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Abstract

This thesis focuses onll -V semiconductors single quantum dot propertiesand on-chip
optical cavities, which are potential building blocks for integrated quantum optical

circuits.

A fundamental investigation of electron and nuclear spin properties in GaAs/AlGaAs
nanoholefilled droplet epitaxial dots is performed using photoluminescence and
photoluminescence excitation spectroscopy. A clos®-zero electron gfactor for such
QDs is revealed, openingp a potential route for independent control of on-chip QDspin
gubits by electrodes Optical manipulation of the nuclear spin is achieved with an efficient
dynamic nuclear polarization degree as larg as 65%. The internal structuraproperties
of this type of guantum dots is investigated usingnuclear magnetic resonance
spectroscopy,revealing the direction and magnitude of strain. Nuclear spin relaxation
times of such dots araneasured with values over 500 s, indicating a stable nuclear spin
bath.

Numerical simulations, theoretical model calculations and experimental investigations
are applied to on-chip photonic crystal molecules,demonstrating a continuous and
simple route to tune the coupling strength and mode symmetry othe coupled states
using endhole displacement This demonstrationopens up the possibility of new studies
of fundamental phenomena such as spontaneous symmetry breaking, long distance

radiative coupling and superradianteffects.

Narrow notch filtering and the Purcell enhancement of aisgle QD emission are achieved
in waveguide-coupled ring resonator devices Mode structures and tansmission spectra
are measuredusing photoluminescence spectroscopy measurements. Whispering gallery

mode ring resonators provide a possible route toon-chip filtering and optical switching.
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Chapter 1

Int roduction

1.1 Outline and Scope of this Thesis

This thesis focusses on a number of quantum dots (QDs) and photonic cavities that are

relevant to the potential building blocks for integrated quantum optical circuits.

It starts with a chapter tha introduces the fabrication of QDs, general physical
properties of QDs, basic concept of cavity quantum electrodynamics (CQED) and cavity

cavity interaction in Il -V semiconductors.

Following the introduction chapter, Chapter 2 contains the details ofthe
computational methods (Finite Difference Time Domain (FDTD) and GuideMode

Expansion (GME)) used to perform the simulations presented in subsequent chapters.

In Chapter 3, fabrication procesesand experimental characterization method of the
photonic crystal L3 cavity and ring-resonator are presented in detail The confocal
spectroscopic setup used to characterize theanohole-filled droplet epitaxial (NFDB

QDs is alsontroduced.

Chapter 4 presents the experimental investigations on electromnd nuclear spin
properties of nanoholefilled droplet epitaxial (NFDE) QDs grown by in situ etching and
nanohole infilling. Vanishing electron g factors (g < 0.05) and optical manipulation of

the nuclear spin environment are deronstrated. The strain ofQDs revealed by nuclear



magnetic resonance (NMR) spectroscopyis nearlythree orders of magnitude smaller

than in selfassembled dots.

Chapter 5 explores the cavitycavity interaction in a photonicmolecule systemby
tuning the coupling strength andmode symmetry by endhole displacement. Simulation
results have been performed using FDTD and GME mettedA theoretical model has
been built to calculate and explain the mode splitting and symmetry exchange.
Experimental results have been carried out andare in good agreement with both

simulation results and theoretical analysis.

Chapter 6 presents the application of whispering gallery mode (WGM) ring resonators
on spectra filtering. The mode structure and transmission of \eveguide-coupled micro
ring resonators have been characterized usingohotoluminescence spectroscopy,

revealing ultra-narrow notches filtering effect and Purcell enhancement d single QD.

Chapter 7 provides a summary of all thehapters and a proposal fopotential future

work .

1.2 Growthof semiconductor quantum dots

Seltassembled quantum dots are used throughout the work presented in this thesis as
they exhibit excellent atonilike optical properties and controllability, which makes
them ideal candidates for quantum ptics experiments. They can also be used as an
internal light source when excited byan external laser or pumped electrically. In this

section, the growth mechanism of QDs will be briefly discussed.

Growth approaches of semiconductor quantum dots havieeen studied since the end
of the 1980s. The most popular and commonly used techniques fgrowth of high
quality QDs ae those based on selassembly growth [1]. Particularly, the Stranski-
Krastanow (SK) growth mode[2], a bottomup approach, is an effi@nt mechanism to
create nanostrudures with a narrow bandgap and low defect density The InAs QDs
used in Chapter 5 and 6 are produced viaolecular beam epitaxy (MBE) [3 based on
the SK growth mechanismduring which crystalline layers of InAs are deposed on a

GaAs substrate along thep 1t 1plane. Due to the latticemismatch between the two



materials (~7%) and a critical thickness (about two monolayers) of the InAs, 3

dimensional (3D) islands form, as illustrated in Figure 1.1.

GaAs InAs
smaller lattice constant bigger lattice constant

Figure 1.1: lllustration of the structure of an InAs/GaAs QD.

In addition to the SK growth mechanism, other approaches for QD fabrication, suas
thickness fluctuations in quantum wells [4, 5, combination of SK growth and in situ
etching [6-8], and droplet epitaxy P-13] etc, open up the opportunity to produce
advanced QDs with distinct properties (strong confinement, large optical efficiency, high
spatial symmetry, and so on), which is not possible by the SK growth mod®ne.

The experimental results presented in Chapter 4re obtained on NFDE QDs formed
by the droplet epitaxy technique. The NFDE QD sample is grown using solid source
molecular beam epitaxy (MBE). As illustrated in the schematic picture of the fabrication
processes (Figurel.2), 11 monolayers of Ga areleposited on the GaAs (blue layer)

buffer at 520 va forming Ga droplets (red dt) by lattice-mismatch.When the droplets

are annealed under  @ux, nanoholes with their edges exhibiting moundlike structures
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along pp tform due to As dissolution and Ga diffusion [@B7]. A7nmof | Jg; Ay O
layer (orange color) is then deposited on the top of nanoholes and form the bottom
barrier.' A !q@antum dots are formed after the deposition of a 3.5m"' A !la@er and
all2nm! Ig ' Ay ! dayer due to the bandgap of the surrounding materiaksi greater

than that of the QD material The cap layer consists df A !'wiih a thickness of 20nm.

—_(Ga As == GaAs - AlGaAs - - - dotregions

Figure 1.2: Schematic illustration of the nanoholdilled droplet epitaxy quantum dots
formation (a)-(f). Blue colaur is for GaAsRed colourrepresents the Ga droplet.Green
arrows indicate the As flux. Orange colar is the! Ig ' Ag ! @ayer. The dashed black
circles indicate the dad regions, which are formeddue to their unique strain propertie s
and the narrowing of the neighboring QWSs. A schematicrosssection structure of the
studied QDs in this work is shown in (f), based on the reported AFM studies (see

reference[22] in chapter 4).



1.3  Physical properties of self -assembled quantum dots

1.3.1 Density of States

Bulk Quantum well Quantum wire Quantum dot

Figure 1.3: Compason of the density of states D(E) and band structures of bulk material,

guantum wells, quantum wires and quantum dots.

Quantum wells, wires and dots are structures that confine particles with 1, 2 and 3
dimensional potential wells, respectively. As le length of confining dimensions
becomes comparable to or smller than the corresponding thermal wavelength,
particles display quantum confinement behavie, which is characterized by the changes
in the density of states. As illustrated in Figurel.3, the density of states D(E) of a
semiconductor crystal changes when reducing its dimensionality from bulk to quantum

dot. Since a quantum dot ia structure with 3D confinement electrons in a quantum do

5



occupy discrete energy levelscharacterized by a seriesf delta-functionsin the density
of states D(E). This discrete level structure resembles that of an atom, providing ideal

candidates for implementing a qubit.

1.3.2 Band Structure

In this section, a brief introduction of the energy level structue of electrons (toles)
confined in QDs is givenGenerally,the electronic structure in momentum space K-
space) of a material changes frora continuous band structure (continuousdispersion)
to discrete energy levels asdimensionality reducesfrom 3D to 0D, as illustrated at the
bottom of Figure 1.3. In bulkIll-V semiconductors such as InAs and GaAs, the
conduction band originates froms orbitals of the constituent atoms [14 whilst the
valence band has dominanp-like nature with a small hybridization of d orbitals [15].
Therefore, electrons in the conduction band of &ll-V semiconductor have an dike
wavefunction with zero orbital angular momentum (L = 0). The total angular
momentum J=L+Swhere S is the spin angular momentum. For an electron, |SfEs= 1/2.
As a result, the total angular momentum of the electron is JSs = 1/2. Two projections
of the spin are possible along the-axis (Mes,z= £1/2) corresponding to the spin up and
spin down ($'Gand $( state of the electron.

However, for holes in the valence band of il -V semiconductor, the configuration of
angular momentum is more complex. The dominarg-like wavefunction gives an orbital
angular momentum for holes of |L| =d = 1 [110, 111]. Thus the eigenvalues of total
angular momentum Jare |LM5|=1/2 and |L+3=3/2. These two eigenvalues give rise to
two bands containing 4= +1/2 (for J=1/2) and X = +3/2, £1/2 (for J=3/2), respectively.
The J=1/2 band corresponds to the lowying energy band resulting from the spinorbit
splitting (¥) which is around 0.1 to 0.5 eV for typicalll -V semiconductors [16]. For the
holes in the J = 3/2 band, those withz& Mnnj,z= +3/2 are heavy holes (HHs) whilst those
with Jz = minj,z = £1/2 are light holes (LHs). The HH and LH bands are degenerate at the
0 point of a bulk semiconductor (as schematically shown in Figuré.4). However, this
degeneracy is lifted when the symmetry of the system is broken (e.g. present of different

guantum confinement energies and strain).

6
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Figure 1.4: lllustration of the typical band structure of a IHV semiconductor. The
conduction band (blue) contains a single band which is split from the valence band by
the bandgap (Eg). The valence band (red) contains three bands, tHeavy Hole (HH),
Light Hole (LH) and SplitOff (SO) bands. The SO band is split from the other bands by
the spin-orbit spliting (¥). AAkE m j 3 DI ET 6 OEA (( ATA
however they split with increasingk.

As mentioned above, carriers in a QD occupy discrete energy levels due to the 3
dimensional quantum confinement. Taking a InGaAs QD as an example, therzhgap
of InGaAs is smaller than that of GaAs. This leads to 3D quantum confinement and thus
the discrete density of states and atomic energy levels illustrated in Figufie3. For a QD
prepared using SK growth technique, the confinement potential may be We
approximated by a parabolic confinement potential. This results in a 2barmonic-
oscillator-like energy spectrum for the QD [1719], as schematically shown in Figre 1.5.

The height of a SK growth QD is generally much smaller than the diameter of thiease

7



leading to stronger confinement of carriers along the vertical axis. As a result, the-in
plane orbital structure with circularly symmetric harmonic wavefunctions [19, 2Q
resembles the spherically symmetrical orbitals found in atomic physics 6, p, df...)
(althoughOEAT 1 O AT 1680 EAOA OE Aandxius the eledtr@pio levkl©
in a SK QD are denoted usirg) p, d,g (see Figure 1.5). In symmetric dots, selection rules
only allow valence band electrons to be excited to the conduction bdrshell with the
samelabel (excluding a weakly alloweds© d transition) [20, 21]. In asymmetric QDs,

this selection rule may be eased due to shell mixin@Q, 21].

Conduction Band

d-shell

P-shell

S-shell

—
1 1 s-shell
Si= — = _l.l ______ Sh=F 5
_____________________ P-shell
_________________________________ d-shell

Valence Band

Figure 1.5: Discrete electronic structure of a QD witls, p, and d shells occupied by
carriers. Electron spin up and down are labeled aéand?¥, respectively. The spin up and
down states of holes are denoted by and p, respectively.Each shell may contairmore

than one pair of electron and holewith opposite spins. The energy spacing of th

conduction bandshellsis significantly larger than those in the valence bandor typical
InGaAsself-assembled QD$22]. Thedifference of electron spin BA -) and hole spin
(38 v -)isY'Y pforthe s-shell bright exciton states, highlightedn red regions. The

LH and SO bands are ignored for the purposes of this figure.

P71 AT O



1.3.3 Bright Excitons and Dark Excitons

In semiconductors, an exciton is a hydrogelike quasiparticle consisting of a boundpair
of an electron and a hole. It releasesits energy via electrorhole recombination,
governed by the selection rules. During a radiative recombination transition process of
an exciton, the difference of the spins between the electron and hole in the exciton must
be p. The exciton with electronspin and hole spin satisfying the optical selection rules
is calleda bright exciton, which emits a photon wherit recombines.When the electron
spin and hole spin of an exciton are unable to satisfy the selection rulgbge direct
recombination of excitonis forbidden; as a result no photon emission can be observed.
This type of exciton is referred to as the dark exciton (optically forbidden exciton) and
usually hasa long lifetime. In a QD, brightand dark excitonscan beformed due to the
Coulomb interaction and the different electron-hole spin combinatian. As illustrated in
Figure 1.5, bright exciton states (33 p, highlighted in red region) have opposite
electron/hole spins. However, dark excitons (33 ¢) correspond to electrorthole
pairs with the samespins. In QDs, the exchange interaction may coupthe bright and
dark states [23, resulting in an increase ofhe oscillator strength for the dark exciton,
which can be observed irphotoluminescence spectra [2325]. In Chapter 3, dark and

bright excitons will be discussedwith reference to experimental results.

1.34 Hyperfine Interactions

For a typical InGaAs QD prepared e SK growth technique, the QD itself comprises
~10¢ nuclei. The nuclear spin bath, which is usually described @n effedive magnetic
fields known as the Overhauser field, interact with the carriers in the QD va the
hyperfine interaction [26-28]. In turn, a single nuclear spin also experiences a hyperfine
interaction from the confined carrier with the corresponding effectve field known as
the Knight field [27729].

The average magnitude of the random Overhauser field in a typical InGaAs QDs has
been found to be around 30 mT [3032] at zero external magnetic field. This effective
magnetic field fluctuates in time with a measured standard deviation ® 14 mT [31].

