

The reflectivity of the stop band can be very high (0.9999). The DBR acts as a very good
mirror for the light in the cavity.

Dispersion curve of the cavity photon mode and effective mass
In a semiconductor microcavity, light that can be transmitted has to fulfill the requirement:

2zn,. L cos(6)

cav —cav

=Nr
A (2.8)

where 1, is the refractive index of the cavity; Lcavis the effective cavity length; @ is the

incident angle of the light in the cavity and A is the light wavelength.
The energy of the light should be

k, =kcos(8)

E_ =hck =ficyk,’+k 2 where —
cav 1l + 1 , k//:k5|n(9)

(2.9)
If we focus the region where k,, << kL , We have
2 2
.~ hick (1+—kL) hck —hc K
K, = N7z
Neav I‘cav (2 . 11)
2
So E,_, =hck += Lk __he N7z+£hcn°LL°""Vk,,2
2 k. nglea 2 Nz (2.12)
If we define E_, = Nzand m,, = ANz
nCB.V cav Cncav Lcav
(2.13-2.14)
Then the cavity mode energy should be
2
Ecav cav (k 0) +£ h I(//2
mCﬁV (2'15)

The cavity photon thus gains effective mass because of the confinement.

The electric field can reach maximum in the cavity layer, as shown in Figure 2.9. Compared
with the bulk semiconductor and quantum wells, the amplitude of the electric field can be
increased a lot (20 times) [24]. Thus the coupling between the excitons and the cavity photon
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modes is greatly enhanced, if the quantum well is inserted at the maximal electric field
position.

5 1 3.4
Zo A Ay 32
L

-3.2

-5

M 31
0 2000 4000 6000

Depth (nm)
Figure 2.9 Electric field distribution of the light wavelength of the resonance cavity mode in the microcavity.

2.3 Exciton polaritons in semiconductor microcavity

The previous section of microcavity does not contain quantum well. In this thesis, we insert
GaAs quantum wells in the microcavity to couple two oscillators: cavity oscillator and exciton
oscillator. Depending on the coupling strength with the decay rate of the excitons and
out-coupling rate of the cavity photons, we need to discuss weak and strong coupling regime.

Weak coupling and strong coupling

Usually excitons will decay irreversibly by emitting photons (weak coupling regime, where
the coupling strength between the excitons and the electromagnetic field is small). If the
quantum wells are inserted at the maximum of the electric field in the microcavity, strong
coupling holds when the energy exchange rate is larger than the non-radiative decay rate of the
excitons and out-coupling rate of the cavity photons from the cavity (or the Rabi splitting is

larger than the exciton and cavity photon Iinewidth:Qrabi >> Vor Vear)- TO describe the exciton

dynamics simply (just approximately), the photon emitted by the exciton will be re-absorbed
by the cavity. This activates the exciton again. Such transition occurs periodically, we cannot
distinguish between the exciton and the cavity photon. In this case, a new excitation is created,
called exciton polaritons, as shown in Figure 2.10.

Weak Coupling Strong Coupling
Free Carriers Free Carriers
. ST
= lonization o
& >600 fs S
s - '
= g =
28 23
| .0 12~
o5 = py
| T=300K |3 2 =300k 12 3
—_ =]
I ? Exciton—Photon ! =
| 7 Lifetime - 1 ps lE
|
Y Y h 4 1

Figure 2.10 Strong coupling and weak coupling in a semiconductor microcavity, reprinted from [30].
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Exciton polaritons can be viewed as the superposition of the exciton and cavity photon. They
have exciton component and cavity photon component. With the exciton component, the
exciton polaritons interact with each other and phonons. This helps polaritons relaxation into
lower energy states. With the cavity photon component, the exciton polaritons have a very
short lifetime in the 1-10ps range and a very small effective mass. This makes the exciton
polaritons to condense at much higher temperature. The short lifetime of the exciton polaritons
renders promising application in ultra fast optics.

Because of the translational symmetry along the planar semiconductor microcavity, the
excitons interact with the cavity photon with the same in-plane wave vector. In addition, when
the exciton polaritons decay, they emit photons while keeping the same in-plane wave vector
and energy. We can acknowledge the information of the exciton polaritons by measuring the
emitted photons at different angles.

2.3.1 Exciton polariton dispersion and effective mass
Dispersion curve
The total Hamiltonian of the microcavity is:

H= Z Ecav (k//)algﬁk,, + Z Eex (k//)bk,, bk,, + ZhQrabi (ak,, bk,, + bk,, ak,, )
k,, k// k/l (2. 16)

where k,, is the in-plane wave vector; Ecav(k,,) is the energy of the cavity photon; Eex(k,,) IS
the energy of the excitons; a:// and &, are the creation and annihilation operator of the cavity

photon; b,:r// and ka are the creation and annihilation operator of the exciton; Qrabi is the

Rabi splitting, which is determined by [28]:

2" cN
hQrabi ~ Zh(&)uz
ncav Leff (2 17)
2
0 L
N, 47€, M,C

(2.18)

N,, is the number of the quantum well in the cavity; 7l'; is the radiative width of a free

exciton in a quantum well and is proportional to the exciton oscillator strength per unit area
fo [28].
This Hamiltonian can be diagonalized into:

H= Z E, (k) IOJ; Py, + Z Ew (k//)qk,, O,
ki ks (219)
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if we take the following transformation:

P, = X, b, +Cy 2,

qk// = Xk// ak// _Ck// bk// (220)
They can be viewed as the new creation and annihilation operator of the eigenmodes of the

microcavity, where X, and c, are called Hopfield coefficients [31]. These new eigenmodes

are lower-branch and upper-branch exciton polaritons in a microcavity.

If we do not consider the decay or out-coupling of excitons and cavity photon modes, the
energy of the exciton polaritons is:

(k) +E (k) 1

\/(Eex (k//) - Ec (k//))2 + 4702

rabi

E
Elp (k//) =—=

. 2 ) 2 (2.21)
E +E 1
e, (k) = S B 2 i ey —E e )7 e,

When the wave vector is small, the energy of the lower-branch polaritons and upper-branch
polaritons is:

Ep (k)= Ep (k, =0)+ hzk/z/ / 2m|::
E,(k,)=E,(k,=0)+ hk2 | 2m:p

(2.22)

So here the dispersion of exciton polaritons is approximately parabolic; while it behaves
dramatically different when the wave vector is increased.

If we define
o(k,) = E,(k,)—E.(k,) (2.23)
Then the Hopfield coefficients are:
2 1 ok,) 2 1 o(k,)
|Xk//| :_(l+ - 2 | //| :_(1_ 2 - 22 (224)
27 J5(k,) +4n20

2 \/5(k// )? + 4hZQrabi rabi

o(k,, =0)is called detuning between the cavity photon modes and the excitons.

Figure 2.11 plots the dispersion curve of the lower-branch and upper-branch polaritons at
different detuning and corresponding Hopfield coefficients.
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Figure 2.11 Exciton polariton dispersion curve and Hopfield coefficients as a function of angle when the
detuning changes (top: zero detuning; middle/bottom: negative and positive detuning).

Figure 2.12 is the energy of lower-branch and upper-branch polaritons as a function of the
detuning where the cavity photons is linearly changed while the exciton energy is kept constant.

These two branches of polaritons show a clear anti-crossing at zero detuning.
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Figure 2.12 Lower branch and upper branch exciton polaritons as a function of detuning. The cavity mode
and exciton is also plotted.

Effective mass

The exciton polaritons’ effective mass depends strongly on the wave vector because of this
specific dispersion curve.
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m,m

ex” " cav

2
Ck,, | mex

Ip = 2
|Xk,,| mcav +

m,m

ex  cav

; |Xk// |2 Me + |Ck// |2 Meay (2.25)

It is well known that the effective mass of the cavity photon is much smaller than the excitons,
m,,, <<M,,, in the region where K, =0

The effective mass of lower and upper-branch polaritons is
m

m,, (k, =0) = ﬁ ~107* m,,
| k//| (2.26)
m
mup (k// ~] O) ~] Xcav2
| i (2.27)

At small wave vector region, the effective mass of the lower-branch polaritons is around 4
orders of magnitude smaller than the excitons, or 5 orders of magnitude smaller than the
electron mass. At large wave vector region, the effective mass of the lower-branch polaritons
increases dramatically to be around the same order of magnitude as the excitons.

2.3.2 Exciton polariton decay
Considering the finite lifetime of the cavity photons and excitons, the energy of the exciton
polaritons is as follows:

Elp(k//) — Eex(kll)+ Ec(klzl) + I(ycav +7/ex) _%

B (k) +Ec(K)) +1(Vea +76) 1 - 2 17202
ex c cav ex - E k —-E k _ AR O3?
2 +2\/( ex( //) c( //)+|(7cav 7ex)) + rabi (228)

\/(Eex(k//) - Ec(kll) + i(ycav - }/ex))2 + 4hzngabi

Eup (k//) =

where }.y IS the coupling rate of a cavity photon out of the microcavity due to the

imperfection of the DBR mirror, Y, isthe non-radiative decay rate of the excitons.

The decay rate of exciton polaritons is directly determined by the excitons and cavity photons.
2 2
7Ip:|Xk,,| yex+|Ck,,| Y cav
2 2
7up = |Xk,, | Y cav + |Ck,, | Vex (229)

The lifetime of exciton polaritons mainly depends on the cavity photons because the excitons’
lifetime is much longer:

7Ip ~ |Ck,, Y cav (230)

Usually the relaxation time of exciton polaritons is longer compared with their lifetime. They
decay by emitting photons out of the microcavity before relaxing to the ground state. In a high
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Q semiconductor microcavity, the lifetime of the cavity photons and exciton polaritons can be
greatly increased. Reference [32] claims that they realize a semiconductor microcavity with
exciton polaritons’ lifetime of around 100ps.

2.4 Polariton lasing and condensation

In the introduction part, we have discussed about polariton lasing, which is the spontaneous
decay of the polariton condensate from the microcavity. However, at high temperature or high
pump power, Rabi splitting is decreased and strong coupling is lost easily. Sometime the
transition from strong coupling to weak coupling is not easy to be identified. It is necessary to
compare the lasing mechanism in strong coupling regime (polariton lasing) and in weak
coupling regime (cavity photon lasing) in view of high similarity between them. In the
Chapter 3, cavity photon lasing is observed at 70K. In addition, there is no strict Bose Einstein
condensation in an infinite two dimensional system. Exciton polaritons experience a KT
transition towards superfluity and local condensation. The description of polariton
condensation starting from Bose Einstein statistics needs to be discussed here.

2.4.1 Cavity photon lasing and exciton polariton lasing

When a VCSEL is pumped by a laser, the electrons in the valence band are activated into the
conduction band. The activated high energy electrons relax to the bottom of the conduction
band through incoherent process. Correspondingly, the high energy holes relax to the top of the
valence band. This leads to a population inversion: there are more electrons in higher energy
states (the bottom of the conduction band) than lower energy states (the top of the valence
band). The population inversion and net gain result in amplified coherent light and occurrence
of photon lasing, as shown in Figure 2.13(top).

electrons

External pumping l mm) Stimulated emission of photons

\
holes \

Exciton reservior
polariton

Stimulated Scatterring
= Decay from microcavity

Figure 2.13 Photon lasing (top) and polariton lasing (bottom) in a semiconductor microcavity.
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When strong coupling between the excitons and cavity photons holds, it is necessary to treat
the microcavity as an ensemble of exciton polaritons. As shown in Figure 2.13(bottom), the
activated electrons and holes form an exciton reservoir. These high energy excitons relax
through scattering with acoustic phonons towards the ground states along their dispersion
curve. When the population number at the ground state is larger than unity, stimulated
scattering of polaritons occurs (usually exciton-exciton scattering is needed to realize this). The
exciton polaritons macroscopically occupy the ground state. The decay of these polaritons by
emitting photons out of the microcavity, because of their finite lifetime, is a polariton laser [5].
This kind of coherent light does not need population inversion. To make sure polariton lasing
occurs, either two thresholds should be observed or polariton dispersion curve should be kept.

2.4.2 Exciton polariton condensation

As discussed before, exciton polaritons do not experience strict Bose Einstein condensation in
a microcavity, as alkaline atoms condensate. However, the exciton polariton condensate has
many similarities with them [14]. In the following we discuss the Bose statistics of the exciton
polaritons in a two dimensional microcavity.

Bose condensate of an ideal Bose gas
As to an ideal Bose gas, the bosons obey the Bose-Einstein distribution function:

1

fBE (E) =

exp(—) -1
KT (2.31)

Where E is the energy of a single particle, £ is the chemical potential of the Bose gas, T is the

temperature and kB is Boltzmann constant.

