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Abstract

In this paper, we use zinc oxide micro-cavity structure to study the characteristics of
exciton-polaritons. By performing angle-resolved photoluminescence and angle-resolved reflection
measurements, we can probe the energy-wavevector dispersion curves of cavity polaritons. This
dispersion relationship can be used to understand the coupling strength between photons and excitons,
and confirm the existence of cavity polaritons. Furthermore, we observed the coupling between
different exciton-photon detunings by varying the length-of microcavity. When the detuning is
negative, photon energy lower than the.exciton energy, the anticrossing can be observed in the
dispersion curves, which causes a significant change 'in density of states. Under the condition, the
bottleneck behavior should be observed during the process of polariton relaxation. This consequence
may originate from the polariton states with very high photon fractions in the low angle region.

The bottleneck effect is an important obstacle to the realization of Bose-Einstein condensation in
microcavity. Several systematical experiments are performed to understand the possible physical
mechanisms inducing the polariton bottleneck effect. First, we change the cavity length in order to get
different exciton-photon detunings, which gives rise to different photon and exciton fractions, and the

corresponding density of states. Second, it is found that the polariton relaxation bottleneck can be



significantly suppressed by the mechanism of polariton-phonon scattering at high temperature.

Consequently, we use the temperature-dependent and angle-resolved photoluminescence to confirm

the effect of polariton-phonon scattering. Finally, the polariton-polariton interaction is an important

factor under high pumping power condition, and the power-dependent angle-resolved

photoluminescence can help us to understand the factor.

In order to observe Bose-Einstein condensates at room temperature, we use Nd:YVO, pulsed

laser as excitation source and observe a coherence light at room temperature with a low-threshold

pumping power, 1 order of magnitude smaller than in previously reported nitride-based vertical-cavity

surface-emitting lasers. This is an important evidence of an exciton-polariton laser induced by

Bose-Einstein condensate. In addition, based on the experimental results of angle-resolved

photoluminescence, we can observe thesphenomenon-that the polaritons could overcome the relazation

bottleneck, and then approach to the bottom of low polariton branch. This result demonstrates the

experimental observation of Bose-Einstein condensation in ZnO-based microcavity at room

temperature.
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Chapterl. Introduction and Motivation
1.1 Polaritons for Bose-Einstein condensation(BEC) Study

Bose-Einstein condensation (BEC) has been a source of imagination and innovation of physicists
ever since its first proposal by Einstein in 1925. Bose-Einstein condensation (BEC), also simply
“Bose condensation”, is a phase transition for bosons leading to the formation of a coherent
multiparticle quantum state characterized by a wavefunction, and the BEC occupies the lowest energy
level of the system that coincides with the chemical potential. In particle physics, bosons are
subatomic particles that obey Bose—Einstein statistics. Several bosons can occupy the same quantum
state, include photon, meson, some of.atom with integer spin, exciton, etc. In 1995, the first
unambiguous realization of BEC was-achieved in dilute atomic gasses. The effort devoted to atomic
systems has harvested a modern branch-of physics, (‘ultra- )cold atom physics, which continues to be a
test-ground of theories and a cradle of novel applications. In recent decades, the well developed
fabrication techniques in semiconductor make it possible to observe the BEC phenomenon at
laboratory through the microcavity-polariton BEC system. Below we briefly review the history of

BEC research.

1.1.1 Atomic system BEC
The BEC phenomenon is predicted in 1924 by Satyendra Nath Bose and Albert Einstein, and is

observed first from dilute atomic gases in 1995 [1, 2, 3], and later in spin-polarized hydrogen and



metastable helium gases. In atomic system BEC, because the condensation at low densities is

achievable only at very low temperatures (~nK), the laser-cooling technique is necessary. The primary

force used in laser cooling and trapping is the recoil when momentum is transferred from photons

scattering off an atom, and the cooling is achieved by making the photon scattering rate

velocity-dependent using the Doppler effect. Moreover, a magnetic quadruple field generated by two

coils carrying equal currents flowing in opposite directions traps those atoms, as shown in fig 1.1(c).

because of the laser cooling technique, the Bose-Einstein condensation can be observed at 200nK, as

shown in fig 1.1(d), and Cornell, Wieman and Ketterle won the 2001 Nobel Prize in Physics for the

achievements [18]. However, the application of atomic.system BEC in room temperature is extremely

different.

1.1.2 Exciton-polariton system BEC

Exciton BEC was first proposed in 1962 by Moskalenko et al. [4] and Blatt et al. (18). A most

well-known experimental system is the ortho-excitons in bulk Cu20. This system was considered to

have shown, in the first conference on BEC held in 1995, the most convincing evidence of BEC [5].

Yet it was found out later that the auger-recombination of excitons prevented the system from reaching

the critical density of BEC. In 2002, a few macroscopic phenomena observed in quantum-well exciton

systems were again proposed to be related to BEC. Yet more careful analysis later concluded otherwise.

Indirect evidence of quantum degeneracy was obtained with quantum-well excitons, yet no evidence



of a phase transition was inferred from these experiments, e.g. the coherenceproperties and momentum
distribution functions of the excitons. The search continuesfor exciton BEC and the question remains
open if BEC is ever possible in a solid state system.

In 1968, BEC was proposed to be also possible with bulk polaritons [7]. However, these
polaritons are outside of the optical cone and do not directly couple to light, as shown in Fig 1.2(a). It
is very difficult to study the bulk polaritons experimentally. Moreover, the minimum energy of the
bulk polariton bands are the crystal ground state with zero excitation energy. BEC is possible only
with states at an energy-relaxation bottleneck. These states have a large degeneracy in momentum,
adding much complication to the physics. There_has been-no successful experimental effort toward
bulk polariton condensation.

In decades, a more experimentally accessible-solid-state system becomes available when the
strong-coupling regime is reached in an epitaxially grown quantum-well microcavity [8]. Due to
confinement of both the cavity photon field and the quantum excitons along the growth direction,
translational symmetry is broken in the longitudinal direction, only the transverse wavenumber k is
a good quantum number for microcavity polaritons. Hence for the relevant polariton states, there exists
a one-to-one coupling between each internal polariton mode with certain k, at energy E, (kH) and
each external photon mode with the same k, and E, (kH) emitted into certain angle 6 relative to the
growth direction, as shown in Fig 1.2(b). The coupling rate is determined by the fixed cavity photon

out-coupling rate. As a result, information about the internal polaritons can be directly obtained from



the external photon emission by well developed optical techniques. Within a decade after the first

observation of microcavity polaritons, stimulated scattering threshold of polaritons were reported by

various groups [9, 10, 11, 12].

Table 1.1 compares the basic parameters of atomic gases to excitons and polaritons in

semiconductors. The parameter scales of these systems differ by many orders of magnitude. Even in a

common quantum phase transition, each system is expected to have its own characteristics, to reveal

particular pieces of unexplored fundamental physics, and to have unique applications. Most notable for

the polariton system is its very light effective mass and very short time scale. The former leads to a

critical temperature of phase transitions ranging from 1. K up.to room temperature. The latter dictates

the dynamic nature of polariton phase transitions.

1.2 Properties of Microcavity

A microcavity is an optical resonator close to, or below the dimension of the wavelength of light.

Micrometre- and submicrometre-sized resonators use two different schemes to confine light. In the

first, reflection off a single interface is used, for instance from a metallic surface, or from total internal

reflection at the boundary between two dielectrics. The second scheme is to use microstructures

periodically patterned on the scale of the resonant optical wavelength, for instance a planar multilayer

Bragg reflector with high reflectivity, or a photonic crystal. Since confinement by reflection is

sometimes required in all three spatial directions, combinations of these approaches can be used within



the same microcavity. The resonant optical modes within a microcavity have characteristic lineshapes,

wavelength spacings and other properties that control their use. A longitudinal resonant mode has an

integral number of halfwavelengths that fit into the microcavity, while transverse modes have different

spatial shape. The common designs of microcavity are listed in Fig 1.3

The most common microcavity is the planar microcavity in which two flat mirrors are brought

into close proximity so that only a few wavelengths of light can fit in between them. To confine light

laterally within these layers, a curved mirror or lens can be incorporated to focus the light, or they can

be patterned into mesas.

Due to well developed fabrication techniques, Distributed Bragg reflector (DBR) can achieve the

request of high reflectance mirror. A°“DBR Is made of layers of alternating high and low refraction

indices, each layer with an optical thickness of A/4. Light reflected from each interface destructively

interfere, creating a stop-band for transmission. As shown in Fig 1.4, the DBR stop-band width is

considered the number of pairs and the refraction index difference between two materials.

When two such high-reflectance DBRs are attached to a layer with an optical thickness integer

times of A/2, a cavity resonance is formed at A, leading to a sharp increase of the transmission T at A, as

shown in Figl.5.

1.2.1 Q-factor and finesse

The quality-factor (or Q-factor) has the same role in an optical cavity as in an LCR electrical

circuit, in that it parametrizes the frequency width of the resonant enhancement. We can define a



characteristic parameter, the cavity quality factor Q of the cavity quality.

w, A

ow zﬂ

c

Q= Eq(1.1)

The finesse of the cavity is defined as the ratio of free spectral range (the frequency separation

between successive longitudinal cavity modes) to the linewidth (FWHM) of a cavity mode :

Aw, 7R
ow. 1-R

C

Eq(1.2)

Q is the average number of round trips a photon travels inside the cavity before it escapes. That is,

the higher Q value means the higher ability to confirm a photon. Equivalently, the exponentially

decaying photon number has a lifetime given by r=%) . Because the mode frequency separation

Aw, = e is similar to the cavity mode frequency in a wavelength-scale microcavity, the finesse and

c

the Q-factor are not very different. This is ‘not-the situation for a large cavity, in which case the
Q-factor becomes much greater than the finesse.because of the long round-trip propagation time.

Instead, the finesse parameterizes the resolving power or spectral resolution of the cavity.

2nneff I‘cav
Q= T F Eq(1.3)

In order to achieve the higher quality factor (Q) and higher finesse, we have to use the higher

reflectivity mirrors as much as possible.



1.3 Introduction to coupling between photon and exciton
1.3.1 The time-dependent Schrdédinger equation

The quantum treatment of the interaction between light and atoms is usually developed in terms
of the two-level atom approximation. This approximation is applicable when the frequency of the light
coincides with one of the optical transitions of the atom. The condition is depicted schematically in Fig
1.6.

The time-dependent Schrodinger equation for a two-level system in the presence of the light is a
great method to understand the coupling between photon and exciton. In other words, we must solve:

Hw —indL Eq(1.4)

ot
for an atom with two energy levels E; and E; in the presence of a light wave of angular frequency

®. We shall assume that the light is very close.10 resonance with the transition, so that

@ = @0, + 00 Eq(1.5)
Where
@, :(EZ_El)h ,and oo << @, Eq(1.6)

Exact resonance thus corresponds to 6w =0, We start by splitting the Hamiltonian into a
time-independent part I—AI0 which describes the atom in the dark, and a perturbation term v (t) which
accounts for the light—atom interaction:

H'=H,(r)+V(t) Eq(1.7)

Since we are dealing with a two-level atom, there will be two solutions for the unperturbed



system:

SO,

HO\Pi = Ih? Eq(18)
with W, (r,t)=y; (r)exp(-iEt/n) {i=12} Eq(1.9)
andH, (r)w, (r)=Ew, (r) {i=12) Eq(1.10)

The general solution to the time-dependent Schrodinger equation is:

lP(r,t):Zci (t)y; (r)exp(-iEt/h) Eq(1.11)
where the subscript i runs over all the eigenstates of the system. In the

case of a two-level atom, this reduces to:

Y (r,t)=c (t)w,(r)exp(—i Et/n)+C;(t)w,(r)exp(=iE,t/n) Eq(1.12)
On substituting this wave function into equation 1.4 with H given by equation 1.7,

we obtain:

(I—TO +V )(Cl‘//l ey CY» e(iiEZt/h))

i - (~iEt/1) i (Ext/1) Fa(13)
= |h(((‘:1 —iEc /h)y, e+ (¢, - E,c,/h)y,e )
Now equation 1.10 implies that
HA C e(fiElt/h) + C e(fiEZt/h)

o( W1 | W | ) Eq(1.14)
=CcEy, el 1y C,E, eCE
so that we can cancel several of the terms in equation 1.13 to obtain:
eV, ey eV, e S iney, e B 4 ing,y, e TR Eq(1.15)