Since the fluctuation time of the Overhauser field is usually much longer d@h the

9



lifetime of the carriers [30], it can be considered as a quasitatic field during the carrier

lifetime [33]. However, when repeaing a measurement, the carriers ira QD experience
different magnetic fields and hence different precession frequencies eadime, resulting

in dephasing [34. The time-dependent Overhauser field also inducethe emission
linewidth broadening for QDs if the measurement is slow relative ¢ the nuclear spin
dynamics [30, 35.

1.4  Quantum Dots in Magnetic Fields

When applying a magnetic fieldB to a quantum dot magnetic field induced level
splitting due to the opposite signs ofm; for the two s-shell electrons and holes occurs.

The splitting is determined by

E,;=g't gB (1.1)

with gAAET C O Egiactor Aol thelcduidar or exciton denoted by the index (e©
electron,h© hole, X9 neutral exciton) andt g being the Bohr magneton. As the valuef

g contains a factor ofm;, the measured holey-factor evaluated according tdhe Zeeman
splitting includes an additional factor of 3 compared to the electron, allowing the hole
(m; = £3/2) to be regarded as having a pseudospin of £1/2. Sindke exciton is a quasi
particle of combined electron and hole, itg-factor is defined asgx = gh Mge. In addition
to Zeeman effect, a quadratic diamagnetic shift is also obsexd/ for the neutral exciton
[36739]. This effect shifts the exciton luminescence to higher energy in magnetic field
irrespective of spin. Hence the total energy shift of an eitan in a magnetic field may be

described by

YE=r,B+r,B? (1.2)

with r being the diamagnetic coefficienandri =S g*t &/2.

1.5 Quantum dot -cavities interaction
10



1.5.1 Typical Cavities

In recent decades, various optical microcavities that can couple to QDs have been
developed. As the exciton emissiofrom MBE-grown QDs isgenerally sharp, opical
cavities with small mode volume and high quality factor are needed for achieving
efficient QD-cavity coupling. Photonic Crystal Cavities (PCCs) are one type of ideal
candidates to satisfy these crucial corition of coupling. Artificial PQCs are fabrcated by
patterning a periodic structure from two materials with different refractive index. This
creates a structure analogous to a crystalline lattice for electrons, resulting in a photonic
band structure for light similar to the electronic band structure of semiconductors. The
destructive interference of light due to the periodic refractiveindex difference results in

a gap opening in the photonic band structure. By manipulating the periodicity, the
photonic band gap may be tuned. Similar to the localideslectronic states induced by a
defect in crystalline lattices, when a defect is introduced into the photonic crystal, the
propagation of photons with energies falling within the band gap will be heavily

suppressed, forming localized optical cavity modeis the defect region.

In the Il -V semiconductors used in this work, PCCs are formed by EBL etching of air
holes in the semiconductor material. As this method only produces a 2D PCC, the sample
beneath the cavity is also etched away to produce an aitad slab with confinement in
this axis arising from total internal reflection (TIR) at the slabair interfaces. Two
common types of PCCs are illustrated in Figure6 ((a) and (b)), known asH1 and L3
cavities, where 1 and 3 holes are respectively omittedrom a PhC slab. One of the
advantages of photonic crystal structures is that it is relatively easy to engineer-plane

emission for optical circuit devices.

Micro-ring (Figure 1.6(c)) and Micro-disk (Figure 1.6(d)) cavities are formed from a
ring (and a disk) of etched semiconductor attached to the wafer by a thin pedestal.
Optical confinement is provided by TIR in all three directions, resulting in Whispering
Gallery Modes (WGMs) with high quality factor. A drawback of micrdng and micro-
disk cavities is that the emission direction is not welldefined, this may be overcome by

fabricating waveguides close to the disk but at the cost of reducedf@ctor.

Micropillar cavities shown in Figure 1.6(e) are fabricated by etchingthe wafer with

Distributed Bragg Reflector (DBR) mirror[40] layers into micro-cylinders protruding
11



from the sample with TIR providing 2D confinement. The DBR mirror layers provide the
final dimension of confinement. Similar to that of a Vertical Cavity Surface Emitting
Laser (VCEL) device[41], the emission of the micropillar is weldefined along the pillar
axis which allows efficient optical pumping and collection. However, this can be easily

applied to a circuit device where inplane emission is required.

LO O O O\
'6.0.9.9 .o.o ()

e © 0 ¢ ¢ o o

O O O O O O O O
QO O O e o o o

......../"
»,......’

H1 cavity L3 cavity

(d)

—

Micro-Ring Micro-Disk Micropillar

Figure 1.6: Schemdics ofthe main types of optical microcavity. The H1a) and L3 PCCs
(b) comprise a suspended membrane surrounded by air. The H1 PCC (a) is formed by
omitting a single air hole from the lattice. For the L3 PCCs (b), three air holes in a line
are omitted. The micro-ring and micro-disk cavity (c and d) consist of an etched ring
(disk) of semiconductor supported by a thin pedestal. A micropillar cavity (e) comprises

a cylindrical pillar with DBR layers at the top and bottom.
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1.5.2  Quality Factor of Cavity

ITA 1T &£ OEA 110060 Ei pi OOAT O DPAOAI ABAOO AEAOAAOD?
NOAI EOU AAAOOORBDABI AIOB GOAEEAOET ¢ AT OE 00O0OAAT T
0001 1 CHAESAEOGT TAT OPTI ET C8 4EA 1 AAAOIOD IE@ERAEET A,
AAOGEOUR AT A AAT AA AGPOAOOAA AO

o _Iy_ i P@o
I O

0 17Y h i p@1
xEAQMAT AAOA COREON TxAIOAT AT CGOFEAT EORDOOT AT &6 AOANOAT AL
OAOPAAYLROA BOHOA OEA AEOI I xDADE7 A-OOEAOE DOEAEI
1l EIl EOAQEARADIYAIER ABEO 1EAA ADEAIOOAS ST AEERCET q
AAl AOBAMOFAA 1 OEA AAEZETEOEIT T &£ 1 A£EAAOT Oh AT
AA xOE®OAIT

0 1] —— h i p8uv(Q

x EAIOBO OEA AT ¢cOI AO AOANOAT Au xEAT OEA OO1 OAA A
4R AAEZET EOEIT O AOA ANOEOAI AT O ET OEA EECGCE 1 |
APDOT GEi AORT OEANOAI AAO T &£ 1T OAEI I®OET ROCOARDEO.
AOi pDiE KOO A OEAOCOAEAOQCEBARXMBAGAEOAOET T 1¢

1T Aobi 1 AT OEAT T U AAAAUET QOROOAT ABO0OT ) Ajf O41 BT EOP
j n@zd &1 OOEAOI BDAT O ,jl OAT OBEIAAOYELT A OEAPA fr1o

01 — - i p8eQ
YO EO OEAT Al AAOAIOE AICAYDEIAOREMATIA xERAMDE AO E
o0 1t 11 i p8xQ

with |l %(T is the cavity photon lifeime) being the photon decay rate. Table 1

shows typical values of the mode volume (M and Q factor for five of the most common
types of semiconductor optical microcavity. The parameter Q/¥is also calculated as
this represents a figure of merit for the srength of interaction between a cavity and a

QD (see Section 1.5.3). As can be seen in Table 1, the PhC cavities have significantly
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smaller mode volume. This allows them to couple to the QD with a much stronger

coupling strength (see Section 1.5.3). Thispgether with the in-plane geometry makes

PCCs the most attractive cavities for the circuit architecture.

_Type [ Va/m’ Q0% (V)

H1 PhC 0.39 [64]

L3 PhC ~1[63]
Microdisk WGM 8 [65]

Micropillar DBR 16 [66]

17,000 [64]
25,000 [63]
12,000 [65]

12,000 [66]

44,000
25,000
1,500

750

Table 1: Table of stateof-the-art mode volumes (M) and Qfactors for a number of

common semiconductor optical microcavity implementationg44].

1.5.3  Basic Concept of Cavity QED

Figure 1.7: Schematic picture of a coupled cavitpD system. Theystem is characterized

by parametersg,l AT A ouming stiéngth between the cavity photons and the Q3

described byg. The rate of leakage from the cavity modes represented byll h

rate incorporating both decayand dephasing of the QD state.
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Cavity Quantum Electrodynamics (c@D) is the research field focusing on the
interactions between a quantum emitter and an optical cavity. The lighnatter
interaction is enhanced when a quantum emitter is placed in the light fieldonfined in
an optical cavity. Over the past decades, cQEBs been widely studied, and important
predictions of quantum optics have been experimentally verified using atoravity
coupling system [49. As a solid state implementation of cQED, in the semiconductor QD
cavity coupling systems, microcavities fabricaad using lithographic technique can be
far smaller than those used in atomic experiments, allowing them to be easily

incorporated onto a single chip.

Furthermore, useful effects such as brighter and more indistinguishable single photon
sources, enhancment of weaker emission channels such agA phonm-assisted
emission [46-49] and ultrafast optical switching [50z52], have been developed using
semiconductor QDmicrocavity coupling systems [53, 54 In this section the basic
concepts of cQED are given.

For a coupled QBcavity system, two parameters of the optical cavity define the
performance coupling system [230]. The first one is the Q factor discussed in Section
1.5.2. The second one is the mode volume, Which is defined by Eq (1.8) [55, 58

' $ ¢
W = 1.8
s s (1.8)

Heref is the relative permittivity and Eis the amplitude of the electric field.

With these two parameters, the coherent coupling strengtly of the QDcavity system is
then given by E((1.9):

o E Ll
o £ 2 (1.9)

where 1 is the dipole moment of the QD and it is assumed théhe QD is placed at the
maximum of the light fieldT 1 SO1 s. These parameters are illustrated in Figurd..7.
According to the coupling strength, diffeent operation regimes of the c@D system can
be defined.
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In the weak coupling regime of a Qfavity coupling systan, the incoherent decay
processesOOAE AO AAOEOU 11 OOAO | [diedbninarit. HlendeAAAU AT A
the definition of weak coupling is:

oL Ik (1.10)

In this regime, the Purcell effect p5], where the spontaneous emission rate is either
enhanced or suppressed by the cavity depending on the caw@D detuning, is expected.
This phenomenon is wellobserved in QDcavity systems [5%59] and has been widely
used in developing lighly efficient single [60] and entangled [6] photon sources. If the
cavity is resonant with a QD in the center of the cavity mode, the Purcell facté®] can

be defined as:

~O’6

0 = :
"¢ Wy

m||Ja

(1.11)

x E A Qi tha cavity wavelength and n is the refractive index dhe cavity material.

In the strong coupling regime of a Qiavity coupling system, the coherent interaction

between the QD and the cavity field is dominant:

o Ik (1.12)

In this regime of coupling, vacuum Rabi oscillations [6Rin the time domain with

population coherently oscillating between the QD and the cavity field can be observed.

In the frequency domain this is characterized byhe splitting of peaks corresponding to

hybrid light-i AOGOAO OOAOAOG | Pil AOEOir= 200MdfykOd xEOE A
i AOEO &I O A 006011 ¢i U Al Oghdk dualiy thAd @ feduesO OEA OA(

OEA AAOGEOU 17100 OAOA [ idAciedse the cduplingdstiengtg. AA  OT 1 Oi A

1.5.4 Inter -Cavity Coupling

As discussedin the previous sections, photonic crystal cavities are the preferential
choices for the cQED systems in a circustyle optical chip due to their high Q factor,
small mode volume and nanofabrication compalility. Furthermore, complex

structures such as arrag of photonic crystal cavities can also bachieved. If quantum
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dots are placed at/close to cavity centres, the coupling between the cavities might allow
them to form building blocks for a scalable quatum photonic network. In this section,
the photonic aspect of intercavity coupling of two L3 PCCs is briefly discussed (see

Chapter 5 for detailed simulation and experimental results).

When two or more PCCs on the same membrane are separated by airdsolvhile in

close proximity to each other, they couple to each other. The air holes act as a potential
barrier and the eigen modes of the coupled system replace the individual modes of each
cavity. Here, in the configuration of a dual cavity system, the saltant eigensolutions
are the odd and even combinations of the individual cavity mode. The system behaves
as a twolevel system described by a matrix Hamiltonian

— O * .

O « ¢ i p8pacq
Where *represents the coupling strength, depending on barrier width and height. The

eigen values of the coupled system are:

o -4 Q 9 Q 1SS (1.14)
indicating an on resonance splitting of*.

When two PCCs are far apart, their coupling can be induced through a wawisg that
couples to bothcavities (cavity A and cavity B)in the system, as tcussed in Section 5.8.

In this configuration, the Hamiltonian of the systemcan be written as:

1 mo. . E
s 1 & 3 Eg
O &' 3 1 m Eah ip8puq
., 3 m1 E
b € EEECQ
where] EOEA AOANOAT AUl TE® AOERE OEDAINIGBAMRU T £ &0 11 ¢

-TAA pq ET EOOROERE AAOR NOAT AU T £ &0 IxIADR CGOEARSI A
, ATAET AEAAOA OEAO AAOEOU 1 ART QAOOFG® BADED A IUA /
EO CAT AOAOAA Au OEA ET OAOAAOEIT AAOxAAT AA
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The solutionsfor the inter-cavity coupling systemare:

n 1nh i p8poQ
T B-—n B——N 710nh i p8pxQ
xEA®An Q@ EO OEA Al Pl EEEOARREDI OBAOBBUEAOF " qEEAE

OEEAOO AI1TGE A\ O AGERD ”Jc‘éz—%ﬁﬂe-(;lu‘ JUBOA OEA AT ODI Ei ¢ OAOI
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Chapter 2

Simulation Method s

The computational results of the deices presented in this thesis were calculated using
finite -different time-domain (FDTD) and guided mode expansion (GMHBjhis chapter
begins with the general principles of FDTD simulations accompanied liscussing the
accuracy and the computationatost d accurate calculatingln this chapter, a thorough
explanation of GME is introduced along with a discussion of the advantages and

accuracy comparing with FDTD method.

2.1  Finite Different Time Domain (FDTD)

Finite difference time domain (FDTD)AT OT ET T x Imethod) is & kg

numerical analysis method for modelling the propagation of electromagnetic wavds].