The total particle number of the Bose gas is

N= Y fe(®)= ¥ e (2:32)

allenergylevels allenergylevels exp( E- /U) 1
kg T

which can be rewritten as:
N = fBE(EO) + z fBE(Ei:tO)
allexcitedstates (233)

The first term is the mean occupation number in the single-particle ground state; the second
term is the sum of the mean occupation number in the excited single-particle states of the Bose

gas. When the temperature is high, the chemical potential is much lower than EO, so the mean

occupation number in the single-particle state is much less than unity. If the temperature is
decreased, the chemical potential is larger. The mean occupation number of the single-particle
state is increased. The Bose-Einstein condensation occurs when a large number (macroscopic)
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of particles are occupying the ground state, if a critical temperature is reached.
To be strict, the Bose condensate occurs when

. N,
Lﬂ?zn(’ >0 (2.34)
Where R is the system size and No is the population number in the ground state.

For a uniform Bose gas in a three dimensional box with volume V, the critical temperature for
Bose Einstein condensation is

2,213
KT, = 27 _ a°n
[€E/21" m

where n is the particle density, m is the single particle mass.

(2.35)

Exciton polariton condensate

As to a uniform non-interacting Bose gas in two dimensions, Bose Einstein condensation can
only occur at zero temperature [33]. Kosterlitz and Thouless predict that there is a phase
transition from normal state to a coherent (superfluity) state in a two dimensional system. This

phase transition exists at a finite temperature, which is called KT transition temperatureTKT .

Above the KT transition temperature, there is only normal state and no superfluity state. Below
the KT transition temperature, there are normal state and superfluity state together. The
superfluity state number is related to the KT transition temperature as following [34]:

2m'k,T.
(T ) =—=5" (2.36)
h
And the total particle number is the sum of the normal state and superfluity state:
n(T)=ny(T)+n,(T) (2.37)

The KT transition of exciton polaritons allows the appearance of superfluity and local
quasi-condensation. From (2.35), the critical temperature is inversely proportional to the mass
of the single particle. As to the exciton polaritons, the critical temperature can be greatly
increased because the effective mass is much smaller than the alkaline atoms. Bose-Einstein
condensation has been claimed to be realized at room temperature in a GaN semiconductor
microcavity [35].

2.5 Spin of exciton polariton

Exciton polaritons inherent spin from the exciton component and cavity photon component. We
can control the polariton spin by using laser with specific polarization and analyze the spin
state of the polaritons by measuring the Stokes parameters of the emitted light from the
microcavity. The spin polarization dynamics is governed by the effective magnetic field
generated by the TE-TM mode splitting in microcavity. In the Chapter 5, spin dynamics is
investigated in a microcavity ridge. We will discuss the pseudospin vector formula and TE-TM
mode splitting in the following section. (Here we say polarization of polaritons which means
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the polarization of the emitted light by the polaritons)

2.5.1 Pseudospin vector formula for exciton polariton

For excitons in quantum well, Bir-Aronov-Pikus mechanism dominates the spin relaxation [18].
The exciton’s dark states are usually neglected. The exciton polaritons in a planar microcavity
can be seen as a two level system. Pseudospin is introduced to describe the polaritons in

microcavity [18]:

o =N,[1/2+S,00,] (2.38)

_)
Where S, is the pseudospin of the exciton polaritons; o, is the three Pauli matrix; N, is
the number of the exciton polaritons; k is the in-plane wave vector. The in-plane component

of the pseudospin vector S, is used to analyze the in-plane dipole moment orientation of the

exciton polaritons; while the out-of-plane component S, describes the polariton spin

projection onto the growth direction.

The pseudospin vector of the exciton polaritons can be described by a Poincare sphere in
Figure 2.14. The North and South poles of the Poincare sphere represent the right-hand
circularly polarized and left-hand circularly polarized state. The linearly polarized state is
located at the equator of the sphere. For example, the linearly horizontal polarization lies at (1,
0, 0) on the sphere, the linearly vertical polarization appears at (-1, 0, 0) on the sphere (here the
circular polarized or linear polarized state means the light polarization emitted by the
polaritons, and we note points (1,0,0) or (-1,0,0) means the coherent state which’s pseudospin

S, =1/2 or -1/2).

Linearly antidiagonal
o

Figure 2.14 Poincare sphere representing the pseudospin vector of the exciton polaritons and polarization of
emitted light by the polaritons.

Ideally, when right hand circularly polarized light is focused onto the semiconductor
microcavity, the exciton polaritons with the spin projection onto the growth axis of +1 will be
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excited. Linearly polarized light excites the exciton polaritons with spin projection +1 and -1,
the total spin projection is zero. The polarization of the light emitted by the microcavity can be
analyzed by Stokes parameters, which is calculated by the following formula:

S — horizontal Ivertical S — Idiagonal - Iantidiagonal S — Iright—hand - IIeft—hand
O Y T

horizontal + Ivertical diagonal + Iantidiagonal

I right—hand T | efthang (2.39)

SX =1 corresponds to horizontal or vertical linearly polarization; S = +1 represents

diagonal or anti-diagonal linearly polarization and SZ =11 describes right-hand circularly or

left-hand circularly polarized states.

2.5.2 TE-TM mode splitting in semiconductor microcavity

Depending on the orientation of the exciton’s wave vector with its polarization field, there is an
energy splitting called Longitudinal-Transverse Splitting or TE-TM mode splitting [36]. To
simply express, the TE-TM mode splitting of a 1s heavy hole exciton in a quantum well is [36]:

Ererw = B/16)A% 1y < 2 | 2 > (Eg” 1 E5” ) ag k (2.40)

Where AiED_TM is the TE-TM mode splitting in a bulk semiconductor material; %, ¥, are the

electron and hole envelope function; E3°,ES”,aS” are the exciton binding energy in 2

dimensional, 3 dimensional semiconductor and the Bohr radius. This splitting increases
linearly with the exciton’s wave vector. There is no splitting when the wave vector is zero.
TE-TM mode splitting also exists in an empty microcavity with an incident angle 8[29]:

Lo Logs  2€OS(O4 )Sin(Oy ) 5

TE 9 M 9 ~ cav
“ ( ) “ ( ) (Lcav-’-LDBR)2 1_25in2(9eff) (241)

.n, .
0, ~ arcsin—=sin(@)

cav

(2.42)

Where O is the energy difference between the cavity mode and the center of the stop band.
The TE-TM modes splitting for the cavity mode vanishes at normal incidence.
The TE-TM mode splitting of polaritons in a microcavity can be expressed simply as [18]:

ETE—TM (k) :| Xk |2 Eex (k)+ | Ck |2 Ecav (k)

(2.43)

Where | X, |,|C, |are Hopfield coefficients and E,, (K), E, (K) are TE-TM mode splitting for

the excitons and cavity photon mode, respectively. In general it is larger when the wave vector
increases. However, the TE-TM mode splitting is not monotonic with the wave vector at
specific detuning [18]. As the same as the excitons in quantum well [36], the TE-TM mode
splitting generates an effective magnetic field which leads to spin flip. The pointing direction
of the effective magnetic field caused by the TE-TM mode splitting lies in the planar
microcavity plane, as following [36],
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ﬁeﬁ (E) oc €0S(26) T+ sin(Ze)T (2.44)

The effective magnetic field points at an angle of 28 , where @ is the pointing direction of
the in-plane wave vector, as shown in Figure 2.15.

Due to the effective magnetic field, the pseudospin vector dynamic of the exciton polaritons is
(the exchange field due to population number difference in different spin polarization and
the anisotropic polariton-polariton interaction is ignored here):

ddStk S, x Qe (K)] (2.45)

Figure 2.15 The pointing direction of the effective magnetic field changes with the wave vector of the
polaritons, the arrows indicate the pointing direction of the effective magnetic field. Reprinted from [16]
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Figure 2.16 The rotation of the polarization of an exciton polariton will depend on the wave vector of the

polaritons, so the polarization of the polariton will change from linear polarization to circular polarization if
the initial polarization is linear and pointing along the kx. Reprinted from [18]

This effective magnetic field rotates the polarization of exciton polaritons very complexly. For
example, in Figure 2.16, an initially linear polarized polariton will become right-hand circular
polarized or left-hand circular polarized when it is scattered elastically in a ring in momentum
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space.

There are other contributions to the effective magnetic field from the structure of the
microcavity [18]. The absence of cylindrical symmetry along the growth direction leads to an
additional in-plane magnetic field. This kind of magnetic field points in a direction which is
fixed along a specific angle. It still exists when the wave vector is zero.

Although the effective magnetic field causes big influence on the dynamics of the polaritons,
however, it is only valid when the density is low. If the population density is large such that
exciton-exciton interaction cannot be ignored, the scattering intensity between the excitons
(and polaritons) with the same spin polarization is much larger than the excitons with the
opposite spin polarization. Based on this interaction difference, a spin switch has been realized
by reference [19].

2.6 Summary

The basics of exciton polaritons in semiconductor microcavity are discussed in this Chapter.
Exciton polaritons, result from strong coupling between excitons and cavity photons, provide
an excellent platform to study condensation and lasing. When stimulated scattering occurs,
exciton polaritons show a phase (KT) transition. In this Chapter, polariton lasing and photon
lasing is compared, in view of high similarity between them. Finally, the effective magnetic
field generated by the TE-TM mode splitting is discussed. The spin polarization of the exciton
polaritons is described by using pseudospin vector formula.
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Chapter 3

Polariton lasing in planar microcavity and micropillars

3.1 Introduction

In the Chapter 2 we have discussed about polariton lasing. Compared with common photon
lasing, polariton lasing does not need population inversion and has a smaller threshold. GaAs
based microcavity is very promising to realize an electrically pumped polariton lasing due to
very well developed growth and fabrication techniques. Although it is claimed that an electrical
injected polariton laser has been realized, however, they need to use magnetic field to enhance
the coupling strength in the microcavity.

Among the work about GaAs based microcavity which includes the observation of polariton
condensation in reference [37] injected resonantly at large angle, polariton lasing in reference
[8] by non-resonant pumping and Bose condensation by using stress-tuning method [38], there
is still necessity to compare polariton lasing and photon lasing when temperature and detuning
is changed. Especially temperature dependent polariton lasing threshold is needed, in view of
the fact that the critical density of polariton condensate increases monotonically with
temperature in equilibrium or quasi-equilibrium regime. In this case, polariton lasing threshold
increases with temperature. In this chapter our research fulfills this gap. We realize exciton
polariton lasing in a similar GaAs microcavity as reference [8]. Both polariton lasing in a
planar microcavity and micropillars are discussed. Polariton lasing in planar microcavity at low
temperature and photon lasing at high temperature are compared. We find a linear increase of
polariton lasing threshold in a micropillar. This shows the same trend of the critical density of
the polariton condensate in the temperature range investigated.

3.2 Sample

Figure 3.1(left) shows the structure of the microcavity. 4 sets of 3 GaAs quantum wells are
inserted at the antinodes of the electric field inside the 2.54 cavity. The DBR consists of
alternative AlAs and Al0.15Ga0.85As layers with the thickness of a quarter light wavelength in
the cavity. The bottom DBR is gown on a GaAs substrate. The top DBR and the bottom DBR
are not doped.Figure 3.1(right) is the SEM imaging of the cross section of the semiconductor
microcavity. The interface is very smooth and the microcavity is grown with a very high
quality.
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Figure 3.1 Left: structure of the semiconductor microcavity used in experiment, the thickness of the DBR
and cavity is not in real scale, just to see the details of the cavity. Right: SEM imaging of the cross section of
the microcavity.
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Figure 3.2 is the simulated electric field distribution in the microcavity for light wavelength of
around 802 nm. The maximal electric filed is located at the position where the quantum wells
are inserted. This promises maximal coupling between the excitons in quantum wells and the
cavity photon modes. At each maximal electric field position, three quantum wells are used.
With this, the total exciton density can be distributed within 12 quantum wells. The effective
exciton density for each quantum well is greatly reduced [39]. The large number of the
quantum well also increases the Rabi splitting of the microcavity.
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Figure 3.2 The Refractive index and electric field distribution in the high Q microcavity.

The simulated polariton modes are shown in Figure 3.3(left). The enlarged graph of the
polariton modes can be found in Figure 3.3(right). The experimental reflectivity and simulated

one agree very well.
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Figure 3.3 Left: Reflectivity of the semiconductor microcavity; right: Enlarged graph of the stop band of the
microcavity.
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Figure 3.4 Low-branch polariton emission at 6K (taken at Univ. Southampton)

Figure 3.4 shows the low-branch polariton emission at 6K with a large negative detuning,
which can be used to estimate the Q factor of the microcavity. From Figure 3.4, we find the Q
factor is around 16,000 and the lifetime of the cavity photon is around 18-20 ps.

