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Abstract

This thesis presents optical measurements used to explore nanophotonic circuits
composed ofll-V semiconductors witembeddedquantum dots Thefocus of thisvork

is toinvestigde issues related to the scalability and performance of these structures.

A technique to register the position of a quantum dotlative to prefabricated
registration markerswith the aid of a solid immersion leris developedThe variance in
the repeatedly registered position of the quantum dot is shown to be significantly
reduced as a result of the solid immersion lensmpared with positions registered

without a solid immersion lens.

The total error ofthe deterministic fabricationusing positiorregistered quantum dots,
is smallwhen compared to the sizef optical fields Confirmation of thishas been
achieved through two independent methods. -Registrationof the positionrelative to
deterministically positioned registration markers shothat the total error of
deterministic fabrication ismall Additionally, he demonstration of optical spin readqut
via the deterministic positioning of a quantum dot atchiral point of a suspended

nanobeam waveguiddurther confirms the posibnal accuracyf the technique.

The demonstratiorof efficiently coupled single photorferm an embedded quantum
into a nanobeam waveguidewith enhanced coherence lengths due to resonant
excitation is achievedA high level of resonant laser rejection is demonstratad to the

orthogonal excitation and waveguide propagation directions.
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The first principle is that
you must not fool yourself.
..... And you are the easiest
person to fool.

- R.P.Feynman (1974)
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Introdudion - Quantuminformation Processing

1. Introduction

¢CKS LIKNIaSa aljdza yidzy O2YLziAy3IE FyR aljdzt yi
which are becoming more readily recognised outside the scientific community. This is in

part due to commercial ventures involving quantum computing which have britlged

gap between the academic and commercial wdd¢l Even so, quantum information

processing is still in its infancy, with significant work remaining in order to realise large

scale, integrated quantum processors. Work presented in this thesis is therefore directly
motivated by this factand focusing on nhanophotonic structures, examines several of the

challenges facing the realisation of scalable photonic architectures.

Prior to any discussion of experimental work, a brief overview of quantum information
processing and the role of quanturdots embedded in nanophotonic devices is
presented. The purpose of this introduction is therefore to provide a general context for
subsequent results. For a more detailed description of any of the points discussed in this
section, the reader is directed tthe references, or to any number of textbooks on

guantum information processing, such as that by M. Nie[2én

1.1. Quantum Information Processing

The components used irthe classical computethroughout its development have
changed significantlyangingfrom mechanical gears to valves and transistors. However,
the fundamental principles of how computeroperates have remained fixe@hat is, in

a classical computer, data is read in, stored, processed and output in the form of binary
digits (bits) whickcan take one of two values (0 or 1). The most common form a bit takes
in the modern computer is that of a voltage. Although somewhat arbitrary, a voltage
difference can be used to distinguish two binary states, with the magnitude of the

difference a physal parameter which depends on the specifics of the components used.

In order to perform complex calculations, multiple bits can be initialised, and passed
through a series of logical gates made up of several transistors. An example of a simple

W! b 5 Oredliénily Sised in a modern computer is shown Figurel-1 which uses two

transistors to compare the voltage of two inputs. The truth table presented as an insert
aK2ga GKFG Fy 2dziLlddzi AAKQYwed (0 ANNES 3132 yWRSA- ya
AyLldzia FNB Ffaz2 Slhdzat (2 WYMQd ¢KNRIzZAK (K¢
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Introduction - Quantuminformation Processing

alternative configurations, additional computations can be performed, such as the NOT
and OR gates. For the classical computer, thtbsee gates (AND, NOT and OR) are
referred to as universal gates for Boolean logic operations. That is to say, any arbitrary
complex mathematical function, that we may want to obtain the answer to, can be solved

via various combinations of these three gaone.

N-P-N
|transistor

Output

»lo|o|o

Figurel-1¢c/ A NDdzA i RA L INJ Y &K 2 ¢ A-FENItradsistdrd il sclagbitabcbriputét | 6 S dza Ay 3 b

It can be seen therefore that in order to perform complex tasks, an increasing number of
transistors will be required. Furthermore, it is often possible and quicker to break many
of these tasks down into multiple simpler tasks which could be performed in parallel with
the use of additional transistors. As the demand for faster, more energyiesiftic

computation compounds with the demand for an increased density of transistors, there

is significant motivation for developing smaller and smaller transistors.

As the size of transistors decrease, the need to better understand and control quantum

effects becomes ever more important as transistors approach the atomic scale. At these

small scales, the macroscopic variables used in classical computation are subject to

guantum fluctuations through effects such as quantum tunnelling. As our understanding

and the implications of these quantum affects developed, it was realised that under

certain circumstances these quantum effects may be beneficial, and as a result, an
FEAGSNYFGAGBS F2N¥ 2F O2YLMzil GAzy &I, FANBRG LINELJ

referred to as a quantum computer. The goal of the quantum computer is to utilise the

2| Page



Introduction - Quantuminformation Processing

physical laws which gouethese quantum effects to carry out computational tasks which

Y& Y2WHBA GBSt t1 el OSNI I Ay LIKeaAOkt LINRofSY
classical computer, information is processed using two level systems as quantum bits

0 lj dzo A (i Qclagsibal bity, thésg qubits can take advantage of superposition, where

the qubit may be in both the 0 and 1 state simultaneously, as described by the

wavefunctiong & | g | pohwhere| andf may be any complex number such that

$§s ¢S P

To understand the advantages a quantum computer offers over a classical computer, the
computational and energy efficiency need to be considered. Of the computational
FRGFY(dF3Sa LINBYAASR o6& | |jdz vy df¥ iniGedlyy Lddzi S NI
stood out as one with significant reworld consequences. This is because one of the
foundations of modern day cyber security is based on the enormous computational time
NBIljdZANBR (2 OFfOdzZ I 4S G4KS LINAYS FIOG2NR 27F
use of quantum entanglement whichsults in an exponential decrease in the number of
computational steps required to determine the factors. Additional quantum algorithms,
4dzOK a DNRGSNRA a4SIFNODK FyR GKS vdz yldzy C2
computation processes which mayg loarried out quadratically or exponentially quicker

than on a classical comput§s][2]. As a result, complex problems which are currently
considered too computatiorly time consuming to solve may be done so on a reasonable

time scale using a quantum computer.

The computational energy efficiency refers to the maximum energy efficiency possible
LISNJ 0Ad0 2F AYTF2NXNIGA2Y® Ly (GKS ! ®5M0a aRAQT S
describedin Figurel-1, for two bits of information input, a single bit of information is
output. This is an inherently irreversible process which increases the entropy of the
system and results in a mimum of Q"Y i¢ of energy released, referred to as the
Landauer limiff6]. For a quantum system, as each gate operation is required to be a
unitary transformation, it is by definition reversible and no information is lost. Atun
computer is in principle therefore more energy efficient than modern computers. It is
worth noting however that through the use of additional transistors, a Toffoli fdtean

be constructed for a classical computer which does not result in any loss of information,
but in doing so, the number of transistors per gate operation is increased. This type of
reversible computation is not commonly employeadonventional computers and would

likely represent a significant technological barrier.

3| Page



Introduction - NanophotonicdQIP

1.2. Nanophotonic QIP

Initially, one of the strongest contenders for quantum information processing was that of
NMR, in part due to the welistablished technology at the tien As such, it was one of
GKS FANBRG LI FGF2NXVa (2 SELSNAYSyidlfte RSY2y&aidNI i
a four qubit numbe(8]. Since then, alternative platforms have been presented, such as
trapped ions, superconducting josephson junctions and quantum dot nanophotonic
cicruits, each with distict advantages. The interest in such a diverse set of platforms can
be understood when considering the five criteria outlined by DiVincenzo that any system
must possess in order to carry out meaningful calculatf@hsQuantum dots embedded
within nanophotonic cirgits are particularly well suited to several of these criteria,
especially those which pertain to scalability due to their strong interactions with photons.
This enables the creation of highly scalable photonic networks, a significant obstacle in
most othe quantum information platforms. In contrast, well isolated systems such as
trapped ions experience long coherence times with respect to gate operation times,
which quantum dots traditionally struggle to achieve, resulting in an increased gate
fidelity andcomputational reliability. The tradeffs of each system mean there is not one
system which is best suited for quantum computing, and the strengths and weaknesses

of each system are continuouddgingexplored and improved.

We focus here on the advancesibg made with quantum dot nanophotonic circuits,
providing a brief overview of several key areas of research which are aimed directly at
addressing one or more of the DiVincenzo criteria. The first DiVincenzo criterion is directly
aimed at the ability to tilise multiple qubits so that increasingly complex calculations

may be performed.

-

L.Yd spwlwmiN 1 of sopguegl sts/NG (0] @

The fabrication of quantum dots which act as both a source of qubits as well as
computational nodes is typicallyperformed using molecular beam epitaxy or
metalorganic chemical vapour deposition techniques. Via controlling the fabrication
parameters, quantum dots may be grown at high densities yielding large numbers of
potential qubits. Details of the sedfssemb} growth process are provided in Chapter 2,
and a more detailed look at the quantum dot properties which make it suitable to act as
a qubit are discussed in sectidn3. With this in mind, there is significant interest in

achieving site controlled growth of quantum dof40]¢[12] to achieve both optimal

4| Page



Introduction - NanophotonicdQIP

performance of nanophotonic structures as well as scalability. Techniques exploiting
nucleated growth or deterministic fabrication of quantum dots embedded within
nanophotonic structures havalready demonstrated moderate success, with optimal
light-matter coupling being demonstrated via the characteristic -antissing behaviour

of the strong coupling regimg.3]. As the work presented in Chapter 3 and 4 is directly
focussed on realising deterministic fatation, additional details can be found in the

relevant sections.

With a scalable source of qubits, the second criterion states that it must be possible to
initialise these qubits to an arbitrary state. What this arbitrary state is depends on the
measuremat basis chosen, with various proposals including the population of single
photons, or in the spin state of either the excited quantum dot or emitted photons.
Initialisation may therefore be performed either by allowing the system sufficient time
that it naturally decays into its ground state (no photons), or by directly initialising a given
spin state via the use of a polarised excitation |§4df. Unlike the first criterion which

has varying degrees of success, the initialisation criterion is pass or fail and a necessity.

2 . The aMility to initialissatesof the qubits to disimepge [ wf N P

Initialisation plays an important role in quantucomputation as it enables the correct
alignment of the measurement basis with that of the final qubit state. Additionally, many
guantum algorithms make use of a continuous stream of ancilla qubits, such as proposals
for quantum error correctior{15], which are all rquired to be initialised to the same
ground state. The continuous need for initialised qubits is therefore also linked to the
third DiVincenzo criterion, requiring the state to evolve slowly with respect to time scales
of computations. That is, initialisegubits should remain in the initialised state with a

high fidelity until they are needed.

3 . Long Mlevant decohereruentipaescdhe gate operatioh time

When considering long deoherence times of a nanophotonic circuit, it is simplest to
consder the physical and optical components separately. In comparison, the
decoherence of emitted photons, with respect to exciton decoherence, can be neglected
as the photons interact weekly with the photonic circuit. Decoherence of the excited
quantum dot sate is therefore dominant due to the strong coupling of the quantum dot

to its solid state environment which means that it may be influenced by a number of

5|Page



Introduction - NanophotonicdQIP

effects, including phonon scattering and charge fluctuatids$ The magnitude of these

effects is strongly coupled to the excitation regime used to initialise the qubit, and as

such, & active area of research is that aimed at resonantly exciting the quantum dot

under low powers to realise highly coherent, indistinguishable pho{di$ [18] To

date, the longest coherence times observed are for the electron spin in quantum dots

which have been shownto &S SR M >a dza Ay 3 [ALIhiygis @z G SOKY A lj dzS
orders of magnitude longer than the optical gate times needethich have been

demonstratedin the 1¢ 10 ps rangg19].

By realising the first three of the DiVincenzo criteria, a scalable quantum system can be
realised, however it is far fromapable of performing quantum information processing.
The final two criteria rel@ to this issue, stating that it must be possible to manipulate

the state of the qubit in a meaningful way, as well as measure the final state.

4 . univéerddetbf quantummates
5 . A qublpecific measurement dapability

For nanophotonic circtg, quantum gates have been proposed via the use of photonic
devices such as beam splitters and optical cavities, as well as light matter coupling to the
exciton states of quantum dots. Depending on the measurement basis, as discussed for
the second critepon, the photonic components used may be different, such as either a
simple 50:50 beam splitters or more sophisticated polarising beam splig@}sin order

to realise these devices on chip, vars photonic structures have been proposed,
including evanescentcoupling [21] between nanobeam waveguides and directional
coupling of orthogonal polarisations via displaced quantum (@23, [23]. In order to
realise a universal set of quantum gates, the Hadamard gate, the phase gate and the

controlled not gate are requiref®].

Measurement of the final state in the computational basis may be performed using one
or more single photon deteots in combination with nanophotonic structures such as
polarising beam splitters. In an effort to realise on chip detection of single photons,
attention is turning to superconducting thin films fabricated atop of the photonic circuit
[24]. By maintaining the current in the superconducting wire just Wetbe critical
current, localised heating induced by the absorption of a photon introduces a short lived

normal conducting hespot. Current research goals include increasing the quantum

6| Page



Introduction - NanophotonicdQIP

efficiency of these devices, whilst developing techniques to redtreg scattered laser

light which would render any desirable signal unresolvable.

DiVincenzo realised that if a system possessed all five of these criteria, it is in principle
possible to realise a scalable quantum computer. The advantages of the quantum
computer over a classical computer, as discugz@yiously may however be rendered

moot when considering the scale of classical computation which may be achieved using

a large number of networked computers. As a result, two additional desirable criteria
were abo specified which would enable quantum networks to be established, and
therefore allow for similar distribution of parallel problems over many quantum
computing devices. These criteria say that it must be possible to transfer the quantum
state ofthequbl FNBY 2yS f20FdA2y (2 Fy2GKSNI OAl
be possible to transfer the quantum state reliably between stationary qubits and flying

qubits.

6 . The aMNility to interconvert stationangabisflying

7 . The aMility failly to transmit flying quiitebespecified lotations

For quantum processing architectures such as superconducting Josephson junctions, the
practicality of implementing large scale flying qubits between networked devices
represents a significant teaological challenge. In contrast, as nanophotonic circuits are
designed to utilise photons as flying qubits on chip, they may also be used to transmit
data over long distance in a similar fashion to that already used in fibre optic cables at
telecommunicéion wavelengths (1300 nm and 1500 nmdditional devices such as
guantum repeaterg25] will be needed to overcome Compton scattering and dispersion

in the signal over large distances as conventional amplification is prohibited due to the
Yy2 Of2yAy3dQ GKS2NBYO®

With significant work still remaining before a scalable nanophotonic quantum computer
may be realised, the interest in long distance transmissibphotons as flying qubits is
primarily within the field of quantum key distribution. This area of research relies on the
no cloning theorem and makes use of entanglement to transfer information between two
locations in a secure manor. Recent achievetadrave shown through single photon

correlation measurements that the quantum state of the photon can be preserved at

7| Page



Introduction - QuantumbDots

distances of up to 100 krf26], which is more than sufficient for simple quantum

networks.

1.3. Quantum Dots

In nanophotonic circuits, an aAbunched source of single photons is required in order to
faithfully carry out quantum information processing. Quantum dots therefore represent
an excellent source of single photons as they can be embedded directly within t
nanophotonic circuits, improving overall efficiency. Additionally, the various excitonic
configurations can be manipulated via the fabrication of diode structures, enabling the
emission energy of the emitted photons to be precisely contro]2q as well as the
number of electrons tpped on the quantum dot, effectively providing a coulomb
blockade controlling photon absorption. In this section, we give a brief overview of the
opto-electronic properties of InGaAs quantum dots used in this thesis. Following this, a

brief description ohow QuBit states can be constructed is presented.

The InGaAs quantum dots used in this thesis are small islands of semiconductor material,
GeLIAOLtfe mMnQ&a yy5niyh height] cBmpbsedivSpilatbnisRg. | y R
The strong spatial confinement on the scale of the deBroglie wavelength for electrons
results in the confinement of carriers to the quantum @6]. As a result, the electrons

no longer experience the continuous band structure of the bulk semiconductor, but
rather discreet energy levels form, with aliting determined by the strength of the
confinement potential in each of the spatial dimensions. As the quantum dots exhibit
stronger confinement in the growth direction compared to the lateral dimensions, the
solution to these energy levels may be apypmated by considering a strong
confinement potential in the growth axis, and a weaker, parabolic potential in the lateral
plane[29]. The resultingransition between the continuous band structure of the bulk
semiconductor material to that of the atomic like states for quantum dots is shown in

Figurel-2.
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Introduction - QuantumbDots

Reduced Atomic/ 3D
Dimensionality Confinement

Energy

Spatial Confinement

Figurel-2 ¢ Sketch depicting the transition from a continuum of statesaftwulk semiconductomaterial
towards atomic like discreet energy levels as the dimensions of the system are confined.

In order to consider the InGaAs quantum dots as two level systehich can be used as

to construct QuBits, the transition between two discreet energy levels must be chosen.
For the lowest level of the conduction band which an excited electron may occupy, a
doublet state exists with-g/pe symmetry (S=1/28t1/2). Fo InGaAs, the electron with

the highest quantum angular moment in the valence band, and therefore the highest
occupied energy level, hastyppe symmetry with six fold spin degeneracy. These states
can be separated into the spin doublet (S=1/2Z1%/2) andguadruplet (S=3/2,,8+1/2

and S=%3/2). As a result of spin orbit coupling, the doublet state is split from the
guadruplet state by several hundred meV and is referred to as the split off band. In a
more complete picture, the interaction of additional hds, the effect of quantum
confinement as well as strain within the quantum dot lift the energy degeneracy of the
quadruplet state[28][30], resultinginaspliff 3 2F mMnQa YSBR2an8isSSy
S=1/2 heavy hole and light hole bands respectively. A sketch of the resulting relative

energy levels is shown Figurel-3.

The minimum energy transition for an electron in mGaAs quantum dot is therefore
from the heavy hole band to the ground state of the conduction band. The resulting
transition leads to the formation of an exciton between the excited electron and newly

created hole which form a quadruplet spin set whigk:
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Introduction - QuantumDots

Electron Hole Exciton Spin
pAc of¢ 0 C
pA¢ of¢ 0 p
pA¢ oi¢ 0 )
[O)(S oi¢ 0 C

Based on the total angular moment of the formed exciton, the quadruplet states can be
split into two classifications, the bright and dark excitons. Thtestare named according

to the optical selection rules which require conservation of angular moment when the
electron and hole reombine. Photons being bosons carry a total angular moment of 1,

and therefore, the) ¢ transitions are forbidden from entihg a photon.

Energy
A

Conduction
Band

\

AEp,

k-vector

)

Heavy hole
band >
AE
= Light hole
<~ band
Split-off band -./_

Figurel-3 ¢ Simplified band structure of InGaAs showielgtive energy splitting of various valance band.

/

In an ideal quantum dot, thé p doublet is degenerate, however, due to anisotiop

strain and asymmetry in the growth plane, the symmetry of the two wave functions is

almost always lifted, resulting in a fine structure splitting typically no more than a few

MnQa 2F >S8S+zQad & | NBadzZ G (GKS Skbukst y3IS Ay SNI ¢
in the formation of two new Eigenstates which are given by the superposition of the pure

states,P VIES ptt s pb As the anisotropy in the quantum dot is between the [110] and

[110] crystal axis, photons emitted as a result of the recoratiam of these mixed states

is linearly polarised along either of these crystal axes. Recently, the linearly polarised
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Introduction- Nanobeamwaveguides

emission as a result of fine structure splitting has been shown to be controllable through
the use of novel piezo electric heterostruotsrwhich manipulate the strain profile of the

quantum dot[31].

For the nanophotonic circuits discussed in this thesis, QuBits may be constructed in a
variety of ways. One such method initially cors&ll was in the spin state of electrons

trapped on quantum dot§32]. Through techniques such as spin echo, it was considered
GKFG GKS O2KSNByOS (G4AYSa 2F (G(KS aLmAy adaras
of magnitude longer than optical gate times. Unfortunately the interaction rangeasd

QuBits is relatively short, and therefore attention turned to excitonic QuBits as stationary
QuBits. The formation of a neutral exciton, and subsequent formations of charged and
bi-excitons via the addition of subsequent electrons and holes to thenigma dot

represent the building blocks which exciton QuBits may be formed.