On multiplying by y, , integrating over space, and making use of the orthonormality of the

eigenfunctions, which requires that:



[viv,dir=g, Eq(1.16)

where & is the Kronecker delta function, we find that:

¢ (t)= —%(c1 (t)Va +C, (t)V,e7™) Eq(1.17)
Where
Vi () =NV (O)]5)=[wiV ()y,d% Eq(1.18)

Similarly, on multiplying byy, and integrating, we find that:

¢, (t)= —%(cl (t)V,e +C, (1)V,,) Eq(1.19)

To proceed further we must consider the explicit form of the perturbation V. In the

semi-classical approach, the light-atom interaction_is given by the energy shift of the atomic dipole in
the electric field of the light:
v (t)=er-E(t) Eq(1.20)
We arbitrarily choose the x-axis as the direction of the polarization so that we can write:

E(t)=(E,,0,0)cos(at) Eq(1.21)

where E, is the amplitude of the light wave. The perturbation then simplifies to:

V (t) = exE, cos(wt)

_ _ Eq(1.22)
— eXEO (elwt +e—|wt)
and the perturbation matrix elements are given by:
V t) = eEO iot —iowt * d3 E 1 23
”()_T(e e ) [y d°r q(1.23)
Now the dipole matrix element s is given by:
wy =—e[wixy d°r =—e(i[x| j) Eq(1.24)



so that we can write:

V. (1) = _Eo iwt —iwt Eq(1.25
”()_T(e +e ) q(1.25)

Since x is an odd parity operator and atomic states have either even or odd parities, it must be the

case that x4, = u,, =0 Moreover, the dipole matrix element represents a measurable quantity and

must be real, which implies that u,, = 1, , because 1, = 1,

With these simplifications, equation 1.17, 1.19 reduce to:

m

Cl (t) —ij ;,;lﬁg (ei(w—(oo)t n e—i(a)+(oo)t )C2 (t)

5 . E —i(w- i(w+
¢, (t) =i ;;ﬁz(e( )y gl “h)t)cl(t)

Eq(1.26)

We now introduce the Rabi frequency defined by:

Qg = |ﬂ12E0/h| Eq(1.27)

We then finally obtain:

Cl (t) _ IEQR (ei(w—wo)t n e—i((u+w0)t )Cz (t)

Cz(t)z -

Eq(1.28)
|
2

QR (e—i(a)—a)o)t n ei({u+w0)t )Cl (t)

These are the equations that we must solve to understand the behavior of the atom in the light

field. It turns out that there are two distinct types of solution that can be found, which correspond to

the weakfield limit and the strong-field limit respectively.
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1.3.1.1 Strong coupling between photon and exciton

In order to find a solution to equation 1.28 in the strong-field limit we make two simplifications.
First, we apply the rotating wave approximation to neglect the terms that oscillate at J_r(co+ a)o) ,asin
the previous section. Second, we only consider the case of exact resonance with dw =0. With these

simplifications, equation 1.28 reduces to:

Lo, (1)

2 Eq(1.29)

_ [
¢,(t)= EQRC1 (1)
We differentiate the first line and substitute from the second to find:

i i Y
6 =5 C, = (EQRJ C, Eq(1.30)
We thus obtain

Q 2
o +(7Rj c,=0 Eq(1.31)
which describes oscillatory motion at angular frequency % If the
particle is in the lower level at t = 0 so that ¢,(0)=1 and c,(0)=0, the solution is:
C,(t)=cos(Qgt/2
c,(t)=isin(Qgt/2)
The probabilities for finding the electron in the upper or lower levels are then given by:

2
¢ (1) =cos®(Qg.t/2
o, () (Qt/2) Eq(1.33)

e, ()] =sin?(Qxt/2)

The time dependence of these probabilities is shown in fig 1.7. At t=7/Q, the electron is in
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the upper level, whereas at t=27z/Q, it is back in the lower level. The process then repeats itself
with a period equal to 27z/Q, . The electron thus oscillates back and forth between the lower and
upper levels at a frequency equal to Q. /27 . This oscillatory behaviour in response to the strong-field
is called Rabi oscillation or Rabi flopping. When the light is not exactly resonant with the transition, it

can be shown that the second line of equation 1.33 is modified to:

2

e, (1) :%sinz (Qt/2) Eq(1.34)
where
Q% =Q% +60° Eq(1.35)

ow being the detuning. This showsthat the frequency of the Rabi oscillations increases but their
amplitude decreases as the light is tuned away from resonance. For transitions in the visible-frequency
range, the experimental observation of Rabi floppingrequires powerful laser beams. In many cases,

these lasers will be pulsed, so that the electric field amplitude E, varies with time. Equation 1.27
then tells us that the Rabi frequency Q. /27

also varies with time, and so it is useful to define the pulse area ® according to:

®=

e[ e () Eq(1:36)

The pulse area is a dimensionless parameter which is determined by the pulse energy and serves
the same purpose as Qgt in the analysis above. A pulse which has an area equal to « is called a
n-pulse. An atom in the ground state with cl(O) =1 will thus be promoted to the excited state with

c,(0)=0, by a n-pulse, but will end up back in the ground state if it interacts with a 2z-pulse.
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1.3.2 Weak coupling between photon and exciton

Weak coupling between two systems refers to the regime opposed to strong coupling where
dissipation dominates over the system interaction so that the coupling between the modes can be dealt
with pertubatively and both modes retain essentially their uncoupled properties.

With a low-intensity source, the electric field amplitude will be small and the perturbation weak.
The number of transitions expected is therefore small, and it will always be the case that

c,(t)>c,(t). In these condition, we can get the solution of equation 1.28:

o, (1) =1

e, (1) = (%jztz

The weak coupling between exciton and light manifests iitself in the appearance of the splitting

Eq(L.37)

between the imaginary parts of the eigenfrequencies of .exciton-polariton modes at the resonance

between bare exciton and photon modes. In this regime the real parts of two polariton

eigenfrequencies coincide at the resonance, and two polariton resonances in the reflection or

transmission spectra usually coincide, [17].

1.4 Difference Of Material In Semiconductor Microcavity

Semiconductor microcavities have recently attracted much attention because of the control that

they provide on the light-matter interaction in solid-state systems. In the strong coupling regime,

excitons and photons form new coupled modes—the cavity polaritons—exhibiting large nonlinearities
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which open the way to a broad area of fundamental and applied investigations.

The first observations of exciton—polaritons in microresonators were reported for GaAs and

CdTe-based resonators at low temperatures (T < 30 K) [19, 20, 21]. In these materials, the exciton

binding energy is smaller than the thermal energy at RT and excitons are not stable at RT. Therefore,

many efforts have been made to obtain microresonators with gain media that reveal an exciton binding

energy larger than the thermal energy at RT, such as organic semiconductors [22, 23], or GaN [24, 25,

26] and ZnO [27, 28, 29]. The advantage of organic semiconductors is their huge exciton oscillator

strength resulting in a large coupling strength between the excitons and the cavity photons. However,

often the low crystal quality of such materials leads to.emission spectra that are superposed from the

emission from localized and delocalized states. In contrast, inorganic semiconductors reveal high

crystal qualities with an emission from-well-defined-exciton states. Here, GaN and ZnO are the most

prominent candidates that are considered for high temperature applications. ZnO offers some

advantages, since it reveals the largest exciton oscillator strength of the technologically relevant

semiconductors, about three times larger than that of GaN [30 ,31], and its exciton binding energy is

about twice the thermal energy at RT.

The critical temperature is determined by the Rydberg energy of exciton, oscillator strength, etc.

Most of those factors are depended on the material properties. Table 1.2 shows several common

semiconductor materials, including GaAs, GaN, and ZnO. GaN and ZnO are the well-known

wide-bandgap material used in microcavity, which have the higher Rydberg energy than, 30meV and
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60meV, respectively. That is to say, at room temperature, more excitons exist in the room temperature

in GaN and ZnO microcavity.

1.4.1 GaAs-Based Microcavity

The choice of a direct band-gap semiconductor depends first on the fabrication technology. The
best fabrication quality of both quantum well and microcavity has been achieved via molecular-beam
epitaxy growth of Al,Ga;_ As-based samples (Os xgl), thanks to the close match of the lattice

constants a,, of AlAsand GaAs and a relatively large difference between their band-gap energies E, .

lat

At 4K, GaAs has a,=5.64 A and E £1.519 eV and AlAs has a,=5.65 A and E, =3.099 eV.

lat lat

Nearly strain and defect-free GaAs - QWSs are now conventionally grown between AlGa;As.
Inhomogeneous broadening of exciton energy is-limited ‘mainly by monolayer QW thickness
fluctuation. Nearly defect-free microcavity structures can be grown with more than 30 pairs of
AlAs/GaAs layers in the DBRs and with a cavity quality factor Q exceeding 10° [32]. Many signatures
of polariton condensation were first obtained in GaAs-based systems , [33, 34, 35], as shown in Fig

18.

1.4.2 CdTe-based Microcavity
Another popular choice is the CdTe-based II-1V system, with CdTe QWs and Mg«Cd;Te and

Mn,Cd;Te barrier and DBR layers. The larger lattice mismatch is compensated by larger binding
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energy and larger oscillator strength, as well as larger refractive index contrast (hence less layers

needed in the DBRs). The smaller Bohr radius of CdTe excitons, on the one hand, allows a larger

saturation density and, on the other hand, reduces the polariton and acoustic phonon scattering. Hence

the energy relaxation bottleneck is more persistent in this system, which prevented condensation in the

LP ground state in early experiments, [37, 38]. By adjusting the detuning to facilitate thermalization,

partially localized polariton condensation into the ground state was finally observed in 2006, [39] , as

shown in fig 1.9.

1.4.3 GaN-Based Microcavity

GaN-based MCs are beginning to receive interest in the research community. A realistic model

for room temperature polariton laser has.been proposed for-a GaN MC by Malpuech [40]. In the

preceding report, the model structure was a 3A/2 MC which consisted of a cavity layer with 4

monolayers thick 9 QWSs between Aly2GagsN/Aly9Gag 1N DBRs, 11 pairs on the top and 14 pairs at

the bottom. The critical temperature of BEC of cavity polaritons was predicted to be 460 K with a

room temperature polariton lasing threshold as small as 100mW. Several groups have already reported

polariton luminescence at room temperature from bulk [41, 42, 43, 44] and QW MCs. The first

experimental results of the strong coupling regime in GaN-based MCs were reported by

Antoine-Vincent et al, [45]. The MCs fabricated by a wafer-bonding technique was composed of

INg.15Gag gsN/INg.02GagesN QWS embedded in a GaN-based cavity layer sandwiched between two
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Si0,/ZrO, DBRs. The anticrossing behavior was observed by angle-resolved reflectivity
measurements showing a vacuum Rabi splitting of 6 meV. By increasing the number of QWs from 3 to
10, the vacuum Rabi splitting was increased to 17 meV. An impediment for strong coupling regime in
this particular InGaN QW-MC was a low finesse cavity and/or large inhomogeneous broadening of the
QW emission, [46]. Bulk GaN-based MCs were further studied for polariton emission in the strong
coupling regime [41, 42, 43, 44]. In a bulk GaN MC with lattice matched AlInN/(Al)GaN DBRs, a
strong bottleneck effect was observed at room temperature by photoluminescence (PL) measurements
[43]. In an attempt to use ubiquitous Si substrates, bulk GaN MCs with a 10 pair AIN/AI0.2Ga0.8N
DBR have been grown directly on Si (111),[41, 42]. A'vacuum Rabi splitting of approximately 50
meV was observed up to room temperature by angle-resolved: reflectivity and PL measurements. A
vacuum Rabi splitting of 43 meV in GaN hybrid MCs-in the strong coupling regime was reported by
Alyamani et al, [44]. despite a cavity Q factor of about 160 or less. A GaN/Aly,GagsN QW-MC with a
sharper linewidth enabled observation of cavity polaritons at room temperature using angle-resolved
PL [47]. A vacuum Rabi splitting of 30 meV was observed and the exciton oscillator strength was
estimated to be ~ 3 x 10** cm™ per QW.