Figure 3.5 demonstrates angle resolved PL and corresponding lower-branch polaritons and
upper-branch polaritons energy with angle taken at around 20K. The microcavity’ Rabi
splitting is around 9 meV.
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Figure 3.5 Left: angle-resolved PL taken at ultralow power, the spectra is shifted for clarity; right: measured
lower-branch and upper-branch polariton energy as a function of angle.

3.3 Setup

The setup used in the experiment can be found in Figure 3.6. The sample is placed in a cold
cryostat which can cool the sample to around 20K. The pump laser is a continuous wave
Ti:Sapphire laser, which is focused onto the sample by using an objective. The objective’s
magnification is 50 times. It has a working distance of 13 mm. The magnification of the
objective makes sure to see the surface of the sample clearly. The wavelength of the laser is
tuned at around the first minimum of the reflectivity above the microcavity’s stop band, to
guarantee high absorption. The laser is chopped by using a mechanical chopper to reduce the
heating. The spot onto the sample is around 2-5 microns. The emitted light from the sample is
collimated by the same objective and sent to the spectrometer with additional lens. A
combination of two lens in Figure 3.6 are used to put the Fourier plane onto the slit of the
spectrometer.

When investigating the micropillars, a white light is shined onto the sample. The reflected
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white light is send to a thorlabs CCD camera, which can be found in the box a in Figure 3.6. A
lens in box b with a focus length of 5 cm is used to focus the real space imaging onto the CCD
camera. In the experiment, we can move the cryostat in 2 directions and monitor the position of
the laser spot onto the sample.

“ Beam splitterl cryostat - spectrometer - Laser

\ mirror Hsample . . " lens @ CCDcamera

O Objective === |550r heam {———— white light

Figure 3.6 Experimental setup for the momentum space imaging, the box a indicates the optics for micro PL
experiment, where white light is used to shine the surface of the sample, the lens in box b is used to take real
space imaging.

3.4 Polariton lasing in planar microcavity

3.4.1 Bottle-neck effect and high Q microcavity

As bosons, exciton polaritons can condense into the ground states when the mean occupation
number reaches unity. This is only observed recently, like in reference [37]. The reason is due
to the bottle-neck effect. It occurs because the relaxation time of exciton polaritons is larger
than their lifetime. Most of exciton polaritons decay at the bottle-neck region (where the
polariton density of states decreases greatly) before relaxing further to the ground states, as
shown in Figure 3.7. If the laser power is increased further, the exciton is approaching the
Mott density, strong coupling is lost [6].



28

0,
" pump

Bottle-ngck region

Figure 3.7 Momentum Space imaging with both the pump and polariton emission ring, reprinted from [4]

The bottle-neck effect can be avoided in the semiconductor microcavity which has larger
saturation density [14]. The pump power could be high enough to fasten the relaxation process
by exciton-exciton scattering in the strong coupling regime. Another way is to optimize the
cavity quality that makes the cavity photons and polaritons lifetime longer. The polaritons relax
to the ground state before they decay out of the microcavity [8]. The following is about the
polariton lasing through the second method.

3.4.2 Polariton lasing in planar microcavity

Figure 3.8 shows the polariton lasing in a high Q planar GaAs microcavity at 20K.

At low power, the excitons formed by a non-resonant pump laser firstly scatter with LO
phonons very quickly (100fs). A population of excitons with large wave vector and high energy
is formed called an exciton reservoir. Then they experience a slower relaxation along the
exciton polariton dispersion curve with acoustic phonons. Now we just observe the emission
from the lower-branch polaritons which occupy the states that have a mean population number
much smaller than unity, in Figure 3.8(left).

When the pump power is increased, the relaxation becomes faster due to the physical processes
such as exciton-exciton scattering. When the population number of low energy states is
increased to unity, polariton lasing occurs, as shown in Figure 3.8(right). The lasing energy is
far away from the cavity photon mode. This shows that we see unambiguously a polariton
laser.

The polariton lasing occurs accompanied by the superlinear increase of the integrated intensity
of the emitted light from the microcavity with the pump power, as in Figure 3.9. The
nonlinearity starts at around 10mW, which is the threshold power. The integrated intensity of
the emitted light increases linearly, with the pump power below and above the threshold. In
Figure 3.9, the linewidth of the emitted light decreases greatly from 1.6 meV to 0.5 meV near
the threshold. When the power is increased further, the linewidth becomes larger because of
polariton-polariton interaction in the condensate or polariton-exciton reservoir interaction.
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Figure 3.8 Energy vs angle imaging when the power is below threshold (left) and above threshold (right)
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Figure 3.9 Left: integrated intensity of the light as a function of pump power; Right: linewidth of the emitted
light as a function of pump power

Above the threshold, we find polariton lasing occurs at high-k states, shown in Figure
3.8(right). This is caused by strong interaction between polaritons in the condensate or
polariton-exciton reservoir interaction. This strong interaction is larger especially when a small
pump spot is used [14], where the relaxation into the ground state is hindered. The macroscopic
occupation of the polaritons into the ground state can be realized when a large spot (25
micrometers) is employed.

To conclude, polariton lasing is observed in a planar microcavity at 20K. The nonlinear
increase of the integrated intensity of the emitted light, the decrease of the linewidth confirm
the occurrence of polariton lasing.

3.4.3 Photon lasing at high temperature

The necessity to increase temperature

The final goal of polariton laser should be to occur at room temperature and find real
application in industry. When the temperature is increased, the oscillator strength and the Rabi
splitting are reduced. Strong coupling in microcavity could be lost at lower pump power
(higher pump power also reduces Rabi splitting). It is necessary to check whether polariton
lasing is still observed or not at higher temperature such as 70K.
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Results and discussion
From Figure 3.10, the integrated intensity of the light from the microcavity shows a clear
nonlinearity with the pump power. A kind of lasing occurs at around 30mW.
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Figure 3.10 Integrated intensity of PL as a function of pump power at 70K.

To make clear it is polariton lasing or photon lasing, momentum space imaging is needed to
take. In the following | measure the angle-resolved spectra and plot them together in Figure
3.11. When the pump power is small, the microcavity is still in the strong coupling regime.
Now light hole exciton is also included to the coupling with the cavity photons. We observe
lower-branch, middle-branch and upper-branch polaritons. However, strong coupling is lost
when the pump power is just above the threshold. We find that the lasing energy follows the
cavity mode, as shown in Figure 3.11(middle). When the power is increased further, the lasing
occurring at the cavity mode is clearer. At this power we do not observe the emission from
lower-branch polaritons. Surprisingly, the photon lasing threshold is not much larger than the
polariton lasing threshold at low temperature (30mW vs 10mW, in reference [38], the threshold
changes by around 1 order of magnitude).

Angle(deg) Angle(deg) Angle(deg)
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Figure 3.11 Energy vs angle imaging below threshold (left), just at threshold (middle) and above threshold
(right)
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Discussion about whether middle-branch polariton lasing

In Figure 3.11(middle), the lower-branch polariton is still visible. It seems that the
middle-branch polariton is lasing. This should not be true. The appearance of the emission
from the lower-branch polaritons when lasing occurs cannot be seen as the evidence that strong
coupling regime is kept. In fact, the emission of the lower-branch polaritons comes from the
outer region of the pump spot where strong coupling still exists. But strong coupling is lost in
the center of the pump spot, where weak coupling lasing occurs. This is more obvious when the
pump spot is not homogeneously distributed. Usually we can put a pin-hole with diameter of
50 micrometers in the real space imaging plane of the pump spot, to choose a specific small
area (several micrometers depending on the lens and objective used) that truly reveals the
coupling between the excitons and the cavity photons.

Compare photon lasing and polariton lasing

The photon lasing looks very like the polariton lasing. Especially in a similar structure like a
VCSEL, we could also observe a threshold behavior of the integrated intensity of the emitted
light from the cavity with the pump power, the decrease of the linewidth at threshold, even the
increase of the spatial order when cavity photon lasing occurs [41]. In a paper from reference
[40], they claim that even in a microcavity that has a large Rabi splitting, a small blue-shift
above lasing threshold does not guarantee that it is in the strong coupling regime.

To make a systematic investigation of polariton lasing at low temperature and photon lasing at
high temperature, we compare the polariton lasing or photon lasing when the detuning is
changed. The lower-branch polaritons, HH excitons, LH excitons, cavity modes and polariton
or photon lasing energy are plotted with the detuning (now the detuning is defined by the
energy difference between the cavity mode and HH excitons). When strong coupling lasing
occurs, there should be a rigid blue-shift of the dispersion curve of the polaritons; while as the
photon lasing energy should just follow the cavity photon mode. The result is summarized in
Figure 3.12 and Figure 3.13.

From Figure 3.12 it shows that the lasing energy at 70K is very close to the cavity mode at low
power. Considering the changes in the refractive index of the microcavity when the pump
power is very high, the renormalized cavity mode is red-shifted [40]. The difference between
the lasing energy and the cavity mode at high power is even smaller and can be ignored. We
could say that lasing just occurs at the renormalized cavity mode. In addition, the lasing energy
at some positive detuning (larger than 2meV) is higher than the un-coupled excitons. This is
direct evidence that we observe clearly the cavity photon lasing.
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Figure 3.12 Cavity mode, low power lower-branch polariton, lasing peaks and threshold power as a function
of detuning at 70K.

It is different when the temperature is at 24K, in Figure 3.13. The lasing energy is far from the
cavity mode when the detuning is changed. There is a rigid blueshift of the lasing energy from
the small power lower-branch polaritons. We find that the lasing energy never goes beyond the
un-coupled excitons, not like the case at 70K.
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Figure 3.13 Cavity, low-power lower branch polaritons, lasing peaks and threshold power as a function of
detuning at 24K.

In the strong coupling regime, the polariton lasing threshold is minimal at around -7meV. The
reason why this occurs can be seen in the work of micropillars later.

To conclude, clear photon lasing is observed at 70K. The comparison between the photon
lasing and polariton lasing undoubtedly demonstrates different coupling in the microcavity.
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However, more work should be continued. The most convincing evidence should be that strong
coupling is lost when the pump power is much larger than the polariton lasing threshold. Then
a second lasing occurs when the power is increased further than the weak coupling lasing
threshold, like the work performed by reference [42]. A second threshold is also observed in
our group. This is the convincing evidence that strong coupling is lost and photon lasing
occurs.

3.5 Polariton lasing in micropillars
3.5.1 Observation of polariton lasing in micropillars

The importance of micropillars

The micropillar structure can be used in electrically injected exciton polariton devices such as
polariton LED and LD. To explore the possibility of electrical pumped polariton devices, it is
necessary to investigate polariton dynamics in micropillars by using optical method. The lateral
confinement in micropillars enhances polariton relaxation and thermalization, which could
reduce the polariton lasing threshold.

The micropillars

The micropillars are etched in FORTH/IESL, which can be seen in Figure 3.14. From Figure
3.14(right), the micropillar has smooth surface and clear steep slope. The etching material is
just the top DBR, the quantum wells are exposed to the air. To decrease the emission from
these quantum wells, a layer of gold is deposited onto the etched surface.
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Figure 3.14 Left: SEM of the etched micropillars and ridges. Right: SEM imaging of a single micropillar
with diameter of 2 micrometers.

Results and discussion

In the experiment, several pillars are investigated with the diameter of 6, 8, 12, 16, 25 and 40
micrometers. In Figure 3.15(top), we find that the dispersion curve of exciton polaritons
changes when the micropillar diameter varies. As to smaller pillars with the diameter of 6
micrometers, the dispersion curve transits to discrete levels, as shown in Figure 3.15(top 1).
This is consistent with the expectation that the lateral confinement makes the 2D exciton
polaritons to become 0D particles. When the pillar size increases, the confinement is weaker,
the discrete levels transform into continuous curves. In addition, the energy of the lower-branch
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polaritons at normal incidence decreases when the pillar size is smaller. This is opposite to
other research which shows the cavity mode should be blueshifted. The reason should be that
the detuning variance is large in this set of micropillars (in perfect condition, the detuning
difference should be very small to be ignored, but some detuning changing inhomogeneous

region exists here).
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Figure 3.15 (top) Energy vs angle imaging of exciton polaritons at low power of different micropillars;
(bottom) Energy vs angle imaging of exciton polaritons at high power of different micropillars

Polariton lasing is observed in a large variety of micropillars, as shown in Figure 3.15(bottom).
Figure 3.16 shows the integrated intensity of the emitted light from the microcavity as a
function of pump power. We find that the threshold of the polariton laser is smaller when the
pillar size decreases.

I T I T 40microns

‘o4 25microns

=) 16microns

¥ 12microns

Bmicrons

Integrated intensity{a.u.)

Power(mW)

Figure 3.16 Integrated intensity of the emitted light from the microcavity with the pump power of different
micropillars, the detuning is -2meV.

