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Abstract

A source of on-demand single photons for fibre-based quantum information process-
ing applications is highly desirable. To generate single photons at 1.55 um we use
an InAs/InP single quantum dot. Initial measurements to demonstrate the anti-
bunched emission from the quantum dot are presented. In order to enhance the
emission properties of the quantum dot, it is embedded in a microcavity. A broad
variety of micropillar and photonic crystal microcavities are explored in order to
find an optimized design to enhance the emission through the Purcell factor. Also,
the microcavity output mode has to be suitable to funnel the emitted photons to a
communication channel. The microcavity design properties are evaluated by mea-
suring the escaping photons from the embedded high density layer of quantum dots
or through complete three-dimensional finite-difference time-domain simulations. A
“champion” design using a photonic crystal microcavity is shown to fulfill all the
requirements. Record breaking microcavity quality factor (28 000) for an InP-based
microcavity is demonstrated. A digital etching technique to tune the photonic crystal
microcavity after fabrication is demonstrated. Repetitive removal of an oxide layer
formed on the InP with wet chemistry enlarges the photonic crystal holes and reduces
the InP layer thickness. Silica nanowire evanescent field coupling is used to probe the

mode structure of a microcavity, allowing the extraction of single photons and tuning

of the microcavity mode wavelength.

Xv



Statement of Originality

The experimental results presented in this thesis build on the pioneering work done at
the Institute for Microstructural Sciences (IMS) within the National Research Coun-
cil of Canada to produce excellent InAs/InP quantum dots emitting at 1.55um as
well as their ability to generate InAs/InP single quantum dots at a pre-determined
positions (i.e. a site-selected dot). The main goal of this thesis is the construction of
a source of 1.55um single photons using such single site-selected InAs/InP quantum
dot embedded within a microcavity. Numerous novel experimental observations are
presented here since, to the best of our knowledge, they were first published by us in
peer-reviewed scientific journals or published only within this thesis.

The thesis project is an ambitious one and is the result of a collaboration within
many researcher at the IMS and the University of Ottawa. The University of Syd-
ney and University of British Columbia collaboration were also important. In order
to distinguish my contributions from the work of the group and our collaborators I
will review the major achievements accomplished within the scope of our work. The
superscript numbers refer to papers within the publication list presented in the fol-
lowing section.

I performed the first anti-bunching measurement on site-selected InAs/InP quan-
tum dots and while the results generated are not conclusive enough to prove without
a doubt the anti-bunched nature of the dot single exciton emission line, I believe the
results are still interesting in that they hint towards an answer.

The first type of microcavity explored was the micropillar. The results obtained

were the first to show the coupling between a micropillar based on dielectric mirrors
and InAs/InP quantum dots. I came in late in the project as I was starting my
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doctorate. I contributed in the characterization of the micropillars emission spec-
trum. I contributed to the creation and characterization of our highest Purcell factor
micropillar® and also performed low temperature measurements on the micropillar
systems to test the influence of temperature on the distributed Bragg reflector.

The major part of my work was to construct a photonic crystal microcavity with
ideal properties to complement the quantum dot emission and create an efficient sin-
gle photon source. Photonic crystal microcavities require a more extensive study
because there is no exact recipe, no analytical solution to generate the desired mi-
crocavity properties. While there has been numerous publications on the subject of
photonic crystal microcavities, their designs had to be adapted to our material sys-
tem and we were the first one to explore InAs/InP quantum dots in an InP photonic
crystal microcavity(124=7), The Purcell factor reached by our microcavity now even
surpasses that of the competition. I was involved in the microcavity design with the
finite-difference time-domain simulations through discussions with Dr. Williams and
Dr. Aers who were in charge of inputting the simulation runs on the computer cluster.

The photonic crystal microcavity fabrication can be separated in two steps. First
is the inscription, with an electron beam, of the photonic crystal pattern. The com-
puter file used by the electron beam system was mainly edited by Dr. Dalacu. He,
Dr. Williams and I discussed the various modifications to the microcavity design to
be inserted in each sample run. I also contributed to the second fabrication step, the
chemical procedure to create the microcavity from the pattern.

Each created sample was tested through measurement of the photoluminescence
of an embedded ensemble of quantum dots in order to examine its mode structure.
I was heavily involved in the sample characterization both at room temperature and
at 4K. I also performed polarization dependent measurements to further investigate
the mode structure.

I heavily contributed to a novel post-fabrication tuning technique using the repet-
itive removal of a native oxide layer®®. We were the first to apply it to the InP

material. I performed most of the experiments required to demonstrate the technique.

We constructed the first microcavity coupled to embedded site-selected quantum
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dots. I contributed to the design of a mask with appropriate alignment marks for the
electron beam machine to be able to overlap the microcavity and the quantum dot.
Photoluminescence measurements show a successful overlap between the quantum
dots and the microcavity mode positions.

Initial experiments with silica-nanowire evanescent field coupling measurements
were done in Sydney by our collaborators using a sample I pre-characterized before
to sending it to them®. After they demonstrated their setup could work with InP
sample, Dr. Williams and I went there to measure higher Q-factor microcavity and
push the technique further (only published in this thesis). It was the first demonstra-
tion that the nanowire proximity to an InP-based photonic crystal microcavity can
serve as a mean to: 1- probe the microcavity mode structure, 2- tune the microcav-
ity emission energy and 3- extract the photons and direct them to a communication
channel.

The second harmonic generation and resonant scattering experimental results were
obtained using the experimental setup at the University of British Columbial®~12,
Those results were obtained with samples we fabricated and 1 was not directly in-
volved those measurements I was involved in the sample design and the sample pre-

characterization.



Publications

The following articles were published during the course of this work.

Directly Related to Thesis

1. S. Frédérick, D. Dalacu, D. Poitras, G.C Aers, P.J. Poole, J. Lefbvre, D. Chitri-
ani, and R.L. Williams. Near-infrared Single Photon Sources Employing Site-
Selected InAs/InP Quantum Dots Microcavities. Microelect. Jour., 36:197,
2005.

2. D. Dalacu, S. Frédérick, A. Bodganov, P.J. Poole, G.C. Aers, R.L. Williams,
M.W. McCutcheon, and J.F. Young. Fabrication and Optical Characteriza-
tion of Hexagonal Photonic Crystal Microcavities in InAs/InP Quantum Dot
Membranes. J. Applied Phys., 98:023101, 2005.

3. D. Dalacu, S. Frédérick, P.J. Poole, G.C. Aers, and R.L. Williams. Post-
Fabrication Fine-Tuning of Photonic Crystal Microcavities in InAs/InP Quan-
tum Dot Membranes. Appl. Phys. Lett., 87:151107, 2005.

4. D. Dalacu, S. Frédérick, J. Lapointe, P.J. Poole, G.C. Aers, and R.L. Williams.
Modified Single Missing Air-Hole Defects in InAs/InP Quantum Dot Membrane
Photonic Crystal Microcavities. J. Vac. Scie. and Technol. A, 24(3):791, 2006.

5. S. Frédérick, D. Dalacu, G.C. Aers, P.J. Poole, J. Lapointe, and R.L. Williams.
Optical Characterisation of InAs/InP Quantum Dot Photonic Cavity Mem-
branes. Physica E, 32:504, 2006.

6. S. Frédérick, D. Dalacu, P.J. Poole, J. Lapointe, G.C. Aers, and R.L. Williams.
InAs/InP Quantum Dot Photonic Crystal Microcavities. Phys. Stat. Solidi c,
3:3685, 2006.

Xix



10.

11.

12.

S. Frédérick, D. Dalacu, J. Lapointe, P.J. Poole, G.C. Aers, and R.L. Williams.
Experimental Demonstration of High Quality Factor, x -Dipole Modes in InAs/InP

Quantum Dot Photonic Crystal Microcavity Membranes. Appl. Phys. Lett.,
89:091115, 2006.

. C. Grillet, C. Smith, D. Moss, B. Eggleton, S. Frédérick, D. Dalacu, P.J. Poole,

J. Lapointe, G.C. Aers, and R.L. Williams. Coupling via Tapered Nanowire
Micro-Loops to Photonic Crystal Nanocavities for Single-Photon Source Appli-
cations. Opt. Fxpress, 15:1267, 2007.

. S. Frédérick, D. Dalacu, D. Kim, P.J. Poole, G.C. Aers, and R.L. Williams.

Single Photon Sources for Quantum Cryptography and Quantum Computing.
Physics in Canada, 63:207, 2007

Contributions not Directly Related to Thesis

M.W. McCutcheon, G.W. Rieger, IL.W. Cheung, J.F. Young, D. Dalacu, S.
Frédérick, A. Bodganov, P.J. Poole, G.C. Aers, and R.L. Williams. Resonant
Scattering and Second Harmonic Generation Spectroscopy of a Photonic Crystal
Microcavity. Appl. Phys. Lett., 87:221110, 2005.

M.W. McCutcheon, J.F. Young, G.W. Rieger, D. Dalacu, S. Frédérick, P.J.
Poole, G.C. Aers, and R.L. Williams. Second-Order Nonlinear Mixing of T'wo
modes in a Planar Photonic Crystal Microcavity. In A. Abidi, Shown-Yu Lin,
and A. Sherer, editors, Photonic Crystal Materials and Devices IV, volume
6128 of Proc. of SPIE, page 612812, 2006.

M.W. McCutcheon, J.F. Young, G.W. Rieger, D. Dalacu, S. Frédérick, P.J.
Poole, and R.L. Williams. Experimental demonstration of second-order pro-

cesses in photonic crystal microcavities at submilliwatt excitation powers, Phys.
Rev. B, 76:245104(2007)



Acknowledgements

I would like to extend my most profound gratitude to Prof. Robin Williams who has
guided me through my doctoral work like a maestro. You took a chance by accepting
me as a graduate student, coming from Québec city with minimal knowledge of the
language of Shakespeare, and no scholarship and you have my greatest appreciation.
You were always available, your office door always open, be it for scientific discussion
or talks about the experiments. Thank you.

Working at the National Research Council as literally been a blessing. The scien-
tific knowledge of the staff is incredible and the world leading equipment is the icing
on the cake. Dr. Dan Dalacu has been a source of inspiration. Your undeviating
happiness made work fun and given your extraordinary capacity to generate samples
the laughs were welcomed. Je veux aussi remercier Dr. Jacques Lefebvre pour ces
nombreux conseils et son assitance dans le laboratoire. Dr. Geoff Aers advices and
input proved essential and Dr. Philip Poole extensive knowledge of epitaxial processes
was indispensable to the success of this work. The assistance and friendship of Joe
McKee and William Render was invaluable.

I also have to thank Prof. David Moss, Dr. Christian Grillet and Camerson
Smith, our collaborators at the University of Sydney, for precious measurement using
their experimental setup as well as Jeff F. Young and Murray McCutcheon at the
University of British Columbia.

I consider myself very lucky to have shared lab time with fellow students Michael
Reimer and Danny Kim. Our exchanges were quite stimulating and I value their
scientific input as well as their help with experimental challenges. My thanks to both
of you dudes, I consider you more than colleagues and count you as my friends. I

xx1



xxil

sincerely hope we can stay in touch long after this. I also have to thank the “lunch-
bunch” without whom I would have had to eat lunch quickly while working in front
of the computer. The long lunch break not only eased my digestion but enable me to
make friends.

Merci & Frédérique pour tout ce qu’elle a fait pour moi. Merci d’étre toi-meéme
en tout temps. Ton honnéteté et ton support ont fait de moi un homme différent et
meilleur. Sans toi je ne sais pas si j’aurais vu la fin de ce long parcours. Finalement,
mais pas le moindre, j’aimerais remercier mes parents, Carole et Michel, et mon frére,
Vincent, pour leur support inconditionnel & travers ce long trajet qu’est une these de
doctorat. Bien qu'ils étaient physiquement loin de moi, chacun de mes retours a la
maison m’a permis de recharger mes batteries et de retrouver la motivation. Votre
soutien m’est indispensable et je vous aime.



Legend

List of Acronyms

1D one dimension

2D two dimensions

3D three dimensions

AFM atomic force microscopy

APD avalanche photodiode

BB84 Bennett-Brassard protocol invented in 1984
BBO (-BaB,0y

BOE buffered oxide etch

CBE chemical beam epitaxy

CCD charge coupled device

CL cathodoluminescence

CQED cavity quantum electro-dynamics

DBR distributed Bragg reflector

DOS density of state

E6 mixture of phosphoric, acetic and nitric acids

EL electro-luminescence

Xx1ii



XxXiv

EH one of the two solution a circular waveguide (orthogonal to the HE modes)
FDTD finite-difference time-domain

FFT fast-Fourier transform

FP Fabry-Pérot

FWHM full width at half maximum

FTIR Fourier transform infrared spectrometre
GFT Green function tensor

HE one of the two solution a circular waveguide (orthogonal to the EH modes)
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IMS Institute for Microstructural Sciences
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QCpu quantum computing
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QKD quantum key distribution
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RS resonant scattering

SAQD self-assembled quantum dot

SE spontaneous emission

SEM scanning electron micrograph

SHG second harmonic generation

SP single photon

SPAD single-photon avalanche photodiode
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TMI trimethyl-indium
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UV ultraviolet
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Microcavity Type Acronyms

H1: Single missing hole defect!

H1S: Symmetrically modified single missing hole defect

H1E: Elongated single missing hole defect

H1Y: Modified single missing hole defect to optimize the y-dipole mode
H1X: Modified single missing hole defect to optimize the z-dipole mode

H3: Triple missing hole defect

PhC microcavity parameters

d : Membrane thickness

a : Pitch between lattice holes

r : Host lattice hole radii

r; ¢ Inner ring hole radii. See Fig.8.9

0; + Inner ring hole shift. See Fig.8.9

0z : Two hole shift along z-axis. See Fig.8.14

03z + Two hole shift along z-axis for a triple missing cavity. See Fig.8.19.
r4 : Four corner holes radii. See Fig.8.26 and Fig.8.27

04 : Four corner hole shift. See Fig.8.26 and Fig.8.27

05 : Two additional hole shift. See Fig.8.27

1Detailed description of the different PhC microcavities design, including figures, can be found
in chapter 8.



Chapter 1

Introduction

The work presented in this thesis is targeted at the development of a manufacturable
source of single photons, based on the deterministic coupling of a single semiconductor
quantum dot to the single electromagnetic mode of a high quality optical microcav-
ity. We build on the world leading expertise at the National Research Council of
Canada to produce site-selected InAs/InP QDs fit to produce a single photon source
at 1.55 um. I constructed an experimental setup to demonstrate the anti-bunched
nature of the QD emission. The bulk of the work I did was dedicated to the fabri-
cation of an optimal microcavity to couple to a selected single QD; optimizing the
mode spatial profile, peak energy, far-field radiation pattern, quality factor, and effec-
tive volume, while developing a technique to tune the microcavity mode peak energy
post-fabrication. I also explored the use of a silica nanowire evanescent field to couple
to the microcavity to measure the microcavity mode structure, tune the microcavity,

and potentially extract the photons.

Subsequent chapters will describe the choice of quantum dot for our particular

application and will discuss in detail the design, fabrication and testing of particular
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Ideal single photon source

Probability

Attenuated laser pulse

S N

0 1 2 3
Number of photons per pulse

Figure 1.1: Comparison between an ideal single photon source (red bar) and a typical
Poisson distribution of an attenuated laser pulse (green bars). The green shading
highlights the discrete Poisson distribution.

types of optical cavity. In this chapter, I will motivate my work by describing some

of the potential uses for single photon sources and the competing technologies that

are being studied for single photon generation.

1.1 Electromagnetic Field Quantization

The quantization of light results in a description of the electric field as a quantum

mechanical operator. Each mode of the field can be described as a quantized simple

harmonic oscillator with its respective creation and annihilation operators, a‘,%s and

ag,, that describe how a single quanta, or photon, is created in or removed from the

electromagnetic mode described by wavevector k and polarization index s within an
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enclosure of volume V. The field operator can be written as [1,2]:

E(7,t) = EM(F 1) + EO(7,1), (1.1)

E(mt) =3 B ag G, expli(k - 7 — wit)}, (1.2)
Fs

EOGF ) =3 EVal G exp{—i(k -7 - wet)}, (1.3)
ks

where {(z,,(z,} describes two orthogonal polarization states and wy is the frequency
of the electromagnetic field with wavevector k. The possibility of a Fock or number

state arises within this formalism, e.g.:

at Y
(o) 10) (1.4)

which corresponds to j quanta generated in the mode (E, s) by repeated application
of the appropriate creation operator to the vacuum state |0). No photons are present

in |0), making it the most trivial example of a number state.

Because of the difficulties involved in producing an “on-demand” source of single
photons (SPs), i.e. a source where a trigger is used to produce one and only one
photon in a selected mode, many researchers requiring such a source have resorted
to the approximation of an attenuated laser. Such sources have a Poisson distribu-
tion of photon number as illustrated in Fig.1.1, and clearly cannot guarantee a single
photon in any particular mode. However, when the laser is operated at sufficiently
low power, typically 0.1 photons per pulse or less for a pulsed source, there are many
more pulses with one photon than with two. The vast majority of pulses are empty
in this case, however and although this can typically be viewed as an “annoyance”,

it does severely limit the rate at which single photons can be sent.
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Figure 1.2: T'wo energy levels system. The electron relaxes to the ground state results
in a single photon emission.

A simple two level atom can be viewed as the archetypal system for producing
SPs (Fig.1.2), where relaxation from the excited state |e) to the ground state |g)
results in the emission of a photon. Once excited, the system cannot be re-excited
until relaxation to the ground state has occurred, so that multiple photon emission is
precluded. Successive excitation of the system generates a SP stream with a repetition
rate defined by the excitation and relaxation rate. In practice, real single photon
sources can only approximate the ideal two level system and inadequacies arise that
are related to higher lying energy states, finite level width, problems associated with
loading |e) and interactions with the environment. Often, the system is excited to a
higher energy state than |e) but only the photon resulting from the |e) to |g) transition
is used. The indistinguishability, 7.e. the degree to which successive optical pulses

from the source will bunch together, of such an incoherently excited system is given

by [3]:
Feg QR
- ng +ozp2l"eg +Q’R7

I (1.5)

where I'.g is the spontaneous emission rate between |e) and |g), o, is the dephasing
rate of |e) and ap is the relaxation rate from the higher-order excited state to |e).
Both o parameters lead to a jitter in the arrival time of the SP wavepacket. Eq. 1.5

assumes that the emission linewidth is a delta function.
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1.2 Quantum Information Processing

Quantum information processing can be thought of as a generic term describing pro-
tocols that seek to use fundamentally quantum principles (i.e. superposition, entan-
glement, etc.) when transmitting or processing information. The basic element in a
quantum information system is referred to as a quantum bit (qubit) in analogy to
the classical, two state bit found in existing computing systems. Although a qubit
can be thought of as a two level system, in a similar manner to the classical “0”
and “1” states of the classical bit, the qubit has one very important difference: it
can exist in a superposition state between the “0” and “1”, existing in both states
simultaneously. The general state of a qubit, |¢), is then: |¢) = «|0) + B|1), where
a and @ are generally complex coefficients such that |a|? + |82 = 1. The first sec-
tion below introduces quantum key distribution, a means to transmit information in
a demonstrably secure way and the second section describes some basic concepts of

quantum computing (QCpu) that are relevant to our experimental system.

1.2.1 Quantum Key Distribution
Classical One-time Pad

The only completely secure way to transmit information is to use the one-time pad
technique, in which an encryption key as long as the message itself is used for encoding,.
The encryption key is used to scramble a single message, after which it is discarded.
In normal usage, a spy leaves on his mission taking the key with him, whilst his

headquarters retains a copy. When headquarters wants to send a secret message
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Figure 1.3: Illustration of the one-time pad cryptography technique

to the spy, they can use the AND function between the message and the key (see
Fig.1.3) to produce the encrypted text. To read the message the spy performs the
AN D function again using his copy of the encryption key. Provided the key has not
been compromised the communication is 100% secret. Note that the spy decides what
length of key he takes prior to leaving. Should a message be longer than the key he
took then the transmission will fail to be 100% secure. A demonstrably secure way to
transmit the encryption key using a real time communication channel would provide

a much better solution.

Quantum One-Time Pad

The distribution of cryptographic keys, i.e. the one-time pads discussed above, using
provably secure optical means is arguably the prime motivational drive for the devel-
opment of SP sources today. A detailed review of this field can be found in refs. [4,5].
The conceptual beginnings of optical quantum key distribution (QKD) can be found

in the 1984 paper by Charles Bennet and Gilles Brassard, where a scheme for quantum
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“Quantum Channel

Basis information
and partial
results

Figure 1.4: Schematical representation of the QKD protocol BB&4.

key distribution that has come to be known as the “BB84 protocol” was proposed [6].
This scheme uses two orthogonal polarization states of a single photon as the qubit

and relies on two fundamental tenets of quantum mechanics for its security:

1. It is not possible to clone an individual quantum state,

2. Unless in an eigenstate of the measurement operator, a measurement will in-

herently introduce a modification to the state that can be detected.

Fig.1.4 shows a cartoon representation of the BB84 protocol. Traditionally the
sender is called Alice and the receiver Bob. Communication between the two proceeds
along two different channels: a classical one and a quantum one where the key will
be sent. In practice, these two channels can be implemented within the same optical
fiber. Alice sends the key to Bob as a stream of single photons (qubits) with the
“0s” and “1s” encoded in two different choices of basis states, namely {| 1), | <)}
and {| +45°), | — 45°)}. The basis is randomly changed at the sending and receiving

end without correlation. After the key has been sent, Bob reveals to Alice, over the
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classical channel, the sequence of basis choices he made for receiving the photons.
The encryption key is the sequence of qubits that were received when Bob’s basis
choice matched that of Alice. It is important to note that neither Alice nor Bob indi-
vidually decides the key, but both of them do through the randomness of the bases.
Statistically, from the original photon string, only ~ 50% will be left after Bob makes

his basis choices.

If an eavesdropper (Eve) intercepts the SPs and measures them, Bob does not re-
ceive anything and while comparing bases with Alice discards those missing bits. In
the case where Eve sends replacing qubits, the randomness of the basis makes it such
that at best Eve’s “duplicate” is the same as Alice 50% of the time. Hence, the qubit
overlap between Alice and Bob goes down to 25%. By comparing their respective
results for a significant portion of the key on the classical channel, Alice and Bob can
check for eavesdropping; discarding the section of the key they use to check the chan-
nel security. Of course, even in the absence of eavesdropping, the quantity of “good”
qubits will never be 50% and a small shortfall is tolerable. The question of how low is
too low is a complex one and is strongly correlated with the noise level of the system
(how many SP are lost, detector efficiency, ...) and the classical and/or quantum
error correction algorithms used. If the overlap is good enough the unshared part of
the key is used to encode the secret. The encrypted data is sent, in the “open”, by
the classical channel. The BB84 protocol is constantly used and improved and more
recent versions as well as error correction algorithms can be found in refs. [5,7-10]

and references therein.
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An important point to notice is that the channel security is tested by transmit-
ting the key and not the actual message itself. If the channel is found to be unsafe,
no information has been compromised. This is equivalent to sending the encryption
key in a safe briefcase and if the briefcase does not make it then only the key has
been lost. If Alice sends two photons in the same polarization state simultaneously,
instead of one, the whole scheme is ruined. Eve can now measure one of the photons
whilst leaving the second one unperturbed. Alice and Bob are not able to detect her

influence on the data and the process is no longer secure.

In order to avoid two-photon generation with an attenuated laser pulse, the pulse
intensity is reduced to contain a SP less than 5% of the time. This results in a
two-photon probability well below 0.5%; an acceptable value considering the afore-
mentioned error correcting algorithms [5,7-10]. The low SP emission rate puts con-
siderable stress on the transmission protocol however, making it quite difficult to
detect an eventual eavesdropper. Nevertheless, commercial systems based on atten-
uated laser pulses and error correction algorithms are available from MagiQ [11], id
Quantique [12], and SmartQuantum [13]. The resulting bit rates are quite slow how-

ever and the communication distances are limited.