Through control of the electrahole spin, the spin state of the exciton can be controlled
allowing the production of an exciton spin QuBit. Alternatively, the population of excito
can be used to construct QuBit states. Simply, it can be devised that the excited state of
the QuBit is when an exciton is present, and the ground state is when the electron and
hole have recombined. Alternatively, more complex systems can be construsiag

the BiEXciton to Exciton transition. As only a single exciton can exist within the QD at any

one time, the initialised ground state and the excited state can be considered two levels.

As the recombination of a bright exciton transition resultshie emission of a photon,
the QuBit state is persevered in the form of a flying QuBit. For spin QuBits, this
information is encoded in the handedness of the emitted photon. Similarly, when the
presence of an exciton is used as the basis for the QuBdt, ket QuBit state is preserved

via the presence or absence of an emitted photon.

1.4. Nanobeam waveguides

For nanophotonic circuits, there exist numerous novel photonic components which have
been used to realise desirable manipulation of the photonic statehsas whispering
gallery mode resonatorf33], elongated nanowire$34], HL photonic crystal cavities
[35][36] and distributed Bragg reflector micicavities[37] to name a few. It is thefore

not feasible to discuss each photonic component in any detail. However, the nanobeam
waveguide is used extensively in the work presented in this thesis, and so a brief overview

of its physical and optical properties is presented here.
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Z

Embedded QD

Figurel-4 ¢ Schematic showing 280 nm wide by 140 nm high GaAs waveguide with a quantum dot located
at the centre. A vacuum cladding surrounding the GaAs provides andodeast of 8 d, resultingin a
criticalangleofx

The nanobeam waveguide is analogous to the metal wires which transport electrons in
classical computers, as its primary purpose is to transport photons between photonic
components with minimal losses or influence on the photonic steificient
confinement of the photonic state is achieved by using a high refractive index material to
form the waveguide, where we use GaAs with a refractive indexad, and then
remove the surrounding material so that it is vacuum clad, as showigurel-4. This
results in a low critical angle ©fpx . Dimensions for the single mode nanobeam
waveguides used in this thesis are determined by finite difference time domain (FDTD)
simulations by R. Col¢38]. The simulations were used to identify width and height of
the waveguide which provided ¢ijmal coupling into the fundamental transverse electric
field modes which are calculated to be 280 nm by 140 nm respectively. Further details

regarding the fabrication of the nanobeam waveguides is presented in Chapter 2.

Based on this design, simulat®have shown that for the wavelength range of 900 nm

to 950 nm, which is typical for the InGaAs quantum dots used, two fundamental

transverse electric field modes are supported, referred to asahld TE with their

electric fields aligned along the» and w axis (seeFigure 1-4) of the waveguide

respectively. The spatial profiles of the two optical field modes are shawigurel-5,

which show the presence of a nodéthe centre of the waveguide for the JrBode. A

j dzt yidzy R2G WARSIfteQ t20FGSR G GKS OSYyaGNB 271
efficiently coupled to the TEnode.
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Figurel-5 ¢ Spatial profiles of ta two fundamental transverse electric fields modes of a 280 nm wide and
140 nm high GaAs nanobeam waveguide.

Despite this fact, as the neutral exciton state typically experiences fine structure splitting

which splits the two circularly polarised pure statmto two mixed linearly polarised

states, by aligning the waveguide to either the [110] diOflcrystal axis, the overlap of

one of these states with the JEode can be maximised. For a quantum dot located at

the centre of a waveguide, referredtoaga W[ Q LR AY (G AG KFa 0SSy
coupling efficiency of a linearly polarised exciton state can be as highua38]. In

order to couple circularly polarised light, the quantum dot must be laterally displaced in

the waveguide such thathe amplitude of the electric field of TEwode is non zero.

Optimal coupling of circularly polarised light is achieved when the electric field amplitude

of the TEmode is equal to that of the JF 2 RS> NBFSNNBR G2 Fa | W/
coupling efftiency of circularly polarised light is determined to e 1 H38].

Polarisation dependent coupling and propagation in nanobeam waveguides is the focus

of experimental investigation in Chapter 4, where further details are provided.

1.5. Scope of thesis

With the above in mind, the work presented in this thesis looks to build on the existing
work on scalable photonic circuits with embedded quantum dots, focusing in particular
on two research areas; that of deterministic fabrication, and of exciton coherence

lengths.

In Chapter 2, an overview of the wafer growth, device fabrication and the experimental
setups used in subsequent chapters is presented. Specific details are given as to the
setups of individual measurements which make use of novel equipmentparienental

configurations.
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In Chapter 3, the precision in which a quantum dot can have its position measured
relative to a set of prdabricated markers when using a solid immersion lens is
determined. Consideration is given to detrimental effects whtod presence of a solid
immersion lens may have on the both the sample and registration technique. The
accuracy of the registration technique is used to determine how precisely a photonic
structure can be deterministically fabricated around a quantum doac¢hieve optimal

performance.

Chapter 4 builds on the work of Chapter 3 and experimentally confirms the positional
accuracy of the technique via several independent methods. Optical measurements are
performed to characterise any changes in the spectrapprties of the quantum dots as

a result of the registration process or subsequent device fabrication. Further analysis of
the spectral properties is used to confirm the quantum dot behaves as expected within

the nanophotonic structure.

Chapter 5 explorethe use of resonant excitation, as appose to above bandgap or-quasi
resonant pshell excitation, in order to increase the coherence length of photons. It is
demonstrated that through a novel excitation regime, the laser signal can be strongly
suppressed, Wilst the resonantly excited quantum dot results in an efficient source of

single photons emitted into the waveguide mode.

A brief summary of the key findings, as well as considerations for future work and

foreseen challenges is presented in Chapter 6.
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2. Experimental Methods

2.1. Introduction

An overview of fabrication ahexperimental techniques is presented in this chapter.
Three fundamental experimental areas are discussed; quantum dot growth, wafer

processing and photoluminescence measurements.

2.1.1. Acknowledgments
It is acknowledged here that the growth of quantum dots disa this thesis was
performed by E. Clarke. Subsequent wafer processing and fabrication were jointly carried

out with the support of B. Royall.

2.2. Sample Growth

The InGaAs setfssembledQuantum Dots (QDsgmbedded within a GaAs matrix, used
in this thesisare ideally suited as a platform for quantum information processing due to
the inherent scalability and utilisation of welstablishedsemiconductortechnologies.
TheselnGaAQDs aregrown inbespoke heterstructuresby '‘Molecular Beam Epitaxy'
(MBE).

2.2.1. Molecular Beam Epitaxy

In order to produce quantum dots with a weléfined size and number density, rotation

stop molecular beam epitaxy is used. For a more comprehensive study of MBE technology
and theory, the reader is referred to the following sour¢ks [2]. As an introduction to

the work presented, a brief overview of MBE is discussed.

MBE was developed by A. Y. Cho and J. R. Arthur around the staet 1708's at Bell
Laboratorieq43], and has since been widely adopted in the production of semiconductor
devices. The success of the technology is in part due to the range of materials which can
be deposited, and the level of control that can be achieved. By indepeydeanriting the

flux of separate elements, the composition of the layers grown can be precisely
controlled. Further, the rate of growth can be tailored so that it is possible to achieve

control down to individual monolayers of grow).
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To start the growth process, first an initial waf@ith a so called 'epi ready' surface is
required for material to be grown on. The surface quality of this wafer can dramatically
affect the growth of subsequent layers of materials, and so great lengths are taken to
ensure it is free of oxides, contamima or morphological imperfection®]. Epi ready
GaAs wafers are used to fabricate the quantum dots for this work, with major and minor
flats used to mark thep p Tand pprt crystal axes. This host wafer is loaded into the
MBE ultrahigh vacuum chamber, with typical presssiref less 18 Pa, to prevent
contamination which may otherwise adversely affect the groj@fh Material deposition

is achieved throug the evaporation of highly pure elements located in effusion cells
surrounding the wafer chamber. The flow rate of the molecular beam is then controlled

through a combination of temperature and mechanical shutter pl§{s].

In order to ensure a uniform growth across the sample, ibimmon for the host wafer

to be rotated during growth. As we however require varying densities of quantum dots
from the same heterestructure devices, rotation of the host wafer is stopped during the
quantum dot growth layers. As a result, more materiadéposited on the side of the
wafer closer to the evaporation cell, and therefore gives a higher density of quantum

dots.

2.2.2. Sranski -Krastanov Growth

In molecular beam epitaxy, there are three primary growth methods which can occur;
VolmerWebber (VW) growttwhich results in discreet island formation, Frardn der
Merwe (FM) growth which results in uniform layers, and Straks&stanov (SK) growth
which results in both layer and island formatif8j[9]. The quantum dots used in this
thesis are the result of island formation from the SK growth of indium arsenide on gallium

arsenide.

The growth regime which occurs during MBE is highly dependent on the inherent
properties of the materials beg grown. For the case of SK growth of InAs on GaAs, the
surface adhesion energy is initially dominant, and so adatoms preferentially adhere to
the GaAs surface. This initially results in monolayer growth. As the lattice constant of InAs
and GaAs are sigitantly different, with a mismatch of approximately 7% , the strain
energy in the monolayers quickly increa$&@]. After a critical film thickness, ninally

a few monolayers for InGaAs, the strain energy term becomes dominant, and therefore
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favourable for island formation growth to occur as it allows the strained bonds to relax

and more closely approximate their intrinsic bond length.

a)

InGaAs

Adatom monolayer

growth

Strain Relaxation

c)

GaAs Capping

GaAs

GaAs

/)

GaAs

GaAs

7

Figure2-1 ¢ (a) Initial monolayergrowth process durindBE for Stranskrastanov growth conditions
I'RIFG2Ya LINBFSNBYyilAlLf o602yR (2 @ OlFyodeQa
than surfa@ adhesion potential resulting in nucleated growth of islands. (c) SK growth is stopped after a

predefined thickness is reached and GaAs is grown on top of the QDs to protect the surface.

For InGaAs, these islands are typically tens of nanometres inasizally, and a few
nanometres in height, which is comparable to the de Broglie wavelength of free carriers
in the surrounding bulk semiconductdtl]. The three dimensional confinement of
carriers to thesdslands therefore provides an easily accessible platform to investigate

guantum affects.

2.2.3. Heterostructures
As described in&2.1, MBE allows for precise control over the size and composition of a
fabricated strecture. For devices studied in thikesis, a standard 14Gim thick

membrane recipe is used, with a cross section presentédguare2-2.

In order to relax strain and prevent defects from propagating to the quandot layers,
YY GKAO1l o0dzZFFSNJ fF&@SNJ 2F DIF!a Aa

AbGa.sAs is then deposited as a sacrificial layer. The purpose of this layer is to be

I pnn

selectively removed at a later point during fabrication. The fingéids, which will be
referred to as the 140 nm thick membrane, consist of QDs and the wetting layer clad

either side by 70 nm of GaAs.

This heterostructure is used to fabricate nanobeam waveguide photonic circuits as it
provides the basis for one dimensioanfinement of the optical mode in the growth axis.

By removing the sacrificial layer below the membrane layer, the dielectric contrast
between the membrane layer and its surroundings is significantly increased. For InGaAs

guantum dots, with typical emigsi energy of 1.347eV (9@0950 nm), the 140nm thick
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membrane represents a half wavelength, and therefore optimal confinement of photonic
modes for devices such as nanobeam wavegUitigk It is therefore possible to achieve
three dimensional confement (growth axis plus two in plane axis) of photons by using

standard two dimensional lithographic processes (see section 2.3).

GaAs — 70 nm

GaAs — 70 nm

Aly §Gag 4As — 1000 nm
Sacrificial Layer

GaAs — 500 nm
Buffer Layer

Figure2-2 ¢ A sketch of quantum dots (re@xaggeratedn size, are showan top of the wetting layer (blue)
located at the centre of the 140 nm thick membrane, composed of two 70 nm thick GaAs cladding layers. The
Ab Gay.4As sacrificial layer is shown between the 140 nm thick membrane layer and the 500 nm GaAs buffer

layer.

2.3. Device Fabrication

Toproducethe different structures used in thesisyade range of fabrication techniques

are required. An overview of the wafer processing steps is given drateovers the
general principles required to fabricate most of the photastitictures examinediVhere

the fabrication methods havieeen modified detailswill be given in the relevant chapter.

An example of a nanobeam waveguide, which requires several etching processes, and

gold registration markers, which require metal evaparatiis shown ifrigure2-3.
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Figure2-3 ¢ (a) SEM imagshowing an under etched nanobeam waveguide with two types of distributed brag
reflectors at the top and bttom. (b) SEMmage showinghorizontal and verticagold markers evaporated

onto the wafer surface to be used for dot registration.

2.3.1. Spin Coating

Spin coating is a wedistablished technology predominantly used in the fabrication of
thin films, with achievd minimum film thicknesses of less than 10 nm. Due to the simple
relation between the film thickness to viscosity and angular velocity, the technique is

considered more reproducible than alternatives, such as dip coflBig

Spin coating is used here to reproducibly, and uniformly, cover the surface of a wafer in
the electron beam resist, ZEP520a. To ensure the electron beam resist adheres to the
wafer surface, Bxanethyldisilazands first applied as a baling agent. It was found that
without the use of a bonding agent, the ZEP520a would lift off during subsequent etching
processes. Theexamethyldisilazaneis applied with a spin speed of 5000 rpm, and due

to the volatility of the solvent, no baking is recgd.

ZEP520a is then pipetted onto the samples surface which is spun again, also at
5000 rpm. The wafer is this time baked at 48@or 5 minutes to cure the resist. To ensure
consistent fabrications, periodic measurements of the film thickness werempeed

using a Dektak. The standard film thickness was found to be 320nm which is sufficient to

withstand the required etching processes.
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Due to the sensitivity of ZEP520a to oxidation and ultraviolet light, samples were

prepared in a yellow room directlyefore being used. When samples needed to be

transported, they were done so in sealed, dark containers.

2.3.2. Electron Beam Lithography

Electron Beam Lithography (EBL) is used to transfer the 2D pattern of bespoke photonic

structures into the surface of the ZERB2 During exposure of the ZEP520a, the polymer

undergoes chakuscissior[14], increasing its solubility with respect to a given solvent. As

ZEP520a is a positive resist, any areas which are exposed and subsequently developed,

are removed leaving the bare wafer surface exposed.

The performance of a photonistructure, such as an owbupler at the end of a

nanobeam waveguide, can be highly dependent on several critical dimensions. There is

dzy F2NIidzy I §8te& |y

structures due to the backscatterimd electrons within the GaAs leading to the proximity

AYKSNBY i

W6t dzZNNAy 3 Q

g KA OK

effect of the electron beam. Proximity error correction is therefore required to ensure

the pattern transferred to the wafer accurately represents that of the desired pattern.

This is achieved by distising the desired pattern and scaling the exposed dose to

suitably account for neighbouring exposures.

Electromagnetic
Lenses

>l

NS =)

xn &£

u

Electron
Gun

Translation
Stage

)

AN

J

—

<>

Ax

Z

Figure2-4 ¢ Schematic of Raith150 EBL system with a sample mounted on a feedback controlled dranslati

stage.After initial sample positioning using the interferometer controlled translation stage, the electron beam

can be deflected to expose various areas of the sample using a series of electromagnetic lenses.
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A Raith150 EBL system, as showRigure2-4, is used to write the 2D patterns using a
computer aided design (CAD) software. When the sample is loaded into the EBL system,
it is grounded using a metal contact to prevent excessive charging. It is obgbated

near the metal contact, deflection of the EBL beam occurs, likely due to a nonlinear
charge distribution in the sample. As this area is typically quite small, this area of the

wafer is avoided during exposures.

The electron gun is operated at 30kaVarder to minimise the backscattered electron

dose contribution during sample exposures. A faraday cup is used prior to each exposure

to calibrate the electron fluence, which slowly degrades over the electron guns service

life. For a given writing fieldf&0>Y o6& pn>Y3> | O2YoAylGA2y 27F
deflection coils and lenses are used to position the electron beam. A typical write speed
of>5mmsAd | OKASOSRI 6AGK | YAYAYdzy aaGaSL) aAail s

waveguide to be exposedd less than 1 minute.

2.3.3. Developing
After exposing the resist using electron beam lithography, the sample is developed to
remove the areas of the resist which were exposed. The wafer is placed in a Xylene bath

at 23°C for 60 seconds, and then thoroughly gdsn isopropyl alcohol.

Although the physical pattern has been transferred to the resist, thermal fluctuations can
cause the remaining resist to warp. Any subsequent processing steps are therefore

carried out immediately.

2.3.4. Etching

To fabricate 3D photonistructures,such as those shown iRigure2-3, two separate
etching techniques are required; a dry etch and a wet etch. An inductively coupled plasma
(ICP) dry etch is first performed to etch down through the IQ@hick membrane layer

to a midpoint in the sacrificial layer. A wet, hydrofluoric acid etch is then used to

selectively remove the sacrificial layer
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a) b)

Lj 320nm ZEP520a Lj

140nm Membrane

1000nm Al ;Gag 3As \_/ \
Sacrificial Layer

500nm GaAs
Buffer Layer

c) d)

Figure2-5 - Process diagram showing the four etchitigps requiredto fabricate free standing photonic
structures. ajnitial sample with developed resist leaving exposed areas of the wafer surface in the desired
pattern. b) ICP Silry etch is used to chemically etch through the 140nm membrane and paiti@ the
sacrificial layer. ¢) Wet HF acid etch selectively removes the sacrificial layer through exposed channels in the

membrane layer. dyhe esist layer is removed leavittge fabricatedfree standing photonic structure.

ICP etching uses a radreduency (RF) electrical current to inductively ionise an etchant
within the sample chamber. These freed electrons are rapidly accelerated by the
induction caoils, at which point, depending on the phase of the RF signal, are either
removed from the chambeor attach to the sample causing it to charge. The remaining
ionised species, due to the relatively heavy mass, are not so readily accelerated by the RF
field. They are however accelerated towards the sample by the quasi static field caused
by the charged ample. As the ionised etchants hit the sample nearly normal to the
surface, it is possible to fabricate high aspect ratio structures with nearly vertical side

walls.

An etch recipe using silicon tetrachloride (gi®Ith a flow rate of 5 sccm at a pressur

of 2mTorr and a temperature of 20 was employed. The RF power is measured to be
180W with an interferometer measured etch rate of 450nm/min through GaAs. Silicon
tetrachloride is advantageous for etching GaAs, as opposed to alternatives such as argon
[15][16], as it etches via a chemical reaction ratlilean sputtering material. The key
benefit of chemical etching being that it produces smother surfaces, and so high quality

photonic structures can be fabricatétl7].

Once the sacrificial layer has been exposed through etching, the electron beam resist is

no longer needed athe 2D pattern has been transferred into the GaAs membrane. The
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remaining ZEP520a is removed using-Methyl-Pyrrolidone, followed by a series of

solvent baths, leaving a clean, uncontaminated, surface ready for the second wet etch.

A 40% solution of hydfluoric acid, by volume, is used to selectively etch the@ad /As

sacrificial layer. Although hydrofluoric acid etches the sacrificial layer significantly quicker

than the GaAs membrane layer, there is a magligible measured effect on the width

of photonic structures if they are left in the hydrofluoric acid for extended periods of
GAYS® LG 61a&a F2dzyR GKIG mp a4SO2yR& 461 & adzFT
layer, which typically resulted in only a few nanometres of etching in thesGaA

membrane.

To prevent further etching, and crucially to prevent the collapse of the any free standing
photonic structures, the sample is immediately placed in deionised water and then
acetone. Critical point drying is then used to remove the acetonalidylacing it with

carbon dioxide, such that no change in surface tension occurs that would otherwise

destroy the free standing structuf@8].

2.4. Cryostats

Optical measurements of samples are conducted in either a continuous flow cryostat or
a bespoke bath cryostat at temperatures of 4 K. Whilst some of the optics, such as
spectrometers and avahche photo diodes (APDs), are shared between the two setups,

there remain several significant differences which warrant separate discussion.