Relaxation dynamics in micropillars

In the planar microcavity, we find the polariton lasing occurs at high k states rather than the
ground state (in this thesis, we always use a small pump spot). When the exciton polaritons are
confined in a micropillar, the lasing behavior is different as following:

(1) Lasing at high k state and relaxing to the ground state

In the pillars with the diameter of 40 micrometers, the polariton lasing first occurs at high k
states. Then the lasing polaritons relax to the ground state with further increasing the power, as
shown in Figure 3.17. This has been observed by reference [43]. They find polariton lasing
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firstly at high-energy states, then the lasing polaritons transit to the ground states at higher
power. They use a theoretical model to simulate the dynamic transition between these two
lasing states by including exciton-exciton interaction or polariton-polariton interaction. Our
experiment uses a much larger pillar (40 micrometers vs 4-5micrometers), and we observe
more clearly the transition process.
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Figure 3.17 Energy vs angle imaging as a function of pump power, the lasing occurs firstly at high k states
while moves to the ground states with increasing power.
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(2) Polariton lasing directly at the ground state

In the smaller micropillars with more positive detuning, polariton lasing occurs directly at
ground state, as shown in Figure 3.18. (The two horizontal lines correspond to un-coupled
excitons in the microcavity, whose intensity is very low when stimulated scattering of
polaritons occurs.) As mentioned before, the confinement in the micropillars fastens the
polariton-polariton interaction or polariton -exciton reservoir interaction, which enhances
relaxation into the ground state and overcomes the bottle-neck effect.

Through (1) and (2), it is clear that the micropillars have stronger confinement and allow faster

relaxation process.
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Figure 3.18 Energy vs angle imaging below threshold (0.1mW) and above threshold (6, 15 and 120mW), the
pillar size is 25microns.
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In addition, we observe in Figure 3.18 that the lasing energy has blueshift when the pump
power is increased further due to polariton-polariton interaction. This is consistent with the
result of the planar microcavity.

To summarize, the above result clearly confirms that the confinement in micropillars enhances
the relaxation of the exciton polaritons and attenuates the polariton lasing threshold.

3.5.2 Polariton lasing threshold changes with the pillar size and detuning

In Figure 3.16, we have found that the polariton lasing threshold is smaller when the pillar size
decreases at detuning of -2 meV. Similar work should be continued at other detuning. The
lateral confinement in micropillars modulates the cavity photon dispersion. With changing
detuning, we can investigate how the confinement affects the cavity mode and polariton lasing
threshold.

Results and discussion

In Figure 3.19, we compare the thresholds of polariton lasing of different pillars when the
detuning is changed. (The detuning is varied when different sets of micropillars are chosen,
where the detuning difference between the micropillars in one set can be ignored here.)
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Figure 3.19 Polariton lasing threshold of different micropillars when the detuning is changed at 25K

In Figure 3.19, the polariton lasing threshold tends to be smaller when the diameter of the
micropillars decreases at detuning -3.2meV, -5.7meV and -7.4meV. The decrease of the
threshold is due to more efficient relaxation mechanism and avoidance of exciton diffusion in
smaller micropillars. The polariton relaxation rate with acoustic phonons is inversely
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proportional to the square root of the microcavity volume. In smaller micropillars, the
relaxation rate is smaller so polariton lasing threshold is reduced. The exciton diffusion length
can reach several micrometers at low temperature. In small micropillars, excitons will be
reflected back from the pillar wall and contribute to the stimulated scattering. The polariton
lasing threshold thus becomes smaller. In addition, the polariton lasing threshold decreases
when the detuning becomes more negative. Our result is different from reference [8], which
shows polariton lasing threshold is minimal around zero detuning. Here we propose the
explanation for this below:

When the detuning is more positive, the exciton component becomes larger. This increases the
critical density of the polariton lasing [8], because the density of states is larger. It is also
reported that the polariton lasing threshold is minimal at negative detuning by reference [44].
The reason, they claim, is that there is a de-trapping effect from the ground states of polaritons,
especially when the energy-trap depth (the energy difference between the polariton ground
state and the excitons) can be comparable to the thermal excitation. It is more difficult to
confine the exciton polaritons in the energy-trap when the detuning is more positive (where the
energy-trap is shallow). Thus more pump power is needed to realize polariton lasing. In the
present cryostat, the sample is pasted onto a silicon substrate, which does not conduct heat
efficiently. So the real temperature of the sample is higher than the cryostat. | estimate the real
temperature is around 40-50K when the cryostat reaches around 20K. The thermal energy is
around 4-5meV, which can be comparable to the energy-trap for the positive detuning. When
the detuning is negative, the trap can be as large as 9meV. Here the de-trapping effect of the
exciton polaritons can be ignored. Now the polariton relaxation into the ground state can be
easily realized and threshold power is smaller.

3.5.3 Polariton lasing threshold changes with the temperature

As discussed before, polariton lasing is the spontaneous emission of the condensate in the
microcavity. However, building a polariton laser does not mean that a thermalized or quasi
thermalized polariton condensate has to be realized. When the polariton condensates reach
equilibrium or quasi-equilibrium with the host crystal, the critical density can be derived from
the Bose statistics and the dispersion, as shown in Figure 3.20. We can see that the critical
density increases monotonically with temperature.
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Figure 3.20 Critical density of KT transition (dashed line) and quasi-BEC in a system with square size of 20
microns (the lower red solid line) and 1 m (the upper green solid line); vertical dash-dotted line is the
upper-limit of exciton-dissociation temperature. The horizontal dash-dotted lines show the exciton saturation
density with 1 QW (the lower one) and with 12 QWs (the upper one). Reprinted from [44]

Results and discussion
We increase the temperature, and keep the detuning between the excitons and cavity photon

constant. With increasing the temperature, polariton lasing threshold is larger. This is clearly
shown in Figure 3.21.
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Figure 3.21 Polariton lasing threshold of the micropillar with the diameter of 12 microns when the
temperature is changed from 26K to 61K
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We can see that the above linear increase of the polariton lasing threshold is consistent with
Figure 3.20 in the temperature range investigated. A linear increase in the polariton lasing
threshold with temperature is also observed in reference [44]. To check whether the polariton
condensate is thermalized or not, we plot the integrated intensity (integrate from the energy vs
angle imaging data) just at the threshold corresponding to Figure 3.21. The relative population
number of polaritons is proportional to the integrated intensity divided by the cavity photon
component. At each temperature, we get the cavity photon fraction by simulated Hopfield
coefficients. Figure 3.22 shows the integrated intensity after the cavity photon component
correction. We find that a linear behavior is clearly seen, which shows that the polariton
condensate reaches quasi-equilibrium (from fitting by using a Boltzmann distribution, we find
the fitted temperature is higher than the micropillar; for example, we find a fitted temperature
of 50K when the cryostat is 26K).
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Figure 3.22 Integrated intensity of the emitted light taken from the energy vs angle imaging data corrected
by the cavity photon faction with the energy difference from the state which has a zero wave vector, the lines
are fitted by a Boltzmann distribution. Left axis: log; bottom axis: linear. (the temperature indicated is the
cryostat temperature)

The increase of the polariton lasing threshold with temperature can also be explained by
considering that the polaritons can be thermally excited away from the ground states, which
prevents macroscopic occupation and lasing. Thus more power is needed to realized polariton
lasing.

To conclude, polariton lasing is observed in a large variety of micropillars, in which the
confinement enhances the polariton relaxation. The threshold decreases with pillar size and
detuning. A linear increase of polariton lasing threshold with temperature is observed. To be
further, the micropillars can be applied in some polariton devices. Future work could be also
continued in view of the giant polariton-polariton interaction in small micropillars such as
polariton blockade regime.

3.6 Conclusion

In this Chapter, polariton lasing in a high Q planar microcavity and micropillar is observed.
The polariton lasing occurs at high wave vector states in a planar microcavity due to
polariton-exciton reservoir or polariton-polariton interaction within the condensate. Polariton
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lasing is found to be at the ground state in micropillars due to strong lateral confinement. In
addition, we observe both polariton lasing at low temperature and photon lasing at high
temperature. The lasing mechanisms at these two temperatures are compared and discussed.
When increasing the temperature, we find polariton lasing threshold increases linearly in a
micropillar between 26K and 61K, where a quasi-thermalized polariton condensate is realized.
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Chapter 4

Transistor switch based on the polariton condensate

4.1 Introduction

Achieving higher and higher speed of operation in electronics is experiencing increasing
obstacles. Moore’s law, which lasts for several decades, is approaching the inherent limits of
semiconductor materials [45-48]. Although a number of novel approaches are used to improve
the electronics’ operating frequency and power consumption [49-51], it is widely accepted that
charged carriers will be replaced by information carriers that do not suffer from scattering and
resistance effects in the future. However, up to now, a viable optical analogue to an electronic
transistor has not to be identified as switching and operating powers of these devices are too
high [52].

Polariton, as hybrid states of light and electronic excitations in semiconductor microcavity,
offers a promising solution in view of the fact that they behave as a natural bridge between
these two systems. The cavity polaritons’ exciton component allows them to interact with each
other strongly, resulting in nonlinear functionality. On the other hand, their photonic
component restricts their de-phasing, which allows them to carry information with minimal
data loss. Notably from the view of solid state physics, polaritons are bosonic particles with a
particularly light effective mass. So polaritons can macroscopically condense into single
low-energy state, which shows many similarities to atomic Bose Einstein condensates
[14,53-55].

The macroscopic quantum properties of polariton condensates combined with their photonic
nature make them ideal candidates in the application of quantum information devices and all
optical circuits [19,56-58].

Several recent works address the possibility of optical manipulation of polariton condensate
flow, however, these stop short of demonstrating actual switch gating of polariton condensate
flow, which is a prerequisite for implementation of integrated optical circuits [11,59,60].

Polariton propagate

Exciton polariton condensate has much larger particle-particle interaction because of the
exciton component. The polaritons in the condensate repel each other due to
polariton-polariton interaction or polariton-exciton reservoir interaction. In this case, the
polariton condensate can propagate backwards away from the pump spot center when they gain
non-zero wave vector, with the group velocity which is determined by its dispersion curve:

1dE
Vgroup = %d_k
(4.1)

The polaritons will propagate with the momentum

p=nk (42)

and energy
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E(K)

Sample

The sample is a microcavity ridge, etched from a high Q planar microcavity. The microcavity
ridge is around 20x300 micrometers. The ridge is in the orientation such that the long side is
along the detuning-changing direction. With the detuning difference along the ridge, the
created exciton polariton condensate goes towards the more-negative end, as shown in Figure
4.0(a).

Polariton
condensate

AlAs/AlGaAs
DBR

GahAs QWs
DBR (C}

Figure 4.0 Schematic of the polariton condensate transistor based on a microcavity ridge (a) without and (b)
with the gate; SEM images: (c) the cross section of bulk sample and (d) a 20pm ridge.

Position-varying blueshift

Around the pump spot center, the exciton reservoir density changes at different position, which
causes different blueshift, as shown in Figure 4.1. The blueshift is maximal at the center of the
pump spot, and becomes smaller at larger distance.
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Figure 4.1(a) Schematic diagram of the polariton condensate expelled from the pump position with
increasing the wave vector. (b) The energy vs angle imaging taken at different position from the pump
position, reprinted from [61].
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Proposal of transistor switch

If we introduce a second non-resonant laser in the pathway of the polariton condensate flow,
the blueshift resulted from this laser forms a local blueshift. The polariton condensate ejected
by the pump laser can be either reflected or transmit through, depending on the height of the
blueshift. This looks like an electronic transistor switch, where the pump laser acts as source,
the second gate beam behaves as gate electrode, and the ridge end can be seen as the drain
electrode or collector. Now the carrier is not electrons, but polaritons. The advantage of
polaritons is that the group velocity of the polaritons can reach around 2.5 um/ps, which is one
order of magnitude higher than the drift velocity of the electrons at high electric field (the
saturated drift velocity of the electrons in AlGaAs/GaAs/AlGaAs 2D electron gas channel is
around 0.4 um/ps in reference [45]).

4.2 Experiment setup

The experiment setup, as shown in Figure 4.2(a) is similar as the one used in Chapter 3.
However, to investigate the transportation of exciton polariton condensate, the sample is
aligned in such a way that the microcavity ridge is parallel with the slit of the spectrometer. So
we can measure the energy distribution of the exciton polariton condensate along the ridge. The
two lasers come from the same continuous wave Ti:Sapphire laser. They are focused onto the
microcavity ridge in a way that is shown in Figure 4.2(b). An objective is used to focus the
laser spot of about 2-5microns onto the ridge and to collect the PL from the sample. The first
laser is the source beam, which acts to inject the exciton polariton condensate. This condensate
propagates along the ridge towards to the more negative-detuning direction. The second is the
gate beam, which induces a blueshift between the pump spot and the ridge end. It controls the
polariton condensate flow. The laser wavelength is at around the first reflectivity minimum of
the Bragg mode above the stop band of the microcavity, as done in Chapter 3.