1.2.2 Quantum Computing

The idea to use the laws of quantum mechanics advantageously to do computation
was developed in the early 80’s by Feynman, Deutsch and others (see Refs. [14,15]

and references therein). In a quantum computer the state of the bits can be described
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by a wavefunction such as [16]:
|®) = @|0110011...) + B|0101101...) + ..., (1.6)

where o, 3, etc. are complex numbers and |0110011...) are possible states of the
system. Each 1 and O refers to the state of the qubit. The system is hence in a
superposition of states and the phases associated with the complex numbers contain
relevant information. The different logic associated with such a system leads to the
development of new algorithms like Shor’s polynomial factorization algorithm [17], or

Grover’s search algorithm [18].

The system studied in this thesis -a single QD coupled with a microcavity- can
be used to perform quantum computing (QCpu) using two different approaches.
First, it can be used as a highly efficient SP source within a linear optics quan-
tum computing (LOQC) scheme. Second, it can be used as a way to steer and/or
store a “flying qubit” within a QD electron spin state and then to re-emit a photon at
some later time. There exists a large variety of potential QCpu schemes and devices,
some of which are discussed below. The merits and advantages of one scheme over
the other will not be discussed in detail here since QCpu per se is not the main goal

of the work presented in this thesis.

Linear Optics Quantum Computing

As the name linear optics quantum computing (LOQC) suggests, it involves QCpu
using SPs, photodetectors and linear optical elements (beam splitters, phase shifters,

mirrors etc.). The proposal to use simple optics and photons to perform quantum
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Figure 1.5: Nonlinear sign gate. From [22]

logic operation was first made by Milburn [19]. The field truly blossomed with a
publication in 2001 by Knill, Laflamme and Milburn [20]. The advantage of SPs with
respect to other quantum objects involves their low coupling to the environment and

thus the circumvention of many decoherence effects.

Computation with SPs and linear optical elements takes full advantage of the
bosonic nature of the electromagnetic field. Consider a simple 50/50 beam splitter
with the two input arms labeled a and b and the two exit arms ¢ and d. If one pho-
ton enters each of the two arms |1,1)44 = a'bt|0,0),,, the output is 1/2(ct + df)(ct —
d")|0, 0). 4 which is equal to 1/v/2(|2,0).,4—|0, 2),4). The photons bunch together [21].

As an example of LOQC, one of the necessary gates is the nonlinear sign gate

which acts on the three lowest Fock states in the following way:
al0) + B|1) +7(2) = a|0) + 5[1) —712), (1.7)

and its action on the higher states is irrelevant. The name “nonlinear sign gate” comes
from the fact that in the original optical computing schemes, it was constructed using
nonlinear material. Figure 1.5 comes from ref. [22] and shows such a nonlinear sign
gate. Using only 3 beam splitters (with transmission amplitudes 7, = 73 = Z_—;—V—i and

n2 = 3 — 2v/2) the required operation can be done probabilistically using projective
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measurements. The three ports, one for the function and two other ancillary modes
crossing each other onto the beam splitters, perform the nonlinear sign gate opera-
tion. For a review of the technique consult [22]. For a detail theoretical description

of a single quantum dot (SQD)-microcavity system used for LOQC see Ref. [23].

Considering the fact that the nonlinear sign gate is one of the simplest operations
required by a quantum computer, and that it requires one on-demand SP in addition
to those composing |¢), it is clear that a real LOQC process will require a large

number of efficient, on-demand sources of SPs.

Cavity Quantum Electro-Dynamics

The field of cavity quantum electro-dynamics (CQED) started with atoms in a cavity
and while this approach is producing impressive experimental results {24, 25], it is
hard to envision a QCpu based on multiple copies of such systems, given the high
level of complexity involved. Nevertheless, the theory developed for these systems
can be applied to a SQD-microcavity systems if the QD is at temperatures where its
density of state (DOS) is atom-like. Chapter 5 will introduce the theory behind the

QD-microcavity coupling and its effect on the QD emission properties.

The coupling between the QD and the microcavity modifies the QD recombination
rate through the Purcell effect [26]. Moreover, the escaping photons are now in the
specific microcavity optical mode that matches the QD transition energy. The result

is a more efficient SP source that can be employed within a LOQC scheme.
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Quantum Repeater

It was shown recently that placing electrostatic gates around a SQD allows one to
isolate the spin of a single electron within the SQD [27]. Moreover, the electron
spin is directly related to the polarization state of the incident photon generating an
electron-hole pair (also known as a quasi-particle called exciton) in the QD. In these
experiments, the hole is removed while keeping the electron thanks to a positive bias
on the gates and a potential barrier region underneath the QD layer. The electron spin
can be preserved for over 1 ms if a magnetic field is applied to prevent spin flips. The
removal of the bias results in the re-insertion of holes and the emission of a photon
with the same polarization as the excitation. This behavior is that of a quantum
repeater. No matter the initial photon polarization the re-emitted photon will have
this same polarization. As a photon propagates along it encounters losses and has
a coherence length. Quantum repeaters are highly desirable because of those losses.
The addition of a microcavity to the system would provide much higher collection and
re-emission efficiency. Moreover, the quantum repeater is a building block towards
QCpu [23,25,28-30]. The ability to impart the electron spin state to a “flying qubit”

could also be used to transmit information between two separate computation sites.

1.3 Single Photon Sources in Practice

An ideal SP source would generate a SP at every request, keeping the two-photon and
zero-photon probabilities zero. The resulting protocol would then be a lot more effi-

cient with respect to using an attenuated laser source, and would enable transmission
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over much greater distance and/or a greater sensitivity to eavesdropping. The effort
put on error correction would be used to compensate the propagation losses instead
of the Poisson distribution of the light source. In this section, I will review the various

competing technologies aiming to the construction of a single photon source.

1.3.1 Nonlinear Effects in Material

The schemes presented in this section take advantage of nonlinear effects within cer-
tain materials to generate a pair of entangled photons. The electric field displacement
in a material (D) is given by the sum of g9 and the polarization vector P. The later

is given by:

P=¢yxE =& (X(l) ‘E+x® :EE+x®:EEE + - ) : (1.8)
The material susceptibility x is expanded in multiple tensorial order x), a tensor
of the rank j + 1. While the linear susceptibility (x(")) represents the dominant
contribution to P, some materials show significant effects due to the higher order
susceptibilities. Spontaneous parametric down conversion (SPDC) originates from
second order susceptibility effects and figure 1.6 introduces the basic concept and
relevant energy diagram. A pump photon of frequency wpym, excites the system to
le) and the x® effect results in the simultaneous emission of two photons with energy
hwsppe = ML;’"P- The probability of this two photon emission event is very low and
proportional to the pump power. One could increase the pumping power to increase
the efficiency but then other nonlinear effects start appearing. Due to energy con-

servation considerations, the two particles are emitted within two intersecting light
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Figure 1.6: (a) Schematics of the SPDC process. (b) Energy diagram of the SPDC
process. (c) The two light cones of the type I SPDC process, from [31]. By selecting
photons where the two cones overlap one has a pair of entangled photons.

cones (Fig.1.6(c) borrowed from [31]).

By selecting only the photons from the intersection points (highlighted by ar-
rows A and B in Fig.1.6), one overlaps the wavefunctions for the two photons and
an entangled photon pair is produced. The total wavefunction can be expressed
as: |¢r) = —=1/v2(] {,<)an + | <,1)an) while each path can be described as
l64) = 1/v/2(| 1) +| <)) and the polarization state measurement of one resolves the
other. If the spatial location is the only way to distinguish between the two photons,
the two photons are polarization entangled. A measurement of one of the photons
enables the knowledge of the presence of the other: creating a heralded-SP source.
Since the emission is announced, the protocol can be adapted to result in zero prob-

ability of event with no photon.

The first demonstration of entangled-photons pair generation was achieved in a
bulk crystal of deuterated potassium dihydrogen phosphate (KD*P) using sponta-

neous parametric down conversion (SPDC) [32]. Two spatially separate beams, each
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one containing a photon with a polarization along the same axis as its complementary
particle, were used to test Bell’s inequality. The scheme was pushed further using
a novel type of SPDC (type II) to generate not only spatially separate photons but
photons with orthogonal polarization using a §-BaB2O4 (BBO) crystal [33]. Such
an entangled-photons source was used to first demonstrate quantum teleportation of
a photon state in 1997 [31]. While such a process is being extensively used nowa-
days [34-36], much effort is being expended to augment its efficiency by moving to
different crystals such as periodically-poled lithium niobate (PPLN) [37,38] and/or
KTiOPO4 (KTP) [39-41] or using concentrated electric field schemes like waveg-

uides [40] or laser cavities [41].

Waveguides because of the higher electric field enable the use of less efficient non-
crystalline materials like dispersion-shifted fiber (kept at low temperature to inhibit
other nonlinear effects) [42,43] using four-wave mixing schemes [44,45]. While these

schemes exploit the material nonlinearity they are not SPDC schemes.

Unfortunately, these nonlinear SP sources still generate a Poisson distribution,
with a non-zero probability to generate two-photons (much lower than an attenuated
laser pulse source), and a high probability of zero-photons. The main purpose of those
schemes is the generation of entangled-photons pairs. SP production is a by-product

and it is not an on-demand SP source.
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1.3.2 Ion-Trap System

This system was one of the first to be used to demonstrate the anti-bunching be-
havior [46,47] of SP emitters. First, a beam of atoms needs to be generated and
controlled. The passing atom is excited by two laser beams that isolate the system in
the atomic state |e) to generate SP emission. As one can imagine, the manipulation
of a single trapped ion or a single trapped atom requires a complex technical effort
and the yield is relatively low. Recently the output has been improved by putting the
single ion in a laser cavity [48], with SP generation efficiency just below 10%. Even
then the price in experimental complexity is hardly justified by the need for a SP
source for quantum information processing schemes where numerous sources would

be required.

1.3.3 Nitrogen-Vacancy Centers in Diamond

A promising candidate for a SP source is the nitrogen-vacancy (N-V) center in di-
amond, where a substitutional nitrogen atom and a vacancy on an adjacent lattice
position are used as the approximate two-level system. The diamonds are man-made
and the density of N-V centers can be controlled. The N-V centers can be locally ex-
cited with a green laser and the fluorescence photon is around 637 nm. Unfortunately,
the collection efficiency is low (~0.1%) [49]. Nevertheless, a N-V center has been used
to demonstrate quantum key distribution [50]. Recently, photonic crystal (PhC) mi-
crocavity designs in diamond were proposed to improve the collection efficiency [51].
Current papers are reporting advanced electron spin manipulations [52-56]. The main

advantages of the N-V centers are the fact they can be operated at room temperature
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and the relative simplicity of the experimental setup.

1.3.4 Single Quantum Dots

The details of the physics of the QD are discussed in chapter 3. A QD can be viewed as
an artificial atom, where both the electrons and the holes are confined by a parabolic
potential. The recombination of the electron-hole pair results in the emission of a
photon. With proper excitation, the QD can be viewed as a good approximation to
the two-level system, where the transition from |e) to |g) is the recombination from

the electron and hole ground states.

It is possible to experimentally generate a single exciton (quasi-particle repre-
senting the electron-hole pair) in a QD at a controlled time. Thus a SQD can be
viewed as an efficient source of SPs. Chapter 4 is dedicated to a detailed description
of the SQD and our experimental results with InAs quantum dots in an InP ma-
trix (InAs/InP SQD). An InAs/GaAs SQD coupled with a microcavity was used to
demonstrate QKD in 2002 [57], quantum teleportation in 2004 [58], Bell’s Inequality
violation [59], and LOQC [60]. So this is a relatively mature technology and one of
the main limitations to commercial utilization is the low temperature required for the
QD to have an atom-like DOS. InAs/InP SQDs have the advantage that they emit

around 1.55 um; an ideal wavelength for fibre-based processes.

The relatively long lifetime of the single exciton level, the random emission direc-

tion, the finite emission linewidths and the influence of the environment makes the
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SQD an on-demand single photon source with a relatively low efficiency, whilst the
photons are distinguishable because of the large jitter in emission time. The addition
of a microcavity around the SQD, coupled to the single exciton level greatly improves
both the yield and the indistinguishability of those photons [3,61,62]. The physics of
the microcavities will be further explained in chapter 5 while our efforts to construct

microcavities around InAs/InP are presented in chapters 7 and 8.

A SQD can also be used to generate a pair of polarization entangled photons
via the bi-exciton decay process [63]. Although initial experiments only showed a
strong correlation between the two photons [64-66], entanglement was recently proven
[67-71]. The process is illustrated in figure 1.7. The QD is loaded with two excitons
(| 7, 11)). Radiative decay to the vacuum state can occur via two different paths,
with different intermediate single exciton states: | |ft) or | T{). In practice, the
energy level of | T{) is not equal to | |{}), although one can make them equal by
using either an electric field, magnetic field or an optimized QD fabrication process.
When the intermediate exciton states are degenerate, the two recombination paths
are indistinguishable and the two emitted photons are entangled in their polarization
degrees of freedom because the spin of the recombined exciton is passed on to the
emitted photon. The link between the electron-hole spins and the polarization state of
the emitted photon comes from a simple angular momentum conservation argument:
the electron angular momentum is 1/2 whilst that of the hole is 3/2. Only the QD
heavy holes are considered because their energy levels are lower than those of the light
holes. The recombination of a spin-up hole with a spin-down electron yields a right

circular polarized photon and opposite spins yields a left circular polarized photon.
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Figure 1.7: The two decay paths of the QD bi-exciton generating an entangled photon
pair.



Chapter 2

Single Photon Detection

The difficulties in single photon (SP) detection are two-fold. First, very few detectors
possess the sensitivity required to register a SP. The usual problems are either a
detection threshold that is too high and/or too many “dark” counts - counts that
appear in the absence of any input signal. Secondly, although it may be possible
to detect a SP it is also necessary to prove that the detected signal came from a
SP. While few detectors can discriminate the number of photons in a light pulse,
advanced techniques with less precise detectors are available; the emission can be
sent for example to a time-correlated single photon counting (TCSPC) setup, where
two detectors are used and the anti-bunching nature of a single photon emitter can

be confirmed with precise temporal information.

21
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2.1 Hanburry-Brown and Twiss Correlation Spec-
troscopy

The photon detection process usually involves the annihilation of a radiation field
photon and the generation of a charged particle that is counted as a mean of mea-
surement. The probability of detecting an event between time ¢ and £+dt at a position

7 is proportional to wydt, where:
wi(7,t) = @ EC (7 ) B, 1)li), (2.1)

and |¢) is the initial state of the radiation field. The physics discussed in this chapter
can be found in greater detail in refs [1,72,73]. Assuming a linearly polarized electric
field, the joint probability to detect an event at position 7 inside time ¢ and ¢+ dt and
another event at position 75 inside time ¢, and t3 + dty is proportional to wydtdts,
where:

wi (78, Faty) = (| EC) (7, 1) EC) (7, ) E) (7, £) B (7, t2) ). (2.2)

Only the time difference 7 = t—15 is relevant for a statistically invariant field. The
normalized second order quantum mechanical correlation function is then a statistical

average over all the possible initial fields:

(EO(F ) EC)(Ft + 1) ED(F t + 1) ED(T, 1))

A 1) = . 2.3
9T = B 0 BT OB+ NEA L) O
Classically the correlation function is given by:
2 (It +7)I1)
g((:lgssical T) = <I(t)>2 . (24)
This means:
ggg,ssical(o) Z 17 (25)

gggssical(o) 2 gggssical (T)7 (26)
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Figure 2.1: Hanbury-Brown and Twiss setup cartoon representation [74].

Jrg—

where the Cauchy-Schwarz inequality was used (|Z-7]% < (Z-Z)(7-¥) or in the quantum
mechanic formalism |(zy)|? < (z){y)) was used. It can be shown that for a thermal
source ¢g‘¥(0) = 2 while for an ideal laser (5-function linewidth) g®(0) = 1 [1]. For
the quantum mechanical second order correlation function it is possible to obtain val-
ues for ¢ (0) lying between 0 and 1 when the photons are anti-bunched. This means

the detection of a photon at one time and place makes it less likely to be detected at

another.

To measure the second order correlation, a Hanbury-Brown and Twiss interfer-
ometer is used [53], as is shown schematically in figure 2.1. The SP emission is sent
to a 50/50 beam splitter and each emerging beam path is then sent to a detector. If
the emitter launches one photon at a time only one detector can register a hit at a

time, so that ¢®(0) = 0.

The actual experiments are slightly more complex since we do not perform the

measurement only at 7 = 0. A precise chronometer (resolution < 100 ps) within a
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Figure 2.2: First reported TCSPC experiment with InAs/GaAs with a continuous
excitation [75]
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Figure 2.3: Anti-bunching measurements for pulsed excitation with InAs/GaAs SQD
emitting in the visible [62] (a) and in the near-infrared [76] (b)

computer measures the time difference between a hit on detector 1 and subsequent
hit on detector 2. An electronic delay 74 is inserted in one of the arms to help the
chronometer make the measurement. For clarity, 74 is subtracted from the data be-
fore plotting it. When the emission process is random, ¢‘® (1) will be a flat line. For
a SP source a dip at 7 = 0 appears. The dip width is directly related to a subsequent
photon emission lifetime if continuous wave excitation is used. An example of such a

result for an InAs/GaAs single quantum dot is shown in figure 2.2.

In the case of pulsed excitation g(®(7) looks different, but the principle stays the
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same. Instead of a flat line with a dip at 7 = 0, ¢g®® will consist of peaks, separated
by the laser repetition rate, with an amplitude approximately equal to one. At 7 =0
the peak will be missing and g will approach zero, as shown in figure 2.3(a) for
an InAs/GaAs SQD in a low @ microcavity. If the jitter within the electronics is
small enough, the peak full width at half maximum (FWHM) can be related to the
energy level lifetime. For detectors with high dark count levels, the detectors are
only “activated” for short temporal windows when the photon arrival is expected. In
such an experimental setup, the internal jitter so high that the timing information is
almost irrelevant within the short window where the detector is turned on. In this
situation, the g® () data becomes a bin-like graph as shown in figure 2.3(b). Our
TCSPC experimental results with an InAs/InP SQD will be presented in chapter 4.

2.2 Detectors

To measure a SP one can use a micrometer size tungsten square on a pillar at very
low temperature (=~ 300-400 mK). At this temperature the tungsten is just over its
superconducting threshold. A photon hitting the tungsten generates enough heat
within the sample to bring it out of the superconducting regime, and produces a
sudden increase in resistance [77,78]. This type of detector is referred to as a tran-
sition edge sensor. The technique is quite remarkable since it is able to distinguish
between events where there is one colliding photon, two photons and more. Plus, it
works for a very broad range of the spectrum. However, it has drawbacks. Firstly,
in addition to the complications involved in working at these temperatures, it is also

costly to sustain such a temperature. Secondly, the detector needs a relatively long
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time to recover from the event-induced temperature change. This greatly limits the
achievable repetition rate. And thirdly, it is relatively difficult to redirect photons to

the detector and many photons are lost in the process. Plus, doing so can generate

heat lost within the cryostat.

Another type of transition edge sensor has been developed recently [79,80]. The
new type uses a superconducting nanowire of niobium nitride (NbN). The advantage
of the nanowire resides in the higher temperature of operation (3.1-4 K). To improve
the detector cross-section the nanowire is arranged in a meander-like fashion. This
results in a low-jitter, low dark count and high bandwidth detector. Photon-number
resolving detection has yet to be demonstrated, but in theory it should be possible.
In current publications, the NbN nanowires are used within a Hanburry-Brown and

Twiss interferometer to do TCSPC [80].

2.2.1 Avalanche Photodiodes

A good way to reach a high repetition rate while preserving a good detection effi-
ciency is to completely discard the photon-number resolving capability. An avalanche
photodiode (APD) is a commonly used type of detector in the telecommunication
world. It can be viewed as an analog to the photomultiplier tube as current amplifi-

cation is done through an avalanche process within it. Its internal current gain makes
it suitable for low light levels. For the visible part of the spectrum silicon-based APDs

are used while the 1.2 to 1.7 um range is covered by InGaAs-based APDs.

To make it sensitive to even lower light levels (e.g. a SP) the APD is biased
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Figure 2.4: Schematics diagram of an InGaAs/InP APD. From [81]

close to or over its breakdown voltage. When a SP impinges on the detector the
excited electron is enough to trigger an avalanche. Figure 2.4 illustrates a typical
InGaAs-APD structure and the bottom panel shows the device band structure. The
absorption and avalanche areas are separated, while the p-n junction is created at
the p*InP/n-InP interface. By increasing the bias, the depletion layer will reach the
InGaAs (i.e. the absorption area) and the device then becomes sensitive to light.
The electrons and holes created within the InGaAs can undergo a drift because of the
non-zero electric field and can reach the multiplication region. The purpose of the
thin InGaAsP layer is to smooth the transition with respect to bandgap between the
InP (E,,,=1.35€eV at room temperature) and the InGaAs (F;q,=0.73eV at 300K).
As a result, the holes can cross the barrier more efficiently, and the bandwidth of the
device is increased. It is important to note that APDs were not primarily constructed
for SP detection, although the last few years have seen companies starting to make
optimized versions of their APDs for extreme low light levels which are referred to as
single-photon avalanche photodiodes (SPADs). Both SPADs and APDs are limited in
repetition rate by the fact that the diode must be “recharged” to be able to generate

a subsequent avalanche.
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The photon capture and avalanche processes are quick (< 2ns) and reproducible
but, when the APD is biased to be single photon sensitive, the avalanche process
will yield an electrical pulse with a constant amplitude regardless of the amount of
light hitting the detector. The timing information is good (jitter < 50ps), but no

information regarding the quantity of light can be extracted.

The higher the bias the more sensitive the detector becomes. But a higher sensi-
tive comes with a price. Random events, also known as dark counts, are more likely
to happen. Either a lost photon coming from somewhere else or an electron trapped
in the material getting released can generate dark counts. The material quality is
therefore a primary consideration when designing an efficient, low noise SP detector
for TCSPC applications. The dark counts will pollute the signal and hide the data.
It comes as no surprise that Si-based APDs have a much higher fabrication quality
than the InGaAs-based ones. In fact, Si-APDs are so good (high sensitivity, low dark
counts) that they can be operated in “single-photon-sensitive” mode continuously,
i.e. a bias slightly below the breakdown voltage, and a diode temperature of -50°C.
For InGaAs-APDs the dark counts are too high for them to be operated continuously
and one must bias them for minimal amounts of time to limit the dark counts. This
operation mode is called Geiger mode. Basically, the pulse used to trigger the source
is also used to trigger the detection with some delay to synchronize the event with the
detector bias pulse. The bias pulse amplitude is added to a DC bias applied to the
detector (typically 1-2 Volts below the breakdown voltage) to bring the total voltage
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slightly above the breakdown voltage when the pulse is applied. The operation tem-
perature is the same as for the Si-APDs. Typically, the detector is left “ON” for only
1ns; long enough to allow some experimental jitter but short enough to drastically

reduce the dark count rate.

To prove that the light coming from a SQD is indeed a SP one typically makes an
anti-bunching measurement with a Hanburry-Brown and Twiss interferometer [21,74]
as shown in figure 2.1. Our initial results using such a system with an InAs/InP SQD

are presented in chapter 4



Chapter 3

Self- Assembled Quantum Dots

This chapter introduces the concept of a quantum dot (QD) and a self-assembled
quantum dot (SAQD) and discusses some of the characterization techniques that are
available to study them. Much of the pioneering work has been done using InAs/GaAs
and InGaAs/GaAs QDs simply because they were readily available and could be fab-
ricated with higher quality than dots from competing materials systems. In addition,
because they emit in the visible part of the spectrum, the detection of photons emitted
from these dots is technologically simpler (using cooled charge coupled device (CCD)
array, Si APDs, etc.). This thesis focuses on QDs for fibre-based applications, thus
emitting in the near infrared (NIR). The second section introduces the various QD
types and other nanocrystals that emit in the NIR including our specific QDs for
the NIR: chemical beam epitaxy (CBE)-grown InAs/InP SAQDs. The third section
focuses on the physics of the QD and its emission properties, whilst the last section

presents various QD characterization techniques.

30



Chapter 3;: SELF-ASSEMBLED QUANTUM DOTS 31

Figure 3.1: Schematic representation of the various electronic DOS for different quan-

tum structures: quantum well, quantum wire and quantum dot compared to bulk
DOS.