2.4.1. Continuous flow cryostat

Due to the active cooling required in a flow cryostat system, it is inherently less
mechanically stable than a bath cryostat. It does however allow samples to be changed
quickly, which is ideal for characterisation, or dot registration purposes. As such, it is
possible to make small adjustments to the sample at room temperature between
measurenents. To achieve sufficient mechanical stability, an oxford instruments
WaAONRaGlI Gl AwSanQ O2yiGAydz2dza T 2FgureRb.lj dZA R K¢

CKS 1Se& G2 GKS aA ONZ dityis the usewiSdpiiaties to Yeh€psrt y A O f
helium through the heat exchange where the sample is mounted. By physically separating

the transfer tube and the capillaries, high frequency vibrations are prevented from
reaching the sample. Conventionally, lidilnelium coolant is pulled through the cryostat

into the return line using a motorised pump, however this also introduces additional
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sources of vibrations which are detrimental to stability. Therefore, when stability is
paramount, an alternative push metl is used. This method requires, an overpressure
in the liquid helium Dewar which forces the coolant through the cryostat to the return
line. Care is taken with this method to ensure the temperature is stable as it is subject to

pressure fluctuations.

Three Axis Translation
Stage With Objective ~—

Lens

Vacuum U

J I ’ Heat Shield X //

< = =

. |
- Return Line = [ x: =
— . - Dewar

=
T
—_— ——>  ——
T > ———> ——» e —

| Cold Finger
With Capillaries

Fgure2-6¢5 A ANI Y &aK2gAy3d GKS AYOiSNYylLt YSOKIyAada 2F (KS waiONRa

shown mounted on a copper cold finger with capillaries running through it to transport liquid heldlsntc
Capillaries are mechanically isolated from the helium transfer tube to minimise vibrations in the sample. An
objective lens is shown mounted above the cryostat on a 3 axis translation stage with micrometre screws for

positioning the excitation andollection spot.

For increased versatility, two excitation and two collection paths are mounted above the
cryostat using breadboards as shown Higure 2-7. A range of 92:8 and 50:50
transmission to reflection pédle and cubic beam splitters are used, interchangeably, to
divert the optical paths and maintain high, balanced signal levels. A significant advantage
to multiple excitation and collection paths is that multiple locations on the sample can be
probed simulaneously. By using remote controlled stepper motors attached to kinematic
mirrors, the excitation and collection spots can be precisely controlled with a minimum

estimated deflection of 0.5 nm to the optical beam.

To enable the use of the stepper mototke objective lens must first be placed above
the desired location on the sample. This is achieved with the use of a cour§e, 1

resolution, three axis translation stage with a total travel distance of 12mm. A built in,
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closed loop, piezoelectric transl@n mechanism, with a resolution of 1nm, and a
maximum travel distance of 1QG increases the functionality of the stage so that it is

possible to reproducibly navigate around the sample.

Excitation lasers are coupled into single mode fibre opticesablith a core diameter of
approximately 5um, and are collimated by a 10x magnification objective lens before
passing through any other optical elements. This provides a small Gaussian beam which
can be effectively focused onto the sample, using a 50gabbE lens, resulting in an
excitation spot roughly 500 nm in diameter. Scattered laser light and quantum dot
photoluminescences collected into single mode fibre optic cables with the use of
additional 10x magnification objective lenses. By matchingtlgnification to the core
diameter, as well as choosing an appropriate numerical aperture (0.14 for near infrared

single mode fibres), signal collection efficiency into the fibre in excess of 80% is possible
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Figure 2-7 ¢ Sketch showing optical setupounted on a breadboardypically used for excitation and
collection of photoluminescence of the flow cryostat system. Two fibre coupled excitation lasers are shown to
be partially reflected by a cubic beamliter onto the samples surface. Transmitted light is detected by a
power meter to determine the excitation power. The photoluminescence channel is shown to be split by a

pellicle beam splitter and coupled into two separate single mode fibre optic cables.

I Collection efficiency is determined by measuring the power before and after couplinthe
fibre has occurred using a reference single mode irddhlaser.
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Due to the properties of total internal reflection, any light coupled to the cladding will
not couple to the core due to its lower refractive index, but rather will just pass through
it. This results in a top hat convolution of the point spread funcfienthe coupling
efficiency of the incident photons to the fibre optic cable, analogous to that used in
confocal microscopes. As a result we claim a spatial resolution of 500 nm on the sample
surface, which for typical samples observed is more than srifi¢o isolate individual
guantum dot lines and distinguish geometric features of photonic structures. We do
however acknowledge that due to scatter surfaces, both in the fabricated structures and

optical equipment, some level of noise is coupled to thikection fibre.

2.4.2. Bath Cryostat

The use of fibre optic cables provides a versatile platform from which to probe the
properties of photoluminescence and study photonic structures. As previously stated, up
to 80 % of the collected signal can be coupled ingingle mode fibre, however, when

the initial signal intensity is low or highly sensitive to environmental factors, it can be
difficult to distinguish weak signals with respect to background without the use of a bath
cryostat. This is because the use ofadhocryostat significantly reduces the vibrations, as

a result of no longer actively pumping liquid helium through a cold finger, which would
typically result in the continuous drifting of the sample with respect to the excitation and

collection points. Itis therefore possible to maintain cryogenic temperatures for

extended periods, enabling long signal integration times to be used.

A bath cryostat, as slwn inFigure2-8, is fundamentally a liquid helium Dewar thaas
been extensively modified to support an optical insert, and typically with a breadboard
supporting excitation and collection optics atop of it. Whilst the design used here is
similar to most commercial systems available, it is important to distihgtiiBom the

flow cryostat described in the previous chapter.

A three inch diameter hollow insert is used to contain optic elements, such as lenses, as

well as piezo electric translation stages and multiple samples. The insert is sealed with a
Y{LISOINRPAWGEA Ot GAYR26 | YR Lld#BrISRrenREgsy (2 LINBaa
contaminants. Although it will ultimately be immersed in a bath of liquid helium, the high

thermal conductivity, and its contact with Dewar housing, would prevent a sample from

reachingcryogenic temperatures. For this reason, a small amount of exchange gas is

introduced, in the form of Helium gas. Helium is chosen over alternative exchange gases
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as they would likely condense or freeze on the surface of the insert, optics or sample once
immersed. Additionally, because of its low mass, it also has a high thermal conductivity
which helps achieve lower temperatures, despite the metal insert being directly exposed

to room temperatures.

Breadboard with
% ﬁ ﬁﬁ /opticalcomponents
—

/ Exchange Gas
f | ;
/ v

Telescopic Lenses A

Closed Loop Piezo
Electric Translation

% L~ Stages & Sample

L

Figure2-8 ¢ Sketchshowing interior of bath cryostat with optical insert. A sample is shown mounted on
three orthogonal piezoelectric translation stages at the bottom, suspended via a rail system attached at the
top of the insert to reduce the thermal contact @eTwo telescopic lenses are shown in the optical insert

which are used to maintain collimation of the beam through a broad chromatic range.

In order to position the sample once it is inside the cryostat, three piezo electric linear
translation stages armounted orthogonally on top of each other. Each translation stage

is operated in an open loop circuit with a maximum travel distance of 5Smm. By mounting
the sample on the top of the piezo stack, it is possible to navigate around the sample to

probe variots features, as well as compensate for focal length changes.

A sketch of the bath cryostat systemsisown inFigure2-8 showing a Dear with the

optical insert inside it and a bread board mounted on top. No detagsarding the two
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channel excitation and collection optics for the bath cryostat are given here as they are

much the same as those used for the flow cryostat, as showigumre2-7.

2.5. Optical Measurements

As desched above, samples may be studied in either a continuous flow or bath cryostat.
9FOK 2F (KSasS aSidzd YI1Sa dzasS 2F TFTAONB
approach to optical measurements. The following experimental setups are therefore

shared betveen the two cryostats by changing which fibre optic cable is connected.

2.5.1. Spectral Analysis and Filtering

Observing the spectral properties of quantum dots is a fundamental measurement
required to characterise both the quantum dot and the performance oftphic

structures they may be embedded in.

The spectrometer used is a Princeton Instruments SP2750 with a focal length of 75 cm. A
range of gratings are supported, although typically a high resolution 1200 line per mm
grating is used with a blazing optimiséor 750 nm. A Pylon CCD with a 1340 x 100 array

of 20E H /% sizedypixels is used to detect the filtered signal with a peak resolution
greater than 0.02 nm at 920nm. This provides a spectral window of slightly more than 20

nm.

In addition to measuring the spectral properties directly, a side exit slit an th

spectrometer allows for the filtered signal to be studied using additional experimental

2LIGA 0 C

SlidALIYSY(ds a4dOK & 't5Q4 FyR aAy3It S LK2dG2y O2dzy

lifetime measurements. By varying the width of the exit slit, it is possible ntraicthe

output spectral bandwidth. As quantum dot lines tend to be well isolated in energy from
other spectral signals, such as the GaAs band gap or the so called wetting layer, a spectral
bandwidth up to 1 nm is often used. These larger bandwidths hosen in order to
preserve signal intensity which may have otherwise been lost due to geometric or

chromatic aberrations as a result of optics in the spectrometer.
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Figure2-9 ¢ Example spectrum showing lated quantum dotignalwith near resolution limited linewidth

Maintaining a high signal level is a key challenge when studying quantum dots, especially
when studying sensitive properties such as photon correlation statistics, with a
measurement time whic varies with the square of the signal intensity. As described
above, the spectrometer may be used to filter quantum dot signals. This method is
however inherently lossy, with typically 50% loss arising from the spectral filtering
process and a further 80%ss when the signal is coupled into the collection fibre.
Alternatively, if the quantum dot selected is sufficiently well isolated, a range of fixed
bandpass filters may be used. This reduces the total signal loss by comparison from 60%

due to the speabmeter to as little as 35%.

2.5.2.  Michelson Interferometer

An area of keen interest in quantum dots is that of the coherence time of the photons
emitted from the relaxation of excitonic states. Whilst it is possible to infer the coherence
length of the photon fom an accurate measurement of the spectral linewidth, this can

be experimentally challenging due to the high spectral resolution required, and may not

provide the true coherence length.

In order to determine the coherence time of the emitted photons, tliest order
correlation function is directly measured using a Michelson Interferometer. The
Michelson Interferometer is a special configuration of optical elements designed to
remove any spatial dependence from the first order correlation function. $iuene by
splitting the optical signal into two paths, and varying the path length of one arm with

respect to the other before recombining the two signals. To ensure all spatial dependence
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is removed, the two optical paths must be recombined parallel tcheather with no

spatial offset, as is shown kgure2-10.

Free Space
Avalanche
Photodiode

M

Piezoelectric
Mirror

Delay Stage

/—

) &
) S
¢ W
O

Figure2-10 ¢ Schematic of fibre optic coupled Michelson interferometer setup used. A 50:50 cubic beam
splitter separateghe beam into two balanced signals. One path has a fixed length and is reflected using gold
retroreflectors back through the beam splitter, where 25% of the original signal is incident on the free space
APD. The second path has a vatedjth using a delay stage to move an additiggaitl platedretroreflector.

The phase of this second signal is perturbed using a piezo electric mirror with a total travel distdfce of

> Y

To determine the coherence time of a quantum dot, the visibiitythe interference

LI GGSNY Aa YSFadaNBR Fd F Nry3IS 2F RBtlre fSy3aika
the experimental setup shown, a Newport UTS150CC delay stage is used to vary the time

delay in one arm with respect to the other. The stage has aimmam travel distance of

15 cm corresponding to a total delay length of 1 ns, larger than typical quantum dot
O2KSNBYOS (AYSad | LIASTI 25t SOGNRO RNAGSY YANNRNE
in the optical path of this delay arm which enables therference visibility to be

measured by recording the signal intensity on the APD as a function of the mirror

displacementAs the interference visability is sensitive to the spatial alignment of the two

optical beams, retraeflectors are used to dispte the beams, and return them along

their original path. The use of reti@flectors increases the stability of the interferometer

compared to the use of conventional mirrors alone.
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In order to quantify the quality of the optical alignment, a single mdaker with a
coherence time significantly greater than that of quantum dots is used to test the setup.
By measuring the coherence length of the laser, it is possible to determine systematic
errors due to misalignment of the optical components. A plot oé tmeasured
interference visibility is shown iRigure2-11, as well as that expected from a quantum
dot with a coherence time of 200ps. A coherence time of more than 4 ns for the laser was
calculated, which, for guantum dot with a coherence length of 200 ps, would result in
an error of 6 ps in the measured coherence time. This is error considered to be small with

regards to other sources of error during likely measurements, such as fluctuating signal

intensities.
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Figure2-11 ¢ (top) Interference pattern observed for a single mode laser at a giletay length usinga
Michelson Interferometer. The Visibility of the fringes is calculated to be > 10k cotmifishsan offset of ~
4.2k counts 3. This offset ighe sumcontribution from scattered photons, dark counts and imbalance

between the two optical paths.

2.5.3. Lifetime

The interaction of quantum dots with their solid state environment can be both beneficial
and detrinental. Fabrication of spatial and mode matched photonic structures leading to
Purcell enhancements have been used to study interesting areas of physics such as the

strong coupling regimf22]. Similarly though, the interaction of the quantum dot with its
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environment may result in unwanted behaviour, such as blinking or spectral flickering

due to affects suchsacharge trapping23].

In order to determine the performance of a quantum dot embedded within a photonic

structure, lifetime measurements can provide a quantitatimethod for doing so. In the

absence of additional fields, the emission of a photon from a quantum dot is the result of

spontaneous emission governed, and as such, the emission rate can be characterised by

the lifetime, T1. If however the quantum dot imtated within a photonic structure which

modifies the local density of states that the quantum dot can emit a photon into, the

fAFSHGAYS A& Y2RAFASR | [DMDERAGSR-1G2 CSNXYAQA D2f RSy

— stz g (2.1)

J=|

Equation2-1 : Fermis Golden Rufer the rate of spontaneous emissiar) from the initial states to the
final state,df H represents the dipole moment of the quantum doisthe vacuum field at the location of

the quantum dot and, 's the density of states.

To directly measure the lifetime of a quantum dot, a pulsed excitation source, fast photon
detection and a timing circuit are needed. The pulsed excitation source used is a tuneable
Ti:Si laser with a pulse duration of 100 fs. This results in a fourier limited linewidth of ~ 3
nm when tuned into resonance with the wetting layer, typically 870nsiwith most
optical instruments used, the pulsed laser is coupled into a single mode fibre so that it
can be readily used in the existing fibre launchers in either the bath or flow cryostat. Prior
to coupling into the single mode fibre, a small portiorttoed excitation laser is siphoned

off to trigger a photo diode. The purpose of this is to provide a reference signal which can
be used to determine the relative time between excitation and the emission of

photoluminescence.

An avalanche photodiode (APD)uised to record when a photon is emitted from the

guantum dot. The choice over which APD to use depends strongly on the lifetime of the

j dzt yidzy R20G G2 0S5 YSiofiiszidoiRrdbet@eeNthe quabt@@ > | G NI RS
efficiency and the readout time, arab such, it is possible to optimally detect photons or

the timing of when a photon arrives, but not both. Two types of APD were available

having instrument limited readout times of 90 ps and 400 ps with a quantum efficiency

of approximately 3% and 25% respively.
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2.5.4. Hanbury-Brown Twiss

The HanburBrown Twiss experiment is named after the two astronomers who
pioneered the technique. At the time, Michelson interferometry was being extensively
used at radio frequencies to determine the angular size of astrecaimobjects.
Unfortunately, depending on the angular size of the object being measured, the size
requirements of the detector caused problems as a result of the available technology. It
was realised however by HanbuByown and Twiss that if the radiatimbserved at two
detectors was coherent, then the changes in the intensity of the two signals must be
correlated[25]. The intensity correlation function,\g@n byEquation2-2, often referred

to as the second order correlation functiog?), provides information on temporal

distribution of photons.
(2.2)

Equation2-2¢{ SO2y R 2NRSNJ oAyiSyariteo O2NNBftlI A2y TFTdzyQlAazy
detection of the twasignals, detected at time t.

In order to see why the second order correlation function is such a powerful technique in
guantum optics, it is simplest to first consider its relationship with classical light sources.

If we first consider the case whereed@id 2y 2F f A3IKG Aa SYyGANBfe& |
we see thattoo & 600 t+ G and thereforedoo & oo O. The result is a measured

"Q 1 whichequals one for all values of Light of this type can be produced bg®gms

such as lasers, where the probability of a photon being emitted is entirely uncorrelated

with the probability of another photon being emitted.

In the event noise is introduced into the system, such as thermal fluctuations of a black
body radiationthe intensity can be considered the sum of tivgperturbedintensity plus

a time dependent term. It must therefore follow th&&eo O 6@ o O, resulting in a

Q mn p. Systems which exhibit second order correlation functions greater than one

are considered to be classical light sources, with bunched photon distributions.

For a system such as a quantunt,dehere it is only possible to emit a single photon at

a time, the emission characteristics are exactly opposite of that for classical light sources.
Ly GKS fAYAQG GKledo & ndstheeXcited SateBasyelaxedio tieK I
ground state, and therefore requires exciting again before it can emit a second photon.

Therefore the second order correlation function must also be equal to zero. This test not
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only provides insight into the anbiunching of photon statistics, but is a resulot
allowed for classical light sources. As a result, measuring the second order correlation of
photoluminescence provides a method to verify the quantum nature of the emission. A
comparison of bunched, random and abtinched photon emission is presewat

schematically ifrigure2-12.
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Figure2-12 ¢ Photon distributions as a function of time for bunched, random and antibunched emission.

In order to directly measurthe photon statistics, a 50:50 cubic beam splitter is used to
separate the collected photoluminescence into two optical paths. Free space APDs are
then used to efficiently convert the detection of a photon into an electrical pulse. By fixing
one of the ABPs as the signal channel, and the second as the trigger, a single photon
counting module can precisely measures time delays between the two detections. A

schematic of the experimental setup used is showRigure2-13.
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Figure2-13 ¢ Setup of fibre coupled HanburBrown Twiss experiment using 50:50 cubic beam splitter with

ig2 FNBS LI OS 't5Qad 5S8SGS0GA2y Lz &S a sifghdphdtoni K S

counting module.

2.6. Solid Immersion Lens

The nature of nanotechnology often means that the resolution required to adequately
study a device is close to, or even beyond the diffraction limit for optical microscopes.
This is apparent when studgrphotoluminescence in single mode photonic structures,
GKSNE 1S& TFTSIH{ddz2NBa YIe& 0S RAFTFAOAA G G2
criteria, Equation2-3, it can be seen that the resolution of a systeam be increased in
three wayq19].

8 ¢
# W (2.3)

Equation2-3: Rayleigh resolution criteria, where the measured wavelengtliéndpyy , the refractive index
of the collection path ie . y,zand the half angle for the cone of light which is collected by the objective lens

isgiven bys .

Py F2Nldzy 6Stex GKS AAYLI Sad | LIWINRIFOK 27F
impractical and/or impossible for photoluminescence as the emission energy of quantum
dots is confined to a small wavelength range. We must therefore consider the two
alternative options available; increase the refractive indgy;, or increase the @epted

angle of light collected by the objective lehs,
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At room temperatures, techniques such as oil immersion microscopy are extensively used

to increase the resolving power of an optical setup by increasing the refractive index of

the area surrounding the object. In order to prevent reflections defined by St t Qa [ | ¢ =
the refractive index of the oil must match that of the objective lens, limiting the materials

available. Further, more practical limitations apply when attempting to implement such

a system at cryogenic temperatures.

An alternative to oil imrarsion microscopy is a solid immersion lens microscope, first
proposed to be used with a conventional microscope in 1990 as a method for improving
the spatial resolution without the use of liquid&0]. It was proposed to place a
hemispherical lens in contact with the surface of the sample, as showigime2-14,

which would enable the surface to be imaged at the centre of the hemisphere. It can be
seen from a simple geometric argument, that when the focal point of the objective lens
is set to the centre of the hemisphere, each ray is normally imtittethe surface of the

solid immersion lens. As a result, no refraction occurs and the Abbe Sine condition, which
requires the ratio of the sine of the incident angle and refracted angle to be a constant in

order to produce clear images, is nié&®].