It utilises centred finite difference approximations[2] to the grids in space and time for

each electric and magnetic field veor component in the timeAADAT AAT O - A@x Al 1 &
equations. As it is a timedomain method, its modelling range covers from visible light

through microwaves to ultralow-frequency, which is conducive to applications where a

broadband result is desired or the resonant frequencies are not known exactly. The

computation time of FDTD solutions is linearly related to the number of the spatial grids.
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2.1.1 Principle of Operation

There are multiple softwareapplication to implement the FDTD method, such as MEEP,

Lumerical Mode Solutions, Lumerical FDTD and so on, but central to each method are

Vo O®

agt 2.1)
Vx¢g =——+ ]
4 ot

Where and are the macroscopic magnetic and electric fields, respectively,js the
electric free current density. The relatons between magnetizing field and the

magnetic field , as well as the displacemer and the electric field can be specified
by [3]:

(2.2)

xEAOA t EO OEA DPAOIi AAAEI EOU AT A rR OEA

equivalent component &, y, andz) equations can be obtained from Eq. (2.1) and (2.2).

— = — (2.3)

SR — (2.4)

The simulation domain is composed of cubic cells as shown in F@l. The

magretic fields (blue arrows) are recorded through the faces of each cubic cell
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and the electric field (red arrows) along the edge of the cube as illustrated in

Figure 2.1.

I. node (i+1,j+1,k+1)

E: (ij,k)

node (i,j,k)
X

&ECOOA ¢8pgd 3AEAI AOEA EI 1 OOOOAOQOETT 1TDE A OOAT A
where the magnetic and electric filed vector components are distributed as the blue and

red arrows, respectively.

In order to obtain the numerical solution of the differential equations, finite
difference methods [2] are introduced. The principle is to replace the derivatives
occurring in the differential equation by finite differences thatapproximate them as

shown in Figure2.2 and Eq. (2.6).
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Figure 2.2: lllustration of the secondorder accurate central difference formula.

AFj AQ-: A A A A
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The derivatives in Eq. (2.6) can then be represented by finigifferences and the scalar
equivalent component equations are improved, as the following expression fahe X

component[4].

Ry ‘O %o
8§ hh 8ih hg ( ®8ihhQ( B8 hh Qq
( i Cl(U i aq - (2.6)
... 'O 3j66q 'O °Bjaaq
i aam %o
hh 8i hh ho R f
i q t hhq fh hQ@ {hhQ 2.7)
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The electric and magnetic #ld can be computed as follows:

% GHQ
NS 6 AR ( 8 A A ( ® AR ( & AR
% "0RQ — 5 5 (2.8)
0 8 "6fHQ
8 & i 0 jhh q 8i hhQ ih hQ jhRQ
(@] AR e 7 (2.9)

where the electric fields at time instantn +1 are calculated by the electric field at time

constant n and the magnetic fields atime constant n + 0.5; the magnetic fields at time

constant n + 0.5 are calculated by the magnetic fields at time constant-0.5and the

electric fields at time constantl . The calculations of etctric and magnetic fields form

the FDTD algorithm as explained schematically in Figu23.
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compute field coefficients

update magnetic field
components at time instant
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update field components
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apply boundary conditions

increment time step
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v

yes : .
@ Last iteration?

A 4

Figure 2.3: Schematic diagram of the Leafpog algorithm of FDTD.

2.1.2  Grid and Step Size Considerations

In actual simulations, te lattice cells, filled with a weighted intermediate dielectric
constant, must be gridded sufficiently finéy to resolve both the smallest geometrical

feature and the smallest eletromagnetic wavelength. h this thesis, the grid and step
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size are carefuly designed for the air holes. In simulations, the circular shape of the air
holes is approximated by the grid. It must be ensured that the approximation is the same
for each hole, and is as close to a circle as possible.

ﬂ
ﬁ

Figure 2.4: Air holes are approxnated by different grid and step sizes. Uniform (a) and
non-uniform (c) approximations correspond to identical approximately circular shapes

(b) and random shapes (d), respectively.

213 Boundary Conditions

When considering the finite nature of he spatially gridded cells and the solutions to
partial differential equations, it is essential to apply artificial boundary conditions at the

edge of the simulation area to limit the computation. There are three main kinds of
boundary conditions: absorbirg [5], metallic [6] and periodic [7]. In this thesis, all the

FDTD and varFDTD simulations have been carried out by applying perfectly matched

I AUAOO j0-,Qqh AOOEAZEAEAI AAOT OAET ¢ 1 AUAOO
PML is that the electomagnetic waves from the interior of the simulation regionare
strongly absorbed at theinterface without reflecting them back into the interior. PML

works very well in most cases and is widely used, but there are a few limitations such as
32
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small numericalreflections for discretized waveequation [8], or unavoidable reflections
i 10 AOAT Aobi 1 AT-BAIAARIEREN indd BetamBEtericaB [9A £O

) P00 O0OOPOOOGOOS

XZ

p &4

AERRRRRNRERREENY

V4

Figure 2.5:Plan view (a) and cross sectiorviews ((b), (c)) of the simulated photonic

crystal single L3 cavity.Boundary conditions are applied in the red rectangle region.
Light blue cylinders are the periodic air holes with refractive index n = 1Green and blue
colours indicate the antrsymmetric and symmetric boundary conditions, respectively.

The actual simulation region is only 1/8 of the whole structure.
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Additionally, based on the symmetric shape of the simulated structure, mirror and
rotational symmetry constraints can be applied along the principle axes, reducing the
simulation time excessively. A typical example can be found in Eige 2.5, where the

red rectangle region represents the actual simulation area with different views.

2.1.4 Oc8u$o6 &%$4%

As discussed above, FDTD is one of the most accurate and versatile methods for
modelling the propagation of the electromagnetic waves. However, due to the high
resolution grid and step size, large computational domains and long solution times are
required. Devices with thin and long features, like wires, are difficult to simulate inF-TD
due to the excessively large computational domain, making it difficult to model large
integrated optical components efficiently. Alternatively,the varFDTD method[10] in
MODE Solutions offers a way in which a fine grid alorige Z-direction is not required
and assumptions about an optical axis, structure geometry, or the materials are not
necessary to make. The varFDTD method providethe best trade-off between
simulation accuracy and speed: sufficiently accuracy and vertdgy to that of 3D FDTD,
whilst only requiring the modelling time and memory of a 2D plana FDTD
simulation. Here, in section 5.7 of this thesis, the varFDTD method was applied to
simulate the large structures with photonic crysal cavities and waveguidesin order to

get the accurde results, it is necessary to obtain the effective index.

2.2  Guided Mode Expansion (GME)

Guided mode expansion (GEM) is a novel approach to simulate the electromagnetic
waves in patterned membrane photonic crystals, whose energies and fields daafound
by a set of basis states from the unpatterned slalfhe GME method is a highly

specialised technique and offers strong benefits compared with FDTD.
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2.2.1 Basic Configuration of GME

As discussed in Section 1.5.1photonic crystal cavities fabricated by patterning a
periodic structure on the unpatterned slab with different refractive index, combine the
features of the 2D photonic crystals and slab waveguides, indicating the electromagnetic
fields can be treated as a combination of 2D planeawes inXY directions and guided
modes alongthe Z direction.

2.2.2 General Eigen Value Problem

4R AEAAAOAT OEAI A& Oi O T £ - Agdxdiod vaitna&SNOAOET T A
n o -n ! 1
5 S

with the transversality condition

no m P p

Membrane paterning is introduced asthe inverse ofdielectric constant,—° —  —:

1
n -  =-n —
5 ¢P q
The form of expanding magnetic field in a set of basis stae © B | , can be
given by[11]
[¢8 =" to &8 A 0 1S lio:d B0
¢fio ¢fio ¢fio

where ¢ represents the mode order andOis the reciprocal lattice vecor. Once the

magnetic field is obtained, the electric field is calculated as

RN A (2.14)
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The final eigenvalue equathin can be expressed as Eq. (2.)1%fter a series of
orthonormalization and rearranging, where K is the Bloch vector chosen from the first

Brillouin zone.

RO R 1 T P

2.2.3 Advantages of GME Mthod

The GME method is an approximation since the basis set thfe guided modes of the
effective waveguide is not complete (leaky modes are not included). However, the
numerical effort is comparable to that of a 2D planavave calculation when a few guided
modes are sufficient. The guided and quagjuided photonic modes can be obtained
without introducing any artificial layer (eg. PML) in the vertical direction, ® it is very
efficient and useful for design and parameter optimization.

2.3 Comparison with FDTD Method

Due to the approximation and the neglected leaky mode#,is essential to know the
accuracy of GME method’he comparison between GME and FDTD has been performed
on the same onfiguration, where two photonic crystal cavities are placed astown in
Figure 5.2(a). The energy differences between the arbonding and bonding modes are
simulated and plotted in Figure 2.6, where red dots and blue triangles represent the
results using GME and FDTD methods, respectivefyood agrement can be obsered

and demonstrate the subsequentesults in Chapter 5are reliable.
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Figure 2.6: The comparison between GME and FDTD has been performed on the same
configuration, where two photonic crystal cavities are placed as shown in Figure 5.2(a).
The enegy differences between the antbonding and bonding modes are simulated and
plotted. Red dots and blue triangles are the results using GME and FDTD methods,

respectively. Good agreement can be observed.
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Chapter 3

Experimental Methods

In this chapter, the experimental methods used to characterise the NFDE dots and
photonic devices presented in this thesis will be outlined. Firstly, fabrication of the
photonic crystal devices used in this thsis is briefly presented. Following this the
experimental measurement details forphotonic samples will be described. Findy, the
experimental setup forexploring spin properties of thenanohole-filled droplet -epitaxial
(NFDB QDs will be presented.

3.1 Fabrication of the Photonic Crystal L3 Cavities and Ring-Resonators

The photonic crystal L3 cavities and ringresonators used in this thesis wereprepared

by bottom-up epitaxial growth and top-down lithographic techniques. In the growth
processe$l  1p layer of! Iy g £\ d @ deposited on the GaAs substrate as a sacrificial
layer, above which a 70 nm of GaAs layer is then deposited and forms the bottom barrier.
A single layer of InAs QDs are formed before being capped with a 70 nm layer of GaAs
as the top barrier. Typically, the principleof fabrication is to confine asingle optical
mode in the barrier slab with a height oEB} ¥ t, wheret is the refractive index of the
barrier material. Additionally, the thickness of the sacrificial layer is lsosen to protect

the optical modes from the perturbation ofthe substrate. Here, the refractive index of
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GaAs at 4K i€ x&so that the central wavelength of the ensemble QD emission
spectrum can be designed and tuned by the barrier slab height &sEl¢s. BVafers are
normally characterized before fabricationinto specified devices, such as photonic
crystal cavities. The desired pattern of the photonic devices are defined byeetron
beam lithography (EBL) [13] and subsequent etching [4, ptechniques.

3.2 Photoluminescence Spectroscopy of Photonic Devices

Photoluminescence (PL) is a process where electremle pairs formed under optical
excitation recombine, emitting photons. Quantum dots can be used to emit lightder
optical excitation. Al experiments in this thesis were carried out using optical excitation,
including non-resonant excitation for photonic devices and resonant scanning for NFDE
QDs.

In a typical micro PL setup, as showin Figure 3.2, the laser passethrough a series
of polarization optics andincidents on a beam splitter (BS). One exit path (green ded
line) leads to the objective lens focusing the laser onto the sample. The PL signal
(magenta doted line) is then collected by the same objective lens passing through
another exit of the same beam splitter into the polarization optics and the detection
apparatus. The PL measurements for photonic crystal L3 cavities are in typical
configuration as described above, while the basic configuration for ring resonator
transmission meaurements is slightly different. The key to perform selective excitation
and collecion of light from different regions of the sample whilst making certain of good
isolation between the two is using a confocal microscopy setup based on the

experimental corfiguration, as shown in Figure 3.2
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/---P--- polarization optics ---P--r {---+—-~ spectrometer
1
E optical fibre F fibre mount / beam splitter lens

Figure 3.2:A photo of the equipment (a): green andrangelines indicate the excitation
light paths; dashed magenta lines are for the collection pattSimplified schematic
diagram of the experimental configurationfor photoluminescence measurements of

photonic devices(b).

Single mode optical fibres are used to couple the laser to/from the sample, on which
a diffraction-limited laser spot of ~1¢ ndiameter is produced by the guiding ore,
working as the pinhole required for confocal microscopy. This guarantees the light
coupled with fibres is only from/ to a spatially specified spot on the sample so that the

transmission measurements through the sample can be performed by separatingeth
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two spots. Figure 3.2 (a) shows a photo of the equipmenihere the green and magenta
lines indicate the excitation light path 1 and path 2, respectivelyExcitation and
collection spots can be lined up individually byrotating the mirrors in the excitation
(green/orange lines) and collection (magenta lines) light path, respectivelyThe non
resonant excitation for photonic crystal L3 cavities and ring resonators were
implemented using a diode laser (808nm wavelength) and a He:Ne laser (633nm
wavelength), respectively. A 0.75 m and a 0.55 m single spectrometgiActon
Spectrometer from Princeton Instrument)were used to detect the PL signals by a liquid
nitrogen cooled charge coupled device (CCD)The highest resolution of the

spectrometer is approximately¢ 1 Q.

Due to the requirement d quick exchange of samplesphotonic devices were
mounted on the cold finger of acontinuous flow cryostat with a reasonabledegree of
stability. A picture ofthe cryostat is provided in Figure3.3, where the sampé is mounted
on acopper cold finger which is in thermal contact withan external heat exchanger and
the sample contained withn the evacuated chamber. Liquid helium is pumped through
the heat exchanger to coolite sample down to 410 K. Ortop of the sampe chamtler, an
optical window allows optical access to focus on the sample. Micrometer driven manual
translation stages were fixed under the cryostat to provide the movement around the

sample and focus control.

optical window

sample

Helium return
<+<— Helium from dewar

'-‘w B~ Helium return

L ea el «—— Vacuum port

Figure 3.3: Photograph of the cryostat uséfor PL measurements
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The vibration of the system is mainly caused by the helium pump, and generally the
system will maintain the alignment with the incident light for about an hour. As a result,
a more stable system is required for long exposure mearements. However, for the
purpose of fast characterisation and shdrexposure measurement, the flow cryostat is

an ideal option.

3.3 Characterization of NFDE QDs

The NFDE QDs sample is held ifliguid helium bath cryostat wherethe temperature is
down to 4.2 K and thesuperconducting magnet providesthe magnetic field. The bath
cryostat system used in this thesis is schematically illustrated in Figuri@4.