3.1 What is a quantum dot?

A QD is a semiconductor nanocrystal embedded within a material of higher bandgap.
Because of its small size, electrons and holes contained within the dot are effectively
confined within a three dimensional potential well. Figure 3.1 compares the electronic
DOS for quantum wells, quantum wires and quantum dots with that of the bulk mate-
rial. Three dimensional confinement results in a discrete DOS for both electrons and
holes. The electron-hole (also known as a quasi-particle called exciton) recombination
leads to the emission of a photon. The QD emission spectrum is discrete because of
the electron and hole discrete DOS. The physics behind this will be further explained

in section 3.3.

Another important consideration is ones ability to engineer the QD properties

through careful choice of the nanocrystal proportions, material composition and
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Figure 3.2: Bandgap energy as a function of the lattice constant for various III-V
semiconductors at room temperature. Solid lines are direct gap material whereas the
dashed lines are indirect gap ones. From [82]

cladding. Many different techniques exist to produce QDs and a large selection of dif-
ferent materials exist that are suitable for QD formation. It would be rather tedious
to list them all here, but as an example, figure 3.2 illustrates the bandgap energy as
a function of lattice constant for some relevant I1I-V semiconductor materials. Using
advanced epitaxial techniques it is possible to isolate a nanocrystal of semiconductor
material within a second material of higher bandgap, thus creating the 3D confine-
ment required, provided that the nanocrystal size is small enough. The InAs/InP
QDs used in the present work are formed using the Stranski-Krastnow growth mode

in a chemical beam epitaxy system. This procedure will be discussed later in this
chapter. A more detailed description of recent progress in the growth techniques for

InAs/InP QDs can be found in the thesis of Danny Kim [83].
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3.2 Epitaxial Growth and Quantum Dots

The QDs used here are epitaxial QDs. They are created in a growth chamber where
the layers of atoms are deposited one by one, i.e. a monolayer (ML) at a time. Epi-
taxial growth techniques have found many commercial applications and have been

used to produce quantum wells (QWs) for a number of decades already.

There exist three main epitaxial modes of growth, Volmer-Weber, Stranski-Krastanow
and Frank-van der Merve. Each mode appears in response to certain material prop-
erties. The interface energy between epilayer and substrate, the strain energy and the
surface energy of the QD material (low bandgap material) are the crucial parameters.
The interface energy describes the ability of one material to grow on another, the
strain energy describes the degree of lattice mismatch between the two and the sur-
face energy describes the cost for a material to take up a specific shape. For growth
where the interface energy is high, the adatoms will have a tendency to form islands
on the surface to minimize this interface area. This is the Volmer-Weber type of QD

growth.

When the interface energy is low, adatoms incorporate across all of the surface,
forming a wetting layer a few MLs thick. If the stress induced by lattice mismatch is
low, the epilayer will remain two-dimensional, corresponding to layer by layer growth;

this is the Frank-van der Merve growth mode.

A higher lattice mismatch encourages the formation of stress-relieving islands on

top of the wetting layer. The onset of island formation is spontaneous, corresponding
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Wetting Layer

Figure 3.3: (a) Stranski-Krastnow type of QDs created by lattice mismatch. (b)
Optically active QDs layer where a cap layer as been added over the nanocrystals
formed in (a).

to the terminology “self-assembled”. This epitaxial regime is referred to as Stranski-

Krastanow growth and is illustrated in figure 3.3(a).

In order to obtain full, three dimensions (3D) confinement for electrons and holes
within the nanocrystal, a layer above the QDs (known as the cap layer), with a
bandgap larger than the QDs themselves and usually of the same material as the

substrate, is grown, as shown in Fig.3.3(b).

3.2.1 Near-Infrared Quantum Emitters

Several groups want to build bright light sources for the near infrared (NIR) using
various growth processes and techniques. The emission wavelength of the QDs de-
pends on their material composition and the surrounding material. Figure 3.2 shows
the bandgap for various III-V semiconductors. InAs QDs in a GaAs matrix produce
light around 800nm, i.e. a photon energy of 1.4eV, while InAs/InP QDs produce
photons around 1550nm. The bandgap of GaAs is similar to that of InP and the
difference in emission wavelength for InAs/InP QDs with respect to InAs/GaAs QDs

is a direct result of the different lattice mismatch. The lattice constant of the InP
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is closer to that of InAs and the resulting QDs are under smaller strain than for
dots in GaAs. It is possible to tune the strain within the QD using advanced growth
techniques involving a thin stress relieving layer (SRL) and/or growth interruptions.
The lattice mismatch also results in a different dot shape. While the InAs/GaAs QDs
have a lens-like shape after the growth of the capping layer, InAs/InP QDs have a
shape that is closer to a square based platelet, with a height about 3-4 times smaller

than the lateral dimension.

There are many types of growth techniques that can produce epitaxial Stranski-
Krastanow, InAs/InP SAQDs: metal organic chemical vapor deposition (MOCVD)
[84,85], metal organic vapor phase epitaxy (MOVPE) [86-88], molecular beam epitaxy
(MBE) [89], solid-phase MBE [90-92] and CBE [93]. Other types of low-dimensional
InAs/InP-based structures also emitting at about 1.55 um can be fabricated including

quantum wires [94-98], quantum sticks [99, 100], and quantum dashes [101-105].

InAs/GaAs 4 Stress-Relieving-Layer

The idea here is to manipulate the self-assembly process using a SRL between the
QD layer and the cap layer. This technique has been around for a few years now and
has been used with high success to produce 1.3 ym-single quantum dot with MBE
growth and InGaAs-SRL [76,106-109].

It is a little bit trickier to push InAs/GaAs QDs further up in wavelength and only
recently have people reported such results, using MBE and a InGaAsSb SRL [110],
or MBE and In,Ga;_,As SRL [111]. A third group has used MOCVD and an
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InGaAs SRL but their QDs overshot the desired wavelength into the 1.6 to 1.9 um
range [112,113].

InAs/InP + Stress-Relieving-Layer

As for the InAs/GaAs QDs, a thin (few ML) layer is deposited onto the QD layer
to relieve the stress before the capping layer is deposited. Three different groups are
using an InGaAsP SRL layer, two using MOCVD growth [114-116] while the other
group grows their samples with MOVPE [117]. Other groups are using SRLs without
phosphine; InAlGaAs [118] and GaAs grown by MOCVD [119].

InAs/InP + Double-Cap

This technique is quite similar to the previous one except the SRL is in the same
material as the capping layer but grown at a different rate with an optimized growth
interruption period. One group uses (311)B substrates and MBE growth [120], while
another group uses an MOCVD growth chamber [121-123]. They can even gener-
ate site-selected InAs/InP SQD within lithographically-fabricated, nanometer size
holes [124-129].

InAs/InP (001)

This section reviews the various works on InAs/InP QD growth using InP(001) sub-

strates, without any of the variations mentioned earlier. Groups have grown samples

with MOVPE [86-88,130-132] and also with MBE, but with limited success [133].
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Our work with these QDs is presented in the next section.

3.2.2 Our InAs/InP(001) Quantum Dots

The growth technique used to produce the samples for my work is chemical beam
epitaxy (CBE). Gas beams of trimethyl-indium (TMI) and arsine (AsH;) are re-
quired to produce an InAs layer whereas TMI and phosphine (PH3) generates InP.
A mixture of arsine, triethylgallium (TEGa) and TMI is used to grow InGaAs. The
principal feature of CBE growth with respect to others is the fact that the chemical
reaction occurs on the surface. The different adatoms migrate for a time on the sur-
face before being captured into crystal sites. Precise control over the gas flow rate

and substrate temperature are critical to generate uniform and pure layers.

We grow our samples using a RIBER 32P CBE system. The AsHj and the PHj
are cracked at 850°C in a fast switching cracker cell to generate As; and P, and in-
jected into the chamber. The TMI and TEGa are injected into the chamber through
a low temperature gas injector held around 100°C. We used InP(001) substrates and

the growth temperature was fixed at approximately 520°C.

First, an InGaAs layer was grown, the thickness of which is determined by the
desired end use. If the InGaAs layer was meant to be a simple etch stop its thickness
was around 400nm. A thicker layer (> 1um) is required to construct a photonic
crystal membrane because the InGaAs will be replaced by air to confine the pho-
tons by total internal reflection. The InGaAs growth rate was fixed to 1 um/hour.

Subsequent steps, describing our QD growth procedure, are depicted in figure 3.4.
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Figure 3.4: Schematic representation of the growth of a InAs/InP SAQDs layer.
From [93].

Following the initial InGaAs layer, an InP buffer layer was grown using TMI and
PH; flow at a rate of 0.51 ML per second (ML/s). When the buffer thickness reached
the desired value (depending on the intended purpose) the TMI flow was stopped
while the PH3 continued for 10 seconds to smooth the InP. Before growing the InAs
layer at the same rate, a 5s pause was included to evacuate the residual gases in the

chamber.

An InAs thickness of 3.1 ML was grown to ensure the formation of 3D islands
(they appear at 2.5 ML in this material system [93]). This layer thickness is directly
related to the resulting QDs density. A 3.1 ML layer results in ~100 QDs/um?. As
for the InP buffer layer, two growth interruptions follow. The first one lasts 30s with
an AsHj overpressure to allow the InAs layer to reduce strain energy by the formation
of QDs. The second 5s pause again eliminates the remaining hydrates. An InP cap
layer was grown at 0.95 ML/s, a faster rate to reduce the amount of As/P exchange
at the dot surface. The cap layer thickness is again dependent on the end application
of the sample, but for our purposes it is almost always the same as the buffer layer in

order to generate a QD layer at the center of the grown structure; preferable if one
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Figure 3.5: Typical CBE grown InAs/InP QDs used in this work. (a) SEM image of
an uncapped layer. (b) PL spectrum of a QDs ensemble.

wants to couple to a microcavity mode.

Figure 3.5(a) shows an SEM image of an InAs/InP QD layer without the cap layer
and (b) the photoluminescence (PL) spectrum of a typical InAs/InP QD ensemble.
A detailed explanation of both those characterization techniques will be given later
in this chapter. The key difference between InAs/InP QDs and other QDs is their
emission wavelength around 1550nm; the ideal wavelength for optical fibre-based
transmission 7.e. the telecommunication C-band. As can be seen from the wide emis-

sion spectra from the ensemble PL, the dots can even be used in the S- and L-band.

One can isolate a SQD from such a planar QD ensemble by depositing a mask
with numerous nanometre sized holes or by etching similar sized mesas. One then
searches for the mesa or hole that happens to have a single quantum dot by chance. It
would be very useful to be able to produce a SQD at a desired location on the sample.
A novel technique using selective area epitaxy [134,135] to produce clean SQDs at a

desired position was developed at the Institute for Microstructural Sciences (IMS).

It will be further discussed in section 4.2.
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Figure 3.6: (a) Schematic band structure of the direct band gap semiconductor. (b)
Cartoon representation of the QD energy level. Exciton recombination yields the
emission of a single photon. From [136]

3.3 Quantum Dot Energy Structure

The Hamiltonian of a d-dimensional harmonic oscillator i.e. a particle in an infinite-

barrier parabolic potential, is given by:

2m* Zm* 2r2, (3.1)

where wy is the oscillator frequency, p the momentum operator and m* is the particle

effective mass. Its solutions are given by:

E,— (n + %) o, (3.2)

where n is an integer. It has been shown that in lens-shaped, quasi-two-dimensional
SAQDs, the bound states of both the electrons and valence-band holes can be approx-
imated using effective mass theory and a parabolic confinement potential [136-138|.

The single particle levels then correspond to the levels of a two-dimensional simple
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harmonic oscillator with energies given by:
Epn = Fwo(m +n + 1), (3.3)

and eigenstates |mn). As for atoms, when m + n = 0 the electron is in the s-shell,
m + n = 1 corresponds to the p-shell, m 4+ n = 2 the d-shell etc. Because we are
talking about electrons and holes the m,n quantum numbers must be expanded to

include the spin, o, which can take values 7 or |.

For electrons the angular momentum is given by L¢, = m — n whereas for the
holes it is L* = n — m. Considering eq.(3.3), the spin degeneracy, the different
angular momentum values and the fact that the strain in the system removes the
light hole - heavy hole degeneracy to give a heavy hole ground state, one can consider
the QD energy levels to be as illustrated in Fig.3.6(b). The discrete nature of the
QD energies is contrasted with the band structure of a bulk direct-gap semiconductor
(Fig.3.6(a)). This simplified model ignores electron and hole Coulomb interactions.
As the QD gets populated, the energy levels change in response to electron-electron,
hole-hole and electron-hole interactions. These effects can only be treated numerically.

Typically, the QD Hamiltonian is given by [137]:

H= ZEchcl ZEhhTh - Z zy|%h|kl)cgh;f-hkcl

'ijl

(z]|Vee|kl)c clewer + (zg|th|kl>hThThkhl, (3.4)

where ¢! (¢;) and k! (h;) create (annihilate) an electron or valence-band hole in the
state |¢) with the single particle energy E; while the indices {ijkl} are each compos-

ite indices each referring to [m, n,c]. While (ij|V'|kl) are two-body Coulomb matrix
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elements for electron-electron (ee), hole-hole (hh), and electron-hole (eh) scattering,

respectively [137].

To determine the emission properties of the QD, one must consider the total angu-
lar momentum of the recombining electron (¢, = +1/2) and heavy hole (o, = £3/2).
The sum of both spins must be equal to £1 for a photon to be emitted. Cases where
the total angular momentum is +2 are optically forbidden. That is to say the electron
and hole spins must be opposite for them to recombine. An angular momentum of +1
(—1) means a right (left) circularly polarized photon. Moreover, for recombination to
occur between an electron and a hole state it is required that their indices m and n are
equal according to Fermi’s Golden Rule [138,139]. Simply put, this means that their
wavefunction must overlap spatially for recombination to occur. This is illustrated
in figure 3.6(b) by the different positions along the k-axis of the different states with
the same energy. Only the electron and hole energy levels which are vertically aligned

will generate the emission of photons.

3.4 Characterization Techniques

The two techniques mainly used for my work are scanning electron micrograph (SEM)
imaging and photoluminescence (PL) measurements and these will be described in
detail in the following sections. Other techniques include: atomic force microscopy
(AFM), electro-luminescence (EL), photocurrent, cathodoluminescence (CL), pho-

toluminescence excitation (PLE) etc. Both AFM and SEM will examine the QD



Chapter 3: SELF-ASSEMBLED QUANTUM DOTS 43

Excitation — —

Figure 3.7: Schematical representation of standard photoluminescence (PL) measure-
ment process. (a) Photon absorption creates an exciton and (b) Electron and hole
relax to the lowest energy levels to recombine.

surface with high precision, but to perform them one cannot cap the sample. Conse-
quently, such measurement are always a little doubtful since growth of the cap layer
can change the QD height, width and composition through interdiffusion. For PL,
EL, and CL, one looks at the photons emitted by the sample when excited by either
photon absorption, electrical current or an electron beam respectively. The collected
spectrum of the emitted photons gives us information about the QD properties. The
PLE technique, as its name suggest, is similar to PL except that instead of measur-
ing the emitted spectrum, a single emission wavelength is measured as the excitation
laser wavelength is tuned. Photocurrent measurements read the generated current
in the sample under laser illumination; the photocurrent as a function of the exci-
tation wavelength and/or power provides information about the system. If the laser
wavelength matches an optical level of the QD it will be more strongly absorbed and

result in higher photocurrent.
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Figure 3.8: PL curve for a QDs ensemble (red curve) versus a SQD (black curve).

3.4.1 Photoluminescence

Instead of measuring directly the parameters of the QD, like size and shape, PL
probes its intrinsic properties, i.e. its energy levels. An excitation laser illuminates
the sample creating excitons in the host material and/or in the wetting layer. The
electrons and holes will drift around, sometimes recombining in the cladding material
and sometimes falling into a QD. Figure 3.7 shows a schematic representation of a
photon absorption within the wetting layer(a), with the excited electron and hole
dropping into the QD and then relaxing to the lowest unoccupied state(b). Their
eventual recombination yields the emission of a photon. Consider now a situation
where many electrons and holes in the QD produce emission at different energies
corresponding to the QD energy levels. A good way to extract information from a
PL spectrum is to measure it as a function of pumping power, i.e. the number of
excitons generated within the dot. Figure 3.8 shows a typical PL spectra for a QD
ensemble (red line) and for a SQD black line.
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Figure 3.9: Typical photoluminescence (PL) setup. See text for a detailed description.

Figure 3.9 presents a typical PL setup. Excitation photons are brought to the
sample using mirrors M1 and M2, while mirror MC reflects the laser while being
transparent to photons emitted by the QDs (for our QDs we use a cold mirror which
reflects visible light and allows infrared light to pass through). A microscope objec-
tive (L1) is installed in front of the sample to focus the excitation and collect the QD
emission. The sample is usually mounted in a cryostat where it can be measured at
temperatures as low as 4 K in order to clearly see the QD emission lines without any

perturbation and broadening from phonons.

The excitation laser is usually at a wavelength such that photons are absorbed by
the substrate (InP in our case) and wetting layer (InAs) as well as by the QDs (InAs).
The PL photons, emitted at a longer wavelength than the excitation photons, are col-
lected by the same microscope objective or lens and sent towards the spectrometer
in front of which are placed a long wavelength pass filter (LWP) and a lens to focus
the light into the spectrometer properly. The spectrometer depicted in Fig.3.9 is a

single grating system. The light dispersed by the grating is sent to the detector — a
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Figure 3.10: Typical SEM images. (a) shows the surface full of un-capped InAs/InP
SAQDs as grown in our CBE system (see section 3.2.2 for a more detailed description)
and (b) introduces the image of PhC microcavity (more information will be given in
following chapters).

cooled InGaAs array from Jobin-Yvon — in order to be able to see the InAs/InP QD

PL which is around 1.55 ym.

3.4.2 Micro-photoluminescence

micro-photoluminescence (uPL) is simply PL using a stronger microscope objective,
resulting in a smaller excited and probed area. pPL is required or at least highly
desirable if one wishes to probe a single quantum dot. Moreover, a small probed area

means we now have the ability the measure a 2D map of the system PL.

3.4.3 Scanning Electron Microscope

Images from a scanning electron micrograph (SEM) are now used routinely for char-
acterization. Scanning electron microscopy involves focusing a beam of electrons onto
the surface to be studied. The focused electron beam generates an interaction vol-
ume within which the electrons lose energy by repeated scattering and absorption.

The sample then re-emits electrons and electro-magnetic radiation. It is possible to



Chapter 3: SELF-ASSEMBLED QUANTUM DOTS 47

generate an image of these processes when differences in material composition and/or
thickness provide different response. In Fig.3.10, two examples of samples charac-
terized by SEM we performed are presented. Fig.3.10(a) shows a typical InAs/InP
SAQD layer and (b) presents a typical PhC microcavity in InP (see chapter 8 for a

detailed explanation of the PhC microcavity).
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Single Quantum Dots

The previous chapter described how one may produce SAQDs using the Stranski-
Kratanow growth mode. This growth procedure can be optimized to produce dif-
ferent QD densities and varying QD properties and these QD layers are suitable for
laser-sources or solar cell applications. In order to access the atom-like properties of
a QD for quantum information processing however, it is vital to isolate the optical
emission from a single quantum dot (SQD). Originally, the two main ways to do this
involved the use of etched mesas or masks. Basically, a low dot density sample was
grown and, using lithographic techniques, large portions of the sample were etched
away to leave a small region of the sample that hopefully contained a SQD. An alter-
native approach is to deposit material onto the sample, blocking the optical emission
except for transmission through a small hole underneath which a SQD hopefully lies.
The isolated SQD PL is measured with a standard uPL setup to ensure collection

from one structure at a time.

The first report of SQD-like PL: was made in 1992 by Brunner et al. [140]. The
SQD was isolated and created by a metallic mask. The first single SAQD PL was

48
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reported by Marzin et al. [141], where the QD was removed from its neighbors by
etching a mesa. The state-filling behavior observed as a function of increasing excita-
tion power was a clear signature of a SQD but was not a proof of SP emission. After
these two reports the SQD field blossomed considerably for InAs/GaAs and other
visible light emitting QDs [142]. The measurement of near infrared SQD emission
proved more challenging and only recently has it been reported. These results will be

described in detail in section 4.1 of this chapter.

More recent techniques to isolate a SQD include two schemes for finding the lo-
cation of a QD underneath the capping layer. The first involves the nucleation of
subsequent layers of QDs on top of a low density QD sample [143]. Although the
QDs on top are not interacting with the QD of interest, they reveal its position be-
cause QDs in the superimposed layers above nucleate aloft the original QDs due to
the remanent stress. The second technique is even simpler. For a thin enough cap-
ping layer the QD position is revealed by a bump on the cap layer surface that can
be located by AFM [144]. A clever “plug and play” technique was introduced by
Toshiba labs. A fiber bundle is glued onto the sample, covering a large area of the
sample [145]. Each fiber in the bundle probes a few square microns of the sample

surface and by simply testing each fiber, a SQD can be found and studied.

One way to cut through the dot location difficulties would be to produce a SQD
at a desired location on the sample. Such control can be achieved with various tech-
niques. The group at the IMS has developed a novel technique using selective area

epitaxy to produce a small, clean and isolated area where a SQD will nucleate. It
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will be introduced in section 4.2. Section 4.3 shows our anti-bunching results with

our site-selected InAs/InP.

4.1 Single Quantum Dot in the Near Infrared

As was mentioned in chapter 1, the race to achieve an efficient single photon source
at 1.55 ym is world-wide. The isolation of a SQD requires good control of the growth
and fabrication procedures. Of all the groups involved, few have managed to isolate
a SQD, and even less have demonstrated the SP emission characteristics. The most
success has been achieved with InAs/GaAs at 1.3 um (another interesting window for
optical fibers), grown with either MBE [76,107-109] or MOCVD [114]. Other groups,
including our own, have isolated a 1.55 ym-emitting InAs/InP SQD. Vicinal substrate
growth was demonstrated using MBE [91]. Growth by MOVPE has also produced
InAs/InP SQDs [130]. An MOCVD growth, double-cap method yields SQDs and
their PL has been shown to be anti-bunched [124,125,127]. Our CBE growth of in
situ templates produces a high yield of isolated SQDs [146-148], and my efforts to

make a TCSPC measurement Will_be discussed later.

4.2 Site-Selective Growth of Single Quantum Dots

The different site-selective growth techniques can be divided into two categories. The
first one consists of modifications to the substrate resulting in preferred QD nucleation
at particular spots. For one technique, an AFM tip creates an oxidized area within

the substrate that is later removed with wet chemistry [126]. The resulting holes
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are shallow but sufficient to direct the QD nucleation. This technique has already
produced site-selected SQDs. The main problem with this technique is the immediate
interaction between the modified region and the QD which can lead to impurities in

the QD that suppress optical activity.

To limit the growth locations to a 1D array, one can grow the QDs on the edge
of the sample [149,150]. This technique is commonly known as cleaved-edge over-
growth. In essence, taking a normal QW sample, cleaving it, and putting it back in
the growth chamber sideways. QDs nucleate only on the slim QW area. Again, the
sample cleanliness is an issue here, even considering the fact that techniques to cleave

the sample within the chamber have been developed [151].

The second category includes techniques which involve alterations to the substrate
followed by further substrate addition that results in a clean area directing the QD
nucleation. For one technique, a small mesa is etched into the substrate (~1 pym di-
ameter) [152]. More substrate material is added to smooth the pillar top surface and
then the SAQD is grown onto the restricted surface. This technique produces a SQD
or many QDs depending on the mesa size. These isolated QDs would be hard to use
for further experiments, for example those requiring a microcavity or electrostatic
gates around the dot, because of the mesa shape. The IMS group has developed a
similar technique that exploits the epitaxial growth process [134,135]. This technique
makes use of the different growth rates on the different crystallographic facets and
will be described in the next section. The QDs produced with this technique can be

embedded within a microcavity or gated with ease since its nucleation site is known.
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Figure 4.1: Cartoon representation of the fabrication procedure of InAs/InP site-
selected SQDs. Detailed description is within the text.

The technique has subsequently been applied to InAs/GaAs QDs with good success
but has not yet generated a site-selected SQD [153,154].