Interestingly, and somewhat less intuitively, a second focal point exits at a dept of

below the centre of the hemisphere, wheneis the radius of the lens, and n is the

refractive index Due to the spherical curvatuie the lens, the ratio of the sine of the
AYOARSY(G FyYyR NBFNIYOGSR fAIKG NIreéa YIS 6A0K
constant. This also represents a solution to the Abbe Sine condition, and so produces a

distortion free imagg19].

As a result of these two focal points, there are two common types of solid immersion
lens. The hemispherical solid immersion len$(b) utilises the focal point at the centre

of the sphere as shown iRigure2-14 ¢ a. The second type takes the shape of a flat
bottomed sphere, sometimes referred to as a Weierstrass solid immersion lens, or more
commonly a super spherical solid immersion lerSI(9, which is designed to focus at the

secondaplanatic point, shown ifrigure2-14 ¢ b.
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= Objective Lens I Objective Lens ]

Figure2-14 ¢ (a) Ray diagram showing the focal position for a hemispherical solid immersion lens at the
centre of a sphee. As such, each focused ray is normally incident to the surface of the sphere. (b) Ray diagram

showing the second focal position of spherical sphere a depth ofbelow the equator.

Work presented here makes use of a cubic zircorfllLsas itan be used to achieve
higher resolutions than that of the-8IL. The reason that ar&S$L improves the resolution
more so than a iBIL is that the effective numerical aperture, and therefore the
resolution, is increased by a factormffor the sSIL, vinereas the KSIL only provides an

improvement proportional tan [21].

For both SIL types, a fundamental limitistx on the maximum collection efficiency
increase which can be gained. This limit occurs when the light cone collected by the
objective lens is a full hemisphere resulting in a numerical aperture equal to the refractive
index of the SIL. When it is not gmible to use a numerical aperture matched objective
lens to couple with the SIL, theSSL is advantageous for collection efficiency due to the
refraction which occurs at the SILs surface, resulting in tighter confinement of the light

cone when it exitshe SIL.

LG Ydzad oS adldSR GKFdG RSaLAGS GKS aidNRy3
limitations on their use. Firstly, while the existence of two aplanatic points can be shown

for a spherical lens, the size of the distortion free imagimm@Iwhich exists is typically

very small. This concern is discussed in more detail in 83 where imaging distortions are of

significant concern.

Additionally, chromatic aberrations, whilst not of a major concern fgfrb [ Qa >~ Yl & 0o
more evident for § L fe@einding on the material used. The reason for this is that both

the size of the SIL, as well as the vertical position of the imaging plane, is related to the
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refractive index, a wavelength dependent term. For the zirconium dioxi8lk-s used in
this thess, the strength of these chromatic aberrations are not thought to be significant
over the small wavelength ranges considered based on the small relative changes in the

refractive index of zirconium dioxiée

¢KS TFAYLFE YI 22N OKI ferfo§efial ®mpérétBeg is drintajiilg { L[ Q&
alignment of the SIL in the correct location relative the samples surface. Both the effects

of vacuum pumping and thermal contraction must be countered if control is to be had

over where the sample can be imaged. Twethods have therefore been found

acceptable for securing the position of the SIL to the surface; high viscous bonding or

mechanical connection.

Figure2-15¢ Schematic showing method used to mechanicatigch the solid immersion lens to the surface
of the sample securelW thin, flexible, membrane with a 1 mm hole is placed over the solid immersion lens
to hold it in place. The membrane is then fixed to the cryostat, tightening until good contact detween

the SIL and the sample wafer.

In high viscous bonding, carbon based grease is used to mechanically connect the sample
and the outer surface of the SIL. It is found to provide adequate stability during vacuum
pumping and freezes in place at cryoget@mperatures. Furthermore the carbon based
grease is readily soluble inButyle-acetate, Acetone and Xylene, and may be removed

without permanent contamination of the sample.

Where additional photonic structures exist on the samples surface, viscoulngomay
however result in the collapse or partial destruction of free standing membranes. A

method of mechanically bonding the SIL to the surface of the sample is therefore used,

2 A relative change of less than 1% exists between the refractive index db&n@een the
wavelength range of 920nm and 633rj26].
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as depicted irFigure2-15, usinga thin 1 mm @ pinhole membrane. This method is used
over high viscous bonding only when photonic structures are present as the mechanical

holder introduces constraints on the sample size as well as obscuring parts of the sample.
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3. Dot Regqistration

3.1. Introduction

&\
N

! 1S o0SySTAG 2F vdzZylGdzy 520a 6vs5Qa0n 2
information processingQIP) such as trapped ions, is that they are intrinsically scalable

and may interact strongly with the solid state environmgtit However, if optimal light

matter coupling is to be achieved, both the spectral and spatial properties of the QD must

be mathed to the photonic structure, and vice vergaie to the random nature of self
assembled growth (see Chapter 2), the ability to precisely know the position of a QD, and

to deterministically embed it within photonic structure has therefore been an aetiga

of research for more than a decafg.

h@dSN) GAYSSYS aSOSNIft FdzyREYSyidlffte RAFTFSNByYI
control in photonic structures have been developed, but to date, no path on how to

achieve optimal results has proven to be dominf8jt Whilst each method attempts to
FRRNBaa Fd tSIFrad 2yS (SOKy2t23A0Fft o6F NNRSI
promising technique is that of nleated or site controlled growth. As this technique still

has many disadvantages, an interim technique is proposed in this chapter of registering

the relative positions of quantum dots with respect to gedoricated markers. This then

allows for the deterrimistic fabrication of photonic structures around the quantum dot

using conventional lithographic processes.

3.1.1. Chapter Overview

As an introduction to the work presented in this chapter, we first discuss what levels of
accuracy will be required in generalafy technique which aims to locate a quantum dot
and fabricate a photonic structure around it in sectiBrl.2 A brief discussion of
alternative techniques to dot registration is then presented in order to provide a basis for
understanding the current motivation for using dot registration in secti8ris3 and

3.1.4 A discussion of the bespoke samples required for the registration process is given
in section 3.2, along with details regarding experimental setup. In sect®S,
experimental results of the dot registration process are presented, including a detailed
discussion regarding the effects a solid immendens has on the registration process. A

summary of the key results is presented in secBoh
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3.1.2. Precision

For any technigue which aims to embed a quantum dot within a photonic nanostructure,
the level of precision required il ultimately depend on the photonic structure being
fabricated and the proposed applications. It is therefore not possibtefmitively state

one precision required for all purposes. Based on many nanophotonic structures
discussed in the literaturehere is a clear divide between devices which are strongly
spatially sensitive and those which are insensitive to the relative position of an embedded

guantum dot.

The nanobeam waveguide used extensively in this thesis can be particularly sensitive to
the position of an embed quantum dot. This is discussed in more detail in chapter 4,
where it is shown that in order to realiseeaningful control on the emitted photons
guantum dot must be precisely located with an accuracy of approximately 30 nm. As a
similar example of a photonic structure with strong spatial dependence, the L3 photonic
crystal cavityf4], is discussed here. In order to facilitate this discussion, the fundamental
mode of the L3 photonic crystal cavity, optimised for 950 nm, is provided by R. Coles and

presented inFigure3-16 A § K G KS | dzi K2NQRA& LISNX¥YA&aAz2yod
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Figure3-1: (left) Field profile for the fundamental transverse electric field profilg, f6Ea gotonic crystal
L3 defect cavity (Simulation perfoech by R.Coles, image is included with permission). (right) Slice through
fundamental electric field modes showing spatial dependence.

A cross section of the electric field profile is taken along the dotted line shown above,
and is used to calculate the yer of the electric field as a function of position from the
centre of the photonic cavity. For most applications, it is preferable for the quantum dot
to couple to the central anthode as it reduces the proximity of the quantum dot to
surfaces and reducethe overlap of the quantum dot with higher order modEsr the
fundamental antinode at the centre of the photonic crystal cavity, tield is shown to

exhibita Gaussian profile, with a full width at the half maxim##aVHM of 95 nm. Due
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to the exponatial decay of a Gaussian profile, the power in the electric field decays
quickly away from the antinodes, resulting in a small region where a quantum dot may

efficiently couple to the cavity mode.

A benchmark of photonic cavities is the demonstrationstbng coupling and large
Purcell factors due to their importance in QIP. In the dipole approximation, the total
Purcell factor for a quantum dot within a cavity is givenHmuation3-1 [5]. As we are

only concerned with the spatial dependence of an embedded quantum dot, the second
half of the equation can be neglected as this refers to the overlap between the emission
wavelength and hie resonant cavity wavelength. The first term however relates the
overlap of the power in the electric field mode to that of the dipole moment of the
emitter. As observed for the photonic crystal cavity above, the electric field of the central
anti-node isseen to decay exponentially, and as a result, if a quantum dot was displaced
as little as 45 nm in the-axis, the increase in the spontaneous emission rate would be

halved.

B P o
W T G

Equation3-1 ¢ Ratio of thespontaneous emission rate ) of an emitter, embedded within a cavity, with
respect to the intrinsic emission rate { in the bulk semiconductof. L and3 _icorrespond to the Purcell

factors due to the cavity mode and photonic crystal respectively

It is clear theefore that in order to achieve optimal light matter coupling, it is desirable

to control the relative position between the quantum dot and photonic nanostructure a
scale comparable to, but ideally much smaller than, the size of the optical field of the
device. Control over the position of the photonic structure is readily achieved using
standard lithographic processes, however as the size of the quantum dots is far below
the diffraction limit of optical light, determining where to fabricate the photonic
structurer has proved to be a significant technological challenge. Before discussing the
technique of dot registration, two of the most common techniques used to control the

location of quantum dots are presented.
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3.1.3. Nanowires

The fabrication of quantumat nanowire structures is an active area of research, where
growth occurs typically via MBE or MOCVD (Me€mjanic Chemical Vapour
Deposition)6]. Nanowires, as their name suggests, are pillars of semiconductor ialater
with typical diameters in the order of a few hundred nanometres, growing to be several
micrometres in length[7]. Unfortunately, to achieve significantly lagrgnanowire
lengths, the width of the nanowire also increases. Within the field of nanowires, there
exist an extensive range of growth techniques and conditions, a testament to the
versatility of nanowires, as well as the sensitivity and levels of comtnolired. We limit

the discussion here to the bottom up growth method, where nanowires are grown at

nucleation sites, as the surface quality of the nanowire is typically superior.

Traditionally, nanowires are grown at a metal defect site on the surfatieeodpiready
wafer [8]. This metal defect provides a nucleation site for growth to occur, acting as a
catalyst for the vapouliquid-solid phase transition. Site controlled growth of the
nanowire structures aa therefore be achieved through conventional lithographic
techniques to control the location of the metal defe¢®§. More recently, catalyst free
techniques are emerging as it is believed that the metal defects interfere with the opto
electric properties of the nanowirg40][11]. One such method explored for catalfiste
growth is achieved by introducing hole defects into a hard mask which is removed post
growth [12]. However, due to the extreme lengths which are taken in order to produce
epitaxial ready surfaces of the initial wafers, subsequeater processing techniques

required to fabricate the hard mask undoubtedly introduce contaminants.

In order to utilise nanowire quantum dots for QIP, they must exhibit scalability. An
interesting method of achieving scalability in nanowires, is thatvefrgrowth once the
nanowire has formed. It is through such techniques that so called nanowire trees can be
fabricated, where branches of nanowires can be grown radially from the primary
nanowire[13]. Alterratively, throughnano-positioningof cleaved nanowires it is possible

to manipulate individual nanowires into fabricated photonic circ{i#].

Whilst it would seem that nanowires exhibit all the desirablepgarties required to
achieve a scalable photonic circuit, there remain several important challenges. Significant
among these is the quality of the photoluminescence from nanowire quantum dots. Until
recently, coherence times significantly less than thoseasured for selassembled

guantum dots were accepted as normal. Improvements in fabrication quality have led to
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coherence times of several hundred picoseconds at liquid helium temperatures being
reported[15], althoughcoS NSy OS GAYSa Ay GKS 2NRSNI 27
[16]. In comparison, under resonant excitation, Heitler regime coherence times have
been observd in excess of 20 ns for selfsembled quantum dotgl7]. Furthermore,

due tothe large lateral size of the nanowire quantum dot, strong interactions are present
with the nanowire surface. This can result in an array of unwanted characteristics in the
photoluminescence, such as blinking, flickering and spectral wondering. Signifimdn

has therefore been conducted investigating radial overgrowth and surface passivation to

reduce the proximity of unsatisfied bonfi3][10].

3.1.4. Deterministic Growth

As seHassembled growth has thus far yielded quantum dots with superior optical
properties, nucleated growth attempts to control the Idas where seHassembly
occurs. In many regards, nucleated growth is similar to the catalyst free bottom up
growth approach used to fabricate nanowires. Whilst it is thereptly wafer which is
perturbed, opposed to a hard mask used for nanowirespgitphic processes remain

very similar.

A standard approach for nucleated growth is to introduce small (typicallyd®@ n  y Y Qa

in diameter) etched holes in the [001] or [111] GaAs substfa®. However moderate
levels of success has also been achieved by varying the depth of the etchesloldie
with respect to the lateral size, using pyramidal shaped etched holes at micron scales
[20]. With a nucleation site introduced, MBE or MOCVD is resumed wherea@BdAsAS
are deposited sequentially at varying thicknesses. Whilst the levels of precision achieved
by this technique are exceptional, it possesses many of the same problems present for

nanowire quantum dots.

To date, the smallest achieved linewidth refmat via nucleated growth of InGaAs
j dz yGdzy R20a A[21], however tBese linewidtldsrepredand a small
YAY2NRGEZ 6AGK (& LA OHIo2ap1i[2azShilelcofice®dsich & &
asspectral wandering are less prominent than they are in nanowires, additional problems
are encountered due to strain and growth rate anisotropy. As a result, care must be taken

to ensure only a single quantum dot forms at each nucleation site.
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3.1.5. Dot Registration

It is clear when considering alternatives to the random growth undergone by self
assembled quantum dots, that the intervening wafer processes steps dramatically affects
the optical properties of the dots produced. Even with extensive measures takeamgd
MBE to remove contaminants from the growth chamber, the introduction of hard masks
or etched surfaces results in a roughened surface and therefore interface fluctuations.
Many groups for this reason use high densities of-as$embled quantum dots,
fabricating numerous photonic structures, and search for a quantum dot randomly
positioned in a suitable location. An interim solution, which aids progress on integrated
photonic circuits using multiple quantum dots, whilst technical challenges are overcom

with deterministic growth, is therefore desirable.

The proposed solution adopted here, similar to that used by Thon[8] ahd Senellart
et al [23], is that of dot registration, where a suitable saffsembled quantum dot is
identified, ts position registered, and a photonic structure is precisely fabricated around
it. Besides providing a platform to achieve optimally spatial located quantum dots in
photonic structures, two additional benefits may be realised by characterising the

photoluminescence prior to fabrication in this manner.

Firstly, by characterising the optical properties of a quantum dot before fabrication, fine
control over critical dimensions of the photonic structures can be tailored. This is of
significant importance wheonsidering structures such as cavities or interferometers
with a high finesse. Current efforts to tune quantum dots into resonance with photonic
modes have relied on priabrication of diode structure$24], or more permanent
changes involving a systematic post etching to fine tune critical dimengiBis
Furthermore, if two or more suitably coherent quantum dots can be identified, then a

scalable photonic structure may be used to provide interconnectivity.

Secondly, dot registration is by its very nature a technique which identifies how the
fabrication of a potonic structure affects the properties of the quantum dot. As is
commonly reported in nanowires, where the quantum dot is susceptible to charge
fluctuations at the surface, it will be directly evident if similar phenomenon occurs after
fabrication throudn a comparison of the optical properties. Additionally, direct
measurements of normally convoluted performance indicators, such as Purcell factors,
are readily calculated and do not require assumptions regarding ensemble averages. It

would therefore seemtiat not only can dot registration provide optimal spatial and
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mode matched photonic structures, but can readily quantify the performance, aiding

future developments.

Pellicle Beam Splitter ‘

Collection
Channel 1

3 Axis Scanning |
Stage

Collection
Channel 2

‘ Sample with registration markers

Figure3-2 ¢ Schematic showing two chaehcollection scheme used for dot registration. Photoluminescence
and reflected laser signal is collected through the same objective lens before being split into two unequal arms
using a 92:8 (Transmission : Reflection) pellicle beam splitter.

In this wok, dot registration is developed using the continuous flow cryostat described
in detail in Chapter 2. A single excitation channel, using either a HeNe (633 nm) or Diode
(808 nm) laser, is used to excite quantum dots. Photoluminescence and the reflected
laser signal are collected through the same objective lens before being split into two
channels via a 92:8 (Transmission : Reflection) pellicle beam splitteshcmen in
Figure 3-2. The transmitted channel ifiltered using either a band pass filter or a
monochromatorto isolate a single quantum dot transition before being measured using
an avalanche photo diode (APD). Additional attenuation is required for the channel used
to collect the reflected signal, done ugineutral density filters, due to the relatively high
intensity of the reflected laser signal. No spectral filtering is employed for this channel as

any spectral contributions are several orders of magnitude weaker than the laser signal.

In order to regiter the position of a suitable quantum dot, a closed loop piezo electric
stage is used to scan the objective lens across the sample. The orthogonal sets of
registration markers shown by black lines on the samples surfd€igune3-2 are aligned

perpendicular to the scanning stage axis to independently determine the horizontal and

53| Page



Dot Registratiorr Introduction

vertical relative displacement of the quantum dot. The collected data from the two
optical collection paths, with an exampdaown inFigure3-3, isanalysed using a least
squared fit method to locate the central peaks of the markers and the quantum dot. By
repeating the scan numerous times, a statistical average of the quantum dots relative
location can be determined. With this information, standard lithographic processes can

be used to fabricate the desired photonic structure around the quantum dot.

4 | — Unfiltered Collection ! L L L
Filtered Collection \ —a— APD Data
N }:\ ] Gaussian Fit
T A LQD Signal " ‘\:‘
3 J
2 7 il \’H =
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Figure 3-3 ¢ Example of collected signal throughe filtered and urfiltered collection channels of the
photoluminescence setgs a function of the scanning stage positificeft)Three distinct peaks are observed
(black) where the laser is scanned over three registration markers. Similarly, a shigelated bright peak

(red) is visible at some distance away from the markers in the spectrally fittemedel. (Right)east squared

fit of a Gaussian (red) is fitted to the raw APD data for a QD signal (black) to determine its absolute positions.

S far, the technique of dot registration has already enjoyed moderate success in other
groups, notably being used to realise strong coupling of a quantum dot in a L3 photonic
crystal cavity[2]. However, advances in the technique appear to have stagnated with
multiple groups reporting similar distribution widths (FWHM) of 50 nm in the relative
position of the quantum dot with respect to the pfabricated registration markers
[2][26]. Based on the work presented in this chapter, it is believed that this limit is the
result of the limited optical resolution of a conventional micro photoluminescence setup.
We therefore show using a solid immersion lens that ald@rafree dot registration is
possible and results in a reduced distribution width for the relative position of the

guantum dot.
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3.2. Samples

The samples used for dot registration are of the standard 140 nm thick GaAs membrane
heterostructure described in dtil in chapter 2. As dot registration requires the
identification of individual quantum dot lines which are both spatially and spectrally
resolvable with respect to neighbouring quantum dots, samples are taken from portions

of the wafer with low quantum ot density.

3.2.1. Marker Design

In order to support a solid immersion lens, as well as enable scalable fabrication, a
compact design for the registratiomarkers is required that still enables photonic
structures to be interconnected. Two distinct designs wewasidered, each with their

own specific advantages, which are showrigure3-4.

N N

\ Registration
Markers

] B

Suitable

Registration

E— EBL Alignment
<« Markers — | | Space |

Figure3-4 ¢ Registration marker desigrise enable the fabrication of scalabld@tonic circuits as well as
calibration of the magnification due to a solid immersion lens. Pattern of the proposed markers is shown in
red, with the supported registration area shown in green. (left) An open marker design which enables
fabrication of largr photonic devices. (right) Compressed registration grid with open marker design to
accommodate interconnectivity between devices.