Room temperature polariton lasing in a bulk GaN MC under nonresonant pulsed optical pumping
has been demonstrated by Christopoulos et al, [48]. The 3A/2 bulk GaN cavity was sandwiched
between a bottom 34 pair AlggsIng1sN/Alp,GagsN DBR and a top 10 pair SiO,/SisNs DBR. The Q

factor obtained was ~ 2800. The optimum pumping occurred in resonance with the first Bragg mode
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above the upper DBR stop band, and the system in the strong coupling regime was confirmed by the
observed anti-crossing behavior from angleresolved PL. A clear nonlinear behavior is seen for the
emission at A= 365 nm above the critical threshold of I, = 1.0 mW. This corresponds to a carrier
density of N3p ~ 2.2 x 10'® cm™, which is an order of magnitude below the Mott density~ 1 — 2 x 10"
cm™ in GaN at 300 K. Additionally, the emission line was observed to blueshift with increasing pump
power and lock at threshold due to polariton-polariton interactions.

Further challenging, room temperature strong coupling regime and nonlinear effects in
GaN-based QWs MCs were studied. Christmann et al [49, 50, 51]. employed GaN-based hybrid MCs
which consist of a 3\ cavity layer with 67 period of GaN/Aly ,GapsN MQWs sandwiched between a
35 pair of lattice-matched AlggsIng1sN/Aly2GaggN DBR and a10 pair SiO,/SizN, DBR. Due to high
quantum efficiency, InGaN-based emitting dewvices .are commonly used. However, large
inhomogeneous broadening of QWSs at room temperature is a serious problem in efforts to attain the
strong coupling regime, [52]. By comparison, GaN/AlGaN QWs have a narrower emission linewidth
with a broadening of ~ 38 meV which is capable of paving the way for achieving the strong coupling
regime. In the lattice-matched GaN/AlGaN QWs MC system, the strong coupling regime at room
temperature was demonstrated using angle-resolved reflectivity measurements observed at small
angles followed by an asymptotic trend towards the uncoupled exciton energy (X). Anticrossing
between the lower polariton branch (LPB) and the upper polariton branch (UPB) was observed at 17°,

confirming that the system is in the strong coupling regime. The vacuum Rabi splitting of 56 meV is
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observed at room temperature. In order to observe the nonlinear optical properties, MCs were
nonresonantly excited by a pulsed laser (Apump = 266 nm). Fig. 1.10 (a) shows a series of emission
spectra at average pump power densities ranging from 0.16 to 28.8 W/cm? at k// = 0. The nonlinear
behavior is clearly observed at a relatively low threshold pump power density ~18 W/cm?
corresponding to a calculated density of 8 x 10° cm™ per QW. This threshold pump power density is ~
1/3 smaller than that in GaN-based VCSELSs [53]. It should note that a further increase of the pump
power results in broadening of the emission peak due to increasing polariton-polariton interactions
occurring in the condensates. Above threshold, the linewidth reduced from ~15 meV to ~ 0.46 meV.

In a perfect polariton laser, polarization shouldrandomly change for each realization of
condensate. Baumberg et al. observed the spontaneous polarization build up in room temperature
GaN-based polariton lasers excited by short optical pulses [54]. The Stokes vector of the emitted light
changes its orientation randomly from one excitation pulse to the other. Although it was unpolarized
below threshold, the polartization of polariton emission above threshold are linearly polarized, but
with no preferential orientation. This behavior is completely different from any conventional laser
including VCSELs. A spontaneous build up of polarization could be interpreted as spontaneous
symmetry breaking in a Bose-Einstein condensate of exciton-polaritons.

Interest is now brought to wide band-gap materials because the strong coupling regime is stable
up to room temperature and the exciton binding energy is much larger, leading to stronger

nonlinearities. The realization of a GaN-based polariton laser operating at room temperature has been
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achieved.

1.4.4 ZnO-Based Microcavity

Another wide bandgap semiconductor, ZnO is an attractive candidate for ultraviolet (UV)

optoelectronics devices. ZnO has an exciton binding energy (60 meV) that is more than twice that of

GaN (~26 meV). Zamfirescu et al [55]. predicted a large Vacuum Rabi splitting ~120 meV for cavity

polaritons in a model ZnO MC sandwiched between Mgo3Zno70/ZnO DBRs, which projects to an

extremely low threshold polariton laser (~2 mW) at room temperature. A record of ~191 meV has been

predicted but not yet experimentally observed [56]. On the reflector side, Chichibu et al. reported high

reflectivity SiO,/ZrO, DBRs for ZnO hased MCs owing to the large refractive index contrast between

SiO, and ZrO,, giving rise to a high reflectivity (>°99%) and a wide stop band even for an 8 pair

Si0,/ZrO, DBR. Recently, ZnO-based MCs were grown by different growth techniques and tested

under optical pumping. Shimada et al, [58, 59, 60]. observed a vacuum Rabi splitting of 50 meV in

ZnO-based hybrid MCs grown by molecular beam epitaxy (MBE) sandwiched between a 29 pair of

AlGaN/GaN bottom DBR and an 8 pair dielectric (SiO,/SiNy) top DBR [58]. Fig. 1.11 (a) shows the

angle-resolved PL spectra at room temperature up to 40°. It is clear that the lower polariton mode gets

closer to the uncoupled exciton mode, and the upper polariton mode is dispersed from the exciton

mode to the cavity mode. The experimental cavity polariton dispersion curve shown in Fig. 1.11 (b)

exhibits a typical anti-crossing behavior between the cavity mode and exciton mode when the cavity
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mode energy crosses the exciton mode. Schmidt-Grund et al. grew A/2-thick ZnO-based planar MCs

which consist of a ZnO cavity layer surrounded by a 10.5 pair ZrO,/MgO DBR prepared by

pulsed-laser deposition (PLD). A large vacuum Rabi splitting of ~ 78 meV was obtained from

angle-resolved reflectivity and PL measurements [59]. Using a dielectric MC consisting of a A-thick

ZnO cavity layer and two HfO,/SiO, DBRs by PLD and RF magnetron sputtering, respectively, cavity

polariton formation was demonstrated by Nakayama et al [60]. The vacuum Rabi splitting energy was

estimated ~ 80 meV. However, no polariton lasing was reported in any ZnO-based MCs as of yet.

Nevertheless, the above mentioned results are promising towards the realization of room temperature

ZnO-based polariton devices [61]. Moreover, ZnO-based electrical injection polariton lasers may also

be realizable in the future when reproducible and reliable p-type conductivity is achieved in ZnO. [62,

63]

1.4.4.1 Material Characteristics Of Zinc-Oxide

In recent years, the desire for blue and UV diode lasers and light emitting diodes has prompted

enormous research efforts into 11-V1 and 111-V wideband gap semiconductors. Among the well-known

semiconductor materials employed in various technical applications, two unique positions are held by

gallium nitride (GaN) and zinc oxide (ZnO) in the wide direct band gap semiconductor. In the material

property, both GaN and ZnO have many similar aspects, such as material structure, lattice constant,

energy band gap,... etc.. In the difference of which, the remarkable property of ZnO better than GaN is
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exciton binding energy of 60 meV, which is only 30 meV for GaN. Owing to the larger exciton
binding energy, more excitons exist in the room temperature, resulting in higher luminescence than
GaN. Furthermore, ZnO can be grown at lower temperature on the cheaper substrate and lead to low
cost of growth. However, because of more intrinsic defects, the hard growth of p-type ZnO to achieve
the p-i-n junctions, and the degradation of material quality, the current commercial blue and UV LEDs
are primitively composed of GaN. However, GaN-based LEDs still face some problems of the
luminescence, such as more defects in the material and low electron-hole recombination of c-direction
growth. Therefore, it is worth making the further researches on the material of ZnO and GaN on
purpose of possessing well-performed LEDs and LDs.

In materials science, ZnO is often called a 1lI-VI semiconductor because zinc and oxygen belong
to the 2nd and 6th groups of the periodic table, respectively. This semiconductor has several favorable
properties: good transparency, high electron mobility, wide band-gap, strong room-temperature
luminescence, etc.

Zinc oxide crystallizes is hexagonal wurtzite, as shown in Figl.12(a). The hexagonal structure has
a point group 6’'mm or Cg,, and the space group is P6smc or Cg,*. The lattice constants are a = 3.25 A
and ¢ = 5.2 A; their ratio c/a ~ 1.60 is close to the ideal value for hexagonal cell c/a = 1.633. As in
most 11-VI materials, the bonding in ZnO is largely ionic, which explains its strong piezoelectricity.
Due to this ionicity, zinc and oxygen planes bear electric charge (positive and negative, respectively).

ZnO has a relatively large direct band gap of ~3.3 eV at room temperature; therefore, pure ZnO is
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colorless and transparent. Advantages associated with a large band gap include higher breakdown

voltages, ability to sustain large electric fields, lower electronic noise, and high-temperature and

high-power operation. The bandgap of ZnO can further be tuned from ~3-4 eV by its alloying with

magnesium oxide or cadmium oxide.

Most ZnO has n-type character, even in the absence of intentional doping. Native defects such as

oxygen vacancies or zinc interstitials are often assumed to be the origin of this, but the subject remains

controversial. An alternative explanation has been proposed, based on theoretical calculations, that

unintentional substitutional hydrogen impurities are responsible. Controllable n-type doping is easily

achieved by substituting Zn with group-H1 elements. Al,*Ga, In or by substituting oxygen with

group-VII elements chlorine or iodine.:Reliable p-type doping of ZnO remains difficult. This problem

originates from low solubility of p-typedopants and their compensation by abundant n-type impurities,

and it is pertinent not only to ZnO, but also to similar compounds GaN and ZnSe. Measurement of

p-type in “intrinsically” n-type material is also not easy because in-homogeneity results in spurious

signals.

Current absence of p-type ZnO does limit its electronic and optoelectronic applications which

usually require junctions of n-type and p-type material. Known p-type dopants include group-I

elements Li, Na, K; group-V elements N, P and As well as copper and silver. However, many of these

form deep acceptors and do not produce significant p-type conduction at room temperature.

ZnO has wide direct band gap (3.37 eV or 375 nm at room temperature). Therefore, it’s most
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common potential applications are in laser diodes and light emitting diodes (LEDs). Some

optoelectronic applications of ZnO overlap with that of GaN, which has a similar bandgap (~3.4 eV at

room temperature). Compared to GaN, ZnO has a larger exciton binding energy (~60 meV, 2.4 times

of the room-temperature thermal energy), which results in bright room-temperature emission from

ZnO. Recent studies of ZnO epilayers have observed spontaneous emission from free-exciton (FE)

radiative recombination as well as stimulated emission from exciton-exciton scattering (EES) and

electron-hole-plasma (EHP) radiative recombination at temperature up to ~550K.[3] Other properties

of ZnO favorable for electronic applications include its stability to high-energy radiation and to wet

chemical etching. The pointed tips of Zn® nanorods result in‘a strong enhancement of an electric field.