4.2.1 In-situ Nanotemplate InAs/InP Single Quantum Dots

Figure 4.1 introduces the site-selective growth technique. We opened windows in a
SiO, layer (typically 20 nm thick) deposited on an InP (001) substrate. This pattern-
ing is achieved by electron beam lithography and reactive ion etching, as shown in (a)
and (b). Contrary to MOCVD, the diffusion of deposited species from the SiO, layer
to the exposed InP substrate is negligible. For particular directions and shapes of the
windows, well-defined crystallographic facets are produced that incorporate deposited
Indium at different rates. Adatoms are found to migrate away from low growth rate
facets onto higher growth rate facets. A square opening with sides along the [100]
and [010] axis results in InP growth only within the window. A pyramid-like shape is
developed because the (100) top facet has a higher growth rate than the (111)A, (110)
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Figure 4.2: Schematics of a site-selected InP pyramid (a) and SEM image of an
uncapped sample showing the site-selected InAs SQD on top of the InP pyramid (b).
From [146].

and (111)B facets under typical growth conditions. The pyramid sidewalls are (110)
while the top is a (001) surface (c). For growth, the sample is typically heated to
500°C and the InP growth rate is equivalent to a planar growth rate of approximately
0.5 ML/s. The actual growth rate of the nanotemplate will change depending on the
size of the window opening and the degree of pyramid completion, since the flux of

migrating atoms is proportional to the total area of side facets.

When the pyramid apex is roughly the size of a planar QD, we switch the growth
is switched to InAs for a duration that corresponds to a sub-critical thickness for
planar growth (below 2.5 ML). A 15s growth interruption under arsenic overpressure
is then used to allow the InAs to undergo the transition from 2D to 3D growth(d).
The migration of material to the top (001) facet leads to a thickness exceeding the
critical thickness and dot nucleation occurs. Following dot growth, a cap layer of InP

is grown at twice the normal, planar rate to “freeze” the QD(e).

To create a sample suitable to couple with a microcavity, the pyramid needs to

be planarised. To achieve this, the SiO, is removed (f) outside of the CBE system
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Figure 4.3: Power dependance of site-selected InAs/InP SQDs. (a) From [146] and
(b) from [83]
and the sample is returned to the chamber for further InP growth. Figure 4.2(a)
shows the various crystallographic facets of the InP pyramid and (b) presents an

SEM image of an uncapped pyramid with a SQD at its apex.

Photoluminescence (PL) spectra as a function of pumping power for two different
site-selected InAs/InP SQDs is presented in figure 4.3. As the pump power increases,
more excitons populate the dot and the PL states start to fill, as expected for a SQD

(artificial atom) and as observed for planar growth SQDs isolated by mesas and masks.
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Figure 4.4: Schematics of a typical time-correlated single photon counting (TCSPC)
experiment first version. See text for a detailed description of the experiment.

4.3 Single Photons from Nanotemplate InAs/InP
Single Quantum Dots

Fig.4.4 shows a schematic representation of the experimental setup I used to do
TCSPC measurements with our QDs using two InGaAs APDs. The first part of the
setup is exactly like our PL setup (see Fig.3.9) except the excitation laser is a pulsed
laser source with A ~ 830nm (Titanium Sapphire Tsunami from Spectra Physics)
with a 82.8 MHz repetition rate pumped by a high power laser (Millenia from Spec-
tra Physics, A=532nm). To meet the requirements of the electronics required a pulse
picker (OE360-80 from Optikon) to block 16 of very 17 pulses, reducing the repe-
tition rate to ~4.9MHz. A glass slide (G) is inserted to divert a small portion of
the beam to a Si fast-detector in order to provide a timing reference. We use an

optical constant fraction discriminator (OCF-401) from Becker and Hickl which in
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addition to a Si fast-diode also includes electronics to generate very precise timing in-

formation and outputs a square pulse to be used to trigger the subsequent electronics.

The undiverted part of the laser beam is reflected by a cold mirror (MC) and is
focused on the sample using a microscope objective (L1). Contrary to PL measure-
ments, we only used one type of microscope objective (Mitutoyo 100x M Plan NIR
series) because it is coated for the near infrared and has a long working distance
while keeping a large collection angle. The sample PL is collected through the same
objective and is transmitted through the cold mirror because of its longer wavelength
whereas the sample-reflected laser light is rejected by it. To further clean the signal
a long wavelength pass (LWP) filter is added. When the flip mirror (FM) is down,
a lens (L2) focuses the PL into a 0.320 m spectrometer (Horiba-Jobin-Yvon iHR320)
where it is dispersed and sent to a cooled InGaAs (Horiba-Jobin-Yvon Symphony
IGA-1024x1). The InGaAs array provides the ability to do simple PL and when the

sample is correctly characterized the flip mirror is switched.

A fiber coupler stage (FC) collects the photons into an optical fibre. The PL then
crosses a 50/50 beam splitter and each half is sent to an APD. I used InGaAs APDs
because our QDs emit in the NIR region of the spectrum (Agp=1.55 um). InGaAs
APDs unfortunately suffer from large dark count rates when they are biased over the
break down voltage which is required to detect SP. To avoid the large dark count
rate while preserving sensitivity, the detectors are operated in Geiger mode, i.e. they
are biased over their breakdown voltage for only a short period of time (&1 ns) when

the QD PL is expected to arrive. It is thus important to optimize the timing between
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Figure 4.5: Site-selected InAs/InP SQD TCSPC curve after 6.5 hours of integration
with the TCSPC setup version 1.
the PL and the detector and this is why the laser timing information from the fast

detector is crucial. The synchronization is achieved using a pulse generator (Agilent

Technologies 81104A).

We used two complete APD modules from Princeton Lightwave, model PGA-600,
that include the InGaAs APDs, the complex electronics to trigger the detector and
the electronics to convert the avalanche pulse into a constant-amplitude timing pulse.
The delay between the detectors is measured by a Becker and Hickl TCSPC computer
board SPC-140. An additional delay 7,4, typically 300 ns, is added to the stop pulse

for the TCSPC card to be able to measure the time difference between the two pulses.
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Excitation Laser

Computer

Figure 4.6: Schematics of a typical time-correlated single photon counting (TCPSC)
experiment second version. See text for a detailed description of the experiment.

A typical result measured with this setup is presented in figure 4.5. In this partic-
ular experiment the PL of a site-selected InAs/InP SQD on a pyramidal template, is
monitored for 6.5 hours. Unfortunately, it is not possible to conclude anything about
the presence or absence of anti-bunching from this data. It is highly probable, even
with the low pumping power used, that additional luminescence from the sample or
even from the pump laser itself has polluted the signal. Evén with the long pass
filter, some small amount of pump light may reach the APDs; a single polluting pho-
ton is enough to trigger the detectors. To provide a better rejection of the unwanted

photons I built a second version of the TCSPC experimental setup as shown in Fig.4.6.

This more advanced setup uses the built-in flip mirror within the spectrometer.
An additional lens (L3) is inserted to collimate the center of the spectrometer output
and send a narrow spectral band (~ 1nm wide) to the fiber coupler and thus into

the fiber. The spectral filtering done by the spectrometer is superior to most notch



Chapter 4: SINGLE QUANTUM DOTS 59

filters in efficiency and has the added advantage that it is tunable. Unfortunately, the
commercial spectrometer we purchased for this application did not exactly preserve
the direction of the beam as the wavelength was tuned. The coupling within the fiber
was lost even for small displacement in wavelength. Further modifications to the spec-
trometer were thus required but given the last year of my doctorate had been spent
in trying to achieve the anti-bunching measurement, those modifications were left
un-tried. Nevertheless, I believe that the modifications were definite improvements

towards a successful measure.



Chapter 5

Theory: Microcavity, Micropillar
and Photonic Crystal

A microcavity is a cavity like that of a laser but, because of the small cavity size,
quantum effects can be observed. The recombination lifetime, 7, of a SQD excitonic
level a will be changed when it is coupled to a microcavity mode p. Under appropriate
conditions, the linewidth can narrow and the radiative emission rate can increase.
This effect is called the Purcell effect [26] and was first demonstrated by Purcell
using nuclear magnetic moment transitions at radio frequencies and a resonant electric
circuit as an amplification cavity. The amplitude of the effect is strongly dependant
on the microcavity properties but also on the spatial and spectral overlaps between
the SQD excitonic level and the microcavity mode. Moreover, the QD electric dipole
orientation (d,) with respect to the microcavity mode electric field &, is critical. The

conditions can be understood in one equation [155]:

e - |€M<fa>|2] [d;'d &) } e

- _=F - "
Ta(c‘“’) p 4(wa - WM)2 + Awu |6#(maw)l2 |dqd||gﬂ(r_&)|

where F,, is the Purcell factor, w, and w, represent respectively the frequency of the

QD excitonic level and the microcavity mode and Aw, = w, —w,. The details of the

physics behind the Purcell factor will be further explained in section 5.2.1. In effect,

60
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Key Description

Parameters
(?) Strength of the Purcell effect.
(73) The spatial overlap between the SQD and field antinode.

(i44) The spectral overlap between the SQD and mode energy.
(1v) Orientation of the QD electric dipole.
(v) The far-field radiation pattern.

Table 5.1: Key parameters that must be considered when designing a SP source based
on a coupled SQD-microcavity system.

the coupled system optical DOS becomes the product of the QD optical DOS and the
microcavity optical DOS. The second factor of equation (5.1) refers to the spectral
overlap of the dot and cavity, whilst the third factor refers to the spatial overlap.
The last factor is linked with the QD electric dipole orientation with respect to the
microcavity mode electric field. Because of the disc-like shape of most QDs used in

such experiments, this term is usually close to 1.

From equation (5.1), the conditions required to create an efficient SP source based
on a coupled SQD-microcavity system can determined. Five key parameters that
must be considered are presented in table 5.1. The last parameter, the far field radi-
ation pattern, is as crucial as the others, although it does not influence the radiative
lifetime. The far-field needs to be coupled efficiently to an optical communication
channel if one wishes to collect photons in an efficient manner. A review of the dif-
ferent experimental results in our laboratories and in other groups will be presented

in chapters 7 and 8.

The first three sections of this chapter describe the various regimes of coupling

between the QD and the microcavity, and the effects of those different regimes on the
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photoluminescence (PL) of the system. Sections 5.5, 5.6 and 5.7 introduce the con-
cepts behind the two different types of microcavities used in this thesis work, namely
the micropillar and the photonic crystal (PhC) microcavity. Techniques to model

theoretically the microcavity properties will also be introduced.

5.1 Cavity Coupling Regimes

The content of this section follows the discussion by Gérard in a chapter of the book by
Michler et al. [142]. We consider the coupling between a QD at low temperature and
undefined cavity modes (1 = 1,2,3...). Let us define Q,, the interaction frequency for
mode u, (also known as the Rabi frequency) as the overlap between the QD dipole

moment and the electric field of the mode p at the position 7, divided by #:

Q, = Lfﬂ(ﬂ_l. (5.2)

(1, characterizes the degree of coupling between the QD and the mode. To make

this connection more obvious, we express the electric field in terms of the normalized

mode spatial function (&, (7)) and the mode frequency (w,):

B = (e )1/2 &7, (53)

2e,€0
where €, (g9) is the material (vacuum) permittivity. &@,(7) is a complex vector which
describes the local field polarization and relative field amplitude and it is normalized
so that its norm is unity at the antinode of the electric field. If we assume the
polarization of the QD electric dipole is the same as that of the electric field of the

mode and consider only one mode pu of the cavity with a frequency equal to that of
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the QD excitonic level a (w, = w, = w), then inserting equation (5.3) in (5.2) gives:

d Fw \ Y2
0, =-2 (= 7,(7)]. .

The effective mode volume (V) is defined as:

1 — -
Vir=— [ [ [m@a.@er, (5.5
umax 7

where 71, mqs is the refractive index at the field maximum. If one considers the QD

is located at the cavity electric field maxima Eq.(5.5) can be approximated to by:

I&M(’F)‘%@ax = V,u—l' (56)

The QD oscillator strength is given by:

_ medgd
¢*h "’

(5.7)

where m is the effective mass and ¢ the electronic charge. We can then rewrite (5.4)

QM=< ¢ i>1/2. (5.8)

dmergg V,

as:

A system composed of a QD coupled to a cavity mode can be in the weak or
strong coupling regime or an intermediate regime referred to as the “bad-cavity”
regime [156]. We will not discuss here the particularity of this regime. The param-
eter Q, compared with the cavity mode linewidth (I',) and the QD excitonic level
linewidth (I',) determines which regime applies. Since we aim at the construction of
a single photon source, the important thing is to avoid the strong coupling regime,
where the emission rate is no longer improved by the presence of the microcavity.

The coupled system is in the strong coupling regime when Q, > |I', —T',|/4. The
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derivation of this limit can be found in [142].

The following sections explore the coupled QD-microcavity system PL in the
strong and weak coupling regimes. After their origins are more clearly defined, section

5.4 discusses these limits with respect to our InAs/InP QDs.

5.2 Weak Coupling Regime

The interaction between a QD at low temperature and a microcavity produces some
interesting consequences. The effect is the same as that first described by Purcell in
his famous 1946 paper [26] on nuclear magnetic moment transitions at radio frequen-
cies coupled to an electronic circuit. The emitted photons of the QD that match a
microcavity mode can have a shorter lifetime and a higher recombination rate, be-

cause of the coupling [155,157,158§].

5.2.1 Purcell Effect

The ratio of the QD emission rate in the cavity mode u (y®) over the QD emission

rate in the vacuum (y(©) is defined as the Purcell factor (F*)) given by [157):

3
o = Y 3% Q
» ,Y(o) 472 VH !

(5.9)

where @, is the mode quality factor and is defined as the ratio of the mode frequency

over the mode linewidth:
W

Qu= T, (5.10)
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A smaller linewidth results in a higher Q) while a smaller mode volume corresponds to
a higher Purcell factor. Equation (5.9) is valid only when the system is in the weak
coupling regime. Using Eq.(5.10) and Eq.(5.4) and the definitions for the different
regime boundaries expressed in the previous section, we see that if QMV;;I/ ? gets too
high, the system is no longer in the weak coupling regime. The weak coupling regime
is usually achieved when €2, < T, i.e. B o oume hecanse Iy < I',, is the common

Vi *f

case.

The Purcell effect can be derived from both classical and quantum mechanics.
Since we will need to use the quantum mechanical approach in further sections of this
thesis we will only present here the quantum mechanical derivation of the Purcell

factor. The classical derivation can be found in references [26,157].

5.2.2 Derivation of the Purcell Factor

Consider a system of many particles coupled to a laser cavity with many modes (see
Fig.5.1). Because of the “artificial” atom nature of the QD the whole derivation
below is still valid for QD in a microcavity. Here, the many different particles refer
to the different QD energy levels. The charge, position, momentum and mass of each
particle (3) are given by gg, 75, pg and mg, respectively. The total Hamiltonian of

the system is given by:

1 — = 2 cav
H= Zmﬁc2 + ; % [pg — qu(rg)] + (D pleav) 4 (T)H, (5.11)
8
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PL Intensity [a.u.]

Figure 5.1: PL intensity for a cavity with many modes excited by an embedded
broadband source (black line) and PL intensity for many particles recombination

lines (red line).
where g(ﬁ;) is the particle 5 magnetic potential. The first two terms are the rest and
kinetic energies of individual particles and the two others are the cavity longitudinal

field energy ((¥) H(¢a%)) and the transverse field energy ((7)H). The field terms can be

expressed as:
(L) pylear) _ 529 / (©) leaw) (7, 7, (5.12)

Op =2 / (IME@P + AMBEP) &, (5.13)

where (©) E(e@) is the longitudinal electric field of the cavity and M E and ¥ B are the
transverse electric and magnetic field respectively. Equation (5.13) can be re-written
using the second quantization language (using a, and aL as annihilation and creation

operators for mode u):

MH =" hw,(ala, +1/2). (5.14)
m
In the absence of a cavity (&) H(ca) becomes (Y H©) and is defined by the summa-

tion of the particles electrostatic potentials and an electrostatic re-normalization of
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the particles rest masses:
BHO = Vipu(75) + Y 5msc,

where:

(7s) = Z %95
CO’M - )
47r60 o |7e — rﬁl

_,

om
8= 32027250 / |7 — rﬂl
We can re-write the Hamiltonian of the system (equation (5.11)) as

H=H,+PH" + OH 4 H, + Hyp.

If we consider the following simplifications:

H,= Z mg + dmg) ¢ + Z ( + sz(rﬁ)>

(L)H(’)(rg) = (L)H(cav) (73) — @ g 0) (75),

q - T/ -
H=-) m—ﬁﬁpﬂ - A(7),
5
G -
Hpp = Z mfp("?ﬂ)-

B

67

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

The Hamiltonians H; and Hj; describe the coupling between the transverse cavity

fields and the particles. They will vary with the cavity geometry and the particle

properties. Consider now that we only have one particle and make the electric dipole

approximation to substitute the dipole position by the particle center of mass position.

This means: 73 — R, g8 — ¢, mg — m, and Pg — P. Equation (5.19) to (5.22) are
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PL Intensity [a.u.]

Figure 5.2: PL intensity for a cavity with many modes excited by an embedded
broadband source (black line) and PL intensity for a particle recombination line (red

line).

simplified and (5.18) becomes:

2
H = (m+6m)c + ;—m + V() + Y B (ala, +1/2)
7 AR + L A(R), (5.23)

where the sixth term (H; = L5 E(R')) is the term describing the spontaneous emis-
sion of the system. Figure 5.2 presents a cartoon to contrast the single particle PL
with the microcavity PL. The black curve shows the typical cavity modal structure

excited by an embedded broadband source whereas the red curve represents PL in-

tensity coming from a single particle.

The basis of the particle states |), is defined as:

Hyla), = Fw,|a)y (5.24)

Hylj)p = Fi;lj)p (5.25)
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where w, o; ; is the frequency of the particle state a (or j). Let us consider for now
that w; < w,. The basis of the microcavity-particle system can be written as: |0,0,)
where the first number in the ket refers to the state of the particle and the second to
the number of photons in the mode u. For example, the emission of a photon involves
the transition of the particle from state a to state j and the photon is emitted in to

the mode 4 : |a, vacuum) — |4,1,). The density of photons at w is given by:
P (W) =Y or, (W = w,), (5.26)
u

where dr, (w — w,) is a normalized Lorentz function centered around w, defined as:

1 r,/2
T (w —wp)? + (Fu/2)%

(5.27)

51"“((4) —wy) =

If the cavity @ is moderate (i.e. we are in the weak coupling regime), the emission
process is irreversible. This means that the decay rate of the coupled particle-cavity

system is directly related to p{®*)(w,;) where w,; = w, — w;.

Using Fermi’s Golden rule, the total decay rate from level a to j is:
) = 25 e, 01 Hi 7, 1)1 b, s — ) (5.28)
’Ya,—>j - h2 a, I iu Ty Waj Wy .
w
In the second quantization language, the cavity magnetic potential is expressed as:

A=A, 0,8, + dla@(7)] , (5.29)

1/2
where, A, = (-2?3)—#) , a, and af, are the mode y annihilation and creation operator,

respectively, and &, is the normalized mode spatial functions.
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Approximating that the w, in H; becomes w,; because of the d-like nature of ér,,

we can then rewrite (5.28) as

72 = hg — Zm, Fu(R)[2r, (waj — w) (5.30)

The operator p'is related to the particle Hamiltonian (H,) and the position operator

7 by: § = — (ém/R) [, H,| and the particle dipole operator is given by: D = qf,

therefore qp,; = —(imwaj)ﬁaj. The spontaneous emission rate becomes:
U2 = Z |Baj - Gu( B)[or, (waj — ). (5.31)

Assuming that only one mode couples with the particle (since I'p; < T',), that w,; =
w, and that the particle emission and the cavity mode have the same polarization,

equation (5.31) becomes:

(cav) _ 2 wu

2 = s fe Dl (P (532)

Remembering equations (5.6) and (5.10) we can write:

() _ 2 Qul Dyl

a—j h€0 Vu (533)

If there is no cavity, the summation in equation (5.31) becomes an integral and

simplifies to:

Yamj = 37rsohc3 ' )
The division of Eq.(5.33) by Eq.(5.34) gives us the Purcell factor:
(cav) 3
7(1—»] _ 3A Qu
F, = 7(0) =12 v, (5.35)
a—j

The particle emission rate is improved greatly by the presence of the cavity. The

demonstration presented here was for a general particle inside a general cavity. It
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also applies to a QD in a microcavity since, as was shown in chapter 3 and 4, a QD is
an artificial atom and a microcavity is simply a “small” cavity. It is important to note
that Eq.(5.35) stops being valid when we move away from the weak coupling regime,
i.e. %%%’f is no longer equal to the ratio of the spontaneous emission rates. In the
next section we will examine the situation where the cavity @) is much higher — the
strong coupling regime. The microcavity-QD emission properties are quite different

in such a situation.

5.3 Strong Coupling Regime

The strong coupling regime is reached not only when the cavity @, is large but when
the Q,J/jfl/ ? is large enough (see section 5.1 for more details). An interesting effect
of the strong coupling regime is the splitting of the PL peaks in two as the coupling

becomes stronger.

5.3.1 Vacuum Rabbi Splitting

We will use the dressed atom-cavity system approach. Details of the derivation can
be found in references [2,157-159]. The atom used here is simply a two-energy level
system and can be directly replaced by the single exciton level of a QD at low tem-
perature. The dressed atom-cavity approach is illustrated in the schematic of figure
5.3. The system consists of three Hamiltonians: one for the atom (Hg4), one for the

cavity quantum field (Hr) and one for the interaction between the atom and the
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Figure 5.3: Schematics of the dressed atom-cavity system.

cavity (Har), given by:
H=Hs+ Har + Hp, (5.36)

Considering the atomic operator o3 = \/% (le)(e| — |g){g]) and oy = o1 = |e){g| plus

the usual photon annihilation and creation in the cavity mode y (a, and aL), we have:

HA = hu)()O'g, (537)
Hp = hw,[a'a, +1/2)], (5.38)
Hap = ihQo_a, — o4a,). (5.39)

As a basis to the system hamiltonian, one can use:

|[+,7n,) = cosb,le,n,) +sinb,|g,n, + 1), (5.40)

|=,n,) = —sinb,le,n,) + cosb,|g, n, + 1), (5.41)

where n, is the number of photons in mode y and the coupling angle 6, is defined
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by:
20,/ 1
tan(26,,) = :)—”’;J’ (0< 8, < 7/2). (5.42)
0™ Wu

The system Hamiltonian results in the energy levels with this basis:

h
EgO = -_2'((“)0 - wﬂ)a (543)
R
Exmy = (ny + Dhw, = 5\/ 402(n, + 1) + (wo — wy)?. (5.44)

The splitting of the energy levels due to the strong coupling effect A,, is given by
(B — B

—Ny

)/h = An,. The splitting is caused by an exchange of the excitation
between the atom and the quantum field. A way to test the strong coupling regime

is simply by gradually tuning wy with respect to w,, changing the value of A, .

If we consider the case were the atom and cavity frequency are exactly the same

we get wo = w, =w, , =Q, 0, =7/4 and:

[T = 1/v2(le,n,) + g, m, + 1)), (5.45)
=) = 1/V2(—le,n,) + g, n, + 1)) (5.46)

Hence:
Eyp =0, (5.47)

B = (ny + DAw £ AQ4/(n, + 1). (5.48)

Figure 5.4 presents a comparison of the cavity quantum field energy levels (green)
with the energy levels of the dressed atom-cavity system (black). By changing the

cavity mode volume V), hence €2, the splitting of the |£,n,) energy levels will vary.
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Figure 5.4: Comparison of the energy levels between the cavity quantum field (green)
and the dressed atom-cavity system when wy = w,, (black)

In references [158,159], the authors show that the atom-cavity system PL is given
by:

%(Fu + Fa) %(Fﬂ + Fa)

2 S = ’
mS (W) a4l + (w—wo— Q)2 F(Tu+T0)?+ (w—wo + Q)2

(5.49)

where, I';, and I',, are the atom and cavity linewidths of the peaks where S(w) is the
normalized spontaneous emission spectrum. A typical curve representing the Rabi

splitting using equation 5.49 is shown in figure 5.5.