The main framework of the bath cryostat is supported by a lovloss liquid helium
Dewar. The outer and inner vacuum jackets are both pumped to suppress the thermal
conduction and convection. Liquid nitrogen is filled between the outer and inner
vacuum jackets as another insulating layer. The liquid nitrogen jacket serves as a pre
cooler, protecting the liquid helium from beingwarmed up (reduce the waste of liquid

helium), and absorbs the radiation and heat from the room temperature environment.

i1 OEAOA ET O0I AOET ¢ OEAAEAOOG AT OOOA A OAOU

system, whic can remain stable for up to several days.

The superconducting magnef6], made up with superconducting wires, is assembled
in the bottom of the bath cryostat. Magnetic fields are achieved by immersion of a
superconducting magnet in the liquid helium b# when the magnet is powered by
current source. A uniform magnetic field up to 10 T can be reached. Magnetic fields

applied in this thesis were inthe Faraday geometry, along the sample growth axis.

Cryogenic temperatures for the sample chamber are achiegt by immersing a home
made evacuated tube in a Dewar filled with liquid helium at 4.2K. A small amount of
helium gas is the medium to achieve the thermal equilibrium in the insert tube. Within
the insert tube is a homemade optical cge system, where the sample is mounted on a
3D piezodectric stack which movesthe sample and controls the focus. An aspheric lens

is fixed above the sample for focusing the incident light to a spot ef 1 ndiameter.

The aberration efects of theaspheric lens arereduced by two achromatic doublets
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mounted along the cage length [F. On the top of the insert tube is an optical imaging
system, which contains an optics board and optical components, leading the optical
access to the sampleia the optical window on the top of the insert tube.

Optical imaging system

XLt

— \Vacuum
Vacuum «

» Achromatic lens

» Liquid nitrogen

Insert tube « —

» Home-made probe

— Liguid helium bath

» Achromatic lens

Aspheric lens
Sample

»Superconducting magnet

A A
|
frca

- » Piezoelectric stack

Figure 3.4: Schematic illustration of a liquid helium bath cryostat with superconducting
magnet, integrated optics and piezoelectric stack. The optical imaging system mounted

on the top of the cryosat can be found in Figure3.5.

The meaurements of PL dynamic nuclear polarization (DNP), nuclear magnetic
resonance (NMR) and nuclear spin decay, presented in Chapter 4, have been carried out
on single dots at low temperature using a confocal speciscopic setup as schematically
illustrated in Figure 3.4 and3.5. Polarization of the incident laser and the detected signal

can be tuned by polarization optics. Two laser beams are introduces pump and prob
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Pump-probe experimental methodare usedthr ough all the measuremergin Chapter 4.

Detailswill be presented in Chapter 4.

}4— polarization optics —4—+ 1—4—@

optical fibre

} fibre mount

<&
<
A 4

A \ beam splitter

Z \ \ lens

NV‘_ polarization optics —4—|l +—4—

Figure 3.5: Simplified schematic diagram of the experimental configuration for
measurements of photoluminescence (Pl.dynamic nuclear polarization (DNP), nuclear
magneticresonance (NMR) and nuclear spin decay on NFDE single d&xcitation and

collection spots can be lined up individually by rotating the mirrors in the excitation and

collection light paths, allowing the interdot DNP process experiment in Chapter 4.
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Chapter 4

Vanishing electron g factor and long -lived nuclear
spin polarization in weakly strained nanohole -
filled GaAs/AlGaAs

41 Introduction

In the past three decades, electronic spin in semiconductors and their nanostructures,
such as quantum dots (QDs), has attracted unh attention as it is promising for
applications in quantum computaton [1-6]. For a semiconductor QD, spin jaction and
its coherent manipulation can be easily achieved by optical or electrical pumping,
making it compatible with the modern optoelectronic integration circuits. Moreover,
due to the threedimensional (3D) confinement, the spirorbit relaxation effects is
suppressed and thus longer spin coherence time is expected. The main factor that limits
the electron or hole spin coherence time in a QD is the hyperfine interaction witthe
nuclear spin environment [1, 6-8]. Therefore, further increase of spin coérence time of
carriers in a QD, which is crucial for single spin qubmanipulation, requires an extra
control over nuclear spin bath. This extra control can be achieved by maximizing
polarization of p Tgp Ttnuclei in a single QD to form welldefined nuclear spin states,

and thus suppress the effects causduay nuclear field fluctuations [9-13]. In addition to
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the hyperfine coupling, straininduced quadrupolar effectsalso have an impacton
electron spin decoherence [#, 15]. Consequently, a highguality QD system, where
nuclear quadrupolar effects are minimized, is highly desirable.

The coherent control of carrier spin in a semiconductor QD using senant ultrafast
laser pulses [35] has been demonstrated. However, the scalability of this techoie is
still demanding. Alternatively, spin rotation can be controlled by manipulating its
coupling to the external magnetic field or electéally modulating the g-factor [16-18],

which relies on the tunability ofthe g-factor (especially the sign othe g-factor).

Selfassembled InGaAs/GaAs QDs, formed bye Stranski-Krastanow (SK) growth
mode, have been one of the major QD systems for spintronics over decades because of
their excellent optical qualities. For a long period of time, it was not ackvable by the
monolayer-fluctuation grown GaAs/AlGaAs dotsThe recent development of the droplet
epitaxial (DE) growth technique, in particular, nanohol€filled droplet epitaxy (NFDE)
(dots are formed by in situ etching and nanohole Hiilling), provides GaAs QDs with
strong quantum confinement andexcellent optical properties [L9-22]. Meanwhile, these
dots exhibit high symmetries which are umttainable in selfassembled dots [23. The
combination of high crystalline and optical qualities make NFDE QDs iecandidates
for polarization entanglement and phdon induced spin manipulation 24]. Although the
NFDE QDs have shown their high efficiency in the study of rubidium at@mand a
guantum dot interface [25, 2§, the spin properties of the carriers in such gstems

remain to be explored.

In this chapter, photoluminescence (PL) and nuclear magnetic resonance (NMR)
spectroscopy are used to study the spin properties of the NFDE grown GaAs/AlGaAs QDs,
including the single charge spins and the nuclear spin nrx.
Magnetophotoluminescence measurements reveal cloge-zero electron gfactor for
the NFDE QDs. Efficient dynamic nuclear polarization (DNP) as large as 65% is also

demonstrated.

In order to measure the residual strain in the NFDE grown QDsdio-frequency (RF)
excitation was applied in the NMR experiments andh strain as small as <0.02% was
revealed. Two subgroups of ensemble QDs with compressive and tensile strain along the

growth axis were investigated, corresponding to those formed in theanoholes and at
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the rims of the nanoholes, respectively. In such QDs, small quadrupolar effects (~ 20
kHz) was observed due to the small strain, resulting ia large increaseof the electron
spin coherence time [14, 1% Although the residual strain is rdatively small, it is
sufficiently large to induce stéble nuclear spin matrix with a relaxation time >500 s.
These results suggesthat the NFDE QDs can be excellenandidates for spin qubit
manipulation as decoherence effects from the nuclear spin envinment can be largely

minimized.

4.2 Samples and Techniques

As illustrated in Section 1.2, the NFDE QDs sample was grown using solid source
molecular beam epitaxy (MBE), and A !q@antum dots are formed after deposition of
Ga,)! Ig ' Ag ! @nd' A !inGa specific order The sample was mounted on a 3D piezo
stage in the liquid helium bath cryostat with a superconducting magnet as described in
Section 3.3. Magnetic fields up to 10 T applied in this experiment were in Faraday
geometry, along thesample growth axis. All the measurements, includingypical
photoluminescence (PL), dynamic nuclear polarization (DNP), nuclear magnetic
resonance (NMR) and nuclear spin decawyere performed on single dots at low
temperature 4 D 1& + using a confocal specbscopic setup. The laser beam can be
focussed to aD pti spot. The polarization degree of the nuclear spins can be
determined by measuring the Overhauser shifts of the excitonic peaks in the PL spectra
of QDs. More details abouthe nuclear spin polarizaion and the NMR spectroscopy
method [27] will described in this chapter.

4.3  Experimental Results

A typical wide range PL spectrum obtained under noenesonant excitation @= 1.69A §
with magnetic field " ;= 6T is presented in Figure 4.1. Quanim well (QW) emission can
be identified at%= 1.67A 6 Two spectral distributions of QD emission a¥%= 1.58A @&nd

at %= 1.63A @re denoted as type A dots and type B dots, respectively. This chapter
investigates various aspects of the spin propertiesdsed on type A and B dots (the origin
of these two types of QDs will also be discussed). Typically, PL emission fropi8 dots

within the excitation spot of D p § ¢ can be observed in the experiments. Although this
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density is too high to reliably distingush individual dots, it is sufficiently low to identify

and interpret hyperfine spectral structures.

QDs A P__=100 nW
B =6T
QW
QDs B

et

| ! I ! I v | : | . I ' | !
1.6 158 160 162 164 166 168 1.70
Photon energy (eV)

Figure 4.1: A wide range lowtemperature photoluminescence spectrum indicates
emission from two different types of quantum dots (A and B) and the quanmn well

under nonresonant excitation (E = 1.96 eV) with magnetic field Bz = 6T.

4.3.1  Magnetic Properties of Single Charges: Closeto-Zero Electron g Factors

As described in Section 1.3.3, n semiconductors, an exciton is a hydrogelike
guasparticl e consisting of a boundoair of electron and hole. It releases its energy via
electron-hole recombination, governed by the selection rules. The exciton with electron
spin (up Y or down 8) and hole spin(up+ or down p) satisfying the optical selection
rules is calleda bright exciton, which emits a photon during recombination When the
electron spin and hole spin of an exciton do not satisfy the selection rules, spin of one
component (electron or hole) flips (or relaxes) before the recombination and energig
releasal via photon emission; however no emission can be observed in spectra. This
type of exciton is referred as the dark exciton (optically forbidden exciton) and usually
has long life time. Due to the notideal symmetry in QDs, the exchange interaichn
couples the bright and dark states [28 As a result, the dark states gain small oscillator

strength and can be observed ithe photoluminescence spectra [2830].
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A series of PL spectra of QD B1 obtained under different magnetic figdwith low
excitation power 0x &z ¢ Tt i 7 are presented in Figire 4.2. The emission from excitons
can be observed in Figre 4.2(a), where the two main brightest peaks indicat%b?
(where the hole spin isp and the electron ig") and‘U (%) bright excitons. The green and
magenta spectra correspond to linear polarizations at;; 18The black diamonds and
green triangles correspond to the weak peaks from dark excitodiﬂ } and ‘D @) ,

respectively. At"y; 04, the emission of tth } dark exciton is enhanced ing

polarization due to the mixing with‘b ?bright exciton.

PL energies of bright (full symbols) and dark (open symbols) exciton peaks extracted
from the spectra in Figure 4.2(a) are fitted by solid lines in Figure 4.2(b). The fitting are

performed using the following equations:

% % { L "o"o 1 -1a G G'u G b @D

%W % [ "o'o 1 -G G OG"dh 4.2)
where % represents the energy of bright excitons¥ represents dark excitons % is the

QD bandgap energyg, is the splitting between bright and dark exciton doublets g is

the fine-structure splitting of bright exciton (dark exciton splitting is neglected),Gy is

the g-factor of electron, G is the gfactor of hole,{ is the diamagnetic shift andx is the

Bohr magneton,f and G. are the corrections fordiamagnetic shift and holeg-factor,

respectively.
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Figure 4.2: Magnetophotoluminescence measurements of NFDE quantum dots.
(a)Magnetic field dependence of PL emission from bright and dark excitons in dot B1
with an excitation power of 04 gz ¢ T It 78The green and magenta spectra correspond
to linear polarizations at" ; T©8Blue and red lines correspond to spectra recorded
under , and , polarization, respectively. The black diamonds and green triangles
indicate the PL emission from dark quantum dots. (b) Energies of the bright (full red and
blue symbols) and dark (open black and green symbols) exciton peaks from (a). The
data are fitted by solid lines usingoB1® and%RB18& .

The accuracy of fitting the experimental data measured for QD B1 can be obtained
by examining the fitting residuals. Here, the residuals, plotted in Figure 4.3, are the
difference between experimental data from Figure 4.2 and theoretical calculations using
%R 1 . Symbols in Figure 4.3 (a) are the residuals of fitting where magnetiield-
dependent correctionsfor diamagnetic shift and hole efactor are set agf mand

G tin % N , respectively. The systematic errors are prominent and with a value

of D v 1t A 6The importance of adding the magnetidield-dependent corrections to
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diamagnetic shift and hole e¢factor should be noticed.n Figure 4.3(b), the systematic
errors drop to D ¢ Tt A @y introducing [  as a fitting variable while keepingQEp
TL It is also obvious that the excitons with parallel hole spin but antiparallel electron spin

have the same signs of fitting residuals (red sqares‘U @and black diamond#U ?; blue

circles ‘D? and green triangle#b@); the excitons with antiparallel hole spin and

parallel/antiparallel electron spin have the opposite signs of fitting residuals (red
squares‘U @) and green triangle#b @ /blue circles ‘D } ). The remaining systematic
errors caused by hole spin can be further eliminated by setting magtic-field-
dependent corrections for hole gfactor as a fitting variable. Fitting residuals are

reduced to p 1t A Guggesting that thesystematic errors are eliminated effectively

by fitting with variable diamagnetic shift corrections [ and hole g-factor

corrections QEP , see in Figure 4.3 (c).