Therefore, they can be used as field emitters. Transparent thin-fiim transistors (TTFT) can be produced

with ZnO. As field-effect transistors, they even maynot-need a p—n junction, thus avoiding the p-type

doping problem of ZnO. Some of the field-effect transistors even use ZnO nanorods as conducting

channels.
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(C) BEC Apparatus

' Vacuum pamp
and Rb source

(a)

b4
Some atomsin a
Some very cold atoms BEC condensate

Fig 1.1 (a) Before condensation, the atoms.look like fuzzy balls. (b) After condensation, the

atoms lie exactly on top of each other . (c) Schematic of the apparatus. Six laser beams intersect in a

glass cell, creating a magneto-optical trap (MOT). (d) Bose-Einstein Condensation at 400, 200, and 50

nk.
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Fig 1.2 (a) the dispersion of bulk polariton (b) the dispersion of microcavity polariton

Fig 1.3 The different types of microcavity (a) planar microcavities (b) pillar microcavities [13]

((c) Whispering-gallery microdisk resonator [14] d) photonic-crystal cavity [15]
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Fig 1.7. Probability for finding the atom .in either the upper or lower level in the strong-field limit
in the absence of damping. The electron oscillates back and forth between the two levels at the Rabi

angular frequency, Qg. This phenomenon is either-called-Rabi flopping or Rabi oscillation, [16].
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Figl.8 [Polariton lasing and photon lasing. (a) The emission energy vs pump power for a N=12
multi-QW planar microcavity. (b) The dispersion characteristics of polariton BEC (green diamond)

and photon lasing [ (pink triangle) as well as the linear dispersion of UP (red square) and LP (blue

circle) at low pump power, [36].
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Fig 1.9 A negative conductance polariton amplifier. (a) The LP emission intensity taken as a
function of energy and in-plane wave vector. The system is above the quantum degeneracy threshold at
the bottleneck. The solid line and the dashed: line indicate the theoretical dispersion (b) Observed

probe emission for pump only, probe only, and-simultaneous pump and probe excitation, [37].
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Fig 1.10(a) Semi-logarithmic plot displaying RT emission spectra at average pump power
densities ranging from 0.16 to 28.8 W/cm?, shifted for clarity. C and X are also reported (arrows). (b)
Three-dimensional representation of the far-field emission with emission intensity displayed on the

vertical axis [linear vertical scale above threshold. C and X are also reported[ (white lines).
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Fig. 1.11 (a) Angle-resolved PL spectra at RT in the range of 0 ° to 40 °© for a ZnO hybrid MC. The
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Fig 1.12 (a) Structure of wurtzite, which is a member of the hexagonal crystal system and consists

of tetrahedrally coordinated zinc and sulfur atoms that are stacked in an ABABAB pattern. (b) the

bangap structure of wurtzite structure
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systems atomic gases | excitons polaritons
effective mass m%nc 10° 101t 107
Bohr radius a, 10" A 10°A 10°A
particle spacing: n% 10°A 10°A lpm
critical temperature T, | 1nK~1uK ImK~1K 1K~>300K
therm;iilfi;;::;n time 1ms/1s~10° | 1ps/lns~10% | (1~10ps)/(1~10ps)
=0.1~10
Table 1.1: Parameter Comparison of BEC Systems
Material | Bandgap | Exciton Rabi Advantages Drawbacks
binding energy |-splitting
GaAs 1.519V | ~10meV 4meV lattice-match DBR | small  exciton binding
crystal quality energy
GaN 3.507eV | ~26meV(Bulk) | 26meV large exciton QCSE in QW
~40meV(QW) binding energy lattice-mismatch DBR
crystal quality
ZnO 3.28%V | ~60meV 120meV | large exciton lattice-mismatch DBR
binding energy crystal quality

Table 1.2: Comparison of material use in exciton-polariton BEC Systems
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Chapter2. THE COUPLING BETWEEN EXITON WITH PHOTON
2.1 Quasi-particle model
2.1.1 Properties of Wannier-Mott Exciton

A solid consists of 10?* atoms. Instead of describing the 10%* atoms and their constituents in full
detail, the common approach is to treat the stable ground state of an isolated system as a quasi-vacuum
( the state with filled valence band and empty conduction band for a semiconductor ) and to introduce
quasi-particles as a unit of elementary excitation, which only weakly interact with each other. An
exciton is a typical example of such a quasi-particle, consisting of an electron and a hole bound by the
Coulomb interaction. The quasi-vacuum©f a semiconductor is the state with filled valence band and
empty conduction band. When an electron with charge —e s excited from the valence band into the

conduction band, the vacancy it leavesin the. valence band'can be described as a quasi-particle call a

2

2 -1
‘hold . A hole in the valence band has charge +e, and an effective mass defined by —(Z EJ A
P

hole and an electron at p ~0 interacts with each other via Coulomb interaction and form a bound
pair (an exciton) analogous to a hydrogen atom where an electron is bound to a proton. The envelope
wavefunction of an exciton is also analogous to that of a hydrogen atom. However, due to the strong
dielectric screening in solids and a small effective mass ratio of the hole to the electron, the binding
energy of an exciton in GaAs, GaN, and ZnO is on the order of 10 meV, 26meV, and 60meV,
respectively, three orders of magnitude smaller than that of hydrogen atoms, and the radius of an

exciton is about extending over tens of atomic sites in the crystal (Wannier-Mott exciton).
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An exciton can be classified into Wannier-Mott exciton and Frenkel exciton, depending on the
properties of the material in question, as shown in Fig 2.1. In Wannier excitons, typically observed in
covalent semiconductors and insulators, the electron and hole are separated by a distance much larger
than the atomic spacing, so that the effect of the crystal lattice on the exciton can be taken into account
primarily via an average permittivity.

An exciton is a typical example of such a quasi-particle, consisting of an electron and a hole
bound by the Coulomb interaction. Therefore, an effective is that of a hydrogen-like atom formed by
an electron and a hole interacting, though simplified picture of the exciton state. The energy of exciton

*

E R 3 Ry is the Rydberg energy.Following Hanamura and Haug [64], the Hamiltonian of the

n="ty n2
electronic system of a direct two-band-semiconductor is:

I-A|A=J.1/7T3(X)HO(X)(//(X)d X

200D (YN (x= ) (x) (v)d 5y

Eq(2.1)

Where I—A|0 (x) is the Hamiltonian of single electrons, \7(x) :ez/g|x| is the screened Coulomb

potential, and  is the field operator for electrons expanded in terms of the electron eigenfunctions

v (X):
v (x)= Z 84y (%) Ea(2.2)
v (X) = 4 (x)exp ik - x)/\/ﬁ Eq(2.3)

Here j=c,v denotes the conduction or valence band, g, (x) is the Block wavefunction and N

~

is the number of unit cells of the lattice. a,

; Is the fermionic annihilation operator for an electron. It
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obeys the commutation relations {&;,a/}=5,, and {4;,a,}=0. For the valence band, we introduce

A

the hole creation operator b, to replace the electron annihilation operator:
al =b, Eq(2.4)
Annihilation of a valence band electron in a state with a wavevector k ,spin o, charge —e
and kinetic energy —E(k) from the top of the valence band is equivalent to creation of hole in state

—k with flipped spin &, positive charge +e and Kinetic energy E(k). For the conduction band,
we can now simplify the denotation as:
i -a Eq(2.5)
Substitute egn to egn into eqgn, neglecting number non-conserving term, we obtain:

H=>YE, (k)ah, + > E, (k)b

1 cc ¢ ¢ A4t 1 vy v ot
+ E kal ky ks kg ak1 ék2 ak3 ak4 B E Z:\/4<1—k2 —kg—ky bk1 bk2 bk3 bk4 Eq (2-6)
cVVe evev \Aate
_z (Vk1 ksky Ky _Vklkz keky )ak:bkz bks a'k4

In the effective mass approximation, Ee(k)(Eh (k)) are the kinetic energies of an electron (a

hole) with effective mass m,,(m,)

h’k®
E (k)=E ,
e( ) g zme Eq(27)
h2k2 )
E (k)=
»(K) 2m,

Where E, is the bandgap energy. Vk‘lﬂZE‘SEA are the direct and exchange interactions among

electrons and holes due to the Coulomb potential V!

Viimn = (kik, j|V|km,kn) (i, j,mn=c,v) Eq(2.8)

ko Ko ks kg

For Wannier-Mott excitons, the plane wave factor in egn and the Coulomb potential V are
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slowly varying functions which charge vary little in one unit cell of the lattice, hence eqn can be

calculated by first integrating the Block functions in a unit cell €,, then summing over all unit cells

weighted by the planar wave factors. We also nitice that:

J.Vi dsx'u:zo,c (X):ukzo@ (X) ~]1

Eq(2.9)
J‘Vi d3xll’l:z0,c (X)/’lkzo,v (X) ~ O
And we find that egn can be simplified to a form, for example:
VY :ijd3xd3yexp[i(| —k)-x+i(lI'-k")- y]L Eq(2.10)
v elx—y|
Now we consider the general wavefunctioniof an electron-hole state:
|p)=>"C,.4lb, |vac) Eq(2.11)

Where |vac> is the quasi-vacuum with a full'valence band and an empty conduction band. From
the eigenvalue equation H |p)=E|p), weobtain.the.equation for the amplitude C,.:

(E.(K)+E, (K')=E)Cyo = 2 (V) ar =Vi,51 1 )C, =0 Eq(2.12)

Takinf a Fourier transsfrom of eqn,use egn, we obtain the Wannier equations [65] for an exciton:

HAexc¢(Xe’Xh)=E¢(Xe’Xh)’
A 2 2 2 Eq(2.13
:_hv_h_vh+Eg_e— q(2.13)

2m 2m,

e

exc e

lx, —%,|

The two particle wavefunction is related to the amplitudes C,,. by
$(Xe %) =D Cueexp(ik-x, +ik"x,) Eq(2.14)
We separate the center of mass motion and the relative motion by introducting the new

coordinates:
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rzxe_xh'RzﬁeXe_ﬁhXh Eq(215)

Where g, =m,/M, B =m,/M,M =m,+m, . Then eqn become:

¢(xe,xh):¢n(r)exp(iK-R)/N Eq(2.16)
J
And the equation of relative motion is:
2 2
[_h_vr _e_+gexcnj¢n (r)=0 Eq(2.17)
2m, &l '

It has the same form as the equation of relative motion for a Hydrogen atom, but the reduced

mm, . :
mass m, =eTh is normally four orders of magnitude less than the hydrogen atom mass, and the

Coulomb interaction is screened and reduced bya factor. &,. These lead to a much larger Bohr radius

and much weaker binding energy of an‘exciton-compared to an -hydrogen atom. The total energy of the

pair is:
W’K?
E(K,n)=E_ -¢, ..+ Eq(2.18
(Kin) =By~ fucn + 51, 9(2.18)
The binding energy of the 1s state is
3D n
E. =¢,.,=— Eq(2.19
B exc,l ZmraénZ q( )
And the Bohr radius of the 1s exciton is:
he
= Eq(2.20)
e‘m,

Now the exciton operator e,i’n can be defined by inserting eqn into egn and using

| p)=ef ,|vac). We obtain:
€n = zaKvk+k'¢“ VAGAY é‘k6k' Eq(2.21)
k,k'

Where ¢, (k) is the Fourier transform of ¢ (x). The commutation relations of the exciton
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operators are:

eK‘,n"eK,n} =
At _
[eK‘,n"eK,n} -

é’l;',n"els:n] = KK'(Snn' _O(nexcaB)

0
0 Eq(2.22)

Hence excitons can be considered as boson in the low density regime when n__<<az®, or, when
the exciton inter-particle spacing is much large than its Bohr radius.

The electron and hole in an exciton form a dipole which interacts with electromagnetic fields of
light. The interband optical transition matrix element is given by the Fermi's golden rule:

wcv=27”2|<f|ﬁ, |i>|25(Ef ~E,—ho) Eq(2.23)

where i and f denotes the initial and final states-with energies E, and E, respectively.
he is the photon energy, and I—AII is the dipole interaction Hamiltonian. We first

consider an uncorrelated electron-hole pair, the matrix.element is given by:

wcv=27”2|<f|ﬁ, i) 5(E, -E ~ho) Eq(2.24)

where o is the polarization of light, j, and j, are the angular momenta of the electron and
hole, ., and y, are the envelope functions, and s, and g, are the Bloch functions. Since
X u, Vary little within a unit cell, while g, and g, are the same from cell to cell, we can
rewrite the integral IV as a summation over all cells of the integrations in each unit cell €;:

M z50,jejh;jgl dr'[ za, (r+R) s, (r4R)-Esye (r+R) 24 (1'+R)]

=65, i é;ig;(:ke (r+R) 2y (r'+R) Eq(2.25)

-Ugdr',u:ke (r)er-Euy (r')+eR - E'[er'y:ke (") sy, (r)}
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Notice that for the lowest energy interband transition , has s-wave symmetry while z, has

p-wave symmetry, we obtain:
Oscillator Strength of Excitons
A convenient material parameter that characterizes the exciton-photon coupling is the exciton

oscillator strength f defined analogous to the atomic oscillator strength as:

3 2m°w 2 V

f= e [r-efu) Eq(2.26)

3
ra,

The optical transition matrix element M can be expressed in terms of f as:

e’ f
M = r Eq(2.27
\ em’V a( )

I" are the first three terms in egn which depends on the selection rules and geometric properties

of the semiconductor.

2.1.2 Introduction to coupling between photon and exciton

Typical microcavities have a thickness of a few integer multiples of half the photon wavelength at
the exciton resonance frequency. Consequently, an exciton is coupled to a single cavity mode
according to the in-plane wave-vector conservation.