5.4 The Coupling Regimes with Numbers

Before we move on to the details of microcavity design and fabrication, this section

examines the different coupling regime limits in greater detail. Using equation (5.10)
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Figure 5.5: Typical Rabi splitting curve.

and rewriting (5.2) as Q, = z/qd“‘j_—ll//%, the strong coupling limit can be expressed in
m
terms of the microcavity quality factor, mode volume, mode frequency and a constant
d2
(o = (725 )) o
w
O _ Y (5.50)

VVi  V

The single exciton dipole moment for QDs (dy) is proportional to the s-shell
electron and hole wavefunction overlap. Calculations carried out within the IMS
predict a single exciton dipole moment of =~ 105Debye, which is somewhat higher
than that found for InAs/GaAs QDs [160]. The larger transition dipole moment can
be explained by the larger size of InAs/InP QDs. The relative permittivity of the
InAs/InP QD is approximated as that of InAs: eg=12.3. For a typical InAs/InP

QD the single exciton linewidth (I',) is given by the PL-measured peak linewidth
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Figure 5.6: Contour plot of the microcavity-QD coupling regimes (a) and Purcell
factor (F}) (b) as a function of the microcavity @, and V,, for typical InAs/InP QD
parameters.

((PIIT, ~ 250 ueV) divided by the InP permittivity (e,p = 12.4) because of electro-
static effects induced by the material surrounding the QD [161]. The photon energy

is ~800meV, i.e. 1550nm wavelength. This leaves only the microcavity mode pa-

rameters (Q, and V) to determine the coupling regime.

An important thing to keep in mind is that the derivation of the Rabi frequency
equation assumed a perfect spectral and spatial overlap between the QD and the
microcavity. There is no doubt that these overlaps will never be perfect and that this
will affect the system behavior and resulting coupling regime. Figure 5.6 (a) presents
the different regimes as a function of @, and V,, in a contour plot where yellow areas
represents the weak coupling regime, and green the strong coupling regime. In order
to fabricate an efficient single photon source, we have to avoid the strong coupling

regime.



Chapter 5: THEORY: MICROCAVITY, MICROPILLAR AND... 77

Ta,0;
Sio,
InP
2‘ -Thick
InAs WL 2
QDs

Figure 5.7: Schematical representation of a micropillar microcavity.

Again, these numbers are to be used with caution since the limit is not as clear
cut as presented in the figure and ideal spectral and spatial overlaps are assumed.
Figure 5.6 (b) shows the corresponding Purcell factor as a contour plot for the same

Q. and V,, values using equation (5.9).

5.5 Micropillars

A cartoon representation of a micropillar microcavity is shown in figure 5.7. It consists
of a central layer containing the QDs (InAs/InP in our case). The central layer

thickness (L) between two ideal mirrors is related to the mode wavelength (\,) by:

X, = 2neff L, (5.51)
u i
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where nzf f is the mode p effective refractive index of a cylinder of radii p surrounded
by air. The subscript © , as will be more clearly defined later, refers to indices [
and m related with the modal solution to a cylinder waveguide. Each mode has its
own transverse distribution of the electromagnetic field. The attraction of micropillar
microcavities comes from their straightforward design and operation as opposed to
photonic crystal (PhC) microcavities and microdisc microcavities. Dielectric stacks
are quite commonly used in our everyday life: in fabricating holograms on dollar
bills and credit cards, or anti-reflection coatings on our glasses etc. The step from a
dielectric stack to a micropillar requires one to etch through the mirrors to create a
circular column of a few microns diameter. As will be explained in the experimental

section, this step is the critical and most difficult one.

5.5.1 Distributed Bragg Grating

For our samples, twelve pairs of SiO2/TayOj5 layers are inserted to create the top and
bottom distributed Bragg reflector (DBR) [162-164]. Basically, the alternation of
materials with differing index (ng;0,=1.5 and nrq,0,=2.1) and thickness of a quarter
of wavelength in the material creates a good broadband mirror through interference
effects, as in a Bragg grating. In our case a light source is embedded between the
two DBR mirrors and, provided each mirror consists of a large number of pairs, each

one can be approximated by an ideal mirror, thus validating the assumption made in

Eq.5.51.
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5.5.2 Solving the Micropillar Modes

The equation (5.51) will give the solution to the micropillar modes if one assumes
that the mode profile is preserved from one dielectric disc to the next. The modes of
a cylinder can be solved with standard techniques for a step-index circular waveguide
[165]. The results are modes labeled EH(m) and HE( ), with a mode effective
index determined by the solution of complex equations for the EH and HE modes

respectively [165]:

Jir1(pa) _ m2 412 Ki(pe) ( ! )

= e air + | = - R , 5.52
Padi(Pa) 2n?  pKipe)  \pi (5:52)
Jia(pa) (nz+7ﬂ-) Ki(pe) (z )

- _ air +({—=~-R]}, 5.53
pan(Pa) 277% PcKl(Pc) Pg ( )

where:
1/2

n2 —n2, Ki(po) \*  (WBum\?(1  1)°
R = c air I\F’e , - il 54
K i) ) (o) () | o9
Pa = P/ ngk(Q) - ﬂ(l,m)a (555)
Pec = P4/ ﬁ(l,m) - niirkﬁy (5~56)

while J;(p) and Kj(p) are I** order first kind Bessel and second kind modified Bessel
functions, respectively. The mode propagation constant is given by the product of
the mode effective index and the vacuum wavenumber (8(m) = n(,m)ko) while n, and
n, are the refractive index of the material composing the cylinder and the surround-
ing medium (air). It is obvious that n ) is higher than n, but lower than n. thus

avoiding problems with equations (5.55) and (5.56).

Now that we have the modal solutions of each individual disc, we can couple them

with the optical DOS allowed by the DBR. The central layer can be viewed as a
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“defect” in the periodic DBR. The defect results in the creation of a propagating
mode within the structure’s photonic bandgap with wavelength given by (5.51). The
concept of a photonic bandgap will be further discussed in the next section. The
output of mode (I, m) of the micropillar are given by two sets of equations [165]. One

describes the electric field within the micropillar:

-1 m 2T a w l .
E, = M CuL2 T (par) + Cpmt Jl(par)] exp(i(wt + 16 — Bumy?)), (5.57)
Pa L P Ba,m)T
_1: m 2 [ Zl aw .
By = M CuZ ! (par) — CgLeko Jl(par)] exp(i(wt + 16 — Bumy?)), (5.58)
Py, L r pﬁ(l,m)
E, = CaJi(par) exp(i(wt + lp — Bum)2)), (5.59)
—iB1m 2 [ o ’inonz ml .
H, = Bl o Lo gy OA—¢>—Jl<par>] exp(i(wt + I — Bum)2)),
Pa P Bam)r
(5.60)
—iBamp? | . il Wween?,, \Pa .
H,= M Cp=Ji(0ur) + OA—(l’l——Jl’(par) exp(t(wt + 1p — Bum)2)),
Pa T Bamp
(5.61)
H, = CpJi(par) exp(i(wt + 1o — Bum)2)), (5.62)

where p,, is defined as p,, = p,r/p. The second equation set describes the field

outside the micropillar:

twpol

ﬂ(l,m)r

Bumo® [ -, il . .
E,= WBamp” [CC%K,(W) + CD%“O—”KI(,)CT)] exp(i(wt + 16 — Bam?)), (5.64)
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B, = CoKi(per) exp(i(wt + 16 — Bum)), (5.65)

iweol Kl(pcr)} exp(i(wt + 19 — Bum)2)), (5.66)
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where p, = p.r/p. The mode electric field intensity profiles are similar to the modes

of an optical fibers in shape.

5.6 Photonic Band Gap Crystal

The term photonic crystal (PhC) is used to describe a periodic refractive index mod-
ulation, in a similar manner to the periodic arrangement of atoms in a crystal. In
the PhC the photons are effected by the modulation. Taking the analogy further,
since a certain specific wavelength band cannot propagate within the PhC there is a
“photonic bandgap”. This field of physics was pioneered by Yablonovitch [166] and
John [167]. The DBR explained in the previous section is a good example of a 1D
photonic band gap. Shown in Fig.5.8(a) is an example of a 1D PhC in a base material
with air gaps (holes). The square function of the refractive index blocks a wide part

of the spectrum [168].

Figure 5.8(b) shows an example of a 2D-PhC. For photons propagating along the
z-axis or the y-axis of the system, the solution is exactly the same as the 1D problem.
For a photon propagating in another direction (aZ+037), the conditions become more
complex, but there is still a wavelength band that is not allowed to propagate along

the axis. Doing this for all the available propagation directions in 2D generates a
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Figure 5.8: Cartoon examples of photonic crystal in (a) 1D, (b) 2D, and (c) 3D.

photonic band diagram, where the photonic bandgap is defined as the energy range

over which photons cannot propagate in any direction.

The concept can just as easily be extended to 3D. Fig.5.8(c) illustrates an example
of a 3D-PhC, the “woodpile” configuration [169]. Another quite common configura-
tion for 3D-confinement is a face-centered-like configuration of spherical air holes
within a solid material. This PhC type is also known as opal [170,171]. It is common
because it is relatively easy to fabricate by infiltrating a stack of styrofoam spheres
with a solid polymer and subsequently removing the spheres by chemistry. Consult
one of the numerous books on the topic for further information about the various

PhC [165,172,173)].

A 2D-PhC embedded within a thin (~ A/n) layer of high refractive index material

surrounded by air on top and bottom is used in this work. Such a structure is also
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referred to as a PhC membrane. Photons are manipulated within the plane by a PhC
consisting of a periodic arrangement of air holes, while the third axis confinement

results from total internal reflection.

There are many different theoretical methods to determine the photonic band
structure of such a membrane. These fall into two complementary categories: fre-
quency domain methods that easily extract the band structure but say little about
cavity mode emission properties and time domain methods that are very useful for
cavity properties but are inefficient to uncover the band structure. In the frequency
domain we have used numerous methods that provide the band structure of a PhC
with or without a defect. An effective index approach yields quick and qualita-
tive results [174]. An S-matrix approach proved accurate but difficult to extend
to calculations with defects within the PhC [175]. A Green’s function approach
also yielded quick results thanks to fast-Fourier transform (FFT) algorithms (even
in 3D) but again the effect of an added defect is hard to resolve with this tech-
nique [174]. The frequency-domain method used most extensively is a plane wave
expansion method [176] and this will be discussed in the next section. The finite-
difference time-domain (FDTD) method is the only time-domain method we used.
The following sections describe in greater detail the two simulation techniques mainly

used within the scope of my project.

5.6.1 Frequency Domain - Plane Wave Expansion

This method is the basis of the Massachusetts Institute for Technologies (MIT) Pho-

tonic Bands package available in the public domain from the Joannopoulos group
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[176]. The electro-magnetic field is expanded in plane waves such that:

E = E.(2)e*?, (5.69)
(@) =) Eg &7, (5.70)
m
where G, are the reciprocal lattice vectors and E@ is orthogonal to k+G. Maxwell’s
equations are solved through repetitive FF'T' and inverse FFT. This code is quite

powerful, but can become quite demanding for full 3D calculations. The biggest ad-

vantage of this code is the fact that it is freely available [176].

5.6.2 Time-Domain - Finite-Difference Time-Domain Simu-

lations

The re-normalized time-dependent Maxwell’s equations are:

aD, 1 .
f=,/—VxH 5.71

D, =¢e*E,, (5.72)
oH 1 -
— = _—,/—V x E,, 5.73
ot €olo ( )
where E‘; =, /%E and ﬁs = e:olu 05 are the normalized electric field intensity and

normalized electric flux density, respectively. Egs.(5.71) to (5.73) are discretized us-

ing central-difference approximations to the space and time partial derivatives as was
first suggested by Yee [177]. The actual term finite-difference time-domain (FDTD)
was coined later by Taflove [178].
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The resulting finite-difference equations are solved in step-like fashion. The elec-
tric field vector components in a volume of space are solved at a given instant in time
followed by the magnetic field vector components in the same spatial volume the next
instant in time. The process is repeated over and over until the desired transient or

steady-state electromagnetic field behavior is fully evolved.

We used commercial software from the company Lumerical Solutions inc. [179).
The simulations are done on a quarter of the structure using appropriate boundary
conditions (i.e. symmetric or asymmetric boundaries to imitate the full structure).
A lattice including 7 rings of holes surrounds a defect in the PhC. The grid sizes
in the plane of the membrane are 0.05a along the z-axis and 0.043a along the y-
axis. An appropriately polarized dipole source is used to excite the cavity modes.
Perfectly matched layer boundary conditions were employed on all outer boundaries.
Point time-domain monitors were used to measure the mode peak energies at vari-
ous positions within the microcavity, as a Fourier transform of the time dependence.
Many detectors are compared to ensure the validity of the information. While the
Q-factor of a certain mode can be extracted from the ratio of the FDTD-obtained
peak energy and peak linewidth, it is better to measure the radiative decay rate of
the mode to extract its lifetime and thus the @Q-factor. The mode field pattern is
extracted using a planar detector (also known as frequency-domain profile monitors)
placed just above the membrane surface. Figure 5.9(a) presents a typical electric
field intensity mode profile obtained by FDTD. These profiles agree well with those
obtained by frequency domain methods such as MIT Photonic Bands. The far-field

pattern is evaluated from a far-field transformation starting from the data collected
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Figure 5.9: Typical FDTD results. (a) Mode electric field intensity profile and (b)
far-field radiation pattern for a photonic crystal microcavity with the z-dipole-like
mode optimization (see section 8.2.4).
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Figure 5.10: Square lattice of air holes PhC membrane 3D representation, top view,
and 2D Brillouin zone.

by the frequency-domain monitor. Fig.5.9(b) shows a polar plot of the far-field as

projected onto a hemisphere with a radius of 1 meter.

5.6.3 Membrane with a Square Lattice

Figure 5.10 shows a PhC membrane with a square lattice of air holes in 3D and from
a top view angle (2D). The third panel shows the PhC 2D Brillouin zone in k-space.

The 2D photonic band diagram is presented in Fig.5.11 (inset shows the variation of
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Figure 5.11: Air holes square lattice 2D-PhC TE band diagram simulations with MIT
Photonic Bands code for hole radii r=0.4a and the material refractive index n,,=3.5.
Inset shows the wavevector variation along the k-space for the plot.

the wavevector along the Brillouin zone) for the first 8 transverse electric field (TE)
bands as calculated by the MIT Photonic Bands package. The host lattice hole radius
is equal to 2/5 of the hole lattice pitch a and the material refractive index (n,,) is
equal to 3.5. TM modes will in general not be well contained by this type of photonic
crystal. The y-axis is the frequency in units of ¢/a where c is the speed of light. The
highlighted band of frequency around 0.25 shows the bandgap, where photons are not
allowed to propagate in any direction within the membrane plane. The bandgap is
quite narrow. To create efficient microcavity modes based on a PhC, a larger bandgap

is preferable. Nevertheless, some groups were able to achieve good results with such

a PhC lattice [143,180).
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Figure 5.12: Hexagonal lattice of air holes PhC membrane 3D representation, top
view, and Brillouin zone.

5.6.4 Membrane with a Hexagonal Lattice

A hexagonal lattice PhC is illustrated in figure 5.12. On the right is illustrated the
corresponding 2D reciprocal lattice Brillouin zone. The photonic band diagram is
shown in figure 5.13, as obtained with the MIT Photonic Bands solver for a 2D-PhC
with » = 0.4a. The mode energy is displayed along the wavevector path highlighted
by the inset in the top right corner. We use this type of photonic crystal because its
photonic band gap is typically larger here than for the square lattice membrane. This
feature explains why triangular (hexagonal) lattices are extensively used to fabricate

2D-PhC microcavities.

5.7 Photonic Crystal Microcavity

A microcavity can be created from a PhC membrane simply by introducing a defect
into the 2D repetitive pattern [181]. For example, it is possible to generate a defect
which supports modes by simply moving two neighboring holes off their lattice posi-
tion away from each other [182]. More simply, a microcavity is created when a hole

is removed from the lattice (see Fig.8.5).
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Figure 5.13: Air holes hexagonal lattice 2D-PhC TE band diagram simulations with
MIT Photonic Bands for r=0.4a and n,,=3.5. Inset shows the wavevector variation
along the k-space for the plot..

By adjusting the size and position of the holes surrounding the defect one can
greatly change the microcavity mode structure and the mode properties. Unfortu-
nately, there is no analytical theory to determine which modes a microcavity will
support and the quantitative properties of such modes. The only way to know the
consequences of a slight movement of one or many holes on the modes is a full scale

simulation using FDTD methods or by fabricating a sample.

Another simulation tool for PhC microcavities uses the Green function tensor
(GFT) formalism [183-187]. This very powerful tool is not only able to simulate
single photon propagation within a PhC waveguide and a PhC microcavity, it is also

able to simulate the coupling between a SQD and one or two microcavities. The
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GFT is used to propagate the field from one point to the next and it is possible to
extract the GFT for a PhC, a PhC microcavity, etc. However the degree of com-
plexity involved to perform GFT-based simulations prevented us from utilizing this
technique ourselves. The interested reader is invited to consult references [183-187]

and references therein for further details about the GFT formalism.

Englund, Fushman and Vuékovi¢ have developed what they call an Inverse Tech-
nique to optimize a microcavity design to get a higher cavity quality factor @ [188].
They derived a simple expression for out-of-plane losses in term of the k-space distri-
bution of the microcavity mode. Using this they can select a field that generates a
high Q). They then approximate the cavity design for each high symmetry direction
(1D) with an analytical relation between the microcavity field and the dielectric con-
stant along a particular symmetry axis. There is some debate about the usefulness
and generality of this procedure and our own attempts in this direction did not prove
informative. The Fabry-Pérot (FP) model is also an approximation of the microcav-
ity to a 1D problem. The next section describes this technique in detail, since it will

be used for qualitative analysis of our experimental data.

5.7.1 Fabry-Pérot Model

This approach was adapted to PhC microcavities by Sauvan, Lalanne and Hugonin
[189]. It consist simply of approximating the problem as a 1D one with a small area
surrounded on each side by a PhC mirror. The area has a length L and a refractive

index given by n,,. Finding the mode wavelength ()\o) of such a microcavity amounts
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Figure 5.14: Mode peak wavelength and @Q-factor as a function of defect enlargement
for structures with NV missing holes. Squares are experimental data points, circles are
FDTD results and the plain line is obtained with the FP model. From [189]
simply to solving a Fabry-Pérot (FP), i.e. meeting a simple phase matching condition.
The total phase delay ®1(\o) for a half cavity cycle has to be equal to a multiple of
m [189]:

CI)T(AO) = 27meff()\0)L/)\0 + (ﬁr()\o) = pm, (574)

where ncss(Ao) is the cavity mode effective index, L the cavity length, ¢.(Xo) the
PhC reflection associated dephasing at \¢ and p an integer. The cavity quality factor
(Q = Xo/AN) is given by [189]:

_ T 2Lc _ﬁ %
= TTT00P (onguo) . (f»)) (>79)

where |r(Xg)|? is the mode reflectivity and v4(Xg) the group velocity at Ag.

This FP model was successfully used by Sauvan et al. to predict a rise and fall

in both @ and mode peak energy as a function of the defect enlargement for both
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the single missing hole and the triple missing hole defect in an hexagonal lattice, as
seen in figure 5.14, where the empty squares are experimental data points, empty
circles FDTD results and the plain line is obtained with the FP model. The defect
enlargement here means that two holes on opposite sides of the defect along the z-
axis are moved away from the defect center. We did not achieve to produce such
simulations ourselves, but it can nevertheless be used to qualitatively describe out

experimental results.
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Probing Microcavities

The properties of a fabricated microcavity are hard to predict. As was shown in
section 5.6, it is possible to simulate the device but a detailed characterization of
the microcavity is required to support a precise simulation. A good way to probe
the mode structure is to embed a broadband light source within it. The density and
spectral distribution of the photons escaping the device tell us what the microcavity
properties are. Quantum wells (QWs) and quantum dots can be used as embedded
emitters as will be described later. Another type of embedded emitter is the sub-
strate itself. Results using the substrate nonlinear emission process (second harmonic

generation (SHG) to be specific) will be presented.

Although the use of a broadband emitter is a useful technique, it is crucial to
develop a technique to probe the microcavity mode structure that does not rely on
the embedded QDs because when using a SQD or few QDs it is possible that no
QD emission line will be in resonance with the microcavity modes, so that no di-
agnostic would be available to probe the cavity. The SHG mentioned earlier works

properly to that effect. Evanescent field coupling to the microcavity and resonant

93
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scattering (RS) also allow measurement of the microcavity properties without requir-

ing embedded emitters.

6.1 Embedded Emitters

Four different types of embedded emitters will be discussed: QWs, a QD ensemble,
a SQD and the substrate itself. All of these produce photons which are excited and
collected by a normal PL setup (except for the SHG setup where slight adjustments
have to be made) as extensively explained in section 3.4.1. It is worth mentioning that
the microscope objective used to collect the photons and send them to a spectrometer
could in theory be replaced by a near-field scanning optical microscopy (NSOM) de-
vice to provide excellent spatial resolution of the microcavity and allow direct study

of the modes as was done by Louvion et al. [190,191].

6.1.1 Quantum Wells

Quantum wells (QWs) were the primary candidates for emitters since they are a very
well understood and characterized technology. In addition, they are easier to fabri-
cate than QDs. Their limitation is the narrow emission range that they provide; it
is probable that one or many of the microcavity modes will not lie within the QW
spectral range. The way around this is to insert multiple QWs with different emission
properties. Even with this trick though, the end-result is either spectrally limited or

cumbersome to fabricate.
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6.1.2 Quantum Dot Ensemble

The fabrication process for Stranski-Krastnow QDs inherently yields a wide distri-
bution in QD size and shape. This means a large spectral distribution and very
broadband source to probe the microcavity [192]. Since the goal of the project is to
put a SQD within a microcavity, using the same material system, it seems sensible
to use a dot ensemble for the cavity design process. The idea is to develop the cav-
ity fabrication process by first constructing devices with QD ensembles and to then

transfer this process to a SQD sample.

6.1.3 Single Quantum Dot

It is hard to talk about using a SQD to probe the mode structure per se but it is
true that if a microcavity mode and a SQD emission line overlap, then a PL setup
will detect the emitted photons. To fabricate an efficient single photon source, the
QD single exciton line needs to couple to the desired microcavity mode, but to in-
vestigate the mode properties to a certain extent it is possible to strongly excite the
SQD so that many emission lines are present. In addition, as the sample temperature
is raised, the emission linewidths increase. The spectral range covered will be quite
small compared to that of a QD ensemble of course and the quantity of photons will

be much lower.
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6.2 Substrate Second Harmonic Generation

The material composing the substrate and the cap layer is available in much larger
quantity than the QD material. It is possible to use the substrate to our advan-
tage, namely to use its second order susceptibility x‘® to produce second harmonic
generation (SHG) [193,194]. The modes provide a high intensity field to amplify
the x® emission of the substrate. The InP of our PhC microcavities fortunately
produces a large signal in the visible-NIR region of the spectrum. The experimental
setup used by our colleagues at the University of British Columbia in the group of
Prof. Young to measure our samples is shown in Fig.6.1. The tunable laser (Spectra-
Physics optical parametric oscillator (OPO) operated around 1.5 um at 80 MHz with
100 fs-long pulses) is power and polarization controlled by a halfwave plate (A/2) and
a Glan prism (P). A microscope objective (L1) focuses the excitation onto a single
microcavity while a second objective (L2) collects the transmitted laser light and
the SHG signal. A second Glan prism is used to probe various polarizations of the
signal and/or reject the incident laser. A long wavelength pass filter (LWP) is also
added to remove the laser photons and allow the SHG signal propagation. A third

lens (L3) focuses the signal via a single grating spectrometer onto a cooled CCD array.

A typical result for one of our InAs/InP QDs PhC microcavity membranes is
shown in Fig.6.2. The embedded QDs PL (dashed lines) is contrasted with the SHG
data (solid line) with the z-axis shifted by a factor of 2 to better compare the two [193].
The agreement is quite good if the sum-frequency generation peak, located between
the two others, is filtered out. This, of course, is a limitation to the SHG approach to

probe the mode structure. An a priori knowledge is required to enable the labeling
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Figure 6.1: Experimental setup to measure the second harmonic generation (SHG)
signal. Detail description is given in the text.

Intensity {a.u.]

Figure 6.2: Typical SHG experimental result for a InAs/InP PhC microcavity (solid
line). Dashed lines are the PL results. From [193]
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SIDE VIEW

Figure 6.3: Cartoon representation of the the evanescent field probing of a PhC
microcavity with a silica nanowire.

of legitimate modes with respect to the sum-frequency generated ones.