53



IS = e IR

20 - \\3 | lg."=0
. /-/ \

I
T

-20 <:/. T v )
= E
— —vV—
t_é 60~ 2 ] . | ) | || ] N -T
E 20 (b) ;‘;H] ; o K'{::) -_vgriable
Eojeet
i . .1-1.._,.\ O \v‘\

101(c ) k" - variable
V ———
18 ‘*"i._. 0—-—-8-——355\—8% g,” - variable
- | ! |
0 2 4 6
Magnetic Field B, (T}

Figure 4.3: Fitting residuls, the differencebetween experimental data from Figure 4.2
and theoretical calculations usingo N and % Nw&& , show the accuracy of fitting

process for all excitonsas a function of magnetic field. (a) A huge systematic error Bf

v 1t A Gesults from fitting without linear corrections ( | nff;E m). (b) The
systematic errors drop toD ¢ 11 A @y introducing diamagnetic shift correction o® as
a variable while keepQ:Ep . (c) Fitting residuals(  p 1t A §, achieved by setting
diamagnetic shift correction{ and hole gfactor correction G. as variables, are
within the accuracy.
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Electron gfactor values for QD B1 are obtained from the fitting, wher§; T8t v 1
it owith [P G MG t@iu omdig with G©  mand [P as a variable;
Gy T8t U ¢ 1@ mwith both [ P and QEP as variableslt can be seen that the values of

G are similar including and excluding{ and QEP , but systematic erors are further
reduced by using magnetidield-dependent corrections as fitting variables. The other
fitting parameters for QD B1, derived from fitting with{ ~and G. as variables, are as
following: % p&opptio pm®?A6 ., 1, pCCcothA6 , 14 P&
p&tA6, [Ecppusde ¢, [PE nmepuns8th&t °, G T T
and (;Ep T8t 0 p Tt 1 T *. Similar magreto-PL measurements (Figure 4.é)-(h))
and fitting procedures (Figure 4.5a)-(j)) have been performed for a set of individual
QDs from the same samplézigure 4.4(a)(d) are the magnetic field dependences of PL
emissions from bright and dark excitons in QDs undes* excitation with an excitation
power of Pa= 200 nW. While Figure 4.4(8-(h) are under sMexcitation. From these
spectra with high signal/noise ratio and the fittings, A and B type QDs can be well
distinguished as their corresponding bandgap energyd=gfactors are very different. In
Figure 4.4, QD42L and QD56 are type A Q[k~1.58 eV (~785 nm)); QD42Sa, QD42S
b and QD50 are type B QDs {E1.63 eV (~760 nm)). In order to show clearly the
different g-factors for these two types of QDs, the electron and holefgctors of type A

QDs (black squares) and type B QDs (red trialeg) were extracted and plotted in Figure
4.6.

The electron and hole ¢gfactors of QDs in type A (black squares) and QDs type B (red
triangles) are extracted and plotted in Figure 4.4 (a). Unexpectedly, for type B QDs, the
values of electron gfactor are close to zero with an average value @ T8t v In
typical GaAs/AlGaAs quantum dots, formed by natural fluctuation of the quantum well
width, the average value of electron dactor is an order of magnitude lager [31].

Electron gfactor values for QDf type A are also small with a negative value df;

T [48].
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Fig. 4.4 MagnetePL measurements of a set of individual A and B tgpQDs on the same

sample. (a}(d) and (e)-(h) are the magnetic field dependence of PL emissiors from
bright and dark excitons in QDsunder s*and sMexcitation, respectively.Black and red

curves correspond to spectra recordedinder s“and s *polarization, respectively.
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green symbols) excitonpeaks from kgure 4.4 (a)(h), fitted by solid lines usingEg.

(4.1) andEq. (4.2).
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Figure 4.6 The electron and hole Lande-factors (a) and the diamagnetic shiftd (b) for
A type of QDs (black squares) and B type of QDs (red triangles) are extractesn the
fitting in Figure 4.2(b) and Figure 4.5 All the QDs are from the same piece of sample.

Figure 4.6 (b) shows the diamagnetic shift[ versus QD bandgap energie®,for
the same QDs as in Figure 4(@). As is reported, for natural GAs/AlGaAs QDs and DE
grown GaAs/AlGaAs dots (obtained by crystallization of Ga droplets), the values of the
diamagnetic shift{ areDp 1A 6 andDt WYtA & , respectively. However, for
both type A and B QDs, the values of the diamagnetic shjfare between 17 and
24t A & ¢, which is larger than the reported oneg20, 29]. Larger diamagnetic shifts,
for the studied NFDE QDs, are usually ascribed to the larger lateral dimensions [32]: a
typical nanohole size ¢ 651 1 [22)]) is larger than the droplet size ¢ 401 | [33]) in DE-
grown dots. Large lateral sizes lead to large dimensions of the wave functions in the

NFDE dots, implying that the orbital angular momentum is significant.

Due to the large laterakize, the results, derived from extensive studies ogr-factors in
GaAs/AlGaAs quantum wells, can be applied directly to NFDE dots. Agreement between
the small G, values obtained from QDs AB) emitting at% p& yeV (% p& ceV) and

the dependence ofC; on quantum well groundstate energy can be expected.

Particularly, in QDs of type B, wheig,is very close to zero, the derived QD bandgap
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energy is%, p® ¢eV, which matcheghe observed bandgap energy in quantum wells

with "Q;  Tt[48].

432 Optical Dynamic Nuclear Polarization (DNP)

Since the electron spin system is coupled to the nuclear spin environment through the
hyperfine interaction, angular momentum is transferred from me to the other. In
addition, the nuclear spins interact with the environment, resulting in a dynamical
equilibrium. In order to understand more about the properties of nuclear spin system
and establish a net nuclear polarization, circularly polarized excition and PL emission
analysisare used for manipulating and monitoring the spin polarization of the nuclei in

a single QD. Nuclear spin polarization can be detected by measuring the electronic
energy shift of the QD emission line due to the polarized nuclei, referre® as the
Overhauser Shift (EoHg. Electron Zeeman splitting in a single QD can be induced by both
external magnetic fields and nuclear magnetic fields (referred to as Overhauser field).

The total electron Zeeman splitting of the emission lines can be written as:
68 Gi. "Adoi 04 1%

where G is the electron gfactor, ‘- is the Bohr magneton,” 4 gand " g @are the

magnetic field projection along thez-axis due to the external magnetic field and spin

polarized nuclei, respectively.

When excited by linearly polarized light, electrons in the QD are in a superposition

of spin up‘—'>and spin down‘®>, leading to zero Overhauser field"G &z 1. The total

electron Zeaman splitting thus amounts to:

38"  Gl."Ago 8

Thus, the deviation oR6 N and%Nw® gives a direct measure of the Overhauser

shift % (3 and the effective nuclear magnetic field$; ¢z

%(3 3~%ﬁ 3~%ﬁi EQ’[""TOA ™
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Alternatively, % 3 can be calculated without measuring: e in external magnetic
field. Circularly polarized pump laser (, or ,, excitation) is used to polarize thenuclei.
Electrons are excited by the linearly polarizecprobe laserafter a sufficient time delay
The electronic energy shift of the QD emission line due to the polarized nucletlistected.

% (3 is extractedfrom the changing of splitting (Eqg. (4.6)as explained in kgure 4.7.

%" %"

s —— (4.6)

ot pump

ot pump

AE??
EOHS EOHS

AEZ"

Figure 4.7 Schematicdiagram showing how theOverhauser shiftcan be determinedby

using a pump-probe experimental method.3%" is the splitting under, polarized
pump laser (red solid spectrum);s»%ﬁ is the splitting under,, polarized pump laser
(green dashed spectrum) The Hue spectrum indicates the typical Zeeman splitting

under external magnetic field without the impact from the efiective nuclear field.% (3

is extracted from the changeof the splitting 3% 3%

The maximum Overhauser shift, reported in natural GaAs QDs with 60.1%/39.1%
abundance of ®Ga / "GaisET* = (A”* 0.601A" % @39 %) 3¢ ¢,
where A™"9 e 43g e , A o48ge , and Ao 37¢ e [47] are the

corresponding isotopic hyperfine coupling costants, depending on the value of the
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electron Bloch function, with a nucleaispin )E-. The degree of nuclear spin polarization

is defined agg = Eous | where d, is in the range ofg 1,1 .

max ’
OHS

Since the Overhauser shift is the physical quantityused to estimate the degree of
nuclear spin polarization, it is essential to experimentally measure thedssinduced in
QDs. The measurements of nuclear magnetic resonance (NMR), dynamic nuclear
polarization (DNP), and nuclear spin decay, presented in this chapter, are performed by
Obp@b Ol AA6 AGPAOEI Al 10Bvéry sindleGspectdim is the resultoof a
few pump-probe cycles; and a linearly polarized laser, referred as the erase laser, is
applied to create depolarized nuclear spins before each pumpgrobe cycle (see Figre
4.8). The o is kept at 3.5 s in this measurement. Circularly polarized optical
excitation with a high power pump pulse can be used to dynamically polarize the nuclear
spins in the QD. The optical excitation power is 5007 , which is 10 times more than the
saturation power of the groundstate emission. In order to build a saturated and steady
nuclear polarization state initially, the duration of pumpingo should be sufficiently
long to induce DNP. The nuclear spin buildup time can be revealed using
exponential fitting in Figure 4.8; whereas the pump duration applied in the
measurements is 57 s, whichis much longer than thed and almost maximizes the
degree of nuclear spin polarization. In earlier reports, the time to build up nuclear spin
were: few milliseconds in selfassembled GaAs/InAs dots under apigd magnetic field
B =01 T [35, 36]; few seconds in GaAs/AlGaA#luctuation dots at B = 12 T [37, 3§
and few seconds in InP/GalnP when the applied magnetic field wasev2 T [30]. The
nuclear spin buildup time presented in this study (in NFDE GaAs/AlGaAs QDs) is similar
to the one reported in droplet epitaxial grownGaAs/AlAs QDs{ =600 msatB =
2.5T)[19].
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Figure 4.8 Establishment of the optically induced nuclear spin polarization dynamics.
The Overhauser shifep ( of QD depends othe pump pulse duration(o ) under A

(red open circleg andA (blue solid circles) polarization at B = 6 T.Each red or blue
data point is extracted from a spectrum obtained during one eraspump-probe cycle

(6  )showninthe inset. The solid curvesare the exponential fitting of the data pmts.
The red and blue dashed lines indicate nuclear spin buildup times 790 ms and 590 ms

for A andA pumping, respectively.

In III-V compounds, GaAs in particular, the nuclear spin relaxation time1Ts on the
order of 1,000 s for Ga and\s at a bw temperature ~4 K [39]; while the typical T1-time
of electron in QDs can be extendadp to 1 s in a moderate magetic field due to the spin
orbit interaction [40]. A time delayY®, sufficiently longer than electron T1, should be
introduced before the ogical probe process. The probe pulse is linearly polarized, which
can cause the nuclear depolarization. In order to keep the prokieduced nuclear

depolarization degree within 3%, probe pulse durationd varies with individual QD,
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and probe exitation power should be sufficiently low. Here, in the measurements,
probe duration is fixed ato L TU i and probe excitation power is 0.20.3 times of

the saturation power of the groundstate emission. To keep depolarization duration
o} and probe durationo constant in the pumpprobe cycles, the duration of

pump process varies (57 s, as mentioned above).
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Figure 4.9 (a) Wide range PL spectrum showing the quantum well (QW), QD A2 and QD
B2 emission under nonresonant excitation E = 1.96 eV; (b)Photoluminescence
excitation (PLE) measurements are performed on QD ARL emission intensity of QD
A2 are measured as a function of the excitation laseD under, (red line) and,,

(blue line) excitation.

In order to investigate the dynamic nuclear polarization (DNP) of NFDE QDs, optical
pumping has been applied to the dependence of the excitation laser energy.ufg4.9(a)
shows a wide range PL spectrum, where QD A2, QD B2 and QW emissican be
identified clearly under nonresonant excitation with laser excitation energyO =
1.96 eV, excitation power P = 100 nW, and magnetic field B = 6 T. Photoluminescence
excitation (PLE) is a specific and useful experimental tool for investigating the energy
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level structure of the material. The energy of the excitation is aried while the
luminescence is detected at the typical emission energy of the QD being studied in the
PLE measurements. A typical photoluminescence excitation (PLE) spectrum is plotted
in Figure 4.9(b). The PL intensity of QD A2 was detectday CCDwith afixed energy of
1.585 eV (ground state energy of QD2) when the excitation laser was scanning from
1.57 to 1.75 eV Both of the, (red line) and, (blue line) circular polarizations were
applied for excitation at low optical power of 2 uW. Peaks can be observed in the region
of 1.597 1.61 eV, which is ~25 meV above the energy of ground state (E = 1.585 eV). In
PLE spectra peaks often represent absorption lines of the material; here, these peaks
are ascribed to the excited states of QD A2. As discussed in the previous section, the large
lateral size causes some QMike properties with 3D confinement effects. High density

of energy levels of the excited states can be expected, resulting in a continuous broad
background.