There is a blocking element which can block the gate beam, with which we can see how
polariton condensate flow forms when there is only source beam.

When investigating the real space imaging of the ridge, a lens is used in front of the slit of the
spectrometer, with the distance of its focus length, while the slit is totally open. To resolve
energy information of the polariton condensate flow along the ridge, the slit of the
spectrometer is closed as in the case of taking spectra. Here we usually put the center of the
ridge onto the slit of the spectrometer.

White light is shined onto the surface of the sample and we can monitor the positions of the
source spot and gate spot. In the experiment, the source beam spot is put around 60
micrometers from the ridge end.
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Figure 4.2 (a) Experimental setup for two beams when blocking element is off; (b) Two spots alignment on
the ridge

4.3 Results and discussion

4.3.1 One beam case

With only source beam, we find that there is huge difference between below threshold and
above threshold, as shown in Figure 4.3 (a) i, (b) i and (c) i.

Below threshold real space image in Figure 4.3(a)i reveals the emission is concentrated at the
source whilst angularly resolved emission Figure 4.3(c)i confirms that the emission originates
from the lower polariton (LP) branch. The spectrally-resolved image Figure 4.3(b)i shows the
relaxation bottleneck at higher energies and evidences long polariton lifetimes through the
extension of the polariton emission to the end of the ridge.

In Figure 4.3 (a) ii, (b) ii and (c) ii, however, the physics process is much different when the
power is above threshold, while the source spot causes the formation of exciton polariton
condensate. From Figure 4.3 (c) ii, we can see that the condensate gains non-zero wave vector
due to polariton-exciton reservoir interaction. We estimate the group velocity of the polariton
condensate is around 2.5 um/ps. This condensate flux flows towards the
more-negative-detuning direction because of the potential gradient, which is clearly seen in
Figure 4.3 (b) ii.

From the time-resolved experiment performed in Madrid on the same sample, the polariton
condensate is reflected backwards when it propagates to the end of the ridge. The
backwards-transporting condensate is reflected again when it propagates to the pump spot.
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Thus there is multiple reflection of the polariton condensate between the ridge end and the
pump spot.

From Figure 4.3(b) iii-iv, the polariton condensate has a smaller energy than the pump spot.
This means a non-ballistic propagation of polariton condensate occurs. We find the energy of
the trapped condensate is around the same as the lower-branch polaritons at the ridge end when
the power is very low.

In addition, from Figure 4.3 (c) iii, iv, (b) iii, iv, it is clear that the condensate at the ridge end
forms with a zero wave vector. The change in the wave vector is caused by the multiple
reflectance of the condensate flow from the pump spot and the ridge end. During this process,
the kinetic energy of the polaritons is lost.

Here there is no interference between the forward-moving condensate and backward-moving
condensate, as shown in reference [10]. This has more advantage because this parasitic
interference will bring in some problem in optical circuits, which favors clean and definite
optical control along the waveguide.

Distance (um) Distance (um) Angle (deg)
20 40 . 0 20 40 ) 20 "0 20

Distance (um)
Energy (eV)

Figure 4.3 Real space imaging, energy resolved imaging and energy vs angle imaging taken at different
power

Line profile along the ridge

From the line profile we can compare the intensity along the ridge more clearly. Figure 4.4
plots the line profile along the center of the ridge at different power. The intensity at the ridge
end increases nonlinearly and becomes larger than the pump position. This means more and
more polaritons do not decay at the pump spot while they transport along the ridge. Figure 4.4
clearly shows the propagation of the exciton polariton condensate flow.
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Figure 4.4 Line profile of the real space imaging along the ridge taken at different power

Power dependent spectra at ridge end

The condensate at the end of the ridge forms nonlinearly, the power dependent spectra is
needed to investigate the nonlinear process. In the following part we plot the line profile from
the energy versus distance imaging of the exciton polaritons condensate at the ridge end with
pump power, in Figure 4.5(a). From these power dependent spectra we can see that the
condensate appears suddenly above the polariton lasing threshold with a very small linewidth.
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Figure 4.5 Power dependent spectra at the ridge end (left, log scale versus linear scale) and integrated
intensity of this position and the pump position (right, log scale versus log scale).

Figure 4.5(b) is the integrated intensity of the emitted light from the pump position and the
ridge end as a function of the pump power. It is clear that there is also nonlinear increase with
the pump power at the ridge end, with a larger threshold than the pump position. It is
reasonable because the condensate flow is from the pump spot and the polaritons experience
relaxation during the propagation process.
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4.3.2 Relaxation along the ridge

From Figure 4.3, we find that the polariton condensate experiences relaxation along the ridge
and a trapped condensate forms at the ridge end. It is necessary to measure the energy versus
angle dispersion at different position along the propagation path to investigate the relaxation
process. We find these are sub-branch polaritons due to lateral confinement and these
sub-branches play an important role in the polariton relaxation dynamics.

Subbranch polaritons due to lateral confinement
In our sample, there exist discrete energy levels due to lateral confinement of the ridge. The
momentum space imaging can be simulated by adopting the following formula [62]:

h%c? r?
(F(n +1)2 + k2//)

En (k//) = \/Ezcav +

(4.3)
Where n is the number of the nodes of the electric field vertical the ridge, L is the width of the

&

ridge, E, is the cavity mode energy at normal incidence without considering the lateral

confinement.
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Figure 4.6 Low power energy versus angle imaging (along the ridge)

In Figure 4.6, the dotted points are the simulated result from the formula above. The number n
indicates the parity of the field distribution of the photon modes in the direction vertical to the
ridge. When n is an even number, the field distribution of the cavity mode vertical to the ridge
is symmetric. While as the field distribution of the cavity mode vertical to the ridge is
anti-symmetric when n is an odd number. Some research shows that these subbranch polaritons
are linearly polarized due to strain [10].
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Results and discussion

To explore the relaxation of the polariton condensate, we measure the momentum space
dispersion along the ridge with different pump power. To do this, we need to put the Fourier
imaging of the objective onto the slit of the spectrometer. Then a second slit is used with the
orientation such that the two slits are perpendicular to each other. The second slit is controlled
by a translation stage. With moving the translation stage, we can measure the momentum space
imaging at different position along the ridge. The result is shown in Figure 4.7.
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Figure 4.7 Energy versus angle imaging at various positions along the ridge at different power above
threshold, 1 and 2 dictates different sub-branch polaritons

From Figure 4.7, we can see that the exciton polaritons that propagate to the ridge end have a
larger population with a positive wave vector. While as the exciton polaritons transporting
backward the pump position have a larger population with a negative wave vector. This
confirms that the polariton condensate gains opposite wave vector at the pump spot center (at
two sides).

When the pump power is 4 or 5 times the polariton lasing threshold, we find there is something
interesting:

1) Dynamic transition occurs between different sub branches polaritons.

At the pump position, we find that several sub-branch polaritons are occupied. For example, at
the power 5 times polariton lasing threshold, two sub branches are clearly seen at the pump
spot. However, variant sub-branches are occupied at different positions along the ridge. From
the pump spot center, where sub branch 2 dominates the emission, to the position closer to the
ridge end, we can see sub branch 1 overwhelms sub branch 2. Here we firstly find the
transition dynamics between different sub branch polaritons in a propagation process.

2) Lowest energy level forms at the ridge end.

At the ridge end, it is clear that a new condensate appears at the energy determined by the
detuning at the ridge end. Here it seems that some parametric scattering occurs. However, more
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work is needed to check the physical process here.

4.3.3 Weak coupling regime

High pump power can push the excitons at the pump spot beyond saturation density. This leads
to the dissociation of the excitons and thus the strong coupling is lost. So it is possible that
weak coupling lasing occurs in the center of the pump spot but strong coupling exists in the
outer region. In this case, the exciton polariton condensate at outer part of the pump spot can
also appear. In the following we plot the near field imaging at around 28K where strong
coupling regime is kept and 70K when weak coupling lasing occurs. The result can be seen in
Figure 4.8. We can see that propagation only exists in the strong coupling regime. When weak
coupling lasing occurs, the emitted light is mainly located at the center of the pump position.
And there is no any propagation of the cavity photons along the ridge.

Distance(um)
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28K: strong coupling 70K: weak coupling
Figure 4.8 Real space imaging of the ridge above threshold at 28K (left) and 70K (right)

4.3.4 Two beam case

When a second laser beam is introduced, the propagating exciton polariton condensate will
“feel” the interaction with the exciton reservoir created at gate spot, which will block the
transportation of the condensate depending on the interaction strength. As in Figure 4.9 (a) i, ii,
iii, (b) i, ii, iii, (c) i, ii, iii, the counts at ridge end are reduced with increasing the gate beam
power. This is like an electronic transistor switch. The second beam acts like a gate electrode,
while the ridge end is a collector. In an electron transistor, the free transport of the 2
dimensional electron gas is controlled by the gate electrode. Here the control gate beam
modulates the propagation of the polariton condensate.

between the source spot and gate spot is formed. With increasing the gate beam power, the
middle condensate is repelled more towards the source spot. This is because the blueshift
caused by the gate beam is larger, which pushes the polariton condensate towards the source
spot more closely. When the gate beam power is 0.47 times the polariton lasing threshold, the
total intensity at the ridge end is reduced by 90%. The gate beam power is only 1/20 of the
source beam.

In Figure 4.10 (left), the intensity profile along the ridge is plotted when the gate beam power
is changed. From this figure, the gating behavior of the second beam is very clear.
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Figure 4.9 Real space imaging, energy resolved imaging and k space imaging at different powers when two
beams are introduced
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Figure 4.10 the line profile of the real space imaging along the ridge at transistor switch regime and beyond
transistor switch regime

However, when the power of the gate beam is high enough, the second laser also creates
exciton polariton condensate, which flows towards the ridge end. So the counts at ridge end
become larger when the gate beam power is increased further, as shown in Figure 4.9 (a) iv, v,
(b) iv, v, (c) iv, v. The condensate between the source position and gate position is repelled
more towards the source spot when the gate beam power is higher. This is consistent with the
Figure 4.10 (right).

This gating behavior can be seen more clearly when the source power and gate power is
scanned independently, as seen in Figure 4.11.
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Figure 4.11 The intensity at the ridge end when the source power and gate power are scanned independently

From Figure 4.11, the gating by the second beam works very well, only at a region where the
gate beam does not go beyond the polariton lasing threshold, either does not inject polariton
condensate towards the ridge end.

Compare to the electron and exciton based transistor

If we discuss the performance of this prototype polariton condensate transistor, we can see that
the polariton dispersion yields a group velocity of 2.5um/ps. This is nearly 30 times faster than
the speed of electrons in modern silicon transistors, which ensures a short transit time from
gate to collector (10 ps). So, in the current scheme the switching time of the device is limited
by the polariton lifetime (18 ps), which allows operation frequencies of tens of Gigahertz, one
order of magnitude faster than those of exciton-based transistors [63].

Further work is needed to reduce the operation power of the polariton transistor through either
resonant condensate injection or implementation of electrically controlled gating.

4.3.5 Theoretical simulation
The theoretical simulation is done by Tim Liew by using a Gross-Pitaevskii equation for the

polariton mean field ¥/ (X)

in ) € v 0+ () P ()
dt (4.4)

where E is the kinetic energy operator of polaritons, which reproduces the lower- -branch

polariton non-parabolic dispersion by using a coupled model;
The second part comes from

V(X) :VO(X)_ﬂX-I_P(X) (4.5)
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In which the first one is the confinement potential for the walls of the ridge; the second is the
potential gradient; the final part is pump induced blueshift. The blueshift is composed of
Gaussian spot with intensity and position corresponding to the lasers used in the experiment.
External pump induced blueshift has been shown to permit the engineering of the polariton
potential by using resonant [64] and non-resonant [65] excitation before. In this experiment,
the pump laser excites high energy excitons that induce a blueshift of polaritons through
polariton-exciton reservoir interactions.

The polariton-polariton interaction strength, can be estimated by: [66]

a ~ 6E a 4.6)

If we use standard values for the exciton binding energy EB and Bohr radiusdzin GaAs
quantum wells, the polariton density at the collector spot (ridge end) can be estimated from the

observed blueshift as75x10'em* when the interaction strength is around 0.004meV um’.