Using the rotating wave approximation, the linear Hamiltonian of the system is written in the

second quantization form as:

AAAA

HpoI = Hcav + Hexc + HI
- Z Eca‘/ (kH’ kc ) é;\ﬁa*k\r—? Z Eexc (k” )eku ekn + Z hQ(aknvkc eku + akn eku )

Here é{u is the photon creation operator with in-plane wavenumber k and longitudinal

Eq(2.28)
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wavenumberk, =k-Z determined by the cavity resonance. éJH is the exciton creation operators with
in-plane wavenumber k . 7€Q is the exciton-photon dipole interaction given by the exciton optical
transition matrix element M, and we used the condition that M is non-zero only between modes with

the same k. The above Hamiltonian can be diagonalized by the transformation:

pkH - XkHekH +CkHakH

. Eq(2.29)
qu - _Ckueku + Xkuakn
And H,, becomes

Hoo = 2 Epo (K ) BUDY + 2 Eup (K ) G Eq(2.30)

The new operators (f)“ku, ka“) and (Q;”,q;l) are'the new quasi-particles, or, eigen modes, of the
system. They are called the lower (LP) and-tupper polaritons (UP), corresponding to the lower and
upper branches of the eigen energies. /A polariton-is a linear superposition of an exciton and a photon
with the same inplane wavenumber k, .“Sinee.both-excitons and photons are bosons, so are the

polaritons. The exciton and photon fractions in each lower polariton (and vice versa for upper

polaritons) are given by the amplitude squared of XkH and CkH which are referred to as the Hopfield

coefficients [67], they satisfy:

2

‘xwr+km‘=1 Eq(2.31)

Let AE(k )=E,(k)-Ee(k.k ), X, and C, aregiven by:

" e
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Eq(2.32)

At AE =0, ‘Xku ‘2 = ‘Cku ‘2 =%, LP and UP are exactly half photon half exciton.
The energies of the polaritons, which are the eigenenergies of the Hamiltonian, are deduced from

the diagonalization procedure as:

ELP,UP (k||) = %|: Eexc + Ecav + \/4th2 + ( Eexc B Ecav )2 —‘ Eq(233)

| :

When the un-coupled exciton and photon. are‘at resonance, E,. =E

lower and upper polariton

cav !
energies have the minimum separation= E . =E, ;= 27Q , which is often called the "Rabi splitting' in
analogy to the atomic cavity Rabi splitting. Due tothe coupling between the exciton and photon modes,
the new polariton energies anti-cross when the cavity.-energy is tuned across the exciton energy. This is

one of the signatures of 'strong coupling'. When|Eexc -E |>> nQ, the polariton energies reduce to the

cav
same as photon and exciton energies due to the very large detuning between the two modes, and

polariton is no longer a useful concept. So the detuning is assumed to be comparable to or less than the

coupling strength in our discussions unless specified.

Weuse A as the exciton and photon energy detuning at k =0:
A=E,, (k =0)-E,(k =0), Eq(2.34)

And defind
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k.=./nk — Eq(2.35)
For which E,, (k,)—E,(k.)~7Q. Given A, eqngives the polariton energy-momentum

dispersions. At k, <k, the dispersions are approximately parabolic:

llc?

hk?
Eipue (kn) =Epup (O)+2m—” Eq(2.36)
LP,UP
The polariton effective mass is the weighted harmonic mean of the mass of its exciton
and photon components:
2 2
1 X[ [c]
mLP mexc mcav
) ) Eq(2.37)
1 _[cf |x]
mUP mexc mcav

where X and C are the exciton'and photon fractions given by eqn. m_,. is effective exciton
mass of its center of mass motion, and «m, 1S the effective cavity photon masses given by eqn. Since

m_. is much smaller than m

cav exc !

mp (ku - 0) = mcav/|c|2 ~10™ Mgy

Eq(2.38)
Myp (ku - 0) = mcav/|x|2

The very small effective mass of LPs at k ~0 determines the very high critical temperature of
phase transitions for the system. At large k >k, E,, (K, )—E,(k,)> 7Q, dispersions of the LP

and UP converge to the exciton and photon dispersions respectively, and LP has an effective mass
m.s (k|| > kHC) ~m,,.. Hence the LP's effective mass changes by four order of magnitude from k, ~0

to large k. This peculiar shape has important implications in the energy relaxation dynamics of

polaritons, as will be discussed in following chapter. A few examples of the polariton dispersion with
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different A are given if fig 2.2. When taking into account the finite lifetime of the cavity photon and

exciton, the eigen-energy equation is modified as:

1 . .
ELP,UP (k||) = E[Eexc + Ecav +1 (j/cav + Vexe ) T \/4h292 + IrEexc B Ecav +1 (ycav —Vexc )]ZJ Eq(239)

Here y., is the out-coupling rate of a cavity photon due to imperfect mirrors, and y,,. is the
non-radiative decay rate of an exciton. Thus the coupling strength must be larger than half of the
difference in decay rates to exhibit anti-crossing, i.e., to have polaritons as the new eigen modes. In
another word, an excitation must be able to coherently transfer between a photon and an exciton at
least once. When 7Q >>(7cav—;/exc)/2, we call the system in the strong coupling regime. In the
opposite limit when excitons and photons:instead are the eigenmodes, the system is called to be in the
weak coupling regime, and the radiative decay rate of an exciton is given by the optical transition
matrix element. We are mostly interested in'microcavities with y,,. <y, < 7Q, then equation gives
an accurate approximation of the polariton energies.

As a linear superposition of an exciton and a photon, the lifetime of the polaritons is directly
determined by .. and y_,as:

Vip = |X |2 Ve T |C|2 Y cav Eq(2.40)

2 2
Yop =[C| Ve +|X[ Yo
In general, the polariton lifetime is mainly determined by the cavity photon lifetime:
7Lp:|C|2 Y. - Polariton decays in the form of emitting a photon with the same k, and total

energy iw =E, ,,, The one-to-one correspondence between the internal polariton mode and the

external out-coupled photon mode lends great convenience to experimental access to the system. The
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external emitted photon field carry direct information of the internal polaritons, such as the energy
dispersion, population per mode, and statistics of the polaritons. It is mainly through the emitted

photons that we study the internal polaritons.

2.1.3 Quasi-Particle Model simulation in MatLAB
The Hamiltonian for free exciton and cavity photon is:
H _ZE (K)bsb, +ZE (K)asa Eq(2.41)
Operators b’,b_,a’,a_ are creation and annihilation operators for excitons and photons,

respectively.

The in-plane dispersion relation of exciton and cavity photon is

E, (K)=E, (0)+ Z::Z '; «(K) Eq(2.42)
£ (K)== VK S (K)
n ™ (1+ J k <k, Eq(2.43)
(0)+ 2mC (IZ)

Where m, , m. is the effective mass of in-plane exciton or cavity photon, I', is a
phenomenological decay rate the accounts for finite linewidth of the exciton resonance, and T'. isthe
cavity photon escape rate taking into account the possibility of photon tunneling across the cavity
mirror.

The cavity photon acquires an effective mass of
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_— 2xh  2mhng
© AC  AC

Eq(2.44)

Where n. is the cavity refractive index, and 4, is the resonant wavelength of the cavity.

The linear exciton-photon coupling formally reads:

H, =Y nQa’b. +H.c., Eq(2.45)

K

where Q is the coupling strength between an exciton and a photon, which is proportional to the
exciton oscillator strength and to the number of QWs embedded in the cavity.

If we only consider only one exciton and one photon interaction, the problem can be reduced to a
two-level system. As result, the eigenenergies of resulting states can be found by diagonalisation of the

matrix:
M (|Z ) = Eq(2.46)

The eigencalues of this matrix are given by
(E, —A)(E. —A) =h*Q° Eq(2.47)

Solutions of the equation are

E, (k)= EC(k);EX (k)+%\/(EC (K)—Ey (k) +4n°2" Eq(2.48)
e, (k)= ER) L e 00T () +ane? Eq(2.49)

2 2

E, and E, are the energies of the upper and lower polariton branches, respectively.

From the solution of eigenvector, we can define the Hopfield coefficients X, and C;, for

the upper (lower) polariton branch
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Xy (k)Y _ X, (k) X (k) X, (K)
00 2280 0 00w - 2 0) 4250
2hQ

C =
Tt (B, -, Y

_ X, Eq(2.51)

X, = E, & \/ —=-C, Eq(2.52)
JanQ + (B, -Ey)

|X|2 ,|C|2 describe weidhts of excitonic and photonic parts in each branch. As result, the sum of
|X|2 and |C|2 equal one.

However, we have to deal with more complicated system in practice. Generally, for 111-V nitride
and 11-VI1 zincoxide semiconductors with a wurtize'structure belonging to the space group C; , the
conduction band minimum is located ‘at the-center:of the Brillouin zone and its vicinity is almost
composed by the s states of nitrogen and cation atoms. The valence band maximum is also located at
the center of the Brillouin zone and its vicinity-is.almost composed by p states of nitrogen. Due to the
reduces symmetry and to the spin-obit interaction, the valence band splits into the well-known A, B,
and C bands with Iy, T',,and I', symmetries, respectively. Therefore, the excitons have A, B, and
C excitonic states in GaN and ZnO based material systems. Moreover, exciton is a Hydrogen-like
atom, and the principal quantum number indicates the difference energy level. Fortunately, we don’t
have to find the solution including total energy level of exciton, because the oscillator strength is
inversely proportional to n®, with n being the principal quantum number. Besides, the C exciton has
zero oscillator strength at normal incidence. In conclusion, we consider A and B excitons which only

included the 1s and 2s states in the following simulation, [67, 68] .
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According to Eq(2.46) form, the quasi-particle model’s matrix

v, 00 0 O,
0 E, 0 0 #0,
M(k)=| 0 0 E nQg, Eq(2.53)
0 0 0 E #0,
hQAl hQAZ hQBl hQBZ EC

2.2 Transfer Matrix Method

The transfer-matrix method is a method used in optics and acoustics to analyze the propagation of

electromagnetic or acoustic waves through a stratified (layered) medium. This is for example relevant

for the design of anti-reflective coatings-and dielectric.mirrors. Fig 2.3 show the simulation result of

the reflectivity of microcavity in transfer matrix method.

The reflection of light from a single. interface “between two media is described by the Fresnel

equations. However, when there are multiple interfaces, such as in the fig 2.4, the reflections

themselves are also partially reflected. Depending on the exact path length, these reflections can

interfere destructively or constructively. The overall reflection of a layer structure is the sum of an

infinite number of reflections, which is cumbersome to calculate.

The transfer-matrix method is based on the fact that, according to Maxwell's equations, there are

simple continuity conditions for the electric field across boundaries from one medium to the next. If

the field is known at the beginning of a layer, the field at the end of the layer can be derived from a

simple matrix operation. A stack of layers can then be represented as a system matrix, which is the
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product of the individual layer matrices. The final step of the method involves converting the system
matrix back into reflection and transmission coefficients.

Below is described how the transfer matrix is applied to electromagnetic waves of a given
frequency propagating through a stack of layers at normal incidence. It can be generalized to deal with
incidence at an angle, absorbing media, and media with magnetic properties. We assume that the stack
layers are normal to the z-axis and that the field within one layer can be represented as the
superposition of a left- and right-traveling wave with wave number k,

E(z)=Ee“+Ee™ Eq(2.54)

Because it follows from Maxwell's equation that E.and E’ must be continuous across a
boundary, it is convenient to represent-the field as the vector (E, E’) , Where

E' =‘;—'§= ikE, e™ —ikEe™ Eq(2.55)

Since there are two equations relating E and E’' to E, andE,, these two representations are

equivalent. In the new representation, propagation over a distance L into the positive z-direction is

described by the matrix

1.
coskL Iska Eq(2.56)

—ksinkL  coskL
E)u(2)
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Such a matrix can represent propagation through a layer if k is the wave number in the medium
and L the thickness of the layer: For a system with N layers, each layer j has a transfer
matrix M, where ] increases towards higher z-values. The system transfer matrix is then

M,=M,-....-M,-M, Eq(2.58)

Typically, one would like to know the reflectance and transmittance of the layer structure. If the
layer stack starts at z =0, then for negative z, the field is described as

E, (z)=Eg" +rEe ™ Eq(2.59)

where E, is the amplitude of the incoming wave, Kk, the wave number in the left medium, and
r is the amplitude reflectance coefficient of the layer structure. On the other side of the layer structure,
the field consists of a right-propagating transmitted field

Eq (z) =tE,e", Eq(2.60)

where t is the amplitude transmittance and 'k, is the wave number in the rightmost medium. If

E, =dE, /dzand E} =dE,/dz, then we can solve
E E(O
[ (ZR)):M [ ( )j Eq(2.61)

in terms of the matrix elements M of the system matrix M and obtain

t=2ikLeikR{ My, My, = My, M, } Eq(2.62)

M, +k kM, +i (KM, +k M, )

And

r= (M, +k keMy, ) +i (kM +k M, ) Eq(2.63)
(—M, +k kM, ) +i (kM +k M, )
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The transmittance and reflectance (i.e., the fractions of the incident intensity E, transmitted and
reflected by the layer) are often of more practical use and are given by T:|t2|and R:|r2|,
respectively.