Additional to PLE spectroscopy, the nuclear polarizatiorD is recorded as a
function of the energy of the excitation laselO in Figure 5.0 The red and blue lines
show the Overhauser shift measured on QD A2 under and, polarized optical
excitation, respectively. The measureme® x AOA DAOA&AI O ABOTAASGOEA Of
OAAET ENOAO AO AAOAOEAAA AAT OA xEOE Al AQGAEOAOQE
DNP emerges as th® is over the bandgap of QD A2. The highé&t value of 70
t A6 AAT AAOAARIBAEGW Aorrésgdnding to the QW states. Sharp peaks,
observed between 1.5851.60 eV, reflects circularly and resonant pumping of either the
ground state or excited states of QD A2. This mechanism has been studied in-self
assembled QDs [41, 42]Similar to the PLE spectrum in Figure 4.9b), a nearly
continuum spectrum between 1.611.63 eV is attributed to the excited stated due to the
large lateral dimensions of the NFDE QDs. In the region of 1-63%6 eV, a series of sharp
peaks is observed, whee both PL and PLE signal of type B QDs show correlated peaks.
Particularly, the peaks produced by QD B2 at 1.63 eV under resonantly optical excitation,
indicates that DNP in type A dot can be induced by type B dot under optical excitation.
Previous studies have not reported this mechanism, which is such a unique property of
NFDE QDs.
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Figure 4.10: (a) Wide range PL spectrum showing the quantum well (QW), QD A2 and
QD B2 emission under nonresonant excitation E = 1.96 eV as shown inuf&@4.9(a); (b)
Overhauser shift measured on QD A2and QD B2 as a function of the energy of excitation
laser'O . Red and blue lines are for QD A2 under and, excitation, respectively;

green and magenta lines are for QD B2 undgr and, excitation, respectively.
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Figure 411: Higher resolution photoluminescencespectra foaising on QD B2, B3 and
A2. (a) PL spectrum of QD B2. (b) DNP measurement of QD A2 wien is scanned
closeto the resonance of QD B2 blpw power excitation. (c) PLE spectra of QD A2
close-up of Figure 4.8b).
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In order to understand more details about the interdot DNP process, higer
resolution spectroscopy hadeen performed focusing around the ground state of QD B2.
PL spectrum ofQD B2 can be found in Figer4.11(a). DNP measurement of QD A2 was
detected whenO is scanned closeto the resonance of QD B2 Hpw power excitation
as shown in Figure 411(b). Black dashed lines in Figure 411 point direct
correspondences between the peaks inthe DNP (Figure 411(b)) and PLE (Figure
4.11(c)) spectra, indicating that the DNAn QD A2 is induced by the resonant optical
electron-hole injection mechanism. A doublet occurs near 1.632 eV in both of the DNP
and PLE spectra due to the Zeeman effect under circularly polarized excitation and
external magnetic field (B = 6 T). Howeveltthere is a small mismatch: thePL peaks of
QD B2 in Figure 41(a) are recOEE £A0AA AU pun t A6 AT I DPAOET C xEC(
DNP and PLE peaks in Figure#L(b) and (c). This red-shift can be a esult of Coulomb
shift [43]. In PL measurementsthe existing excitonin QD AZinteracts with the exciton
tunneling from QD B2resulting in a red-shift of the ground-state emissionof QD B2. By
contrast, in PLE measurements of QD A8round-state exciton emission of QD A2 is
measured andphoton absorption in QD B happens when there is no exciton occupying
in QD A2.Under resonantexcitation, an exciton generated in QD B2 can tunnel into QD
A2 and recombine The PLE peak in Figure 41(c) is a result of the exciton
recombination. During the process of exciton tunaling or recombining, the spin of the
exciton electron from QD B2 can be exchanged with nuclei in QD A2,die@ to a DNP
peak in Figure 411(b).

As can be noticed obviously, prominent DNP and PLE doublets aresebved at 1.630
eV in Figure 411(b) and (c), respectively. However, therds no PL emission in Figure
4.11(a) to relate to them. In order to understand this phenomenon, assume that a QD,
denoted as QD B3, exis and has a much greater tunring rate than QD B2. Therefore,
excitons from QD B3unnel into QD A2 before electrons and holes can recombine in QD
B3, resulting in an enhancement of the PL and DNP in QD A2 while a suppression of PL

emission in QD B3.

Additionally, the same measurements (DNP) have been performed on QD B2 (green
line for sigma plus and magenta line for sigma plus excitation). However, there is no

Overhauser shift detected in QD B2 when exciting QD A2 due to the band structure of
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type A and B dots. Based on the above spectral analysis of FigdtEL and the previous
AFM studies [23, a most likely schematic crossection structure of the sample and the
corresponding band strudure are displayed in Figure 4.12a) [49] and (b), respectively.
1$0 i £ OubA ' AOA &I Oi AA AO
of the nanohole, creating 3D confinement in additional spots, defined as QDs B. The
potential well of QD B type is much shallower than that in type A dots, and thus the
excitons generated in QD B under resonant excitation can tunnel into QD A and
recombine (This process reslts in a PLE peak in Figure 4.1(t)). Furthermore, it is also
possible that the exciton electron can exchange its spin with a necls either during
exciton tunneling into QD A or during recombination in QD A (this radts in aDNP peak

in Figure 4.11(b)). The above analysis also suggests that the nuclear spin diffusion
between dots can be neglected and the DNP in QD of type A can be induced by another

QD of type B using optical excitation, which has not been reported in previostudies

and can be unique to the NFDE QDs.
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Figure 4.12(a) Schematic diagram of sample cross section and formation of type A QDs
and type B QDg22,49]; (b) Schematic energy band strucire of type A QD and type B

QD.

In order to investigate the reproducibility of DNP in NFDE QDs, a series of pump
probe measurements were performed on several dots from the same sample. The

results presented in Figure 4.13show contour maps of Overhauser shift in the

parameter space of excitation laser power andhagnetic field for QD A7 undey,

68

and

Ch



, excitation. A cw pump laser at 1.642 eV is used to build up the nuclear spin by tuning
in resonance with a type B dot. At high powers (P > 10A), DNP can be produced in a
wide range of external magnetic fills for both, and, excitation. The maximum
Overhauser shifts achieved for this dot is 65eV at B =89 T under,, excitation, while

-55teV atB =3 T undef excitation.
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Figure 4.13: 3D contour plots of the Overhauser shifto  as excitation powerd and
magnetic fieldd vary under, (a)and, (b) excitation for QD A7. The colar scheme

bar on the top of each plot is a depiction of the corresponding scale &

As can benoticed obviously in Figure 4.13a), under high magnetic field B=9 T, a
significant Overhauser shift with a value of 50 eV is detected evenwhen the ,,
excitation power is down to 50 nW. Such lowower DNP has been ascribed to the
recombination of the longlived dark excitons via secondorder process involving a
nuclear spin flip in neutral QDs in other materialsaccording to previous report [29, 44.
By contrast, there is no lowpower DNP under, excitation, and the maximum
Overhauser shift apears at B = 3 T. IrFigure 4.13 it is found that the DNP can be

induced efficiently at magnetic field Bz as small as 0.5 T.

After examining several other dots on the same sample, a net, well reproduced results

can be achieved similarly as those presented in kige 4.9 and Figure 4.10 DNP via
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optical pumping the QW states and DNP via tunneling from type B dots to type A dots

AOA 1 AOGCAO OEAT OEAO ET AGAAA OEA bpOi PET C OUDPA
ATA vm t Aeh OAOPAAOGEOAI U8 (1T xAOAOBele&ileOAOAT O O
way to control the nuclear polarization in QDs individually, while the nuclei in all dots

can be polarized under nonresonant pumping as long as the dots are covered by the

laser spot. The key factor of governing the DNP process is to make thecélen-nuclear

spin flip-flop inefficient by keeping excitonthe Zeeman energy much larger than the

nuclear Zeeman energy.

433 Nuclear Magnetic Resonance (NMR) Spectroscopy: Probing Quantum
Dot Internal Structure
According 01T NOAT 601 1 AAEAT EFBAODAD OADARIADGO OBEA O OAI
momentum of a nucleus and depends on the massmber (A). Halfinteger spins result
from odd mass numbers; while integer spingorrespond toeven mass numbers. Nuclear
spin angular momentum exists in¢ 2 'O p distinct quantum states possessing different

orientations in an externally applied static magnetic field. The spin projections parallel

to the field has values m running from "Oto "Oin steps of unity. Here, in this

measurement, for°As spin ‘O -, mtakes the values -, -, -, -(see Figure 4.13.
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Figure 4.14 Energy levels for a®Asnuclear spin of 'O -in a magnetic field B.
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Nuclear spins can be polarizedaligned) based on the ability to induce efficient and
large DNP as discussed in previous measurements. Nuclear magnetic moment, arising
from the spin of the nuclei, is in the same direction as nuclear spin and proportional to
the angular momentum of a naleus. When placed in an external magnetic field, the
nuclear magnetic moment can move like a gyroscope with a certain frequency around
the external magnetic field. Such motion is called Larmor precession. The frequency of
the precession is referred to ad.armor frequency, determined by external magnetic
field, nuclear magnetic moment, and the angle between them. The angle formed by
external magnetic field and nuclear magnetic moment directions depends on the

magnetic quantum numberd . The energy level ofthe &  state is

%E rlo" (4.7)
Wherer is the nuclear magnetogyric ration and = (Q) is the nuclearg-factor; | ¢ is
b

the mass of proton) So the energy difference beteen adjacent states is given by
Y% Eo" (4.8)

According to Einstein relationY%B] , transitions occurs when the applied radiation has

an angular frequency of
1 r. (4.9)

The resonance transitioncondition, Eq. (4.9, indicatesl is an important constant. It
varies for different nuclei. Usually, the perturbation indwcing transitions in NMR lies in
the RF (radiofrequency) range (p T+-p TtHz.)
. -2 1T AAOOOAI AT OO AOA IO AAGI ASABOENRD AOD DI D
method discussed in Section 4.3.2yith a radio frequency (RF) pulse introduced
between the pump and probe duration. RF pulse differs for different nlei. The
Overhauser shift, induced by transitions between the spin states, can be detect by probe

spectrum. Here, in this experiment, the duration of the Rprobe is about 150 ms.

Nuclear magnetic resonance spectroscopy is a powerful egtroscopic tool for
investigating the local magnetic field induced by transitions between the nuclear spin
states. NMR spectra is a wellesolved, analytically tractable, highly predictable and

unique method to identify small molecules, providing specifianformation about the
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reaction states, structure of the material, dynamics, monomolecular organic compounds,
and chemtal environment of molecules [4%. However, any nucleus with a non
spherical charge distribution has a nuclear electric quadrupole momengnergy levels
split by a magnetic field are shifted unequally due to the quadruple moment interacts
with local electric field gradient (EFG) created by the nowniform distribution of
electron density or/and the bonding environment d the nuclei, see inFigure 4.15 In
analogy with NMR, a perturbation of nuclear quadrupole energy levels occurs when an
oscillating RF electromagnetic radiation is applied whose frequency closely matches the
procession frequency.The quadrupolar shift, due to the transitions between the
guadrupole energy levels, can be expected in the measurements. NMR investigations in

semiconductor nanostructures are restricted largely by the quadrupolénduced broad

spectra.
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Figure 4.15: Energy levels for a®Asnuclear spin of O -in a magnetic field B and the

local electric field gradient (EFG) created by the neaniform distribution of electron

density or/and the bonding environment of the nuclei.
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Figure 4.16 A closeup of the sample mount inside the cryostafThe multi-layer copper
coil (the hole in the middle of the coil is ~ 0.4 mm)s soldered to a coaxial cable and

placed close to the sample to provide the RF excitation in NMR measurements.

As shown in Figure 4.16 the sample is fixed on an aluminium mount ahcan be
controlled by a set of three spatial dimensional piezo stages. The mdliyer copper coil
(the hole in the middle of the coil is ~ 0.4 mm) is soldered to a coaxial cable and placed
close to the sample to provide the RF excitation in NMR measurenis. The RF
excitation itself is created by a waveform generator and passed through an RF amplifier
before reaching the coil.In order to study the structural properties of the QD, an
I POEAAT T U AAOAAOAckosclpl imétifod) @dvéloped by2 Dr. Gigedy
Chekhovich,is utilised. 4 EA Ei pOT OAI AT O 1T £ OEA OET OAOOADSG
NMR measurements, is that a continuum broadband RF excitation replaces the FR pulse.
AER AQAEOAOGETT 2& ET OET OAOQAGeeFigraslhb)j, OAET O
which is selected to balance the signal amplitude and the spectral resolutidfull details

about the inverse NMR method can be found in the reference [27].
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Figure 4.17 Schematic diagram of the radiofrequency excitatioapectra for the typical
OAOOOAOQCEIT OPAAOOT OAT PU [T AOETA j Aq AT A OEA EIE

As can be noticed, the radiofrequency excitation spectrum in kige 4.17(b) is the
inversion of that in Figure 4.1{a). Narrow-band and broadbaml excitation is the main
difference between the typical saturation pectroscopy (Figure 413 Aqq AT A OET OAOO
spectroscopy (Figire 4.17(b)). The effect of excitation on the population probabilityd
is significant. The population distribution follows the Boltzman distribution [27] under
narrow-AAT A AGAEOAOQEIT T h xEEI A OT AAO OEA OET OGAOOAG
probabilities of the nuclear spin levels can be built to enhance thiansitions in the
nuclear spectra corresponding to the spin sttes coupled by the RF field [ Z7 The RF

pulse duration in this measurementwas 1.2 s long andE TnE(.U

The nuclear spin polarization (quantified by the total Overhauser shifto ) includes
contributions from all the isotopes within the QD (Al, Ga, As and Ga). The contributions
can be separated individually by selectively depolarizing each isotope after fully build
up the optical DNP Resonant RF excitation measurements were perimed to erase the
polarization of As at B = 6 T in this workThe NMR spectra of thé®As isotope for QDs
A4 and QDs B4 are shown in Figure 4.18) and (b), respectively.The NMR signal is
detected optically and isthe subtraction beween the total Overhauser shif®  and
the Overhauser shift% measured with RF depolarizing the™As isotope. Red
dotted lines and blue solid lines are measured under and, optical nuclear spin

pumping, respectively. Sharp central pdadominating in both Figure 4.18a) and (b)
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corresponds to the central transitions (CTs) between nuclear spin - -.

Quadrupolar shift transitions, defined as satellite riansitions (STs), are expected to be

measured as discussed above. The two STs correspond to nuclear spin -and
- -, shifting from CT by ' and ' , respectively. The nonzero quadrupolar

shift’ (sidebands) indicatesthe exigence of shear elastic strain [1Palthough lattice
mismatch is not expected in GaAs/AlGaAs structures. Asymmetric STs can be observed

in QD A4 and QD B4 under optical pumping.
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Figure 4.18 Nuclear magnetic resonance spectra 6fAs nuclei in QD A4 (a) and QD B4
(b) under ,, (red dotted line) and, (blue solid line) optical pumping. The central
transition (CT) is observed at’ 1 @& p ( UThe satellite transitions (STs) are

separated from the CT by the straininduced quadrupolar shift

An increment of the NMR signal for the lowfrequency ST of QD A4 and higliequency
ST of QD B4 can be noted due to the enhancement of the - ST by sigma plus

light [27], which suggests that QD A4 ahQD B4 have opposite signs of the quadrupolar
shifts (). Figure 4.19reveals systematic quadrupolar sHit values of several individual
dots: positive’ ~ +20 kHz for type A QDs and negative ~ -10 kHz for type B QDs,

corresponding to the black squares and red rectangles, respectively. The linewidth at
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half maximum of ST ¥’ ), reflecting the inhomogeneous distribution of in the dot,
varies in a range of 1620 kHz. The averagé in self-assembled dots has been reported

as ~ 1.15 MHz, which is almost three orders of magnide larger than in NFDE dots.