The Gross-Pitaevskii equation can be solved numerically using imaginary time propagation to
yield the ground state of the system (The maximum pump-induced (reservoir-induced)

blueshift was taken as 2meV, estimated from the observed blueshift at the pump position. f

=9meV/mm).
The simulated result can be seen in Figure 4.12

SDLIH'CE Ga?te

Distance (km)
Figure 4.12 Simulated Real Space imaging when one pump beam is used and two beams are introduced
In Figure 4.12, the simulated result when there is only source beam (Figure 4.12(a)) and when

both the source beam and gate beam (above threshold and beyond transistor switch regime)
appear (Figure 4.12(b)) agrees well with the experiment.
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4.3.6 Some questions

One question is that this transistor acts just as a switch, not as an amplifier. Now the
amplification is not well defined in view of the fact that the source, gate and collector are
independent, not like an electronic transistor. Recently, reference [67] shows an amplification
scheme by performing time resolved experiments. More work can be done if more
experimental methods are available.

4.4

Conclusion

In summary, a prototype polariton condensate transistor switch is realized by utilizing a
high-finesse microcavity sample fabricated into ridges. In this Chapter we show that the
polariton condensate flux on the ridge can be controlled using a gate beam that is 20 times
weaker than the source. This spatial control with attenuation approaching larger than 90%
(from later experiment) allows the implementation of all-optical polariton transistors suitable in
both optoelectronic and all-optical schemes [55,68].

In the short term they could be used in optical inter-core communication for transferring data
within and between chips. In the long term they could enable the elimination of electronics all
together.
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Chapter 5

Spin related phenomenon of polaritons in a microcavity ridge

5.1 Introduction
It is widely known that long range electron-hole exchange interaction is a leading spin
relaxation mechanism for Heavy-Hole Excitons in quantum wells [18]. This interaction
generates an effective magnetic field (called Maialle field) which lies in the quantum well
plane. The amplitude of the effective magnetic field depends on the TE-TM mode splitting. In
a strongly coupled semiconductor microcavity, the polaritons” TE-TM mode splitting is
amplified due to the cavity mode component. The effective magnetic field generated by the
TE-TM mode splitting introduces a polariton pseudospin vector evolution, like the effective
Rashba and Dresselhaus field on the electrons in semiconductors. The advantage of polaritons
is the long coherence length which can reach 1 mm in planar microcavities [18]. This is several
orders of magnitude longer than the electrons in semiconductors. In addition, the effective
magnetic field’s pointing direction depends on the wave vector of the polaritons. It varies when
the wave vector changes. The polaritons’ spin shows much more interesting physics and
application potential. The research of exciton polaritons’ spin leads to a newly emerging area:
spin-optronics [16], the counterpart to spintronics with electrons.
Recently, spin oscillation is observed in a high Q microcavity [65]. Different from previous
study which depends on resonantly pumping or quasi-resonantly pumping, this work uses non
resonant laser to study the spin procession in a planar microcavity. They observe the
polarization of the polaritons oscillates during ballistic propagation due to the effective
magnetic field. This kind of polarization oscillation above polariton lasing threshold needs to
be studied in 1D microcavity wire or ridge which provides a good platform to investigate the
pseudospin vector propagation and oscillation along the waveguide.

In this chapter, the following topics are discussed:

(1) We study polariton condensate flow propagation along the ridge under a CW circularly
polarized non-resonant laser. We observe some patterns due to the reflection of polariton
condensate flow at the edge of the ridge. This kind of patterns (called spin texture in the
following) is interesting because no such texture is found in planar microcavity or much
narrow (4-5 micrometers) microwires. In addition, we find that the spin polarization of the
polaritons show periodical oscillation due to the effective magnetic field.

(2) We find that the periodical oscillation of the polaritons’ spin polarization disappears when a
pulse circularly polarized non-resonant laser is used. A polariton condensate flow with
around constant spin polarization (called spin bullet later) is observed.

(3) The polariton condensate transistor switch realized in Chapter 4 could be used to realize
spin based devices. When the gate beam becomes circularly polarized, it introduces
spin-dependent blueshift. The polariton condensate flow with different spin polarization
can be either reflected and distributed between the source spot and gate spot, or can
transmit through the gate spot and be located between the gate spot and the ridge end. From
this, we realized to separate the polaritons with different spin polarization by the circular
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polarized gate beam.

5.2 Spin polarization in a microcavity ridge

In the following we firstly discuss the spin polarization when a circularly polarized laser is
focused onto the ridge at low power (below threshold) and at high power (above threshold).
The polariton relaxation time changes abruptly at the stimulated scattering threshold, which
leads to the increased spin polarization degree with the pump power.

5.2.1 Experiment setup
The experiment is performed at Madrid. The sample is placed in a stable cryostat which can
cool the sample to around 10K. The experiment setup can be seen in Figure 5.1.
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Figure 5.1 Experimental setup used for spin measurements

A large lens with a focus length of 1 meter is used to put the real space imaging of the sample
onto the slit of the spectrometer. A linear polarizer is put in the optical path to remove other
polarization light so only linear polarized laser is employed; a quarter waveplate is added to
change the laser from linear polarization to circular polarization. To detect the signal with
different polarization, a quarter waveplate, a half waveplate and a linear polarizer are combined
in front of the slit of the spectrometer. Considering the sensitivity of the spectrometer to the
light with different linear polarization, in the experiment, we fix the quarter waveplate and the
linear polarizer. We can rotate the half waveplate by 45 degree to detect the signal with
right-hand circular polarization and left-hand circular polarization. When the detection of other
polarization state is necessary, for example, the Stokes parameters, we can change the quarter
waveplate and the half waveplate at specific angles. The specific angle needed to be rotated can
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be seen in the following table if the initial angle for the quarter waveplate and the half quarter
waveplate is 0:

Ald Al2 Linear polarizer Polarization

i 0 0 Horizontal

i i 0 Vertical

0 99 50 0 Diagonal

0 6750 0 Anti-diagonal

0 0 0 Right-hand circular
0 ! 0 Left-hand circular

Table 5.1 The rotation angle of the quarter wave plate and the half wave plate to detect different polarization
state if the initial angle for the quarter wave-plate and the half wave-plate is indicated by 0

5.2.2 Results and discussion

There is large spin polarization when a circular polarized laser pumps non-resonantly onto the
ridge. In Figure 5.2, the left row is the energy and polarization resolved imaging taken at
90mW and 20mW. We can see that at 90mW, the spin polarization is very large at the pump
position, while it is very small outside the pump spot. In the right row, we find that there is
very small spin polarization at the pump position and outside the pump spot when the laser is
linearly polarized.
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Figure 5.2 Spin polarization along the ridge (The laser pumps at 0, the ridge end is at around 50micrometers).
Left row: the power is changed from 20mW and 90mW under a circular polarized pump laser (right hand);
Right row: the power is changed from 20mW and 90mW under a linear polarized pump laser.

The increase of the spin polarization of the polaritons with the pump power can be easily
understood. When the pump power is low, the spin polarization of the injected polaritons is lost
because their energy relaxation time into the ground state (through acoustic phonons, 2 or 3
hundreds of ps) is longer than the spin relaxation time (several tens of ps). The polaritons
become un spin polarized before relaxation into the ground state. When the power is higher
than the stimulated scattering threshold, the relaxation of the polaritons into the ground state
can be very fast (with several ps). Now the spin polarization of the polaritons is kept when they
condense macroscopically into the ground states. So the spin polarization of the polaritons is
increased a lot.

The spin polarization degree of the exciton polaritons can be expressed as follows if only the
effective magnetic field generated by the TE-TM mode splitting is considered [18]:

1

O, =——F——
z 2 2
1+ QLTTreI

(5.1)

Where 7, is the relaxation time of the exciton polaritons; {7 is the effective magnetic field.

According to (5.1), the spin polarization of the exciton polaritons increases greatly when
stimulated scattering occurs, which needs a much short relaxation time. In the linear
polarization case, shown in the right row, stimulated scattering occurs for polaritons with spin
o+ and o-, so the spin polarization is still very low.
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5.3 Spin texture

The previous section does not involve ballistic propagation of polariton condensate, which
allows investigating polariton polarization oscillation without scattering in a time period under
the effective magnetic field. In the ballistic propagation regime, we find the polariton
condensate flow along a microcavity ridge shows specific patterns or structures. At the same
time, we observe the spin polarization oscillation due to the effective magnetic field, like the
reference [65]. This kind of structure is important to understand the polariton propagation
dynamics, and can be used in polariton based spin optical circuits.

5.3.1 Observation of spin texture

Real space imaging

In our experiment, we observe polariton textures on the ridge at 40mW, as shown in Figure 5.3.
The pump laser creates exciton polariton condensate, which is expelled both towards the ridge
edge and along the ridge because of interaction between the polariton and exciton reservoir.
The polaritons thus gain non zero wave vector kx along the ridge and ky vertical to the ridge.
Now the wave vector of the polaritons is:

K=k, i+k, j (5.2)

When the polaritons reach the ridge edge, they are reflected. The polaritons’ wave-vector
vertical to the ridge direction changes sign.
So the wave vector of the polaritons becomes:

k=k, i-k, ] (5.3)

Now the polaritons propagate with an angle with the ridge edge. The polaritons that have
positive +ky and negative —ky interfere with each other when they encounter at the center of
the ridge. After interference, these two polaritons continue to move and are reflected again by
the ridge edge. The polaritons propagate in thus a way that this texture appears. The interesting
thing is that the spin polarization is changed when the polaritons propagate, which is generated
by the effective magnetic field. The texture and the spin polarization oscillation are combined
and called as “spin texture” here.

Distance(um)

Distance(pnm)

-20
-100 -50 0 50 100
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Figure 5.3 Top: total intensity in real space of the ridge; Bottom: spin polarization distribution in real space,
the dotted line is for the clarity to see the propagation of polaritons.
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Energy resolved imaging

If we measure the energy resolved imaging, we can see more clearly that the spin polarization
of the polaritons from the pump spot changes periodically when they ballistically propagate, as
shown in Figure 5.4. It is obvious that the polaritons have opposite spin polarization at the
pump spot. In addition they experience different and independent spin procession, respectively.
In Figure 5.4 (bottom), we plot the line profile along the ridge at two energies with a
difference of 0.9meV. The above result can be seen more clearly from this graph. The
oscillation periods vary a little because the TE-TM mode splitting differs for polaritons with
different energy.
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Figure 5.4 Top: spin polarization distribution along the ridge when the pump laser is circularly polarized and

with a power of 40mW. Bottom: line profile along the ridge at energy of 1.5415eV and 1.5406eV.

5.3.2 Stokes parameters

As discussed in previous section, the effective magnetic field has a pointing direction which is
determined by the polaritons’ wave vector. The spin oscillation should be accompanied by the
procession of the linear polarization. Here we measure the Stokes-parameters, in Figure 5.5
under a little different experimental condition than before.
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Figure 5.5 Stokes parameters of the exciton polariton condensate when a circular polarized laser pump onto
the ridge
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In general, the effective magnetic field generated by the TE-TM mode splitting in the
microcavity is:
ALT

A
Q, :W(kf ‘kyz) ,and €, :h_ll(jz(kxky) (5.4)

where Kk is the exciton polaritons’ in-plane wave vector, kx, ky are the wave vector along x

and y direction in momentum space, A7 is the TE-TM mode splitting. When the exciton

polariton condensate propagates along the ridge, the spin polarization oscillates according to
[65]:
oo (X)

o =o(x)xQ(k), (5.5)

v

in which x is the distance long the ridge, V, is the transport velocity of the exciton polariton

condensate, o(x) is the pseudospin vector of the exciton polaritons. The pseudospin vector of

the exciton polaritons proceeds when they transport along the ridge. In the texture above, we
find the polaritons propagate along the ridge with an angle with the edge. In this case, we
observe the polaritons change from circular polarization, to vertical (horizontal) or diagonal
(antidiagonal) polarization and back to circular polarization again.

5.3.3 Energy resolved results and discussion
To make clear how the exciton polariton condensate propagates with spin oscillation, we
measure the real space imaging at different energies and plot the line profile along the center of

the ridge, as shown in Figure 5.6.
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Figure 5.6 al, b1 the lineprofile of the spin polarization imaging taken at the center of the ridge at energy of

1.5343eV and 1.5348eV; a2, b2, line profile of the o+ component (blue), o- component (red) real space
imaging of the polariton condensate
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Results and discussion

We find that the exciton polariton condensate oscillates at slightly different frequency when
their energy changes. In general, the spin oscillation periods should be different when the
TE-TM mode splitting changes with the wave vector and energy. For example, the TE-TM
mode splitting is larger when the exciton polaritons have higher energy and larger wave vector,
as shown in Figure 5.7. If we assume the polariton just experiences elastic scattering while
keeping the amplitude of the wave vector constant, in the polar system, the circular polarization
of the polaritons is [69]:

*

p(r,0) = sin(26’)sin(QV

& (5.6)

9

Where 6 is the polar angle, V,is the group velocity. We can find that the oscillation period of

the polaritons’ spin polarization in real space is
T=-2 (5.7)

The spin polarization of the exciton polariton condensate with a larger TE-TM mode splitting
should oscillate faster.
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Figure 5.7 Longitudinal-transverse (TM-TE) polariton splitting calculated for a microcavity sample for the
lower polariton branch (LPB) and the upper polariton branch (UPB) for different detuning, reprinted from
[18].