As shown in Fig2.4 , where @ is the angle of incidence/reflection of the incident radiation and
A is the wavelength of the radiation. The measured reflectivity depends on the variation in the
scattering length density (SLD) profile, (p(z)) perpendicular to the interface. Although the
scattering length density profile is normally a continuously varying function, the interfacial structure
can often be well approximated by a slab model in which layers of thickness d, scattering length

density p, and roughness o, are sandwiched between the super- and sub-phases. One then uses

nn+d
a refinement procedure to minimise the differences between the theoretical and measured reflectivity
curves, by changing the parameters that‘describe each layer

In this description the interface is split into n layers. Since the incident neutron beam is

refracted by each of the layers the wavevector, k, inlayer n, is given by:

K, = \/kf —4z(p,—py) Eq(2.64)
The Fresnel reflection coefficient between layer n and n+1 isthen given by:

r n "~ Cned Eq(2.65)

Since the interface between each layer is unlikely to be perfectly smooth the

roughness/diffuseness of each interface modifies the Fresnel coefficient and is accounted for by an

error function, as described by Nevot and Croce (1980).
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- e exp (2K K, 07, Eq(2.66)

rn,n+l - k
n n+l

A phase factor, g is introduced, which accounts for the thickness of each layer.
p,=0,and g =ik.d, Eq(2.67)
where i’ =-1. A characteristic matrix, c, is then calculated for each layer.

— p( n) nn+1exp(ﬂn):| E 268
" haa€XP(=5,)  exp(-4,) q(2.68)

The resultant matrix is defined as the product of these characteristic matrices
M=]]ec, Eq(2.69)
0

from which the reflectivity is calculated

Eq(2.70)

2.3 The Scattering Mechanisms Between Polariton With Other Particle

We identify three steps in the description of photoluminescence from semiconductors: an
excitation provided by an external pump, a relaxation process in which the energy of the excitation is
redistributed among the electronic states and released to the lattice, and a radiative recombination
process. The relaxation mechanisms of recent research developments include phonon-polariton
scattering, electron-polariton scattering, polariton-polariton scattering, and exciton dissociation. In Fig
2.4 we give a schematic picture of the polariton dispersion and of the possible scattering processes

governing its dynamics and PL that we are going to consider.
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2.3.3 Polariton dynametic rate equation
In order to describe the relaxation kinetics of classical particles, we use the semi-classical

Boltzmann equation to calculate the polariton distribution, as equation 2.71.

L, = P (1) =Tng +We_ene, =W,

ot « n

Kok & Eq(2.71)

where P. is the generation term, due to optical pumping or to any other physical process, I', is

the particle decay rate, and W, . is the total scattering rate between the states and due to any kind of

-k

physical process. Uhlenbeck and Gropper (1932) first proposed to include the quantum character of

the particles by taking into account their fermionic or bosonic nature. Equation 2.71 written for bosons

reads:
0
at ne =P (t)-Tene +W, (1+ L ) N =Wi e (1+ nE')nE
Ea(2.
" s : q(2.72)
=P (t)——+—n, + A
[ ot p-tp O LP—ph

As elementary excitations of the microcavity system, polaritons are most conveniently created by
a laser pump pulse, after which they relax and under appropriate conditions accumulate at least partly
in the ground state of the LP branch, before they completely decay. In order to study a spontaneous
phase transition, pumping should be incoherent, so that there are no phase relations between the pump
light and the condensate. One speaks about a quantum statistically degenerate state if the number of
polaritons n, in the ground state is much larger than 1. In this case, stimulated relaxation processes
dominate over the spontaneous ones by a factor 1+n,. The main interactions which drive the

relaxation and eventually the condensation stem from the exciton-phonon interactions and the

-51-



Coulomb interactions between excitons. The exchange Coulomb interactions dominate over the direct
Coulomb interactions between two excitons and give rise to a repulsive interaction between two
polaritons with an identical spin. This interaction provides the fastest scattering mechanism which
thermalizes the polariton gas, but the temperature of the gas can only be lowered by coupling to the
cold acoustic phonon reservoir. Much of the physics of the polariton relaxation and condensation can
be described with the semiclassical Boltzmann rate eqn, which we formulate in the next section. We
include the scattering due to the LP-phonon and LP-LP interactions as discussed. The spectral change
due to condensation is not extended enough to have a substantial influence on the condensation
kinetics. Hence we use only the free-particle spectrum to calculate the scattering rates. These rate
equations yield results in good agreement with the experimental observations in many reference. The

rate equations calculate only the number of the LPs-in‘the ground and excited states.

2.3.4 The scattering mechanisms between polariton with other particle
2.3.4.1 The polariton-phonon scattering

The relevant interaction between excitons and longitudinal-acoustic phonons is provided by the
deformation-potential coupling with the electron and hole De and Dh, respectively. This interaction

Hamiltonian between the LPs and phonons is [69, 70]

H "= X;X‘E+q‘<k|HVXV‘P“|k+q>x(cquz —cl; )bmb‘ Ea(2.73)

% ’qv’qz k
k.d.0,

where X, are again the exciton Hopfield coefficients of the polariton. The phonons are taken to
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be the bulk phonons with a wave vector g€, +q,€,. Only the in-plane vector component is conserved.

The quantum well 1s-exciton envelope function is given by

l(ﬁ’zeyzh)%/%e_'/as fo(z.) T (20) Eq(2.75)

where a, is the 2D Bohr radius and fe,h(ze,h) are the quantum well envelope functions.

Evaluating the exciton-phonon interaction matrix element with this envelope function, one finds

Eq(2.76)

Here p is the density, u is the sound velocity, and V is the microcavity volume. The

superposition integrals for the electron(e) orhole(h) aregiven by

-3/2

2
m
1 (q) = 1+[ h.e qaj
| o o
12, (a,)= J'OLQW dzf ), (z)e™*

These integrals cut off the sums for q>a;" ‘and for q, >27z/L,, .

With this interaction matrix element, the transition rates for the LPs can be written as

h
x5 (Ey_q — E £hay, ) Eq(2.78)

1.1
x[NB(ha)q]qz)JrEiEj

where N, (ha)q):]/[exp(ha)q)—l} is the thermal phonon Bose distribution function. Here the

_ 2
i :_ﬂz X Xi4G (0.4, )
a;

small correction of the phonon confinement is neglected.

2.3.4.2  The polariton-polariton scattering
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For a nonpolarized LP gas, following Tassone and Yamamoto [71], we further simplify the

scattering coefficient as

a
M = 2;%,?%% (7~ ) = 6B, Eq(2.79)

where ¢, and E, are the screened 2D 1s-exciton wave function and binding energy,
respectively. V, =2x/¢g,Sk is the 2D Coulomb potential and &, is the dielectric function.
The corresponding LP transition probability is then

2
Lp-p _ T S

KK’ 5ky Ky 7 (27[)4
AEZ|M[" XZXEXEXE
X
[aE(k')/ak'z][aE(kl)/akf][aE(kz)/akZZ]

<R (K, k', kK, )

Eq(2.80)

A uniform energy grid is adopted with an energy spacing“AE . The terms proportional to the 2D

density of states aE(k’)/ak'2 stem from.the conversion of integration over momenta to summation

over energies. The term R is given by

dg®

[(kh) =07 |02 = (k=k)* [[ (k' k) =07 | @ = (k' =k, |

Eq(2.81)

R(K, Kk, k,) =

The integration is taken over the range in which all four terms under the square root are
non-negative. Energy conservation is built in by taking k, =k(E2 = Ek+Ek,—Ekl) and summing

overthe E, and E, .
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Fig 2.1 Excitons may be treated in two limiting cases, depending on the properties of the binding

energy E, . (a) Wannier-Mott exciton E, <0.1eV (b)Frenkel exciton 1eV > E, > 0.1eV
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Fig. 2.2 polariton dispersion and corresponding Hopfield coefficients at (a) positive detuning (b)

zero detuning (c) negative detuning
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Fig 2.4 Schematic of the structure for transfer matrix model

-56 -



(@)

polariton-phonon &
LPB polariton-electron scattering

‘Wavevector i

j (b)
P >
- -

polariton-polariton scattering

LPB.
‘Wavevector

Energy

¥

Fig 2.5 schematic of the polariton scattering processes (a) polariton-phonon scattering and
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Chapter3. Experimental Systems
3.1 Sample Materials And Structures

An optical microcavity is a structure formed by reflecting faces on the two sides of a spacer layer
or optical medium. A typical structure of a semiconductor microcavity consists of a mA. /2 cavity
layer sandwiched between two distributed Bragg reflectors (DBRs). A DBR is made of layers of
alternating high and low refraction indices, each layer with an optical thickness of A/4. Light reflected
from each interface destructively interfere, creating a stop-band for transmission. Hence the DBR acts
as a high-reflectance mirror when the wavelength of the incident light is within the stop-band.

In current semiconductor samples, the microcavity structure consists of a bulk ZnO 3/2) thick
cavity sandwiched between a bottom 30-pair AIN/AIGaN “DBR and a top 9-period dielectric
SiO,/HfO, DBR. Here we chose A to be 380 nm in-air. The aluminum composition in the DBR was
about 23% from the measurement of high-resolution x-ray diffraction. The AIN/AIGaN DBR was
grown on (0001)-oriented sapphire substrates in a low-pressure high-speed rotating-disk metalorganic
chemical vapor deposition (MOCVD) system. During the growth, trimethylgallium (TMGa) and
trimethylaluminum (TMAI) were used as group 111 source materials and ammonia (NH3) as the group
V source material. After thermal cleaning of the substrate in hydrogen ambient for 5 min at 1100 °C, a
30-nm-thick GaN nucleation layer was grown at 500 °C. The growth temperature was raised up to
1020 °C for the growth of 2.8 um GaN buffer layer. Then, the AIN/Aly23Gag77N DBRS were grown

under the fixed chamber pressure of 100 Torr [72].
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The bulk ZnO 3/2) thick cavity was grown on AIN/Alp23Gag77N DBR by plasma-assisted

molecular beam epitaxy (MBE) system under the growth temperature of about 550 °C.

The 9-period SiO,/HfO, dielectric DBR was deposited by dual electron-beam gun evaporation

system to complete the microcavity structure. The schematic sketch of the ZnO-based microcavity

structure is shown in Fig 3.1. The interface between the AIN/AIGaN DBR and the ZnO cavity is

smooth as seen from the cross-sectional scanning electron microscope (SEM) image in Fig 3.2. To

further illustrate the configuration of the hybrid microcavity structure, the refractive index profile and

the electric-field intensity in the growth direction for normal incidence at photon energy of 3.23 eV are

displayed in Fig 3.3. The reflectivity spectra of a 30-pair AIN/AI0.23Ga0.77N DBR and a nine-pair

Si02 /HfO2 DBR were measured at RT, respectively, for normal incidence, as shown in Fig3.4. The

peak reflectivity of bottom AIN/AIGaN'DBR is about 93%and the stop band width is about 145 meV.

As for the top SiO2 /HfO2 DBR, the peak reflectivity and the stop bandwidth are 97% and 790 meV,

respectively.

3.2 Photoluminescence Measurement

Photoluminescence is a general and powerful analysis technology. It is a process in which a

chemical compound absorbs a photon of light, thus transitioning to a higher electronic energy state,

and then radiates a photon back out, returning to a lower energy state. The period between absorption

and emission is typically extremely short, on the order of 10 nanoseconds. Under special
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circumstances, however, this period can be extended into minutes or hours. The simplest

photoluminescent processes are resonant radiations, in which a photon of a particular wavelength is

absorbed and an equivalent photon is immediately emitted. Fig 3.5 shows the PL experiments setup

discussed in the dissertation.

Generally, we use a biconvex lens to focus laser beam onto a spot ~50 um in diameter on the

sample surface. The light emission from the sample was collected by optics fiber into a spectrograph,

iIHR 320 system, with a spectral resolution of 0.1nm and was recorded by using cooling charged

coupled devices (CCDs) and photomultipliers (PMTSs).