(DL DL L L

N 20 D
= A mj
E 1
£ 10 -
© - —
2 A
= O QDA
— - A QDB| -
wn

0 | T NN I T

-20 -10 0O 10 20
Quadurpolar shift, v, (kHz)

Figure 4.19 The linewidths at half maximum of STs versus the corresponding

guadrupolar shifts for A (back open squares) and B (red open triangles) type of QDs.

In genaal, quadrupolar shifts, induced by the shear strain rather than isotropic
hydrostatic strain, are related to the orientations configuration of the strain tensor axes
and the magnetic field. Here, as the experimental configuration is Faraday geometry and
samples are planar QD structures, the dominant contribution to the quadrupolar shifts

origins from the uniaxial strain with its main axis parallel to magnetic field (along Oz).
The strain is normally characterized with] i —. When] T, a tensile
strain is along the direction of magnetic fieldT( 1), but the compressive strain is

perpendicular to the magnetic field { il ). The quadrupolar shift induced

by this deformation amounts to

b Toe (4.10)

wherehEO OEA 01 AT0E tdspin k1At el Digdire charge of electron,
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0 is the quadrupolar moment of ®As nuclei ¢ T&@ p p © | ), and"Y is the gradient
elastic tensor of *As inbulk' A!(£Y's o8 p m 61 ) with undefined sign[50].
Accordingly, the strain distribution in QDs can be derivedrom the ST linewidthY’ and
the average strain can be worked out by the average quadrupolar shift :

¢ §'dx0p
Q0¥ o

T6 (4.11)

As discussed in Section 4.3.1, the studied NFD&Ds have large lateral sizes
Comparing with previous investigations on disk-shaped selfassembled InGaAs/GaAs
QDs(large lateral sizes) the results of studies on  for “As and the tensile strainj
are applicable to NFDE dots.j is negative (5 1) andj is positive 10 in disk-
shaped selfassembled InGaAs/GaAs QO51], indicating™Y  Tt(sign convention by
Eqg. (4.11)). Applying”Y  m('Y o% p T 61 )toGaAs/AlGaAs NFDE QDs for
the sign convention on' . Although the GaAs lattice constant is slightly smaller than
that of AlGaAs (contrary to InGaAs/GaAs paif]), can be roughly estimated acording
to disk-shaped dots.In A type of GaAs/AlGaAs QDs, positive (' g p & ()Wvas
measured andf T was derived from Eq. (4.1) with a value of -0.0014%,
corresponding to a compressive deformatioralong the magnetic field. Howeverin B
type of QDs(’ p TE ( UY o8 pm6Ii ), an anomalous positive |
(+0.007%) was estimated, corresponding to a tensile strain along Oz in the structure
[51].

More interestingly, for the type A QDs, the values pf are all distinctly negative whist
for the type B QDs, their are all distinctly positive. This implies that the wavefunction
overlap between the excitons in type A and B QDs is small [27], and it is consistent with
our previous deduction basing on the malysis of DNP measurements that the origin and

structure of these types of QDs is different.
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Figure 4.20 Schematic diagram of the strain profile for A type of QDs and B type of QDs.
Black arrows indicate the direction of strain, deduced from the NMRpectra in Figure
4.16(a) and (b).

As discussed above, the cross sectional structure of the QDs is showRigure 4.12(a)
and in Figure 4.20 Type A QDs are located in the nanohole whilst type B QDs form
outside the moundlike edge of the nanoholelue to the 3D confinement. The tensile
OOOAET AlT1Tc¢c /U TAOAOOGAA ET OUPA " 130 EO
applying stretching force along Oz axis on the GaAs layer, whilst resulting in a
compressive inplane deformation, as illustraed by the arrows in Figure 4.20 For type
A QDs, as they are located in the nanoholes, AlGaAs barriers stretch the GaAs layer in the

horizontal plane inducing compressive strain along Oz ( < 0).

4.3.4  Long Nuclear Spin Relaxation Times

Nuclear spin relaxation in IlFV compounds has been studied in detail by NMR
measurements. Relaxation is the conversion from a neequilibrium population (excited
state) to a normal population (gound state), describing how signals deteriorate with
time. The processes of relaxation in the dynamics of a spin system involve the
interactions of the spin dipoles with their environment (spinlattice) and with
themselves (spirtspin). Time constant”™Y, known as spinlattice relaxation time,

characterizes the rate where the longitudinal (parallel to the B field) component of the
78
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magnetization restores exponentially towards the thermodynamic equilibrium. Spin
spin relaxation time, known as’Y, charaterizes the signal decay of the transverse
component of the magnetization. The lifetime of nuclear spin states in QDs are limited
by the relaxation time by paramagnetic impurities, quadrupolar relaxation, charge
fluctuations in the dots or in nearby dotsand nuclear spin diffusion. In order to
investigate the relaxation time in NFDE QDs, a set of measurements was performed by
pump-wait-probe protocol. Figure 4.21schematically shows the experiment cycle of the
pump-wait-probe, whereo is the excitation time of the circularly polarized pump
laser,0 is the detection time of the PL signals under probe laser, atbis the delay
(dark waiting time) between pump and probe. The dark waiting timeYois varied

keeping the other parameters constant.

tcycle

A

pump Lyrobe
e > < -

Figure 4.21 Schematic diagram of the experiment cycle of pumwait-probe. o is
the excitation time of the circularly polarized pump laserp is the detection time of
the PL signals under pobe laser; andYois the delay (dark waiting time) between pump

and probe.

The dependence of Overhauser shift oiYois presented in Figure 4.22for two
individual QDs. The red open circles from QD A6 and blue full circles from QD B6 were
measued under sigma plus and sigma minus excitation, respectively. The relaxation
time "Y can be obtained by the exponential fits (the red anblue solid lines in Figure
4.20): "Y = 7800 s for QD A6 andY = 4900 s for QD B6. As can be noticed iheg dotted

circles, some experimental data points and the exponential decay fitting diverge
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significantly. Such deviation is caused by nuclear spin diffusion. These points were
measured after all the other points with very long¥Y® (>1000 s). After repeated
excitation of circularly polarized light with the same helicity, the nuclei in the
surrounding environment of the QD are polarized, restraining the spin diffusion4s]

and extending the relaxation time’Y.

o o+exc. QD A6 .
e o- exc.QDB6

Overhauser shift E . (ueV)

‘80 LA N | LA | HERLELELLLL | ML | LELELRLLALY | !
10 10" 10° 10" 10* 10° 10°
Pump-probe delay Af (s)

Figure 4.22 Decay dynamics of the nucleaspin polarization in the dark measured by
using pump-wait-probe protocol. Overhauser shift is detected with various punyprobe
delay Yofor QD A6 (red open circles) and QD B6 (blue full circles) under and ,,
excitation, respectively. The sotl lines fit exponentially to the data revealingY = 7800

s and”Y = 4900 s for QD A6 and B6, respectively. The highlighted data within circles
were recorded after keeping the QD in the dark for durations >1000 s and fitted by
dashed lines, revealig a much shorter decay time due to the reduction of nuclear spin
diffusion effect on the subsequent pumgprobe cycle with™¥e= 860 s andY = 640 s for
QD A6 and B6, respectively.
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In natural GaAs/AlGaAs QDs, all the nuclear spin transitisare degenerate allowing
a nuclear spin state’O - to flip into a 'O - state and transferring the excess

polarization to adjacent spin. By contrast, such process would be suppressed due to
the energy mismatch in NFDE QDs, reducing the spin extige rate and slowing down
the propagation of nuclear spin polarization into the AlGaAs barrier. As a resuthe

lifetime of the nuclear spin magnetization in QDs can be increased.

4.4  Summary

In conclusion, electron and nuclear spin properties of m situ nanoholefilled droplet
epitaxial (NFDE) quantum dots have been explored@he closeto-zero electron gfactor
for such QDs is revealed, which offers a potential route to independent control of QD
spin qubits by electrodes. Optical manipulation of ta nuclear spin bath is achieved with
an efficient dynamic nuclear polarization degree as large as 65%. NMR (nuclear
magnetic resonance) spectroscopy reveals the internal structural properties of NFDE
guantum dots, together with the direction and magnitudeof strain. The nuclear spin
system of NFDE dots demonstrate a very long nuclear spin lifetimes, which are
comparable to those reported prevously in selfassembled InP [52] and InGaAs [93
dots.
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Chapter 5

Tuning the Coupling Strength and Mode
Symmetry of Photonic -Molecules Using End-Hole

Displacement

5.1 Introduction

Coupled photonic crystal (PhC) microcavitiels A1 OT ET 1T x1 AO OPEI OI 1T EA
to their molecular-bond-like optical mode bonding and antibonding, have attracted

much attention lately for their unigue properties such as optical analogue of
superradiance [1,2], electromagretically induced trangparency [3-5] and their potential

application in quantum camputational devices containingquantum emitters [6-8]. In

photonic nanostrudures, photonic cavities are keycomponentsbecause photons can be

trapped and stored in cavities and interactions with arious gain and nonlinear media

such as @s can be induced. For this attractive potentiatuning of the coupling strength

and symmetry of the optical modes is essential. Various factors affecting the coupling

strength between two resonators have been studd, suchas the cavitycavity distance

[9], the pumping location [10], and the cavity geometries [1] Due to the high optical
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guality factor and small modal volume, L3 cavities have been explored extensively ever
since Yoshihiro Akahane et al reported tleir silicon-based two-dimensional photonic-
crystal nanocavity with ultra -high Q factor [13. Varying the numbers of air holes that
separate two L3 cavities can digitally shift the mode splitting, however, a continuous
tuning of the coupling is preferable Although elaborate barrier engineering has been
carried out to continuously tailor the coupling strength and sign of coupled L3 cavities
in the : - and 3 ydirection [11], a simple but efficient tuning technique is yet to be
demonstrated for the coupled systemsalong the line of missing holes

In this chapter, investigations on energy splitting, quality factor and electric field
distribution of the fundamental modes of coupled L3 photonic crystal cavities have been
carried out using Lumerical FDTD (introduced in Section 2.1) and GME (discussed in
Section 2.2) methods. A continuous variation of the energy splitting with the enrldole
shift of the cavity is calculated, together with a large tuning range and symmetry
reversible bonding and antibonding states. The calculations agree well with optical
spectroscopic measurements using cavitgoupled QD emitters. Combining the fine
control of localized mode symmetry demonstrated here with optical nonlinearities
opens up the possibility of new studies of fundamental phenomena such as spontaneous
symmetry breaking[13, 14], Josephson oscillationgL5, 16] and optical selttrapping [16,
17].

5.2  Singk Photonic Crystal L3 Cavity

As one of the most important PhC microcavity types, the L3 defect photonic crystal
resonator consists of a PhC membrane with a line of three missing holes in the centre. A
typical photonic crystal L3 cavity, noting the enehole with red circles, is shown in
Figure 5.1(a), where the insert indicates the endhole shifts from the original position

by a distanceS. The central wavelength of the cavity mode is located at 899.1h#n with

a calculated Q factor of 97,00090s profile (c),% (d) and % (e) represent the electric
field distributions of the simulated cavity mode corresponding to the yellow rectangle

region in (a).
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Figure 5.1: A typical photonic crystal L3 cavity (a), noting the entlole with red circles.
The insert in (a) indicates the endhole shifts from the original position by a distances
The central wavelength of the cavity mode is located at 899.11%n with a Q factor of
97,000 (b).90s profile (c), % (d) and % (e) represent the electric field distributions of

the simulated cavity mode corresponding to the yellow rectangle region in (a).

53 Simulation Results of Photonic -Molecules

The photonic molecule, shown in Figee 5.2(a), is a two dimensional hexagonal lattice
of air holes (refractive indexn=1) with lattice constant a=240 nm, depthd=140 nm, fill
factor r=0.29*a with variable end-hole displacement.lt has been demonstrated that, by
shifting the position of the two end holes of a single L3 cavity, the envelope function of
field distribution for the fundamental mode can be tailored, and a much higher quality
factor of the cavity mode can be achieved [10In the case of two coupled L3 cavities,
wavefunction madification induced by the endhole shift results in a variation of cavity

coupling, and can be used to tune the L3 cavity coupling.
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Figure 5.2(b) shows the calculated energies of the split fundamental modes of parallel
L3 cavities separated by 3 air holes and coupled alortge line of missing holesfor
different end-hole shifts. The simulated% and % field distributions of the coupled
modes are shown in Figure 5.2(c), (d), (e) and (f), corresponding to the split energy
states in Figure 5.2(b) labded as c, d for the higher and lower energy ates with end
hole shift of 0.16a, and e, f for the higher and loweenergy siates with end hole shift of
0.34*a. Following the terminology of quantum mechanics, the parity of the coupling
states can be clearly identified from those field distributions, where the photonic
molecular state with even (symmetric) parity is defned as the bonding (B) state and it
corresponds to the ground state in the case of positive coupling; the photonic molecular
state with odd (asymmetric) parity is defined as the antibonding (AB) state and is
associated to the excited state if the coupling positive coupling [18]. In other words,
the state with its % component at the centre of the coupled cavities having the same
sign is attributed to the bonding states, and the states with opposite sign @b
component at the cavity centre is attibuted to anti-bonding modes. By this definition, ¢
and f states (all the states shown by the redot curve in Figure 5.2(b)) are B modes with
even parity, whilst d and e states (all the states shown by the blaclot curve in Figure
5.2 (b)) are AB modes vith odd parity, as shown in Figure 5.2(cXf).

It is obvious from Figure 5.2 (b) that the energies of the split fundamental modes
depend strongly on the position of the end holes (red holes in Figure 5.2 (a)). For an end
hole shift smaller than 0.23a, thenergies of both B mode and AB mode decrease slowly
as the displacement of the endholes increase; with further increasing the end hole shift
from 0.23*a, these two modes approach degeneracy at 1.382 eV with end hole shift of
0.256*a. When the endhole shift is larger than 0.256%, the mode splits again and mode
ordering is reversed, i.e. the B mode is the ground state and the AB mode becomes the
excited state, due to oscillations irthe coupling matrix element With end-hole shift
larger than 0.256%*a, the energy of AB mode increases sharply, while the energy of B

mode grows steadily.
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Figure 5.3: Endhole shift dependence of BAB mode energy splitting (a) and Q factors
for B mode and AB mode (b).