The open marker design shownRigure3-4a was originally designed to allow farge

scale photonic structures to be fabricated, as multiple quantum dots can be registered

with a single marker set. The use of a solid immersion lens however requires at least two
markers be scanned to calibrate the effective magnification due to theasit is highly

sensitive to the focal position of the objective lens. This therefore represents a problem

for this design as in order to provide ada area to find suitable quantum dots, the
YIEN]SNE NB Of 2aSte aLl OSR:E LRaAGAZ2YSR 2yt a
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the fractional error in their positions relative to the separation is large, making the

magnification value determine@ss reliable.

When it was considered that photonic waveguides could be used over relatively large
distances with the use of critical point drying27], the marker set in
Figure3-4b was developedn order to decrease the percentage error in the calculated
magnification. Photonic waveguides can then be usednawvigate between the
registration markers into areas of the wafer intentionally left free for the fabrication of

photonic components.

3.2.2. Marker Fabrication

In order to support dot registration, it isecessaryo fabricate registration markers on

the surface of the sample first. Standard EBL techniques were used to transfer a selection
of the 200nm wide registration patterns shown kigure3-4 into the electron beam
resist. Metal evaporation is used to transfer arh thick layer of titanium, followed by a

20 nm thick layer of gold, which binds to the surface of the sample where the developed
electron beam resist has been removed. Metal evaporation rates between 0.2 nfh min
and 0.8 nm mirt are used to allow the eporated metal time to cool and prevent
smearing. After the desired film thickness is reached, measured using a piezoelectric
transducer, the remaining electron beam resist is removed, along with any excess metal,
using nmethyl2-pyrolidinone. It was foud however that whilst the gold provided a
good medium to reflect the laser signal, it was not robust enough to withsteqdential

wafer processing technigues. Scanning electron microscope (SEM) images are shown in
Figure3-5 of a set of gold registration markemsSigure3-5 a shows the golanarkers after
evaporation, before the sample has been used for dot registration purp&sgse3-5b

shows the same wafer after the sample has been used for dot registration and

subsequent gold marketsave been evaporated onto the surface.
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Figure3-5 ¢ (left) M image of gold registration marérs immediately after fabrication. (right) SEM of
registration markers which have been used for dot registration with supplementary gold markers fabricated
afterwards. Signatures of metal lififf are prevalent in both the original and supplementary maskafter
subsequent wafer processing steps (right)

Several issues are identified with the use of gold markers as a result of the damage
revealed between SEM images. Firstly, the existing gold markers are readily damaged
when standard wafer processing tedhues are used. Further damage can be seen in the
W aKFLISR dzi2YFrGAO gNAGS FASER FEAIYyYSyd o
evident from the distinctive shadow which appears, characteristic of when the metal
begins to lift away from the samgs surface. As a result, the alignment of subsequent
EBL exposures will be subject to additional sources of error. Additionally, as highlighted
on the SEM image, the fabrication of the additional markers shows mixed results as some
of the markers have beeemoved during the process to remove the excess titanium and
gold which covers the entire surface after evaporation. As a result, an alternative etched
marker is preferentially used in later registration runs, which rather than increasing the

reflected laer signal, acts to scatter it away, reducing the total signal intensity.

3.2.3. Marker Alignment

A nontrivial complication which arises from the use of a solid immersion lens is that of
orthogonality between the sample, registration markers and the scanniagestif a

sample is examined without a solid immersion lens, then the position of the objective

lens directly corresponds to a position on the sample surface. If two markers are then
scanned over, with a known separation, it is relatively simple to detesrttie relative

ly3atsS o0SG6SSy G(KS &l YLXS FEAa yR GKS adl 3¢
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If however a solid immersion lens is used, then as a result of the magnification from the
SIL, movements of the objective lens are scaled accordingly. As has previously been
mentioned, in order to determine the practical magnification of the system, the
separation of two markers is used. If there is any angular offset then between the two

sets of axis, a systematic error is introduced.

Figure 3-6 ¢ Schematic depicting how an angular offset between the axis of the scanning stage and
registration markers can introduce systematic errors in the registered position of the quantum dot. (Top left)
Overview of a registration marker cshowing the four course alignment markers used to manually alight
the EBL prior to sequential fabrications with a close up of an individual maker shown (bottom left). (Top right)
Image of a single registration grid rotated as would be observed if the sampiisaligned with respect to

the scanning stage axis. (bottom right) Depiction of how rotation of the sample results in an increased
measured length for both the quantum dot position and marker separation.

In order to mitigate problems as a result ofighsignificant care is taken when initially
aligning the sample to ensure orthogonality between the -fabricated registration
markers and the scanning stage of the objective lens. As such, checks are performed using
the EBL coarse write field alignmantrkers as depicted iRigure3-6. As these markers

are parallel or perpendicular to the axis of the registration markers, if the scanning stage
is aligned to these, then it will also be aligned to the registrati@rkers. Alignment is

achieved by manually rotating the cryostat until it is possible to scan between adjacent
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markers using a single axis of the scanning stage. As the separation of the EBL coarse field
alignment markers is relatively large, typicallyd®8 G Ky nnn >YX AG Aa |
the angle offset between theample and the scanning stage to less than half a degree. If

the upper limit of half a degree is considered, then the actual position of the quantum

dot as presented ifFigure3-6, would be systematically shifted o pmt b 8For a
YSRALFY RAA&LIX | Qist&rgsponds o arr etror less Yhan 0.3 nm, and it is

therefore not considered to be significant when compared to the physizal @i the

guantum dot.

3.3. Registration

Initial experiments to determine the viability of dot registration were done without the
use of a solid immersion lens. The primary focus of these probing experiments was to
determine optimal parameters and identify atidnal limiting factors, as well as identify
systematic sources of error. By identifying impediments to the registration technique
without the involvement of the solid immersion lens, objectivity can be maintained. It is
reported in the literature that fo a conventionamicro-photoluminescencesetup, the
precision in the positional accuracy saturates at approximately 50 nm. In attempting to
replicate this success, any limiting factors should be readily identified as a broadening in

the distribution of therelative position.

The relationship between the stegize of the objective lens and the error in the quantum

dots position is unknown. Therefore, several data sets are simulated containing two
displaced Gaussian peaks, one representing the quantum dbtremother representing

a marker. The properties of the two peaks are chosen to be identical, both with a FWHM

2T M >Y® wlyR2Y y2A4S Aa AYOUNRRddzOSR Ayid2 G
of the peak intensity in order to approximate experimerdgakervations. The same least

squared fitting procedure which is used to process measured quantum dot data is used

to determine the distance between the simulated peaks. The resolution of the simulated

RFEGF asSia Aa OK2aSy 7T NZPrigusresokitionsivifichponldbgY G2 |
used during registratiormeasurements. For a selection of the simulated data sets,
empirical measurements are performed on a suitable quantum dot to determine the

validity of the modelled data. Results are presented~igure 3-7 which show good

agreement between the observed and expected distribution width.
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Figure3-7 ¢ FWHM of the relative quantum dot position for both simulatdddk) and measured (red) data
for a conventional photoluminescence registration setup with a resolution of approximately 1pm

From the simulated data presentedkigure3-7, it could be assumed that by decreasing
the step size between scan points during registration, incrementahyaller
improvements in the accuracy could be achieved. However, as the error in the mean
value of a normal distribution is equal tﬁ: , Where,, is the standard deviation andisl

the number of data points, the observed exponential decay means that it can be
beneficial to use larger step sizes and simply perform additional scans. If the total time
taken to achieve aarbitrary error for the mean of the normal distribution is partional

to v where Y@isthe step size of the objective lens, then by using the exponential fit to
the simulated data fronfrigure3-7, the relationshifbetween step size and experimental

time required to achieve a givearror can be determined, aghown inFigure3-8.
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Figure3-8 ¢ Total time taken to achieve an arbitrary error for the position of a quantum dot as a function of
the scan resolution. Total time is calculated assuming the error increases exponentially with the step size, that
the number of scans required to achieve a given error is proportional to the square of the error in a single scan
and that the time taken is praptional to the number of scans and inversely to the step size

For the purpose of this work, it is not the aim to find the most efficient scheme of

registering quantum dots for deterministic fabrication. Rather it is to determine the best
possible accurgy that can reproducibly be achieved when using a solid immersion lens.
It would prematurely seem then that a finer step size will always result in a reduced
distribution width for the relative position of a quantum dot. This however does not take

into acmunt systematic sources of error which may be time dependant.

3.3.1. System stability

In the process of identifying the optimal scan parameters, it was observed that the
positions of the quantum dot and markers changed with time. This affect is anticipated
due o instabilities as a result of vibrations, as well as a torque from the liquid helium
transfer tube. Provided that the quantum dot and marker both drift at the same rate, and
that the rate of drift is small on the time scale of a single scan, then thist isxpected

to result in significant systematic errors.
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For a set of 10Gcans with a scan resolution of 250 nm, the central position of the
guantum dot and a marker are determined as a function of time. The results of the scans
are presented in Figure 3-9 which show a drift rate of approximately

16 nm mint for both the marker and quantum dot positiokVhilst this drift rate is not
negligible on the time scale of a single scan (approximately 10 to 20 secands)y
represents a systematic error in the relative position of the quantum dot of
approximately 4.0 nm in each scan. We comment that whilst the linear fit to the data
does in general agree with the observed trend, it is not expected that the sampte drif

should always behave in a linear manor.

Furthermore, whilst it is expected that the marker and quantum dot positions should drift
parallel to one another, the linear fits to the data show only a small relative drift of
1.4 1.2 nm mirtbetween the maker and the quantum dotBy plotting the relative
distance between the quantum dot and one of the registration markers as a function of
time, as shown irFigure3-10, it becomes apparent that the relative drift tveeen the

two peaks is likely a result of statisticadise.
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Figure3-9 ¢ Observed drift in the position of a quantum dot and registration marker due to mechanical
instabilities of the system. Positions sho are the centre of a Gaussian fit to the collected signal and
represent the absolute position of the objective lens on the scanning stage.
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Figure3-10¢ Centre of a Gaussian fit for the relative positifrthe quantum dot to a registration marker as

a function of the scan time (black). A least squared constant (blue) and linear fit (red) fit is performed to the
data to determine the relative drift rate between the quantum dot and the markers. An upped mfid..99

nm mintis calculated, however this is considered to be due to the relatively large fluctuations in the calculated
relative distance.

As a precaution due to the observed sample drift, the step size of the objective lens during
registration scas of 250 nm has been determined appropriate to achieve optimal
accuracy during dot registration whilst minimising the overall scan time, and therefore
systematic errors associated with sample drift. The expected lower limit for the
distribution width, ful width at half maximum, at this step size is 31.4 nm fiiéigure

3-7. If the step size was increased to 100 nm, then the distribution width would be
expected to reduce to 28.5 nm. This reduction of 2.9 nm woudtkase the time of each
scan by a factor of 2.5, and therefore increasing the systematic error due to sample drift
from 4 nm to 10 nm. Whilst it is possible to correct for this systematic error to some
degree, there will always be an inherent error carriedvards. It is therefore preferable

to simply reduce the run time to mitigate its impact.

In practice, it was found that even with smaller and smaller step sizes, the FWHM that
could be achieved during measurements for the relative position of a quarniom
plateauedat a step size 250 nm. The smallest FWHM in¢tadive position of a quantum

dot that was obtained without a solid immersion lens is showfigure3-11 where a
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FWHM of 52.8 nm was obtained. Thedue is very close to the ~ 50 nm value reported

by others[2][23] and therefore provides confidence in the registration setup.
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Figure3-11 ¢ Histogram of the Variance in the relative posit{ona single axis) calculated for a quantum dot
relative to a registration marker. A Gaussian peak (black) is fitted to the measured data (red) which shows a
FWHM of 52.8 nm. This value is in good agreement with the best values reported in the litenasimélar

setups.

3.3.2. Surface Damage

In order for the micro photoluminescence setup to achieve optimal resolution with a solid
immersion lens, and therefore realise the highest benefits for registration purposes, the
solid immersion lens must be in mechanicantact with the samples surface. The
surfaces of the solid immersion lens, specifically the bottom one in contact with the
sample, are finely polished to achieve a high quality optical finish. It is contrary to
expectations, that it i®bserved that de to fine positioning of the lens on the samples
surface, extensive damage can be done to the wafers surface in the form of scratches. A
scanning electron microscope image which shows a significantly damaged registration
grid with a waveguide is presentaéad Figure3-12. Whilst surface damage of this extent
was not observed for all samples studied, at least some level of suitavage was

found. It was also found that the extent of the damage was increased whexy asi
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mechanical positioner, rather than high viscous bonding, as a result of the increased

normal force.

From the SEM image gure3-12, line sections are taken through several scratches and
show a maximum widt of approximately 200 nm. From the SEM image alone, the depth
of the scratches cannot be determined, however, as the quantum dots are only 70 nm
away from the surface, it is expected they will by highly sensitive to any defects.
Furthermore, any such sdches on the surface of a wafer where a photonic structure is

fabricated will manifest as scatter points, reducing the overall performance of the device.

EHT = 4.90 kV Signal A=InLens Date :27 May 2014
Mag= 954 X Photo No. = 3269  Time :15:57.00

Figure3-12 ¢ SEMImage of a sample which has hadsalid immersion lens repeatedly positioned on the
surface of the sample. Due to the small aberration free image region of solid immersion lengesgissairy
to precisely align the centre of the lens with the centre of the registration markers.

The case of such scratches is believed to be due to the relatively soft gallium arsenide
with respect to the cubic zirconium solid immersion lens. In order to characterise a
materials resistance to scratching, the Mohs scale is used which ranks materialsron the
relative abilities to, and to be, scratched. Gallium Arsenide has a Mohs rating[@8%.5
whereas the Zrgxsolid immersion lens has a rating of2®], making if far more likely to
scratch GaAs and less likely to be damag&dnerouswhite specsare present irFigure
3-12with saturated contrast which represents small fragments of surface contamination.
It is thoughtthat small pieces of contaminants will be present on the surfacéhef

sample due to the normal handling of samples which often results in slight damage to the
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edges of the wafer. Additionally, where etched features exist, the sharp corners of these

features will be prone to chipping, resulting in additional contaminants.

We report measurements for the roughness of the contact surface of the solid immersion
lens, after it has been used for dot registration and finely positioned over a registration
grid. Measurements are performed using atomic force microscopy with topmabplots
shownfrom various locationsf the Sllin Figure3-13. AFM measurements are performed
using apinhole mount to hold the inverted solid immersion lens stable during scanning,
where representative pointa/ere taken at several locations near the middle and edge of
the lens. 1 is expected that large areas of optically flat regions will exist, with several

contaminated regions where GaAs fragments have been transferred.

The identification of contaminants othe solid immersion lens, with typical widths
corresponding to the sizes of observed scratches provides confidence as to the origin of
the scratches. As a preventative measure to protect the samples surface from damage of
this type during dot registrationa temporary layer of 100 nm thick $i® deposited on

top of the fabricated registration markers. As Sii@s a Mohs rating [80], much higher

than that of GaAs, damage to the samples surface will be significantly reduced.
Furthermore any damage to this surface is not expected to penetrate through the SiO

layer to the GaAs.

Figure3-13¢ Atomic Force Microscopy images of a 1 mm diameter solid immersion lens after it has been used
for dot registration. Images show two representative points near the middle (left) and edge (right) of the solid
immersion lens. Tehmajority of the surface is seen to be optically smooth, with contamination spots 10 nm
to 200 nm in size.

Plasma enhanced chemical vapour deposition (PECVD) is used to deposit, thet&iO

the sample surface at a rate of 40 nm per minute. Once the t&ahgs been studied, and
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a suitable number of quantum dots registered, the Si@n be removed in a weak, 10%
by volume, hydrofluoric acid solution for 60 seconds. After rematiadsiQ the sample

can be processed as normal should the fabrication otqhic structuresbe desired.

We present two SEM images kigure 3-14 which show the surface of a wafer with
registration markers; initially after the deposition of gi@nd after the Siphas been
removed after keing used to protect the sample from positioning a solid immersion lens.
It is noted that excessive force is used in a deliberate attempt to scratch the sample
shown inFigure3-14 to ensure that sufficient protedn is provided by the SOBy

comparison of the two images, no eviderafesurface damage as a result of scratching is

observed, validating the use of a hard mask to protect the samples surface.

Figure 3-14 ¢ (Left) SEM image of a wafer after registration markers are fabricated but prior te SiO
deposition. Due to the number of processing steps required to fabricate registration markers (Cleaving, Spin
coating, EBL, Development and Etching) repeated mdmaralling of the device has already introduced some
level of contaminates as highlighted (red circle). (Right) SEM image after the protectiley8i®as been
removed showing no signs of surface damage. A small area of decreases contrast is appanehaavafer
fragment which is thought to have been trapped under the itich may have acted as a nucleation site for
deposition.

Where a fragment of semiconductor is present in both SEM images, it is likely that it has
become trapped under the Si@yer. These particulates on the wafer surface will act as

a nucleation site during PECVD, increasing the local thickness,@it &i@t point. As a
result, these areas may not be fully removed by the hydrofluoric acid in a single 60 second
etch, and henceexplains the presence of the dirt in both SEM images, as well as the

darker region surrounding it. It is not thought that this will have any significant effect on
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either dot registration, or the performance of fabricated structures, provided that

contamiration spots are suitably far away.

The protective qualities of Si@re evident. However it is necessary to confirm that the
properties of quantum dots are not detrimentally affected by its presence. That is, a
guantum dot must exhibit the same spectrabperties, both with and without the S{O
layer. If any significant spectral changes occur as a result of the protective layer, then the

ability to selectively register quantum dots based on its properties is lost.

To determine the effects of the protecévayer on the photoluminescence of quantum
dots, two sets of three dimensional colour contour plots for a single registration grid are
produced, both before and after the deposition of $iThe collected photoluminescence

is detected via the CCD of thpestrometer, rather than an APD, to preserve the full
spectral information for all quantum dots within the registration grid. In order to prevent
scratches affecting the properties of the quantum dots before the protective iSiO

deposited, the scans agerformed without the aid of a SIL.
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Figure3-15 ¢ Colour contour plotshowing integrated photoluminescence signal recorded over the spectral
range of 90@; 950 nm for the same registration grid before after SiQ has been deposited on the samples
surface.

Scan parameters were fixed between the two scans to enable a direct comparison. As

multiple excitonic states are typically observed in our samples for individual quantum
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dots, a high excitation power issed to produce the contour graphs. A near saturation

L2 6 SNI 2F | LILINE EA Y ( S4=8633mm)rexcitation [As2rNg clioges, | Sb S
with a scanning stage resolution of 500 nm. The integration time on the CCD is set to 500

ms to provide sufficiensignal contrast, whilst maintaining an overall short scan time to

reduce the effects of drift.

Integrating the recorded intensity spectrums over a lasgectral range (900 nm to 950
nm), and normalising to the maximum value, a colour contour plot isymed which
shows the locations of nearbll quantum dot within the registration grid, and removes
fluctuations due to the wetting layer and GaAs band dgagure3-15 presentsthe colour
contour plots for the sameegistration grid before and after Si@as been deposited.
Prior to the second scan, the scanning stage is manuaibligeed to the same

registration grid, however some level of offset between the two scans is expected.

Good agreement is found betweetlie two contour maps, with a calculatety 0 Y
difference of ¢ b By calculating the residual between the two plots, as shovirigare

3-16, it is possible to highlight where any significant differences occur. We identify
apparent artefacts in the redual plot, with an example highlighted inside the red box,
where at the site of a quantum dot, the sign of the residual changes from positive to
negative over a short period. The origin of this affect is believed to be a result of an
artificial hysteresi®f the stage positions introduced when producing the contour plots.
Whilst the scanning stage is operated in a closed loop providing accurate recordings of its
position, in order to produce the colour contour plots, it is necessary to bin the positions
recorded during the scans. This sign change is therefore attributed to a small spatial offset

of the scanning stage.
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Figure 3-16 ¢ Residual between the colour contour plots generated by integrating the observe
photoluminescence spectrums over the wavelength rangec®8D nm for the same registration grid with
and without Si@deposited.