6.3 Evanescent Field Coupling

The use of the evanescent field of a silica nanowire to couple to microcavities was
pioneered by Srinavasan et al. [195-197] where the nanowire is a fiber-taper. Prior
to their work, Knight et al. were using a phase-matching approach to excite the
microcavity modes [198]. A cartoon representation of the nanowire coupling with a
PhC microcavity is presented in figure 6.3 for a top and side view. The proximity of

the nanowire with respect to the microcavity causes a three-fold effect.

First, the microcavity is probed by the evanescent field of the fiber, coupling with
the evanescent fields of the microcavity modes. Second, because the nanowire and
the microcavity actually becomes a coupled system it provides a means to tune the
microcavity resonant wavelength because of the mode coupling effect [199,200]. The
tuning in wavelength will be accompanied by a change in ) as can be explained by
coupled mode theory. For situations where the microcavity energy and embedded

SQD exciton line do not properly overlap one can think of using this to effectively
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tune the PhC microcavity mode energy. The nanowire proximity will also lead to
other parasitic effects such as re-direction of the QD PL towards transverse magnetic
field (TM) slab modes as shown by Hwang et al. [201]. Considering those effects we
can write the nanowire-influenced quality factor (Qr) as measured by the transmission

spectra as:
1 1 1 1

- = - + - + =}
Qr Q Qf @
where Q¢ is the Q-factor associated with coupling with the fiber and @, the Q-factor

(6.1)

associated with the parasitic effects. From coupled mode theory we can relate Qr

and @ by a simple equation [199,202]:

Qr = vT(NQ, (6-2)

where T is the amplitude of the transmission dip for the mode .

Thirdly, the nanowire can also provide a means to collect the emitted photons
from the sample [203]. Once the photons are in the silica nanowire, they are nat-
urally funneled to the rest of the fiber. The end result would be a very efficient
feed of the recombination photons to our fiber-based quantum information process-
ing channel. There is an intricate balance to be reached between the ability to tune
the microcavity mode while preserving the cavity ) and the ability to extract the

photons efficiently [200].

The photon extraction efficiency (e) is given by the product of the spontaneous
emission (SE) coupling factor between the embedded emitters and the microcavity

(Bsz) and the optical components collection efficiency of the microcavity photon (7):

€ = Bsen. (6.3)
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But Ssg is related to the coupled nanowire-microcavity Purcell factor (£,(7) by:

PR i
= , 6.4
where
3Qr(A/n)®
(T) T
F{ par (6.5)
and,
1/Qf +1/Qp
n= . 6.6
Q-+ 1/Q; + /0, (6:0)
Considering an ideal experimental setup, ¢, goes to infinity and we can re-write (6.6)
as:
n=1- %Z (6.7)

Inserting equations (6.4) and (6.7) in (6.3) we get an equation describing the evolution

of € as a function of Qr:

3QZ(§\{//n)3 Qr
e=—""r——[1—-—=— 6.8
2 (o ’

Using Eq.(6.8), we can plot the extraction efficiency as a function of the coupled
system quality factor @ for different mode properties (different @ and V') as shown
in figure 6.4(a). There clearly is an ideal @Qr for which the situation results in an
optimal extraction efficiency. One could think of a scenario where a microcavity is
designed to be purposefully at a slightly lower wavelength and as the fiber is brought
into proximity, the mode wavelength adjusts to match while creating a Q7 lower than
@ by the appropriate amount to produce efficient capture of the emitted photons
within the fiber. To provide a better understanding of the parameter space a con-
tour plot of € as a function of both Q7 and Q is provided is figure 6.4(b) for a fixed
mode volume at half a cubic wavelength. With a @ of 10000 and a Qr = /2, the
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Figure 6.4: (a) Theoretical variation of the extraction efficiency (¢) as a function of
Qr for different @ and V values, from [200] (b) Intensity plot of calculated € as a
function of Q and Qr for V = 0.5(\/n)3. (c) Product of € and the Purcell factor as
a function of Q7.
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extraction is still within the 50% range. Figure 6.4(c) presents the product of the
extraction efficiency and the Purcell factor as a function of Qr, an interesting number
to consider since extraction efficiency and the repetition rate of the device will lead
to a highly efficient single photon source. Also to be considered is the need for the
coupled system to stay in the weak coupling regime. Our experimental results using

this system will be presented in section 8.5.

6.4 Resonant Scattering

Cross—pola,rized\ resonant scattering (RS) allows one to probe the mode structure of
a PhC microcavity without the use of an embedded source [193,194]. The technique
involves measuring the reflection or transmission intensity of a resonantly tuned laser
pulse, tightly focused to only probe the microcavity structure on the sample. The
detected data is analyzed with a polarization opposite to the incident laser linear po-
larization. All of our measurements with this technique have been performed at the
University of British Columbia within the group of professor Jeff F. Young, with our
samples, and hence are not a direct result of the work performed within this thesis.
Their experimental setup is shown in Fig.6.5. The laser source (Spectra-Physics OPO
tuned near 1.5 um with 80 MHz repetition rate of 100fs pulses) is power controlled
with a halfwave plate (A/2) and polarizing cube (P) combination. Light is focused
onto a small area of the sample with a microscope objective (L1). The transmitted
light is collected with another objective and sent to a second Glan prism and Fourier

transform infrared spectrometre (FTIR).
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Figure 6.5: Resonant scattering (RS) experimental setup. Detailed setup description

is given in the text.
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Figure 6.6: Typical experimental data for an InAs/InP PhC microcavity. Solid line
is the RS data and dashed lines are the PL obtained curves for different detection

polarizations. From [193].
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Figure 6.6 shows a typical experimental result for one of our InP-based PhC micro-
cavities with an embedded high density InAs QDs layer. The RS data is represented
by the solid line whereas the dashed lines are two modes as observed by PL with
90° different polarization dependance. The agreement is quite good and it is clear
that the RS technique would work even for a microcavity without QDs. The small
discrepancies between RS and PL can be explained by the laser background. See
Refs. [193,194,204] for a more thorough analysis. RS clearly is a promising technique
to probe the microcavity without requiring embedded emitters, the main difficulties
being to properly align the experimental setup to reject the incident laser and avoid

retro-reflections from the other optical components.



Chapter 7

Quantum Dots in Micropillars

Originally the micropillar microcavity was developed to create a laser source using a
quantum well (QW) as the active medium. This was known as a vertical-cavity
surface-emitting laser (VCSEL). In theory, a laser constructed from a quantum
dot (QD) within a microcavity has a zero lasing threshold (if one considers the notion
of threshold to still apply [205,206]). The scientific community did not start exploring
this until a decade after its theoretical prediction however (see ref. [207] for a nice
review of the first years). In 2001, Yamamoto’s group was the first to demonstrate
the SQD lifetime alteration due to the micropillar [208] and in the same year the
anti-bunching from a single quantum dot (SQD) coupled to a micropillar was demon-
strated by another group [209]. Yamamoto’s group took a further step by proving
the indistinguishability of the single photons (SPs) emitted by a SQD in a micropil-
lar [61] and this was the first QD-microcavity combination to be used as a SP source
for quantum key distribution (QKD) using the BB84 protocol [57]. The micropillar
microcavity was one of the three “simultaneous” systems to demonstrate the attain-
ment of the strong coupling regime [210] and recently it was used to demonstrate

photon anti-bunching from a SQD-microcavity in the strong coupling regime [211].

105
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Many papers are still being published by different groups discussing the optimization

of micropillar performances [212-215].

The micropillar was the first microcavity design explored at Institute for Mi-
crostructural Sciences (IMS) and this chapter describes the experimental work pub-
lished [162-164,216]. Although the initial results were promising, the lack of an easy,
post-fabrication tuning mechanism ultimately led us to reject this approach. The first
section introduces the microcavity fabrication process, and the following one shows
typical SEM and PL results. The last section presents the detailed analysis of the
influence of the pillar diameter on the emission properties and the data is compared

with the theoretical predictions from an effective index model presented in section 5.5.

7.1 Fabrication Procedure

Our full micropillar fabrication process is shown in figure 7.1. First, a sample with a
relatively high density of QDs is grown using our chemical beam epitaxy (CBE) sys-
tem (see section 3.2 for more details). A 12 pair A/4 SiOy/Taz0; distributed Bragg
reflector (DBR) mirror is deposited onto the sample using a dual ion-beam sputtering
system (Spector, Veeco-IonTech) from SiO; and Ta targets (b). We used dielectric
mirrors of Si02/TayO5 because they are already widely used by the Thin Films group
of the IMS to produce very high quality DBR mirrors for wavelengths around 1.5 ym.
The sample is then flipped and glued upside-down onto a microscope slide with 3 pm-
thick optical adhesive to keep the sample transparent to the QD emission around

1.5um (c). The InP wafer is removed, all the way to the InGaAs buffer layer, by
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Figure 7.1: Steps involved in the first type of fabrication process of a micropillar. See
text for detailed procedure description
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selective wet chemistry using a 3:1 mix of HCI and H,O. The InGaAs buffer layer is
removed using a mix of HySO4 and Hy05 (d). The second DBR mirror is deposited

in the same way as the first onto the remaining InAs/InP QD layer (e).

We now have a high-Q) planar microcavity with an infinite number of supported
modes. A layer of aluminium is deposited followed by a negative electron-beam re-
sist. The resist is patterned using electron-beam lithography and the unexposed resist
removed by a bath of developer (MF321). The accessible Al is etched away with a mix-
ture of phosphoric, acetic and nitric acids (E6)(f). The first DBR is then etched using
C,4Fg in an inductively coupled plasma (ICP). The sample is switched to a second
ICP with a chlorine-methane-based mixture to etch the InAs/InP layer. The second
DBR is then etched in the original ICP (g). The resist and underlying aluminium
remaining on the sample surface are removed using N-Methylpyrolidone (NMP) and
E6 etches(h). For some samples the second DBR, mirror was not etched, in an effort
to limit the edge roughness related losses and decrease the pillar height to improve

structural stability.

7.2 Typical Results

Fig.7.2 shows SEM of a typical series of micropillars fabricated in the manner de-
scribed above. Different pillar diameters are constructed in order to fully test our
ability to build such small structures. Each micropillar group is surrounded by a wall
(as can be seen in the figure) to prevent the micropillars from falling down in the

presence of the flowing liquids used to clean the sample in the final steps of sample
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Figure 7.2: Scanning electron micrograph (SEM) of a typical group of micropillars.
The wall surrounding the micropillar group is to prevent the liquid flow during the
cleaning process from tipping over the micropillars.



Chapter 7: QUANTUM DOTS IN MICROPILLARS 110

Figure 7.3: High-resolution SEM images of single micropillars with different sample
run and different diameter.

processing. Individual small-radii (r,) pillars are shown in Fig.7.3:(a) r,=1 pm and
(b) 7,=1.25 yum. Those two pillars originate from slightly different sample processing
procedures. The sample temperature for the ICP etch of the bottom DBR of sample

(a) was too high, producing a more conical shape.

Based on the micropillar shape, one would expect that the sample shown in
Fig.7.3(b) would have a higher efficiency and @Q-factor than its counterpart shown in
(a). Even after improvements to the pillar shape were achieved, edge roughness is
still present and contributes to losses and lower (). As the pillar diameter becomes
smaller, the edges of the mode leak outside the pillar and the edge roughness creates

-1

scattering and losses (Q ™" = Qg + Quvity)- Ultimately, we were never invested the
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Figure 7.4: Typical micropillar uPL data. (a) Increasing micropillar radii PL with 12
periods DBR mirrors. The curves are offset for clarity. From [164] (b) Typical uPL
data for a 1um radius micropillar with 12 layers mirrors. @=1500 and V=3 um?.
From [216]. (c) Ground state mode @Q-factor as a function of the pillar radii. From
[164]

time required to develop a fabrication technique to reduce the edge roughness. This

is one of the reasons why we moved to 2D-PhC type microcavities.

7.3 Pillar diameter influence

In order to probe the mode structure and quality factor of a microcavity a QD en-
semble is embedded within the sample. The PL of the QDs is limited and directed
by the microcavity and we can characterize it by measuring the spectral distribution

of the outgoing photons. The PL peak energies for pillars with varying radii is shown
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in Fig.7.4(a) whereas the high resolution uPL of a 1-um-radius pillar is presented
in Fig.7.4(b). As the pillar diameter is reduced, the number of PL peaks (i.e. the
number of modes supported by the device) decreases as is expected from a simple

geometrical argument.

In theory, as the micropillar diameter becomes smaller a single high () mode is
supported. In practice this is not the case. As the diameter is reduced the mode
quality factor of the fundamental mode actually decreases as can be seen immedi-
ately from figure 7.4(a) from the linewidth of the lowest energy peaks. The extracted
fundamental mode Q as a function of the pillar radius is shown in Fig.7.4(c). This
decrease is directly attributed to the edge roughness of the pillar. I did not quantify
the amplitude of the roughness directly. However, by measuring the Q-factor of the

different runs, I was able to indirectly assess the quality of the surface.

Despite these undesirable effects, the mode energies extracted from the PL and
the results predicted by effective index theory (see section 5.5) agree well, especially
when one considers that there are no fitting parameters involved. In Fig.7.5, the
symbols are the experimental data points and the solid and dashed lines are the theo-

retical peak positions for the EH and HE solutions of a circular waveguide respectively.

The good predictability of the mode energies and the far-field radiation pattern
that is suitable to couple to a communications channel are the two main advantages
of the micropillar. Unfortunately the @) factor drop due to the edge roughness as

the micropillar diameter decreases makes it unsuitable to reach high Purcell factors.
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Figure 7.5: Mode peak energy as a function of the pillar radii for different modes. The
symbols represent the experimental data points and the lines are theoretical values
obtained with the effective index approximation. From [164].

Ultimately, the SQD-micropillar is not an ideal candidate for a SP source because the
spectral overlap between the dot and cavity mode is difficult to produce. It is hard
to fabricate a micropillar with exactly the right diameter to match the SQD single
exciton energy and the micropillar cannot easily be tuned after its initial construction.
The application of an electric field or temperature to tune the microcavity resonance
are out of the question because they would affect the QD greatly. The main adjustable
parameter, once the DBR are constructed, is the pillar diameter and changing it so
as to preserve the round nature of the pillar and not adding more edge roughness is
quite a challenge. Only recently Lohmeyer et al. demonstrated a technique using a
focused ion beam to trim the micropillars [217]. Adding material to the micropillar

sides is even more challenging and has never been demonstrated to our knowledge.
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Quantum Dots in Photonic Crystal
Microcavities

The concept of a photonic crystal (PhC) was invented in the mid-80s, at around the
same time as the QD. While the QD-photonic crystal (PhC) combination seems nat-
ural, it took some time to actually join them. The first report comes from a European
collaboration in 1999 [218]. The huge versatility in microcavity design that is afforded
with PhCs allows one to tailor the mode to match the SQD properties while having
a very high @ factor and a small mode volume. In 5 fewer years of development than
for micropillars, a SQD-PhC microcavity system was brought to the strong coupling
regime [210]. The PhC microcavity approach has another advantage; as opposed to
micropillars, it provides direct access to the capping layer of the sample. This enables
the determination of the QD position from the surface (either with a QD stack [143]
or by measuring a bump on the capping layer originating from the presence of the

QD [144)).

Fig.8.1 shows a schematic of a PhC membrane with a microcavity at its center. A

broadband QD source is located at the middle of the membrane layer. Confinement
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InAs QD layer

Figure 8.1: Schematic representation of a PhC membrane microcavity.

within the plane is provided by the PhC, vertical confinement comes from total inter-
nal reflection. The content of this chapter originates from our numerous publications
on the topic [200,216,219-224]. Section 8.1 introduces the two different fabrication
procedures used for our samples, while the following section presents all the differ-
ent PhC microcavities we have explored. The third section discusses the results for
the cavities and evaluates their compatibility with respect to creating a SP source.
Section 8.4 introduces various post-fabrication tuning techniques with more details of
our own technique and section 8.5 presents our results with silica nanowire evanescent
field probing of PhC microcavities. In addition, microcavity tuning due to coupling to
the nanowire is demonstrated. Section 8.6 shows preliminary work done with respect

to coupling site-selected QDs to a PhC microcavity.

8.1 Photonic Crystal Fabrication Procedure

Two different approaches were explored to fabricate a suspended PhC membrane.

The first involves a sample flipping step, as for the micropillar process, and optical



Chapter 8: QUANTUM DOTS IN PhC MICROCAVITIES 116

Figure 8.2: Steps involved in the first type of fabrication process of a PhC layer. See
text for detailed procedure description

glue, whereas the second is simpler and takes full advantage of selective wet etching

processes.

8.1.1 Glue and Flip

Figure 8.2 introduces the first type of fabrication process. This process was used only
because we were using a planar QD sample where the underlying InGaAs layer was

too thin to provide a sufficiently thick layer of air underneath the membrane. An



Chapter 8: QUANTUM DOTS IN PhC MICROCAVITIES 117

insufficiently thick air gap induces large emission losses because of coupling to the

InP substrate.

Starting with a high density layer of InAs/InP QDs, we deposited a SiOy layer
followed by a layer of positive tone electron beam resist from Nippon Zeon (ZEP)
(Fig.8.2(a)). The PhC pattern is written in the resist and is developed with O-
Xylene. The exposed SiOs is etched by ICP with C4Fg (b) and the unexposed resist
is then removed by wet chemistry (c). The holes within the InAs/InP layer are cre-
ated with a Chlorine Methane chemistry ICP. The SiOs side is glued to a microscope
slide using optical glue, flipping the sample (e). The InP wafer is etched away with a
3:1 HCL:H20 mix to leave the InGaAs layer (f), which is then removed by a selective
wet etching using HySO4 and H2O2 (g). A buffered oxide etch (BOE) selectively
etches the bottom SiO, layer through the holes in the InAs/InP QD layer, to provide

a layer of air below the PhC membrane (h).

8.1.2 Sacrificial Layer

As for the first fabrication technique, layers of SiOy and ZEP resist are deposited
onto the InAs/InP layer (Fig.8.3(a)) and the hole etching procedure proceeds in the
same fashion (b) to (d). Instead of gluing the SiO,, it is now removed with BOE
wet chemistry and the supporting InGaAs layer underneath is removed in a bath
of HySO4. Figure 8.1 shows a schematic representation of the resulting device and
Fig.8.4 presents three different angle SEM images of an actual device fabricated with

this technique.
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Figure 8.3: Steps involved in the second type of fabrication process of a PhC layer.
See text for detailed procedure description

It is not necessary for the PhC lattice surrounding the defect to be infinite to
provide a good planar confinement of the mode. While for the type of modes we use
in our devices most of the the field is located within the first ring of holes around the
central defect, the additional rings are necessary to avoid light leakage. Typically,
19 rings of air holes are used in our experiments to minimize light leakage, while
facilitating ease of fabrication. The membrane thickness and pitch between air holes
are engineered to provide the desired photonic bandgap. As a rule of thumb both
the membrane thickness and pitch are approximately equal to the wavelength in the

material to produce a high () microcavity.
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Figure 8.4: SEM images InAs/InP QDs PhC membrane microcavities.(b) and (c)
show a cleaved device at 45° and 90° imaging angle to highlight the suspended mem-
brane

8.2 InAs/InP Quantum Dots in Photonic Crystal
Microcavities

In this section we will introduce our PhC microcavities. We use an hexagonal array
of circular air holes. The simplest microcavity design is a single missing hole in the
lattice. Symmetric modifications to the single missing hole are explored as well as
asymmetric changes. The defect can be enlarged along the z-axis, stretching it all
the way to a triple missing hole defect. The last section discusses modifications to

the defect along the y-axis to optimize an alternative mode.

8.2.1 Single Missing Hole Defect

A single missing hole (H1) microcavity (Fig.8.5) supports only two “confined” modes:
the z- and y-dipole-like modes. Figure 8.6 introduces their electric field intensity
mode profiles obtained by FDTD as explained in section 5.6.2. In theory these two
modes are degenerate for an H1 microcavity. In practice, the degeneracy will be

lifted by small imperfections in the PhC lattice or in the microcavity. The PL of an
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Figure 8.5: Schematics of a single missing hole defect (H1) in a triangular lattice of
air holes.

Figure 8.6: FDTD-obtained electric field intensity mode profiles of the two modes
supported by a H1 microcavity. (a) z-dipole-like mode and (b) y-dipole-like mode.
From [219]
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H1 microcavity with hole radius r=115nm, pitch ¢=500nm and membrane thick-
ness d=223.5nm is shown in Fig.8.7(a). The two peaks are attributed to the z- and

y-dipole-like modes.

It should be noted that the literature oscillates in nomenclature when it comes
to the dipole modes. The problem arises from the fact that the mode with the elec-
tric field components largely along the z-axis (Fig.8.6(b)) has a far-field polarization
along the y-axis and vice-versa for the other mode. Some groups refer to the z-dipole-
like mode as the one with the field along the z-axis while others call the z-dipole-like
mode the one with the far-field polarization along the z-axis. The latter stance will be
used throughout this thesis. The interested reader should be careful while consulting

our publications on the topic as we ourselves switched between the two nomenclatures.

A detailed polarization dependant photoluminescence (PolPL) measurement is
shown for an H1 microcavity in Fig.8.7(b). The peak at lower energy can be at-
tributed to the z-dipole-like mode while the second peak polarized along the y-axis is
the y-dipole. The inset in figure 8.7(b) shows a polar plot of the integrated intensity
for each peak as a function of the polarizer angle with respect to the z-axis. The
connected filled circles are from the lower energy peak while the empty circles are

from the higher energy peak.

Figure 8.8 shows the PL-extracted mode energy (a) and @Q-factor (b) for both
dipole-like modes of an H1 microcavity as a function of the host lattice radii (r) for

different hole pitch (a) values. The filled (empty) symbols represent the measured
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Figure 8.7: (a) PL and (b) PolPL data for a H1 microcavity with a=500nm,
r=115nm, and d=223.5nm. Filled circles in the polar plot represent the z-dipole-like
mode while empty circles represent the y-dipole-like mode. From [219]

y-dipole-like (z-dipole) mode and the solid lines are FDTD simulation results. Trian-
gles refer to the H1 microcavity with a=485nm whilst circles and squares represent
results for a=500 nm and 515 nm respectively. The highest Q)-factor reached with this
simple cavity type is approximately 850 for r=120 nm and a=500nm. By varying the

a and r parameters, it is clear that one can fabricate an H1 microcavity at any de-

sired wavelength around 1.55um i.e. 800 meV.

The Q-factors for each mode, as extracted from the PL, are higher for the y-dipole
than the z-dipole-like mode. A detailed SEM analysis of the cavities and FDTD sim-
ulations were performed to determine the origin of the larger @ for the y-dipole mode
with respect to the z-dipole and the lifted degeneracy [216]. An asymmetry of the
holes was discovered; the holes are elliptical, with the longer axis along z and an

ellipticity equal to 1.05. The holes elongation is sufficient to explain both the lifted
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Figure 8.8: Mode peak energy (a) and @ (b) for the H1 z- and y-dipole-like mode as
a function of host lattice radii with d=223 nm (empty and filled symbols respectively)
for a=485nm (triangles), a=500nm (circles), and a=515nm (squares). The solid

line represents the FDTD obtained numbers for the same microcavity parameters.
From [219]

degeneracy and the higher ) of the y-dipole.

The H1 Q-factors are not high and yield a potential Purcell factor of ~ 130
considering a perfect spatial and spectral overlap between an eventual SQD and the
microcavity. The z- and y-dipole-like mode volume are about 0.65(A/n)3, imply-
ing that the cavity is in the weak coupling regime. Chang et al. have used such a
microcavity to produce a SP source at 800 nm with an InAs/GaAs SQD [225]. Mod-
ifications to the PhC defect can produce higher @) microcavities. The remainder of
this chapter will explore various modifications to the inner ring of holes surrounding
the missing hole and study their effects on the microcavity spectral properties. In the

next section the defect will be enlarged symmetrically along various crystal axes.
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Figure 8.9: Schematic of a symmetrically modified single missing hole defect (H1S)
in a triangular lattice of air holes.

8.2.2 Symmetric Modifications

A first obvious way to optimize the PhC defect modal properties is to modify the
inner ring holes in a symmetric fashion, creating an H1S microcavity [221]. One can
change the radii of holes (r;), move them along the axis by é; or change both at the
same time. A positive §; means a shift away from the defect. See figure 8.9 for a

schematic representation of the different parameters for an H1S microcavity.