Thed AOCU OPI EOOET C 3%h Al OOAODPITAET C O OEA
between B mode and AB mode, can be increased by more than one order of magnitude
when tune endhole shift as displayed in Figure 5.3(a). The minimum splitting appears
at 0.256*a. Figure 5.3(b) shows the end hole shift dependence of the quality factors for
the B mode and the AB mode. The Q factor reaches the maxima (over 100000) at (a20*

and 0.17%afor B and AB mode, respectively.

5.4 Theoretical Model Comparison with FDTD Simu lation

In order to understand better the susceptibility of thebonding-antibonding splitting
(BAB) to the end-hole displacement, it is instructive to start with a simple perturbation

theory calculation of the coupling between two L3 cavities following thanodel of

coupling in quantum systems.

The eigenvalue equation for the magnetic fielt is calculated:
J - £ S E (5.1)

where A(r) is the inverse of the pemittivity e(r) and] is the frequency.
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To solve the perturbation theory calculation, a basis of the eigemodes of two isolated
L3 cavities is chosen carefully. The two isolated cavities are located at the positions
within the latti ce of the actual cavities, callegq, andn,. Similarly, the/l function is

divided into two parts: A(r) = 4 ) +.4¢ ), where » (r) presents the single isolagd
cavity (cavity 1) in the photonic crystal and the perturbation parts (r) is the

correction to this because of the presence of another cavity (cavity 2).

- - g Jd & — g
.QQo 002 -0 ( O 7 .QQo 00 - O ( O
1 W (5.2)
where
& Q0 00 - O ( 0
1,006 0% 0- 0 3
Similarly
.QO0( 00 -0 (O 1Y w, (5.4)
where
&) 11 .Q0% OB O- O. (5.5)
So equation% 5 needs to be solved
'oc“)v " O‘oY o % v : % : (5.6)
The BAB splitting is then given by
3 _ —W (5.7)

The contribution arising from the non-orthogonality of the basisstates 1, and H,
can be negligible ér the parameters considered here {,, < «v,,and s, < <), the
second term in Eq. (57) is very small. Therefore, the BABsplitting 3 can be

simplified as
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3 ) g . Q0 OB O- O (5.8)
Assuming the two cavities are identicalyy, is the isolated mode frequency. The second
idenOEOU Al 11T x0 £O01T i ADPPIUETI ¢ OEA AEOAOCAT AA
to convert the magnetic fields4, andH, to the corresponding electric displacement
fields p, andp,. Based on the theoretical derivation, te BAB splitting has been

calculated using Eq. (8), for various values of the enéhole displacement, in the same
structure as shown in Figure 5.2(a), with three holes between two cavities. The rdsu
can be found in Figure 5.4, which indicates the theoretical calculation (red circles) and

FDTD simulation (blue squares) are in good agreement.
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Figure 5.4: Mode splitting,3 , for a double cavity structure with three holes

separation, as detemined by simulations of the full structure (blue points and lines) and

evaluation of the matrix elementw in Eq(5.2) (red). The lines are a guide to the eye.

The sensitivity of the BABsplitting to small changes in the structure can be explaed

by the form of matrix element in Eq. (56). A, is the perturbation of the lattice
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corresponding to the addition of the other cavity (cavity 2), so it is only notzero at the
locations of the three holes which are removed to makehis cavity and on eithe side of
the shifted end holes. Mat is, inside the circles and crescents shown in Figure 5.5, where

the black dotted rectange in (a) indicates the regiorbeing simulated in (b).

90000000 OPOO®OGO
000 0000O0OGEOSIOGOGIOGOS
oe ®0 ¢ N
00000 000O06DOSGOGOGOGS
900000060 O6GOGEOGOGIS

Figure 5.5: (a) Schematic of thphotonic moleaule as in Figure 5.2a). The dotted black
rectangle indicates the regiorbeing calculated. (b) shows the real part oA JA , as a
colour scale, in the region of the second cavity for a plane bisecting the slab. The other

cavity would be off the fgure to the left. 4 ,is non-zero only inside the three central

circles, which correspond to the holes removed to produce the cavity, and the pairs of
crescents at either end, where the holes are shifted. The significant changes&oJA
in these zones, when the endhole shift is carried, explains the large effect othe BAB

splitting .

The three central black circles correspond to the holes removed to produce the cavity,
and the pairs of black circles at either end of th black rectangle point out the original

position of the end holes while red circles preset the shifted holes. Figure &(b) shows
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the real part of A JA ; and the colour scale on the right side of the figure gives the value
of A JA ,in the plane of the centre of the slab, for the region around these holes. It can
be seen that the relevant part of this, inside the circles and crescents, varies significantly
with the end-hole shift, suggesting that the splitting is determined only by th values of
the fields in these small regions, even though the overall effect on the single cavity is just
a slight change in the strength of the confinement along the axis of the cavity.

5.5 Dependence on Cavity Separations

In order to verify the effectiveness of this tuning method, simulations for coupling L3
cavities with different cavity centre separation (cavities separated by different numbers
of holes) have been carried out. The ehhole shift dependence of the BAB mode
splitting for different cavity separations can be found in Figure 5.6, where the tendencies
of the mode splitting for different cavity separations are similar. Symmetry exchange
and level crossing occur at certain erdhole shifts. Particularly, for the case of caties
separated by 4 holes, the BAB modes cross and parity exchange twice (at 0.20a and
0.37a). Such a multiple level crossing and parity exchange may occur to coupling
systems with different cavity separations if the end hole shift is large enough (limited

by the photonic lattice constanta).
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Figure 5.6: Endhole shift dependence of the modes splitting for different cavity

separations.

Similarly, the BAB mode splitting, using Eq. (8), for various values of the enehole
shift in structures with different cavity separations, have been calculated. The
comparisons between the FDTD simulation results and theoretical model calculations
have been made for 4, 5 and 6 holes separation configuration in Figure 5.7. The results

are all in good agreement.
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5.6 Exprimental Results

5.6.1  Sample Details

The simulation and theoretical model studied in Section 5.3 indicate that the 3 holes

separation configuration offers the largest control of the coupling. Photonic molecules

with 3 holes between two L3 cavities vere fabricated by Dr. Davis Vaitiekus using

electron beam lithography on a40 nm GaAs membrane containing a single layer of InAs

guantum dots (the same procedures presented in Séoh 3.1). The density of the dots is

low enough for further investigation on single quantum dot coupling to cavities. A ~1

ti i Ar O OAAOEEZEAA 1 AUAO xAO AAOkAdd OEA ' Al
was used to remove the AlGaAs sacrificildyer. The duration of underetch was vital as

the HF acid needs to remove the mataal in the position of air holes forming periodic

arrays. An overview SEM image of a photonic molecule device is shown in Figure 5.8. In

I OAAO O ATT ZAZET A OEA TEGCEO O00OITTClIURh AEO EIITA

distance away from the cavity inXand Y directions.

-p‘ . ' =, Mag= 2026 KX EHT = 10.00 kv Signal A = InLens Gun Vacuum = 2.40e-009 mbar
RV .a | 1 pm WD =117 mm Aperture Size = 30.00 pm System Vacuum = 1.50e-005 mt
&ECOQAh!T T OAOOEAx 3%- EIi ACA T &£ A PEIT OITEA |
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Photonic molecules were prepared with different enehole shifts (from 0.10*a to
0.40*a), and the samea (lattice constant), d (lattice thickness), andr (hole radius)
parametersusedin the simulation. Two typical scanning electron microscopamages of
the devices, with different endhole displacementS. and &, showing the precisecontrol

of fabrication, are presentedn Figure 5.9(a) and (b), respectively.

(b) . 1 umi
booocodoooooooo
0000000000000 (
»eo ch . oce e
00000 00GOO OO O
Peeesoeddoescsee

$1=0124%a < | T, 5 -0252%a

Figure 5.9: Typical SEM images of the coupling L3 cavities with different eihdle shifts

S1 and S2, showing the precise control of fabrication.

5.6.2 PL Characterisation of Photonic-Molecules

Photoluminescence spectroscopic (PL) measurements were carried out by exciting the

dots, which act as an internal light source within the photonic molecule. The HeNe laser

operating at 633 nm wasfocusedOl A x p t1 OPT O OOEI C A [ EAOI
with numerical aperture NA = 0.5. The samples were mounted in a helium flow cryostat

(discussed in Section 3.2), at a temperature of 4 K. Excitation and collection take place

on the same position of the dvice,roughly at the centre of the photonic molecules.
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The splitting of the fundamental modeobserved in thePL measurementss shownin
the waterfall plot (Figure 510(a)), corresponding tothe end-hole shift from 0.09%a to
0.39*a. The energies of the PL peaks are extracted and plotted in Figure 5.10 (b), where
the blue dots show the higher energymode component of the splitting and the green
squares arethe lower energy mode. The black and red curves are the theoreticasults
with a=245 nm and r=0.265% using the simulation method described in Section 5.3.
Good agreement can be found between the experimentatsults and guided mode
expansion (GMB calculations.
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lines). Parametersfor sample fabrication: a=245 nm andr=0.265%*a.
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For further comparison, devices with vaying lattice constant aandhole radiusr were
fabricated andcharacterized Theend-hole shift dependencs of the B-AB splitting for 3
groups of devicesare presentedin Figure 5.11. Experimental results of samples with
a=243 nm,r=0.253*a(a),a=241 nm,r=0.26*a (b), anda=240 nm,r=0.256*a (c) showing
significant mode splitting tuning and parity exchangeat certain endhole shift values, as
predicted by the GME simulation shownn Figure 5.11(d).
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Figure 5.11: (a)-(c) Experimental results of end-hole shift dependences of the -&S

splitting for 3 groups of devicesand (d) GME simulatiorresults for comparison.
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5.7 Waveguide Induced Strong Coupling b etween Distant L3 Cavities

When individual cavities are coupled, they must be placed close to each other within the
range of a few wavelengths [19, Z0due to the evanescent fields of each cavity extend
just a few wavelengths.The photonic molecule device studied abovecontains two L3
cavities coupled directly through severalseparated airholes.However, with this spatial
limitation, photonic cavities can only couple to the geometrically adjacent cavities. The
architecture of the system and the ordemand control of the couplirg states are severely
restricted. Strong coupling between distant photonic nanocavities and its dynamic
control have been realized theoretical and xperimentally in Si material [21] based on
the established fabricdion techniques andhigh Q factors in Si potonic nanocavities.
However, in IlI-V semiconductors, due to the fabrication limitation and relatively low Q
factors, it is yet to be demonstrated. Here, in the following work, preliminargimulation
results on strong coupling between distant L3 cavitiegh GaAs make it possible to break
the current spatial limitation and also provide the potential to realize the next

generation photonic circuits.

In order to couple thesedistant cavities, a waveguide sering as a®ridgedbetween
the cavities need to be introduced. Based on the extensive studies and good
understandings of L3 cavities, a pair of L3 cavities was chosen to be connected indirectly

through a photonic waveguide.The calculatedstructure is shown inFigure 5.12

Figure 5.12: Calculated stucture based on a photonic crystaivaveguide induced L3

cavities devicewith a lattice constant| of 250 nm.
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As indicated inFigure 5.12, the distancebetween thetwo L3 cavities(center-to-center)
issetas32*a(8t I). Awaveguidg 1 AT C QFbnsisfingipfia row of missing air holes,
is introduced under the cavities and separated by rows of air holes away from the
cavities. As the end of waveguide is terminated by air holes, standing waves exist
forming FP modes in the waveguide. The free spectral range (FSR) between the FP
waveguide modes can be calculated by the length of the waveguide atie group
velocity of photons. In the simulation photons in the L3 cavity carcouple to the FP
waveguide modes if the cavity mode coincides with any of the FP waveguide modes
within the coupling bandwidth. As a consequence, the formation of strong couptin
between the distant cavities would be impossible due to the substantial leakage of
photons from cavities to the waveguide. Therefore, it is essential to design the coupling
bandwidth of cavity modes to be much smaller than the FSR of the FP waveguide esd
and avoid the photons in individual cavities leaking out to the FP waveguide modes. The
coupling between distant cavities can still occur indirectly via the forced oscillation of
the FP waveguide modes. Strong coupling of the cavity modes daappen dwe to the
cavities having the same resonant wavelength andwhen the photon leakage is

suppressed substantially.

In order to confirm the coupling between distant L3 photonic cavities numerically,
varFDTD simulations have been carried out. As discussed incBen 2.3,the varFDTD
method provides best tradeoff between simulation accuracy and speed: sufficiently
accuracy and versatility to that of 3D FDTD, while only needs the modelling time and
memory of a 2D planar FDTD simulatioriThe key to varFDTD methods to use the right
effective refractive index. Here, after a series of calculations, n=2.85 has been picked.
Firstly, photonic modes of the simulated structurs, were calculated by exciting the
system with a wide-spectrum pulse in the spectral/frequency @main. The results in
Figure 5.13 show several FP waveguide modes, labeled as WG1, WG2 and WG3. Red
peakslabeled as S and AS represent the symmetric and asymmetric mode, respectively.
Only the denoted FP waveguide modes (WG1, G¥, WG3) were observed when
calaulating without cavities. S and AS peaks correspond to the cavity modes, which split

into two peaks, indicating the strong coupling between the distant photonic L3 cavities.
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Figure 5.13: Resonant spera of the simulated structure. Red peaks, redting from
strong coupling between the distant L3 cavities, are labeled as S and AS representing the
symmetric and asymmetric mode, respectively. Blue peals, labled as WG1, WG2 and
WG3, are the FP waveguide modes.

To confirm the splittings are due to the strong coupling, S and AS peaks were
monitored in time-domain simulations, where cavity A was excited by a single pulse
with the frequency width covered both S and AS modes. Figure 5.14 shows the
calculatedtime evolution of the photon energy in cavity A(black curves) and cavity B
(red curves). Rabi oscillation is clearly observed as the cavities exchange photons
periodically. Additionally, snapshops of the electric field distribution within the cavities,
corresponding to the time evolution investigation,are shown in Figure 5.15. These
preliminary results clearly imply that strong coupling between the distant GaAs

photonic cavties is possible
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Figure 5.14: Time evolution of thesimulated light energy in cavity A (black curve) and
cavity B (red curve). Rabi oscillation is clearly observed as the cavities exchange photons

periodically.
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