Further investigations of areas which appear to show moderate changes in signal
intensity are found to be the result of @mbination of factors. It is noted that quantum

dots at these locations typically exhibit poor spectral properties, with numerous charged
states present. Due to the increased number of relaxation pathways this provides,
saturation of these dots typicallyequire higher excitation power than those used to

perform the scans. The recorded photoluminescence is therefore more sensitive to the
position of the excitation laser. Subtle differences between the two scans are therefore

explained as a result of the fia step size used to produce the scans.

Whilst the integrated intensity provides confidence that quantum dot emission is not
guenched due to the protective layer, it provides little information regarding spectral
consistency. We therefore show kigure3-17 a representative comparison of a typical
guantum dot spectrum before and after the deposition of SiD is shown that the
spectral features are nearly identical, with the dominant spectral line centred ar88nd

nm clearly visible before and after the deposition of Si@iditionally the presence of

less dominant spectral features agree well with each other between scans, such as the
cluster of states present around 902 nipparent changes in the relativeténsity of
certain peaks are again attributed to the finite positional accuracy of the scan, and

therefore a reduced excitation power felt by the quantum dot. It is therefore concluded
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that the deposition of a SigOhard mask, to act as a protective layprior to dot

registration, is acceptable.
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Figure3-17 ¢ Spectral comparison for a single quantum dot, identified by the relative position of its integrated
photoluminescence signal, before (black) and &fted) the deposition of Si@n the surface of the sample.

The relative intensities of peaks are seen to change which is attributed to the finite resolution of the scans
performed. The ability to identify corresponding peaks in both spectrum providderw# that the spectrum
remains predominantly unchanged.

3.3.3. Solid Immersion Lens Enhanced Registration

With confirmation that a solid immersion lens can be used without having a detrimental
effect on the sample, the viability of solid immersion enhancedrdgtstration is now
explored. To ensure the absence of geometric aberrations as a result of the solid
immersion lens, a 3D contour plot is first generated by measuring the reflected laser
signal from the sample surface through the solid immersionlendusih t 5 Qa | a |
of the stage position. Should any distortion in the image be present, this would mean the
assumption of a constant magnification over the small scan ranges considered is false. It
would therefore be impossible to determine the relaiposition of the quantum dot as

it would require precise knowledge of how the magnification changes with respect to the
a0l yyAy3a aidl3SQa LRaAAGAZ2Y D
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when examined under a solid immersion lens. Areas of reduced signal intensity correspond to etched marker
patterns.

The 2D contour map fwesent inFigure3-186 KA OK aK2¢g | mMp >Y o6& wmp >Y N
grid with horizontal and vertical registration markers carefully aligned to the scanning

aiGr3sS FEA&ad ' allyyAy3 &aidr3S &ad4SLI aAl S 2F w >Y
magnification of the SIL, corresponds to a resolution of better than 400 nm on the

samples surface. By vistrépection no obvious aberrations aagpparentwhich would

havebeen expected to manifest as curvature in the straight registration markéeragae

precise measurement of the curvature is presented-igure3-19 where the relative

separation of two markers is plotted as a function of position. The data is fitted well by a

straight line with agradient ofr@t  p&l iti , confirming no significant distortions

are present which would adversely affect the registration process.

For conventional dot registration, without the aid of a solid immersion lens, it was
observed that relative drift between the sangpland objective lens resulted in a
continuous systematic error in the relative position. It has previously been stated, that
when using a solid immersion lens, the travel distance of the objective lens is related to
that of the excitation spot by the effége magnification. As such, the relative drift
between the sample and the objective lens should also be reduced proportionally to the
effective magnification of the SIL. For comparison with the system statslityrted

without the aid of a solid immersiolens g d i1 E ), the relative drift between the
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guantum dot and a marker as measured under a solid immersion lens is presented in

Figure3-20.
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Figure3-19 ¢ Relative separation of the vertical registration markers (showfignre3-18) as a function of
horizontal position. A linear fit shows the separation is constant, and therefore no significant variation in the
magpnification § expected.

A relative drift rate of 0.12 nm mihis obtained which is significantly less than expected
considering enhancements due to the magnification of the solid immersion lens alone.
As the relative drift of the sample is subject to numerous emritental conditions, it is

likely that the drift rate will fluctuate on a measurement by measurement basis. One such
source of drift is considered to be vibrations as a result of back pressure within the helium
return line due to the simultaneous operati@f additional cryogenic systems. Whilst
steps are already taken to minimise this affect using an additional expansion vessel, the
affects cannot be controlled entirely. It is however enough for now to conclude that the
use of a solid immersion lens showsignificant reduction in the drift rate, from 16.9 nm

min?t without a SIL, to as little as 0.9 nm mMiwith a SIL.
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Figure3-20 ¢ Relative distance between quantum dot and registration marker as a funcfitime. An
average drift rate of 0.12 nm miris calculated, which on the time scale of a single scan (~1.5 min) represents
a negligible error.

As with conventional dot registration, it is seen that the distribution width was strongly
dependent on the ep size used to move the objective lens during scans. Without the aid
of a solid immersion lens, the distribution width of the relative position of the quantum
dot was seen to saturate at 52.8 nm édeigure3-11). This was the case for step sizes of
the objective lens of less than a few hundred nanometres. When a solid immersion is
used in the optical setup to register the position of a quantum dot, it should be seen that
a similar step size for the objective leissrequired. The reason the a similar step size
should be required, is that the resolution of the system is increased by the SIL by the same
factor which relates the translation of the objective stage to the translation of the focused
spot on the samplesurface. This is confirmed by measuring the position (in one axis) of
a single gquantum dot for various step sizes. A similar exponential decay is observed to
that of the one n Figure3-7, as shown irFigure3-21, which suggest the resolution
saturates at 10 nm. This distribution width is significantly better than that observed for
conventional dot registration, which represents an improvement by approximately a
factor of 5. This value is in good agreement with the magnification provided by the solid

immersion lens, which is equal to the refractive index squared. For the cubic zirconia solid
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immersion lens used, with a refractive index of 2.12 at 9293ih the magnification is

expected to increase by a factor of approximately 4.5.
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Figure3-21 ¢ FWHM for the relative position of a quantum dot measured with various scan resolutions in a
single axis. An exponential decay is fit (red) to the data (black) which shows good agreement and predicts a
maximum accuracy of 10 nm.

Basedupon the data presented iRigure3-21, it is proposed to use a scan resolution of
250 nm (4 steps um). If the resolution was increased to 200 nm, the FWHM was shown
to decrease by 0.6 nm. Given this would résula 25 % increase in the total scan time,

it is likely to result in larger systematic errors than the 0.6 nm decrease in the measured

distribution width.

Using the proposed scanning stage resolution of 250 lnme scans are repeated 100
times in orderto produce a statistical distribution for the relative position of the quantum
dot. Thepeak registration accurampserved was calculated to haaalistribution width

of 8.58 nmfor the relative position A histogram showing the variance in the calculated
relative position between the quantum dot anone of the registrationmarkers is
presented inFigure3-22. The Gaussian fit to the data results in an adjustsidual
squaredvalue of 0.949confirminggood agreenent. The significance of this is that the
Gaussian nature of the distribution suggelatsitations in the accuracy of the technique
are dominated by random noise, such as vibrations, intensity fluctuations or electronic

instrumentation noise. It is therefe appropriate to use the average value calculated for
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deterministic fabrication. Based on the 100 line scans used to generate the histogram,

the error in the central position is calculated to be 0.36 AM.- .
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Figure3-22 ¢ Histogram of the variance in the relative positions (in a single axis) calculated for a quantum
dot relative to a registration marker. A Gaussian peak (black) is fit to the mebdata (red) which shows a
FWHM of 8.58 nm. Based on 100 scans, the error in the mean position is calculated to be 0.36 nm.

In order to both confirm the reproducibility and validity of the claim of such a significant
improvementin the distribution widthdue to the SlLthe positions of several quantum
dots are registered, ideally to be used later in photonic structures. A scatter plot showing
the distribution widths calculated for the relative position of each of the dots registered

is shown irFigure3-23.

It is clear from the scatter plot that the use of a solid immersion lens results in a
measurable improvement in the achievable accuracies, with at best, an 82% reduction in
the distribution width over the besaccuracies achieved without the use of a solid
immersion lens. Although significant variance exists in the values reported, the largest
distribution width of approximately 30 nm still represents a 20 nm improvement due to

the SIL.
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Figure3-23 ¢ Scatter plot showing the FWHM for the relative positions measured of several quantum dots
using solid immersion lens enhanced dot registration. A mean distribution width of 19.2 nm is calculated,
significantly belowthe 50 nm limit which is observed for conventional dot registration. A maximum and
minimum distribution width of 30.0 nm and 8.6 nm respectively.

3.4. Conclusion

Using a scanning micghotoluminescence setup, the statistical variance in the
calculated relatie position of a quantum dot has been measured, both with and without
the use of a solid immersion lens. Without the use of a solid immersion lens, the smallest
distribution width experimentally achieved was found to agree well with other groups
who also eport a distribution full width at half maximum of approximately 50 nm. It has
been confirmed that the use of a solid immersion lens can significantly increase the
accuracy of the dot registration technique, resulting in a distribution width of 8.58 nm at

best for the position of a quantum dot relative to a registration marker.

Whilst in principle, numerous repeat scans may be performed to reduce the error in the
calculated position, this can be time consuming. Due to the reduced distribution width
observedwhen using a SIL, nearly 34 times as many scans would be required of the
conventional registration setup in order to achieve the same error in the calculated

position. Additionally, as the solid immersion lens effectively desensitises the registration
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sydem to vibrations and drift between the sample and objective lens, systematic errors

as a result of sample drift are shown to be reduced.

Although the solid immersion lens was found to damage the surface of the wafer, it has
been shown that the use of angorary SiQlayercan be useds a protective layer to
mitigate this. SEM images, integrated photoluminescence contour plots and spectral
comparisons of quantum dots before and after the deposition ot B&e shown that

the use of a SiDlayer has no deimental effects on the sample, or the

photoluminescence properties of the quantum dots.

78| Page



Dot Registratior References

3.5. References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

(8]

9]

[10]

A. Imamoglu, D. Awschalom, G. Burkard, D. P. DiVincenzo, D. Loss, M. Sherwin,
YR | & { Yuminformhatidnprdiessiiig using quantum dot spins and
Ol @A (i ®hys. Rév.3 éfvol. 83, no. 20, pp. 4204207, 1999.

S. M. Thon, M. T. Rakher, H. Kim, J. Gudat, W. T. M. Irvine, P. M. Petroff, and D.
. 2dz6 YSSAGSNE G{ GNPy Jpoddignomy of & qyiadtund dON® dzI K 2 L
I LIK20G§2YyAO ApNIHys. LettvolOoK, @id 1i1epz 141115, 20009.

td [2RIFIKES {® al KY22RAlLYS FYR {® {20087
j dzl yidzYy R2G& 6A0K LIReR MBdyPh@volyd7yhe a, piNdzO G dzNF
347¢400, 2015.

R. J. Coles, D. M. Price, J. E. Dixon, B. Royall, E. Clarke, P. Kok, M. S. Skolnick, A.
a® C2EZ YR a® bod al 1 K2yAyZ a/ KANItAGE z
embedded quantum emitter for unidirectional spin transfelNa&t. Commun.

vol. 7, no. 2015, p. 11183, 2016.

D. Englund, D. Fattal, E. Waks, G. Solomon, B. Zhang, T. Nakaoka, Y. Arakawa, Y.
LEYEY20G2Y FYR WO +dz6120A00X a/ 2yGNRETAY:
single quantum dots in a twdimensional pha2 y A O  PRys. Révl Lietkad.

95, no. 1, pp. 5, 2005.

ld td C2a0SNE G¢KS2NBGA OV sdmicdhdubidt LIS NRA Y Sy
YIYy26ANE KSUGSNRAGNHzOGdZNBaAzZé y2d b2@3SYodSNH
T. B. Hoang, A. F. Moses, H. L. Zhou, D. L. Dheéaj-itnland, and H. Weman,
GhoaSNBIFGA2Y 2F FTNBS SEOAG2Y LIK2G2f dzZY Ay ¢
DIF! a vy I yApph RAYSSZeivel. 94, no. 13, pp.cé, 20009.

YO I d 5A013 da! NBGASG 2F yI y2okmdBE IANR GG F

elements with emphasis on Aassisted [H Y | Y 2 BragN@y&t>Growth
Charact. Mater.vol. 54, no. &4, pp. 138173, 2008.

¢d afNISysaazy FyR to /FNIOGSNHZ bl y2shaNE
Lithography-2004-a it NIi Sy & a 2 yNar® lett,Ind. @GvHJRpPEEL 1§ 2004.

L. K. Van Vugt, S. J. Veen, E. P. A. M. Bakkers, A. L. Roest, and D.

79| Page



Dot Registration- References

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

I+

FyYES1St0SNEKSE GLYONBEFAS 2F (GKS LK2G2€ dzYAy $Sa
08 LIK2G21 aaiais R Anden. Sfol L271a 350 G A2y S ¢
1235712362, 2005.

. ® bd WP t SNBRAZ2Y -hokkpair dquenchingpof ¢xtitgti3tatesd 9 f SOG NR Yy
Y S NJ | PhysSSRel.®a.£6, no. 10, pp. 54Q9415, 1982.

M. N. Makhonin, A. P. Foster, A. B. Krysa, P. W. Fry, D. G. Davies, §,. Tcrang
2 f GKSNE ad® {d {12fyAO1Z YR [® wd 2Afazys al

SYOSRRSR | dzt v (i da¥and LetEvilii13, Bor 3, (iplis@Bes, = ¢
2013.

/| ® / KSy3a YR I & Wd CFyZ a.NIYOKSR yly2iANBay
I LILI A ONanokTadg &AL &, no. 4, pp. 32843, 2012.

QX
w»
-<
(@]
~h
D

5 vd Fy3d IyR 9@ {I OKSNE a! OOdzNI} 4GS I a
nanoparticles into nanowires by contact atomic force microsebased
Yy Iy 2 LJ2 & AJiiPhya.\CReyn 31.£111, no. 27, pp. 101650109, 2007.

M. E. Reimer, G. Bulgarini, A. Fognini, R. W. Heeres, B. J. Witek, M. A. M.

Versteegh, A. Rubino, T. Braun, D. Dalacu, J. Lapointe, P. J. Poole, and V. Zwiller,
Gh@SND2YAY3I LI26SNI oNRBI RSyAy3d 2F GKS jdzt yidzy R
Yy Iy 2 & AINIBS3¥6, pgd 89, 2016.

Wod ¢FGdSolrelrakKAas |, ® hilx {® LaAaKARI I ad bAaKAz2]
controlled formation of InAs/GaAs quantudot-in-nanowires for single photon

S Y A U (ABpNEhYSE Lettvol. 100, no. 26, 2012.

C.MatK A S$aS8Sys ! & +FYAGI{Fas FYyR ad ! GFINNBZ &{ dzo
t K2G2y& TFTNRBY Phys Rib. /efivorYl085m.03pp.ct, Feb.
2012.

I A 4 4 oAa

[®@ 1 2FT&a0SGGSNE ' & . FdzY3F NIYSNE FyR {d /a2yl s

nanowire patterningand stk f A 3y SR St SOUNB Ol O2y Gl Odaxze LI

P. Gallo, M. Felici, B. Dwir, K. Atlasov, K. F. Karlsson, A. Rudra, A. Mohan, G.
CAFAA2ET [ {2NDBF X | yeBnrdlebpyyamid® vz aLy G SIANIF GA2Y
j dzl yGdzY R2G& FyR LIK20G2y 2008CoMNRaaatktni YSYOoONF yS O

80| Page



Dot Registratior References

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Electron. Laser Sci. Conf. Lasers Ekéapitics, CLEO/QEMSI. 263101, no. 2008,
pp. 1c4, 2008.

[® hd aSNBYAS +& S5AYF&0NRR2y-LottdEd wd WO
quantum dot system offering both high uniformityRn & LJS O G Ndpdl. LJdzNX § & >
Phys. Lett.vol. 94, no. 22, pp. a3, 2009.

C. Schneider, A. Huggenberger, M. Gschrey, P. Gold, S. Rodt, A. Forchel, S.
Reitzenstein, S.afFf Ay3Z I yR ad Y| YetdRolled quArdull 0! &k DI
dots with tailored morp f 2 38 | Yy R KA IRhys23tdiud SolkdiAppl. dzI £ A ( ¢
Mater. Sci. vol. 209, no. 12, pp. 2372386, 2012.

WP | SNNI YT X [ 2SgA2NE . @ ! fSYy>S 5d Cdzais
re-growth interface preparation process for spectral hwalth reduction of

singleINnAssit®2 Yy 1 N2 f £ SR  INdabtgthindiyvel. 26, BodlD, .

195301, 2015.

A. Dousse, L. Lanco, J. Sufisky E. Semenova, A. Miard, A. Léreal. Sagnes,

| ® w26t AysS Wo . f20KS htmater coupling f& g Snpjlé | NI = ¢
guantum dot embedded in a pillar microcavity usingiffatd optical

f A0 K2 3PNys.IREvE LEff/0l. 101, no. 26, p. 267404, Dec. 2008.

/o . SYGKIYE Ld 90 LGA]1SOAOKST Paliagawd / 2 ¢ Sz
AP ad® C2ESX ad { o { | zchiydletricaly donfitled] ® wd 2 A f
NRdzi Ay3 2F LIK2G2y4& TANR Phyd. Letivalyia@st nd. |j dzl v G dz
22, p. 221101, 2015.

K. Hennessy, A. Badolato, A. Tamboli, P. M. Petroff, Eatdrét]. Dreiser, A.
LYFY2€efdz= Yo | SyySaaes '!'o . R2fl 2% | & ¢
Ge¢dzyAy3d LK2G2y A0 ONRaAGEHE ylFy20F@AGe Y2
¢CdzyAy3d LK2G2yA0 ONRAGEFE ylIy20F@AGe Y2
21108,pp. 1c4, 2005.

K. H. Lee, F. S. F. Brossard, M. Hadjipanayi, X. Xu, F. Waldefrvin@reen, D.

N. Sharp,AJ. Turberfield, DAWilliams, and RA¢ @ f 2NE a¢ 26 NRa NBEB:
aAy 3t S |jdzl yidzy R Rahotechiaalag@gl. ADNoRISHTA OS & DX é
455307, Nov. 2008.

8l| Page



Dot Registratior References

[27]

[28]

[29]

[30]

[31]

t® . d® 582GFNBT L .dfdz LP 2d CNIY|lZ vd vdzd ys
2 LJGAOFE NBO2YTAIdzNI { ANAtyCoirfiun.2oLE @Y SOKI y A OF £ TAf
May, p. 846, 2012

L. I. BergerSemiconductor material€RC Press, 1997.

Dd . 2383a&KINIZ &/ dzoSctveiferlisthesiGemmelBl.XVIVAE.NO2 YV A | & X ¢
4, pp. 244256, 1978.

a® 9 . NRI I wod CPd /2212 YR 50 [d 2KAGYSesT daa
Y2 Rdzf dz& 2 F a 2 KAm. Bifdral, \®1.9Y; hoy'1S phl- 185847, ¢
2006.

5¢& [® 222R YR Y® blaaldz awSTNI OGABS AYyRSE 2
& { ( Wppl Gpk vol. 21, no. 16, p. 2978, Aug. 1982

82| Page



Deterministic Fabrication With Registered Quantum Ddtgroduction

4. Deterministic Fabrication With

Registered Quantum Dots

4.1. Introduction

In the previous chapter, it was demonstrated that the uncertainty in the relative position

of a quantum dot via dot registration could be significantly reduced by more than a factor
of 5 at best using a solid immersion lens. Whilst significant care was takemy dbe

steps required to register the position of a quantum dot, compounded systematic errors
will undoubtedly be present and carried forward. Although the accuracies quoted for the
registration process provide an indication of the techniques accuraisyimpossible to

state how precisely a structure can be fabricated around a quantum dot using this value
alone. This is considered to be the case regardless of whether a solid immersion lens is
used or not, and therefore, independent confirmation of tlerall deterministic

fabrication accuracy is required.