3.21 Micro-Photoluminescence Measurement

Micro-PL measurements with a confocal spectroscopy.setup is similar to ARPL, as shown in Fig

3.6. About 30mW of the 325 nm excitation Helium-Cadmium laser beam was focused onto the sample

using a high magnification microscope objective. The spot size on the sample is estimated to be 6um

in diameter, measured by knife-edge method. The PL signal was collected and collimated by the same

objective, and then focused onto the input slit of iHR spectrometer. A cooling charge-coupled-device

(CCD) detector array was used to collect the spectra. The resolution of the system is estimated to be

approximately 0.1nm.

We have been use several laser light source to proceed those experiments, include 325nm He-Cd

laser , 355nm Nd:YVO, laser, 266nm Ti-sapphire laser, and 266nm Nd:YAG laser.
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3.2.2 Angle-Resolved Photoluminescence Measurement

Fig3.7 shows the experimental setups for measuring angle-resolved photoluminescence (ARPL)

of a microcavity sample at room temperature. In principle, the ARPL measurement setup is similar to

PL setup. The emission light is collected by a fiber-coupled lens which is mounted on a goniometer

rail with an angular resolution of 4° ~ 6° which is in turn connected to a spectrometer. The excitation

source of the ARPL measurements is a 266 nm radiation from a frequency tripled Ti:sapphire laser at

an oblique incidence angle of 57°. The general near UV objective lens doesn’t have enough long work

distance to avoid blocking the optic path of the emission light. Therefore, we use a biconvex lens to

focus the input beam, and the input beam-onto a spot ~50pmin diameter on the sample surface.

3.3 Reflection Measurement

The angle-resolved reflectance measurement setup is similar to ARPL. We use Xenon lamp as the

input light whose spectrum is shown in Fig 3.8. The white light source input along one rail of a

goniometer, and a doublet lens focuses the input beam from a slant angle to a spot ~100 pum in

diameter on the sample. The reflected beam is collected by a fiber-coupled lens with an angular

resolution of 4°-6° on the other rail of the goniometer which is in turn connected to a spectrometer.
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Fig3.1 The schematic ¢ th based microcavity structure

Fig 3.2 The interface between the AIN/AlIGaN DBR and the ZnO cavity is smooth as seen from

the cross-sectional scanning electron microscope (SEM) image
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Chapter4. EXPERIMENTAL SYSTEMS
4.1 Polariton dispersion

In practice, we have three ways to prove the polariton exist in the microcavity system. First, the
energy splitting between E_p and Ep is observable in reflectivity or photoluminescence spectrum. Due
to the coupling between the exciton and photon modes, the new polariton energies anticross when the
cavity energy is tuned across the exciton energy. In chapter 2 , we studied the E-k dispersion of
microcavity, as shown in Fig 2.2. The dispersion curves of reflectivity, transmission, or absorption
resonances in an open cavity as a function of the angle of incidence &, with k =qsiné. As result,
we can measurement the polariton dispersion_curve  by. angle-resolved photoluminescence or
angle-resolved reflectility experiment:Moreover, according to the simulation result of transfer matrix
method or quasi-particle model, we can obtain not only the Rabi-splitting energy but also the more
physical parameters such as the oscillator strength. Second, Rabi oscillations are the temporal
equivalent of the energy splitting and appear only if the lower and upper modes are well defined. In
Fig 1.7, the probability for finding polariton in either the upper or lower level is oscillator with each

other with the form

c, (t)|2 = cos® (Qt/2) "
e, (1) =sin? (Q,t/2) .

As result, The Hanbury Brown and Twiss(HBT) is the well-known experiment setup to measure

the temporal coherence between two light sources. However, the HBT is not discussed in the

dissertation.
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Third, phenomena like Bose-Einstein condensation or parametric scattering which require

polaritons only on the lower polariton branch(LPB). in order to observed those phenomena, we

progress the power dependent angle-resolved photoluminescence to detect the polariton distribution

with different input power. And under the suitable conditions, the Bose-Einstein condensation

behavior may be observed, that is to say, the polariton laser is achievement.

4.2 Micro-Photoluminescence experiment results

In chapter 2, we can define the strong-coupling regime from Eq(2.39) as

Y =7
2

hQ > Eq(4.2)

where hQ has the sense of the coupling strength between the cavity photon mode and the
exciton, y,y, is the broadening of the exciton and cavity, respectively. Under the condition the
anticrossing takes place between the exciton and photon modes. In this regime, two distinct
exciton-polariton branches manifest themselves as two optical resonances in the reflection or
transmission spectra. The splitting between these two resonances is referred to as the vacuum-field
Rabi splitting. It reaches 4-15 meV in current GaAs-based microcavities, up to 50 meV in GaN-based
microcavities, and is found to be as large as 120 meV in ZnO-based microcavities. The physical

meaning of y, is the same as cavity quality factor (Q-factor). Higher Q-factor indicates a lower rate

of energy loss relative to the stored energy of the oscillator; the oscillations die out more slowly. In

other word, higher Q-factor is longer lifetime and smaller energy broadening. In order to get y, the
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as small as possible, we need higher reflectivity mirrors.

In current semiconductor samples of the dissertation, the reflectivity of the bottom 30-pair
AIN/AlIGaN DBR and the top 9-period dielectric SiOo/HfO, DBR is 93% and 97%, respectively. As
shown in Fig 4.1, We tune the cavity length to match the different resonance wavelength, include
381.5 nm, 384.4 nm, 391.5nm. By the micro-photoluminescence, we can obtain the three Q-factors,

256, 320, 279, respectively.

4.3 Angle-resolved reflective experiment results

To further probe the characteristics of.strong-exciton-photon coupling in the ZnO MC structure,
RT angle-resolved reflectivity measurements-were-performed for the observation of in-plane polariton
dispersion curves, which were carried:out by using a two-arm goniometer and a xenon lamp employed
as a white light source combined with a 100 pm core optical fiber. The reflected light was then
collected by a 600 um core UV optical fiber mounted on a rotating stage with an angular resolution of
~1°. The color map of the angular dispersion of measured reflectivity spectra from 8 to 38° is shown in
Fig. 4.3(a). Furthermore, the color map of the calculated angle-resolved reflectivity spectra with taking
the resonant exciton into account is shown in Fig. 4.3(b). In our simulation, the reflectivity spectra
were carried out based on the transfer matrix method and the resonant exciton was modeled by a
Lorentz oscillator dispersive dielectric function. In Fig. 4.3 (a), the measured dispersion of the LPB
obviously deviates from the parabolic cavity mode and approaches to exciton mode with increasing
angle. Furthermore, a good agreement is found between the experimental and theoretical LPBs, as
shown in Figs. 4.3 (a) and 4.3 (b), when we consider the strong exciton-photon coupling in our
calculation by assigning the parameter related to the oscillator strength of about 10° meV?. This value
is nearly two times larger than that of GaN-based materials due to the larger oscillator strength of ZnO
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materials. As can be seen from Fig. 4.3 (b), we estimated that the anticrossing occurs near the angle of
about 34° and the corresponding vacuum Rabi splitting value is about 72 meV. This large vacuum
Rabi splitting is the largest value reported in ZnO-based MCs at RT, which may originate from the
high cavity quality factor, good ZnO crystal quality, and larger ZnO thickness. On the other hand,
although the angular dispersion of the LPB is well visible from experimental results, the signature of
the UPB is nearly not observable, as shown in Fig. 4.3 (a).

This interesting issue regarding the anticrossing behavior in bulk ZnO MCs was reported by
Faure et al. in 2008." They theoretically expected that the anticrossing behavior can be properly
defined in bulk GaAs and GaN MCs, whereas only the LPB is a well-defined and well-mixed
exciton-photon state in bulk ZnO MCs. They proposed that the UPB in bulk ZnO MCs is pushed into
the continuum states of excitons due to the large vacuum Rabi splitting of 120 meV (i.e., twice larger
than the exciton binding energy) in their.calculation:-Nevertheless, the Rabi splitting estimated in our
structure is about 72 meV, which is only slightly larger than the-exciton binding energy. Therefore, the
UPB will not overlap with the exciton ‘continuum-states:-To understand the origin of the invisible UPB
in the bulk ZnO MC, except for the exciton continuum-states, we further take into account the effect of
absorption induced by scattering states of excitons in our simulation. The 3D exciton physical model is
used in our calculation to involve the absorption of bound states and scattering states. The absorption
due to scattering states is added into the dielectric function and the amplitude is adjusted to match the
experimental absorption spectra. Fig. 4.2 shows the experimental (open blue circle) and simulated
(solid line) absorption spectra of a bulk ZnO at RT. When the vacuum Rabi splitting energy is nearly
the same as the exciton binding energy, it will give rise to the energy overlap between the UPB and the
scattering states, which may originate from the exciton excited states, the onset of continuum
absorption, and the exciton-phonon complexes, especially at RT. Fig. 4.3 (c) presents the simulation of
angle-resolved reflectivity spectra for the bulk ZnO MCs after taking the scattering absorption into

account. It is clearly observed that the UPB is significantly broadened due to its crossing with the
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scattering states of excitons. Such a situation is especially important for bulk ZnO MCs due to the
relatively thick cavity layer and the large absorption coefficient (~2x10°> cm™) for ZnO materials."’
These effects induce the damping of the coherence for upper polariton states and lead to the dispersion
of UPB to be invisible. Although the full anticrossing behavior cannot be experimentally demonstrated
because of the strong scattering absorption, it should be noted that clear observation of the LPB is
more important for the investigation of Bose-Einstein condensation and polariton lasing. Prospects
regarding the experimental observation of the complete anticrossing behavior may be achieved based
on a ZnO/ZnMgO quantum-well-MC due to the decrease in the thickness of ZnO absorption and the
enhancement of exciton binding energies, pushing the continuum states of exciton to higher energy

values due to the 2D excitonic nature from the quantum confinement effect.

431 Angle-resolved Photoluminescence experiment results

The cavity quality factor of the ZnO MC is dependent on the pump beam spot size, which is
induced by the contribution of different cavities originating from the microscopic fluctuation in
thickness, interface roughness, and crystal imperfection. The different emission wavelengths cause the
inhomogeneous broadening of the cavity mode when using a larger laser spot size. This phenomenon
is commonly observed in wide-bandgap materials due to the difficulty in growing high-quality DBRs
and cavity layers. A cavity quality factor of ~165 was probed from the PL measurements. However,
when the laser spot size was focused to be about 10 um, the cavity quality factor of 320 was found,
which demonstrates the high local quality of our ZnO MC structures. The sample was first studied by

angle-resolved PL at RT. Two different detunings between the uncoupled photon and exciton modes at
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zero in-plane wave vector were considered to confirm the strong coupling phenomenon. Fig 4.4

presents the experimental angle-resolved PL spectra of the ZnO MCs with approximate detunings of:

(@ 6=-78 meV, and (b) 6 = —26 meV at RT. The dashed line corresponds to the uncoupled exciton

energy. Instead of a pure cavity mode following a parabolic dispersion, the lower polariton branch

(LPB) can be observed in these two cases. The photonlike LPB will approach to excitonlike LPB with

increasing angle and finally converges to an energy that is close to uncoupled exciton. Furthermore, it

is expected that the upper polariton branch (UPB) is not observable as a result of the strong absorption

of ZnO in this spectral range.

4.3.2 Temperature dependent Angle-resolved Photoluminescence

To get better understanding of thepolairton-occupancy and the corresponding competition

between relaxation and emission processes, we further plot the color maps of the angular dispersions

of measured PL spectra at different temperatures and detuning values. Fig 4.5(a)~ 4.5 (c) show the

color maps of the angle-resolved PL spectra at the temperatures of (a) 100 K, (b) 200 K, and (c) 300 K

for the case of 6 = —78 meV at RT. The strong redistribution of the polariton population is found with

increasing temperature from 100 to 300 K. At low temperature (100 K), a maximum of the LP

intensity can be observed at the angle of about 39° at which the energy difference between the cavity

photon mode and the uncoupled exciton mode shows zero detuning. This condition can be considered

an experimental demonstration of the presence of a relaxation bottleneck, induced by the inefficient
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scattering rate of bottleneck polaritons into the ground state. The similar situation can be found when

the temperature is 200 K. Furthermore, the intensity of the LP emission spreads over a wide range of

angle from 15° to 30° when the temperature is 300 K, as shown in Fig. 4.5 (c). This enhanced

polariton relaxation from the bottleneck should be caused through polariton-acoustic phonon

interaction. On the other hand, with increasing temperature the decreases in exciton energy and in

cavity-photon energy are resulted from a reduction of the bandgap energy and the temperature

dependence of the refractive index, respectively. Therefore, the temperature-dependent detuning o will

also influence the distribution of polariton emission due to the different exciton and photon fractions

of the polariton states. To get access to the exciton and.photon contents in the mixed polariton states,

we apply the quasiparticle model to obtain the expansion coefficients of the eigenstates on the exciton

and photon basis[81]. The curved dashed lines shown‘in‘Fig. 4.5 (a)~(c) represent the calculated LPBs

and the curved dot line and horizontal dot line show the pure cavity and exciton modes, respectively.