In Figure 5.6, we fit the spin polarization profiles by using a sin function for the two different
energies of the polariton condensate: 1.5343eV and 1.5348eV. The spin procession period of
the polariton condensate with the energy of 1.5348 eV is 40.95 micrometers, while as the spin
procession period of the polariton condensate with the energy of 1.5343 eV is 41.95
micrometers. Here we confirm that the higher-energy polaritons oscillate faster than the
lower-energy polaritons. Although the difference is very small (2.5%), this does reveal the
effect of the effective magnetic field (and TE-TM mode splitting) on the spin oscillation of the
polariton condensate flow.
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5.4 spin bullet

The above spin oscillation due to the effective magnetic field disappears when the laser
changes from CW to pulse mode (power not changed). The polariton condensate flow is
formed without changing spin polarization. We call a polariton condensate flow with
non-changing spin polarization a spin bullet. This kind of spin resolved polariton condensate
flux forms the basis of spin optical circuits. Spin bullet is observed by reference [58], where
people use quasi resonant pumping. Here we find the appearance of spin bullet spontaneously
formed by non-resonant pumping method.

5.4.1 Observation of spin bullet

When a pulse right-hand circular polarized laser is focused onto the ridge, the exciton polariton
condensate with spin o+ propagates from the pump spot earlier than the condensate with spin
o-, as shown in Figure 5.8.
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Figure 5.8 Line profile of the real space imaging with spin o+(blue) and spin o-(red) at different time

When a left hand circular polarized laser is focused onto the ridge, the exciton polariton
condensate with spin o- is expelled from the pump spot earlier than the condensate with spin
o+ (not shown here), as opposite to the case when a right hand circular polarized laser is used.
Finally, if a linear polarized laser is focused onto the ridge, the exciton polariton condensate
with spin o- propagates from the pump position with around the same time as the condensate
with spin o+, now the spin bullet disappears.

To summarize, a circular polarized pulse laser can excite mostly the exciton polariton
condensate with firstly the same spin polarization, and secondly with the opposite spin
polarization.
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Explanation

The above result is confirmed by reference [70]. They observe the spin polarization degree
changes to become opposite to the pump laser at later time when the power is above the
stimulated scattering threshold. For example, they find the spin polarization degree of the
lower-branch polaritons starts around 50% and drop quickly to negative values when the power
is high enough. In Figure 5.9, the above explanation is confirmed if we plot the integrated spin
polarization degree at the pump position as a function of time. In the beginning, the spin
polarization degree increases quickly from -20% to -80% at 10-20ps, later it jumps to positive
values and finally becomes zero.

We can compare this graph with time-resolved spin polarization distribution. The polariton
condensate with spin o- transports from the pump spot at around the same time when the
integrated spin polarization degree reaches maximal negative value. While as the polariton
condensate with spin o+ is expelled from the pump position at around the same time when the
integrated spin polarization degree changes sign and reaches the maximal positive value. This
is consistent with the explanation above. When the pump laser becomes linear polarized, the
spin polarization of the exciton polariton condensate at the pump position is very small and
changes randomly with time, which results in the absence of the spin bullet.
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Figure 5.9 Integrated spin polarization degree at the pump position with time when the pump laser is left
hand circular polarized (blue dotted line) and linear polarized (yellow dotted line).

To explain simply the time dependent spin polarization degree of polaritons at the pump spot,
we can see that the spin polarization increases at first time because the spin polarization of the
polaritons is kept above stimulated scattering threshold. The stimulated scattering is spin
selective. The polaritons with the same spin polarization with the pump laser macroscopically
occupy the ground state firstly. When they occupy the ground states, they are depleted; then the
polaritons with opposite spin polarization begin to occupy the ground state slowly. Now the
spin polarization degree decreases and finally becomes opposite with the pump laser. Finally
polaritons with two different spin polarizations are both depleted and the total spin polarization
degree becomes zero.
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Why no spin procession

There is a question why the spin polarization of the exciton polariton condensate flow from the
pump position does not oscillate along the ridge. Indeed, we find there is weak spin oscillation
when the source beam is o- polarized and in pulse mode, when a spectrometer rather than a
streak camera is used, as shown in Figure 5.10.
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Figure 5.10 Energy resolved imaging for different spin polarization and the calculated spin polarization.

The absence of spin polarization oscillation can be related to the scattering of polaritons with
phonons or defects. The TE-TM mode splitting generated effective magnetic field depends on
the wave vector. When polariton momentum scattering is quicker, their wave vector will
change more frequently. The effective magnetic field is more fluctuating and affects the
polarization more weakly [71]. In the present experiment, we can see that the polaritons
experience more scattering with phonons from the pump spot. This leads to much weaker
influence of the effective magnetic field on the polarization of the polaritons. In the ballistic
regime where scattering is absent, the effective magnetic field does not experience much
fluctuation and results in clear spin polarization oscillation. In addition, there is exchange

effective field Q. * E., (N, —N_) due to the population imbalance in different spin

polarization and anisotropic polariton-polariton interaction [72]. This exchange field, together
with the effective magnetic field generated by the TE-TM mode splitting determines the spin
polarization dynamics of polaritons. When the pulse laser is used with around 40 mW, the peak
power is much larger than 40mW. This peak power leads to much larger exchange effective
field than the TE-TM mode splitting generated field. In this case, the exchange field is
collinear with the spin of polaritons. That is why the spin polarization of the polaritons does
not show oscillation during propagation. Of course, there is also weak power in the pulse,
which renders the TE-TM mode splitting generated effective magnetic field much stronger than
the exchange effective field. These weak power leads to the spin inversion of the polaritons at
the pump spot to the pump laser and the weak spin polarization oscillation during propagation
process in Figure 5.10.

5.4.2 Oscillation of spin bullet between source spot and gate spot

If a second laser beam is introduced between the source spot and the ridge end, the polariton
condensates with spin o- and the condensate with spin o+ have to tunnel through the blueshift
created by the gate beam. Because the polariton condensates with spin o- and o+ are repelled
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from the pump spot at different time, they will propagate independently between the source
and gate spots. Thus spin pattern at different time is created. (The polariton condensate
components with spin - and o+ have around the same group velocity when they transport
between the source and gate position.)

Results and discussion

In Figure 5.11, the source laser beam is left-hand circular polarized, the gate beam laser is
right-hand circular polarized. At early time such as 47ps, the polariton condensate component
with spin o- propagates earlier than the component with spin o+, and reaches the gate beam
firstly. Because of the blueshift created by the gate beam, the polariton condensate component
with spin o- is reflected and reaches the pump spot earlier than the polaritons with spin o+, as
shown in the imaging at 73ps. At time 119ps, the polariton condensate with spin - transports
earlier than the component with spin ¢+, so the spin patterns appear again.
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Figure 5.11 Left row: spin polarization imaging at different time; Right row: Integrated spin minus
component and integrated spin up component at different time. The source laser is left-hand circular
polarized and at 0 micrometers, the gate laser is right hand circular polarized and at 40 micrometers.
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Figure 5.12 Integrated spin polarization distribution along the ridge as a function of time.

In Figure 5.12, the integrated spin polarization along the width (20microns) of the ridge is
plotted as a function of time. The oscillation of the spin bullet between the source and gate
spots can be seen clearly. From this graph, we find that the polariton condensate component
with spin o- is always ahead of the component with spin c+. Here we observe the independent
intensity oscillation of polaritons in different spin polarization between the source and gate
spots. As to the transmitted exciton polaritons, the circular polarization of the gate beam does
not affect in the experiment. This is due to that the circular polarization of the created exciton
reservoir and polaritons is lost when the polariton condensate flow reaches the gate spot.

Next step should be to optimize the circular polarization of the exciton reservoir and polaritons
at gate spot, such that the exciton polariton condensate flow with spin o- and o+ created by the
source beam tunnels through the gate spot differently. Specially, the exciton polariton
condensate with spin o- ejected from the source spot should transmit through the gate spot, if
the gate beam is right hand circularly polarized. While as the exciton polariton condensate with
spin o+ should be reflected backwards and oscillate between the source and gate spots.

5.5 spin filter

The oscillation of the polariton spin bullet between source and gate spot should be improved
when the polarization of the source and gate beam is considered, as discussed in the above
section. We find the polarization of the gate beam affects the polariton condensate flow
differently from the above result if proper distance of the source and gate spots is chosen. To
start this, we need to discuss basic interaction of excitons in singlet configuration and spin
triplet configuration. That is the exciton interaction when their spin polarization orientation is
anti-parallel or parallel. This interaction differs greatly; one order of magnitude difference has
been found.
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The interaction of excitons with the same spin polarization and opposite one

The interaction between the excitons depends on their specific polarization state. In the
following [73], we discuss firstly the elastic Coulomb scattering of two 1s excitons in the
specific polarization state: (this can be applied to exciton polaritons directly.)

(15,Q,8)+(15,Q,S) > (15,Q+9,S,) +(15,Q-0,S;) (5.8)
The scattering amplitude can be given by the matrix element [73]
Hsssf'Sf (Q.Q.q)=<S|S; ><S|S; >H(Q,Q,q)+<S|S; ><S|S; >H;,(Q,Q,0q)
+S§xch(S’SI'Sf ’Slf)H:xch(Q’Ql’q)_'_S:xch(S’S"Sf 'S‘f)Hehxch(Q’QI’q)

(5.9)
Where the first part is the direct coulomb interaction between the excitons, the second
component is the exciton-exciton exchange interaction, the third and forth parts are the
electron-electron and hole-hole exchange interaction. When the exchange wave vector during

the scattering process is small enough, the first part and second part can be ignored and the
exciton-exciton interaction strongly depends on the spin alignment of the two excitons. The

e h . . .
factors S, and S, are calculated in specific spin channels.

Reference [73] calculates the spin exchange caused by electron-electron exchange and
hole-hole exchange factors. The permitted spin channels and corresponding spin exchange
factors are listed in Table 5.2.
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Table 5.2 Allowed scattering spin channels and their corresponding spin exchange factors (reprinted from

[73]. |S> wand |S > are initial spin states, |Sf> and |S'f> are final states;

{lE, >,|E >,|+2 >,| -2 >} are the basis, where the former two is the elliptically polarized state, the

a+ml2

latter two are dark state.

From Table 5.3, the excitons in the same circular polarized state cannot change their
polarization after scattering; while as the excitons in the opposite circular polarization state can
only scatter into the dark states. So if we consider the circular polarization component, we
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should only observe the excitons in the same circular polarized state scatter with each other.
The excitons in the opposite circular polarized state seem “inactive” with each other.

> 3 Sf Sf Sfxch S:xch
|-1> |-1> |-1> |-1> 1 1
|-1> |-1> [+1> [+1> 0 0
|-1> |-1> |-1> [+1> 0 0
|-1> |-1> [+2> |-2> 0 0
|-1> [+1> |-1> [+1> 0 0
|-1> [+1> [+1> [+1> 0 0
|-1> [+1> [+2> |-2> 0 1

Table 5.3 Allowed scattering spin channels and their corresponding spin exchange factors when the excitons
are circularly polarized (calculated from reference [73]). Other spin channels like the circular polarized
excitons scatter with dark excitons are not plotted here

> 3 S f S f Seexch Sehxch
x> [x> [x> [x> 1/2 1/2
x> x> ly> ly> 1/2 1/2
x> x> x> ly> 0 0
x> [x> [+2> |-2> 1/2 1/2
x> ly> x> ly> 1/2 1/2
x> ly> ly> ly> 0 0
x> ly> [+2> |-2> -1/2 1/2

Table 5.4 Allowed scattering spin channels and their corresponding spin exchange factors when the excitons
are linearly polarized (calculated from reference [73]). Other spin channels like the circular polarized
excitons scatter with dark excitons are not plotted here.

Table 5.4 lists the excitons with the same linear polarized state and the opposite ones. They can
change their polarization state; and the spin exchange factors do not have much difference
compared with the excitons in the opposite linear polarized state.

Proposal of spin filter

From the above results, if we create an exciton polariton condensate flow with linear
polarization, the circular polarization components of this condensate flux behave differently
when they encounter the circular polarized gate. To be more specifically, the interaction
between the polariton condensate with spin o+ and the excitons or polaritons at gate spot when
the gate beam is left hand circular polarized should be much weaker than the polariton
condensate with spin c-.