In this chapter, the precision of the EBL which is fundamental for registration purposes is
investigated to provide an estimate of systematic errors which may be introduced. A
guastindependent methodof confirming the registration accuracy is then used by
deterministically fabricating supplementary registration markers at-getermined
distances away from the registered quantum dot location. The quantum dot location is
then reregistered relative tathe new markers in order to provide the total error of

deterministic fabrication.

Additionally, the properties of quantum dots during the registration process are closely
monitored before and after being deterministically positioned within a nanobeam
waveguide. Using the physical properties of the modal structure of the nanobeam
waveguides, an additional, entirely independent, measurement of the total error in

deterministic fabrication is calculated.
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4.2. EBL Precision

Lithographic fabrication processes;igr to dot registration, are considered to be the
dominant cause of systematic errors. Any variance in the relative positions between
registration markers, which are used to measure the relative position of the quantum
dot, as well as calibrating the mafjoation of the SIL, will induce errors in all subsequent
steps. Additionally, similar fabrication errors of thealignment markers used by the
EBL to realign the writing field prior to additional fabrication processes will also result in
systematic erors. Therefore, in this section, the stability and accuracy of the EBL is
investigated to determine at what precision sequential fabrication processes could be

performed.

4.2.1. Sources of Error

Precise and reproducible fabrication using electron beam lithalgyds highly sensitive

to a range of parameters. Initial steps prior to patterning a sample typically focus on
ensuring the alignment of the electron beam is aberration and stigmation free. This
process uses a series of short but intense exposures teasimall dots on the samples
surface. Despite not being able to develop the resist within the EBL to see the shape of
the exposed dots, small amounts of contaminants present in the vacuum bind to the
surface and provide sufficient contrast. Through iterat adjustments to the
electromagnetic lenses, and position of the sample stage, it is possible to ensure the

electron beam produces spherical contamination spots with a near optimal focus.

Whilst it is important to optimise parameters such as the beampsh@ ensure high
quality, reproducible fabrication steps, the errors introduced for dot registration
purposes will be minimal. Rather, precise alignment of the electron beabrdipate

system to that of the desired patterns on the sample representsectgource of error.

Due to the finite resolution of the analogue to digital converter used to deflect the
electron beam, allowing the exposed location on the samples surface to be adjusted, the
smallest supported fabrication grid, 2500 pim size (50 pnty 50 pm), is used. In order

G2 OFfAONIYGS FYyR FftA3dy GKS SftSOGNRY oSFY (2 | aL
Fdzi2YFGAO WegNAGS FASER FEAIYYSYyidiQ LINRPOSRdAzZNE A

QX

where no preexisting structures are presemn the samples surface, contamination
spots as previously described are used as a reference point. Using an interferometer, the

position of the sample stage is moved a known distance away from the contamination
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spot, varying on scales of tens of microngstito hundreds of nanometres. Using image
recognition software, the electron beam is deflected in an attempt to locate the
identifying marker (contamination spot) at the reference point, and from which, the
required deflection of the electron beam can belibrated. Where prdabricated
structures are already present, the technique is modified slightly as will be discussed

later.

During write field alignment, several apparent sources of error are identified which may
introduce systematic errors in the reg@ation process. These may include effects such as
sample drift or the finite resolution of the system used to determine the calibraten.
such, the deflection of the electron beam may be distorted from that which is actually
desired, resulting in the tative distance between the fabricated registration markers
being wrong.As these markers are needed to calibrate the magnification observed
through the solid immersion lens, as well as act as a reference point from which the
position of a quantum dot cabe registered, even a small error may be compounded
such that it is significant. An example of the fabrication error which may occur as a result

of this is shown ifrigure4-1.

4L

] [

Figured-1¢{ OKSYl A0 RSLIAOGAY3T WAGNBGIOKAYIQ SNNRBNHE ¢KAOK

deflection of the electron beam. (Left) Ideal desired pattern to be written by the EBL. (Right) Exaggerated
resulting pattern if tle calibration of the vertical axis is set incorrectly, resulting in thentvaiker spacing to
be different from the desired value.

Additionally, by aligning the write field at a specific point on the sample, it is assumed
that correct alignment will be matained across the entirety of the sample. It is obvious
however that if the sample is rotated with respect to the exposure plane, as shown in

Figure4-2, that not only will the initial calibration be incorrectibeach additional write
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field will be distorted with respect to the every other write field. Structures fabricated on
samples mounted at a significant angle to the exposure plane will therefore suffer from
varying sizes, aspect ratios as well as stitchmefacts where proximity error correction

is used.

\ /
/ Adjacent Write /
f Field \ /
‘J‘, / e ".I‘I II‘.I’
\ Initially Aligned \ J’.r
| Write Field
/\ .-"J\.I Overlapping
/\ /) Write Fields

¥

{

\_Y_I_Y_) Identical
50um By 50um l_Y_) Different Sized

Write Fields Write Fields

Figure4-2 ¢ Schematic showing how rotation of the sample with respect to the exposure plane of the EBL
results in both local and relative changes ia tlesired pattern. (Left) shows a sample correctly aligned to the
exposure plane resulting in uniform exposure. (Right) sample rotated with respect to the exposure plane with
features exposed at varying sizes within the savriee field.

Fortunately, sam@ misalignment which wouldause an unwanted angle to the exposure
plane is easily identified during initial fabrication steps through the use of contamination
spots. Typically, contamination spots are created near the centre of the wafer, taking care
to ensure they do not interfere with the desired fabrication steps. By creating additional
contamination spots at the periphery of the sample wafer, it is possible to check if
suitable alignment is maintained, and if not, appropriate steps to correct the anagie

be taken prior to fabrication.

In contrast, the other types of error described are inherent to the operation of the EBL,
and as such, very little can be done to minimise their impact. As a first step towards
guantifying the precision and reproducibyliof the EBL, the accuracy of the write field
alignment procedure is measured. In order to provide sufficient contrast for numerous
repeated scans, contamination spots will not be used as a reference point. The reason for
this is that each successive sewill alter the shape of the surface contaminant which will

bias results. Instead, pfabricated markers are used, as would be typical during post
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registration fabrication steps, to ralign the write field to that of one used during initial
marker fabri@tion. Unlike the write field alignment using contamination spots, a total of
six independent discrete features are required to correctly calibrate position,

magnification and rotation for both the horizontal and the vertical axis (three each).

By continuously performing the write field alignment to the same set of horizontal and
vertical markers, and recording the calculated displacement of the sample, it is possible
to identify if continual sample drift or random noise due to limitations in the
measurenent technique warrant further concern. Results of the alignment procedure are
presented inFigure4-3 as a function of time. As the time taken to perform a single line
scan is negligible, a delay is udmtween e&h line scarof approximately Iminute in
orderto determine the stability of the sample over long time scales, as may be required
to fabricate large arrays of registration markers. Furthermore, to ensure the
measurement processes does not itself inducemask additional sources of error, an

extended break is introduced between two alignments scans of 7 minutes.
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Figure4-3 ¢Drift rate of the EBL calculated from the relative change in the positioned oégdegnment
markers. Both the vertical (red) and horizontal (black) direction appear to oscillate sinusoidally with a constant
phase. The extended break between measurements is shown by the hashed lines at approximately 25 minutes.

A clear periodic sinustgal trend exists in the drift rate for both the horizontal and vertical
axis, approximately centred on about a zero drift rate. The periodic nature of the drift

infers the influence of a perturbation, with a time period of
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13.29 = 0.01 minutes. As the g¢e of the sinusoidal trend is unchanged after the
extended pause between alignment scans, it is unlikely that the measurements have any
influence on the observed drift rates. Typically, oscillations of this nature are common in
instruments which use proptional, integral and differential @RD) parameters to
control a system variable. Specifically, poor optimisation of the differential parameter will

result in a driven oscillation about a target value.

For the Raith150 EBL system used, the sample ssaggively cooled using an external
temperature controller. Under further inspection, it was found that temperatures were
oscillating around the desired temperature with a time period corresponding to the
sample drift rate inFigure4-3. The observed sample drift is therefore likely due to
thermal expansion and contraction of mechanicaimponents. Optimised control
settings were used to reduce temperature variations during sample exposures, and the

system stabity is tested again by repeating write field alignment scans.
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Figure4-4 ¢ Drift rate of the EBL as measuredrigure4-3 with optimised thermal control parametgr The
sinusoidal nature of the oscillations on long time scales is removed, revealing high frequency fluctuations.

The measured drift rates shown kgure4-4 show a significant reduction compared to
previous vales reported, with a general trend towards a drift rate of
zero at long time scales. It is unclear whether the beating that is now present is due to

the changes to the settings of the temperature controller, or if by removing the driven
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oscillation, the leating signal is simply more visible. As the maximum amplitude of the
high frequency oscillation is 2.11 nm mjiwith the total drift rate tending towards zero

at long time scales, this error is not considered significant. Furthermore, as the drift rate
is expected to be centred on zero, the net drift averaged over long time periods will also
be zero. The maximum expected error for a photonic structure, which typically takes one
minute to expose the desired pattern, will be less than 2.78 nm if suffidierd is

allowed to pass between loading the sample and exposure.

To confirm the fabricatioaccuracy of the EBL, a series of horizontal and vertical markers
are etched into the GaAs membrane as showRigure4-5. The sample is theneaded

into the EBL and identical copies of the horizontal and vertiwakers are patterned
directly to the side and below the original markers. High resolution SEM images are taken
so that the position of each marker can be comgghwith its corresponding displaced

marker.

Three Horizontal
Alignment Marker
Sets

EHT = 490 kV ignal A= InLens  Date :12 Dec 2013 EHT = 490 kV Signal A=InLens Date :12 Dec 2013
hot

2um 2um 2
Mag= 662KX |—r WD= 9mm to No. = 1857 Time :15:14:41 Mag= 530KX |—r WD= 9mm PhotoNo. = 1958 Time :15:17:16

Figure4-5 ¢ SEMimageriesShowing markers usdd confirm the positional accuracy in which deterministic
fabrication can be performed, relative to an existiegaf fabricated markers. Three sets of vertical (left) and
horizontal (right) alignment markers are shown in each SEM image, with a single set fabricated in the initial
fabrication.

As the width of each marker may vary due to fluctuations from a variepamameters
during fabrication, such as the dose used to expose the electron beam resist or the
etchant rate of the ICP, the central position of each marker is used to calculate the
relative displacement. It is assumed here that any broadening of the erekill be
symmetrical about the centre, and therefore the fitting procedure used to calculate the
centre will be unbiased. It is noted that the reason for not including any error due to
broadening of markers is that it is solely the error due taligrment of the EBL that is
unique to the dot registration process. As such, the broadening of features fabricated by
EBL will not have any significant effect on the registratiocuracy, but rather, only the

performance of photonic structures with criticaindensions. A graph depicting the
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method used to calculate the centre of each marker is showRigure4-6, where a

Gaussian fit is performed to the exponentially increasing contrast surroundireg¢hed

region.
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Figure4-6 ¢ line section through individual etched marker from an SEM image, as sholiguire 4-5.
Gaussian fit (red line) is fit to pixel intensities (backiclvBhow an exponential increasing contrast near the
etched markers due to localised charging. Data from the etched region (red) is excluded from the fit.

Using Gaussian fits to calculate the central position of several markers, and using a
reference pait on an image, such as the image edge, the relative displacement between
marker sets is calculated. As several sources of errors are considered to affect the EBL,
each with unique probability distributions, by examining histograms of the calculated
relative displacements between markers, it is possible to identify if any individual source
of error is significant. A comparison of probability distributions for various sources of
error (sinusoidal, uniform and random) to that measured for the marker displaogia

shown inFigure4-7.
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Figure4-7 ¢ (Left) Probability distribution functions for three common sources of error thought to affect
deterministic fabrication oélectron beam lithography. (Right) Histogram for various bin resolutions for the
calculated absolute displacement between sequential deterministically positioned markers.

A range of bin widths have been considered for the measured marker displacement in
order to resolve sharp features which may exist due to sinusoidal perturbations of the
fabrication. It is concluded from the shape of the measured distribution that random
noise, with a Gaussian profile, is primarily responsible for the displacements seen.
Although the displacement is centred on zero, the large spread in measured values will
likely be the limiting factor in deterministic fabrication. A mean of 15.10 nm is calculated
for the absolute value of displacement which is comparable to the FWHM \axzhie
during the optical dot registration process. Unlike dot registration however, where
multiple iterations of a scan can be performed to reduce the error in the dots location,
errors which occur during fabrication are absolute. Errors due {aignmentof the EBL

are therefore considered to be dominant over errors reported for solid immersion lens

enhanced registration.

4.2.2. Quantum Dot Re-Registration

So far, errors have been calculated for the dot registration (see chapter 3), as well as the
EBL, in an attept to characterise the total error of deterministic fabrication.
Unfortunately, this method alone cannot account for systematic sources of error which
may result in a constant shift of the measured variable. A series of sacrificial quantum
dots are therebre registered, with the proposal of fabricating additional registration
markers a predetermined distance away. By repeating the registration process relative
to these markers, any measured difference between the expected marker separations to
the measurel marker separation will provide insight as to the total error of the
registration process. This method is not entirely unbiased, as unless sources of systematic

error are the result of an initial error which is random in direction and magnitude, the re
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registration of quantum dots will also be subject to the same systematic error. A specific
example may be that of the drift rate of the cryostat relative to the scanning stage.
Provided the direction and magnitude of the drift are random, then whereggsering

the position of a quantum dot, an entirely different systematic error will be introduced.
However, if the direction and magnitude remain constant between scans, then the
position registered will report better agreement than it should. Whilst thissdowan

that re-registering the position of the quantum dot does not represent an entirely
independent verification, it is considered to be sufficiently reliable to draw meaningful

conclusions from.

To ensure no biasing is introduced in theregistrationof the quantum dots, only the
newly fabricated reregistration markers are used to calibrate the magnification and the
new position of the quantum dot. In order to confirm the identity of the registered
guantum dot prior to reregistering its position, th approximate location of the quantum

dot is scanned over, and the spectrum is recorded. Using a reference spectrum taken
prior to the fabrication of the reegistration markers, the relative and absolute energies

of quantum dot transitions are compareBigure4-8 presents a quantum dot identified

for re-registration where power dependence has been performed to distinguish the

neutral and changed exciton from the-d&citonic states.
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Figure4-8 ¢ (left) Spectral comparison of quantum dot taken prior to initial registration of its position (black)
and after reregistration markers have been fabricated (red). (Right) Power dependence of observed
photoluminescence used distinguish neutral and charged excitonic states froraxuitons ones.

Of the quantum dots which were identified during dot registration, and successfully had
their positions reregistered, the minimum deviation between the expected distance
between the quantum dot and the newly fabricated -registration marker was
calculated to be 13.7 nm. A histogram comparing the initial registered position to that

calculated from the reegistration markers based on 100 repeated line scans is shown in
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Figured-9. In contrast, the maximum difference between the desired separation between
a quantum dot and the deterministically positionednegistration marker was found to

be 34.9 nm. Although these errors are significaniggher than the calculated error in the
registered position, a review of contributing factors shows that these errors observed are

representative of the system used, and are dominated by errors introduced by the EBL.
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Figure4-9 ¢ Histograms showing the relative positions of quantum dots during registration processes. The
distribution of positions measured during the initial registration (red) are compared to the positions measured
relative to the reregistraion markers (blue).

The successful demonstration of being able to deterministically fabricate a structure
around a quantum dot with an offset of only 13.7 nm therefore represents a significant
achievement towards realising scalable photonic structuressidening this precision is

comparable to the lateral size of the quantum dot, demonstration of optimal coupling of

multiple quantum dots within a single photonic structure should be achievable.

4.3. Nanobeam Waveguides

In this section, dot registration and detainistic fabrication of suspended nasf@am
waveguides are used to investigate the properties of quantum dots pre and post
fabrication, hoping to identify and quantify any detrimental effects observed as a result

of the fabrication. Additionally, the suessful deterministic fabrication of a nanobeam
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waveguide around a quantum will provide additional confirmation as to the accuracy of

dot registration.

4.3.1. Bulk Characterisation

The nanebeam waveguide has been designed to act as circuitry to transport-fiyibigs

for quantum information processing. For efficient coupling, the exciton transition and the
supported nanobeam waveguide mode should be both spatially and energetically
matched. It is shown through FDTD simulations that the spectral bandwidth of the
fundamental waveguide mode is large (> 10 nm) compared to the exciton linewidth of
the quantum dot (<0.1 nm). Therefore, for a suitably located quantum dot, it is not
expected that the quantum dot should exhibit a Purcell enhancement. In addition to this,
as the primary purpose of the waveguide is to act as photonic circuity, it is desirable that
by embedding the quantum dot in a waveguide, its emission properties are not adversely

affected.

In order to quantitatively analyse any changes to the intrinsigertes of the quantum

dot prior to the deterministic fabrication, optimal quantum dots were selected based

their observed spectral line widths and relative spatial and spectral proximity to

additional quantum dots or spectral features. Once a quantum idaselected, it is

extensively characterised with the following key attributes measured; optically active
SEOAG2YyAO alGlisSas LR6SNI RSLISYyRYyaddSthe FAY S &G NHzO
02 KSNB y O% DdiallsYré&garding the experimental setup gweovided in the

experimental methods section (see chapter 2).

Spectral Features & Power Dependence

Several quantum dots which exhibit narrow, well isolated spectrum with readily
identifiable charged states are selected for dot registration, sudhatshown inFigure

4-10. Should the relative intensity, abundance or energy of any of the spectral features
change asa result of the fabrication, then further investigation regarding the cause will

be required in ordefor dot registration to maintain a viable technique.
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Figure4-10¢ Typical spectra at near saturation powers for a single quantum dot selected for dot registration.
Multiple excitonic transitions are Vigé indicating the presence of numerous charged states.

It is observed during characterisation of samples that often numerous charged states are

present for single quantum dots, likely indicating the presence of a structural defect

nearbly, which readilyas as a donor or accepter of electrons and h¢ldsFor InGaAs

guantum dots in a GaAs matrix, the capture of electrons from the GaAs matrix and the

wetting layer to the quantum dot is typicalBfficient due to the presence of multiple

relaxation processes (such as Auger scattering, Phonon emi§8Jod)s a result, the

quantum dot, which istypicaly n Q& 2F yY Ay &aAil §

6t GSNI T

of states via the wetting layer which extends significantly beyond the quantum dot. Due

to this, sensitivity to the extended environment surrounding the quantum dot, even with

a relatively low dfect density, can significantly affect the charge dynamics of the

guantum dot.
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Figure4-11 ¢ Power dependencies of individual exciton transitions measured for a quantum dot chosen for
dot registration.

Power dependence is used to provide information regarding the relative intensities of
spectral peaks, as well as to distinguish charged and neutral excitons (X*) fextitbin
states (XX). For the neutral and charged exciton, it is expected that thgraneel signal
intensity should vary linearly with excitation power, however, as thexoiton and
charged biexcitons intensity is proportional to both the excited carrier density and the
probability of a neutral or charged exciton already being excitedjuadratic power

dependence is expectd@].

Whilst these linear and quadratic power dependencies provide information which allows
the identification of spectral features, it also provides insight regarding carrier dynamics
in the vicinity of the quantum dot. As such, any deviation from the etquklinear or
guadratic relationship likely indicates the presence of local defects which result in non
radiative decay. Additionally, where multippharged states are observed, a surplus of
charge carriers may also result in a Horear power dependere due to the multiple

excitation and relaxation pathways supportgl.

The power dependenciesof quantum dots chosen for dot registrationeveal

predominantly sub and super linear relationships with excitation power, with few
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spectral lines following a linear or quadratic relationstap presented ifrigure4-11. As
discussed above, this likely indicates defemstained within the sample, where sub
linear power dependencies indicate non radiative decay processes, which in turn result
in a higher carrier population which facilitates super linear power dependencies for other
excitonic states. By recording thesevper dependencies prior to the fabrication of any
photonic structure, any deviation observed must be as a result of one or more of the

subsequent fabrication processes.