The enlargement of the available high refractive index central area results in a
greater number of modes supported by the device. The z- and y-dipole-like modes
are still present and 4 modes are added: the monopole mode, hexapole mode and
2 different symmetry quadrupole modes. Figure 8.10 presents the electric field in-

tensity profile for the six modes of an H1S microcavity with ;=156 nm, r=175nm,
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Figure 8.10: FDTD electric field intensity mode profiles of the various modes sup-
ported by a H1S microcavity.

0;=40 nm, a=500nm, and d=231.5nm obtained with the FDTD techniques discussed
in section 5.6.2. Those modes are selected based on their energy, with respect to the
photonic band gap energy and with the energy of the modes observed in photolu-
minescence. Typical PL of an H1S cavity with an embedded ensemble of QDs for
r;=176.7nm, r=199.4nm, §,=50nm, a=500nm, and d=223.5nm is shown in figure
8.11(a). Fig.8.11(b) and (c) introduce detailed PolPL data for the same sample but
plotted as a waterfall of the different PL spectra and as the peak integrated intensity

as a function of the PL polarization angle with respect to the z-axis of the PhC.

The y-dipole is polarized along the y-axis just like for the H1 microcavity while
the z-dipole polarization dependance is blurred by its proximity with the photonic
valence band edge. As predicted by simulation, modes Q; and Qs, the quadrupole

modes, are polarized along the y-axis. The less defined polarization of Q, may be
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Figure 8.11: (a) Typical PL, (b) typical PolPL, and (c) typical PolPL data for a H1S
microcavity where r;=176.7 nm, r=199.4 nm, §;=50nm, ¢=500nm, and d=223.5nm
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Figure 8.12: Mode peak energy (a) and @ -factor (b) as a function of the inner
ring shift in (6;) for a H1S PhC microcavity with »=175nm, ;=156 nm a=500nm,
and d=231.5nm. Filled (empty) triangles are the z-dipole (y-dipole), filled (empty)

squares the Q; (Q2) mode, stars are the hexapole modes and circles are the monopole
mode.

attributed to defects in the hole lattice; Qs being more affected because a larger
portion of its electric field overlaps with the hole edges. The hexapole mode H and

monopole mode M are unpolarized and may be interesting due to their potentially

high Q.

By repeating the detailed PL and PolPL measurements presented in Fig.8.11 for
multiple microcavities with different §; and r; I can extract which H1S microcavity
configurations yield high @ modes. The extracted mode peak energies and Q-factors
as a function of the inner ring shift (;) are presented in Fig.8.12 for a fixed inner ring
radii (r;) equal to 156 nm and as a function of r; for 6;=40nm in Fig.8.13. In both

figures the z- and y-dipole-like mode are represented by filled and empty triangles
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respectively whereas () is filled squares and )3 empty squares. The circles and stars

displays the monopole and hexapole modes, respectively.

The @ for all modes exceeds 2000, but for different H1S parameters; a Q-factor
substantially larger than that for the H1 design. As for the H1 cavity, an asymmet-
ric perturbation to the microcavity is present, producing z- and y-dipole-like mode
maximum ¢ values at differing energies and removing the degeneracy. The highest @)
(3800) is reached by the monopole mode and, as its name suggests, it would be good
at first sight to couple to a SQD because all its electric field is concentrated along a
single antinode. Unfortunately, the single pole is not a single anti-node at the center
of the PhC defect but is in a ring-like shape away from the center, not ideal to couple
to a SQD. The Q;, Q2, and H are also not suitable for the same reason. Instead of
further enlarging the H1S defect, we try to modify the H1 defect in an asymmetric

fashion to optimize the z- or y-dipole-like mode @, as shown in the next sections.

8.2.3 Y-Dipole Optimization
Enlargement of the H1 Microcavity Along the z-Axis

Instead of changing the properties of all the holes within the first ring of air holes,
we move only two holes on the z-axis synchronously by the amount §, in an H1E
type microcavity. A positive value of §; means a shift away from the defect, towards
the next lattice hole as is shown in Fig.8.14. An SEM image of an actual H1E de-
vice is presented in Fig.8.15(a) for §,=25nm, r=145nm, ¢=500nm, and d=223.5 nm.
Fig.8.15(b) and (c) introduce the electric field intensity mode profile for the y- and
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Figure 8.14: Schematic of an elongated single missing hole defect (H1E) in a trian-
gular lattice of air holes.
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Figure 8.15: Typical H1E microcavity SEM (a), and FDTD-obtained electric field
intensity profiles for the y-dipole-like mode (b) and the z-dipole-like mode (c)

z-dipole-like modes of an H1E microcavity with §,=15nm, r=165nm, a=500 nm and
d=223.5nm as obtained by FDTD. While it is hard to notice any change within either
of the mode profiles with respect to the ones of the H1 microcavity, detailed analysis

reveals changes for the y-dipole-like mode, and almost none for the z-dipole-like mode.

In figure 8.16Typical PL of an H1E microcavity with an embedded QD ensemble
I measured for 6,=75nm, r=145nm, a=500nm and d=223.5nm. The peak on the
left is the y-dipole-like mode and the other one is the z-dipole. The insets show the
PolPL data for each mode as a function of the polariser angle with respect to the

PhC z-axis, which confirms the peak attributions.

Clearly, the Q-factor of the y-dipole mode is greater than the z-dipole (). This
can be qualitatively explained by the fact that the electric field of the y-dipole mode
is stretched along the z-axis and the enlargement with &, provides more room for it

to breathe and smooths the overlap between the mode and air-hole edges.
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Figure 8.16: Room temperature PL from a H1E microcavity. The fabrication param-
eters for the cavity were: d=223.5nm, r=145nm, a=500 nm and J,=75nm. Angular
dependence with respect to the z-axis of the PL intensity for each mode is shown in
the insets.

By repeating this experiment, including the PolPL, for different values of J, we
can get a better understanding of the modal behavior with the defect enlargement.
Figure 8.17(a) shows the peak energy shift as a function of J,. The plain triangles
are experimental data points (r=145nm, a=500nm, and d=223.5nm) whereas the

connected empty squares represent FDTD calculations for H1E microcavities with

varying d, and r=165nm while the other parameters have the same value.

The agreement between experiment and simulation is quite good. In the Refs.
[189, 226] the authors demonstrated that their Fabry-Pérot model correctly antici-
pates this behavior. The y-dipole-like mode shift in energy is accompanied by an
increase in @ (Fig.8.17 (b)). The small discrepancy between the experiment and the

simulation @ numbers can be attributed to slight imperfections in the hole sizes. A
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Figure 8.17: Peak shift (a) and @ (b) as a function the defect elongation (J,) for a
H1E microcavity. Red lines with square symbols are the FDTD obtained numbers
and the plain black triangles are experimental data points. r=145nm for the experi-
mental data and r=165nm for the FDTD data while a=500nm and d=223.5nm for
both.

H1E §,/a ratio around 1/4 resulted in a maximum @ value about 4000 for r=105nm,
a=441.8 nm, and d=280nm (data not shown here). This would lead, for a perfectly
matched single QD within the microcavity, to a Purcell factor of ~600 given the calcu-
lated microcavity mode volume V = 0.75(\/n)3. As was explained in section 5.4, this
means a microcavity still in the strong coupling regime. Again, one has to be careful
while referring to such limits because they were calculated using typical InAs/InP
QD parameters and assume perfect spatial and spectral overlap between the QD and
the microcavity. This means a repetition rate almost 600 times higher than without
a microcavity. Further degrees of freedom within the microcavity design, namely the
PhC pitch (a), host lattice hole radii () and the membrane thickness (d), could be
used to match the QD single exciton peak energy and the y-dipole peak energy if
required. The important thing is to preserve the §,/a ratio to achieve the maximum

Q. Other very interesting effects appear as ¢, is further enlarged: other modes appear

and the y-dipole-like mode oscillates in peak energy and Q-factor.
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Example of an Additional Mode

Cavity enlargement gives room for new modes to appear. I measured detailed PL
for H1E with 6,=75nm, a=500nm and d=223.5nm for different r values (175 nm to
195nm). Results are shown in figure 8.18(a) whereas (b) shows the FDTD-obtained

electric field intensity profile for the same parameters as for the PL and r=185 nm.

Mode peak energy and () as a function of 4, for =170 nm, a=500 nm and d=223.5 nm
are presented in Fig.8.18(c) while (d) has a fixed §,=75nm and the hole radii are
varied with the same d and a. In Fig.8.18(c), the Q-factor rises to almost 3000 and
then quickly drops again. This high @ is promising but, just as for the monopole
mode of the H1S microcavity, the mode electric field does not have an antinode
at the defect center, making it an unsuitable candidate to generate a single photon

source and match key parameter (i7).

Triple Missing Hole (H3)

A schematic representation of a triple missing hole microcavity, H3, is shown in
Fig.8.19. This type of microcavity has been extensively studied [189,224-229]. The
QD community used it as a high @) microcavity to which SQDs are coupled and such
cavities have reached the strong coupling regime [3,144, 230,231]. However, we were
the first to produce a InAs/InP-based H3. Typical modifications to the H3 micro-

cavity to obtain higher @) are shrinking the z-axis edge holes and/or moving them
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Figure 8.18: Experimental results for the additional high energy mode with fixed
a=500nm and d=223.5nm. (a) PL data for different r values with d,=75nm. (b)
Electric field intensity mode profile obtained by FDTD for r=185nm and 4,=75nm.
Mode peak energy and @Q-factor as a function of §, for =170 nm (c) and as a function
of r for a fixed 6,=75nm. Filled circles are experimental data points while the empty
circles are FDTD-obtained. From [222]
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Figure 8.19: Schematic of a triple missing hole defect (H3)

along the axis (d3;). A positive value of 3, represents the shift of the z-axis edge

holes outwards along the axis. In reference [224] we presented such a study.

In Fig.8.20 we show detailed experimental results I performed in PL and PolPL
for a simple H3 microcavity. The peaks are labeled from A to E in order of peak
energy. Each can be linked to their FDTD-obtained mode profile in figure 8.21 with
the same label. The symbol in the bottom right corner of each plot represents the
mode polarization dependance from simulation data. Slight variations of d3, result
in a @-factor increase for the mode A. We achieved @Q-factors of ~ 7500 for the A
mode of the H3 microcavity for d3,=65nm. Considering the mode A mode volume is
~ 0.75()\/n)3, this microcavity-QD coupling is outside of the weak coupling regime.
Of course, an imperfect spectral and /or spatial overlap will produce weaker coupling,

so that a higher Q-factor microcavity gives a “cushion” to work with while fabricating
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Figure 8.20: (a) PL, (b) PolPL polar plot, and (c) PolPL for a H3 microcavity with

r=105nm, a=441.3 nm and d=280 nm.
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Figure 8.21: FDTD-obtained electric field intensity mode profile for a H3 microcavity
with d3,=0nm and (b) d3,=65nm
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Figure 8.22: (a) Modified H1 microcavities PL spectra for r=105nm, a=441.1 nm,
d=280nm, and different J, values. Curves are offset for clarity. High resolution PL
and PolPL for §, =30nm (b), ; =155nm (c) and J, =300nm (d).

a SP device.

H1 to H3

To further our understanding of the mode structure of the H3 microcavity, especially
the high () mode A, I increased the H1E §, from zero to more than a. This is the first
report of such a study of the modal behavior going from a H1 microcavity to a H3.

Figure 8.22(a) shows PL spectra for multiple microcavities with increasing §, values
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and fixed r=105nm, a=441.1 nm, and d=280nm. The defect is enlarged to the point
that the shifted holes reach and pass the next host lattice hole positions, making the
cavity an H3 microcavity. In total, three modes appear from the “conduction band”
(the higher energy side of the photonic band gap). Another one comes out of the
valence band for a §, value approximately equal to the one generating a maximum
y-dipole mode @ as presented earlier (6, &~ 110nm ~ a/4) and goes back out on the

same energy side when the y-dipole mode comes back to its original value.

As was done with previous microcavity designs, I performed high resolution PL
and PolPL at different 6, values in order to correctly attribute each peak to a
specific mode and follow its behavior with defect enlargement. Examples of such
measurements are presented in Fig.8.22(b) for §, =30nm, (c) §; =155nm and (d)

0, =300nm. The polarization is taken with respect to the PhC z-axis.

The peak energy positions as a function of §, are presented in figure 8.23 where
the experimental data points are connected by a line to guide the eye. At each step
of 4, the nearest peak in energy with the same polarization as a previous peak is
connected by a line to it. The modes are labeled using the mode labels defined in the

previous section with respect to the H3 microcavity mode.

The mode behavior is quite interesting. The initial decrease in energy for the
y-dipole-like mode while the z-dipole-like mode remains unshifted was already dis-
cussed earlier in section 8.2.3. The y-dipole returns to the z-dipole energy for

d; =~ 220nm = a/2. This was also predicted by the Fabry-Pérot model and is
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confirmed by FDTD results [189]. Similar effects were also predicted by the pertur-

bation theory in Ref. [226] with less accuracy.

Further enlargement of the microcavity leads the H1E microcavity towards an
H3 microcavity. As §, increases again the y-dipole-like mode (labeled A in Fig.8.23)
shifts back again to lower energy. Meanwhile, two other modes labeled B and D and
polarized along the z-axis, appear at higher energy from the conduction band. They

both stabilize at an energy around the z-dipole-like mode, i.e. mode C.

Oscillations similar to mode A are seen for mode E (combo of E; and E;) and F
except they are lost in the photonic band edges for some d, values. Their existence
can be straightforwardly explained by the Fabry-Pérot model as modes with higher
and lower integer number in equation (5.74). It is also worth noting that the mode

E; is in fact the additional mode discussed in section 8.2.3.

The peak energies stay relatively constant as d, > a, i.e. the shift is larger than
the pitch. This is because the holes limiting the defect size along the z-axis are now
the second ring lattice holes. As will be seen later the minimal change in peak energy
does not mean that the Q-factor is not influenced by 6, anymore. The presence of

the hole greatly affects the properties of the PhC mirror.

The mode A can be attributed to the y-dipole-like mode because of its behavior as
a function of §, and because of its polarization dependance. A plot of mode A peak

energy and the () as a function of §, is shown in figure 8.24. The Q) clearly follows the
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Figure 8.24: PL data extracted y-dipole-like mode peak energy and () as a function of
0, for r=105nm, a=441.1nm and d=280nm. Empty black squares are peak energy
data points while empty red circles are the experimental Q)-factors

peak energy (Epeqr) behavior with d,, increasing when E,.,;, decreases and decreasing
when it goes up. The pitch for all measurements is fixed to 441.1 nm while the hole
radii is 105 nm and the membrane thickness is 280 nm. The initial fall and rise of the
mode peak energy and the opposite change for the Q-factor were already hinted at
in Fig.8.17. The peak @Q-factor is reached for §, =~ a/4 while the mode returns to a
low @ value for &, ~ a/2. The @ goes as high as 5600, much higher than the highest
one shown in Fig.8.17 for the H1E microcavity. The larger ) occurs because of a
better-suited membrane thickness and hole pitch. The mode peak energy falls again

(as the @ rises) as §, approaches a.

Equation (5.75) of the Fabry-Pérot model enables a more intuitive interpretation
of the behavior. The key parameters are the PhC mirror reflectivity |r(\g)|, the mode

group index ny()) (related to the group velocity vy(Ag) = ¢/nyg(Ao)) and the modal
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penetration depth (%ﬁ*) , (derivative of the mirror modal phase shift). The three
main parameters increase with the outward shift §,, reach a maximum and then de-

crease [189).

The reflectivity rises and falls earlier than the other two, which are synchronized.
This means that two different mechanisms are involved. The first one can be under-
stood as a mode conversion in the non-periodic region of the mirror [232,233]. The
propagative PhC mode conversion into an evanescent PhC mirror mode is made easier
and then harder by changing the edge hole positions. For the second mechanism, the
change in ny(Ao) results from the highly dispersive nature of the PhC propagation
mode and the break up in the periodicity condition of the photonic crystal results
in modifications in the penetration depth within the sample (%‘;\—")0. This effect is
linked with slow-wave effects. It is limited here because of the limited size of the

microcavity. Longer microcavities provide slower light and could make for exciting

experiments [189,234].

The second rise of the @ (when H1E becomes a H3 microcavity) is also predicted
by the Fabry-Pérot model and the same two mechanisms can be invoked to interpret
the results. The slow-wave effect will be stronger here since the microcavity is larger.
The y-dipole-like mode Q-factor for d, > a is quite interesting. After the initial de-
crease, it rises again when the shifted hole detaches itself from the second ring, fixed
lattice hole, while the mode peak energy steadily decreases. Since we did not calcu-
late the Fabry-Pérot model and the group of Sauvan and Lalanne never explored such

a structure, it is hard to explain this behavior directly but it is clear that the hole
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Figure 8.25: FDTD-obtained electric field intensity mode profile with the polarization
dependance and far-field distribution y-dipole-like mode as insets in lower-right and
upper-right corners for a H1E y-dipole-like mode microcavity with §, = (a) Onm,

(b) a/4 and (c) a.
penetrating within the lattice will affect the PhC mirror while keeping the effective
defect length equal or shorter to the H3 case, strongly suggesting an effect due to the

first mechanism.

Moving to the modes with opposite polarization, the behavior of the three z-
polarized modes in Fig.8.23 is relatively simple to explain qualitatively. They are
single, double and triple z-dipole-like modes: mode C, B and D, respectively. The
z-dipole-like mode field is concentrated along the y-axis and the enlargement along
the z-axis barely affects it, but as the space along the z-axis becomes larger, two
z-dipole-like modes can co-exist side by side. Mode B (the double z-dipole) appears
when the total defect length along the z-axis is about 37“ whereas mode D (triple
z-dipole) appears when the total length is ~ %‘1. As both of them are given more

room to breath they will stabilize to an energy similar to that of the a-dipole-like

mode.
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To study in greater detail the behavior of the y-dipole-like mode, FDTD simula-
tions of the electric field intensity mode profile, polarization dependance and far-field
dependance were done for §; =0nm, a/4 and a (Fig.8.25). While the mode profile
changes, the polarization is still along the y-axis, perpendicular to the PhC defect
elongation. The more drastic change is in the far-field distribution. The defect en-
largement yields a microcavity y-dipole-like mode with almost zero radiation straight
upwards. The light goes sideways, along the y-axis. This inconvenient behavior (from
an application perspective) gets worse as modifications are made to the H3 micro-
cavity to increase its (). For an H3 microcavity design, the higher the @) the harder
it becomes to collect the photons emitted by the microcavity and insert them into an

optical communication channel.

Half-H3 Microcavity (H1Y)

Going back to the y-dipole-like mode peak energy and @ as a function of §, in Fig.8.24
it is clear that the Q-values reached at §, = a/4 are quite similar to those at §, = a.
Instead of optimizing the sizes and positions of the holes surrounding the defect for
H3, the optimization procedure was applied to the H1E with §, = a/4. Similar
results can be reached, i.e. a high @) microcavity but with an even smaller mode
volume. This type of microcavity will be referred to as the H1'Y microcavity and its
schematic is presented in figure 8.26(a). The key parameters are: §,, 94 the shift of
the other four holes adjacent to the defect along the crystallographic-like lines, and
r4 the radii of those four holes [227]. A positive value of J, means the 4 holes are

shifted away from the defect.



Chapter 8: QUANTUM DOTS IN PhC MICROCAVITIES 145

Figure 8.26: (a) Schematic of an modified single missing hole defect to optimize
the y-dipole-like mode (H1Y). (b) FDTD-simulation-obtained electric field intensity
mode profile, polarization dependance and far-field pattern for §,=80nm, 6,=17.3 nm,
r4=85nm, r=105nm, a=441.3nm and d=295nm.

Figure 8.26(b) shows a simulation result for a H1Y microcavity with 4,=80nm,
04=20nm, r4=85nm, r=105nm, a=441.3 nm and d=295 nm. The mode profile shows
a y-dipole-like mode profile with an anti-node centered in the defect and the insets
show a preserved polarization dependance while the mode far-field radiation has less
vertical radiation. This particular design yields a @ ~ 20000 and a mode volume
equal to = 0.5(\/n)3. These numbers mean a coupling regime far outside weak cou-
pling. The emission rate improvement would no longer be related to the microcavity

Purcell factor and could potentially be lower than in the weak coupling regime.

8.2.4 X-Dipole Optimization

Exploratory work was done by the Vuékovié group in the PhC microcavity design to

optimize the z-dipole-like mode, i.e. a high Q-factor while preserving a field antinode
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Figure 8.27: Schematics of modified single missing hole defect to optimize the z-
dipole-like mode. (a) The original design introduced by Vuckovié and Yamamoto
[235] and (b) H1X design

at the center of the PhC defect [3,235-238]. Their resulting design is shown in figure
8.27(a) while our version of their design (H1X) is presented in (b). Their large
ellipses are replaced by two overlapping holes separated by d,, in order to ease the
PhC fabrication: the ellipse edges along the long axis are not developed properly after
electron-beam exposure because they are too narrow and do not allow easy access for
chemical etchants. Since the ellipse length is crucial in this design, replacing it by
two overlapping holes provides similar results. As in the previous section, the other
4 holes adjacent to the defect are moved radially outwards by d, and reduced in size
(radii=r,). A positive value of 4, means a shift away from the defect while a positive
2 means the two additional holes are moved inwards along the z-axis, i.e. enlarge
the ellipse. While our design is similar to theirs, we explored to much deeper extent
the parameter space and produced microcavities of higher quality. Figure 8.28(a) in-

troduces the electric field intensity mode profile of the z-dipole-like mode for an H1X
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Figure 8.28: FDTD-obtained electric field intensity mode profile (a) and far-field pat-
tern (b) for a H1X microcavity with d,=180nm, §,=15nm, r4=105nm, 7=130 nm,
a=441.3nm and d=295nm

cavity with ,=180nm, 6,=15nm, r,=105nm, r=130 nm, a=441.3 nm and d=295nm
while (b) shows the corresponding far-field pattern. The microcavity modifications
leave the z-dipole-like mode with an antinode at its center and a significant portion
of the emission vertical. In figure 8.29(b) I introduce typical H1X PL results with
d5=150nm, 6,=20nm, r4=95nm, r=120nm, a=441.3nm and d=295nm while sub-
figure (a) shows an SEM image for the same r, a and d but with d,=180 nm, §,=5nm

and r4=105 nm.

The PL shows the sharp line of the H1X z-dipole-like mode and the other mode
present at lower energy is the y-dipole-like mode as confirmed by its polarization de-

pendance. The z-dipole Q-factor for this microcavity is already higher than 3 000.

Obviously, the parameter space with such a microcavity design is quite large.
First, the influence of d4 is explored in figure 8.30. PL spectra are shown for dif-
ferent 4 values while the other parameters are fixed to do=150nm, r,=105nm, and

r=120 nm while a and d are the same values as with all the other results presented
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Figure 8.29: Typical H1X results. (a) SEM image for §,=180nm, §4=>5nm,
r4=105nm, r=120nm, a=441.3nm and d=295nm. (b) PL and PolPL data for
0o=150nm, §,=20nm, r4=95nm, r=120nm, a=441.3nm and d=295nm
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Figure 8.30: PL spectra for H1X with varying J, value and other parameters fixed:
04=150nm, r4,=105nm, r=120 nm, a=441.3 nm, and d=295nm. Inset shows the peak
energy values and Q.
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Figure 8.31: Contour plot of H1X-microcavity z-dipole-like mode ) as a function
of 6 and §4 (a) 7=120nm and r4=95nm, (b) r=120nm and r,=85nm, and (c)
r=105nm and rs=85nm while a and d are fixed to 441.3nm and 295nm. Each
contour plot consists of at least 80 measurements.
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thus far and will be fixed for the remainder of this section. The inset shows the
extracted mode peak energy and @Q-factor. The @ of the z-dipole-like mode reaches
as high as 12000. A more thorough, although not complete, exploration of the pa-
rameter space is presented as an intensity plot of the @ in Fig.8.31. Sub-figure (a)
presents the @) as a function of , and &, for r=120nm and r,=95 nm while (b) has
the same r but r4=85nm. The third contour plot, Fig.8.31(c), has r=105nm and

ry=85nm.