In addition, the circular polarized gate beam introduces a spin dependent blueshift. The energy
of the polariton emission in different spin polarization shows splitting when the gate beam is
circular polarized. If we ignore the interaction between the opposite spin polarization excitons
(polaritons), the spin dependent blueshift is determined by the number difference of polaritons
in different spin polarization.
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AE =al(n, —n))
10" < ¢1<1.6x10 " meVem? (5.10)

Large spin dependent blueshift such as 6meV has been found when the pump laser is little
blueshifted than the Heavy Hole Excitons and high power. Of course the spin dependent
blueshift is smaller when a non resonant and weaker laser is used. But it is already large
enough to affect the polariton flow.

From this spin dependent blueshift, if the gate beam is left hand circularly polarized, the
polariton condensate with spin o+ experience smaller blueshift caused by the gate beam and
transmits through the gate spot more easily. The polariton condensate with spin - encounters a
larger blue-shift and tunnels through the gate spot more hardly. So, more polariton condensate
with spin o- will be reflected between the gate spot and source spot. And polaritons with spin
o+ will distribute between the gate spot and the ridge end. Through this spin dependent
blueshift, we realize to separate the polariton component with spin - and o+ into two regions,
as shown in Figure 5.13. The gate beam acts as a spin valve to filter the polariton condensate
with the same spin polarization.
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Figure 5.13 Schematics showing the potential energy landscape from the carrier induced blueshift along the
ridge. The different blueshift at the gate position arise from the circular polarization of the gate beam.

Results and discussion

The following is done at Crete.

From the discussion of the spin texture, we know the spin oscillation period is around
40microns. If the distance between the source spot and the ridge end is larger than 40microns,
the polariton condensate with spin o- and o+ will experience spin procession caused by the
effective magnetic field. In addition, the circular polarization degree of the excitons or
polaritons at gate spot decays quickly with time. The polariton condensate flow with different
spin polarization will experience a spin-unrelated blueshift if the distance between the source
spot and gate spot is large, as shown in the result of spin bullet in Figure 5.11. So we should
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reduce the distance between the source and gate spots and use CW laser. In the present
experiment, we choose the distance of the source spot to the ridge end to be around 30
micrometers, the distance of the gate spot to the ridge end to be around 15 micrometers.

5.5.1 Energy resolved imaging

When the source laser is linearly polarized, the created polariton condensate should not be spin
polarized. From Figure 5.14 (a), we can see that the polariton condensate with different spin
polarization have around the same intensity when there is only source beam. The total spin
polarization thus is very small. However, the polariton condensate will “feel” differently when
they encounter the gate spot induced blueshift. In Figure 5.14 (b) where the gate beam is left
hand circular polarized, the blueshift in spin polarization o- is larger than in spin polarization
o+, as shown in Figure 5.14 (b-4), which is the cross section taken just at the gate spot. Here
we estimate the spin dependent blueshift is around 0.2meV. The spin dependent blueshift has
been observed in resonantly pumped excitons in GaAs/AlGaAs multi quantum wells [30]. The
difference in the blueshift ranges from 2meV-6meV according to pump power. In our
experiment, the laser is non-resonantly pumped and has a low power, the blueshift difference is
smaller. However, this spin dependent blueshift leads to observable effect on the propagation of
the polariton condensate. In this case, the polariton condensate component in spin polarization
o- “feels” more hardly to transmit through the gate spot. Thus, they will be reflected mostly
and located between the source spot and gate spot. On the contrary, the polariton condensate
component with spin polarization o+ experiences a smaller blueshift and transmits through the
gate spot more easily, so they are mostly distributed between the gate spot and the ridge end.
This can be seen very clearly from Figure 5.14 (b-1) and Figure 5.14 (b-2). In Figure 5.14
(b-3), we can see that the spin polarization for the transmitted condensate and the reflected
condensate can reach around 45%. In this way, the circular polarized gate beam filter the
polariton condensate with the same spin polarization and separate the two polariton condensate
components with the efficiency of around 45%. If the gate beam changes the circular
polarization from o- to o+, we should see swapped behavior. Figure 5.14 (c) ambiguously
shows what we expect.
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Figure 5.14 Energy vs real-space (X) maps of the emission of a cross section (center) along the ridge, under
non resonant CW excitation for different S and G configurations: (a) only S linearly polarized, (b) with a o-
polarized G, (c) with a o+ polarized G. Column (1)/(2) shows the polariton emission intensity under o+/c-
detection. Column (3) depicts the degree of circular polarization. Column (4) compiles the cross section at
x=8 microns and x=25 microns under o+ (blue) and o- (red) detection with energy, the curves are shifted
horizontally for clarity to see. The S/G power is 5.7Pth/0.7Pth. The intensity and the degree of circular
polarization are coded in a false, log and linear color scale, respectively. To summarize, the above results
clearly show the spin filter effect of the circular polarized gate beam.

5.5.2 Real space imaging

To make sure the above phenomenon takes place on the whole ridge, we take the real space
imaging at the same experimental condition. Figure 5.15 shows the near field imaging of the
polariton emission under different experimental schemes. The imaging when there is only
source beam in linear polarization agrees well with the Figure 5.14-aiii. From Figure 5.15 (b)
and Figure 5.15 (c), we can see that the spin filter effect does work in most area of the ridge.
This shows that the spin separation by the weak gate beam does function in the present
microcavity ridge. Although there is some area where spin separation is not clear, it is caused
either from definite spot size of the gate beam or some defect at the ridge edge.
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Figure 5.15 Real space polariton emission distribution at the right border of the ridge under non resonant
CW excitation for different S and G configurations: (a) only S linearly polarized, (b) with a c- polarized G,
(c) with a o+ polarized G. Column (1)/(2) shows the polariton intensity distribution under c+/c- detection.
Column (3) shows the degree of circular polarization. The S/G power is 5.7Pth/0.7Pth. The intensity and the
degree of circular polarization are coded in a false, linear color scale.

5.5.3 Change the polarization degree of the gate beam

In view of the sensitivity of the spin dependent blueshift on the polarization of the gate control
beam, it is necessary to scan the polarization continuously. Especially a linear polarized gate
control beam should not work as a spin filter. Here we change the polarization of the gate beam
by rotating the quarter waveplate with the step of 10 degree and detect the polariton emission at
both o- and o+ conditions. From these energy resolved imaging we integrate the intensity in
the region of 1.538eV and 1.542eV. We care specially this region to focus on the polariton
condensate and ignore other emission like excitons or Bragg mode. Figure 5.16 (a 1) and
Figure 5.16 (a 2) show the energy integrated intensity as a function of the gate beam
polarization under o- and o+ detection schemes. It is convincing that the change in the
polarization of the gate beam tunes the intensity of the reflected and transmitted polariton
condensate emission. When the gate beam is circular polarized such as o+ and o-, the spin
filter works. However, the TE or TM polarized gate control beam cannot separate the polariton
condensate in different spin polarization. In Figure 5.16 (b 1) and Figure 5.16 (b 2), a cross
section is taken at the position of x=8 microns and x=25 microns. And the topmost is the sum
of two cross sections. We can see that the total intensity is around conserved while the intensity
of the reflected and transmitted condensate is modulated by the gate beam. An ideal spin filter
should allow the crossing at the TE and TM polarization position, which, could be improved in
the near future.
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Figure 5.16 (a) Energy integrated intensity along the X-axis of the ridge as a function of the G polarization
degree under o+/c- detection; (b)The intensity of the cross section taken from (a) at x=8 microns and x=25
microns, and the sum (topmost) of these two cross sections under c+/c- detections, respectively, b 1 and b 2
are in the same intensity scale.

5.6 Conclusion

The spin polarization of the polaritons in the microcavity ridge is measured when the laser is
circularly polarized. If a continuous wave circular polarized laser is used, the spin procession is
observed along the ridge accompanying the condensate ballistic propagation. The polariton
condensate flow with non-changing spin polarization (called spin bullet) appears when the
pump laser changes to pulse mode. Finally, a non-resonant circular polarized gate beam acts to
separate the polariton condensate with different circular polarization by using a spin dependent
blueshift.
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Chapter 6

Conclusion

Facing more and more limits in the microelectronics by using Silicon and Germanium, the
GaAs based microcavity can be used in optical circuits to reduce the consuming power, loss
and to increase the operation speed.

Polariton lasing in a high Q planar microcavity and micropillars is observed with a very small
threshold. Due to the local blueshift generated by the exciton reservoir, the polariton
condensate spontaneously formed is expelled away from the pump spot center and aquire a
finite in-plane wave vector. In this case we observe polariton lasing occurs at a higher energy
states. At 70K we only see weak coupling lasing. The difference of polariton lasing and photon
lasing is compared at low temperature and high temperature. In the strong coupling regime,
polariton lasing energy is blueshifted by a nearly constant value. However, in the latter case,
the lasing energy is very close to the cavity mode. At positive detuning, the lasing energy is
larger than the excitons, which cannot occur in the strong coupling regime. More efficient
relaxation scheme is found in micropillars because of stronger lateral confinement. In this case,
we observe polariton lasing threshold decreases with pillarsize and detuning. The decreased
polariton lasing threshold confirms that the lateral confinement enhances polariton relaxation
rate and decreases exciton diffusion. The decrease in the polariton lasing threshold is due to the
avoidance of thermal excitation from the ground state. In addition, the polariton lasing at
negative detuning needs a smaller critical density, which needs a samller density of states.

A cavity polariton condensate transistor switch is realized by using a high Q microcavity which
is etched into ridges. The polariton condensate created at pump spot experiences repulsive
interaction from the exciton reservoir. They propagate along the microcavity ridge with a
distance of 60 micrometers. It is very interesting because the group velocity of polaritons and
their lifetime can propagate along so long this distance. From energy resolved imaging, the
propagating polaritons experience energy relaxation. We show in this thesis that the energy
relaxation is due to transition between different subbranch polaritons, which is because of the
lateral confinement vertical to the ridge. Multiple cavity modes appear and they strongly
couple with the excitons and form subbranch polaritons. We show the condensate flow from
the source spot can be controlled by a second gate beam which is 20 times weaker. This spatial
control with attenuation larger than 90% allows the implementation of all-optical polariton
transistors suitable in both optoelectronic and all-optical schemes. In the long future this kind
of transistor can be used to replace electron transistors.

The spin of exciton polariton condensate on a microcavity ridge is investigated. Polariton can
be seen as a two level system when dark excitons can be ignored. A Pseudospin vector is
introduced to describe polariton dynamics. The exciton polaritons have a non-zero TE-TM
mode splitting due to the long range electron-hole exchange interaction (for excitons) and
cavity mode TE-TM mode splitting. The effective magnetic field generated has a specific
pointing direction which lies in the quantum well plane and has a specific angle with the wave
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vector. This effective magnetic field rotates the pseudospin of polaritons in a very interesting
way, like a Rashba effect on an electron.

Based on this effective magnetic field, novel spin texture in polariton ballistic propagation
regime is observed. The spin oscillation is due to the effective magnetic field discussed above.
When we measure energy resolved imaging, the high energy condensate or exciton reservoir is
located at the pump position and does not show the spin procession, the low energy condensate
propagates with clear spin oscillation. When a pulse laser is used, spin bullets are observed
without spin oscillation. Two possible reasons are proposed. One is more frequently changing
effective magnetic field, which renders it more weak; another is due to the exchange effective
magnetic due to polariton population imbalance and anisotropic polariton-polariton interaction.
Finally, a spin filter is realized by using spin dependent blueshift. The weak circular polarized
gate control beam can separate the polariton condensate with different circular polarization at
different region in the ridge with the efficiency of around 45%. It could be improved in the
future.

Outlook and Future

The difference between exciton polariton condensate and cold atom condensate, such as much
strong particle interaction, can be used to design new all optical devices.

In the future, studies based on exciton polariton condensate in optical circuits, spin memory
and polariton neurons could be investigated by designing novel structures, waveguides, or
hybrid materials. For example, polariton confinement can be realized by embedding patterned
channels in two dielectric DBRs. With this, we can create polariton condensate flow with well
defined in-plane wave vector along these channels and realize manipulation of them. The
advantage of polaritons is much larger coherence length which is inversely proportional to the
effective mass. In fact, polaritons have been claimed to have a large coherence length of 1 mm.
This is several orders of magnitude longer than the electrons. Combining these different
polariton devices, the next step should be polariton integrated circuits. The large group velocity
and short lifetime can find promising application in these circuits and can replace the current
electron based systems.

To be further, polariton-polariton interaction shows promising application potential in photon
blockade phenomenon in a polariton dot, which could be explored in quantum optics. The
strong polariton-polariton interaction will allow only one polariton in the system. The adding
of second one is avoided due to the blueshift larger then polariton linewidth. Especially it is
very interesting that polariton with opposite spin attract each other forming bipolaritons like a
biexcitons. What will happen if we create resonantly a polariton with definite spin? These are
open questions that can be explored. Recently, recently a squeezed light has been realized in a
micropillar. It is very interesting to explore whether possible few polariton states can be
realized or not.
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