Fine Structure Splitting

The maximum spectral resolution of the 75 cm focal lengthcspeneter used, as
RSAONAOSR Ay OKIFLIWISNI vE Aa FLLINRPEAYIFGSt& oy
structure splitting of asymmetrical quantum dots, and it is therefore not be possible to
resolve individual peaks. However, as only the presentigeadplitting is of interest, it is

not necessanto fully resolve the two peaks. A good approximation of the splitting can
be therefore obtained by fitting a Gaussian péalkhe observed spectra when measured
as a function of polarisation, as showrHFigure4-12. If the measurement basis is aligned
to either the major or minor axis of the quantum dot asymmetiyen the recorded
spectrum will be entirely due to a single fine structure transition. As this method i
sensitive to relative intensity changes in the measured spectrum, polarisation
dependence of optical elements is carefully removed by placing awaak plate
followed by a linear polariser in the collection path. Measurements are taken for
incrementalrotations of the half waveplate, with the rotation axis of the linear polariser

fixed.

For the quantum dots chosen for dot registration, analysis of the fine structure splitting

present within the observed spectrums confirms the presence of neutral aasdition

transitions. Similarly, charged excitons are identified through the absence of any fine
structure splitting. Surprisingly, due to the high resolution of the solid immersion lens and
relatively low quantum dot density, estimated to’bepmt v 5 @ri?, multiple neutral

exciton lines are also identified in a small number of the observed spectra. Although
clustered growth of quantum dots is not uncommon, it is typically explained by an
increased anisotropic flux of group Il adatoms within the MB&rber which exhibit a

supressed diffusion leng{B]. Under these conditions,itwokl 6 S SELISOGSR G KI
of quantum would form. The possibility of surface roughening or sputtering of metal

defects cannot however be discounted.
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Figure4-12: Measurement of the fine structure splittifigr a registered quantum dot via a least squared fit

to determine the central wavelength of polarisation dependant spectrum. A sinusoidal fit for the neutral
(blackyandbBBEOA (i2y ONBRO (N}yaraidAz2y &aK2g (K Srsendtitatiof 2 F LK &S
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transition respectively.

The presence of multiple neutral exciton states in a single spectrum will likely hinder the
identification d charged excitons, and may also increases the sensitivity of neighbouring
guantum dots to changes in its local environment. Therefore, should any spectral changes
be observed due to the fabrication of a single mode photonic waveguidepiiblimble

that these affects will be exaggerated where multiple excitons are present.

Lifetime

Measurements of the lifetime of the quantum dots are performed as described in chapter
2, using a 80 MHz repetition rate, 100 fs pulse width, Ti:Si laser tuned into resamidimce

the wetting layer. As excited carriers in the wetting layer experience an increased local
density of states with respect to quantum dots, carrier relaxation occurs significantly
quicker as interactions via LO and LA phonon scattering is allowedalTsglaxation
NF3Sa F2NJ 0KS o0dzZ{ DIF!'&a FyR ¢SGGAYy3 €I &SNJ
significantly shorter than typical lifetimes of excitons in quantum défsUnder pulsed
excitation, it can be safely assumed that after ~ 100 ps, that carriers in the wetting layer
or bulk GaAs have all but completely relaxed or been captured by a QD.
Photoluminescence which occurs after these time scaldberefore the result of the
recombination of an electron and hole which have been captured by a quantum dot and

formed an exciton.
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The lifetimes of several neutral and charged excitonic states have been measured for the
guantum dots selected for dot gistration, with two examples shown in
Figure4-13. Of the dots selected for dot registration, no deviation from the expected
single exponential decay was observed and the calculated lifetimes agree well with
reported values for other InGaAs quantum d¢t3. As the quantum dots are embedded
within the bulk semiconductor, variations in the measured lifetimes are attributed to size
fluctuations in the quantum dots, altering the confinement of the electron and hole
wavefunctions and therefore the strength of the dipole interactions. The absenaayof
bi-exponential decay is taken as promising as its presence would indicate the presence of

detrimental interactions of the quantum dot with the solid state environmgj[8][9].
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Figure4-13 ¢ Lifdime measurements for two different excitionic transitions observed in the bulk GaAs prior
to registering the position of a quantum dot. Lifetime measurements agree well with typical values reported
in the literature and show single exponential decays.

Cadherence Time

The strength of the quantum dots interaction with its solid state environment is well
captured by the coherence time. Direct measurements of the coherence time are
performed using the Michelson Interferometer as described in Chapter 2 under
continuous wave excitation. In order to reduce the significance of power broadening,

excitation powers which result in intensities half of that of the saturation vaheeused.
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As measurements were performed in a flow cryostat, low power measurements which

would require extensive signal integration times are not feasible.

Spectral filtering is performed using the spectrometer, collecting the signal via a second
beam path. A micrometre controlled slit is used to select the spectral bandwidth, which
in order b remove diffraction and maintain optimal coupling into a single mode fibre is
set toa width which corresponds to a bandwidthagiproximately 0.5 nm. It is shown in
Figured-14that as a result of the broad bandidth with respect to the exciton linewidth,

the measured signal is expected to contain an incoherent background signal making up

to approximately 10 % of the total intensity.
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Figure 4-14: Normalised spectm showing broad background present surrounding single quantum dot
transitions. Due to the 0.5 nm spectral width of the spectrometer used to filter the photoluminescence, the
transmitted signal is expected to contain incoherent emission with an intensityl6f% of total intensity.

The measured coherendine for the quantum dots registeredsuch as those shown in
Figure 4-15, show general agreement witltoherence time measured for InGaAs
guantum dotdocated rear the surfacén bulk semiconductofl0][11]. They are however

significantly lower than the cohenee times observed for quantum dots far from the
surface, which can be in excess of 50Q124{13]. Whilst the low coherence time of 158.8

LJa T 2 NJ Uryared-15p iQrepbedest&tive of near surface quantum dots, the 46.1
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LA O2KSNByOS 1 ARg&esI5 INlyYhlieaies al pArticdadlySuBstable
environment around the quantum dot. The average coherence time for all the exciton
transitions which were measured is calculated to be 93.3 ps. Additionally, significant
variance is observed in the caleace times of individual exciton transitions of the same

guantum dot.
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Figure4-15: Michelsm Interferometer Measurements of the coherence time for excitionic transitions of two
separate quantum dots pricio dot registration. Both coherence times are significantly shorted than the
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4.3.2. Waveguide Characterisation

As with the fabrication of additional markers for-registration, the registered position

of the quarium dots is used to fabricate a nanobeam waveguide with a quantum dot
located at the centre. The width of the fabricated waveguide is chosen such that it
supports the fundamental transverse electric modes (see chapter 1). A width of 280 nm
has been calcutad using finite difference in time domain simulations to support typical
InGaAs quantum dot wavelengths with a minimum evanescent component. In order to
compensate for proximity effects of the EBL as well as lateral etching of the hydrofluoric
acid and I€ (see chapter 2), a fabrication width of ~ 320 to 340 nm is chosen to provide
sufficient sacrificial material. Fabrication of the waveguides is rotated 45 degrees with

respect to the crystal axis [110] such that both linear fine structure modes ceqpidly.

Scanning electron microscope images are taken of the fabricated waveguides, as shown
in Figure4-16. It is noted that small periodic ridges are present in the sides of the

waveguides which are an artefaof the proximity correction used during fabrication.
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These ridges represent a perturbation of the photonic band structure and will therefore
result in scattering losses. Whilst undesirable, their presence is not thought to otherwise
adversely affect the pragrties or photoluminescence of the quantum dots. Additionally,

as a result of the recent upgrade to the EBL at the University of Sheffield, defects of this
nature are removed. At the ends of the waveguide, a two period Bragg reflector, such as
that proposeal by Faraon efl14], is fabricated so that light coupled to the waveguide
mode is diffracted 90 degreedhis is achieved using a repeating pattern of a half
wavelength wide GaAs and air sections. This provides optimal coupling of

photoluminescence from the waveguide into the objective lens.
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Figure4-16: SEMof deterministically positionedamobeamwaveguidewith a quantum dot located at the
centre using solid immersion lens enhanced dot registration.

Spectral Confirmation

In order to measure the photoluminescence in suspended nanobeam waveguides, the
guantumdot is excited using above bandgap excitation, as used during dot registration,
which is focused onto the centre of the waveguide at the ideal location of the quantum
dot. The waveguide coupled signal is observed by aligning the collection spot over eithe
of the two outcouplers at the end of the waveguide. In order to ensure correct alignment
of the collection path over the outcoupler, a second laser signal is passed through the
collection optics so that it is incident on the sample. The simultaneousfubés second

laser signal, a white light source and a CMOS camera enables accurate control of the

collection path.
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Of the 11 quantum dots registered which were embedded in a nanobeam waveguide, a
total of 6 are seen to still exhibit photoluminescenceeafabrication. Confirmation that
photoluminescence of the 6 successfully registered quantum dots is from the one of the
originally registered quantum dots, and not a different dot randomly located, is partially
ensured by the low quantum dot density difg sample. This makes it statistically unlikely
that a second quantum dot exists in the waveguide. Additionally, a comparison of the
spectral features reveals the presenceabfaracteristic features which were identified

prior to fabrication, as shown iRigure4-17.
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Figure4-17: Spectral comparison for the same quantum dot prior to (black) and after (red) the deterministic
fabrication of a nanobeam waveguide. Thénmary registered exciton transition at 928.8 nm is still present,
however the relative intensity of several excitonic peaks appears to have changed, as well as the formation
of new ones.

The primary exciton transition visible at 928.8 nm is clearly vigibleoth spectra in
Figured-17 taken before and after the fabrication of the waveguide, indicating both that
the quantum dot has successfully been registered and that the spectral properties may
be preserved dest# significant changes to the local dot environment. In addition to the
primary peak at 928.8 nm, which was used to register the position of the quantum dot,
several other excitonic transitions align well between the two spectra, such as the

doublet around932.8 nm.
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Confirmation that 6 quantum dots have been successfully embedded within a nanobeam
waveguide with readily identifiable spectral features represents a success rate of 54.5 %.
Whilst this value is lower than would be expected due to the pregisidhe registration
technique, it represents a significant achievement as it now enables the fabrication of
scalable photonic structures with multiple quantum dots embedded in them. An
explanation for the loss of quantum dots during the registration aederministic
fabrication process is presented in Appendix 1, which provides confidence that it is not
the result of dot registration, but rather a property of the sample which requires further

investigation.

Power Dependence

The exponents calculated byeasuring powerdependence of two quantum dots,
referred to as dot 1 and dot 2, which show good spectral agreement for measurements
taken before and after the fabrication of a waveguide, are presentédguared-18. As is

the case when comparing spectrum, where certain spectral features remain unchanged
whilst others appear to change significantly, a similar affect is observed for the exponents

calculated for the power dependence.

This affect is not surprisingvgin the observed trend in spectral features, however, the
lack of correlation between observed changes in the relative intensity of peaks, and
changes in the exponent of the power dependence, suggests an additional mechanism
affecting exciton states whidre present after fabrication. This can be seen for instance

in the spectrum shown for dot 1, where the relative intensity of the peak at 908.3 nm
shows a significantly different relative intensity but exhibits an unchanged linear power
dependence. Conveedy, the peak at 910.0 nm shows only minor a variation in the
relative intensity with a near constant power dependence between the two

measurements.
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Figure4-18: Spectrum showing power dependeegponentactors measured for spectral features measured
both prior to(black) and after(red), the fabrication of a suspended nanobeam waveguide for Dot 1 (left) and
Dot 2 (right).

When further examining the power dependence of spectral features, it is cleafdhat

the quantum dot within the waveguide thdhe intensity of the photoluminescence is

not well described by a single power law. The power dependence for several spectral
LIS 1 a LINBaSyild ARQurddRPfar befo@ antl Afterdhi Bldrigatioh of a
nanobeam waveguide Although it is not surprising that the power dependence of an
exciton transition changes in the nanobeam waveguide, the exact mechanism
responsible for the change is hard to quantify.eGrch explanation may be the result of
new charge traps created at the etched surface, which under different excitation powers,
result in a local charging in the vicinity of the quantum dot affecting carrier dynamics and

the rate of capture.
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Figured4-19: Power dependence farselection of excitonic transitions present®ot I(before(left) and after
(right) the deterministi¢abrication of waveguideVarious regimes are identified for the power deperde
of the excitonic transitions within the waveguide (right).
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Lifetime

The confirmation of unchanged spectral features after the fabrication of a waveguide
provides confidence that dot registration can be performed with minimal effect on the
properties of the quantum dot. As power dependence measurements showed
microscopic changes in the emission properties, lifetime measurements are performed

in order to study the relaxation dynamics of the quantum dot.
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Figure4-20 ¢ Lifetime measurement of the 910.1 nm peak for dot 1 both befoeck)and after(red)the
fabrication of a nanobeam waveguid&ood agreement is found between the calculated lifetimes, showing
a single exponential decay. An increase inlifietime of carriers is however seen at times corresponding to
the pulse arrival time.

A comparison of the lifetime measured for a single excitonic state is presented in
Figure4-20, both in the bulk wafer prior tdabrication, and once it is embedded within

the waveguide. Measurements were carried out as described in chapter 2 using 100 fs
pulsed excitation tuned to 870 nm. An excitation power was chosen in both cases such
that the observed photoluminescence intétyswas 80 % of the saturation intensity. The
collected signal was filtered through the output slit of the spectrometer before detection

via an APD with a response time of 400 ps.

A lifetime of 1.32 ns and 1.37 ns is obtained for the exciton transitidherbulk wafer
and the waveguide respectively. The small difference between the two lifetimes

measured is considered the result of the sensitivity of the exponential fit to the
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background signal level. The absence of any change agrees well with thedrmg as t
waveguide is inherently lossy and should therefore not provide any Purcell enhancement.
Additionally, good agreement between measured data and a single exponential fit
provides confidence that the relaxation of the quantum dot is due to the spontaneous
emission and is unaffected by interactions with phonons or a fluctuating charge

environment.

As a point of discussion, the data showrFigure4-20is centred at a time delay of 0 ns
according to the time which e¢oesponds to the peak intensity. The increased signal
intensity at negative times for the quantum dot within the waveguide should therefore
not be interpreted as the pulse arriving earlier, or over a longer period, but rather an
increase in the effectiveifétime of excited carriers which may be captured by the
guantum dot. Although Effects of this type are typically attributed to an increased
excitation power used to excite the quantum dot during the lifetime measurement, the
excitation power was set to 8% of the saturation power in both cases. This leads to the
conclusion, in agreement with findings from the power dependence, that although the
macroscopic spectral properties remain unchanged, carrier dynamics may be adversely

affected due to the proximyt of the etched surfaces.

The effect is not surprising considering the similarities between nanobeam waveguides
and nanowires with embedded quantum dots. Although the QDs within the nanobeam
waveguides are more spatially separated from edge of the nanobeaveguide than

QDs in nanowires, both systems will exhibit surface defect states. As a result, carriers
generated via above bandgap excitation may relax into these states before further
relaxing or being captured by a QD. Although in nanowire systeiss;dh lead to strong
guenching, spectral wondering and blinking, the small QD sizes and large physical
separation between the QD and etched surfaces in nanobeam waveguides likely act to

reduce the prominence of these effects.

Further examination of thiseffect would likely require power dependent lifetime
measurements, both before and after deterministic fabrication, in order to quantify this
broadening. For now however, the good agreement between the extracted lifetimes
represents a positive result, iraditing that the properties of the QD itself are not

adversely affected.
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4.4. Optical Spin Readout

Dot registration has so far been shown via the fabrication of additione¢gestration
markers to have an accuracy of 13.7 mnthe best caseAdditionally, he deterministic
fabrication of nanobeam waveguides around quantum dots has confirmed that the
spectral properties of the quantum dot may be preserved through the fabrication
process. In this section, the technique of dot registration is applied to regliaatum

dots embedded within nanobeam waveguide which are laterally displaced. The purpose
of this displacement is tposition the quantum dot at a chiral point so that emission of a
photon ispreferentialy coupledto different directions based on thkeandedness of the
polarisation.As the handedness of the emitted photons is directly related to the spin
state of the excitonthe emission directiomprovides a methodo directly read out the

spin of the exciton

The concept of chirality and selective pemation directions in waveguides is an area
which has been extensively studied in other fields, especial ones related to radio
technology{15]. Recent work has shown that for photonic crystal waveguides, which are
analogous to nanobeam waveguides, that by manipulating the position of the gmantu
dot within the waveguide it is possible to selectively couple the spin of the emitted
photon to the emission directiofiL6]. Because of théattice nature of photonic crystal
waveguide, it is pogsie to fabricate either symmetric or artiymmetric waveguides with
respect to the propagation direction as depictedrigue 4-21. For the antisymmetric
case, the propagation direction results in a chiral synmnbetween the electric field
modes of the waveguide. As a result, the electric field overlap of a suitably located
guantum dot with the photonic crystal waveguide mode results in efficient coupling of

each spin state to different propagating modes.
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Figue 4-21: Schematic of aygnmetric(left) and anti-Symmetridright) photonic crystal waveguideroduced
by removing a single row of holes in for a given lattice axis. The symmetry is maintained or brdi&imgy s
the phase crystal axis by a half period on one side with respect to the other.

In practice however, the performance of photonic crystal waveguides is highly sensitive
to the size, shape and edge profile of the etched holes. Furthermore, the stk |
period results in a strong spatial dependence in the size and location of chiral points
within the waveguide. Due to the infinite periodicity of nanobeam waveguides, the
realisation of spin readout in a nanobeam waveguide therefore offers a monastob

platform as the basis for quantum information processing.

Spin readout using nanobeam waveguides has previously been performed using a
guantum dot displaced in a crossmveguide in order to create a chiral poifit7].
However, it is shown in this work that spin readout is possible in a single symmetric
nanobeam waveguide due to the properties of the tfimdamental optical modes

supported.

The use of dot registration to demonstrate spin readout for quantum dots
deterministically displaced form the centre of a waveguide presents an ideal opportunity
to confirm the positional accuracy of dot registratiowlependently from the registration

process.
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4.4.1. Simulations

The mechanism by which the spin of a photon emitted from a quantum dot couples
preferentially to a waveguide mode in a single direction can be understood by examining
the properties of the fundamemal modes supported by the waveguide. Initially, it is not
obvious that any mode other than that with the electric field perpendicular to the
waveguide axis should be supported. Calculations of the waveguide modes at 950 nm
were performed by R. Coles, whibave been included with permission, as shown in
Figure4-22. Simulations were performed using a commercial discreet ordinate, finite

difference in time domain eigenmode solver, Lumerical.

Calculations show therpsence of two transverse electric field modes, referred to as TE
and TEfor electric fields aligned along the waveguide length and width respectively. For
the TEmode, it can be see that a single antide exists, located at the centre of the
wavegude. The relative phase of the electric field for this mode is calculated to be
uniform across a slice in the x axis of the waveguide. In contrast, thmode hastwo
anti-nodes located at either side of the waveguide, where the relative phase between the

two sides of the waveguide flips from™ K Hv “(k2H ©
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Figure4-22 ¢ Electric field profiles are shown for the two transverse electric mod€pHeft) and Ti(top
right) which have the electric fikaligned along and perpendicular to the waveguide length respectively. The

relative phase of the TBNd TEY2 RS& Aad aK2gy (2 kA OKIio8&KESHBEYHNEH
waveguide (bottom left). A schematic of the waveguide is presented for nefe(bottom right).

It can be seen that at a certain displacement, 90 nm from the centre of the waveguide,
the amplitudes of the two electric field modes of the waveguide are equal. These points
' NB NBTFSNNBRY {i2Q Flad W K S & uldIyf pblarided SgyitiAt this O2 dzLJ
displaced point, the relative phase between the, akd TEmodes is calculated to be
"KkH RSLISYRAY3I 2y (KS LINRLI IFGA2Y RANBOGA?Z
polarised light emitted from an embedded quantum datncbe thought of as two
orthogonal electric fieldswitha™ k v LKl &S AKAFO 0SG6SSy (KSYX
on the handedness of the polarisation. It can be seen therefore that due to the fixed
phase between the two orthogonal electric fields of aegivhandedness of circularly
polarised light, that the emission will be into a single mode, propagating in one direction.
At the centre of the waveguide, where the amplitude of thef&deis calculated to be

zero, only the TEnode is supported, resultiin linearly polarised propagating modes.

Further simulations are performed to determine both the wavelength and positional

sensitivity of the spin readout affect. Simulations are performed using a circularly
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