An optimal zone of the parameter space is clearly highlighted by the data. The
ideal conditions yield a microcavity with a @ in excess of 28000, the instrument
measurement limit. This is our highest experimentally measured ) with any type
of microcavity and much better than the best value achieved by Vuckovi¢ et al.
(@ ~5000). FDTD simulation of the same cavity gives a y-dipole-like mode with a
centered antinode and ideal far-field pattern but a @Q-factor around 70000. In fact,
such discrepancy is relatively small considering the @) can be expressed as:

1t 1
Q @& Q&

where Q); is the theoretically predicted quality factor and Q); is a measure of the mode

(8.1)

coupling strength to the imperfections. A higher @); means a lower quantity of im-
perfections or at least a lower effect on the quality factor coming from them. Simple
mathematics gives a ;=47 000 for this microcavity, a quite high value considering
the fabrication requirements. By comparison, a microcavity with a predicted @ of
10000 and a measured @ of 2000 means a ; of 2500. The H1X microcavity yields
a high F, (~4100) microcavity well into the strong coupling regime. From the F,

derivation in 5.2.1 it is clear that a spatial and/or spectral mismatch will influence
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the F, to the lower side so that for an actual SQD-H1X microcavity system the real
Purcell factor will be somewhat lower than predicted. It is worth noting, that the
strong coupling regime was measured for an F}, as little as 36 for InGaAs interface
fluctuation SQD in a GaAs matrix in a micropillar microcavity [239]. An F, of 441

was the lowest for a PhC microcavity with an InAs/GaAs SQD [230].

8.3 Photonic Crystal Microcavity Results Com-
pendium

In order to fabricate an efficient single photon source a list of 5 key parameters was
introduced at the start of chapter 5. They were: (i) a high Purcell factor as defined

by:
_3XQ

=V (62)

P

but not too high as to go out of the weak coupling regime, (ii) a good spatial overlap
between the mode electric field intensity and the SQD, (4i¢) a good spectral overlap,
(iv) a proper orientation of the SQD electric dipole moment with respect to the mi-
crocavity mode planarization, and (v) a far-field mode profile suitable to couple to an
optical communication channel. Table 8.1 summarizes the different PhC microcavity

designs explored with their different modes and how well they performed with respect

to the key parameters.

The harder parameters to reach were (i), (44) and (v). Our extensive study showed

that the parameter (47) is hardest to attain (other than the z- and y-dipole-like mode)
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PhC Mode (?) (1) (i) (iw)*  (v)
microcavity Qumax Fp
H1 z-dipole 600 90 YES YES YES YES
y-dipole 850 130 YES YES YES YES
H1S z-dipole 2200 300 YES YES YES YES
y-dipole 2200 300 YES YES YES YES
Q& Q 3200 300 NO YES YES (7)
H 2000 210 NO YES YES (7)¢
M 3500 440 NO YES YES (7)
H1E z-dipole 600 90 YES YES YES YE
y-dipole 5700 810 YES YES YES YES
E 2900 360 NO YES YES (7)
H33 y-dipole 8000 860 YES YES YES NO
H1Y y-dipole 5700 810 YES YES YES YES
y-d. simul. 22000 2800 YES YES YES YES
H1X z-dipole 27500 4100 YES YES YES YES

Table 8.1: Compendium of the PhC microcavities. () to (v) refer to the key param-
eters for a single photon source (see table 5.1).

! The spatial overlap key parameter is good for all the microcavities because modifying the
a and r while keeping the ratios for the other parameters would enable mode wavelength
adjustments.

2 The QD electric dipole is always fulfilled because even if our SQD have preferred orien-
tation (i.e. not puck-like or asymmetric stress) it would be possible to measure it prior to
microcavity construction around it and compensate for it.

3 Only the y-dipole mode of the H3 was studied because the other modes field distribution
is wider and/or had no anti-node at the microcavity centered.

4 For some microcavity design the far-field pattern was not measured.
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and when it was achieved, the effective mode volume was increased. Our attention
was thus centered on optimizing the Q-factor of either the z- or y-dipole-like mode.
The @Q-factor of the y-dipole could be increased by enlarging the H1 microcavity to
a H3 microcavity but such a larger microcavity resulted in an unsuitable far-field
distribution. A subsequent, more complex design (H1Y), involving a smaller en-
largement along the z-axis was proven theoretically to also produce a high @ for the
y-dipole-like mode but at the expense of an unsuitable far-field. The H1X design,
based on the work by Vuckovié et al. [3], yielded the best result; better matching the

key parameters and also producing a Purcell factor of over 4 000.

8.4 Post-Fabrication Tuning

Throughout this chapter, discussions have focused on key parameters (), (i¢) and (v)
i.e. the mode Purcell factor (quality factor and effective mode volume), spatial over-
lap between the SQD and the mode electric field, and the far-field radiation pattern.
Parameter (iv), the spectral overlap between the SQD and the microcavity mode will
now be considered. Even if the microcavity mode peak energy is designed to match
the SQD perfectly, imperfections linked to the fabrication process are inevitable. The
precision in microcavity energy required to achieve a good coupling is a fraction of
a mili-electron volt. Therefore a means to tune the microcavity after fabrication is

highly desirable.

Such a technique, called digital etching, was developed within our laboratory [220].

Although we developed this technique independently, a digital etching process was
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reported a few months prior to our own publication by the group of Prof. Hu, al-
though this was in a different material system (InAs/GaAs QDs) [240]. The digital
etching technique will be described further below. We were the first one to apple it

to an InP-based microcavity.

An alternative technique to tune the microcavities is the controlled formation of
small oxidized regions of lower refractive index with an AFM tip [241]. The very high
precision of the AFM enables very precise oxide formation. The much lower refractive
index of the oxide enables the control of the mode energy. We did not explore this

avenue because the lifetime of the oxidized region is unclear.

The membrane thickness can be changed by dry etching [242]. Only the thickness
is affected because of the jet etch nature. This technique is quite limited because it
creates edge roughness at the surface that induces losses due to photon scattering.
Also, the effect of the membrane thickness on the PhC microcavity is limited. The
other parameters such as the hole radii and hole pitch induce larger effects on the
photonic bandgap. We did not try this technique because it is a rather ineffective

way to tune the mode energy.

Another technique to tune the QD and PhC microcavity into resonance is to
change the sample temperature. This results in a slight redshift of the QD emis-
sion lines (less then a nanometer) before it ceases to be atomic-like. This technique

was the one used recently in the experiments showing Rabi splitting due to strong
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coupling [210,211,230,231,239]. Recently, a technique to provide local heating to in-
dividual microcavities within the sample chip was published where the heat is created
through resonant laser excitation of an adjacent PhC microcavity [243]. The laser
absorption heats the microcavity and the heat transfers to the cavity with the SQD
thus tuning the emission. The low tuning range of this technique means a comple-

mentary technique is required.

The possibility to regrow some material onto the PhC sample within the CBE
growth chamber was explored with limited success. The idea was to reduce the hole
size, in contrast to many other techniques that involve the removal of material. Un-
fortunately, the PhC membrane did not seem to be able to withstand the growth

temperature necessary to add material (560°C).

Another technique to shift the mode energy by adding material has been devel-
oped [244]. It involves the controlled condensation of Xe or N, onto the sample at low
temperature. A suitable arrangement of valves and precise control of the Xe (Nj) gas
pressure flowing into the cryostat enables a repetitive and cumulative condensation
process. The process produces condensation on the sample, resulting in total shifts of
up to 4meV (the precise numbers depend on the starting PhC microcavity design).
This technique is very interesting, since it enables one to tune the microcavity whilst
actually inside the cryostat. The process can also be performed in a repetitive fash-
ion, since the condensate can be evaporated by warming up the sample. I believe
this technique to be strong contender, but our cryostat was not equipped to perform

similar experiments
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Focused ion beam etching (or cutting) could be a useful tool to enlarge the holes
on a hole by hole basis given that the beam can be controlled with at least a nanome-
ter precision. No reference to such a technique being applied to PhC microcavity
tuning has been published to our knowledge but our collaborators in Australia have
used it to write PhC microcavities and waveguides inside chalcogenide glasses [245],

so it is technically feasible.

The holes can be filled with a higher index material to tune the photonic crys-
tal material. Even better, the holes can be filled with liquid-crystal material, and a
voltage applied to tune the microcavity [246]. This technique has the drawback that
these liquids would never survive at the low temperatures required for the SQD DOS
to become atom-like and have a SP source. Moreover, even if a special “never-freeze”
liquid-crystal material were developed, the applied field would directly affect the QD

and shift its emission line at the same time.

Finally, the proximity of an optical fiber can also be used to tune the microcavity
as was explained in section 6.3 and in section 8.5 our results confirm a reversible
tunability. The following section describes our digital etching technique for InP in

greater detail.
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Figure 8.32: PL measurements of a H1 microcavity as a function of the number of
etch cycles. Curves are offset for clarity. From [220]

8.4.1 Digital Etching

This relatively simple technique consists of a repetitive removal of the native oxide
layer at the surface of a sample. InP (or GaAs) when exposed to air will form a thin
layer of oxide of finite thickness. The InP oxide composition is still under debate in
the scientific community. It can be removed by an HF-based 7:1 buffered oxide etch;

effectively removing material from the sample.

By this process the hole diameter will increase while the membrane thickness de-
creases. Because the natural oxidation process in air is relatively slow and potentially
non-uniform, it is replaced with a 10 minute ultraviolet (UV)/ozone treatment. The
oxidation/etching steps are repeated as required to tune the microcavity. Figure 8.32
shows the different PL spectra as a function of the number of etch cycles I measured

for a simple H1 microcavity. The mode peak energy and @-factor extracted from
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Figure 8.33: Peak energy and @) shift as a function of the number of etch cycles for
the z- and y-dipole-like modes of a H1 defect. Dotted lines are FDTD-simulation
results considering a change of 0.65nm in the hole radii per cycle and plain lines are
FDTD-simulation results for the same change in hole radii plus a change in thickness
of 0.75 nm.

this figure are presented in figure 8.33(a) and (b) by empty squares and triangles for
the z-dipole-like mode and y-dipole-like mode respectively. To extract the change per
cycle for the hole size and membrane thickness, the experimental data was compared
to simulation. The dashed line is the FDTD-obtained mode peak energy and ) values
if only a change of 6.5 A per cycle in the hole radii is considered. This number was
chosen to match the slope of the experimental points in ). The plain line is also
a simulation result but this time assuming an increase of 6.5 A in hole radii and a
decrease of 7.5 A in thickness per cycle. The resulting fit will be used to tune the
microcavity to the dot energy. This technique is limited mainly by four factors: 1- as
the name says, it is a digital technique and one cannot reliably perform a 3 A etch, 2-
the tuning is unidirectional (if one overshoots the target energy, the sample is lost),
3- the etch is global for the whole sample (for many different microcavities on the

same sample, different post-fabrication tuning would be required), and 4- the process
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can not go on forever i.e. at one point the holes become too big, start to overlap and

the membrane collapses.

8.5 Silica Nanowire Evanescent Field Coupling

In section 6.3 the silica nanowire evanescent field coupling technique was introduced.
I will now discuss our experimental results, performed in collaboration with our col-
leagues at the University of Sydney. The silica nanowire used in this work is the result
of two carefully fabricated fiber tapers on the same fiber. A fiber taper is basically
an optical fiber with a slowly decreasing diameter. The fiber core is diluted and lost
within its cladding during the diameter reduction. The light propagating within the
silica fiber will stay inside if the fiber diameter is reduced slowly enough. For a small
end-diameter (around and below 1 um) the waveguided mode will have a significant
portion propagating outside the silica. To probe the mode structure of a PhC mi-
crocavity (or other microcavity types as highlighted by previous studies [247-249]) a
broadband light source is coupled into the fiber and passes through the nanowire. The
transmitted light is measured as a function of the distance between the microcavity
and the nanowire. Each microcavity mode to which the nanowire is coupled gener-
ates a dip in the transmission. This technique is now routinely used for advanced

experiments measuring the @ of microdisc microcavities on a chip [250-252] and to

measure the emission properties of a SQD in a microcavity [253].
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Figure 8.34: Schematics of the fiber-taper probing setup. A broadband emission
source is coupled into the fiber, all the way down to the taper. The transmitted
spectrum will show dips where the evanescent wave of the mode propagating in the
taper couples with the microcavity modes evanescent fields.

Micro-Loop

A cartoon representation of the silica nanowire micro-loop setup is shown in figure
8.34. The silica nanowire is a tapered fibre fabricated using advanced flame brushing
techniques. A more detailed description of the fabrication process can be found in
references [200,245]. The microloop is crucial in order to reach a small interaction re-
gion with the sample, e.g. for a microloop radius of 3 ym the interaction region would
be around 600 nm and thus avoids probing multiple microcavities at the same time.

The nanowire radii is about 100 nm, providing plenty of evanescent field to work with.

Typical experimental results I measured are shown in figure 8.35 where (b) presents
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Figure 8.35: (a) PL spectra and (b) normalized transmission spectra for three nom-
inally identical H1X microcavity.

PL data Transmission
Microcavity Anm] @ Mboml] Qr T VTQr
A 1571 2900 1573.1 2000 0.50 2830
B 1565.7 2000 1567 1850 0.57 1900
C 1560 2400 1562.5 1650 0.75 2380

Table 8.2: Comparison between the experimental results for three nominally identical
microcavities with PL and nanowire evanescent field coupling

normalized transmission spectra for three nominally identical H1X PhC microcavi-
ties and (a) shows their respective microcavity PL spectra. The agreement between
measurements is quite remarkable, considering the nanowire is in contact with the
sample. The oscillations in the normalized transmission are attributed to a Fabry-
Pérot effect: the micro-loop creates a cavity of its own as the input and output taper
are coupled and exchange light. The PL and transmission results are summarized in
table 8.2. The experimental techniques yield the same numbers if the coupled mode

theory is considered.

The distance between the nanowire and the microcavity center along the z-axis is
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Figure 8.36: (a) Schematical representation of the distance Az between the microcav-
ity and the nanowire. (b) Normalized transmission spectrum for different distances
Az between the sample and the nanowire. The exact Az value were not measurable
with the current experimental setup. From [200)

given by Az (see Fig.8.36) and Az along the z-axis (see Fig.8.34). The parameters
Az and Az are not measurable exactly with the current experimental setup, so it was
not possible to extract data from Fig.8.36 apart from the tuning of the microcavity
and the direction of the change in Az. In the scenario where the nanowire is used
to probe the microcavity mode structure it is necessary to minimize the coupling to
achieve a good measurement. When the nanowire is used to tune the microcavity
and extract the photons, a larger coupling is required. As was mentioned in sec-
tion 6.3, the extraction efficiency (¢) is correlated with the quality factor (Qr) of the
microcavity-nanowire coupled system. Obviously Qr is related to the system wave-
length by Qr = Ar/AMr so a change in wavelength and Qr confirms the coupling

and hence the photon extraction.

In Fig.8.36 the large change in A is accompanied by little to no change in ¢). No

clear explanation exists thus far, although it is clear that the coupling is varying.
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Figure 8.37: Typical results for (a) photoluminescence spectra, (b) normalized trans-
mission spectra with nanowire out of contact, and (c) with the micro-loop in contact
for H1X r,=100 nm, 6,=20nm and 6,=150nm. Dashed lines are lorentzian fit to the
data.

Other effects may play a role. For example, the nanowire refractive index is larger
than air and consequently the mode effective index changes [199,202]. Also, it has
been shown that the nanowire proximity will lead to coupling to the higher order TM

slab modes [201, 229, 254].

Things became harder to interpret when a I probed higher ) microcavity, as shown
in Fig.8.37. Sub-figure (a) shows the PL of the microcavity, while (b) presents the
same microcavity probed with a nanowire out of contact with the PhC (Az > 0) and
(c) Az = 0. Neither transmission spectrum yields a result matching the PL data in
wavelength or Q-factor, and the two of them are quite different from one another.
The out of contact result (A=1511.2 nm and Q=19 000) is much closer to the PL num-
bers: A=1511.1nm and @=27500. The microcavity perturbation by the nanowire is
small, since the wavelengths agree and the transmission dip is quite shallow. Yet,
the @-factors do not match, even considering the mode coupling effect highlighted
in equation (6.2). When Az = 0 the @ drops to 3800 and the microcavity shifts to

1513.9nm. This large reduction in @ is even less well understood within our current
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Figure 8.38: Fabrication procedure to planarize a site-selected SQD sample. Details
of the process are in the text.

knowledge of the physics behind the microcavity-nanowire coupling. Further studies

are currently underway by our colleagues in Australia.

8.6 InAs/InP Single Quantum Dots in PhC cavi-
ties

We performed exploratory work in regards to coupling a InAs/InP site-selected SQD.
Following the growth procedure presented in Fig.8.38 a few additional steps are re-
quired to produce a dot in microcavity device as illustrated in 8.1. A second layer of
SiO, is deposited onto the sample (b) with a layer of negative resist to create another
opening in the SiO; onto the sample using the electron beam lithography techniques
(c¢). The use of alignment markers with our advanced electron beam system means a

precision below 50 nm to place the microcavity mask over the pyramid containing the
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Figure 8.39: SEM images for a PhC microcavity wrapped around site-selected growth:
an InP pyramid with QDs at the apex, underneath the capping layer.

SQD. The sample is put back into the growth chamber and further InP is grown on
the sample. The relative uncleanliness of the exposed surface is not critical since it is
not in direct contact with the QD. As explained in section 4.2 the growth proceeds
primarily on the (001) surfaces, thus planarizing the safnple surface (d). The growth
proceeds further and the final thickness is related not only with the height of the
pyramid but also with the thickness of the underlying layer of InP grown onto the
InGaAs because it is critical to locate the SQD at an antinode of the field within
the slab. The last step of the planarization process is the removal of the remaining
SiO2. The sample is now as flat as a typical InAs/InP QD ensemble layer(e). The
construction of a cavity around the SQD requires precise markers and a very accurate
electron beam lithography system. The steps involved in the fabrication process are

exactly the same as described earlier (section 8.1).

Figure 8.39 shows two SEM images for our coupled site-selected QDs and PhC
microcavities from a top view angle. Sub-figure (a) shows a view from far away where

the nine alignment markers are shown. Three sets of three markers are used, each set
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Figure 8.40: PL spectra similar PhC microcavity H1X. Red curve is obtained with
site-selected QDs while blue curve is for planar QDs ensemble.

linked with the three different electron beam lithography steps. The elevated square
is the planarized region and the PhC is at its center. Fig.8.39(b) shows a zoom in
on the center of the PhC. The underlying pyramid is clearly visible. The pyramid
is not supposed to be noticeable in a finished device but in this case the overgrowth
was not done. In fact the hole etch was not even performed. We only did the electron
beam exposure in order to assess our fabrication capability. The pyramid apex is very
close to the defect center (to the field antinode) confirming our ability to grow a PhC

microcavity precisely positioned with respect to a site-selected QD.

Before moving to the SQD scenario, we proceeded to test our ability by growing
a group of site-selected QDs (~ 9) onto a large pyramid apex. At room tempera-
ture these QD ensembles provides a bright enough broadband PL source to probe

the mode structure of the microcavity. The red curve in Fig.8.40 shows the result
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for such a device and is to be compared with the blue curve of a nominally identical
microcavity with an embedded planar QD ensemble. The two spectra are different
for numerous reasons. A slight variation is expected, since the results originate from
different sample runs but the major difference in wavelength is produced by the dif-
ference in membrane thickness for each sample (~200nm for the site-selected sample

with respect to the ~ 450 nm for the other).

Using the post-fabrication tuning techniques presented in section 8.4 would enable,
if not to recover the same Q-factor, at least the mode peak energy. As was explained in
chapter 2 our experimental setup to do time-correlated single photon counting to prove
the SP emission properties of a SQD was not sufficient to demonstrate anti-bunching.
It is quite possible we have already achieved such a device but unfortunately were
unable to prove it. The second generation of TCSPC setup I constructed will hopefully

produce the required proof.



Chapter 9

Conclusion and Future Work

The work presented in this thesis demonstrates considerable progress towards the
realization of a SP source based on an InAs/InP single quantum dot (SQD) in a mi-
crocavity. An experimental setup to characterize the anti-bunched nature of the QD
emission was developed. A large number of microcavity designs were explored. In
order to produce an efficient SP source based upon a SQD coupled to a microcavity,
5 key parameters were highlighted in chapter 5 namely: () have a high Purcell fac-
tor, (i) a good spatial overlap between the SQD and microcavity mode electric field,
(ii%) a good spectral overlap between the SQD and microcavity mode, (iv) the QD
electric-dipole match with the mode polarization and (v) a far-field radiation pattern
suitable to funnel the SPs to a communication channel. The micropillar microcavity
provided a suitable optical output to funnel the photons, but in the end optimizing
its quality factor (@) while reducing the mode volume and post-fabrication tuning
the emission energy to match that of the dot provided too great a challenge. The
best micropillar constructed had a @ of ~1500 for a pillar radii of 1 um, enough to

produce a reasonably efficient SP source. Another advantage of the micropillar is the

168
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easy prediction of their mode energy. The distributed Bragg reflector (DBR) mir-
ror wavelengths are easily predicted by an effective index method and the thin film
systems of the Institute for Microstructural Sciences (IMS) are very precise and ver-

satile. Micropillar microcavities fulfil all 5 criteria but their Purcell factor was limited.

Many PhC microcavity designs were investigated, with many different modes,
quality factors, mode volumes and radiation patterns. The H1X design is the “win-
ner”; optimizing the z-dipole-like mode with a @) over 20000 and mode volume equal
to half a cubic wavelength. Our design now holds the record @) for an InP-based PhC
microcavity; much higher than that for a micropillar, while the 5 key parameters
are more easily optimized. For example, the PhC microcavity is adjustable post-
fabrication through digital etching. It consists in the successive removal and growth
of the native oxide layer on the InP by an HF etch. Each cycle yields an augmentation
of the hole radii by 6.5A while the membrane thickness is reduced by 7.5A. It is im-
portant to be able to tune the microcavity post-fabrication because the construction
of the PhC is a challenge and requires great precision. With a post-fabrication tun-
ing tool in hand, the requirements on the fabrication are no longer so stringent and
one can deliberately design the cavity mode energy to be too low, so that any imper-

fections can be compensated by finishing with an appropriate post-fabrication tuning.

A silica nanowire coupled to a microcavity will tune it to a certain extent. The
mechanism behind this tuning needs to be further clarified through both experiment
and theory in order to be more predictable. With a firm grip on the mechanism the

tuning mechanism could be applied more effectively. Moreover, the silica nanowire
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can be used to probe the mode structure of a microcavity by measuring the transmis-
sion dips in a broadband spectrum. One must be careful to couple to the microcavity
only moderately however to avoid changing the mode properties while probing it,

although in some cases it would be desirable to do so.

The most interesting aspect of the nanowire coupling is the ability to use it as a
tool to collect emitted photons from the SQD-microcavity system. This could not be
measured directly with our experimental setup but only interpreted from the experi-
mental results. Nevertheless, it is an exciting approach certainly worth pursuing. The
current nanowire experimental setup would not work with our QD samples, because
the sample needs to be cooled to 4K in a cryostat The silica nanowire microloop
fabrication procedure yields a relatively fragile and stressed nanowire, and the low
temperature will probably make it break to pieces. A different design is required. Ini-
tial simulations show that a cleaved fiber coming from the top would work properly
and if the fiber could be replaced by a PhC fiber [255] the mode matching between
the PhC microcavity and the fiber would be better. A straight-up fiber would be
easier to put in a tight holder, close to the sample, and within the cryostat. In a
holder, it could more easily withstand the low temperature. The insertion of a single
site-selected InAs/InP QD in a microcavity might have been achieved within this
work. The overlap between the site-selected pyramid and the PhC microcavity was
clearly demonstrated. The only thing left is to actually perform the anti-bunching
measurement. The difficulties encountered in performing a time-correlated single pho-
ton counting (TCSPC) measurement in the near infrared (NIR) meant that a clear

measurement was not achieved, although significant progress was made. It should be
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noted that thus far only three other groups have achieved a TCSPC experiment with
QDs in the NIR [76,108,127].

Another interesting avenue for the future would be to explore possibilities for cou-
pling a SQD to a waveguide. Given the refractive index of InP and the help of the
waveguide, such a setup would collect at least 10 times as many photons from the
QD. Even better would be for two different SQD-microcavity systems to be coupled
together via a waveguide. This would be the first step towards QCpu on a chip
(see [144,243]). Adding electrostatic gates to the mix to control the electrons and
holes populating the SQDs [27,76] would result in a compact device that would be a
strong candidate for QCpu.
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