Because of the temperature-dependent detuning, the angles of exciton-photon resonance are about 39°,

36°, and 31° for the temperatures of 100, 200 and 300 K, respectively. Furthermore, the Rabi splitting

values, which increase with decreasing temperature, corresponding to the three temperatures are 67, 79,

and 87 meV. This temperature-dependent Rabi splitting is also observed in recent studies[80], and may

be induced by a decrease of the exciton oscillator strength with increasing temperature. Fig 4.5 (d)~2(f)

show the angle-dependent composition of the cavity photon and exciton modes for the three detunings

induced by different temperatures. The photon fractions at zero degree are 93%, 91%, and 85.5% with
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decreasing exciton-photon detuning. It is obvious that this high fraction of photon leads to the

observable bottleneck effect even if the polariton relaxation is assisted by polariton-phonon interaction

at 300 K.

To further confirm the polariton relaxation mechanisms, we plot the color maps of the

angle-resolved PL spectra and calculate the relevant exciton-photon fractions for the case of smaller

detuning (6 = —26 meV at RT) at different temperatures in Fig. 4.6. The obvious bottleneck effect can

be found at 150 K when the photon fraction is about 82%. Furthermore, an uniform emission intensity

ranging over 30° exhibits the dynamic competition between the phonon-assisted polariton relaxation

and the escape of cavity photons at 250 K; as shown in Fig. 4.6 (b). When the temperature rises to 300

K, the maximum emission intensity is‘centered at zero degree and a relaxation bottleneck is absent due

to the increased polariton-phonon interaction and the-lower.photon fraction of 68% at zero degree [Fig.

4.6 (c) and Fig. 4.6 (f)].

Figure 4.7 presents the color maps of the measured angle-resolved PL spectra at 150, 200, and

250 K for the exciton-photon detuning of —8 meV at 250 K. The corresponding exciton and photon

fractions as a function of angle are calculated and shown in Fig. 4.7 as well. By comparing Figs. 4.6 (c)

and 4.7 (a), based on the similar photon fraction of ~69% the polaritons can obtain the efficient

scattering from high k states into lower k states by increasing the temperature from 150 to 300 K. On

the other hand, at the same temperature of 200 K the obvious polariton bottleneck can be relaxed into

the bottom of the LPB when the photon fraction is reduced from 91% to 63% [see Figs. 4.5(b), 4.5(e),
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4.7(b), and 4.7(e)], which means the longer polariton lifetime sufficient for the relaxation process

under the condition of relatively fewer phonons at 200 K. Furthermore, the LP emission intensity is

more centered within a smaller range of angle when the temperature increases from 200 to 250 K.

Contrary to the case of large detuning (0 = —78 meV at RT), the suppression of polariton relaxation

bottleneck in the condition of small detuning (6 = —8 meV at 250 K) mainly originates from the low

photon fraction and therefore the bottleneck effect is absent at 200 K, which indicates the importance

of exciton-photon detuning in the possible presence of polariton relaxation bottleneck.

4.3.3 Power-dependent Angle-resolved Photoluminescence

In order to check the role of polariton-polariton scattering-in polariton relaxation mechanism, in

Fig. 4.8, we show the color map of Lower Polariton-Photoluminescence intensity dependence with

angle at 300 K for an initial detuning of —68 meV and for incident power ranging from 170uW to

1mW. We find a small superlinear increase of the emission at small angles with increasing excitation

and a suppression of the relaxation bottleneck, likely driven by the polariton-polariton scattering

processes.

Increasing the pumping power speeds up the relaxation kinetics due to the onset of the

polariton-polariton scattering mechanism. One can see that the distribution of the polariton population

shifts to lower energies while remaining broad in energy and wave vector at low average pump power

170 uW. The polariton-polariton scattering plays only a weak role and that the relaxation is dominated
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by interactions with phonons or residual free carriers under the small pumping condition.At stronger
pumping, the scattering of polaritons to the ground state becomes much more effective due to the
bosonic final state stimulation effect. This leads to an avalanchelike process that results in an
exponential increase of the ground-state population. The exciton-polariton distribution is now strongly
peaked at the bottom of the LPB, approaching the equilibrium Bose-Einstein distribution function.

We conclude the polariton-polariton relaxation mechanism may play a role in our system, which
may explain the discrepancy with theory and the slightly reduced bottleneck suppression in the

theoretical simulations at higher temperatures when compared to the experimental data.

4.4 Nonlinear emission
44.1 Nonlinear emission from ZnO-based microcavity
The nonlinear optical properties of this ZnO-based microcavity under nonresonant pumping with
the Nd:YVO, 355nm pulse laser have then been investigated in our experiments, as shown in Fig. 4.9..
At room temperature, we can observed the nonlinear emission under the two detuning case,
A=-26meV and A=-78meV , and the average threshold power is 165uW and 12.5uW,
respectively. Clearly, the detuning is playing a role since the threshold intensity for nonlinear emission
with the relatively negative detunings A =-78meV is less than for the case of the relatively positive
ones A =-26meV . By using the repetition rate of the Nd:YVQO, pulse laser, 1KHz, and the incident

spot area,(30um)2 n/c0360°, the threshold power of 160uW and 12.5uW correspond to energy
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density of 2.78 mJ/cm? and 0.21 mJ/cm?.

The experiment results in Ref. [82], shows that the similar quality factor of the GaN-based QWs
VCSEL is 480, and the threshold power is 17.5nJ/pulse. This threshold energy of 17.5 nJ/pulse
corresponds to an energy density of 5.1 mJ/cm?. The observation of a low-threshold coherent emission
from our ZnO-based microcavity at relatively negative detuning A =-78meV , 1 order of magnitude
smaller than in previously reported VCSELSs of wide bandgap material with similar quality factor.

In order to observe the polariton distribution below and above threshold, the power-dependent
ARPL can help us to figure out the characteristics of lower polariton distribution, as shown in Fig
4.10.

Two emission spectra measured-at 'k =0 at average pump power, from 8uW to 12uW is
displayed in Fig. 4.9. A transition toward: a nonlinear emission regime is clearly observed at a
relatively low threshold pump power P=12uW. This nonlinear emission is accompanied by a sharp
increase in the integrated emission intensity Fig. 4.13[and a strong line narrowing as the measured
emission linewidth decreases from 16.1 meV just belowthreshold down to about 2 meV . The latter is
a signature of the significant increase in the coherence time well above the polariton radiative lifetime.
In addition, the emission line exhibits a slight blueshift (E,,,~2.7meV at threshold) ascribed to
polariton-polariton interactions. Analysis of the power dependence PL as shown in Fig 4.11, the
spontaneously emitted polaritons emerge in the mode which undergoes stimulated scattering factor

ﬂ~(700)_l [76, 77, 78]. In conventional microcavity lasers, the cavity volume is made small
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(photons confined in 3D) leading to a large Purcell factor. Planar semiconductor microcavities differ in
that the cavity confines photons in only 1D, but the stimulated scattering from the bosonic nature of
the polaritons leads to inversionless coherent emission (termed polariton lasing) unrelated to the
transparency condition[79].

Note also that above threshold the nonlinear emission peak remains far from the position of the
uncoupled cavity mode( C ) ,as shown in Fig 4.10. Furthermore, conventional lasing through C can be
ruled out as the nonlinear refractive index n of ZnO is negative near the band gap, which means that
the position of C is not expected to redshift with increasing pump power. All these features prove that
the present system remains in the strong.coupling regime above threshold. Some more information on
this nonlinear polariton emission can be derived from angular-resolved PL measurements by
monitoring the evolution of the farfield emission pattern-below and above threshold, as shown in fig
4.10. It is thus seen that the width of the in-plane momentum distribution undergoes a sudden collapse
when crossing the nonlinear emission threshold with the main emission emerging essentially from the
lowest energy state at k =0.

The integrated output intensity collected at normal incidence for these conditions is shown as a
function of pump intensity in Fig. 4.10 with negative detuning A=-78meV . A clear nonlinear
behavior is found for the emission at 388 nm, with an increase of over 10° at the critical threshold
around Py=12 uW. This corresponds to a density of N, =3.8x10"cm~which is an order of

magnitude below both the Mott density N,, =1.2x10”cm™ in ZnO at 300 K, and the transparency
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density for bulk ZnO which provides the lower limit for lasing. These features are similar to polariton
lasing reported in 1I-VI and IlI-V microcavities at low temperature. Planar semiconductor
microcavities differ in that the cavity confines photons in only 1D, but the stimulated scattering from
the bosonic nature of the polaritons leads to inversionless coherent emission (termed polariton lasing)
unrelated to the transparency condition. Instead, stimulated scattering takes off when the occupation in
any polariton mode reaches unity, which defines the polariton laser threshold. As we discuss below,
we speculate that photonic disorder localizes the polariton condensate laterally (similar to CdTe
microcavities), with the different modes first attaining unity occupation on different laser shots
statistically. This behavior contrasts with«previous observations of coexistence of strong coupling and

low threshold lasing.
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Fig 4.6 The color maps of the experimental angular dispersions of measured PL spectra at (a) 150
K, (b) 250 K, and (c) 300 K for the case of 6 = —26 meV at RT. (d)~(f) show the calculated

angle-dependent composition of the cavity photon and exciton modes for the three detunings induced

by different temperatures.
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angle-dependent composition of the cavity photon and exciton modes for the three detunings induced
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Chapter5. Conclusions

In conclusion, the strong exciton-photon coupling at RT has been observed from the ZnO-based
hybrid microcavity structure. The dispersion curves based on angle-resolved reflectivity and PL
measurements show obvious characteristics of strong exciton-photon coupling. Theoretically
calculated exciton-polariton dispersion curves are in good agreement with the measured results. The
large vacuum Rabi splitting value of about 72 meV is estimated from both different cavity-exciton
detuning values. By performing angle-resolved PL measurements, we can observe the bottleneck
effect for large negative detuning even at RT. This consequence may originate from the states with
very high photon fractions in the low angle region.

The strong polariton relaxation ‘bottleneck has been observed in bulk ZnO-based MCs at low
temperature by performing angle-resolved PL measurements. The polariton relaxation from bottleneck
to low k states can be enhanced with increasing temperature. Nevertheless, in the case of large
exciton-photon detuning 6 = -78 meV at RT, the relaxation bottleneck cannot be completely
suppressed even if the temperature is increased to 300 K due to the high photon fraction of polaritons
at low k states. Furthermore, in the case of small exciton-photon detuning 6 = -8 meV at 250 K, the
lower photon fraction results in longer polariton lifetime sufficient for the relaxation process into the
low k states even though the temperature is only 200 K. These results reveal the possible design rule
for the consideration of different temperatures and exciton-photon detunings in order to suppress the

polariton relaxation bottleneck in ZnO-based MCs.
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From the semi-classical Boltzmann equation, the scattering rates W, ,,.take into account
exciton-phonon interaction (LO phonons by Frohlich interaction, acoustic phonons by deformation
potential and piezoelectric interaction) and exciton-exciton interaction in the Born approximation. The
temperature dependent ARPL experiment under the similar detuning case condition can help us to
confirm the effect of the polariton-phonon scattering. In addition to phonon interaction, we use the
power-dependent ARPL to observe the polariton distribution with different exciton density. As theory,
the bottleneck effect is suppressed when the pumping power increase due to the polariton-polariton
interaction.

The nonlinear emission phenomenan has been observed. at a very low threshold pumping power,
only 0.21mJ/cm?, 1 order of magnitude smaller than in previously reported nitride-based VCSELs. As
result, we conjecture the nonlinear emission belong to Bose-Einstein condensation behavior. Moreover,
the emission line blueshift due to polariton-polariton interactions, while thermal cavity expansion
would have a similar effect and we measure no blueshift in a comparable empty microcavity. We have
investigated the emission of hybrid bulk ZnO microcavities at room temperature and demonstrates the

first room-temperature polariton lasing.
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